Dynamics and
Applications

of Photon-
Nanostructured
Systems

Evangelia Sarantopoulou
lished in Nanomaterials

=4
www.mdpi.com/journal /nanomaterials rM\D\Py



Dynamics and Applications of
Photon-Nanostructured Systems






Dynamics and Applications of
Photon-Nanostructured Systems

Editor

Evangelia Sarantopoulou

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin



Editor
Evangelia Sarantopoulou
Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation

Greece

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Nanomaterials (ISSN 2079-4991) (available at: https://www.mdpi.com/journal /nanomaterials/

special_issues/photon).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03943-328-5 (Hbk)
ISBN 978-3-03943-329-2 (PDF)

Cover image courtesy of Zoran SamardZija and Alkiviadis-Constantinos Cefalas.

© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editor . . . . . . . . . . e vii

Evangelia Sarantopoulou
Dynamics and Applications of Photon-Nanostructured Systems
Reprinted from: Nanomaterials 2020, 10, 1741, doi:10.3390/nano10091741 . . . . ... ... .. .. 1

Vassilios Gavriil, Margarita Chatzichristidi, Dimitrios Christofilos,

Gerasimos A. Kourouklis, Zoe Kollia, Evangelos Bakalis, Alkiviadis-Constantinos Cefalas

and Evangelia Sarantopoulou

Entropy and Random Walk Trails Water Confinement and Non-Thermal Equilibrium in
Photon-Induced Nanocavities

Reprinted from: Nanomaterials 2020, 10, 1101, doi:10.3390/nano10061101 . . . .. .. ... .. .. 7

Jeong Ryeol Choi and Sanghyun Ju

Quantum Characteristics of a Nanomechanical Resonator Coupled to aSuperconducting LC
Resonator in Quantum Computing Systems

Reprinted from: Nanomaterials 2019, 9, 20, d0i:10.3390/nan09010020 . . . . ... ... ... ... 39

Qijing Lu, Xiaogang Chen, Liang Fu, Shusen Xie and Xiang Wu

On-Chip Real-Time Chemical Sensors Based on Water-Immersion-Objective Pumped
Whispering-Gallery-Mode Microdisk Laser

Reprinted from: Nanomaterials 2019, 9, 479, d0i:10.3390/nano9030479 . . . . ... .. ... .. .. 51

Zhihe Guo, Haotian Wang, Chenming Zhao, Lin Chen, Sheng Liu, Jinliang Hu, Yi Zhou and
Xiang Wu

Spectral Modulation of Optofluidic Coupled-Microdisk Lasers in Aqueous Media

Reprinted from: Nanomaterials 2019, 9, 1439, doi:10.3390/nano9101439 . . . ... .. ... .. .. 63

Yi Zhou, Bowen Wang, Zhihe Guo and Xiang Wu
Guided Mode Resonance Sensors with Optimized Figure of Merit
Reprinted from: Nanomaterials 2019, 9, 837, d0i:10.3390/nano9060837 . . . . ... ... ... ... 77

Fasihullah Khan, Wagar Khan and Sam-Dong Kim

High-Performance Ultraviolet Light Detection Using Nano-Scale-Fin Isolation AlGaN/GaN
Heterostructures with ZnO Nanorods

Reprinted from: Nanomaterials 2019, 9, 440, d0i:10.3390/nano9030440 . . . . ... ... ... ... 91

Maria R. Jimenéz-Vivanco, Godofredo Garcia, Jests Carrillo, Francisco Morales-Morales,
Antonio Coyopol, Miguel Gracia, Rafael Doti, Jocelyn Faubert and J. Eduardo Lugo

Porous Si-Si0, UV Microcavities to Modulate the Responsivity of a Broadband Photodetector
Reprinted from: Nanomaterials 2020, 10, 222, doi:10.3390/nan010020222 . . . . .. ... ... ... 105

Yinghui Cao, Zhenyu Liu, Oleg V. Minin and Igor V. Minin

Deep Subwavelength-Scale Light Focusing and Confinement in Nanohole-Structured
Mesoscale Dielectric Spheres

Reprinted from: Nanomaterials 2019, 9, 186, d0i:10.3390/nano9020186 . . . . ... ... ... ... 123

Julia Purtov, Peter Rogin, Andreas Verch, Villads Egede Johansen and René Hensel
Nanopillar Diffraction Gratings by Two-Photon Lithography
Reprinted from: Nanomaterials 2019, 9, 1495, doi:10.3390/nano9101495 . . . . ... ... ... .. 131



Shijie Ding, Dehua Zhu, Wei Xue, Wenwen Liu and Yu Cao

Picosecond Laser-Induced Hierarchical Periodic Near- and Deep-Subwavelength Ripples on
Stainless-Steel Surfaces

Reprinted from: Nanomaterials 2020, 10, 62, d0i:10.3390/nano10010062 . . . . .. ... ... ... 143

Wei Wei, Xin Yan and Xia Zhang
Miniaturized GaAs Nanowire Laser with a Metal Grating Reflector
Reprinted from: Nanomaterials 2020, 10, 680, doi:10.3390/nano10040680 . . . . . . ... ... ... 159

Norihiko Fukuoka and Katsuaki Tanabe

Lightning-Rod  Effect of Plasmonic Field Enhancement on Hydrogen-Absorbing
Transition Metals

Reprinted from: Nanomaterials 2019, 9, 1235, doi:10.3390/nano9091235 . . . ... ... ... ... 167

Meng Ding, Zhen Guo, Xuehang Chen, Xiaoran Ma and Lianqun Zhou

Surface/Interface Engineering for Constructing Advanced Nanostructured Photodetectors with
Improved Performance: A Brief Review

Reprinted from: Nanomaterials 2020, 10, 362, doi:10.3390/nano10020362 . . . . . . ... ... ... 177

Yan Tian, Zekun Guo, Tong Zhang, Haojian Lin, Zijuan Li, Jun Chen, Shaozhi Deng
and Fei Liu

Inorganic Boron-Based Nanostructures: Synthesis, Optoelectronic Properties, and
Prospective Applications
Reprinted from: Nanomaterials 2019, 9, 538, d0i:10.3390/nano9040538 . . . . ... ... ... ... 201

Theodore Manouras and Panagiotis Argitis

High Sensitivity Resists for EUV Lithography: A Review of Material Design Strategies and
Performance Results

Reprinted from: Nanomaterials 2020, 10, 1593, doi:10.3390/nano10081593 . . . . . .. ... .. .. 223

vi



About the Editor

Evangelia Sarantopoulou is a Senior Researcher at National Hellenic Research Foundation,
Theoretical and Physical Chemistry Institute, Athens, Greece. She is the author or co-author of 117
peer-reviewed articles and books, and has participated in more than 130 international conferences.
Her current research interests include complexity issues in physics and materials, photonic surface
engineering and physics of interphases, nanomechanics, biophotonics and nanomedicine. As a
scientist at the European Space Agency, she was responsible for European and National research

projects, and she also serves as an expert in the European Commission.

vii






nanomaterials ﬁw\l)\l’y
Z

Editorial

Dynamics and Applications of
Photon-Nanostructured Systems

Evangelia Sarantopoulou

Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation,
48 Vassileos Constantinou Avenue, 11635 Athens, Greece; esarant@eie.gr; Tel.:+ 30-210-7273840

Received: 13 August 2020; Accepted: 29 August 2020; Published: 3 September 2020

In a speedy and complicated word, only a small number of book readers have the time to
dig out the hidden “gemstones” between the text lines. The ambition of the present Special Issue
titled “Dynamics and Applications of Photon-Nanostructured Systems” is to offer the readers the
opportunity to look at nanosystems differently. Besides photon surface engineering, topics, such as
non-equilibrium nano thermodynamics, nonlinear dynamic evolution of nanosystems, quantum,
size-effects, and photonic states from photon—nanosystem interactions are also discussed. Naturally,
the description “photonic-nanostructured systems” outline photonic-crafted nanodevices with specific
functionalities [1,2]. However, because electromagnetic waves are carriers of information, photons
inscribe not only nanostructured domains in engineering materials but, also, frequency, phase, noise,
and the state of quantum coherence are carriers of information of the structure and shape of nano-entities.
The present Special Issue leverages the above topics and compiles twelve original theoretical and
applied research articles and three review papers. The articles cover a broad range of thematic areas in
physics, engineering, and biology, including photonic interaction with nanocavities and resonators.
The collection of articles underlines not only a connection between light, nanodimensionality, surface,
and dynamics, but it also accentuates essential issues such as topology, hierarchy, time, information,
and irreversibility.

Contrary to common conceptions for time, light, surface, and dynamics, topology, hierarchy,
information, and irreversibility are notions not readily discussed in regular nanotechnology research
topics. However, these “hidden treasures” are in a position to shape tomorrow’s world by inspiring
an implausible set of applications. Topology is the science of geometrical aspects of objects, aiming
to identify geometrical invariants. In that sense topology and physics are inherently interconnecting
because both scientific domains trace “immutability”. Time, on the other hand, in the classical conception
of dynamics and quantum mechanics, flows continuously in a homogeneous way, following only a
universal constraint that the equations of motion are invariant in time reversal. In this static and reversible
world, dynamical systems are traced not only back, but their states are also projected in future. In the
non-relativistic view, the physical observables, such as momentum, energy, and angular momentum,
stand for the eternal, immutable landmarks of the physical-geometrical space. The topology is
Euclidian, and the flow of time and the structure of space are both homogeneous. However, even in
this immovable world, some hidden gems are waiting to be discovered.

Let us clarify the above statement by giving an example. Two cars climb a mountain from opposite
sides (Figure 1a). They both aim to reach the top of the hill. At first glance, the situation might well
describe two similar processes. However, the two events might have diverging endings, and, therefore,
the two events represent two different states. If the slopes and the morphology of the two hillsides are
alike or even very similar, we expect the physical observables, associated with the two cars, to attain
comparable values in both directions during the up-hilling stage. The two vehicles are in the position
to reach the top of the hill because of a similar hillside topology. In the opposite case, where the slopes
attain different values, the two vehicles require diverging energy, power, and torque to achieve the goal
of reaching the top of the mountain. In the extreme case, where the inclination of one side exceeds,
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say, 50°, the associated vehicle might reach the top of the hill, but it might overturn because of the
high speed required to climb the mountain (Figure 1b). We have here an example of instability in
the “mountain—car” system during the dynamical evolution of the system imposed by the Euclidean

topology. The excess power required to climb the steeper side of the mountain might be responsible
for a car overturned at the top.

X

Figure 1. The connection between topology and irreversibility in classical dynamics: (a) Two cars climb
two asymmetric sides of a mountain in opposite directions. Because of different side slopes, the engine
power and the torque during the climbing stage are different; (b) the left car requires a high engine
power and torque to reach the top of the mountain, which might lead to an over-flip (instability) and,
thus, to an irreversible situation.

The final state of the system “mountain—car” depends on the topology of the mountain surface.
In the case of vehicle demolition during the climbing stage, ascending the top of a hill with a vehicle
might be irreversibly dangerous, because topology might lead to an irreversible damaging state.

We have, here, a simplified example where surface topology entails different endings (states)
of similar physical processes and also imply irreversibility during the evolution of a system in the
same steps following classical dynamics. The two states and the topology imply a hidden degeneracy
of physical observables, e.g., different values of vehicles’ power along opposite directions to obtain
the objective of reaching the top of the mountain. With a similar way in 2D nanosystems, Euclidean
topology is directly correlated with the topology of the electric components of a surface (local charge,
electric field, potential). Because of hidden degeneracies and space inhomogeneity, we expect different
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physical phenomena to appear in tracing paths along opposite directions. It is plausible therefore to
ask ourselves the question: “could one identify similar hidden degeneracies (‘hidden gems’) during
light interaction with surfaces, and in the case of an affirmative answer, what kind of ‘gems’ one
could be in a position of digging out?” Following the example of the two cars, we are in the position
to conclude that irreversibility, time, and topology are connected inherently in the melting pot of
classical notions of physics and because of everyday experience, humans realize that irreversibility is a
rather ordinary state of Nature. The perceptions of evolution and irreversibility appear to be central
in our understanding of the Cosmos and life. Irreversibility and evolution emerged at full speed
during the nineteenth century in almost every scientific field and physics through the second law of
thermodynamics, the important principle of the increase of entropy. In this classical view of the word,
the second law of thermodynamics describes molecular disorder, and Boltzmann’s thermodynamic
equilibrium corresponds to a state of maximum probability. However, in the physics of tiny systems,
as well as in the evolution of life, entropy and irreversibility imply transformations to higher levels
of complexity (hierarchical levels) and “information” which, contrary to the static view of the world
(e.g., the planetary motions), follow unidirectional evolution pathways (the mortality is an irreversible
evolution process). Let us clarify the above points with another physical example: irradiation of a
polymeric surface with low-energy density photons in the visible region of the spectrum leads to the
reversible fast dynamic transient response of electron and vibrational states. After some time, the system
retains its original state with a similar hierarchical level before irradiation.

On the contrary, irradiation of the same system with vacuum ultraviolet photons (VUV, 110-180 nm)
modifies the surface in a non-reversible way putting the system at a higher hierarchical level. The topologies
of the surface prior and after irradiation are different. The two physical states have different fractal
dimensionality and structure, and transition from the non-irradiated state to the radiative one is
unidirectional (irreversible).

The entropy (and thus the transfer of information) of a system might follow non-thermodynamic
pathways, and thus the transfer of physical information in tiny topological spaces could be chaotic.
It is plausible therefore to ask another question: “how one could relate thermodynamic irreversibility
with time (characteristic time of a central physical process), and hierarchy, or even to ask for the
correlation between hierarchy and non-thermodynamic chaotic (random) motions, where the physical
rates of systems follow completely random pathways”. The key to this answer is again topology.
Indeed, confinement and escape of molecules from tiny spaces follow either thermodynamic or chaotic
behavior. The size and topology of physical entities and space outline a set of time-space boundaries
between thermodynamic equilibrium and chaotic motions, between physical laws and chaos, where
physical rates vary randomly. This is the result of entropic variations from molecular confinement in
tiny spaces, emerging from an irreversible surface restructuring at a high hierarchical level [3].

In the applications domain now, nanotechnologies trail diverging steps of innovative technological
applications and the bet, in this case, is the successful integration of molecular functionalities with the
macro-world [4]. Photons, besides their use in all practical aspects of modern life, convey a vast amount
of quantum information, which, when joining nanosciences and nanotechnological tools, allow one to
visualize new technological breakthroughs such as quantum computing (stages of higher hierarchical
levels) [5].

Along the above lines, an extensive scientific and technological effort has been devoted to
designing and integrating micro-nano sensors with improved (molecular) sensitivity, quick responses,
high stabilities, and robustness in lab-on-a-chip devices. Among applications, mechanical nanosensors
are detecting mechanical frequency variations, wave velocity, pressure, and strain [6]. Therefore,
it would not be possible in this Special Issue to leave out nanomechanics and nanoresonators. The latter
belongs to a new class of nanoelectromechanical systems enabling applications such as atomic
and molecular sensing and separation, molecular transportation, high-frequency signal processing,
and bioimaging [6]. Here, we have a reversible state of matter, but an irreversible state of photons
which occupy a higher hierarchical quantum state after the interaction of photons with matter.
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Along the above lines, the mechanical and quantum characteristics of nanomechanical resonators
coupled to a superconducting resonator were theoretically studied by Choi et al. [7] and thus is
possible to predict phenomena that could lead to the development of novel technologies for quantum
information processing.

Whispering-gallery-mode microresonator-based sensors with high local field intensities also
configure novel platforms for enhancing the interactions between light and matter in both reversible
(matter) and non-reversible (photons) states. Such states could bear low detection limits, down to a
single molecule and nanoparticles. An “open” sensing configuration with the whispering-gallery-mode
microresonator-based sensor, to monitor chemical reaction progress in the water droplet, is discussed and
supported by a proof-of-a concept demonstration by Lu et al. [8]. This “open” configuration arrangement
provides a real-time accuracy and sensitivity chemical/biochemical reaction kinetics platform.

Furthermore, optofluidic microcavity laser systems bear a wide span of potential applications in
tunable single-mode on-chip lasers, biosensors in photobiology and photomedicine. For the first time
in aqueous media, Guo et al. [9] investigated theoretically and experimentally single-frequency laser
and mode splitting phenomena in optofluidic microdisk device that combines solid-state dye-doped
polymer microdisks with a microfluidic channel device.

Guided mode resonance (GMR) structures allow obtaining complete bioreaction information.
Zhou et al. [10] systematically presented a parametric analysis elucidating the influence of structural
design factors (i.e., grating period and groove depth) at the nanoscale for “grating-waveguide” GMR
sensors performance to achieve higher angular sensitivity and optimized wavelength figure of merit.
By combining the analytical model and numerical simulations, higher performance sensors with lower
detection limits in biosensing can be designed.

In the applications domain, nanostructures have attracted considerable research interest for their
many advantages in photonic sensors applications. The response of the passive-type visible-blind
ultraviolet photodetectors of ZnO nanorod, with different structure morphologies, was investigated
by Khan et al. [11]. The fabricated ultraviolet sensors based on the ZnO NR-gated AlIGaN/GaN high
electron mobility transistor structure with nanoscale fin isolation demonstrate high-responsivity.
Moreover, the sensing mechanism upon UV illumination was revealed.

Furthermore, porous Si-SiO, UV microcavities with the thickness of a few tenths nm were also
applied as filters by Jimenéz-Vivanco et al. [12] to modulate a broad responsivity photodetector
with a detection range from 300 to 510 nm. The photodetectors had a broad, but porous Si-SiO,
UV microcavities improved the broad response silicon photodetector inside specific UV range of
wavelengths, and they can be applied as UV-heated mirrors or UV bandpass filters.

In the information domain, numerical simulations were applied by Cao et al. [13] to prove that the
electromagnetic field formed in the localized region of the mesoscale dielectric sphere can be modulated
by introducing a nanohole structure at its shadow surface. Thus the authors were able to improve the
spatial resolution of the information transfer up to /40, well beyond the stable immersion diffraction
limit. This finding is essential for advancing the particle-lens-based super-resolution technologies,
including sub-diffraction imaging, interferometry, surface fabrication, enhanced Raman scattering, and
optical tweezer.

Purtov et al. [14] reported on the fabrication of defect-free arrays of pillars with diameters
down to 184 nm. The two-dimensional photonic structures compared to theoretical predictions from
Monte Carlo simulations and the optical reflectivities of the nanopillar gratings were analyzed by
optical microscopy and verified by coupled-wave simulations. Ding et al. [15] reported on near
and deep-subwavelength ripples on stainless-steel surfaces. A qualitative description based on the
surface plasmon polariton modulated periodic Coulomb explosion is proposed for the interpretation
of their formation mechanism. In the work of Wei et al. [16], a miniaturized nanowire laser with high
end-facet reflection was realized by integrating an Ag grating between the nanowire and the substrate.
The proposed nanowire laser with a lowered threshold and reduced dimensions is significant in on-chip
information systems and networks.
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Nano/micro-scale native random levels of roughness are responsible for the field enhancement
effect unwanted in current electrical and optical systems. To design and optimize the networks,
including the selection of materials, structures, and operating conditions, the plasmonic local energy
enhancement effect around the metal surfaces, is required. Fukuoka et al. [17] investigated, numerically,
the plasmonic enhancement of the electromagnetic field energy density at the sharp tips of nanoparticles
or nanoscale surface levels of the roughness of hydrogen-absorbing transition metals, Pd, Ti, and Ni.
Last but not least, three review articles are included in this particular issue. A brief review of enhancing
the photoelectric performance of nanostructured semiconductor-based photodetectors is presenting by
Ding et al. [18]. The authors give the latest research surface/interface engineering. The key factors and
the challenges for improving nanostructured photodetectors are also pointed out.

A comprehensive review by Tian et al. [19] focuses on the synthetic methods and optoelectronic
properties of inorganic boron-based nanostructures. Also, the optoelectronic behaviors of known
inorganic boron-based nanostructures and future applications are presenting.

Finally, an extensive review of materials design strategies and performance of high sensitivity
resists for extreme ultraviolet (EUV) lithography at 13.5 nm by Manouras and Argitis [20] is presented in
this Special Issue. The last review article entails both fundamental information on the radiation-induced
processes in this spectral region and a large number of new ideas targeting at the design of new highly
sensitive and top-performing EUV resists.

All authors are confident that this current Special Issue entitled “Dynamics and Applications of
Photon-Nanostructured Systems” will not only provide experts in the field but also curious readers
with overarching insights into this complex and high cross-disciplinary field.
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Abstract: Molecules near surfaces are regularly trapped in small cavitations. Molecular confinement,
especially water confinement, shows intriguing and unexpected behavior including surface entropy
adjustment; nevertheless, observations of entropic variation during molecular confinement are
scarce. An experimental assessment of the correlation between surface strain and entropy during
molecular confinement in tiny crevices is difficult because strain variances fall in the nanometer
scale. In this work, entropic variations during water confinement in 2D nano/micro cavitations were
observed. Experimental results and random walk simulations of water molecules inside different
size nanocavitations show that the mean escaping time of molecular water from nanocavities largely
deviates from the mean collision time of water molecules near surfaces, crafted by 157 nm vacuum
ultraviolet laser light on polyacrylamide matrixes. The mean escape time distribution of a few
molecules indicates a non-thermal equilibrium state inside the cavity. The time differentiation inside
and outside nanocavities reveals an additional state of ordered arrangements between nanocavities
and molecular water ensembles of fixed molecular length near the surface. The configured number of
microstates correctly counts for the experimental surface entropy deviation during molecular water
confinement. The methodology has the potential to identify confined water molecules in nanocavities
with life science importance.

Keywords: nanocavities; non-thermal equilibrium; water; entropy; nanothermodynamics;
nanoindentation; AFM; electric dipole interactions; VUV irradiation; random walk

1. Introduction

Confined molecular water in nanocavities shows intriguing and unexpected behavior. The dynamic
evolution of confined molecular water swings between bulk response, molecular collective actions
and interface binding reactions [1]. Translational and rotational motions of confined water point
to different stretching dynamics from its bulk counterpart [2]. It is also known that confined water
builds tight hydrogen-bonded (H-bonded) networks, and its flow response is diverging by orders of
magnitude from macroscopic hydrodynamics [3]. Possible lack of H-bonding of water molecules in
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small volumes counts for de-wetting, cavity expulsion [4], water self-dissociation [5] and a diverging
dielectric constant [6]. It is plausible; therefore, that diverging behaviors of the biological and
geological evolution of molecular enclosures in small systems [7-13] also imply a nanothermodynamic
approach [14,15].

The central element of any thermodynamic theory of small systems is based on the hypothesis
that nanometer-sized configurations pullout an additional physical component to the free energy
of the associated macroscopic system from interactions among nanostructure entities. Moreover,
the confinement of a relatively large number of molecules in nanocavities, restraints the molecular
degrees of freedom (translational, vibration or rotational), and finally the system evolves through
different entropic states before equilibration. Most interesting, the confinement of a small number
of molecules in a large number of distinguishable tiny spaces might well indicate a thermodynamic
entropic collective behavior [13], space and time local heterogeneities, not-extensive fluctuations and
intriguing surface-boundary effects. The reduction of the translational degrees of freedom of molecules
in tiny spaces and the deviation of the molecular trapping time inside a cavity from the mean molecular
collision time outside, highlight the presence of an entropic barrier that separates the molecular motions
inside and outside the cavities.

Today, both theoretical [14-19] and experimental advancements [20,21] gradually disclose the
intriguing issues of thermodynamics of small systems, with major impacts on colloids, liquids,
surfaces, interphases, chemical sensors, micro/nanofluidics, nanoporous media, proteins and DNA
folding [10,22-27]. In cell biology, the presence of different nano-sized molecular scaffolds in the
extracellular matrix environment implies a vast diversity of cellular activities and responses, including
uncorrelated diverging drug delivery efficiencies [28].

Because thermodynamic potential variations and fluctuations allow for volume and surface
stressing, any experimental verification of local volume and surface stress might well point to entropic
fluctuations during molecular confinement [13,29]. Commonly, bulk and surface stressing go along
with self-assembled structures, translational symmetry breaking, non-linearity, bifurcations, chaos,
instability and morphological and shape nano configurations [30,31]. In the non-equilibrium state,
rapidly changing thermodynamic potentials across phase boundaries usually force tiny systems to
pass from different morphological progressions and physical states by tracing minimum energy and
maximum entropy production pathways. This universal principle appears everywhere in Nature;
from self-assembled bio and macromolecular structures and folding of large protein molecules [32] to
nano/micro flower-like artificial structures [33,34].

The confinement of molecules within nano-size cavitations, usually on the surface of a matrix, is
linked to system’s entropy diversity before and after trapping [13,27,35,36]. It is also known that for
the same translational entropy, any confined molecular state attains a small variation of its rotational
entropy compared to the non-confined molecular state. Likewise, rotational restriction affects surface
molecular bonding and sorption/desorption kinetics [35]. Specific response of nanoentropic potentials
from molecular confinement within photon-induced nanocavitations in PDMS matrixes underlines an
inherent correlation between internal stressing and 2D entropy diversion [13].

Commonly, photon-processing of surfaces reconfigures their physicochemical properties, including
thermodynamic potentials [37-40]. Irradiation of a polymeric matrix with vacuum ultraviolet (VUV)
light in the spectral range from 110 to 180 nm entails an extensive modification of topological
and thus of physical features, because of bond breaking and formation of new bonds. Any 2D
topological transform is accompanied by a diversion of surface characteristics, such as porosity,
sensing efficiency, chemical stability and extensive nanocavitation [41-46]. The adsorption of various
molecules on 2D nanostructured surfaces [47-49], might well boost a plethora of surfactant effects
along with molecular sensing [43,50], gas separation and storage [51-54], and also applications with
particular emphasis on nanomedicine [55], bio-engineering [56,57] and drug delivery systems [58,59].
Among other polymeric matrixes, polyacrylamide (PAM) is a hydrophilic low toxic, biocompatible,
water-soluble, synthetic linear or cross-linked molecule, modified accordingly for a wide range of
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applications, including oil recuperation, wastewater treatment, soil conditioner, cosmetics food and
biomedical industries [60-62]. A diverging number of physical and chemical methods are currently
applied to optimize the biocompatibility level of different polymers (e.g., PDMS, PET, PTFEMA,
PEG), for biomedical applications, biosensors, tissue engineering and artificial organs [46,63,64].
Well established methods of surface functionalization through photon irradiation with UV, VUV and
EUV (extreme ultraviolet) light sources and plasma treatment at various wavelengths and electron
energies, aim to optimize chemical instability and surface modification for controlling a plethora of
surface functionalities [65].

Today, several methods exist to improve the strength and the physicochemical properties of PAM
matrixes by blending the matrix with chitosan, starch or other polymers [66]. While functionalization
of pure PAM polymeric surfaces is mostly done via sunlight exposure at standard environmental
conditions, a limited number of studies include plasma processing [67-71]. However, no data exist
for VUV processing of PAM surfaces, preventing thus precise tailoring of PAM’s physicochemical
surface characteristics (surface roughness, structure size, elasticity, chemical composition, etc.) and the
formation of controlled micro/nanopatterns and cavitations for different applications [37,42,43,63,64].

The current work establishes the link between entropy variation and molecular water confinement
in small nanocavities fabricated by 157 nm laser photons in polymeric PAM matrixes. The work
follows a line of a rational evolution. First, the correlation between 157 nm molecular photodissociation
(laser fluence or a number of laser pulses) and surface topological features, including nanocavitations,
is established from fractal and surface analysis by using atomic force microscopy (AFM). Next, the
correlation between surface strain and 157 nm molecular photodissociation is revealed by applying
AFM nanoindentation (AFM-NI), contact angle (CA) wetting and white light reflection spectroscopy
(WLRS). Random walk simulations of water molecules inside cavitations differentiate the escape time
of confined molecular water and the mean collision time of water molecules near the PAM surface.
The different time scales inside and outside the nanocavities point to an additional state of ordered
arrangements between nanocavities and the molecular water ensembles of fixed molecular length
near the surface. The configured number of microstates properly counts for the experimental surface
entropy deviation during molecular water confinement, in agreement with the experimental results.
Finally, the mean time distribution for a small number of water molecules for different runs reveals
a non-equilibrium state inside tiny cavities. The experimental method has the potential to identify
confined water molecules in nanocavities via entropy variation. The proposed roadmap of analysis
may be used in applications related to life science.

2. Materials and Methods

2.1. Materials

PAM (typical My = 150 K, M, 400 K) purchased from Sigma-Aldrich (St. Louis, MO, USA) used
to prepare solution 5% wj/w in water. Thin layers (426 + 1 nm) on Si wafer substrates were made
by spin-coating for 60 s at 2500 rpm, and finally, cured at 110 °C for 15 min at a temperature rate of
0.37 °C s7! and then left to cool at room temperature. WLRS measures the thickness of PAM films
coated on Si wafers.

2.2. 157 nm Laser

PAM layers irradiated with a high power pulse discharged molecular fluorine laser at 157 nm
(Lambda Physik 250 (LPF™ 200), Lambda Physik AG (Coherent), Gottingen, Germany), under
continuous nitrogen flow (99.999%) at 10° Pa and room temperature. The layers were mounted into a
computer-controlled X-Y-Z-0 translation-rotation motorized stage, placed inside a 316 stainless-steel
chamber. The laser temporal pulse duration at FWHM, the energy of an unfocused laser beam per
laser pulse, the photon fluence per laser pulse and laser repetition rate were set up at 15 ns, 28 mJ, 250 J
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m~2 and 10 Hz. For dipping the amount of oxygen inside the stainless-steel chamber, nitrogen purging
of the chamber was applied for 10 min before the irradiating stage.

2.3. AFM Imaging and AFM-NI

An AFM system (dilnnova, Veeco Instruments Inc. (SPM Bruker), Santa Barbara, CA, USA) used
for surface imaging of exposed/non exposed areas and the AFM-NI measurements. The imaging
carried out in a tapping mode at a scanning rate of 0.5 Hz, using phosphorus-(n)-doped silicon
cantilever (MPP-11123-10), having a spring constant of 40 nN nm~! and tip radius of 8 nm, operating
at a resonance frequency of 300 kHz at ambient conditions. The surface parameters of the samples
were also evaluated.

The force versus distance (F-D) response from ten different points on each non-exposed and
exposed areas was also recorded with the same cantilever. The elastic modulus (Young’s modulus) was
calculated using the SPIP force curve analysis software by fitting a Hertz model to the force-distance
curve. The hysteresis between approach and retract curves were corrected by the same software.
Calculations performed with a Poisson’s ratio value of 0.3 [72].

2.4. Fractal Analysis

The fractal characteristics of the exposed and non-exposed areas were quantified through the
fractal dimensionality Dy that describes the topology and the cavitation of a surface quantitatively.
Dy was derived from AFM images by four different algorithms, the cube counting, triangulation,
variance and power spectrum methods, besides an algorithm provided by the AFM’s “lake pattern”
software (diSPMLab Vr.5.01). A detailed description of the concept and the specific methodologies of
the different algorithms can be found in [27]. The Dy was calculated for the four different methods
using “Gwyddion, SPM data visualisation and analysis tool” [73]. The Dy calculated with the four
different algorithms follow the same trend, despite small dimensionality divergences coming up from
systematic errors, because of the different converging speed of the fractal analytical approaches.

2.5. Water Contact Angle (CA)

The chemical modification of PAM surfaces following PAM surface laser irradiation was monitored
by water CA surface measurements under ambient atmospheric conditions. Distilled water droplets
with a volume of 0.5 uL were gently deposited onto the sample surface using a microsyringe. Water CAs
on samples before and after irradiation and at different time intervals were measured using a CA
measurement system (Digidrop, GBX, Romans sur Isere, Drome, France) equipped with a CCD camera
to capture lateral snapshots of a droplet deposited on top of the preselected area, suitable for both
static and dynamic CA measurements. Droplet images captured at a speed of 50 frames/s. CA values
were obtained via the Digidrop software analysis, approximating the tangent of the drop profile at
the triple point (three-phase contact point). Three different CA measurements were taken from each
sample at different sample positions to calculate the average values.

2.6. White Light Reflectance Spectroscopy (WLRS)

The WLRS measurements were performed by an FR-Basic, ThetaMetrisis™ (ThetaMetrisis SA,
Athens, Greece) equipped with a VIS-NIR spectrometer (Theta Metrisis SA, Athens, Greece) having
2048 pixels detector and optical resolution of 0.35 nm. The beam of the light source comes from a white
light halogen lamp, with a uniquely designed stable power supply and soft-start circuit, ensuring
stable operation over time that is necessary for long time duration experiments. Software controls
the instrument, performing the data acquisition and film thickness calculations. The PAM films were
spin-coated on native oxide Si wafers and SiO, layer on the top with a thickness of 2-3 nm.
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2.7. Random Walk Model

The mean escape time of a water molecule confined in nanocavities was computed by applying
different 3D random walk models with diverging numbers of water molecules, variable spherical size
nanocavities, and entrance-escape hole sizes. Two different models of non-interactive and interactive
water molecules inside the cavities were used. The first model, the non-interactive random walk model,
uses molecular masses of zero volume and elastic collisions of the water molecule with the cavity wall
and it records the sequence of positions of water molecules inside the spherical cavity until it gets back
to the entrance-escape hole. The collision angle was varied randomly with a uniform distribution.
The model calculates the total distance that molecules travel in the cavity before they escape from the
entrance-escape hole. The mean escape time was calculated by considering that the molecule attains
its kinetic energy after an elastic collision with the walls of the cavity. Therefore the kinetic energy
transfer from the wall to the molecule should be equal with the thermal energy of the wall %kB T, where
kg is Boltzmann's constant.

The escape time from the entrance-escape hole for a non-interactive water molecule in the cavity
is given by the equation:

L 7:0( V2R2(1 - sin 011 sin 0; cos (i1 — ;) + cos 041 cos 0; ) — 2R+ (Ro + Ry) 0
=

3kpTN4
Mm,0

where 7 is the number of collisions in each run, R is the radius of the spherical cavity, (R, 0;, ¢;) is
the position of the molecule in the ith collision. The entrance and the exit point in the cavity wall are
given in spherical coordinates (Ro, 89, @o) and (Ro, O, 1), accordingly, and M, is the molecular
mass of water.

The interactive random walk model records the sequence of positions of a specific molecule that
enters a spherical cavity through the entrance-escape hole, alongside with the locations of a variable
number of neighboring molecules trapped in the cavity, until it gets back to the entrance-escape hole.
At first, because of non-thermal equilibrium between water molecules within the cavity, the molecules
are placed inside the cavity in random positions with random velocities of uniform distribution

3ks TN,
MH,0

of each water molecule with the cavity wall and its neighbouring molecules is considered to be elastic.
The collision angle was varied randomly with a uniform distribution. Contrary to the non-interactive
model of zero-size molecules, the interactive model uses a spherical molecular diameter of 0.3 nm.

For every pair of the cavity size and entrance-escape hole, the random walk was run 10? times
and the mean escape time was calculated. In addition, the mean-escape time distribution for different
cavities and number of molecules was used to evaluate the thermodynamic state inside the cavity.
The model was designed and run in MATLAB. 9.4.0.813654 (R2018a), The MathWorks Inc.; Natick,
MA, USA.

between 0 and m/s. The position of each molecule was recorded every 10~!4s. The collision

3. Results

3.1. Surface Analysis

Commonly, four surface parameters, the surface roughness histogram, the area roughness, the
area root mean square (RMS) and the maximum range characterize a surface and mean area values are
plotted as functions of the laser pulse number or the laser fluence, Figure 1. The surface parameters are
extracted from AFM images, Figure 2a—e.
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Figure 1. Surface parameters of irradiated polyacrylamide (PAM) layers for a 2 um X 2 um area:
(a) Mean z-height; (b) area roughness (R;); (c) area RMS; (d) maximum range. The area roughness and
area RMS parameters show an increment with laser pulses up to ~ 200 Ip followed by a dip at 10° Ip.

Figure 2. Atomic force microscopy (AFM) surface image of polyacrylamide (PAM) layers. Scan
area 2 x 2 um?, laser fluence 250 ] m~2 per pulse: (a) non-irradiated PAM layer; (b) irradiated PAM
layer with 100 laser pulses (Ip), 25 k] m~2; (c) 200 Ip, 50 k] m~2; (d) 10° 1p, 250 kJm~2; (e) scan area
2.3 x 2.3 um?, 10% Ip, 250 k] m~2. The surface morphology is area size-dependent.
The surface roughness histogram, or average z-height, is the arithmetic mean defined as the
N
sum of all height values divided by the number of data points |Z] = % _Z Zi. Next, the R, (area

i=
roughness or roughness average) is the arithmetic mean of the height deviation from the image’s mean
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n R
value, R, = % Y, |Z‘ - Z|. The area RMS (R,;s) is the value defined as the square root of the mean
i=1

value of the squares of the distance of the points from the image mean value: Ry;;s = % % (z- Zi)z.
i=1

Finally, the maximum range of Z;,, is defined as the maximum value of z-heights. The surface

parameter values (z-height, area roughness, area RMS, and maximum range) of photon exposed areas

were more considerable compared to the non-irradiated ones. However, because surface parameters

are area size-dependent (Figure 2d,e), they are utilized only for a comparative qualitative evaluation of

area modification under 157 nm laser irradiation.

3.2. Fractal Analysis of 157 nm Photon Processed PAM Polymeric Matrixes

Because of statistical self-similarity between matrix space topology during a scaling-down
route, there is a strong correlation between porosity, stage of cavitations and fractal dimensionality.
Furthermore, in porous materials, the linear, area and volumetric porosities are alike, and therefore
the 3D fractal dimensionality is similar to the area one. The dimensionality of a surface is equal to
two for an ideal solid (Euclidean surfaces) and equal to three for completely porous surfaces with
a fractal character. Areas with Z; values above a threshold Z height are known as “islands”, while
those with Zjs below the threshold height value are named as “lakes”. AFM “island-lake structure” of
non-irradiated and VUV irradiated 2 um x 2 um areas are shown in Figure 3.

Figure 3. Atomic force microscopy (AFM) image of “lake” (grey) and “island” (orange) for a fractal
area of 2 X 2 um?: (a) Non-irradiated area; (b) irradiated area with 10% laser pulses.

The mean Z; heights of non-irradiated and the irradiated regions (10° laser pulses) were set
at 0.75 and 1.94 nm respectively, and the irradiated areas show a diverging surface topology, in
agreement with previous results [13,16,56,58]. Following a standard procedure, two parameters, the
fractal dimensionality Dy (which is a dimensionless number) and the “periphery to the area ratio”
(PAR) are used to describe a set of “islands” or “lakes”. Both parameters are linked to the surface
roughness, cavitations and topological entropy [27,74]. PAR is the ratio of logarithms of the perimeter
IT to the area A, where IT = a(l +D f)AO’Df )/2, For assessing the state of cavitations, the fractal
dimensionality is calculated by the partitioning, the cube counting, the triangulation, and the power
spectrum algorithms [58]. Results are compared with those derived directly from the AFM “lake”
pattern software, Figure 4a.
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Figure 4. Fractal dimensionality, “lake” surface area and lake number vs. laser fluence. (a) Surface
-fractal dimensionality calculated with four different fractal analytical methodologies. Colors, symbols
and lines to assist the eye: blue squares for partitioning (PA), purple spheres for power spectrum (PS),
dark yellow stars for cube counting (CC), green triangles for triangulation (TR), and brown pentagons
for atomic force microscopy (AFM) “lake” pattern (LA). The five methods show a similar fractality
trend vs. laser fluence; (b) “lake” surface area vs. the number of lakes at different number of laser
pulses (laser fluence).

AFM images of 2 pm X 2 pm laser-irradiated areas were digitized to a 512 px x 512 px matrix, and
then they processed with four different fractal algorithms. It is unveiled that fractal dimensionality, and
thus cavitations, are functions of the laser photon fluence. All algorithms exhibit a similar trend of fractal
dimensionality with the number of laser pulses (laser fluence), although the fractal dimensionality
derived with the power spectra methodology seems slightly different, as expected [13,25]. The fractal
dimensionality initially dips, attaining its minimum value around 500 laser pulses and then rises
again with a small gradient up to 10° laser pulses, Figure 4a. For a constant “lake” surface area the
number of “lakes”, and thus the number of cavities, is a function of the laser pulses (laser fluence),
Figure 4b. The number of “lakes” within a given surface area vs. the number of laser pulses is
shown in Figure 5a. The number of “lake” areas rises almost exponentially with the number of
laser pulses and small area “lakes” prevail over larger ones The fractal dimensionality vs. laser
fluence has a non-monotonous complex structure. Small size features (1-10% nm?) are associated
with nanocavity-like structures, Figure 5b. It is also confirmed that below 10 laser pulses small size
features contribute to a high cavitation state because small size features have a higher dimensionality
than large size structures, Figure 5c. On the contrary, large size features are prominent at 10° laser
pulses, indicating the complexity of the associated processes. In addition, for the same number of laser
pulses, small size cavitation prevails over larger ones, Figure 5a. The experimental results indicate that
water confinement is rather associated with small cavitations, in agreement with WLRS measurements
(vide infra).
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Figure 5. Fractal parameters of polyacrylamide (PAM) at different laser fluence: (a) Number of “lakes”
for different fractal size vs. the number of laser pulses (1); (b) fractal dimensionality vs. the number of
laser pulses (1) for different fractal size. The concentration of small size nanocavities increases at higher
laser fluence; (c) fractal dimension vs. fractal size at a different number of laser pulses (lp).

3.3. AFM-NI

The mechanical response of 426 nm-thick PAM polymers was evaluated with nanoscale resolution
via the F-D curves at different laser fluence, Figure 6a—d. Young’s modulus and adhesion forces
were also evaluated. Major non-monotonic modifications were recorded indicating substantial
conformational changes of the surface energy of the PAM layers, Figure 6a. A diverging Young's
modulus is attributed to accelerated ageing because of molecular bond breaks, accompanied by the
formation of new carbon and carbonyl bonds [75-77]. A nonlinear alteration of the elastic modulus
of PAM gel formulations during ten days ageing was also reported, revealing substantial changes of
PAM'’s mechanical properties during irradiation [78].

The approach and retract curves follow different paths in all irradiating conditions, describing thus
a system evolving out of equilibrium. The elastic modulus of the dry state hydrogels is significantly
reduced after immersion to water, e.g., from 18 GPa to 3.3 MPa [79]. The Young’s modulus of the
non-irradiated PAM hydrogels depends on the hydration conditions, e.g., it decreases from 295 MPa
in the dried state to 266 kPa in the fully hydrated state [78,80]. A Young’s modulus of 2.84 GPa of
uncured PAM hydrogel was recently attributed to the presence of pre-polymerized PAM oligomers [81].
Moreover, enhancement of Young’s modulus to 4.84 GPa was predicted via an extension of the 3D
polymeric networks at higher cross-linking states [81].

In this work, the non-irradiated PAM surfaces were thermally cured after being spin-coated on
a silicon wafer; therefore, their mechanical properties are expected to deviate from those in the gel
state. The average Young’s modulus prior to and post-irradiation with 500 and 10° laser pulses was
2.0+ 0.8 and 1.6 + 0.42 and 2.55 + 1.29 GPa, respectively, Figure 7a. The significant errors of Young'’s
moduli at different points in the same sample are credited to various morphological heterogeneities
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and a progressive phase transformation to a relatively high carbonized state. Young’s moduli follow a
similar trend with fractal dimensionality vs. laser fluence, Figures 4a and 5b.
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Figure 6. Typical force-distance (F-D) curves of polyacrylamide (PAM) thin layer surfaces (426 nm)
irradiated with a different number of laser pulses (Ip) (250 ] m~2 per laser pulse): (a) F-D curves of the
non-irradiated layer; (b) E-D curves with 200 Ip; (c) E-D curves with 300 lp; (d) F-D curves with 400 Ip.
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Figure 7. Young’s modulus and adhesion force of irradiated polyacrylamide (PAM) surfaces showing
enhanced carbonization at higher laser fluence. (a) Young’s modulus; (b) adhesion force of a PAM
surface irradiated at different laser fluence up to 250 J m~Z; (c) Young’s modulus and adhesion force
column charts of PAM vs. laser fluence.

Additionally, the adhesive force, as it is measured during the penetrating state of AFM’s tip,
follows a similar trend with Young’s modulus, Figure 7b,c. Because of diverging surface carbonization,
the adhesive force drops from 130 to 26 nN between 0-400 laser pulses and then it rises again to
~ 150 nN for 10° laser pulses.

3.4. Water Contact Angle (CA)

Water CAs of PAM matrixes were recorded for varying photon fluence. The average CAs rise
from 20° + 2° to a saturated “plateau” at ~65°+ 7° after 200 laser pulses, Figure 8a.
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Figure 8. Water contact angle (CA) vs. the number of laser pulses: (a) Water CA vs. the number of
laser pulses. (b) column chart diagram of CA and fractal dimensionality vs. laser fluence. The mean
correlation factor is —0.833; (c) column chart diagram of CA and area RMS of PAM vs. laser fluence.
The mean correlation factor is 0.768 pointing to a strong correlation between fractal dimensionality, CA,
and area RMS over a wide range of laser fluence; (d) column chart diagram of water CA at different
time intervals. The almost similar slopes point to a uniform surface response at different VUV photon
fluence. From Figures 4a, 5a,b, 7a,b and 8a the surface chemical modification is saturated at ~500
laser pulses, because of the low penetrating depth of the 157 nm laser photons, indicating the strong
correlation between fractal dimensionality, CA, area RMS, Young’s modulus and surface modification.

VUV photon processed PAM matrixes attain higher CA values, displaying thus a hydrophobic
state, affirming that VUV irradiation has a primary effect on the surface wettability by altering both
the material’s physicochemical properties and surface nano/micro features, Figure 8a,b. In addition,
the mean correlation factors of —0.833 and 0.768 between CA, Dy and area RMS indicate a secure
interconnection between surface morphology and Dy, Figure 8b,c.

The wetting behavior was also analyzed with time, Figure 8d. The CAs of non-irradiated and
irradiated with 100 laser pulses matrixes decrease consistently for 5 min. The dynamic CA of irradiated
samples exhibits similar slope values, suggesting similar diffusion constants for different porosities,
a fact that stresses out a picture of molecular water confinement in nanocavitations.

3.5. White Light Reflectance Spectroscopy (WLRS)

WLRS uses a broad-band light source and a spectrometer. The white light emitted from the light
source is guided to a reflection probe through a number of optical fibers that incident vertically onto a
sample. The sample consists of a stack of transparent and semi-transparent films placed over a reflective
substrate. A reflection probe collects the reflected light through a fiber, directing it to the spectrometer.
The light source beam interacts with the sample and generates a reflectance signal that is constantly
recorded by the spectrometer. The number and the shape of interference fringes, registered in the CCD
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of the spectrometer, depend on the thickness and the refractive index of the film(s). The fitting of the
experimental spectrum is performed by using the Levenberg-Marquardt algorithm.

Water confinement is a source of volume strain and the relative surface deformation of the
PAM polymeric matrixes caused by molecular water confinement is monitored by WLRS, Figure 9.
The layer’s thickness during water confinement and the relative surface deformation of the PAM layer
prior and after water confinement in the irradiated surfaces is calculated from the phase shift and
the superposition of amplitudes of the reflected light beam on the PAM surfaces. The white light
beam records the surface strain within a cylindrical volume ~ V = 4.09 x 107* m3, defined by the
cross-sectional diameter of the white light beam of 3.5 X 107 m and the thickness of the polymeric
layer of 426 nm.

White Light Spectrometer (a)

White Light Spectrometer (b)| white Light Spectrometer (C)
ry

N7/

Figure 9. Principle of operation of white light reflectance spectroscopy (WLRS). (a) White light beam
reflection in PAM surfaces. (b) experimental details and geometry of the reflected beams (c) surface
strain response during water confinement in nanocavities. The contribution of the SiO; layer at the

humidity

interference pattern is negligible.
3.6. Random Walk Model

The comparison between calculations with the diffusion model [82] (water vapour diffusion
coefficient in the air at normal pressure at 293 K is ~ 2.42 x 107> m? s™!) and the current non-interactive
random walk model for 10° runs is shown in Tables A1 and A2. There is a noticeable difference between
the two models for small size nanocavities because the diffusion constant for small size nanocavities is
undetermined. The mean escape time from random walk models with the interactive model for the
different number of confined molecules, cavity and the entrance-escape hole size is given in Figure 10
and Appendix A, Tables A3-A6.
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Figure 10. Non-interactive random walk of one water molecule in a nanocavity. (a) The water molecule
enters the cavity (yellow arrow) and then it collides with the inside walls of the spherical cavity (10 nm)
several times (A-I points and blue lines) before escaping from the entrance-escape hole (3 nm, red line);
(b) mean escape time for 10° different random walk runs in 1 nm (green), 10 nm (red), 10> nm (blue),
and 10% nm (magenta) spherical cavities for different entrance-escape hole diameters (0.3 nm-500 nm).
The y-axis represents a logarithmic time scale.
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4. Discussion

4.1. 157 nm Molecular Photodissociation of PAM Polymeric Chains

Initially, surface and fractal analytical methods were used to typify surface cavitations crafted
by 157 nm laser photons on PAM surfaces. Diverging texture morphologies of 2 um X 2 pm PAM
areas irradiated with 157 nm with a different number of laser pulses (photon fluence) are shown in
Figure 2. Major conformational changes of photon processed PAM surfaces are evident through a
diversity of fractal dimensionalities and surface parameters. Specifically, irradiated areas exhibit either
a uniform or heterogeneous surface structural networks, according to the laser fluence (Figure 2b—e).
Different size nano/microstructures including “hills and lakes” and fractal dimensionality diversity,
nano aggregations (1-10° nm) and cavitations are shreds of evidence of significant photochemical
topological matrix alterations (Figure 2c—e). Similar structures were previously observed on PAM
hydrogel surfaces by cross-link concentration variations [78].

The energy of 157 nm laser photons is used to excite a molecular site in the polymeric chain
from an electronic ground state (A) vibrational level to an excited electronic state (B) vibrational level,
Figure 11a. The excitation is followed by a rapid internal transition to a dissociative (repulsive) state (I'),
and the parent molecule is disintegrated fast to a number of smaller size photo-fragments, Figure 11b,c.
Consequently, surface irradiation with 157 nm laser photons modifies the morphology of the PAM
matrix by creating defective molecular sites (DE) and micro/nano cavitations, Figure 11c. The volatile
compounds, such as carbon-hydrogen monomers, ions, or larger polymer fragments, are moving
away from the matrix at high velocities [37,41,42]. Carbon cluster (CL) formation (Figure 11d) also
appears on the surface from re-deposited photo-dissociated products on the matrix (Figure 11e) and
the photo-dissociated cycle profoundly modifies the chemical and the morphological features of the
exposed polymeric surface. Because each 157 nm laser photon destroys via photo-dissociation one
chemical bond of the polymeric matrix, Figure 11, it is reasonable to accept diverging cavitations and
local nano-matrix volume diversities [37] in agreement with surface and fractal analysis results.
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Figure 11. Nanocavitation by 157 nm laser photodissociation of polyacrylamide (PAM) matrixes:
(a) Molecular photodissociation at 157 nm. Vertical arrows indicate photon transitions between two
vibrational levels of the ground (A) and an excited electronic state (B). A transition from the excited to a
repulsive electronic state (red curve) through an avoided crossing via a vibration state at the point (I') is
very fast (< 1 ps) and breaks a molecular bond in the polymeric chain; (b) PAM surface irradiation with
157 nm photons; (c) (DE): a bond break is followed by molecular decomposition and nanocavitation;
(d) (CL): possible recombination of carbon dissociative products, and cluster formation in the gas phase;
(e) carbon cluster deposition on the polymeric matrix and possible structure of carbon nanocavitation.
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4.2. Trapping of Water Molecules in Nanocavities

Water molecular confinement is a complex issue having great importance in life sciences [8,83,84].
Because the nature of the H-bond undergoes a diverging number of structural conformations at surface
boundaries, and also, inside tiny spaces, the water confinement is hindered with the long-range
fluctuations of both the water networks [85] and single molecules, Figure 12a. The dynamics and the
time scale of interactions in confined spaces are notably diverging with the spatial scale length and the
local geometries. For example, terahertz spectroscopy of water molecules in gemstone nanocavities
identify quantum water molecular tunnelling through a six-well potential caused by the interaction of
the water molecule with the cavity walls [86]. The length and directionality of H-bonds are highly
susceptible to the type of confining surfaces and the degree of confinement [87]. In addition, atomistic
molecular dynamics simulations of dipolar fluids confined to spherical nanocavities of radii ranging
from 1 to 4 nm reveal a surprisingly small Kirkwood correlation factor in water, but not so in a
dipolar fluid because of ultrafast relaxation of the total dipole moment time correlation function of
water [6]. The static dielectric constant of confined water exhibits a strong dependence on the size
too, with a remarkably low value even at 3 nm and a slow convergence to the bulk value because
of surface-induced long-range orientation correlations [6]. The trapped water experiences peculiar
thermodynamic properties and under confinement unexpectedly shows high pressures (GPa) [88].
Because the mean escape time is independent of the number of molecules, inside the cavity, Figure 12,
the average mechanical pressure exerted on the walls of the cavity is independent of the number of
molecules. Therefore, the molecular state inside the cavity deviates from an equilibrium thermodynamic
state because the escape time in “equilibrium thermodynamic” cavities should be pressure dependent.
In addition, the extensive thermodynamic properties of confined molecules in tiny spaces might be
disproportional to the volume of the system, and instead, they could be higher-order functions of size
and shape [89-92].

It is also known that for tiny empty spaces, equal or below the atomic dimensions, stressing fields
are emerging from electromagnetic vacuum fluctuations. The repulsive Casimir stress o.(R, t) within
a conductive spherical cavity of radius R at time t was calculated to be % [93]. For balancing
the Casimir stress with the atmospheric pressure, a 10 nm spherical cavity has the proper size, if the
equation of ideal gases is used. On the other hand, for a spherical cavity in thermal equilibrium
with the matrix that bears a small hole on its surface connecting the inside with the outside volume
space of the cavity, in the case of a pressure balance outside and inside the cavity, four molecules are
confined in the cavity, if the equation of ideal gases is used as a first approximation. However, for
an average molecular thermal energy of Ey;, ~ kT and a spherical volume V of 5.34 x 1072° m3, the
volume stress exerted on the walls of the cavity from the collisions of a molecule with the walls of
a cavity should be of the order of ~ % = 7.9 x 10* Pa, a value that almost matches the atmospheric
pressure outside the cavity. By increasing the number of molecules inside a small cavity, the volume
stress should be increased proportionally to the number of molecules because of mechanical collisions
with the cavity walls. Consequently, extremely high pressures should be developed inside small
cavities, in agreement with [88]. In addition, for small size cavities, there is rather an entropic than
an energy barrier that balances the flow kinetics of molecules in and out the cavity [94,95]. Previous
studies indicated that in the case of elastic collisions in the cavity, the molecular dynamics depends on
the number of molecules inside the cavity and is either frictionless (inertial dynamics), moderately
frictional (Langevin dynamics), or strongly frictional (Brownian dynamics) [96], where the noise
term should be properly taken into account. For small entrance-escape holes, the number correlation
function generally decays exponentially with time. The transition rate in the frictionless limit is
given by a microcanonical ensemble. As the strength of the friction is increased, the rate of collisions
approaches the diffusive limit without a Kramers turnover. In this work, random-walk calculations
of non-interactive and interactive molecules in the cavity for 10® and 102 runs, point to variable
escape times of water molecules from different size nanocavities (1-10% nm) and entrance-escape holes
(0.3-5 x 10? nm), Figure 10 and Appendix A, Tables A1 and A2. For the same cavity size the mean
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escape time falls with large entrance-escape hole size, extended over a wide dynamic range of 10
orders of magnitude. The mean escape time for the interactive model is independent of the number of
molecules inside small cavities and interestingly, the mean escape time fluctuates a great deal inside
tiny cavities, Figure 12a-d and Tables A3-A6; suggesting that the system is in non-thermal equilibrium,
a state that dominates the statistics and the dynamics of molecules inside small cavities.
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Figure 12. Mean escape time for a different number of non-interactive molecules calculated for 10° runs.
(a) Fluctuations of mean molecular escape time are prominent for small size cavities, while remains
constant for a large number of molecules; (b—d) mean escape time for 5, 10, 15 and 20 nm spherical
cavities with different entrance-escape holes and number of molecules in the cavity. The mean escape
time is independent of the number of molecules and is a function only of the cavity geometry (diameter
and entrance-escape hole).

On the contrary, for larger size cavities the volume stress is diminished and the state of molecules
inside the cavities approaches the thermodynamic limit, in agreement with [86]. he gradient of the
mean escape time, the mean escape time distribution and the mean distance a molecule travels inside
a cavity before its escape through the entrance-escape holes is diverging for very small size cavities
(1 nm) cavities, Figures 12a, 13 and 14a.

The mean escape time and the mean travelling distance retain a constant ratio for large size
cavities (10~10° nm), while the ratio deviates for small ones, suggesting again a non-equilibrium
thermal state and large fluctuations inside small size cavities, Figure 14. Most interesting, the
local fluctuations of mean molecular escape time are prominent for small size cavities and small
number of molecules, while the mean molecular escape time remains steadier for a larger number of
molecules, Figure 12a-d, in agreement with molecular dynamic results [6,85,89-92,96] and general
nanothermodynamic considerations [31]. In addition, the mean escape time distribution of molecules
for both the non-interactive and interactive models (1 and 150 molecules) inside different size small
cavities reveals a rather non-thermal distribution and the absence of a thermal equilibrium state inside
the cavities, Figures 13 and 15.
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Figure 15. (a—c) Mean escape time distribution of 150 interactive molecules for different cavity and
entrance-escape hole size for 102 runs; (d) best-fitting of Figure 15a is for a log-normal distribution;
(e) mean escape time vs. the cavity ratio %. The time differentiation of molecular movements inside
and outside cavities is provided by the dependence of the ratio % on the waiting time T, which for
D=10? and 103 nm cavities goes as a power law of the waiting time with exponent —0.5.

The mean escape time of water molecules in the cavity is diverging from the mean collision time
(~70 ns) and the thermal de Broglie time outside the cavity by many orders of magnitude, according to
the geometry of the cavity. Therefore, the “molecular time” inside the cavities “flows differently” than
the physical time of the events on the PAM surface. This spatial “time differentiation” across a thin
layer in the PAM surface is responsible for the excess entropic potential, arising from a state of ordered
arrangements between nanocavities and the water molecular ensemble of fixed molecular length near
the PAM surface after 157 nm irradiation. A further sign of time differentiation of molecular movements
inside and outside cavities is provided by the dependence of the ratio % on the waiting time. It goes
as a power law of the waiting time with exponent —0.5, Figure 15. Finally, the configured number of
microstates from confinement properly counts for the experimental surface entropy deviation during
the trapping of water molecules (vide infra).

4.3. Stress-Strain Response in Polymeric Matrixes-A Relation between Physics and Mechanics

During the interaction of a system with a thermal bath, the exchange of energy appears in the
form of heat or work. The first law of thermodynamics states that the infinitesimal change of the heat
absorbed by a system per unit volume Q is equal to the increase of the differential of its internal energy
change U minus the infinitesimal change of the work done on the system W:

6Q = dU - 6W )

The departure from a state of equilibrium will be governed by the second law of thermodynamics
and the direction of entropy change. Any thermodynamic system is described by its extensive and
intensive variables, U, S, aij, ¢ij, T, where U is the internal energy, S is the entropy, aij and €ij stand
for second-rank stress and strain tensors acting on the volume element dV and T is the temperature of
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the system. Following Cauchy’s theory of stress, the equilibrium of elements requires the balance of
forces acting on a volume element, [97]

= 0jilj ®)

N

£ is the i component of a traction force dF along the i-axis, along a unit vector n perpendicular on an
-

infinitesimal surface area dA, 0;; is the (i, j) component of the stress tensor, and #; is the jy, component

N
of the 71 vector that is perpendicular to the surface area dA.
The force component F; acting on the volume element dV and bounded by the surface area A is

Fi= f t dA + f X dv @)
A 1%

where X; are the body forces (e.g., the weight of the volume element 4V). From Equation (4) and the
Gauss theorem, the surface integral of the components of the traction forces is transformed into a

F f (at;1 X )dV f (‘hﬁ X )dV 5)
i = 5=t Xi = - +Xi
v an Vv 3x]

For the infinitesimal theory of elasticity the strain tensor ¢;; is reduced to a linear form

given by the equation

volume integral

Ju;  Ouj
P e AT 6
€ij ( ax], + dx; (6)
where the displacement gradient of the volume element dV along one axis % is a second-order tensor,
j
and the derivative of u; is a second rank tensor
dui _ 1(dw; O\ 1fow I\ 1 1 ”
8x]- o 2 (9x] 8x,- 2 ¢9x] axi o 2 " 2 Y

oduj . .
where w;; = S—Z} - a—xj is the rotational skew-symmetric tensor.

The infinitesimal displacement du; along the j direction and for w;; = 0 is
du

dll,‘ = a—xldx] = %Ei]'dx]' (8)
]

Using Gauss’ theorem and Equations (4) and (8) the total mechanical work is done on the system
by the traction and the body forces

W:f(t? dui)dA+f(Xidui)dV:fﬁj[ﬁjduidA+induidV 9)
A v A v

For an isothermal and isobaric process during sorption, the infinitesimal mechanical work 6W
along the direction 1; outwards the boundaries of a surface A enclosing the volume dV = dx;dA is
equal with

1
OW = (50,‘]‘71]‘&',‘]‘ + X,'du,‘)dV (10)
Neglecting the body forces X; , the mechanical work is

OW = %Uiji’ljé‘ijdv (11)
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A superposition of the three normal stress components uniformly distributed over the volume dV/
is used to calculate the strain in a given direction, say the z-axis:

1
&, = m(ax +o0y+02) (12)

where E(n) is the modulus of elasticity in tension or Young’s modulus.

ex = —v%, ey = —v(%) (13)

in which v is a constant called Poisson’s ratio, equal to ~ 0.3. Using Equations (12) and (13) we obtain
the strain equations along the principal axes

1

Ex = m[ax - v(ay + oz)] (14)

ey = ﬁ[ay —v(oz + ox)]

1
m[oz - v(ax + ay)]

For relatively thick and isotropic layers and for small linear and homogeneous elastic deformations
along the axes, the normal stresses are equal and Equation (14) reads as

& =

_1-2v

&z = WUZ (15)

Because a contraction of a volume element in the z-direction in an elastic medium is accompanied
by lateral extensions
£ = —&x = —¢&y (16)

and using Equation (16) in Equation (11) the mechanical work along the principal axes is
OW = %stzdv 17)
From the first and second law of thermodynamics, the mechanical work W done on a system is
W=TS-U+uN; + YA (18)

and the infinitesimal mechanical work per unit volume before and after sorption is

(n)

—— 24V = =% TS iON; YA 1
2(1_2V)£Z OU + TS + pidN; + (¥ A) (19)

where 6U, 6S, and ON; stand for the variations of the internal energy, entropy and the number of
bind water molecules on active polymeric sites prior and after sorption, e, is the strain of the volume
element along the z-axis from the confinement of water molecules, u; is the chemical potential of
ON; absorbed particle on the polymeric matrix. The term 6(%¥ (1)) = 6[y(n) + (n), [ ngdA] is the
algebraic sum of the surface energy 6(y (1)) plus the elastic energy strain (1), of the nanocavities per
unit area, from surface irradiation with some n laser pulses at 157 nm. The last term is zero under
isothermal and isobaric sorption, 6(¥ (1)) = 0, [97]. The term ON; is relatively negligible because of a
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small number of absorbed water molecules. Finally, the strain of a volume dV along the z-axis before
and after water confinement is given by the equation

(21 -2v)(T8S - du)\'/? 0)
= (n)dv

4.4. Internal Energy Variation during Molecular Water Confinement

Besides confinement, molecular water molecules are attached to polymeric sites via electric dipole
interactions. The internal energy variation is the outcome of the photon-escalating number of active
dipole binding sites spawn via VUV matrix irradiation, Figure 11.

For surface irradiation with n laser pulses, the internal energy variation 56U, is given by the
relation [13,98]
5d,

—_— 21
64n4ege%k3Tr6 @1

ouy, = —/\le(l’l)< D >= —/\le(l’l)
Np(n) is the number of water molecules attached on the active sites, A is the probability that
a water molecule will overcome an energy threshold barrier and bind in a photon-activated dipole
binding site and / is the average number of adsorbed water molecules on each photon-activated dipole
binding site. d,= er is the x, y component of the electric dipole moment between a water molecule and
a photo-activated dipole binding site. ¢ = 1.6 x 1071 C is the electron charge and r ~ 0.1 nm is a mean
separating distance between a water molecule and a photon-activated dipole binding site, g is the
vacuum permittivity equal to 8.85 x 10712 Fm™!, ¢; ~ 80 is the relative electric permittivity of the
polymer-water system, kg = 1.38 X 1023 ] K™ is Boltzmann’s constant and T = 300 K is the absolute
temperature. Because the energy of each laser pulse at 157 nm is 28 m], the number of photons carried
in one laser pulse is 1 = 2.26 x 10'® photons/laser pulse, and this number equals to the number of
photon-activated dipole binding sites. Each VUV photon at 157 nm dissociates one molecular bond
and creates one active site on the polymeric matrix, Figure 11. For a 1.12 x 10 m? cross-sectional
area of the 157 nm laser beam and 426 nm layer thickness, it is found that 4.73 x 10%® photon-activated
dipole binding sites are generated within 1 m® per laser pulse. For a cross-section area of the WLRS
beam of 4.90 x 108 m? and 426 nm matrix thickness, the volume dV of the polymeric matrix occupied
by the white light beam is 4.09 x 107 m3 and thus the total number of active binding sites per
laser pulse within the volume occupied by the white beam is N, = 2.31 x 10'3, From Equation (21)
< ® >~ 151x1072J for Al = 0.05 (vide infra) and finally 6U,; = 1.43 X 107117,

4.5. Entropic Energy Variation during Molecular Confinement

Photon-induced nanocavitations are also responsible for surface entropic variation at the boundary
between inside and outside nanocavity areas. The entropic variation at the interphase has its origin
from time differentiation between the inside and outside areas of nanocavities. Actually, the mean
collision time (~70 ns) of water molecules outside the nanocavities within the matrix or near the surface
is specified by the laws of ideal gases. On the contrary, the mean escape time of water molecules inside
the nanocavities is specified by the hole geometry and the interplay between entrance-escape hole
size with cavity diameter. The waiting times follow an inverse power law behavior because thermal
equilibrium does not apply in tiny spaces, Figures 12-16 and Tables A1 and A2. In addition, VUV laser
irradiation locally ablates the polymeric material, crafting photon-guided “hill-lake” morphologies.
The total number of lakes (cavities) vs. the surface area follows a power-law behavior. In this
dependency, the number of laser pulses is present through a pre-factor term, Figure 4b. A schematic
layout of this modified interphase between photon processed PAM surface and water vapor domain is
illustrated in Figure 16.
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thermodynamics domain

col

local fluctuations domain

volume domain

Figure 16. Schematic layout of the interphase between the photon processed polyacrylamide PAM
surface and the water vapor domain. (a) Thermal equilibrium domain. Reference time and space scales
are determined by the mean collision time ¢, between the water and air molecules and the entropy of
the ideal gases and the mean collision distance. The entropy S; is given by the Sackur-Tetrode equation
for the ideal gases [99]; (b) local fluctuations domain. Nanocavitations on the surface with confined
molecules. The time scale is determined by the mean escape time 7 of water molecules. The entropy S,
in this domain is determined by the number of microstates Q)(Ny(n), Nc(n), Eq), which specify a state
of ordered arrangements between nanocavities in one hand and molecular water ensembles of fixed
molecular length near the surface on the other; (¢) volume matrix domain.

Random movements in such complex landscapes could be modeled in the frame of continuous
time random walk [100,101] by also taking into account the fractal properties of the modified polymeric
material [102]. We leave this challenging task for future work where both analytical and extensive
numerical calculations combined with experimental results will be presented. Because different water
molecules enter and escape the nanocavitations, the number of different microstates Q)(N,(11), Nc(n), En)
per unit time is specified by the frequency of water molecules confined in the nanocavities. The rate of
visits is regulated by the mean escape time of water molecules. 7 and N (1) is the number of laser
pulses and nanocavities, respectively, N, is the number of water molecules outside the nanocavities
with energy E, and N,(n) is the number of nanocavities. The number of microstates is equal to the
number of indistinguishable permutations {N,(n), N, (n) + N¢(1n)} between the number of water
molecules N, and the number of nanocavities N¢ (1) and the photon-induced dipole binding sites Ny, (1)

Q(b(”)/ NI\C](H), a) = {Nﬂ(n)/ Np (71) +NC(n)}

| (22)
= O NG Ne— Ny ()TN 1 N (1) + Ne(n) < N
Q((n), Ne(n), o) = {Ny (n) 4+ Ne(n), Na(n)}
(Np (1)-+Ne(n))! (23)

= NN, 0 iNcom)-Npr 10t Np (1) +Ne(i) > No

To arrive in Equations (22) and (23) it is considered that only one water molecule per unit time is
either trapped to a specific nanocavity or attached a photon-induced polar binding site. An escalating
number of nanocavities is building up in the matrix after each laser pulse, and the ratio of the sum of
the number of dipole binding sites and nanocavities to the number of water molecules near the surface
is a function of the number of laser pulses

Ny () + Ne(n)

x(n) = — N (24)
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From Equations (22)—(24), the entropy from the confinement and the attachment of water molecules
in nanocavities and photon-induced polar adhesion binding sites is [13,26]

6S = kglnQ¥(y(n), Ne(n), o) = kgln{Nq(n), Ny, (n) + Nc(n)}, x(n) <1 (25)

05 = kplnQ)(y(n), Ne(n), o) = kln{Ny (n) + Ne(n), Na(n)}, x(n) > 1 (26)
Using Equation (22), Equation (25) read as

88 = kp{ In(Ng!) = In((Ny, (n) + Ne(n)))! = n(Ny — (N (n) + Ne(n))! (27)

By using Stirling’s formula
InN! = NInN —= N (28)

Equation (27) transforms to

68 = kg{NaIn(N,) — N, — (N}, (n) + N¢(n)) In(N, (n) + Ne(n)) + (Np (n) + Ne(n))
—(Na = (Np (1) + Ne(n) In(Na — (Np (1) + Ne(n) + (Na — (Np (1) + Ne(1)))}

= kg{Naln(Ne) ~ (N, (n) + Ne(m)) In(Ny () + Ne() )
—(Ng—= (N (n) + N¢(n))In(Ng — (N (n) + Ne(n))}
Using Equation (24), Equation (29) becomes
59 = ky(Ny(n) + Nc(n)){ln(l ;(’;(”)) - ﬁ In(1 —x(n))}, x(n) <1 (30)
Similarly from Equations (23) and (24)
6S = kg(Ny(n) +Nf(n)){ln (x(tz()—nzl) + ﬁ In(x(n) - 1)}, x(n) >1 (31)

In the case of a constant attachment of water molecules in the photon-induced binding sites,
Equations (30) and (31) are modified accordingly

0 =N () {in () - 1=y, o) <1 )
_ y(n) 1
68 = kBNb(n)ﬁ(n){ln (y(n) = 1) + m In(y(n) - 1)}, y(n)>1 (33)
where N
) = ", N o) = BNy ) (34)

In the case where some nanocavities are not visited by the water molecules, then y(n) > 1.
This condition is fulfilled under the current experimental configuration, Figure 14. For p(n) ~ 0.2,
N = 2.31 x 1013, y(n) = 2, the entropic energy at 300 K is kgT6S = 1.31 x 108 J, which is almost
three orders of magnitude larger than 6U,;. Equations (32), (33) properly reflect the extensive variable
character of the entropy as it should be.

4.6. Surface Strain from the Confinement of Water Molecules

Using Equations (20) and (32)—(34) the surface strain following 157 nm laser irradiation takes
the form

Ny (1)
E(n)dv

1-y(n)

o) (=ym)I? y(m) <1 (@)

)i [-Al< @ >+ kgTB(n)[ In (

)_

1
(‘:Z—( mln
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Ny(n) ,} yon) 1 )
&y = (W) A< @ > +kBTﬁ(n)[lnm + Mln(y(n) -2 yn)>1 (36)
Equations (35) and (36) shape the main result. The equations relate the surface strain ¢, and
Young’s modulus E (1) with the number of nanocavities, the photon-induced dipole binding sites in the
matrix, and the water vapor molecules near nanocavities. For the current experimental configuration
y(n) > 1. From Equation (36), the strain at 400 laser pulses is ~ 0.1 in agreement with the experimental
results of Figure 17.
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Figure 17. Relative surface deformation (strain) of the 426 nm polyacrylamide (PAM) layers measured
with white light reflectance spectroscopy (WLRS) at different 157 nm irradiating conditions of the PAM
matrix and relative humidity (RH). The solid lines at different RH represent the best fit of Equation (36)
to the experimental data. The black lines at 80 % RH are the fittings for different Al values of 0, 0.05, 0.1
and 0.2. The best fit (orange line) respectively, is for 0 < Al < 0.05 suggesting a small contribution to
the relative surface deformation from electric dipole attachment of water molecules to active binding
sites in the PAM matrix and a substantial contribution from the confinement of water molecules in
nanocavities, Equation (36).

By fitting Equation (36) to the experimental data of Figure 17, the functional dependence of y(n)
on the number of photons # is determined at different relative humidity (RH) values. Because y(n)
is proportional to the number of dipole binding sites and the number of nanocavities N, (1), y(n) is
a measure of the surface carbonization. By using a linear functional for both y(n) and E(n), the best
fit of Equation (36) to the experimental data of Figure 17 for relative humidity 80% is for f(n) = 0.2
and 0 < Al < 0.05. The above fitting values suggest a small and large contribution from the electric
dipole interactions and the entropic variation in surface strain, respectively. From Equation (36), the
surface strain is proportional to the square root of the number of nanocavities and the concentration of
the water molecules (RH) and inversely proportional to the square root of Young’s modulus of the
surface, in agreement with the experimental results of Figure 17. Finally, the entropic jump, probed
by WLRS, trails the confinement of water molecules in nanocavities, while the deep physical root of
surface entropy variation originates from the different “time flow and scales” and the validity and
invalidity of thermal equilibrium outside and inside the nanocavities, respectively, Figures 15-17.

The experimental approach permits to monitor water confinement on surfaces, including
biological ones.
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5. Conclusions

Water molecules confined inside laser photon crafted nanocavities on PAM polymeric matrixes are
in a state of non-thermal equilibrium. The mean escape time of water molecules from the nanocavities
diverges from the mean collision time of water molecules outside the nanocavities (ideal gas state).
The time differentiation inside and outside the nanocavities reveals an additional state of ordered
arrangements between nanocavities and molecular water ensembles of fixed molecular length near the
surface. The configured number of microstates correctly counts for the experimental surface entropy
deviation during molecular water confinement.
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Appendix A
Table Al. Mean escape time (7) of a given molecule, errors and total traveling distance of the confined

molecule in a spherical cavity (cavity diameter D of 1 nm and 10 nm) for different entrance—escape hole
diameters (h) calculated by the diffusion and the non-interactive random walk models.

Cavity Diameter D =1 nm Cavity Diameter D = 10 nm
(nm) Diffusion Random Walk Diffusion Random Walk
T (s) T(s) Error (s) Distance Error (s) T(s) Error (s) Distance ~ Error
(nm) (nm) (nm) (nm)
03 398x107* 551x107""  1.7x10712 35.5 1.1 398 %1071 557x1078 17x107° 35931 1133
05 239x107  191x107""  5x1071 124 0.3 239 %101 219x10°8 7 x10710 14,151 465
1 119%x 101 493x1077  1.6x10710 3182 107
2 598 x 10712 1.28x107° 4x 1071 822 26
5 239%x 10712 1.90x 10710  5x10712 128 4

Table A2. Mean escape time (7) of a given molecule, errors and total traveling distance of the confined
molecule in a spherical cavity (cavity diameter 10> nm and 103 nm) for different entrance-escape hole
diameters (h) calculated by the diffusion and the non-interactive random walk models.

Cavity Diameter D = 10? nm Cavity Diameter D = 10° nm
(r}l‘m) Diffusion Random Walk Diffusion Random Walk
() T(s) Error (s) Distance g o, (nm) T(s) T(s) Error (s) Distance g (nm)
(nm) (nm)

03  398x107®  571x107°  18x107° 3.68x107 12x10°  3.98x107° 53x1072 17x107°  342x10"° 1.1x10°
05 239%x107%  200x107° 6x107  129x107  41x10°  239x107°  201x1072  63x107* 13x10"  41x10%

1 119%107%  463x107°  14x107 299 x10° 9 x 10* 119%x107°  543x107°%  16x10™*  35x10° 1.1x 108
2 598x107Y  1.22x107° 4x107%  7.89x10° 25x10* 598x107°  133x10° 41x10° 856x10°  2.7x107
5 239x107Y  1.95%x 107 6x1077  126x10° 4x10% 239%107°  1.92x107*  67x107° 124x10° 43 x10°
10 1.19x107°  518x107%  16x10™  3.34x10* 1060 119x107°  499%107°  16x107° 322x107  1.1x10°
20 597x1070  121x107®  3x 10710 7821 244 597x107  123x107°  41x107  793x107  26x10°
50 239x10710  1.87x107  5x107!! 1204 35 239x107  199x10°  64x10° 128x10°  4.1x10*
100 119x107  507x107  15x107® 327x10°  9.8x10°
200 597x107%  125x107  37x10° 805x10* 24x10°
500 239%107%  1.88x107%  56x10710 121x10*  3.6x10%
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Table A3. Mean escape time (T) and associated errors of different number molecules confined in a 5-nm

spherical cavity for different entrance-escape hole diameters (h) calculated by the interactive random

walk models for 10? runs.

Cavity Diameter = 5 nm

h=1nm h=2nm
N (Number of Molecules)
T(s) Error (s) T(s) Error (s)
1 141x107°  14x10710  202x10710 20x10"H
2 138x 1070  14x10710 204x10710 22x10°H
3 157 %107  1.6x10719  200x10710 2.1x10"1
4 1501070  14x10710  205x10710 19x10° 1
5 139x1070 14x10710 195x10710 1.8x10°M
6 146x 107  13x10710 201x10710 22x10°H
7 127 %107  12x10710  206x10710 2.1x10"1
8 130x 1077 14x10710 225%x10710 24x1071
9 1.82x107  18x10710 237x10710 21x10"1
10 141x107°  14x10710 235x10710 24x10°H
12 1.23%x10™°  15x10710  220x10710 2.1x10"1
15 153%x107  15x10710  218x10710 2,0x10™M
20 147x107° 13x10710 187x10710 19x10°1

Table A4. Mean escape time (1) and associated errors of different number molecules confined in a
10-nm spherical cavity for different entrance—escape hole diameters (h) calculated by the interactive

random walk models for 102 runs.

Cavity Diameter = 10 nm

h=1nm h=2nm h=5nm
N (Number of Molecules)
T(s) Error (s) T(s) Error (s) T(s) Error (s)
1 1.35x 1078 1.5%x 107 2.59 x 1077 46x10710  242x10710  27x107!
2 1.33 x 1078 1.3x107° 2.07 x 1077 23x1070  297x10710  47x10™!
3 1.09 x 1078 1.3x107° 1.74 x 107° 1.7x10710  206x10710  25x 101
4 1.35x 1078 1.5x107° 221 %1077 32x10710  200x10710  1.8x 107!
5 1.10x 1078 1.1x107° 1.57 x 1079 1.7x10710  200%x10710  24x101
6 1.43 x 1078 1.4x107° 1.78 x 1079 1.7x10710  214x10710  25x101!
7 1.55 x 1078 1.6 x107° 1.85x 1077 19x10710  251%x10710  31x101
8 1.21 x 1078 1.1x107° 210 x 1072 22x10710  203x10710  21x1071
9 1.23x 1078 1.1x107° 2.07 x 1072 20x10710  254x10710  24x1071
10 117 x 1078 1.3x107° 1.73 x 1077 15x10710  231x10710  31x10"
12 1.28 x 1078 1.2x107° 1.82x 1077 1.7x10710  188x10710  24x101
15 1.29 x 108 1.2x107° 1.66 x 1077 1.6x10710  221x10710  23x101
20 1.13x 1078 1.0x107° 1.74 x 1070 1.5x10710  240%x10710  25x101

31



Nanomaterials 2020, 10, 1101

Table A5. Mean escape time (T) and associated errors of different number molecules confined in a
15-nm spherical cavity for different entrance-escape hole diameters (h) calculated by the interactive
random walk models for 102 runs.

Cavity Diameter = 15 nm

N (Number of h=1nm h=2nm H=5nm h=75nm
Molecules) T Error (s) T(s) Error (s) T(s) Error (s) T(s) Error (s)
1 141x107° 14x10710 617x10° 70x1070  761x10710 11x10710 295x 10710 36x 107!
2 138 x107° 14x10710 726x10° 83x1070 849x10710 81x1071" 288x 10710 27x107!!
3 157x107°  1.6x10710 639x10° 75x1070 752x10710 77x1071"  3.88x 10710 59x107!
4 150x107°  14x10710 729x10° 68x1070 847x 10710 88x 10711 3.93x 10710 52x107!!
5 1.39x107°  14x10710 709%x10° 68x1070 847x 10710 92x1071"  377x 10710 43x 107!
6 146 x107° 1.3x10710 613x10° 77x1070  837x10710 11x10710 321x10710 42x107!!
7 127x107°  12x10710 726x10° 74x10710  641x10710 70x107""  372x 10710 43x107!!
8 130x107°  14x10710 637x10° 68x1070 660x10710 68x1071"  265x10710 33x107!
9 1.82x107° 1.8x10710 611x10° 61x1070 777x10710  76x1071"  3.88x 10710 41x107!!
10 141x107° 14x10710 649x10° 69x10710 888x10710 1.0x10710 267x10710 33x107°!!
12 123x107° 15x10710 690x10° 78x10710 738x10710 81x107"" 321x10710 40x10"!!
15 153x107° 1.5x10710 652x10° 69x10710 758x 10710 77x1071"  296x 10710 32x107!
20 147x107°  1.3x10710 619%x10° 53x1070 9.07x10710 89x 107"  3.39x 10710 45x107°!

Table A6. Mean escape time (T) and associated errors of different number molecules confined in a
20-nm spherical cavity for different entrance—escape hole diameters (h) calculated by the interactive
random walk models for 10? runs.

Cavity Diameter = 20 nm

N (Number of h=1nm h=2nm h=5nm h=10nm
Molecules) T(s) Error (s) T(s) Error (s) T(s) Error (s) T(s) Error (s)
1 126x107  1.6x107%  1.74x108 20x107% 227x107 385x1071° 489x10710  7.03x10"1
2 759%x1078  75x107°  1.69x107% 1.8x107°  1.82x107° 224x10710 407x1070 478x 10"
3 9.88x10%  95x10™  1.63x107% 17x10°  191x10™  204x10710  346x10710  419x 107"
4 980x107% 85x107% 151x10® 1.7x10° 1.70x107° 1.85x1070 417x1070 517x10™
5 922x107%  96x107% 175x107% 1.8x107° 1.96x107° 224x10710 454x1070  466x10"1
6 820x 1078  77x107% 132x107% 1.3x10° 1.87x107° 211x1070 351x1070 463x1071
7 851x10% 83x107% 151x107® 12x10° 1.87x107° 1.87x10710 448x1070 582 x10°1
8 9.64x108  85x107% 143x10% 15x10° 1.90x107° 205x10710 410x1070 413x 101
9 685x10%  59x107 166x107% 1.6x10°  18x10~  215x10710  356x10710  3.69x 107"
10 9.94x 1078  96x107% 156x107% 15x107° 205x107° 218x10710 432x1070 407 x 1071
12 836x108  98x107% 155x10% 15x10° 1.77x107° 181x10710 477x1070 587x10°1
15 801x108 77x107° 140x10% 14x10° 223x107° 201x10710 388x1070 480x 107!
20 7.68x107%  78x1077 149x10% 1.6x107 1.69x107  1.89x10710  426x10710  487x 101!
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Abstract: The mechanical and quantum properties of a nanomechanical resonator can be improved
by connecting it to a superconducting resonator in a way that the resonator exhibits new phenomena
that are possibly available to novel quantum technologies. The quantum characteristics of a
nanomechanical resonator coupled to a superconducting resonator have been investigated on the
basis of rigorous quantum solutions of the combined system. The solutions of the Schrodinger
equation for the coupled system have been derived using the unitary transformation approach.
The analytic formula of the wave functions has been obtained by applying the adiabatic condition for
time evolution of the coupling parameter. The behavior of the quantum wave functions has been
analyzed for several different values of parameters. The probability densities depicted in the plane of
the two resonator coordinates are distorted and rotated due to the coupling between the resonators.
In addition, we have shown that there are squeezing effects in the wave packet along one of the two
resonator coordinates or along both the two depending on the magnitude of several parameters,
such as mass, inductance, and angular frequencies.

Keywords: nanomechanical resonator; superconducting resonator; wave function; unitary
transformation; Hamiltonian; probability density; adiabatic condition; quantum solution

1. Introduction

A rapidly developing field in nano-based science and technology is optomechanics which deals
with the interaction of light with a mechanical motion [1]. Especially, optomechanics combined with
nanomechanical resonators can be practically applied to a broad scientific domain such as quantum
information processing [2], biological sensing [3], wave detections [4], measurements of mechanical
displacement [5], and quantum metrologies [6]. Such optomechanics developed in the quantum regime
with low phonon occupation states will play a major role in future-oriented quantum technologies
with nanodevices.

The investigation of nanodevices regarding their application in quantum information science,
including quantum computing, is a promising research topic. In particular, research into nanomechanical
resonators in which the parameters are dependent on time is quite necessary for the advancement of the
quantum information technology [7-11]. Now, it is possible to design quantum computing devices with
a reliable architecture for multi-qubit operations in the GHz-frequency range by coupling mechanical
resonators to Josephson phase qubits [12]. Onchip-integrated hybrid systems, i.e., mechanical
resonators combined with phase qubits which are composed of Josephson-junction superconducting
circuits, can be used as a compact quantum information storage with a high quality factor [13]. Recent
advances in nanotechnology in the past decade enabled the fabrication of nanomechanical resonators,
of which quality factors are high in the desired frequency ranges.

Nanomaterials 2019, 9, 20; doi:10.3390 /nan09010020 39 www.mdpi.com/journal /nanomaterials
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By connecting nanomechanical resonators to the superconducting resonators, it is possible to
enhance the properties of nanomechanical resonators. Thanks to this, many relevant experiments have
been developed and renewed, such as, for example, preparing quantum ground state in resonators [10],
a frequency up/down conversion [11], and maintaining longer coherence times [14]. In particular,
coherent feedback control of the nanoresonators can be used for cooling them to the zero-point
temperature. The cooling of a mechanical system to the ground-state has already been achieved in
several laboratories [15,16].

As the size of the resonator reaches below a critical value that is the limiting one from a
quantum mechanical point of view, there emerge distinguishing quantum features that are totally
absent in the classical world [5]. Quantum behaviors of a nanomechanical resonator were observed
through its sideband laser-cooling over the quantum ground state [17]. A deeper understanding of
quantum characteristics of nanomechanical resonators, where the device-size is within the Heisenberg
uncertainty principle limit, is crucial for utilizing them in quantum computing systems. We investigate
quantum properties of a nanomechanical resonator coupled to a superconducting resonator. This is
important for providing theoretical knowledge as background information for manipulating quantum
computing processes. Furthermore, this research may help to achieve robust quantum computations
on the basis of the restriction of the decoherence and noise.

2. Materials and Methods

Cooling of nanomechanical resonators can be achieved by the methods of sideband cooling or
measurement-based feedback cooling [18]. The former is classified as coherent feedback controlling for
a nanomechanical system, that can be carried out by coupling it to an auxiliary one such as an optical
cavity and a superconducting oscillator, whereas the systems in the letter case are controlled by means
of the feedback technique with the data which are continuously measured from homodyne detection.
In this work, we consider sideband cooling using a high-frequency superconducting LC oscillator as
an auxiliary mode in order to control the motion of the nanomechanical resonator. For more details of
the nanomechanical-resonator design and the related mechanics, refer to Refs. [10,11].

To see quantum features of the system, we first need to derive relevant quantum solutions
in a rigorous way. We introduce the Hamiltonian for describing the quantum dynamics of the
nanomechanical resonator coupled to the superconducting resonator. The Hamiltonian involves a
coupling term which is associated with the coupling of the two resonators. Due to not only such a
coupling term but the time-dependence of the parameters as well, it may be not an easy task to solve
the Schrodinger equation on the basis of the conventional separation of variables method. For this
reason, we will derive quantum solutions by making use of another method which is the unitary
transformation method [7,8,19].

It may be convenient that we unfold quantum theory after mathematically transforming the
system described by a time-dependent Hamiltonian into a simple one that can be easily managed.
By introducing a unitary operator, we will transform the original system to a system composed of two
decoupled harmonic oscillators of which quantum solutions are well known. By inversely transforming
the quantum solutions associated to the transformed system, it is possible to obtain the complete
quantum solutions in the (original) system. This is the main strategy used in this work for deriving
quantum solutions of the system whose Hamiltonian is a fairly complicated form. We will analyze
quantum properties of the system in detail on the basis of the quantum solutions evaluated in such
a way.

3. Results and Discussion

3.1. Hamiltonian and the Unitary Transformation

Superconducting systems can be used to improve the properties of other quantum systems by
connecting them to the target systems [20]. From there, we can explore new phenomena which
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could possibly bring about the deveopment of novel quantum technologies for quantum information
processing. For instance, a sideband cooling of a nanoresonator is possible through its modulation via
coupling it to a superconducting LC oscillator. In this case, we can regard the nanoresonator as the
target device and the superconducting LC resonator as an auxiliary one.

The Hamiltonian that describes the nanomechanical resonator combined with the superconducting
LC resonator is given by [10,11]

A = hw(ata +1/2) + hQ(b b +1/2) + hA(t) (a +a") (b +bY), (1)

where @ and b are annihilation operators in the nanomechanical resonator and the superconducting
resonator, respectively, and w is the frequency of the nanoresonator, while () is the frequency of the
superconducting resonator. Here, we assume that the parameter A(t) is a slowly varying function
so that we can apply the adiabatic theorem. Although we are interested in the quantum description
of the nanomechanical resonator coupled to the superconducting resonator with Equation (1),
the Hamiltonian in Equation (1) can also be used for other purposes such as the gauge field theory of
two superconducting resonators which are tunably coupled to each other [21] and quantum simulation
of bosonic modes utilizing superconducting circuits [22].
Because the operators 4 and b are represented in the form

32
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Due to the coupling term (the last term) in the above equation, it may be somewhat difficult
to treat this system from a quantum mechanical point of view. In order to overcome this, we will

mathematically decouple the two sub-systems by means of the unitary transformation method [7,8,19].
For this purpose, we introduce a unitary operator of the form

xexp [~ (a0 )] ©)
where
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we have the Hamiltonian in the transformed system as

A = ’;\/;lf + %Mw%(t)fz + %x/ﬂw%(tmz +ABB() (Pxd — Pg%), ®)
where
wi(t) = w?cos?O(t) + O sin® B(t) — 4A(H)VwQcos (t) sin B(t), )
wWa(t) = w?sin®0(t) + O cos® O(t) + 4A(t)Vw cos B(t) sin O(t), (10)
Bty = - 2/ a1

02 — w? +16wQA2(t) /(O — w?)”

According to the adiabatic condition which is that A(f) is a sufficiently slowly time-varying
function, we can neglect the last term in Equation (8), leading to

52 4 2
o Px Py 1 a0 1 o0
H = =5 = g (08 + (D1, (12)
where y = vmL. Thus, the two sub-systems are decoupled as can be confirmed from the above
Hamiltonian. The quantum treatment of the system relying on the transformed Hamiltonian,
Equation (12), may be much simpler than that relying on the original Hamiltonian given in Equation (4).
Two independent classical equations of motion that correspond to H’ are given by

d2x

P w3 (H)x =0, (13)
dZ

o+ wh(t)g = 0. (14)

In the next section, we will derive the quantum wave solutions associated to the Hamiltonian
given in Equation (12). By using the unitary relation between the wave functions in the transformed
system and those in the original system, the quantum wave solutions in the original system will be
obtained and analyzed.

3.2. Quantum Wave Solutions

From the knowledge of the formulae of quantum wave functions in the transformed system,
we can obtain the wave functions in the original system because the two systems are connected
by a unitary operator. If we denote the wave functions in the transformed system associated with
Equations (13) and (14) as ¢}, (x, t) and (g, t), respectively, they can be divided into kernel and phase
parts such that

(1) o (x, 1) explian (1)), (15)
di(at) = $ilqt)explia(t)], (16)

where &, (t) and & (t) are time-dependent phases.
Let us write the corresponding Schrodinger equation as

iha‘f’;’,(x, q,t)

5 =AY}, (x,q,1), 17)

where ¥/, (x, 4, t) are wave functions in the transformed system, that are of the form

(g, 8) = P (x, )i (q,t). (18)
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Because the transformed system is composed of the two decoupled harmonic oscillators, we can
easily identify the corresponding quantum solutions, Equation (18). Then, the wave functions
¥,(x,q,t) in the original system are obtained from such solutions through the use of the unitary
relation ¥, ;(x,q,t) = HT;LI (x,4,t). According to this, the wave functions in the original system are
represented as

Wi (x,q,1) = Pu(x, 9, )Py (x, 9, t), (19)

where
Pu(x,q,t) = ¢ulx,q,t)explian(t)], (20)
Pi(x,q,t) = Pi(x,q,t)explid(t)], 1)

while
Pn(x,9,1) = Uy (x, 1), (22)
¢i(x,q,t) = Ui(q,1). (23)

Let us now further see for the case that the coupling parameter is a positive real constant,
A(t) = Ap. In this case, w; (i = 1,2) and 6 become constants. As a consequence, the corresponding
quantum solutions are easily identified to be

ay(t) = —(m+1/2)wit, (24)

a(t)y = —(+1/2)wyt, (25)
1/2

Ph(x) = (Vzk,},f!") Hy (Viix) exp [ ~kix?/2], (26)

. Vi /m\ "

diq) = ( ;lf”) H, (Viaq) exp [~ka? /2] @7

where k; = pw;/h, and H,(;) are Hermite polynomials. The probability density, \‘I”;’l(x, g,t)|%, in the
transformed system is illustrated in Figure 1 with the choice of (1, I) = (3, 5) under the limit that
the coupling parameter is constant. This density is not deformed because the Hamiltonian of the
transformed system does not involve the coupling term.

Figure 1. The probability density, [¥/,;(x,q,)| in the transformed system with the choice of
(m, L) = (1.0, 1.0) under the limit A(t) = Ag. This is associated to the wave functions, Equation (18)

with Equations (15), (16), and (24)—(27). We used (1, [) = (3, 5), (w, Q) = (0.5,0.49), h = 1,and Ay = 0.1.
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According to the relations, Equations (22) and (23), the eigenfunctions in the original system can
be derived to be

1/2
pulrat) = (V") He(VRQ)exp k2], (8)
Bi(x,qt) = fo/m 1/2H N —k2Q%/2 29
Pi(x,q,t) = ol z< 2Qz>exp{ 2Q2/]/ (29)
where
1/4 1/4
Q1 = (%) cosG(t)x—(%) sinf(t)q, (30)

N L\ 1/4

Q = ( > sin(#)x + <a> cos B(t)g. (31)
Notice that the wave packets in the original system in the x-p coordinate have more or less been

deformed depending on the values of parameters such as m and L, and rotated in proportion to 6 from

those in the transformed system. If 6 is positive, the direction of rotation in the x-p plane is clockwise.

The probability densities, ['¥,,;(x, g, t)|?, are illustrated in Figures 2-4. By comparing these figures with

]

that in the transformed system represented in Figure 1, we can confirm the effects of the coupling on
the behavior of the wave functions. Figure 2 is for several different values of w with the choice of
(m, L) = (1.0, 0.5) under the condition w > Q). The rotation angle 6 can be evaluated from Equation (6)
and is given by —0.76 rad for Figure 2A, —0.18 rad for Figure 2B, and —0.05 rad for Figure 2C.

We see from Figure 2 that the uncertainty of x is relatively small than that of 4, which means that
the wave packet is squeezed along the x coordinate. Such a squeezing effect becomes large as the
difference w — () increases. On the other hand, Figure 3, which is for the case that w — (Q is negative,
shows the squeeze of waves along the g-coordinate.

For the case of Figure 4 which is depicted under (m, L) = (0.5, 2.0), the wave packets
exhibit g-squeezing. However, a weak x-squeezing for the waves also takes place as w increases
(see Figure 4C).

For the case that A(t) is not a constant, it is necessary to use the quantum theory of time-dependent
harmonic oscillators [9,23,24] in order to manage the Schrodinger equation, Equation (17) with
Equation (12). According to that theory, the phases and the eigenfunctions in the transformed system
are given in terms of time functions as [24]

‘Xn(t) = _(n + 1/2)71(t)/ (32)

() = —(+1/2)7n(t), (33)
1/2 ..

gb,@(x,t) — <VK21n(;)'/n> H, (w/xl(t)x> exp {— KIZ(t) (1 - %)xz} , (34)

1/2 ..
B = (W) H(yrwr)er| -5 (1- L300 )R 69

where x; = py; /T, while the time functions s;(t) and v;(t) satisfy

§ +wh(t)s; — C?/s? =0, (36)
9 = Ci/s?, 37)

where C; are arbitrary real constants.
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Figure 2. The probability density |¥,,;(x,q,t)|? in the original system for several different values of w
with the choice of (m, L) = (1.0, 0.5) under the limit A(t) = Ag. This is associated to the wave functions
given in Equation (19) with Equations (20), (21), (24), (25), (28), and (29). The values of (w, Q) are (0.5,
0.49) for (A), (1.0, 0.49) for (B), and (2.0, 0.49) for (C). We used (1,1) = (3,5),h = 1,and Ag = 0.1.
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Figure 3. This figure is the same as Figure 2C, but for a different choice of angular frequencies.
The values of (w, Q) are (0.49, 2.0).

From a minor evaluation through Equations (22) and (23), we have the wave solutions in the
original system:

1/2 ..

<"221(;!)/”>1/2Hl< Kz(t)Q2> exp [f "ZT(”<1 - #%) Qz] (39)

where Q; are given by Equations (30) and (31), but in terms of A(t) which is not a constant.
The overall wave function is given by

$i1(x,q,t)

Y(x,q,t) ZE ¥ (x,q,1), (40)

where ¢, ; are complex numbers that yield Yo" 4 Y5> [c,;[> = 1. Thus, we have obtained the full
wave function of the system which is given by Equation (40) with Equations (19)—(21), (32), (33), (38),
and (39). This wave function is crucial in unfolding quantum theory of the system and can be used to
investigate diverse quantum characteristics that the system exhibits. We can use the wave function in
estimating various quantum variables, such as energy eigenvalues, expectation values and fluctuations
of the canonical variables, uncertainty products, Wigner distribution functions, and so on.
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0.1

= 0.075
0.05
0.025
0
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[¥n,

Figure 4. The probability density [¥,,;(x, 4, t)|? in the original system for several different values of w
with the choice of (1, L) = (0.5, 2.0) under the limit A(#) = Ag. This is associated to the wave functions
given in Equation (19) with Equations (20), (21), (24), (25), (28), and (29). The values of (w, Q) are (0.5,
0.49) for (A), (1.0, 0.49) for (B), and (2.0, 0.49) for (C). We used (1, I) = (3,5), h = 1,and Ay = 0.1.

4. Conclusions

The quantum properties of the nanomechanical resonator coupled to a superconducting resonator
via a small time-varying coupling constant have been investigated. We have used an adiabatic
condition under the assumption that the time-variation of the coupling parameter is sufficiently
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slow. Due to the presence of the coupling term in the Hamiltonian, we cannot develop quantum
theory for x and g coordinates independently in the original system. Hence, by means of the unitary
transformation approach, we have decoupled x and g coordinates from each other in the expression of
the Hamiltonian.

Through the transformation performed using a unitary operator, the Hamiltonian became a
manageable one. Not only did the coupling term no longer appear in the transformed Hamiltonian,
but the transformed system has also become much more simplified compared to the original one.
More precisely speaking, the transformed system is composed of two independent harmonic oscillators
with time-dependent angular frequencies. We accordingly have easily identified quantum solutions
in the transformed system. By inverse transformation of those quantum solutions, we have obtained
complete quantum solutions in the original system.

The exact wave functions derived here can be used for evaluating various quantum quantities
of the coupled resonators, such as expectation values and fluctuations of the canonical variables,
uncertainties, and energy eigenvalues, which are necessary for identifying the quantum characteristics
of the system. It is also possible to derive Wigner distribution function of the system, which serves
in describing signal processing, from the wave functions given in the text. Wigner distribution
function can be used not only in estimating quantum corrections from classical statistical mechanics
but also in demonstrating nonclassicalities of the system through quantum probability distribution.
Terraneo et al. used Wigner distribution functions for the purpose of developing an efficient way for
extracting information from the wave functions of quantum algorithms associated with quantum
computation [25].

The probability densities which are the absolute square of the wave functions were illustrated
in detail in the limit that A is a constant. The wave packets in the x-g plane are rotated and
deformed compared to those in the transformed system. The rotation direction is counterclockwise
when w — Q) is positive. Due to the coupling of the two sub-systems, the wave packets of the
system underwent x-squeezing, g-squeezing, or both depending on the values of m, L, and the
frequency difference w — Q). For the situation of x-squeezing (4-squeezing), the wave amplitude of the
nanomechanical (the superconducting) resonator is small and, as a consequence, the nanomechanical
(the superconducting) resonator has less energy. The energy of the nanomechanical resonator flows to
the superconducting resonator, and vice versa [10,18]. From this process, the superconducting resonator
extracts information about the nanomechanical resonator in order to control the nanoresonator.

The techniques for sideband cooling, frequency conversion, and state-swapping through coherent
control of the resonator are important in quantum information systems, especially, in the realization
of quantum computers. For the purpose of developing such techniques, the use of nanomechanical
resonators is more effective than the use of nanophotonic resonators [11]. It is also noticeable that
quantum data bus in quantum computers could be designed using nanomechanical resonators through
their controllable coupling with qubits [2,26].

Our analysis regarding the wave functions of the system is useful for understanding the
quantum behavior of the combined system. If we consider that theoretical analysis of a quantum
system starts from the wave functions rigorously derived from the Schrodinger equation, the wave
functions developed in this work are the basic tool for elucidating quantum properties of the system.
Exact analyses of the quantum behaviors of nanoresonators based on such clarified quantum properties
are necessary for realizing efficient quantum information processing.

The advantage of information processing and physical simulations using quantum computing
devices rather than classical computers is that they make it possible to solve time-consuming problems
within a polynomial time, such as factorizing large numbers which is classically very difficult to solve.
The theoretical research for demonstrating the characteristics of quantum devices and their operations are
important stepping stones for the development of quantum information science. While the system we
treated here is a completely solvable one using our method, we also expect that quantum characteristics
of more complicated namomecanical systems, including nanoresonators described by higher-order
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nonlinearity such as Duffing nonlinearity [27] and/or newly designed nanophotonic resonators [28,29],
would be analyzed in the near future using the same method. Nanomechanical resonators are used for
the detection of quantum: states, spins, thermal fluctuations, etc., whereas nanophotonic resonators as
passive optical components are mainly used for detecting light-matter interactions.

The coupled system investigated in this work can be used as a basic component of quantum
computing systems. Quantum computation as a next generation technology should be developed
together with other quantum information science such as quantum communication and quantum
cryptography. Moreover recent development of neural computation through neural network
with multi-core optical fibers [30,31] enhances the performance of the technology in quantum
information science.

As a next task, the investigation of geometric phases that appear in the wave functions when
parameters vary over time may be a good research topic which can be fulfilled on the basis of
the quantum theory developed in the present work. Geometric phase can be applied not only
to fundamental physics [23] but also to various next generation quantum technologies, such as
quantum computing [32], interferometric imaging of microstructures [33], and beam steering in
virtual/augmented reality displays [34].
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Abstract: Optical whispering-gallery-mode (WGM) microresonator-based sensors with high
sensitivity and low detection limit down to single unlabeled biomolecules show high potential
for disease diagnosis and clinical application. However, most WGM microresonator-based sensors,
which are packed in a microfluidic cell, are a “closed” sensing configuration that prevents changing
and sensing the surrounding liquid refractive index (RI) of the microresonator immediately. Here,
we present an “open” sensing configuration in which the WGM microdisk laser is directly covered
by a water droplet and pumped by a water-immersion-objective (WIO). This allows monitoring the
chemical reaction progress in the water droplet by tracking the laser wavelength. A proof-of-concept
demonstration of chemical sensor is performed by observing the process of salt dissolution in water
and diffusion of two droplets with different RI. This WIO pumped sensing configuration provides a
path towards an on-chip chemical sensor for studying chemical reaction kinetics in real time.

Keywords: ~ whispering-gallery-mode (WGM); sensor; water-immersion-objective (WIO);
microdisk; laser

1. Introduction

Light whispering-gallery-modes (WGMs) in microresonators, which are the analogy of acoustic
waves travelling in a closed concave surface such as St. Paul’s Cathedral, support ultrasmall
mode volumes and ultrahigh quality (Q) factors. WGM microresonators with high local field
intensities make them an excellent platform for enhancing the interaction between light and matter,
based on which many applications have been demonstrated over the past two decades, such as
low-threshold lasers [1,2], opto-mechanics [3,4], integrated optical devices [5,6], non-linear optics
processes [7-9], and optical sensors [10-12]. Particularly, the WGM microresonator with strong
evanescent waves has been proven as a versatile label-free biochemical sensor [13-17] with high
sensitivity and low detection limit down to single molecules and nanoparticles by monitoring the
shift [18], split [16,19-21], or broadening [22] of the resonance spectra. Various types of WGM
microresonators including microsphere [18], microtoroid [16], microbubble [23,24], microdisk/ring [25],
and microcapillaries [26,27] have been used in biosensing experiments; they can be catalogued into
passive resonators and active resonators. In passive resonator-based sensor configuration, the resonator
is driven by a waveguide, such as a relatively fragile tapered fiber or prism. The relative position
between them must be adjusted precisely by a nano-positioning platform that makes the sensing
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system costly and cumbersome. While in active resonator sensor configuration, the fluorescence or
laser spectrum is collected by free-space optics that makes the sensing system relatively practical.

In most WGM microresonator (both for passive and active) based biochemical sensor
configurations, the microcavity is immersed in water and sealed in a microfluidic cell. This sensing
configuration is a closed system. To change the refractive index (RI) of liquid around the microresonator,
a micro syringe pump is used to pump the biochemical sample under test through the microfluidic
channel. Thus, this sensing configuration cannot change the RI of liquid around the microresonator
and sensing it immediately because sensing samples must be crossed through the microfluidic channel.
Here, we report on the demonstration of a biochemical sensor based on a water-immersion-objective
(WIO) pumped on-chip microdisk laser. This WIO pumped configuration is an open sensing
system. The microdisk is directly immersed in the water environment that is what the WIO requires.
By monitoring the laser wavelength, any feeble disturbance of the RI of the water can be detected in
real time. Thus, the WIO pumped configuration provides an excellent platform for monitoring the RI
change of the water that is induced by chemical reactions. In this paper, we demonstrate that the salt
dissolution in water process and diffusion process of two droplets with different RI can be tracked
by the lasing mode wavelength in real time. We believe that this work opens up a novel on-chip
biochemical sensor based on a WIO pumped configuration, which provides potential accesses to study
chemical reaction kinetics.

2. Laser Operation

2.1. Optical System Setup

The optical system setup is shown in Figure 1a, which is a typical optically pumped microcavity
laser setup, except that a water-immersion objective (WIO) instead of conventional air objective is
used. The pump laser is focused on the active microdisk resonator, which is directly immersed in
water, through this WIO (LUMPlanFLN 40x W, Olympus, Tokyo, Japan). In this study, an active
SU-8 microdisk resonator doped with Rhodamine B (RhB) is used for the experiment. The microdisk
laser array (Figure 1b) is fabricated on silica-on-silicon chip and the detailed fabrication process can
be found in previous studies [28,29]. The diameter and thickness of the microdisk are controlled to
40 um and 1 um, respectively. To avoid thermal wavelength drift induced by the fluctuation of the
lab temperature, the sample chip is mounted on a home-made TEC (TZET Co. Ltd., Tianjin, China).
The TEC is connected to a temperature controller (TED4015, Thorlabs Inc., Newton, NJ, USA) with a
controlling precision of 2 mK. The pump light used here is an ns-pulsed OPO laser with a repetition
rate of 10 Hz. The wavelength of pump laser is tuned to 532 nm for matching the absorption band of
RhB. The laser emitted from the active microdisk is collected through free-space and recorded by the
monochromator (HORIBA iHR550, Kyoto, Japan) equipped with a cooled CCD detector. A 1200 mm
grating is installed in the monochromator.
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Figure 1. Optical system setup. (a) Schematic of lasing chemical sensor pumped by
water-immersion-objective (WIO). LP: linear polarizer; AT: attenuator; L: lens; M: mirror; DM: dichroic
mirror; BS: beam splitter; PMF: polarization-maintaining fiber. (b) Optical images of microdisk
array and single microdisk, the scale bar is 40 um. (c) Close-up image of the microdisk laser-based
chemical sensor under WIO. The silicon chip is mounted on a home-made TEC which is connected to a
temperature controller (Thorlabs, TED4015).

2.2. Threshold Measurement and Spectral Identification

The threshold of the laser emission is firstly measured by tuning the power of pump light and
the light emission form the active microdisk is recorded correspondingly. Both the air objective
(LMPlanFLN 20x, Olympus, Tokyo, Japan) pumped configuration and WIO pumped configuration
are performed for comparison; the result is shown in Figure 2. Under both configurations, there
are obvious kinks (Figure 2a,b), which indicate that the lasing thresholds are about 5.2 puJ/ mm? and
13.9 uJ/mm?, respectively. The linewidth of the laser peak above the threshold is about 0.08 nm.
The corresponding Q factor is about 7800. However, this is not the real Q factor which is limited by the
grating of the monochromator. The laser threshold pumped by WIO is higher than that pumped by
the air objective. This is attributed to that the RI contrast is lower, which increases radiation loss in the
WIO pumped configuration.

To verify this, the eigenmodes of a microdisk surrounded by air and water are calculated by Finite
Element Method (FEM) with COMSOL Multiphysics 3.5a [30]. The perfectly matched layers (PMLs)
are introduced to accurately calculate the radiation-loss-related Q,,q. The Q,,q4 of the fundamental
radial mode (radial quantum number p =1) is 1.5x10% when the microdisk is exposed in air, while it
drops to 2.4x10” when the microdisk is immersed in water.

The Q4 and field distribution of different radial modes are calculated and plotted in Figure 3.
The Q,,q decreases exponentially with the increment of p. Thus, we can conclude that the laser peaks
shown in Figure 2¢,d are the fundamental modes with adjacent azimuthal mode numbers. The free
spectral range (FSR) is slightly larger in the WIO pumped configuration, because of the RI increment of
surrounding materials of the microdisk. Little discrepancy between the calculated FSR and measured
FSR may result from the inaccuracy of the microdisk diameter during the fabrication process.
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Figure 3. (a) The field distributions for different radial mode numbers. (b) Calculated radiation-loss-
related Q,,q for different radial mode numbers.

3. Basic Element Sensing

3.1. Bulk Refractive Index Sensitivity (BRIS)

Under the WIO pumped configuration, the microdisk is directly immersed in a water environment,
so the lasing spectra will be quite sensitive to the RI of the water. The BRIS of the microdisk laser is
tested by directly changing the RI of the water droplet between the WIO and the silicon chip. Different
RI solutions are obtained by dissolving different masses of NaCl into deionized water. Five NaCl
solutions with concentrations of 1, 2.05, 3, 4.03, and 4.94 mol/liter are prepared for testing as shown in
Figure 4a. To change in advance each droplet between the WIO and silicon chip, the sample is washed
by the deionized water at least twice to eliminate the error of the droplet RIL
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Insets show the RI of the NaCl solutions. (b) Measured wavelengths of the lasing modes as a function
of the NaCl concentration (top x-axis) and RI of the water droplet (bottom x-axis); the measured data is
linear fitted. (c) The calculated RI sensitivity.

The lasing spectra are recorded for each droplet, respectively, which are shown in Figure 4a.
The central lasing wavelength is obtained by fitting the lasing peaks with Lorentz function. The lasing
wavelength shift is plotted as a function of RI (Figure 4b). By linear fitting the measured wavelength
data, the slope, i.e., the BRIS is 11.3 nm/RIU.

The wavelengths of the eigenmodes are calculated by changing the RI of the surrounding
environment of the microdisk in the simulation model, and are also plotted over RI in Figure 4c.
As shown, the calculated BRIS is 11.7 nm/RIU. The measured BRIS matches very well with this
calculated value. The relatively high BRIS guarantees the performance of microdisk laser as a
chemical sensor.

3.2. Thermal Sensing

SU-8 material exhibits high thermal optics (TO) coefficient of —3.5 x 10~ K~! [31], which is
higher than that of materials that are commonly used to fabricate WGM resonators, such as silica
(1 x 107 K1) [32] and silicon (1.8 x 10~* K~1) [33]. Combining with on-chip integration, ease of
laser probing and readout based on free-space optics against passive WGM thermal sensors using
relatively fragile tapered microfiber [34,35], the fabricated all-polymer microdisk laser provides a good
platform for ultrasensitive thermal sensing. Thus, the thermal sensing of the SU-8 microdisk laser
is performed.

The laser emission spectra are recorded in real time when changing the TEC temperature by a
step of 1 K. At each temperature, the spectra are recorded for about 2 mins. A home-made code is
written to track the spectral positions of the laser peaks over time. The result of spectral shift over time
with different temperatures is shown in Figure 5a, where the spectral shift (triangle dots) exhibits step
change to the temperature. However, at each constant temperature, the lasing wavelength minor shifts
linearly which can be seen from the enlarged view of spectral shift at 20 °C (inset in Figure 5a). This
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blue shift of laser wavelength is attributed to the decreased RI of the polymer-dye composites due to
photobleaching [36-39]. As the spectral shift is linear over time [38], the spectral shift can be corrected
by eliminating its slope (red fitting line in the inset of Figure 5a). The corrected spectral shift (circular
dots) is almost flat over time at each constant temperature.
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Figure 5. Temperature dependence of wavelengths of lasing mode. (a) Lasing emission wavelength
shift with photobleaching and corrected data for photobleaching when changing the TEC temperature
at a periodic interval. Inset shows the enlarged view at 20 °C. Brown and red line are the linear fitting
curve. (b) Tracked laser wavelength with error bar vs temperature.

The average values of laser wavelength with error bar for each temperature is plotted in Figure 5b.
The linear fit result indicates the thermal sensitivity is as high as 120.6 pm/K and has benefited from
the high TO coefficient. Here the thermal expansion effect is ignored since its coefficient of ~ 1076 K~
is much lower than TO coefficient [40].

For bio-chemical sensing, the temperature fluctuation and photobleaching will cause the resonance
wavelength drift and influence the quantification of the proposed analytes. To eliminate the effect
of temperature fluctuation, the sensor chip is mounted on a TEC for stabilizing the temperature.
The wavelength drift caused by the photobleaching can be corrected by eliminating its slope. Recently,
S. E. Wondimu also reported a novel scheme that allows for simultaneous compensation of temperature
drift and photobleaching by using microdisk laser arrays with on-chip references [39].

4. Chemical Sensor

As the microdisk is directly immersed in the water droplet and the microdisk sensor exhibits
high sensitivities, so the lasing mode can quickly sense the local change (e.g., RI) of the water droplet
in real time. This provides an excellent platform for studying some chemical reactions in water, e.g.,
dissolution and diffusion process, by monitoring the laser wavelength. Thus in the following study, a
proof-of-principle chemical sensor is demonstrated based on a WIO pumped configuration by adding
salt crystals or NaCl solution into the water droplet.

4.1. Salt Dissolution Process in Water

In this section, adding a certain quality of salt crystal into the water droplet between the WIO and
silicon chip is performed. The water droplet with a fixed volume of 0.2 mL is firstly injected into the
space between the WIO and silicon chip by a pipette. By tuning one microdisk just under the focus
of pump light, the laser is generated above the threshold and the emission spectrum is automatically
recorded with integration time of 1 s. Then salt crystal with a mass of 14 mg is cast into the edge of the
droplet with a tweezer. In this process, the acquisition of emission spectra is ongoing for about 7 mins.

After data acquisition, one laser peak is monitored and its spectral wavelength shift is shown in
Figure 6a (triangle dots). Slow linear change of wavelength induced by photobleaching is observed,
after correction, and the spectral shift is denoted by circular dots. Before casting salt into the droplet,
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the lasing wavelength is quiet, which can be seen from Figure 6a (circular dots). After casting salt into
the droplet, the lasing wavelength is red shifted dramatically. Then the lasing wavelength blue shifts
slowly and finally approaches to equilibrium over 400 s. The whole process is explained below.
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Figure 6. Monitoring the process of dissolution of salt in water using the lasing chemical sensor. (a)
Measured lasing wavelength and corrected lasing wavelength shifts when adding the 14 mg salt in
water under WIO. (b) Close-up view of corrected lasing wavelength and Langevin fitting. Inset shows
the schematic diagram of operation process. (c¢) Dynamic change of lasing spectra in the process of
dissolution of salt in water. The blue line (initial position) to red line (end position) is guided by the
green dotted line.

Once the salt is cast into the droplet, the salt will dissolve and diffuse in the water, which induces
the increment of RI of the droplet. As a result, the spectrum shifts to longer wavelength dramatically.
Since the salt crystal is cast in one side of the droplet, there exists a gradient in concentration of NaCl
solution from this side to the other side. Therefore, the RI in the surrounding volume of the lasing
microdisk first increases and then decreases with the progress of diffusion. Consequently, the spectrum
starts to shift slowly to shorter wavelength and finally no longer changes at the end of diffusion process
(> 400 s), as shown in Figure 6a.

A close-up view of the dramatic change of laser wavelength is shown in Figure 6b. The trajectory
of spectral shift is fitted well by Langevin function, which is written as: L(t) = coth(t) — 1/t, where the
"coth" is the hyperbolic cotangent, defined as coth(t) = (et + e ) /(e — e~*). The dynamic change of
the laser spectra is also plotted in Figure 6c (guided by the dotted line).

We found that the spectral does not shift as soon as the salt is cast into the droplet. From adding
the salt into the droplet, the laser wavelength is almost stable for a certain time until the wavelength
shifts obviously. Here, this time is named as dead time. In order to measure the dead time, the spectral
data are recorded separately before and after adding the salt (8 mg) into the droplet, which is shown in
Figure 7a. The time to add the salt into the droplet is set to 0 s. The dead time is about 6.5 s, as shown
in Figure 7a (denoted as a yellow region). After the dead time, the laser wavelength drifts steeply.
Dead time as a function of salt mass is also investigated and plotted in Figure 7b. As shown, the dead
time decrease exponentially with the salt mass. This is attributed to the heavier salt possessing a larger
surface area and the dissolution process is shorter.

Adding salt into the water actually contains two processes: dissolution of salt and diffusion of
NaCl solution. The onset of the spectral shift means the RI of the surrounding volume of the lasing
microdisk starts to change due to the diffusion of NaCl solution. The dead time is the sum of salt
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dissolution time and diffusion time of NaCl solution from one side of the droplet to the middle (where
the lasing microdisk locates) of the droplet. Therefore, we perform next experiment by injecting NaCl
solution directly into the water droplet to investigate the diffusion time.
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Figure 7. (a) Response of lasing wavelength recorded separately before (green dots) and after (blue
dots) adding the salt (8 mg) into the water. The yellow region represents the dissolution process (dead
time). (b) Dead time as function of the mass of the salt.

4.2. Diffusion Process of Two Different Solutions

In this section, the diffusion process of two different RI solutions is investigated. The water
droplet with a fixed volume of 0.1 mL is firstly injected to the volume between the WIO and silicon
chip. Then 0.1 mL NaCl solution with RI of 1.3516 is quickly injected into the water droplet by a
pipette tip.

One laser peak was monitored and its spectral shift is shown in Figure 8. The spectral data are
recorded separately before and after injecting NaCl solution into the droplet. The spectral response is
different from that in adding salt into the droplet. As soon as the NaCl solution is injected into the
droplet, the laser wavelength shifts immediately. This indicates the RI of the surrounding volume of
the lasing microdisk changes immediately due to the diffusion of NaCl solution, and this diffusion
process is very fast (less than 1 s as shown in Figure 8). Therefore, it can be confirmed that the dead
time in Figure 7a is the reaction time of salt dissolution in water.
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Figure 8. Monitoring the process of mixing NaCl solution with water using the lasing chemical
sensor. The yellow line represents the diffusion process. Inset shows the schematic diagram of
operation process.
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5. Conclusion

We introduced and systematically studied on-chip versatile chemical sensors based on a WIO
pumped WGM microlaser in which the microdisk is directly immersed in the water droplet. Laser
properties including threshold and spectrum are firstly investigated and also compared with the
microdisk pumped by WIO and air objective, respectively. Lasing mode identification is also performed
by using FEM. Then, basic physical elements of RI and temperature sensing are tested, which shows
that BRIS is as high as 11.3 nm/RIU and the thermal sensitivity can reach 120.6 pm/K. Finally,
a proof-of-concept demonstration of the chemical sensor is carried out by locally changing the droplet
RI with the help of typical chemical reactions. The tracking of the progression of dissolution and the
diffusion process in real time are realized by monitoring the laser spectral shift.

We anticipate that our demonstration can be further extended to study various biochemical
reactions, such as endothermic and exothermic reactions. The application of the WIO pumped
configuration can be also broadened to multifunctional biological monitoring and treatment by directly
immersing cells or tissues into the WIO droplet.
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Abstract: We present the spectral modulation of an optofluidic microdisk device and investigate
the mechanism and characteristics of the microdisk laser in aqueous media. The optofluidic microdisk
device combines a solid-state dye-doped polymer microdisk with a microfluidic channel device,
whose optical field can interact with the aqueous media. Interesting phenomena, such as mode
splitting and single-mode lasing in the laser spectrum, can be observed in two coupled microdisks
under the pump laser. We modulated the spectra by changing the gap of the two coupled microdisks,
the refractive indices of the aqueous media, and the position of a pump light, namely, selective pumping
schemes. This optofluidic microlaser provides a method to modulate the laser spectra precisely
and flexibly, which will help to further understand spectral properties of coupled microcavity laser
systems and develop potential applications in photobiology and photomedicine.

Keywords: microdisk laser; spectral modulation; optofluidic; coupled microdisk

1. Introduction

Microcavity lasers based on whispering-gallery mode (WGM), possessing small size and strong
optical confinement, have been attracting great interest in fundamental research and for practical
applications [1-4]. Compared to the laser wavelength, the size of the microcavity is usually large enough
to cause multimode lasing, resulting in a noisy spectrum, which severely degrades the performance
of microlasers in applications such as optical communication and ultrasensitive optical sensors [5,6].
Coupled microcavity configuration is a compact and effective method to purify and regulate the laser
spectra of microcavities. For example, a single-mode laser can be realized, based on the Vernier effect,
in two coupled cavities with slightly different sizes [6-11]. Non-Hermitian optical systems, which have
emerged recently, for lasers are, in essence, open and non-conservative systems. This means the most
common gains and losses of physical quantities can be distributed differently with artificial purposes
in such coupled microcavities [12]. In particular, if the optical microcavity is tuned to the exceptional
point (EP) [13], where the resonance frequencies of the coupled modes coalesce both in their real
and imaginary parts and become degenerate, some unique phenomena appear, such as parity—time
(PT) symmetry breaking [14-18], chiral modes [19], and enhanced perturbation at higher-order
EPs [20,21]. Therefore, this principle provides an alternative approach to modulate the laser spectrum
by controlling the gain and loss elements. By managing the gain and loss distribution for the

Nanomaterials 2019, 9, 1439; d0i:10.3390/nan09101439 63 www.mdpi.com/journal/nanomaterials



Nanomaterials 2019, 9, 1439

coupled modes in microcavities, some studies have successfully achieved single-mode lasing in WGM
microcavities [22-24].

One of the key points in such coupled microcavity systems is the flexible method for controlling
the system parameters, for example, the coupling strength between the coupled laser modes.
The coupling strength can be regulated by controlling the gap between different microcavities,
which is predetermined for the desired modes in the fabrication process, or precisely controlled by
the nano-positioning stages in real-time experiments [14,25]. However, these mechanisms all lack
efficiency and flexibility, and are sensitive to external noise sources, such as acoustic waves. Moreover,
the coupled cavities fabricated on chip have the fixed coupling gaps. They need a reliable and flexible
means for controlling the coupling strengths on chip. Optofluidic devices can integrate some functional
fluids into optical or photonics devices [26,27]. Such fluids usually have high transmittance and
tunable optical properties, e.g., the refractive index [28,29]. Because the optofluidic devices have
a good compatibility with aqueous media, they are widely used in biology and medical science [30-34].
Therefore, optofluidic devices have found great potential in on-chip microlaser systems for their
highly integrated level and, more importantly, the microlaser cavity is given a liquid environment,
which provides an additional means for tuning the microlaser.

In this study, solid-state dye-doped polymer microdisks are fabricated and integrated with
a microfluidic channel, in order to investigate the mechanism and characteristics of the microdisk laser
in aqueous media. Some phenomena, such as single-frequency laser and mode splitting in the coupled
microcavities, were studied theoretically and experimentally in aqueous media for the first time.
We observe that the resonance detuning of mode splitting is affected by changes in the gap between two
coupled microdisks. Mode splitting and single-mode lasing in the laser spectrum can also be modulated
by changing the refractive indices of the aqueous media and the position of the pump light. In addition,
the aqueous media not only have a spectral modulation function but also a mode purification ability
because they decrease the refractive index difference between the cavity and the background media,
which eliminates some high-order WGM with larger reflection angles at the cavity surface. The results
presented in this paper show that optofluidic microlasers possess potential for several promising
applications, such as tunable single-mode lasers on chip and bio-photonic sensors.

2. Coupled-Mode Analysis

The coupled-mode theory could be applied to analyze such a coupled-microdisk laser system.
We assume the two coupled modes in two respective cavities have amplitudes a and b. Considering the
sinusoidally varying fields in the time domain, e, 7 and b obey the coupled differential equation [20]:

dfa\ [ig «x a
ale)=(C s he) g

where g, and g, represent the gain (g > 0) or loss (g < 0) for modes a and b, respectively. x denotes
the coupling strength between the two microcavities. It leads to an eigenvalue problem: HyV;, = 0, Vy,
where the eigenvalue w, and eigenvector V,, satisfy V,, e~@nt = (7, )T, and the Hamiltonian H of the

system is
Ho=(lg” * ) ©
K18

To determine the eigenfrequency, we solve the equation det(Hy — w,I) = 0 (where I is the identity
matrix), which results in two eigenfrequencies:

: 2
w0y = i(8a + 8b) s a2 — (80— 8p)

2 I ©)
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The difference between the two eigenfrequencies is

Aw=wy —w- =22 = (82— )% /4, 4)

where AZ = (g2 — g») /2x is the normalization gain difference between the two modes. If the two
modes experience the same gain or loss, i.e.,, A§ = 0, the frequency difference equals 2x, which is
the well-known mode-splitting effect, as shown in Figure 1a. However, the two modes have different
gains or losses in more general situations. In particular, such frequency difference changes into a purely
imaginary number when A > 1. In this case, the difference between the two eigenfrequencies no longer
shows two different resonance wavelengths in the spectrum, but instead, introduces two modes with
different growth or decay rates, which often indicate different net gains in a laser system. Moreover,
at the threshold where Ag = 1 two eigenfrequencies coalesce to a single one, with w = i(g; + g5)/2.
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Figure 1. (a) Real and imaginary parts of Aw/2x as a function of Ag. The difference between
the eigenfrequencies changes from purely real to purely imaginary at Ag= 0. (b) Coupling coefficient K
as a function of refractive index under different gaps.

The coupling strength x could be related to the coupling coefficient K; defined in the coupling
between two parallel waveguides:

KCLE ff

neffZHR, (5)

where Loy and 7y are the effective interaction length and effective index of the cavity modes, respectively,
and R is the radius of the microdisk. The coupling coefficient K; can be expressed by the overlap
integral between the two coupling modes:

iw (T [T
K= vy f (1> — n®)EqeEydxdy, (6)
where E,; and Ej, are the normalized field distributions in the two respective cavities, and 1y and n are
the refractive indices for the microcavities and the background medium, respectively. The coupling
strength K in Equation (6) can be calculated numerically, and the relationships between the coupling
strength K and refractive index n under different gaps are shown in Figure 1b. K grows with an increase
in n, or with a decrease in the coupling gap. Because the increased n reduces the difference of the
refractive indices between the microdisk and background medium, more of the optical field will leak
into the coupling gap. This results in an improvement in the overlap between the optical fields in two
microdisks, and accordingly increases the value of K. Similarly, a smaller coupling gap also improves
the overlap of the optical fields and provides greater coupling strength.
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3. Optofluidic Microdisk Lasers

3.1. Fabrication of the Optofluidic Microdisk Device and Experimental Setup

The experimental setup of the optofluidic microcavity laser is shown in Figure 2a. The optofluidic
microdisk device consists of a microfluidic channel and solid-state dye-doped polymer microdisks as
shown in Figure 2b,c. Rhodamine B dye (RhB, CAS: 81-88-9, J&K Scientific Ltd., Beijing, China)-doped
SU-8 photoresist (SU-8 2002, MicroChem Corp. MA, USA) in a ratio of 1.5 mg:1 mL was used as gain
media and mixed by a magnetic stirrer for 2 h. During stirring, attention should be paid to shading
the photoresist, in order to avoid quality deterioration. A 2.4 um active layer of the gain media was
then deposited by a spin coater (Specialty Coating Systems Inc., Indianapolis, USA) onto a silicon wafer
with a 2 pm thick thermal oxide layer. The geometric shapes of the single and coupled microdisks
were pre-designed on the chromium mask, and the gap between each pair of coupled microdisks was
increased from 0.2 to 1 pm, and 0.1 um for each pair. Therefore, the solid-state dye-doped polymer
microdisk arrays were fabricated via single-mask standard lithography (Karl Suss MJB 3 Mask Aligner,
SUSS MicroTec SE, Garching, Germany). The geometric sizes of the microdisks were measured via
scanning electron microscopy (SEM), as shown in Figure 2c and Figure S1 (details can be found in the
Supplementary Materials).
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Pump laser, Camera TR =
Inlet
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Figure 2. (a) Experimental setup schematic of the optofluidic microcavity laser. (b) 3-D schematic
of the optofluidic microdisk device. (c) Scanning electron microscope (SEM) image of typical coupled
microdisks. The scale bar is 10 um.

The optofluidic microdisk device consists of a microfluidic channel device and solid-state
dye-doped polymer microdisks (details can be found in Supplementary Materials). This microfluidic
channel is a device that combines a clean glass slide and patterned polydimethylsiloxane (PDMS) leaf.
The fabrication process of the optofluidic microdisk device is described in Figure S2 (in Supplementary
Materials). The shape of the glass mold was spliced with glass sheets, and the convex structure is shown
as in Figure S2a. After the PDMS leaf was formed from the glass mold, the inlet and outlet holes
were punched by a needle. The solid-state dye-doped polymer microdisks were sandwiched between
the microfluidic channel (PDMS leaf) and a glass slide, as shown in Figure S2d,e. Finally, an optofluidic
microdisk device, consisting of a microfluidic channel and solid-state dye-doped polymer microdisks,
was fabricated, as shown in Figure 2b and Figure S2e.

The laser spectra were measured using the experimental setup as shown in Figure 2a. The pump laser
was a picosecond pulse laser (532 nm, PL2143A, EKSPLA, Vilnius, Lithuanian), and the pulse duration
of the pump laser was 30 ps, with a repetition rate of 10 Hz. A monochromator (Acton SpectraPro 2750,
Princeton Instruments, NJ, USA) was employed to collect the laser spectra. The spectra were measured
by a monochromator with a 1200 grooves/mm grating and the spectral resolution was 0.01 nm. The size
of the pump laser was controlled via tunable beam-shaping optics (BSO), and the pump laser energy
was adjusted by a variable attenuator (VA). Firstly, the laser beam spot was coupled into the microscope
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system and further focused to nearly 50 um under a 20x objective lens. Through the microscope with
a camera, the pump position of the laser beam spot was able to be marked on a screen. The microcavity
sample was then moved to the pump position using a 3-D stage. The output laser passed through
a Glan-Taylor prism (GTP) and was collected by an optical multi-channel fiber bundle (core diameter
400 pm). The GTP was used as the polarization controller. The laser light was then coupled into
the input slit (30 um) of a monochromator (f = 0.75 m) and detected by an electron-multiplying charged
coupled device (EMCCD, DV401A, Andor iDus, OX, UK). Finally, the laser spectra were recorded
by a computer.

3.2. Modulation of the Microdisk Laser in Aqueous Media

A single microdisk was firstly investigated and the appearance of the microdisk sample was
measured via SEM, as shown in Figure 3a. In this case, the diameter of the microdisk was set to 20.34 um
and the thickness was 2.4 um, as measured using scanning electron microscopy (SEM) and a surface
profiler, respectively. Compared to air cladding, the microdisk surrounded by water represents a much
clearer spectrum. The water environment decreases the refractive index (RI) difference between
the microdisk and the background media, where high-order WGMs with larger reflection angles
at the cavity surface suffer from degradation of Q (quality) values and larger radiation losses. Therefore,
they have a higher laser threshold and only fundamental-order WGMs with high Q values will exist
in the laser spectra, which are shown in Figure 3b. The free spectral range (FSR) of this microdisk was
3.81 nm, agreeing well with the FSR calculated from FSR = AZ/(Zaneﬁc) ~ 3.87 nm, where A = 615 nm,
ner = 1.53, and R = 10.17 um were the lasing wavelength, effective refractive index of the microdisk,
and radius of the microdisk, respectively. The laser spectra were relatively clear in a water environment,
which was conducive to sensing, single-frequency lasers, and other applications. Figure 3c,d show
the simulation results of the electric field distribution of a single microdisk using the finite element
method (FEM). To reduce consumption of computer memory, we divided the full 3-D model into
two 2-D models, as shown in the top view and side view in Figure 3c,d, respectively. The refractive
index of the microdisk in the simulation shown in Figure 3¢ was obtained by calculating the effective
index of the three-layer planar waveguide of water-SU8-5iO,. As shown in Figure 3d, the electric field
distribution in the cross section of the microdisk was calculated using an axially symmetric model [35].
All the simulation regions for the two 2-D models were surrounded by the perfect matching layer (PML)
to avoid reflecting from the boundary. The microdisk was immersed in water, and the polarization
of the fundamental-order-radial modes was transverse electric (TE) polarization.
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Figure 3. (a) SEM image of the microdisk. The scale baris 10 pum. (b) Laser spectra of a microdisk dipped
in water. The free spectral range (FSR) was 3.81 nm. (c) and (d) Field distributions of whispering-gallery
modes (WGMs) in fundamental-order-radial mode with transverse electric (TE) polarization in the
top view and side view. The direction indicated by the red arrow was the direction of electric field
propagation. Finite element method (FEM) simulations were performed with the same parameters
for the experimental data.
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The long-term stability of the microdisk laser was determined by pumping the microdisk every 20 s
over a period of 1800 s, with the laser spectra being collected simultaneously. As shown in Figure 4a,b,
the laser wavelength maintained the same position during this period. The standard deviation of the
curve in Figure 4b is 5.84 pm, which is much smaller than the resolution of the monochromator
(0.01 nm). These results indicate that an optofluidic microdisk laser does not have a large wavelength
shift over a long term and that the system stability is good enough for our next experiments.

(a m (b)OAZ | ——Wavelength shiff
—t=300s AN _
n ; : n ! : E
27[.:(’[]05‘ : A\ : : ‘ 3 50,1
Slees o AN 3E
oyl AES R S _— - i
| SSSE N L S
5 = iation =
2 e 15 Standard Deviation = 5.84 pm
7 T n n 4 5-0.1
mwes[ N e
——t=2100 E
e N\ R
6212 6214 6216 6218 6220 6222 0 400 800 1200 1600 2000 2400
Wavelength (nm) 4 Time (s)
¢ - d)0. T : r .
(=157~ A A e peimetat e

n=13328 ' g 03 ‘ FEM simulmion‘

P S/ U .

5 n=13357 b=

& —J\ ‘ E 0.2t

S n=13385 B

Z, __/L g

§ =13 N\ § 0.1 §.p= 1814 00VRIU
13443 8= 18.12 nmRIU

J\ 0.0
605.5 606.0 606.5 1.330 1.335 1.340 1.345 1.350
Wavelength (nm) n (RIU)

Figure 4. (a) Laser spectra of optofluidic microdisk laser at different times. (b) Measured wavelengths
of the lasers as a function of time. Standard deviation was 5.84 pm. (c) Laser spectra shifts when
the refractive index of the DMSO solution is slightly increased. (d) Mean wavelength shifts of the
lasers as a function of the refractive indices of DMSO solutions. Violet dots and pink line represent
the experimental data and FEM simulation data, respectively. Insert: fundamental-order-radial mode
with TE polarization.

The spectral modulation of the optofluidic microdisk laser can be achieved by changing
the refractive index of the external environment, similar to the method for measuring the bulk
refractive index sensitivity (S) of a sensor. Because this is an optofluidic device, it is essential
to first characterize the sensitivity according to the changes in the refractive index of the solvent
on the sensing surface [36]. In Figure 4c,d, the optofluidic microdisk laser was tested by flowing
progressively higher concentrations of dimethyl sulfoxide (DMSO, CAS: 67-68-5, Lingfeng Chemical
Reagent Co. Ltd., Shanghai, China) solutions over the sensing surface. The DMSO was diluted
with deionized water (DI water) into concentrations of 2%, 4%, 6%, 8%, and 10%. The refractive
indices of the DMSO solutions were proportional to the volume ratios of the DMSO (details can be
found in Supplementary Materials) [37]. Prior to use, the DI water and DMSO-water mixtures were
kept at room temperature for a longer period, to minimize temperature-induced spectrum changes.
A redshift of the wavelength in response to an increasing refractive index of the solution was observed
from the laser spectra measurement and can be explained by mA = 27n.¢ R (see details in Supplementary
Materials) [38]. Sexy and Sgj, represent the S from the experiment and from the FEM simulation,
respectively. Sex, was obtained by directly measuring the wavelength shift, which was 18.14 nm/RIU.
The process of detecting the S of the microdisk was also simulated using FEM, based on a 2-D
axisymmetric model. Results show that the S;,, of the fundamental and second-order radial modes
with TE polarization were 18.12 and 28.90 nm/RIU, respectively, and that the S;,, of the fundamental and
second-order radial modes with transverse magnetic (TM) polarization were 22.98 and 37.65 nm/RIU,
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respectively. When the GTP was used to observe the experiment, the polarization state of the output
laser was determined to be TE polarization. Therefore, the S of the measured microdisk was determined
to be fundamental-order-radial mode with TE polarization.

3.3. Mode Splitting from the Coupled-Microdisk Laser in Aqueous Media

The method of purifying and adjusting the microcavity laser spectrum using the coupled
microcavity structure is compact and effective. Normally, a typical WGM propagates along a spherical
equatorial plane, whose evanescent field component allows interaction with the surrounding
environment. Therefore, when two WGM microcavities are close to each other, their WGMSs can be
evanescently coupled and form mode splitting [31]. A large array of dye-doped polymer microlasers
can be fabricated in parallel via a single step of deep-ultraviolet (DUV) lithography [39]. The coupled
microdisks were investigated by immersing in water. At this time, the two modes experience the same
gain or loss (g, = g5), and the frequency difference equals 2x. Using the gap between the coupled
microdisk of 0.3 um, the diameters of these two coupled microdisks were 19.71 and 19.63 um, and their
SEM image is plotted in Figure 5a. Under evenly pumping schemes, as shown in the insert of Figure 5b,
the mode splitting of the laser spectrum can be observed. AA represents the distance between two laser
peaks under mode splitting and is 0.183 nm in this case. Figure 5c shows the field distributions of WGMs
with the fundamental-order-radial mode in a symmetric coupled-microdisk system. The wavelengths
of the supermodes are 620.619 and 620.437 nm, respectively. AA of the FEM simulation is 0.182 nm,
which is very close to the experimental result of 0.183 nm. Different gaps between coupled microdisks
were investigated under the same pumping conditions. Because the optical field decays exponentially
outside the microdisk, the coupling strengths x between the two cavities will decrease. AA will also
decrease, which is shown in Figure 5d. The experimental data and FEM simulation results were
well-fitted by the exponential function. As the gap exceeded 0.6 um, the coupling strengths K of the
supermodes became weak and the AA value stayed at a level of no more than a few dozen nanometers.
Because of the limited resolution of the monochromator, narrower mode splitting cannot be observed
in experiments.
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Figure 5. (a) SEM image of the coupled microdisks. Gap between two microdisks is approximately 0.3 pm.
Scalebaris 10 um. (b) Laser spectra of coupled microdisks with 0.3 um gap. AAdenotes the distance between
two peaks of mode splitting. Insert: schematic of evenly pumping schemes. (c) Field distributions of WGMs
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with fundamental-order-radial mode. (d) AA of the experimental results and FEM simulations as
a function of the gap. Purple dots represent the experimentally detected data; cerulean dots and red
curves refer to the FEM simulation results and exponential fitting, respectively. FEM simulations were
performed with the same parameters for the experimental data.

Furthermore, when we change the refractive index of the aqueous medium #, it will also affect
the coupling strengths of the supermodes K. Here, we used coupled microdisks with a gap of 0.4 pm.
As shown in Figure 6a, when the refractive index of the DMSO solution was changed, the resonance
detuning of the mode splitting was affected. Figure 6b shows that AA of the experimental data was
increased, which agreed well with the results of the FEM simulation. The increased background
refractive index n will extract a greater part of the optical field into the coupling gap, leading to enhanced
coupling strength and a larger difference in resonance frequencies of the coupled modes. The coupling
coefficient K is as a function of 11,5, which is given in Equation (5), and the experimental phenomenon
is consistent with the FEM results in Figure 1b.
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Figure 6. (a) Mode splitting in a coupled-microdisk resonator laser with resonance detuning.
(b) AA of the experimental data and FEM simulation, shown as a function of refractive index. Pink dots
represent the experimentally detected data, while the green curves represent the FEM simulation results.
FEM simulations were performed using the same parameters for the experimental data.

In order to increase the difference in the gains/losses between the two microcavities, we used
selective pumping schemes in which we changed the position of the pump beam spot gradually from
the left side of the coupled microdisks to the right side by 8 um per step. Figure 6 demonstrates
the laser spectra of coupled microdisks with a 0.3 um gap, with the coupled microdisks immersed
in water. We focused on the wavelengths of the spectra from 612 to 615 nm, which are marked in red
in Figure 7a,c. The laser spectra in Figure 7a,c correspond to the pump positions plotted in Figure 7b,d.
The laser emerged when one of the coupled microdisks was pumped, and the splitting mode arose
when the coupled microdisks were evenly pumped. When the pump beam spot gradually moved to the
other side of the coupled microdisks, the splitting mode disappeared, and the laser finally vanished.
This result is due to the selective pumping process, which changed the gain/loss status between the two
coupled microdisks. The modulation gain branches of various supermodes will lead to a switchable
single-frequency laser or mode splitting [9]. When only one of the coupled microdisks is pumped,
the eigenfrequencies difference will become purely imaginary because in this case A§ is large enough
that the value under the square root in Equation (4) is smaller than zero. This will lead to the emission
of a single-mode laser when the other laser modes are also below the threshold. Under even pumping,
the gain difference between the two microcavities is very small and Aw is real, so it shows doublet
peaks in the laser spectrum, i.e., mode splitting.
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Figure 7. Laser spectra from different positions of the pump beam spot. (a) and (c) spectra during
the moving of the pump laser from left to right. (b) and (d) schematics of the position of the pump
beam spot.

3.4. Single-Frequency Lasing from the Coupled Microdisk in Aqueous Media

Because of their high beam quality and spectral purity, lasers with a single-frequency laser emission
feature are indispensable to many scientific and industrial applications, such as laser spectroscopy,
laser metrology, and biomolecular sensing [5,6,39]. Normally, WGM lasers are usually multimode
because of the lack of mode selection [9,40]. Methods such as microcavity size reduction, Vernier effect,
and PT symmetry effect of coupled microcavities are possible strategies to realize single-frequency
laser [9,14,40—42]. These methods need to control the gap size or thermal modulation of the two
microcavities in order to control the coupling strength between them, which often requires a complex
implementation system and results in low accuracy.

The results of the previous section indicate that selective pumping schemes would change
the spectrum of the coupled microdisks. In order to overcome the major drawback of a single-microcavity
resonator laser, which essentially involves multimode laser emission, we used selective pumping
schemes in a coupled-microdisk system, in order to realize a single-frequency laser emission.
The coupled-microdisk resonator was dipped in water. In this case, the gap of the coupled microdisks
was 0.5 pum. The position of the pump laser was “left pumping”, and the simulated mode field of the
single-frequency laser is plotted in the inserts of Figure 8b. In the range 580-610 nm (much larger than
one FSR and covers the tuning range of RhB in the ethanol solvent), only one laser peak has been collected
by the spectrometer. Therefore, it is determined to be a single-frequency laser. The single-frequency laser
spectra of the coupled microdisks at different pumping intensities are plotted in Figure 8a. The central
wavelength of the single-frequency laser was 594.39 nm. When the pump laser energy was below
the threshold, the spectrum was actually the fluorescence, which increases slowly with the pump energy.
Moreover, the fluorescence efficiency of the gain media was very low. When the pump laser energy was
higher than the laser threshold, the laser intensity will increase with the pump energy with a higher
slope efficiency. On the curve in Figure 8b, there is a sudden change point (laser threshold) between
the fluorescence and laser as the pump energy increases. The corresponding laser threshold curve
shows that the laser threshold was 83.88 yJ/mm?, as shown in Figure 8b. Selective breaking of PT
symmetry can systematically improve the effective amplification of single-mode operation [23].
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Figure 8. (a) Single-frequency emissions of the coupled microdisks under different pump energies.
Insert: the energy of the pump laser. (b) Lasing intensity as a function of the pump energy intensity
extracted from (a). Lasing threshold is approximately 0.60 pW (84.88 1J/mm?) in a water environment.
Insert: the position of the pump laser and the mode field of the single-frequency laser.

An interesting phenomenon was observed when we changed the surrounding refractive index
of the single-frequency laser. Another coupled-microdisk resonator was dipped in water under
left pumping, with the gap at 0.6 um. As shown in Figure 9a, the wavelength of the original
single-frequency laser was 606.994 nm. With the increase in the liquid refractive index, the wavelength
of the single-frequency laser gradually shifted to longer wavelengths, and the intensity decreased.
Another hopped laser mode occurred at 603.131 nm. If the liquid refractive index is further increased,
the original laser will disappear and only one laser peak can be seen in the spectrum. Figure 9c shows
that In(Ipgpped/loriginal) changed linearly with the liquid refractive index. Here, lyigings and Ijoppes are
the light intensity of the original laser line and the hopped laser line, respectively. The hopped laser
mode resulted from the slightly asymmetric structure of the coupled microdisks, which responded
slightly differently to the change in the surrounding refractive index [30]. Therefore, the wavelength
shifts of the coupled-microdisk resonances did not shift synchronously. Furthermore, the slight change
of refractive index will also change the coupling efficiency of two coupled microdisks. As shown
in Figure 9b,c, the wavelength shift sensitivities (Soriginas and Spoppes) were 14.04 and 14.65 nm/RIU,
respectively, and the sensitivity of the intensity change (S;) was 149.87 RTU™!. Considering standard
deviation (¢ = 10 a.u.) of the background signal intensity as the lowest detectable lasing intensity,
the detection limit of S; was 5.34 x 10~ RIU, based on the equation in a previous article [30].
The resolution of the monochromator can reach 0.01 nm. The detection limits of Syyiging and Spopped
were 7.12 x 10~* and 6.83 x 10™* RIU, respectively. These results indicate that S; was 13 times more
sensitive compared with Syigings and Spoppes- Because of the Vernier effect, the coupling of the WGMs
in the two resonators can produce a large amplification sensitivity. It was noted that the attenuation
of light intensity was due to the bleaching of dye, caused by long-time laser pumping. The relative
intensities of the original and hopped laser peaks were not affected.
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two lasing modes, as a function of refractive index. Insert: spectra at the two refractive indices values
are given.

4. Conclusions

In this study, the spectral characteristics of coupled microdisks in aqueous media were examined.
The spectral characteristics and modulation mechanism of mode splitting and single-frequency lasers
from coupled microdisks were investigated. The resonance detuning of mode splitting was studied by
changing the gap between two microdisks, the refractive index of the aqueous media, and the position
of the pump laser, namely, selective pumping schemes. The variation of the single-frequency laser was
studied by changing the intensity of the pump light and the refractive index of the aqueous medjia.
For single-frequency lasers, the sensitivity can be amplified by changing the light intensity for sensing.
The results of this study will help to deepen the understanding of the spectral characteristics and
the modulation mechanism of microcavity lasers. Such optofluidic microcavity lasers have broad
application prospects in tunable single-mode on-chip lasers and biosensors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1439/s1,
Figure S1. 3-D schematic of the solid-state dye-doped polymer microdisks. Figure S2. 3-D schematic diagram
shows the fabrication process of the optofluidic microdisk device.
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Abstract: The guided mode resonance (GMR) effect is widely used in biosensing due to its advantages
of narrow linewidth and high efficiency. However, the optimization of a figure of merit (FOM) has
not been considered for most GMR sensors. Aimed at obtaining a higher FOM of GMR sensors,
we proposed an effective design method for the optimization of FOM. Combining the analytical
model and numerical simulations, the FOM of “grating-waveguide” GMR sensors for the wavelength
and angular shift detection schemes were investigated systematically. In contrast with previously
reported values, higher FOM values were obtained using this method. For the “waveguide-grating”
GMR sensors, a linear relationship between the grating period and groove depth was obtained,
which leads to excellent FOM values for both the angular and wavelength resonance. Such higher
performance GMR sensors will pave the way to lower detection limits in biosensing.

Keywords: guided mode resonance; figure of merit; biosensor; detection limits

1. Introduction

Guided mode resonance (GMR) is a physical effect that occurs in thin-film structures that contain
diffractive elements and a waveguide layer (“grating-waveguide” GMR structure) [1] or a planar
dielectric-layer diffraction grating (“waveguide—grating” GMR structure) [2]. Light can be coupled
into the waveguide modes by different grating diffraction orders. Due to periodic modulation in the
waveguide, part of the guided light will leak, and thus, guided modes cannot be sustained on the
waveguide grating and will interfere with the noncoupled reflected or transmitted waves [3]. The GMR
effect occurs within a narrow spectral band at a particular wavelength, angle, and polarization [4].

Since Magnusson and Wang suggested the application of the GMR effect for sensing purposes
due to its narrow, controllable linewidth and high efficiency [5], many researchers have shown great
interest in GMR sensors, especially in biosensing [6-13]. To date, there are four main detection schemes
for GMR sensors, including wavelength detection [14-17], angular shift detection [18-20], intensity
shift detection [21-25], and phase shift detection [26-29]. The wavelength and angular shift detection
schemes are used most often as the incident light is totally reflected with highly angular and spectral
selectivity at resonance [30]. To reduce the cost of detection systems, for example, by eliminating the
need for an expensive spectrometer and laser source, several intensity detection schemes have been
proposed [21-24]. In addition, the sensing performance can also be enhanced by implementing phase
detection schemes [26-29].

Although different detection methods result in different detection effects, the structural parameters
and optical properties of GMR sensors are also important because these factors directly determine the
sensors’ performance [31-36]. In a label-free biosensing system, a figure of merit (FOM), which combines
the sensitivity (S) and the full width at half maximum (FWHM) of the resonance, is the accepted
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marker to compare the performance of biosensors, which can be defined as FOM = S/FWHM [37].
This value can simultaneously reflect the effects of the magnitude of a measured quantity change
and the ability to measure small wavelength shifts [38]. In addition, a FOM can be considered as a
good indicator for the expected performance of a sensor [39]. However, a narrow resonant linewidth
will result in a sacrifice in the sensitivity, as resonant modes are mostly confined within the solid
dielectric medium, rather than the sensing medium [40]. In contrast, highly resonant sensitivity
may result in a broadened resonant linewidth, which limits the capability to measure small resonant
wavelength shifts with higher accuracy [37]. To solve this problem, Ge et al. proposed an external
cavity laser (ECL) GMR sensor using an active resonator laser that maintains the high resolution of laser
biosensors without sacrificing sensitivity [41-43]. However, although the properties of sensitivity and
linewidth have been investigated widely by varying structural parameters [31-36], the optimization
of a FOM has not been considered for most GMR sensors. Most recently, Lan et al. investigated
the FOM of a “waveguide-grating” GMR sensor by varying the geometric parameters and incident
angle [44]. However, their work only investigated one GMR sensor for wavelength resonance rather
than providing a design guideline that is suitable for all GMR sensors. Therefore, a convenient and
effective design method to achieve an optimized FOM of GMR sensors for both angular and wavelength
resonance is necessary.

In this work, by combining an analytical model and numerical simulation, we provide a
convenient and efficient method as a guideline for parametric design to achieve the optimized
FOM of “grating-waveguide” GMR sensors for both angular and wavelength resonance. Focusing
on “waveguide—grating” GMR sensors, a linear relationship between the grating period and grating
groove depth was found as a guideline to achieve optimized FOM.

2. Analytical Model for GMR Sensors

Lin et al. proposed a model for calculating the wavelength sensitivity of GMR sensors [35]. Briefly,
as the incident light A passes through the grating with an incident angle 0;, the diffraction grating
equation can be expressed as follows [17]:

Alnygsin(0y) —nesin(0;)] = mgA,mg = 0,+1,%2,..., (1)

where A is the grating period, 11y is the refractive index of the waveguide layer, 7, is the refractive
index of the surrounding medium, 60, is the diffraction angle and 1, is the order of the diffracted
wave. The grating diffracted wave will couple into the waveguide layer, once the diffracted wave is
phase-matched to the waveguide mode, and the diffraction angle 0, is the propagation angle in the
waveguide layer because the grating groove depth (d,) is assumed to be extremely thin, and thus, other
influences are ignored. The guided wave condition of the planar waveguide can be defined as follows:

kotaguwg cos(0g) —mm = ¢ + ¢pg,m =0,1,2,..., )

where kg = 271/A is the wavenumber in a vacuum, dyy is the thickness of the waveguide layer, m is a
positive integer number that stands for the mode number of a waveguide, ¢ and ¢, represent phase
shifts that occur due to the total internal Fresnel reflection at the waveguide grating interface and the
waveguide substrate interface, respectively. For a given waveguide structure, we can use Equation
(2) to calculate the 6,4, and thus the incident angle 6; in Equation (1) will be obtained. When the
surrounding refractive index 7, is changed, the different incident angles can be solved using Equations
(1) and (2), and thus the angular sensitivity S; = A0;/An. can be solved, where A6; is the shift in the
resonant angle induced by a change in the refractive index of the surrounding medium An,.
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As Equation (2) only stands for a single wavelength, it needs to be modified as follows to be
suitable for multiple wavelengths (suitable for normal incidence only) [35]:

2
X”mgdwg cot(0,) —mm = ¢y + pg,m =0,1,2,..., ©)

Using Equations (1) and (3), the wavelength sensitivity S, = AA/An, can be solved, where AA is
the shift in the resonant wavelength induced by a change in the refractive index of the surrounding
medium Ang.

3. Simulation Results and Analysis

The RSoft 7.1 (RSoft Design Group, Inc., Ossining, NY, USA) based on rigorous coupled-wave
analysis (RCWA) was used to simulate the GMR effect [36]. To calculate the field distributions, we
used COMSOL Multiphysics 5.2a (COMSOL Inc., Stockholm, Sweden), which is based on the finite
element (FEA) analysis method [45]. In our case, we simulated the GMR sensors made of a high-index
material, such as silicon nitride (Si3Ny, ng = nyg = 2.00) immersed in water (1, = 1.333) and with silicon
dioxide (5iO,, 15 = 1.45) as a substrate. The filling factor (FF) of the grating is fixed at 0.5 and the total
thickness of the grating and waveguide layer d was also kept constant.

3.1. Angular Shift Detection Scheme for “Grating—Waveguide” GMR Sensors

For an angular interrogation technique, a monochromatic light source, such as a He-Ne laser,
is typically used to measure the GMR effect in this case. The incident wavelength A is set at 633 nm,
and A is set at 280 nm. The total thickness of the grating and waveguide layer d is fixed at 100 nm.
dg and dy, are the thicknesses of the grating and waveguide layer, respectively.

The schematic geometries of the angular GMR sensors are depicted in Figure 1a. The incident
light can excite transverse electric (TE) or transverse magnetic (TM) modes, depending on the electric
field E, or magnetic field H, perpendicular to the plane of incidence (x-y plane). When 7, varies,
the resonant angle 0; will change according to Equation (1). The angular position of the resonant
peak will shift as illustrated in Figure 1b. Figure 1c shows the sensitivity and FWHM versus dg for
TE polarization. S, increases and the resonant linewidth broadens as dg increases for TE polarization.
Consequently, the angular FOM cannot achieve a higher value with higher sensitivity, as shown
in Figure 1d. However, S, increases and the resonant linewidth decreases as d; decreases for TM
polarization when d, is below 60 nm, as shown in Figure le. Figure 1f shows that, for TM polarization,
the angular FOM increases as the dg decreases. A maximum FOM of 5709 was achieved when d; was
10 nm and dy,; was 90 nm, which is higher than previously reported values [18]. The higher FOM
not only arises from a lower dg resulting in a lower resonance linewidth, but also generates a higher
sensitivity. The maximum FOM is 16.3 times higher than the minimum FOM of 350, as shown in
Figure 1f.
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Figure 1. (a) Schematic structure of the “grating-waveguide” guided mode resonance (GMR) structure
for angular resonance. (b) An example of reflection spectra for oblique incidence at the resonance
of a monochromatic light (dg = dyg = 50 nm for transverse magnetic (TM) polarization). Calculated
sensitivity, resonant linewidth and FOM versus dg for transverse electric (TE) polarization (c,d) and
TM polarization (e,f). Electric field distribution of the angular resonance of the GMR structure with
different dg values of 50 nm (dyg of 50 nm), 10 nm (dyg of 90 nm) and for TE (g,h) and TM (i,j). (d is
100 nm, A is 280 nm, and the filling factor (FF) is 0.5).
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TE and TM polarization have different performances when d is fixed at 100 nm. To investigate the
different performances between TE and TM polarization, the COMSOL Multiphysics 5.2a (COMSOL
Inc., Stockholm, Sweden) software was used to calculate the field distributions of resonant positions.
Figure 1g,h, respectively, show the electric field distributions of TE polarization when d; is 50 nm and
10 nm. The electric fields are mainly stored in the waveguide layer. Therefore, a thick waveguide layer
confines more electric energy, which results in a narrower resonant linewidth but reduces the sensitivity.
Therefore, the value is mainly attributed to a narrow linewidth of 0.016 degrees at the cost of sensitivity,
although a higher FOM of 881 was obtained for TE polarization. For the TM case, most electric energy
is not confined in the waveguide layer and is distributed in the cover medium and substrate, as shown
in Figure 1ij. In the case where dg = 50 nm, up to 70.65% of the total resonance energy is distributed in
the substrate, which is 82.56% of the total evanescent energy, and only 19.55% of the total resonance
energy is distributed in the cover medium, which is 17.44% of the total evanescent energy. In the dg
=10 nm case, 62% and 25% of the total resonance energy is distributed in the substrate and cover
medium, respectively, which respectively contain 69.72% and 30.38% of the total evanescent energy.
Therefore, the evanescent energy increases by almost 13%, which leads to a higher angular sensitivity.
Meanwhile, an obvious increase in the maximum electric intensity from 9.27 x 10° V/m (dg =50 nm) to
4.44 X 10° V/m (dg = 10 nm) is observed for TM polarization, as shown in Figure 1. This indicates that
more energy was confined in the structure, thus decreasing the resonant linewidth. This result can also
be proven by referencing [46], because the grating groove depth controls the coupling-loss coefficient in
an exponential manner, thus the coupling-loss coefficient tends to be smaller as dy decreases. Therefore,
when d is fixed at 100 nm for TM polarization, a shallow d, facilitates a narrow linewidth, and a
relatively thick dye (near 90 nm) also results in a higher sensitivity. A much higher FOM will be
obtained thanks to the higher sensitivity and narrower linewidth.

To explain this phenomenon, we used the previous angular model to calculate S;. The red curve in
Figure 2a depicts the S, of TE polarization, and a higher sensitivity region is located near dzg = 50 nm.
The curved sensitivity line of TM polarization has the largest sensitivity region near dyg = 100 nm,
as shown in Figure 2b. The highest sensitivity is 25.9 degrees/RIU (refractive index unit), which is very
close to the highest sensitivity value in Figure 1f for TM polarization. Moreover, this largest sensitivity
region dye = 100 nm is the same as the value of the total depth of the grating and waveguide layer d
that we set in Section 3.1. Combined with these results, the extremely high FOM accompanied by a
high sensitivity and narrow linewidth shown in Figure 1f can be explained as follows: a shallower d,
facilitates a narrower linewidth and a thicker dy, approaching the highest sensitivity region (100 nm)
and resulting in higher sensitivity.

a b
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20} e A Simulation (10 nm) 25L--.® A - Simulation (10 nm)
5 ® Simulation (25 nm) ) @ Simulation (25 nm)
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s I5f 3
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T 1w} =
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wg wg

Figure 2. The red curved line represents the analytical model of the S, calculation for the transverse
electric (TE) (a) and transverse magnetic (TM) (b) modes. Blue, green, and magenta marked symbols
respectively represent calculation results of 10 nm, 25 nm and 50 nm dg of the rigorous coupled-wave
analysis (RCWA) simulation method.
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To further verify the analytical result, an RCWA method was used to compare the results.
In Figure 2, blue, green, and magenta marked symbols represent the numerical results for cases with
a dg of 10 nm, 25 nm, and 50 nm, respectively. The results display evident differences when d; is
relatively high because the influence of the grating on both the phase shift and total internal reflection
cannot be ignored. However, this model is still useful for calculating the angular sensitivity when the
grating depth is small.

For optimizing the FOM of “grating-waveguide” GMR sensors, a high value region of sensitivity
should be evaluated first and then d should be maintained near this value. Finally, by fabricating
a shallower grating depth, higher sensitivity and narrower linewidth will be achieved, resulting
in a higher FOM. This is a design guideline for “grating-waveguide” GMR sensors to achieve
optimized FOM.

However, the TE polarization has its highest sensitivity region near d;; = 50 nm, as shown in
Figure 2a. Based on the previous deduction, we set d = 50 nm and simultaneously varied dg and
dg (more details are shown in Table 1). A maximum FOM (with a narrower linewidth and higher
sensitivity) of 1158 was achieved when dy = 10 nm and dy; = 40 nm. The missing values in Table 1
indicate the instances when the phase-matched condition was not satisfied [17,35].

Table 1. Linewidth (FWHM), sensitivity (S) and figure of merit (FOM) of angular resonance for d = 50
nm in transverse electric (TE) mode.

dg (nm) dyg (nm) FWHM (Degree) S (Degree/RIU) FOM
10 40 0.018 20.854 1158.567
20 30 0.058 19.138 329.959
30 20 0.083 14.934 179.923
40 10 Not a value Not a value Not a value

3.2. Wavelength Shift Detection Scheme for “Grating—Waveguide” GMR Sensors

The most common detection technique for GMR sensors is the wavelength shift-tracking method.
A broadband light source is used, such as an LED light and white light source. To investigate the
wavelength detection scheme, a normal incidence light was used and A was set at 410 nm. Similarly,
we set d at 100 nm and dg and dy, were simultaneously varied. The schematic geometry of the GMR
sensors is depicted in Figure 3a. When 7, is varied, the resonant wavelength A changes according to
Equation (1). Thus, the resonant peak position of the wavelength will shift, as illustrated in Figure 3b.

Figure 3c,d demonstrates the relationship among resonant linewidth, sensitivity, and FOM for TE
polarization. As d, decreases, a narrow linewidth and low Sy, is obtained, and thus the FOM cannot
achieve a relatively high value combined with high sensitivity. On the other hand, for TM polarization,
Sw increases and the resonant linewidth decreases when dy decreases (dyg increases), as shown in
Figure 3e. A maximum FOM of 2154 was achieved when the dg was 10 nm (dwg was 90 nm), as shown
in Figure 3f, which is higher than those of common “grating-waveguide” GMR sensors [39].
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Figure 3. (a) Schematic representation of the “grating-waveguide” structure for wavelength resonance.
(b) An example of reflection spectra for normal incidence at the resonance of a broadband light
(dg = dyg = 50 nm for transverse magnetic (TM) polarization). Calculated sensitivity, resonant linewidth
and figure of merit (FOM) versus dg for transverse electric (TE) polarization (c¢,d) and TM polarization
(ef). Electric field distribution of the wavelength resonance of the guided mode resonance (GMR)
structure with different dg of 50 nm (dyg of 50 nm), 10 nm (dyg of 90 nm) and for TE (g,h) and TM (i j),
for which the resonance wavelengths are 628.91, 651.51, 601.76 and 611.26 nm, respectively. d is set at
100 nm, A is 410 nm, and filling factor (FF) is 0.5.

The electric field distributions for both TE and TM polarization were simulated to further explain
the previous results and are shown in Figure 3g—-j. Compared to Figure 1g—j, similar results can be
achieved here. For the TE mode, most of the evanescent field energy exists in the waveguide layer,
and thus the sensing performances were affected. TM cases have a larger light-matter interaction
region in the cover medium, and more light is strongly confined (the maximum electric intensity up to
3.61 x 10° V/m), making it more suitable to achieve better performances in biosensing. The sensitivity
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curve of the TM polarization has the largest sensitivity region near d); = 100 nm, which is the same as
the value of d that we set here. On the other side, the TE polarization has the largest sensitivity region
near the 50 nm of dye, and d = 50 nm is maintained. Table 2 shows the difference in performance caused
by varying de and dyyg. As shown in Table 2, a higher FOM is obtained with a narrower linewidth and
higher sensitivity.

Table 2. Linewidth (FWHM), sensitivity (S) and figure of merit (FOM) of wavelength resonance for
d =50 nm in transverse electric (TE) mode.

dg (nm) dwg (nm) FWHM (nm) S (nm/RIU) FOM
10 40 0.25 89.00 356
20 30 0.90 83.25 92.5
30 20 1.49 70.00 46.98
40 10 0.79 36.75 46.52

Combining these results with those of Section 3.1, TM polarization has better results for both
angular and wavelength resonance, although different detection methods were used. This phenomenon
can be explained in two respects: first, TM polarized modes have a larger phase shift length at the
resonance point compared to TE modes, resulting in higher sensitivity, as shown in Figure 4. The red and
blue curves represent the TM polarization phase shift in the waveguide layer at different surrounding
ne. Yellow and green curves represent the TE polarization phase shift at different surrounding #..
The label d;y = 60 nm (purple curve) and dq; = 90 nm (gray curve) represent the calculated results
coming from the left side of Equations (2) and (3) (called structure relation [35]). The intersection points
of the structure relation curve and phase shift curve represent the points of resonant condition, where
the GMR effect occurs. The length between two intersection points is proportional to resonant angle or
wavelength shift. Therefore, a larger phase change length at different n,, results in greater sensitivity.
In Figure 4, the TM polarization has a larger phase change length compared to the TE mode, when
the dwg was 90 nm. Second, the coupling-loss coefficient for a TM polarization was smaller than that
for the TE polarization, resulting in a narrow linewidth [46]. Furthermore, the phase shift length of
dwg = 90 nm (purple curve) exceeds that of the dy; = 60 nm (gray curve) condition for TM polarization.
This also explains why a higher sensitivity was obtained for the case where d;,; = 90 nm, as shown in
Figures 1f and 3f.
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Figure 4. Phase shift curve in waveguide layer at different propagation angle, (a) angular resonance,
(b) wavelength resonance.
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3.3. Optimized FOM for “Waveguide-Grating” GMR Sensors

2

The schematic geometries of angular and wavelength resonance of the “waveguide—grating”
GMR sensors are depicted in Figure 5a,b, respectively. Aimed at “waveguide—grating” GMR sensors,
different dg values were swept by a “MOST Optimize/Scanner” (DiffractMod, RSoft 7.1, RSoft Design
Group, Inc., Ossining, NY, USA) under certain A values to investigate whether a minimum resonant
linewidth and a higher sensitivity exist for both the TE and TM modes. The chosen parameters are
similar to those presented in Section 3.1 for the angular shift and Section 3.2 for the wavelength shift
detection schemes, except d (dg and dyyg).

For angular resonance, a better result was obtained under TM polarization; the series of results for
different dg (from 150 nm to 400 nm) are shown in Figure 5¢,d. Figure 5c shows the resonant linewidth
and S, versus dy for TM polarization. A minimum resonant linewidth and a higher sensitivity occur for
a value of dg of 300 nm. A higher FOM, almost up to 10°, was achieved, as shown in Figure 5d, which
is 168 times greater than the highest FOM value presented in Figure 1f. For wavelength resonance,
a superior result was obtained under TE polarization, and the series of results for different dy values
(from 100 nm to 500 nm) are shown in Figure 5e,f. Figure 5¢c shows the resonant linewidth and S,
versus dg for TE polarization. A minimum resonant linewidth and a higher sensitivity will occur
under 380 nm of dg. Thus, a high FOM of 1618 will be achieved as shown in Figure 5d. The electric
energy distribution helps us to further understand the mechanism, as shown in Figure 5a,b. For both
angular and wavelength resonance, the electric field will ascend from the substrate to the grating
and the surrounding medium as dg increases. Therefore, the total evanescent energy will increase
in the surrounding medium, thus increasing the sensitivity. Meanwhile, an obvious increase in the
maximum electric intensity from 7.44 x 10° V/m (dg = 200 nm) to 3.89 X 107 V/m (dg = 300 nm) was
observed for angular resonance under TM polarization, as shown in Figure 4g,h. For wavelength
resonance, the maximum electric intensity increased from 1.84 X 10° V/m (dg =200 nm) to 2.31 x 100
V/m (dg = 380 nm) for TE polarization, as shown in Figure 5i,j. These results indicate that more energy
was confined in the GMR structure, and thus, the linewidth was decreased. Combining these two
points, a higher FOM value was achieved, accompanied by high sensitivity and a narrow linewidth.
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Figure 5. Schematic structure of the “waveguide-grating” structure for angular (a) and wavelength (b)
resonance. Calculated sensitivity, resonant linewidth and figure of merit (FOM) versus dg for angular
resonance under transverse magnetic (TM) polarization (c¢,d), and for wavelength resonance under
transverse electric (TE) polarization (e, f). Electric field distribution of the “waveguide-grating” guided
mode resonance (GMR) structure of the wavelength resonance with dg values of 200 nm and 300 nm for
TM (g,h) and angular resonance with de values of 200 nm, 380 nm for TE (i,j). A is 280 and 410 nm for
the angular and wavelength resonance respectively and filling factor (FF) is 0.5.

Different A were chosen to determine the dg value that lead to a superior FOM. For wavelength
resonance, different A varying from 330 nm to 550 nm, were chosen to calculate the position at which
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there is a minimum resonant linewidth and higher sensitivity for TE polarization, as shown in Table 3.
The relationship among A, dg, and the corresponding FOM is depicted in Figure 6a.

Table 3. Linewidth (FWHM), sensitivity (S) and figure of merit (FOM) of the wavelength resonance
under different A and corresponding dg for transverse electric (TE) modes.

A (nm) dg (nm) FWHM (nm) S (nm/RIU) FOM
330 306.44 0.12 195 1625
410 380.00 0.15 242.75 1618.333
450 417.50 0.16 266.00 1662.500
550 509.74 0.20 325.25 1626.250

(a) (b)
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Figure 6. The best figure of merit (FOM) value for wavelength (a) and angular resonance (b) under
different A and corresponding dy values. A as a function of dy for wavelength (c) and angular

(d) resonance.

For angular resonance, different A, varying from 260 nm to 320 nm, were chosen to determine the
best FOM under TM polarization, as shown in Table 4. The angular sensitivity is inversely proportional
to A. The relationship between A, dg, and the corresponding FOM is depicted in a three-dimensional
schematic diagram in Figure 6b. All FOM values are higher than those of already reported values [18,39].
A as a function of dg for the wavelength and angular resonance are respectively shown in Figure 6¢,d.
The ratio of A to d, for the wavelength resonance was 0.925. A linear relationship was obtained
between A and d, for the angular resonance, as shown in Figure 6d, and the formula of the best-fit line
is y = 1097.411 — 2.808x. We can apply the linear relationship to design “waveguide—grating” GMR
sensors with optimized FOM.
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Table 4. Linewidth (FWHM), sensitivity (S) and figure of merit (FOM) of the angular resonance under
different A and corresponding d for transverse magnetic (TM) modes.

A (nm) dg (nm) FWHM (Degree) S (Degree/RIU) FOM
260 380 33x107° 67.921 2.058 x 10%
280 302 1.7%x107° 48.322 2.486 x 10°
290 274 49 %1074 37.902 7.735 x 10%
310 225 39%x1073 30.927 7.930 x 103

The point of these optimized FOM results is that a narrow resonant linewidth occurred abruptly,
as shown in Figure 5¢c,e. Norton et al. investigated linewidth of “waveguide—grating” GMR structure
through coupled-mode theory [47]. Briefly, the angular and wavelength linewidth is proportional
to the coupling loss coefficient, and this coefficient is determined by the overlap of the bound mode
and the radiation mode. At higher grating depths, the orthogonality of the two modes decrease the
overall magnitude of the coupling loss, resulting in a narrow resonant linewidth. In our work, similar
resonant linewidth phenomenon can be found in Figure 5c,e. Although Norton et al. just investigated
one grating period, it can be predicted that different grating periods have their own grating depths,
where the narrow resonant linewidth occurs abruptly.

4. Conclusions

In summary, with the aim of achieving a higher angular and wavelength FOM for GMR sensors,
we systematically presented a parametric analysis elucidating the influence of structural design factors
on the performance of GMR sensors. Combining an analytical model and numerical algorithm, we
determine an effective and convenient method to achieve higher angular and wavelength FOM of
“grating-waveguide” GMR sensors. A suitable fixed depth of the grating and waveguide will facilitate
a higher FOM. This method is suitable for both angular and wavelength resonance. A linear relationship
to design “waveguide-grating” GMR sensors with optimized FOMs was determined using numerical
stimulations. These high FOM values can facilitate the performance of GMR sensors to achieve lower
detection limits.
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Abstract: Owing to their intrinsic wide bandgap properties ZnO and GaN materials are widely used
for fabricating passive-type visible-blind ultraviolet (UV) photodetectors (PDs). However, most of
these PDs have a very low spectral responsivity R, which is not sufficient for detecting very low-level
UV signals. We demonstrate an active type UV PD with a ZnO nanorod (NR) structure for the floating
gate of AlGaN/GaN high electron mobility transistor (HEMT), where the AlIGaN/GaN epitaxial
layers are isolated by the nano-scale fins (NFIs) of two different fin widths (70 and 80 nm). In the dark
condition, oxygen adsorbed at the surface of the ZnO NRs generates negative gate potential. Upon
UV light illumination, the negative charge on the ZnO NRs is reduced due to desorption of oxygen,
and this reversible process controls the source-drain carrier transport property of HEMT based PDs.
The NFI PDs of a 70 nm fin width show the highest R of a ~3.2 x 107 A/W at 340 nm wavelength
among the solid-state UV PDs reported to date. We also compare the performances of NFI PDs with
those of conventional mesa isolation (MI, 40 x 100 um?). NFI devices show ~100 times enhanced R
and on-off current ratio than those of MI devices. Due to the volume effect of the small active region,
a much faster response speed (rise-up and fall-off times of 0.21 and 1.05 s) is also obtained from the
NFI PDs with a 70 nm fin width upon the UV on-off transient.

Keywords: high-responsivity; ultraviolet photodetectors; nano-scale fin isolation; wide-band gap
semiconductors; ZnO nanorods; two-dimensional electron gas; visible-blind

1. Introduction

Ultraviolet (UV) light detection with high responsivity is of great interest, due to its promising
applications in pathology [1], water treatment, safety, and defense-technologies [2]. In most
commercialized systems, UV detection has been realized by photomultiplier tubes (PMTs), thermal
detectors, Si or Ge based photodetectors (PDs), and charge-coupled devices (CCDs). However, these
detection methods pose various problems for practical applications. For example, PMTs exhibit
fragile vacuum-tube construction and require a high-voltage bias. Moreover, PMTs are sensitive to the
magnetic-field; therefore, they need to be shielded from ambient light. Si based PDs or CCDs are one
of the most commonly used solutions, due to their highly matured process technology [3]. Recently,
n-Si/p*-B photodiodes of a very high sensitivity and stability have been demonstrated, but they still
exhibit responsivity in the order of ~10~! A/W [4]. Many attempts have been made to improve the
limited responsivity of Si PDs working in linear mode. Among them, avalanche-mode PDs are now
very popular, and single-photon avalanche diodes are also used to obtain high-gain responsivity [5].
However, the use of stop-band filters for visible light reduces the quantum efficiency of these devices
in the UV range.
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In recent years, the nanostructures of wide bandgap (WBG) materials, such as diamond, ZnO,
[I-nitride, and SiC based UV PDs have attracted tremendous research interest for their many
advantages [6]. For instance, they are capable of room temperature (RT) operation and have intrinsic
optical transparency (visibly-blindness) in the visible spectral range. Furthermore, they have a low
thermal conductivity, high breakdown field, and stability at elevated temperatures. In spite of these
promising advantages, the WBG semiconductors have very low electron mobility. Even though noble
heterostructures with a very high electron mobility of ~10° cm?/V-s using a material system such as
MgZnO/ZnO [7] have been reported, most of the passive PDs fabricated using conventional WBG
semiconductors have very low spectral responsivity [8]. Moreover, the response speeds of PDs based
on ZnO or GaN are very slow in general because the photoresponse characteristics depend on the
well-known bottle-neck chemisorption process of oxygen at the surface of such materials [9].

Zinc oxide (ZnO) nanorod (NR) based UV PDs [10-15] have shown promising results in terms of
response speed and spectral responsivity [16]. Significant research effort has been made to improve
the performance of the PDs, either by improving the crystalline quality of NRs or by utilizing the
composite coaxial structure of ZnO with other materials, such as copper oxide [17] and graphene [18].
However, most of the passive type PDs reported to date exhibit very slow response speed (tens of
seconds) and low responsivity (~hundreds of A/W). Recently, an active-type UV PD using the ZnO
NR-gated AlGaN/GaN high electron mobility transistor (HEMT) structure has been attempted as a
part of an effort to attain a breakthrough in responsivity (~10° A/W) and to obtain a relatively fast
response speed [19]. However, due to the very high dark current of the device, the HEMT based PD
showed a relatively low on-off current ratio of ~3.

In this study, we demonstrate high-responsivity UV PDs based on the ZnO NR-gated AlGaN/GaN
HEMT structure with nano-scale fin isolation (NFI). ZnO NRs act as the floating gate while the UV
driven chemisorption process of oxygen at the surface of ZnO NRs [20] controls the conduction of
the underlying two-dimensional electron gas (2-DEG) channel. The 2-DEG present at the interface
of the AlGaN (barrier) and GaN (channel) layers is due to polarization induced electric potential
in the heterostructure [21]. In the NFI PD structure, ZnO NRs surround the channel in the gate
area. Consequently, the carriers in the 2-DEG channel are confined along the channel and in
perpendicular direction to the interface. Therefore, under dark conditions, the 2-DEG channel is
fully depleted due to negative surface potential generated via oxygen adsorption at the surface of
ZnO NRs [9]. This structure resembles enhancement-mode (normally-off) AlIGaN/GaN fin-shaped
field-effect transistors (FINFETs) [22], demonstrating extremely broad transconductance and excellent
off-state characteristics. In this study, the performance of the NFI PDs is compared to conventional
mesa isolation (MI) AlGaN/GaN HEMT based PD of ~100 x 40 pum? active area. We examine
various photoresponse characteristics of NFI and MI devices and investigate how structural differences
influence their performance.

2. Device Fabrication and Characterization

Figure 1 shows schematic illustrations of two different HEMT based PD structures examined
in this study. The interface of the GaN (channel) and AlGaN (barrier) layers have a confinement of
2-DEG, which acts as channel of very high electron concentration and mobility.

Figure 2 illustrates the essential process steps for our gateless NFI and MI HEMT photodetectors
(PDs). The epitaxial layers of AlGaN/GaN were deposited on a 6 inch Si (111) by a metal-organic
chemical vapor deposition system at NTT-AT (NTT-Advanced Technology Corporation, Kanagawa,
Japan). As shown in the schematics, the undoped GaN buffers and channel layers of 3000-4000 nm
thickness were grown first, followed by subsequent growths of the barrier layer of ~20 nm Al 25GaNj 75
and the GaN cap layer of ~1.2 nm. The measured electron sheet carrier concentration and Hall
mobility of the epitaxial layer were ~5 x 10'2/cm? and ~1750 cm?/V's, respectively. The active area
(100 x 40 um?) for the gateless HEMT was defined by a mesa etching of 100 nm depth in the case of
conventional MI structures, as shown in Figure 1. The NFI structure, on the other hand, was fabricated
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with 10 nano-fin-shaped isolations (10 gate fingers) with the same mesa depth of 100 nm and two
different fin widths (Wp,) of 70 and 80 nm. By opening the 100 nm Si3Ny passivation layers deposited
on the active region by plasma-enhanced chemical vapor deposition (PECVD), the gate area of a 2 um
gate length was defined. The ZnO NRs were then selectively grown as an active element for the UV
light detection.

UV ZnO NRs
80, 70 nm

NFI

ZnO seed

M l Barrier

Channel

Figure 1. Schematics of the NFI (nanoscale fin isolation) and MI (mesa isolation) structures for the
AlGaN/GaN HEMT (high electron mobility transistor)-based UV photodetectors.

Epitaxial growth
Il GaN cap(~1.25 nm)
I AIGaN (~20 nm)
I GaN (3 -4 um)

Si (111) substrate

Nano-Fin and
Mesa isolation

Ohmic metal
deposition

Si;N, passivation

ZnO seed
deposition

ZnO NR-growth

geeee

Figure 2. Schematic illustration of the major process steps used for the fabrication of the NFI and
MI devices.

The epitaxial layers were cleaned and agitated with acetone and ethanol in bath sonication to
remove dust and surface contamination, followed by rinsing in deionized (DI) water, then drying with
nitrogen (Ny) gas. Optical lithography (Karl Suss, Garching, Germany, MA6 mask aligner, 365 nm)
was used to define the active MI regions, including all the device patterns used in this experiment.
However, patterning for the NFIs was performed by an electron beam lithography tool (Jeol, Tokyo,
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Japan, JBX-9300FS, 100 keV) with a 70 nm PECVD SiO; hard mask to avoid the mask pattern erosion
during the mesa etching. After the pattern development of the active regions, mesa etching was
performed by removing 100 nm of thickness from the peripheral areas in a reactive ion etching system
(RIE, STS Multiplex ICP) using BCl3 and Cl, gases. Ohmic contacts were achieved by depositing the
metal stack of Ti/Ni/Au (20/30/80 nm), by using an electron beam evaporation system, and a pattern
lift-off method, using image reversal photoresist. Ohmic metals were then subjected to a subsequent
rapid thermal alloy process at 900 °C for 35 s in N. The samples were then passivated by a 100 nm
silicon nitride (Si3Ny) layer deposited in a PECVD system at 200 °C and RF power of 1 kW using a
NH;3/SiHy gas flow rate ratio of 1.5. The gate areas (2 x 100 pum) of two different structures were
opened by etching the Si3Ny passivation using RIE in CFy plasma at a gas flow rate of 110 sccm and a
chamber pressure of 40 mTorr (at an etching rate of ~9.4 nm/min) under the RF power of 100 W.

ZnO NRs were then grown in the gate area by using the hydrothermal synthesis method. Prior to
the growth of NRs, a 20 nm thick seed layer (SL) (as shown in the top-right inset of Figure 3c) was
deposited by spin coating the seed solution (3000 rpm and prebaking at 120 °C for 60 s) repeatedly
15 times. After that, the crystalline quality of the SL was improved by annealing the samples at
~350 °C on a hotplate for 1 h. The seed solution used in this study was prepared by dispersing 0.66 g
of zinc acetate-dehydrate (C4HgO4Zn-2H,0) salt in 30 mL of 1-propanol (CH;CH;CH,OH). In this
work, a 20 mM zinc-acetate-dehydrate concentration for seed solution was selected for the desired SL
film quality, assuring the ZnO NR crystalline characteristics to be used for this PD application [23].
Various attempts, such as vacuum annealing and O, plasma post-treatment methods [10,24] to improve
the SL film quality, which is the key to the high-quality NR crystallites, are also underway in our
laboratory. The growth of ZnO NRs was limited to the gate area, which was done by etching
the SL from all other areas except the gate region. The samples were then placed in a growth
solution for 6 h on a hotplate at ~90 °C to grow ZnO NRs. The growth solution was prepared
by mixing 0.25 mole equimolar concentration of zinc-nitrate-hexahydrate (Zn(NOg3),-6H,0, 99%) and
hexamethylenetetramine (HMTA) (CsH12Ny, 99.5%) in deionized (DI) water. After growth of the the
NRs, the samples were carefully cleaned with acetone, ethanol, and DI water, sequentially.

Sloped etching profiles for the NFI structure, the growth morphology of NRs, and the
processed device structures were examined by plane-view scanning electron microscopy (SEM, 10 kV
S-4800S-Hitachi, Tokyo, Japan). As shown in the top-right inset of Figure 3a, the measured bottom
dimensions of the trapezoidal fins were 170 nm after RIE for the Wp,, of 70 nm. The transmission
electron microscope (TEM, 9500-Hitachi) was used to characterize the cross-sectional view and
crystalline quality of the as-grown NRs. The RT photo-luminescence (PL) emission spectra from
the as grown NRs was obtained by using a He-Cd laser illumination source with a 325 nm wavelength.
Gate areas opened with a trench-shaped pattern inside the dark-shaded Si3Ny passivation and the NRs
grown on them are shown in the plane-view SEM micrographs in Figure 3a,b. An inset (bottom-right)
of Figure 3a shows the morphology of the ZnO NRs grown around the underlying nano-fins in the
gate area of the NFI structures at a magnification of x3000. Across the gate region, 10 fingers of NFIs
are running in parallel, whereas the NRs are grown all the way vertically along the gate area in the MI
structure, as shown in Figure 3b. The SEM image in Figure 3c shows that the NRs exhibit an average
diameter of ~85 nm and a length of ~1.4 um. Figure 3d shows a PL spectrum measured at RT from
the as-grown ZnO NRs employed as a light absorbing structure in this work. PL characterization
at RT is one of the most efficient tools to evaluate the crystalline quality for the WBG ZnO NRs
of a direct band gap property. The spectrum exhibits a strong near band edge emission peak at a
wavelength of ~380 nm, which is mainly associated with the band-to-band excitonic recombination of
ZnO [25]. The near band edge emission intensity was increased about two times with the increase of
the NR aspect ratio (AR, length/diameter) from ~8 to ~16. For this reason, NRs with an AR of ~16
were used in this experiment. Emissions in a visible range (420-650 nm) are due to various form of
intrinsic defects, such as oxygen vacancy, zinc vacancy, and hydrogen and oxygen interstitials [10].
Despite the inevitable intrinsic defects and consequent visible emissions, as observed from most of
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the nano-crystallites grown through the aqueous solution based growth methods, our PL spectrum
reveals fairly good optical properties in our ZnO crystallites compared to those of the NRs grown
using similar methods [2,26,27].

—PL

—
—_
2

Intensity (a.u.)

300 400 500 600 700
Wavelength (nm)

Figure 3. Plane-view SEM images of (a) 70 nm NFI PDs (photodetectors) (x1000) with an enlarged
top-view of the NFI (Wg, = 70 nm) (top-right inset, x5000) and ZnO NR (nanorod) profiles
(bottom-right inset, x3000) and (b) MI PDs (x500) with enlarged ZnO NRs profile (bottom-right
inset, x3000). (¢) Cross-sectional SEM image of the as-grown NRs. Cross-sectional TEM image of the
NRs and SL (seed layer) (top-right inset). Top-view of the NRs (bottom-right inset). (d) RT (room
temperature) PL (photo-luminescence) spectrum of the as-grown ZnO NRs.

A wide band (300-700 nm) Xenon (Xe) lamp was employed as a light source to measure the
photoresponse characteristics of the fabricated devices under optical intensities ranging from 0.5 to
16.5 uW/cm? (100-300 W lamp power). The transient characteristic measurements, according to the
UV light (370 nm) on-and-off transient, were carried out by a programmable light shutter controlled in
our measurement set-up. The transients of the drain current (I4) for the HEMT PDs as a function of
time were recorded in a Keithley source measurement unit with a floating gate configuration at a drain
voltage (V) of 4 V. The spectral response of the PDs was measured by a focused illumination of a
monochromatic light from a wide band (300-1100 nm) Xe-lamp (Ushio UXL-75XE, Ushio Inc., Tokyo,
Japan) light source of a 16.5 uW incident optical power. In this measurement set-up, the responsivity
was measured at a light chopping frequency of 30 Hz using a lock-in amplifier in a series configuration
with drain-source probes for the detection of an amplified change in current. The change of I as
a function of incident light wavelength varying from 300 to 800 nm was recorded under a floating
gate configuration at a Vs of 4 V. To obtain a monochromatic light from the Xe-lamp, a spectral optics
monochromator (CM110 1/8 m) with 2400 lines/mm grating was used.
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3. Sensing Mechanism

As illustrated in the schematics of Figure 4, the UV sensing mechanism of the HEMT based PDs
depends on the chemisorption of oxygen at the surface of NRs and the consequent change in carrier
concentration in underlying 2-DEG. The as-grown crystalline ZnO-NRs are n-type in nature due to
a large number of donor defects, such as hydrogen interstitial and Zn interstitial [28]. Under dark
conditions (no UV light illumination), oxygen molecules (O;) transported from the ambient air to the
ZnO NR surface tend to trap electrons from the conduction band of ZnO and leave behind positively
charged ionized donors in the surface space charge region, while the negatively charged O, molecules
are fixed to the surface of NRs as adsorbed oxygen ions (O, ):

Oy e =05 . @)

This reaction leads to the expansion of the space charge region near the surface of the NRs
due to the depletion of the surface electron states by O, , as depicted in the left of Figure 4a. As
a consequence, the adsorption process gives rise to a negative potential at the gate of our HEMT
based PDs (as shown in the left of Figure 4b,c), thereby dropping the carrier concentration in the
2-DEG channel at the interface of AlGaN/GaN. This process will eventually reduce the conductance of
channel and drain-to-source current (Is) in dark conditions. The Schottky gate (Ni/Au) HEMTs (2 um
gate length, 100 pm gate width) fabricated in our group using the same epitaxial structure and SizNy
passivation showed a threshold voltage (Vg) of ~—3 V [29]. This result demonstrates that our HEMT
devices with an Au/Ni gate electrode are normally on at zero gate voltage Vgs (depletion-mode). We
suppose that the Vry of the HEMTs is given by [30]

@y — AE, — (ensd2> /2¢e ()

where @y, is the Schottky barrier height, AE, is the conduction band offset, e is the electron charge,
ns is the 2-DEG sheet carrier density, d is the barrier layer thickness, and ¢ is the dielectric constant.
Because the difference between the estimated @y, of Ni at the interface with GaN (~1.1 eV) [31] and the
GaN surface band bending (~1.0 eV) [32] in ambient air (fully saturated by O,  in the dark state) is
quite small, it can be reasonably assumed that a significant amount of dark current (Iz,.«) through the
2-DEG channel is unavoidable from our gateless MI HEMT devices under a floating gate condition
due to their normally-on characteristics as shown in Figure 4c.

On the other hand, a different mode of operation is expected for the NFI structure because
the 2-DEG channel region inside the nano-fins is three-dimensionally surrounded by a free surface,
whereon the ZnO NRs are grown with many O,  around the surface in dark conditions, as shown
in Figure 4b. This makes the NFI PDs operate more closely to a normally-off mode (enhancement
mode), thereby exhibiting a much lower 1,4, because the carriers in the 2-DEG region can be highly
depleted, even under the floating gate conditions, due to the surface depletion of the NRs by the
0, . surrounding the extremely small volume of the active region. The same phenomenon was also
observed in the AlGaN/GaN heterojunction FInFETs [33]. With the decrease of Wy, from 200 to 60 nm,
it was observed from the HEMT devices that electron density in the 2-DEG channel at zero Vg rapidly
drops with a positive shift in Vry because of the fringing-field from the side gates depleting the 2-DEG
channel. As a result, the fin-HEMT showed a change in the conduction mechanism from normally-on
to normally-off modes.

Due to light absorption, UV light illumination generates electron-hole pairs near the surface of
the ZnO NRs [34]. The generated holes recombine with the electrons trapped by O, at the surface.
In this way, the O, molecules start to desorb from the surface, as shown in the rlght of Figure 4a.
This phenomenon gives rise to a reduction of negative charge in the gate region, thereby increasing
the carrier concentration in the 2-DEG channel and the drain to the source current (I 1) under UV
illumination, as shown in the right parts of Figure 4b,c.
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Figure 4. Schematic illustrations of (a) oxygen adsorption (left: in the dark) and desorption (right:
under UV illumination) at the surface of ZnO-NRs. Oxygen adsorption (left: in the dark) and desorption
(right: under UV illumination) processes are taking place at the surface of ZnO NRs grown on the
gate areas of (b) NFI and (c) MI PDs. Cross-sectional schematics of each PD structure viewed in y-axis
direction are illustrated; 2-Deg (two-dimensional electron gas).

As long as the response speed of PDs is accounted for, it can be assumed that the response
kinetics upon the UV light on-and-off transient are not controlled by the drift motion of electrons
in the 2-DEG channel but by the adsorption and desorption reaction of O, on the ZnO NR surface.
This result occurs because the mobility of the electrons confined two-dimensionally in the channel
region (~1750 em? V—1s71) [33,35] is so fast that the carrier channel transit time cannot be a bottleneck
parameter controlling the whole sensor response speed. As proposed in our previous study, the rate of
charge change dQ/dt can be given by [35]:

dQ/dt = —ueP? ©)
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where & and B are the constants. By numerically solving Equation (3), it can be determined that
one critical parameter affecting the response time is the gate area. From the calculations based on
this model, the response (or recovery) time increases with the increase of gate area caused by the
consequent increase of the total gate charge. We have much smaller gate capacitance in the NFI PD
structure than in the MI structure; therefore, a faster response speed upon UV transient illumination
can be expected from the NFI structure.

Spectral responsivity R, which can be defined as a ratio of Iypeto — Laark to the incident optical
power P;, is one of the key measures to evaluate the performance of PDs. As reported in our previous
studies [19,35], a significant enhancement in R was shown from the NR-gated PDs due to a vast surface
area of the ZnO nanostructure and a much higher surface-to-volume ratio than that of the planar ZnO
thin film gate structure. In our HEMT-based PDs, the R can be also significantly influenced by the gain
characteristic for the HEMT, which can be expressed by the change of It according to the change of
light power irradiating on the gate area.

4. Results and Discussion

Figure 5a shows the equivalent electrical circuit diagram of both MI and NFI devices, where MI
PD is illustrated as a normally-on transistor while the NFI PD is a normally-off transistor. To examine
the characteristic difference of UV responses from the two different PD structures, we first measured I ;5
in dark conditions (I44rx) and under UV illumination (Iynet0) at drain voltage (Vs), ranging from 0-5 V.
UV light exposure was provided from an Xe lamp, operating at 300 W power, with a monochromatic
light filter at 370 nm. This UV source produced an incident light intensity of 16 pW /cm?, as measured
by a power meter. Figure 5b demonstrates that our MI PD exhibits a high Iz of ~10 mA/mm at a
Vgs of 4 V due to the enhancement-mode operation, as discussed in the previous section. In the case
of NFI PDs, significantly reduced values of Is (~0.19 and ~0.27 mA /mm for Wp;, of 70 and 80 nm,
respectively) were measured ata Vs of 4 V.
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Figure 5. Photoresponse of MI and NFI PDs. (a) Equivalent electrical circuits of MI (left) and NFI
devices (right). (b) Measured I4s versus Vys and (c) on-off current ratio (Ipnoto/Idark) of MI and NFI
PDs. Time resolved photoresponse characteristics of (d) NFI and (e) MI PDs (Vs = 4 V). (f) Magnified
views of transient characteristics of NFI (left) and MI (right) PDs.

The performance of PDs can be evaluated by few important parameters, such as spectral
responsivity R, photoconductive gain G, specific detectivity D*, and sensitivity S [36]. Despite the high
R nature of our MI HEMT-based PDs, this high I5,, of the MI structure can critically deteriorate the
photo-sensitivity performance associated with S, which is given by (Iphoto — Liark)/Lark), or the on-off
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current ratio (Ipnoto/ Laark), as well as D*. As shown in Figure 5¢, much improved on-off current ratios
(290~340) were recorded from the NFI PDs compared to those of the MI devices (~4). This result is
mainly due to the suppression of I, caused by the fully depleted 2-DEG channel of the NFI devices
in dark conditions.

The high-speed transient characteristic of the UV PD is one of the key factors for real-time
application. Specific cases, such as the non-invasive assessment of cancer cells by optical biopsy [37],
require ultra-fast PDs with response and recovery time in the order of a few milliseconds. To assess
the photocurrent transient of the fabricated devices, the change in I;5 as a function of the on-and-off
of the UV light exposure time was measured using a programmable shutter. Figure 5d,e shows that
both the NFI and MI PDs produce sharp increases in I5; upon UV illumination and a slower fall-off
upon termination of UV exposure. The NFI device with a 70 nm Wy, showed the fastest rise-up
time (or UV response time) and fall-off time (or recovery time) of 0.21 and 1.05 s, respectively. We
hereafter define the rise-up and fall-off time as the time intervals for I;s to ramp up to 90% of the
maximum saturation value after UV turn-on and to ramp down by 90% from the maximum value
after UV-off. On the other hand, the MI device showed much slower response and recovery times of
~0.71 s and ~1.84 s, respectively. This significant improvement in response speed of the NFI device is
due to the minimized dimension of gate area where the light absorption takes place; therefore, less
time is required to complete the O, adsorption-desorption process in the smaller area of the NFI PDs
than in the larger area of the MI device, as discussed in the previous section. The ZnO NR based
photoconductive PDs [26,38] still show a long recovery time on a seconds scale, even though a great
amount of research effort has been made on enhancing the response speed of these passive PDs. UV
PDs based on ZnO nanowire networks with Pt contacts have been fabricated on glass substrates by
exhibiting a fast recovery time of 0.2 s with a high photosensitivity (~5 x 10%) at 365 nm [39]. The fastest
UV PDs of GaN-based metal-semiconductor-metal, p-i-n, or metal Schottky barrier devices [6] have
shown extremely high speed (from microseconds to picoseconds) and low-noise capabilities. However,
PDs of these GaN-based structures, developed specially to improve the UV response characteristics,
exhibit a very low spectral responsivity of less than 1 A/W [8].

Figure 6a shows the schematic illustration of PD before and after the growth of the ZnO NRs.
Shown in Figure 6b,c are the measured I, values of the two different device structures before and
after NR growths on the gate region. For the MI PDs, the dark currents were significantly reduced by
the attachment of NRs on the gate region. However, the I, values measured over the entire drain
voltage range were still very high (~10 mA /mm) due to the incomplete depletion of the 2-DEG channel
in a large volume of the active region. The measured I« of the NFI PDs before the NR growth were
very high, reaching up to ~560 mA /mm, but they rapidly dropped to a very low level of ~hundreds
of A /mm by the attachment of NRs. This result reveals that both the surface depletion effect in the
small volume of an active region and the attachment of the NRs with many O; _ on their surfaces lead
to the formation of a fully-depleted 2-DEG channel in the NFI structure.
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Figure 6. (a) Schematic illustration of NR-gated PD and Gateless PD. Measured I3, of MI (b) and NFI
(c) device structure before (gateless) and after NR growths (NR-gated).
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The performance of the PDs can be also assessed by spectral responsivity R and specific detectivity
D*, which are expressed in the following equations [36]:

Iphuto — Laark
P;

D+ = VAR/ /241t 5)

where A is the active area of device, g is the electron charge, and P; is the radiant light power incident
on the active area of the device. The responsivities of our PDs were measured using an incident light
intensity of 16 uW/ cm? with an effective area of 2.4 x 2.4 mm?2. NFI PDs showed an extremely high
responsivity of ~3.2 x 107 A/W at 340 nm, which is the best performance among any solid-state
PDs reported to date [40-44], and even ~100 times higher than that (~2 x 10° A/W at 340 nm) of the
MI device, as shown in the right of Figure 7a. This improvement in responsivity of the NFI PD is
attributed to a higher photonic transconductance (hereafter, we call it g, pnoto) characteristic of our
HEMT-based PDs, which represents the ratio of the photocurrent change at the drain terminal to the
change in incident optical power at the gate terminal. We define the g, pioto as following.
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Figure 7. (a) Specific detectivity (left) and spectral responsivity (right) as functions of radiant light

wavelength measured from NFI and MI UV detectors. (b) Ipnoto versus P; of the NFI (left) and MI
(right) PDs measured at Vg of 5 V.
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To calculate the g pnoto values of the two different device structures, the I o0 values were
measured at various optical intensities, varying from 0.5 to 16 uW/cm? at a Vg of 5 V. Shown in
Figure 7b is the measured I,pot0 versus P; from the MI and NFI PDs. The estimated g, pnoto Values
for the NFI and MI PDs were 3.63 x 108 and 2.58 x 10° A/W, respectively. Even though this g, pnoto
parameter does not directly represent the gain (g, = Alzs/AVys) characteristics of the field-effect
transistors, it can be used as a performance measure to estimate the gain characteristic of our gateless
HEMT PDs, because the change of incident optical power is directly associated with the virtual AV
induced by the change in numbers of O; 545 on the ZnO NR surface under the illumination of UV light.

FinFET technology has recently shown a major increase in adoption of use within Si integrated
circuits. The advantages of a FINFET structure, even though there are a number of subtly different
forms, can be numerous, but they are basically based on “channel controllability” in a nano-scale
channel-length regime of FETs [45]. Furthermore, Si-based FINFETs have shown a significant
enhancement in the dependence of I;s on Vg, at any applied bias in the sub- and near-threshold regimes
by the superior electrostatics of the device architecture [46]. Normally-off Al;O3/GaN metal-insulator
FINFETSs (Wp;, = 50 nm, 1 pm gate length) also showed very high maximum Is, gm, and maximum
field-effect mobility of 1.51 A/mm, 580 mS/mm, and 293 cm?V-1 respectlvely, due to the more
effective increase of 2-DEG electron concentration and higher electron mobility by enhanced gate
controllability than the planar devices [47,48]. The superior performance of R in our NFI PDs is most
likely attributed to this enhancement of “gate controllability” screening the field lines effectively from
the interface traps or the defects near the 2-DEG channel, thereby reducing the electron scattering in
the GaN channel.

The D* of a PD, as defined in Equation (5), is also an important figure of merits used to describe
performance. The NFI PDs of 70 nm Wg;, exhibited a maximum D* of ~3.2 x 102 Jones (cm-Hzfl/ 2/W)
at 340 nm, which is four orders of magnitude higher than that of MI PDs (~4 x 10® Jones), as shown in
the left of Figure 7a, which is mainly due to the very low I, of the NFI structure. A very high D* up
to a value of 1.4 x 10'° Jones [14] was reported from the ZnO NRs based UV PDs. However, the R
achieved by this device was much lower (~10° A/W) than that of PDs.

5. Conclusions

Most of the performance parameters, such as R, D*, on-off current ratio, and response speed,
were all significantly improved by employing the NFI structure for the AlGaN/GaN HEMT based
UV PDs with a ZnO NR UV-absorbing structure. The NFI PD, especially, exhibited an extremely
high R of ~3.2 x 107 A/W. This performance enhancement was due to the subsequent characteristic
change of the gateless HEMTs, induced by the reduction of Wy, to 70-80 nm. The NFI structure
significantly improved the gain characteristics caused by enhanced gate controllability in nano-fin
channels beyond the inherent high performance in conversion efficiency of the photon to electron-hole
pair generation due to the large surface-to-volume ratio of the ZnO NRs grown in the active region.
As the width of the 2-DEG channel is reduced by the NFI profile, the side-wall surface depletion
in nano-fins and the attachment of NRs with numerous O,  on the surface of the NRs lead to the
formation of a fully-depleted 2-DEG channel and pushed the VTH to a positive value. The measured
high on-off current ratio and D* are mainly due to this normally-off operation of the NFI PD structure.
An improvement in response speed of the PDs is associated with the minimized dimension of the gate
area and the resulting gate capacitance of the NFI structure, where much less time for charging or
discharging is required for the O, adsorption-desorption process. The fabricated PDs also showed
a linear dependence of photocurrent on the input light intensity in a range of 0.5-16.5 puW/cm?,
regardless of device structure. The measured g pnoto value for the NFI PDs of 70 nm Wy, was
3.63 x 10% A/W, which was ~100 times greater than that of the MI PDs.
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Abstract: Porous Si-5i0, UV microcavities are used to modulate a broad responsivity photodetector
(GVGR-T10GD) with a detection range from 300 to 510 nm. The UV microcavity filters modified
the responsivity at short wavelengths, while in the visible range the filters only attenuated the
responsivity. All microcavities had a localized mode close to 360 nm in the UV-A range, and this
meant that porous Si-SiO;, filters cut off the photodetection range of the photodetector from 300 to
350 nm, where microcavities showed low transmission. In the short-wavelength range, the photons
were absorbed and did not contribute to the photocurrent. Therefore, the density of recombination
centers was very high, and the photodetector sensitivity with a filter was lower than the photodetector
without a filter. The maximum transmission measured at the localized mode (between 356 and 364
nm) was dominant in the UV-A range and enabled the flow of high energy photons. Moreover,
the filters favored light transmission with a wavelength from 390 nm to 510 nm, where photons
contributed to the photocurrent. Our filters made the photodetector more selective inside the specific
UV range of wavelengths. This was a novel result to the best of our knowledge.

Keywords: photonic nanoscience; nanotechnology; porous Si-SiO,; UV filters; responsivity

1. Introduction

Porous silicon (PS) is a promising material for many different applications, such as solar
cells, specifically as anti-reflection coating [1], chemical sensing [2,3], biomedical applications [4],
biosensing [5,6], as a photodetector [7], or light-emitting diode [8]. The anti-reflection coating (ARC)
reduces reflection losses thereby increasing the photocurrent and efficiency in solar cells [9-12].
A microcavity filter (MF) obtained in the IR range has been used as the ARC, where the maximum
transmission at the localized mode wavelength was 95.2%, with a minimum reflectance of 4.8% at the
same wavelength. The PS ARC was deposited onto a solar cell, where the entire surface of the solar
cell was covered, and its external quantum efficiency (EQE) was measured, with and without the MF.
The EQE at different wavelengths matched the shape of the MF transmission spectra [9]. ARCs are
used to convert down the higher energy solar radiation into a wide range of light spectra, which is
absorbed more efficiently into bulk Si [10]. In another interesting application, silver nanoparticles were
infiltrated within a porous silicon photonic crystal to detect the trace of explosives (Rhodamine 6G dye
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and Picric acid explosives) using surface-enhanced Raman scattering [13]. Recently, porous silicon
nanoparticles (PSN) have been used for the tunable delivery of camptothecin, a small therapeutic
molecule, where PSN acted as a therapeutics nanocarrier into the electrospun composite of poly
fibers [14]. Additionally, mesoporous Si has been investigated for applications in biology and medicine,
and an example is a porous silicon container employed to enclose the drug and release it in a controlled
manner [15]. Previously, PS MFs have been fabricated to work as red-infrared filters coupled with
a silicon photodetector, where the localized mode can be tuned by changing the optical path of the
defect layer [16]. The reflectivity at the localized mode wavelength also increases. This effect occurs
because PS has less absorption at long wavelengths [16,17]. This kind of filter can be lifted off from the
Si substrate creating a free-standing PS MF. This MF can be transferred to another substrate such as
quartz and glass [18,19]. Infrared long-wave pass and short-wave pass filters based in macroporous
Si have been investigated [20]; they can be used together to suppress the radiation from shorter
wavelengths. Consequently, the signal-to-noise performance of detectors may improve [18]. Moreover,
luminescent silicon quantum dots embedded in free-standing PS and PS MFs infiltered with CdSe/ZnS
and AgInS,/ZnS quantum dots have been reported [21-23]. The localized mode of the PS MF was
tuned experimentally to match the emission spectra of CdSe/Zn and AgInS,/ZnS quantum dots to
achieve enhanced photoluminescence. The authors mentioned that the localized mode of the MF
modulated the photoluminescence of the quantum dots [22,23]; where electrical and thermal tuning
of localized modes could also be achieved by infiltrating liquid crystals in PS MFs [24]. PS was also
utilized as an anode for fast charge-discharge in lithium-ion batteries [25,26], and it was found that
laser carbonization and wet oxidation PS structures had memristive properties. The first memristor
showed properties of plasticity and short/long term memory, whereas the second exhibited strong
filamentary-type resistance switching; and they have been used as two terminal resistive memory
cells [27].

As the reader already noticed, PS is a versatile material, and herein, we will focus on the
optical properties of PS, which allow the design of various kinds of interference filters in a broad
range of wavelengths. Among these designs, we found rugate filters [28,29], Fibonacci filters [30],
Bragg reflectors filters (BRF) [31,32], and MFs [33]. However, many drawbacks have been found in
these filters, such as high chemical instability, high photon losses due to light absorption, and scattering
in the visible and UV ranges. Some solutions to these problems have been identified by carrying
out dry oxidation in PS structures [32,34], and recently it has been possible to manufacture porous
Si-Si0O; filters (BRF and MF) in the UV range [34-36]. Our specific goal is integrating a PS MF in a
photodetector to enlarge the responsivity spectrum bandwidth. In the past, the integration of different
PS bandpass filters in Si photodetectors was attainable to achieve different filtering effects. It was
possible to tune the responsivity spectrum from green to the near-infrared range obtaining all-Si
color-sensitive photodetectors in that wavelength interval but with no below the green range [16,31,37].
It has been reported that UV filters based in multilayer stacks show substantial drawbacks in the deep
UV spectral range due to the limited number of transparent materials within that range. They have
been proposed as an alternative to extending optoelectronic technology towards the UV spectral range;
for instance, PS filters based on macroporous silicon and low-pressure chemical vapor deposition were
tested for many solar-blind applications such as electrical spark imaging and non-line of sight (NLOS)
UV optical communications [18,38]. Following the same line of thought of extending silicon-based
selective filters towards the UV spectral range; in this work, porous Si-SiO, microcavities were used
to modulate the responsivity of a broad photodetector with a detection range from 300 to 510 nm.
The porous Si-SiO, microcavities made the photodetector more selective in the UV range; and all
microcavities had a localized mode close to 360 nm in the UV-A range. The maximum transmission
at the localized mode wavelength (360 nm) was dominant in the UV-A range, allowing high energy
photons to pass and produce a maximum peak in the photodetector.
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This work is divided as follows: In Section 2, we give some technical details for materials and
methods. Section 3 describes the results and their discussion. Finally, in Section 4, we present
some conclusions.

2. Materials and Methods

2.1. Porous Silicon Microcavities Filters

PS microcavities filters were fabricated using p-type Si wafers, with (100) orientation and electrical
resistivity between the range 0.01-0.02 (2 cm. The microcavities were etched anodically in an aqueous
electrolyte based in HF and ethanol with a volume ratio of 1:1. Before etching, the Si wafers were
cleaned with HF and ethanol for 5 min to remove the native oxide. A Keithley 2460 current source
controlled by a laptop was employed to deliver a current profile for the microcavities formation,
where the current profile consisted of switching two different current pulses, with each current pulse
producing low/high porosity layers that respectively corresponded to the low/high refractive index
layers. This process produced a stack of layers with specific refractive indexes, while anodization time
determined the thickness of the layers. A pause of 3 s was introduced between each current pulse to
prevent any porosity gradient.

Anodization etching included low/high current pulses of 5 mA/cm? and 80 mA/cm? to obtain
layers with porosities of 39% and 64%, respectively. Meanwhile, the anodization times of 4.1 and 1.1
s were applied to form the first and second porous layers, and finally a third porous layer (defect)
was built-in using a current pulse of 80 mA/cm? for 2.2 s. The PS microcavities filters were detached
from the Si substrates using the same aqueous electrolyte before mentioned, but a high current density
(450 mA/cm?) was applied for 2 s. This process created a free-standing PS microcavity filter, which was
transferred to a quartz substrate. All samples were rinsed with ethanol and dried at room temperature
after the anodization process.

2.2. Dry Oxidation in PS Microcavities Filters

Microcavities filters were systematically oxidized using two stages of dry oxidation. In the first
stage, a temperature of 350 °C for 30 min was used. In the second stage the oxidation temperature was
increased to 900 °C for 1 h. During the oxidation process, the oxygen flow was changed from 1.15 to
4.52 SLPM (standard liter per minute) to observe any change in the microcavity optical response. The
reasons behind the two dry oxidation steps were: the first step was a low-temperature pre-oxidation
needed to equilibrate the silicon structure. That is, this step prevented the aggregation of the pores
during further treatments at higher temperatures. The second step was applied to grow an oxide layer
of greater thickness than that obtained in the last oxidation step. The layer thickness is higher than the
natural native oxide grown in the environment resulting in the consolidation of SiO,.

Transmittance and reflectance spectra measurements were carried out before and after dry
oxidation with a Varian (Agilent Technologies, CA, USA) UV-Vis-NIR spectrophotometer at normal
incidence, and 20° from 200 to 800 nm. The cross-section SEM images of an oxidized microcavity was
obtained using a JEOL-JSM7600F (Jeol, MA, USA).

2.3. Photocurrent Modulation by Porous Si-SiO, Microcavities Filters

The photodetector employed to modulate its responsivity was a GVGR-T10GD (Electro Optical
Components Inc., CA, USA) based in indium gallium nitride with a spectral detection range from
300 to 510 nm. In the experimental process, an optical chopper SR540 (Stanford Research Systems
Inc., CA, USA) with a frequency of 287 Hz was used to cut off the light coming from the Xenon lamp
6254 (Oriel Corporation, CT, USA), concentrated at the input of a monochromator. A lens was used to
focus the output light from the chopper, on the photodetector. The PS microcavity filter was placed
before the photodetector, which was polarized with 5 volts using a Keithley 2460 source (Keithley,
OHIO, USA), and then the photodetector photocurrent inputted a Look-in amplifier SR-530 (Stanford
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Research Systems, CA, USA)). The filtered and amplified photocurrent versus light wavelength (from
276 to 536 nm) was displayed in a PC. The experimental set-up is shown in Figure 1.
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Figure 1. Experimental set-up used to obtain the responsivity of a commercial photodetector with
different porous silicon (PS) microcavity filters (up panel). The bottom panel shows the scheme and
cross-section SEM images of an oxidized microcavity filter with a total thickness of 1.92 um.

2.4. Theoretical Mechanism to Modulate the Responsivity of a Broadband Photodetector in the UV Optical
Range with Porous Si-SiO, Microcavities

In an ideal photodetector, its responsivity is proportional to the input light power being the
proportional factor, the so-called quantum efficiency 1, which is a function of the light reflection R at
the surface, the fraction of electron-hole pairs that contribute effectively to the photocurrent C, the light
absorption in the bulk of the material a, the photodetector depth d, and the light wavelength.

Herein, we proposed to modulate the responsivity of a commercial photodetector by changing R.
This was done by adding a microcavity filter, where the spectral reflection response of the microcavity
filter modifies the original reflection spectral response at the surface of the commercial photodetector
completely. The microcavity filter reflection depends on the high and low refractive indexes and
thickness values, as well as the refractive index and thickness of the defect layer values. Initially, the
microcavities are made of PS to filter out blue light. This means that the layers’ refractive index values,
controlled by the porosities and in which the crystalline silicon nanostructures remains, were chosen to
respond in that particular region of the light spectrum. However, our primary goal was to achieve
responsivity modulation within the UV region using a silicon-based filter. We cannot use the sensitive
blue light microcavities for that purpose because the crystalline silicon nanostructures strongly absorb
light within the UV and blue regions. This absorption process is equivalent to having a 100% reflection
at the photodetector surface. Thus, the quantum efficiency, and consequently, the responsivity, tends
to zero. The oxidation process helps to avoid this problem in two ways: first, since there is a phase
change, from crystalline silicon to silicon dioxide, the layers’ refractive index values decrease, pushing
the filter response towards the UV region. Second, there is much less light absorption in the UV
band. The oxygen flow value determines the concentration of silicon dioxide, followed by the layer’s
refractive index values, and consequently, the spectral response of the filter. More specifically, the
filters spectral response contains a unique photonic state known as a localized state represented as a
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resonant peak in the reflection spectrum. It is a state that drastically modifies the responsivity, and
therefore, it is the flow of oxygen that determines the final position of the localized state along with its

reflection amplitude.
3. Results and Discussion

3.1. Porous Silicon Microcavities Filters in the Blue Range

The averaged theoretical (red line) and experimental (black line) reflection (broken line) and
transmission (solid) spectra from the PS microcavities filters are depicted in Figure 2a. This corresponded
to the average measurements of transmittance and reflectance spectrum from four microcavities. All
four MCs were designed to show a localized mode in the same wavelength (590 nm). Experimental
transmission and reflection measurements of the microcavities were taken using a UV-VIS-NIR
spectrophotometer in the wavelength range from 200 to 800 nm. The transmission spectrum was
measured at normal incidence and reflectance spectrum of the same microcavities was obtained at 20°.
Meanwhile, theoretical transmission and reflection spectrum were obtained using the matrix method.
This method is well known (Supplementary Materials) for obtaining the theoretical spectrums that we
considered the angle measurements taken with the UV-VIS-NIR spectrophotometer.
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Figure 2. Experimental averaged transmission and reflection spectra of four microcavities compared to
its theoretical spectra. (a) The theoretical (red line) and experimental (black line) averaged reflection
and transmission spectra for four unoxidized microcavities obtained in the blue optical range; (b) the
averaged band structure of the same microcavities. (c,d) are the comparison of the averaged theoretical
and experimental defect mode locations. In (d), two angles of incidence (zero and 20 degrees)

were considered.

The theoretical reflection spectrum of the microcavity predicts more reflection in the UV range
than its experimental counterpart, while the theoretical and experimental transmission spectra matched
very well. Moreover, the light transmission was low in the UV-VIS range due to strong absorption of Si.
The localized mode of the microcavity was located at 490 nm and exhibited a maximum transmission
peak of 4%, while that in the visible range from 555 to 800 nm showed high light transmission. This
result was because PS had small absorption losses in this range of the electromagnetic spectrum,
where the primary photon loss was light scattering. When the reflection spectrum of the microcavity
was taken at 20°, the position of the localized mode changed, and it shifted towards high energies
(483 nm). It could also be observed in the theoretical reflection spectrum. Figure 2b shows the averaged
photonic bandgap (PBG) of an unoxidized microcavity. It was obtained using the dispersion relation
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inside the first Broullin zone. We calculated it only in one dimension and both measurement angles
were considered, which were mentioned before.

We obtained the defect frequency can be obtained using a combination of the transfer matrix
technique and variational methods. The defect modes are represented by the maximum peak of
transmission in the microcavities [39,40]. When the symmetry of the photonic structure is broken up
by a defect layer, it is possible to have a confined state, where photons are trapped and cannot escape,
being confined inside the bandgap. We calculated the defect mode frequency for an antisymmetric
state because our photonic structures were built as follows:

(HL)sL(HL);

Our antisymmetric photonic structures based on PS and porous Si-SiO, consisted of 31 layers,
alternating between high refractive and low refractive indexes, with a low refractive index defect layer,
and where the structure was surrounded by air.

The averaged theoretical defect mode frequency location is shown in Figure 2d, where it is
compared with the averaged transmission and reflection spectra (Figure 2c). The defect mode is shown
as a transmission maximum or as a reflection minimum at a specific wavelength between the photonic
bandgap (PBG) edges. The variational method defect mode location was 18 nm off, concerning the
experimental result from the reflection measurements, which was taken at 20 degrees. In this case,
the defect mode location is depicted in Figure 2d (red broken line). Using the same variational method,
the defect mode location was 16 nm off for the experimental transmission spectrum, which was taken
at normal incidence. The localized mode is shown in Figure 2d (black broken line). The transfer matrix
method predicted the same position as the experimental result. Both theoretical methods showed good
agreement with the experiments.

3.2. Porous Si-SO, Microcavities Filters in the UV

Averaged transmission (solid line) and reflection (broken line) spectra from porous Si-SiO,
microcavities filters are depicted in Figure 3a. The theoretical (red line) and experimental (black line)
spectrum showed a good fit. The theoretical spectra were obtained by the transfer matrix (Supplementary
Materials) considering both measurement angles, where one was 0°, which corresponded to the
transmission measurements, and the other was 20°, considered for the reflection measurements. The
microcavity to the left was first oxidized at 350 °C for 30 min and then at 900 °C for 1 hr, and the
oxygen flow was 1.15 SLPM (standard liter per minute). The microcavity shown to the right was
oxidized using the same temperature and oxidation time mentioned above. In this case, an oxidation
flow of 2.21 SLPM was applied. The microcavity MF2 exhibited a maximum transmission amplitude
of 70%, and the microcavity MF3 showed a maximum transmission amplitude of 57% in the localized
mode wavelength, which indicated that the microcavity ME3 had more absorption losses than the
microcavity MF3. Porous Si-SiO; microcavities filters in Figure 3a show a transmission maximum peak
(356 and 364 nm) and a reflection minimum peak (349 nm) in the UV range. We observed a mismatch
between both peaks because the measurements were taken at different incidence angles.

Figure 3c shows the averaged transmission and reflection spectrum from UV filters compared to
the defect mode location obtained with the variational method (Figure 3d). The defect mode location
corresponding to the reflection spectrum was 4 nm off using the variational method, which is shown in
Figure 3d (red broken line). The position of the defect mode obtained from the variational method
(black broken line, Figure 3d) was 9 nm off for the transmission spectrum, as compared to what was
predicted using the transfer matrix method.

110



Nanomaterials 2020, 10, 222

1]
)

®
=

2}
=]

Transmittance,
Reflectance (%)
8 8

200 300 400 500 600 700 800 200 300 400 500 600 700 800
100

71 o

Reflectance (%)

Transmittance,

et i

h(w), k(w)

T i : 2 I :
030335 240 345 350 365 30 335 340 345 350 355 30 365 370
Wavelength (nm) Wavelength (nm)

Figure 3. The averaged theoretical and experimental transmission and reflection spectra of two
UV microcavities filters, with the averaged photonic bandgap and defect mode locations. (a) The
averaged theoretical (red line) and experimental (black line) reflection (broken line) and transmission
(solid line) spectra of oxidized microcavities obtained in the UV range; (b) the averaged photonic
bandgap structure (empty box) of the microcavities. (c,d) show the comparison of the averaged
theoretical and experimental defect mode locations. In (d), two angles of incidence (zero and 20 degrees)
were considered.

Figure 4a depicts the averaged theoretical (red line) and experimental (black line) transmission
(solid line) and reflection (broken line) spectra of two oxidized MEF. In this case, the porous Si-SiO,
microcavity filter MF4 showed a maximum transmission peak (368 nm) in the UV range, with an
amplitude of 42%. Meanwhile, the microcavity MF5 displayed a maximum transmission peak at
369 nm, with an amplitude of 21% (red and black solid lines). A reflection minimum peak (349 nm) is
also shown in both microcavities (red and black broken lines). The maximum transmission peaks were
less intense than the microcavities shown in Figure 3. Here, the same temperature and oxidation time
were employed to obtain the UV filters, but the oxygen flow applied for sample MF4 was 3.39 SLPM,
while for sample MF5, it was 4.52 SLPM. The oxygen flow was increased gradually.
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Figure 4. The averaged theoretical and experimental reflection and transmission spectrum of another
two UV microcavities filters. Additionally, its averaged photonic bandgap and the defect mode
locations are depicted. (a) The averaged theoretical (red line) and experimental (black line) reflection
(broken line) and transmission (solid line) spectra of oxidized microcavities obtained in the UV range;
(b) the averaged photonic bandgap structure (empty box) of the microcavities. (c,d) are the comparison
between the averaged theoretical and experimental defect mode locations. In (d), two angles of
incidence (zero and 20 degrees) were considered.

Figure 4c,d shows the averaged theoretical (red line) and experimental (black line) reflection
(broken line) and transmission (solid line) spectra near to the defect mode location. The variational
method was employed to obtain the defect mode location between the PBG edges. The broken red
plots (Figure 4d) corresponded to the defect mode position of the microcavities measured at 20°. The
defect mode locations of microcavities measured at normal incidence are depicted as broken black lines
in Figure 4d. There was a mismatch between the defect mode position calculated using the transfer
matrix and the variational method.

3.3. Refractive Index of Porous Silicon and Porous Si-SiO;

The complex refractive index (refractive index and extinction coefficient) of the PS was obtained
using the effective medium approximation Maxwell-Garnett. For porous Si-SiO,, we used a
three-component model developed from the J.E. Lugo model. Figure 5a,b shows the refractive index
values, and Figure 5¢,d depicts the extinction coefficient values of PS and Porous SiO,, respectively,
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obtained from both models. The continuous lines in Figure 5a correspond to a high refractive index
(red line) and a low refractive index (blue line) for PS. Their extinction coefficients are displayed with
dotted lines (red and blue) in Figure 5c, where these values were used to fabricate PS microcavities
filters in the blue range. The continuous lines of different colors in Figure 5b between 1.45 and 1.6,
and the green line with values between 1.35 and 1.5, represent high and low refractive indexes for the
porous Si-SiO; layers (see Figure 5b). Their corresponding extinction coefficients are shown below
the value of 0.1 (dotted lines) in Figure 5d. The vertical black dotted lines that intersect the complex
refractive index components (Figure 5) indicate the exact values utilized to design MF in the blue and
UV range.
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Figure 5. Theoretical values of the complex refractive index for PS layers and porous Si-SiO, layers.
(a,b) shows the refractive index values for PS and porous Si-S5iO,, and (c,d) depicts the extinction
coefficient values of PS and Porous Si-SiO5, respectively, obtained from both models.

Figure 5 shows the refractive index and extinction coefficient are high when the PS is not oxidized.
Meanwhile, the complex refractive index component values for porous Si-SiO, are lower than the PS
values. The growth of SiO; inside PS layers decreased the refractive index and extinction coefficient.
Moreover, during the PS layers’ oxidation process, some air and Si fractions were replaced by SiO,,
causing a lattice expansion and a decrement on the layer’s porosity, as shown in Table 1.

Table 1. Theoretical values of porosity before and after dry oxidation, thickness, Si fraction, and oxide
fraction of five microcavities.
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Knowing the refractive index of each layer that made up the microcavity allowed estimation of
the theoretical thickness of each layer by fitting the theoretical transmission and the reflection spectrum
(applying the matrix method) with its experimental result. The thickness values displayed in Table 1
correspond to theoretical thickness for different microcavities. On the other hand, an increase in the
thickness for the oxidized microcavities (MF2, MF3, MF4, and MF5) was shown after dry oxidation
compared to the thickness of the unoxidized microcavity (MF2).

Additionally, the thickness of an oxidized microcavity was obtained using SEM measurements.
Figure 1 (down panel) shows where the porous Si-S5iO, UV filter has a total thickness of 1.92 um and it
can observe a defect between two BRF. The light gray thickness (dy = 48 nm) corresponds to layers
with high refractive index (low porosity) and the dark gray thickness (dy = 75 nm) depicts the layers
with low refractive index (high porosity). Meanwhile, the defect in the microcavity had twice the
thickness of the high porosity layer. The thickness found using both methods showed a difference of a
few nanometers, and both results give an approximate thickness value for each layer of an oxidized
microcavity filter.

Furthermore, the optical path was modified by decreasing the refractive index and increasing the
physical thickness. Finally, the vertical black dotted lines that intersected with the complex refractive
index components (Figure 5) indicated the exact values utilized to design MF in the blue and UV range.

3.4. Optical Losses Due to Light Absorption

Optical losses in the VIS and UV range due to light absorption are found frequently in PS. This
absorption loss impedes the fabrication of PS filters in the UV range, but these losses can be decreased
if the PS structure is thermally oxidized in an oxygen environment [35,36]. Figure 6 (MF1) shows
the theoretical (a) and experimental (b) absorbance spectrum of five microcavities. As observed,
the absorption was dominant in the VIS and UV range, while in the infrared range, the absorption did
not play an important role. It has been reported that optical losses are mainly due to dispersion in
the infrared range [41,42]. Moreover, Figure 6a (MF2-MF5) shows the theoretical absorption spectra
of four oxidized PS MCs. Figure 6b displays the experimental absorption spectra of the same four
oxidized PS MCs filters using different oxygen flows. These plots showed an absorption increase when
the oxygen flow builds up. The average absorbance spectra of the oxidized microcavities showed
less optical losses due to absorption. Their amplitude decreased more than 70% in the UV range and
almost disappeared within the VIS range after dry oxidation. We obtained a good fit between the
theoretical and experimental absorption spectra in the VIS and UV range.

These results showed that the defect mode of the PS microcavities filters had a wavelength shift
of 134 nm to lower wavelengths when the PS microcavities were oxidized. It also had a wavelength
shift of 13 nm to lower wavelengths when a maximum oxygen flow of 4.52 SLPM was applied.
Increasing the oxygen flow made the porous Si-5iO; microcavities exhibit less amplitude in the
transmission and reflection spectrum inside the UV range. High oxygen flow did not allow oxygen
particles to incorporate into the PS structure. Thus, there was less SiO, formation and consequently,
optical absorption increased. Besides, a decrease of the PBG bandwidth was achieved by incorporating
Si0; within the PS microcavities. This bandwidth decrease happened because there was less contrast
between the high refractive index and the low refractive index of the porous Si-SiO, layers.
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Figure 6. Theoretical (a) and experimental (b) absorption spectra of MFs in the blue and UV range.
(c-up) Four unoxidized PS microcavities on a quartz substrate. (c-bottom) Four oxidized porous
SiO, microcavities.

3.5. Photocurrent and Responsivity Measurements of a Commercial Photodetector without and with Filters

Porous Si-5i0; UV microcavities filters were used to modulate the photocurrent of a broad
photodetector (GVGR-T10GD) with a detection range from 300 to 510 nm. Figure 7 depicts the
measured photocurrent of a commercial photodetector (gray line) without and with filters (black, red,
blue, pink lines). The MF produced a photocurrent maximum in the UV range, which corresponded
to the localized mode of the porous Si-SiO, microcavity filters positioned between 356 and 364 nm.
This meant that porous Si-SiO; filters cut off the photocurrent range from 300 to 350 nm. Therefore, in
the short-wavelength range, the photons were absorbed and did not contribute to the photocurrent,
whereas in the VIS range, photons with wavelength light from 390 to 510 nm were allowed to pass
and they contributed to increasing the photocurrent. Besides, all photocurrent spectra modulated
with porous Si-SiO, microcavities showed a decline in the UV range, which was attributed to the
transmission amplitude of the microcavity as it decreased when the oxygen flow increased.

Figure 7b shows the normalized photocurrents of a commercial photodetector modulated with
porous Si-S5iO; microcavities filters. We observed that the photocurrent peak at the localized mode
wavelength decreased when the filters with less transmission amplitude were used.

Spectra responsivities were obtained using a 150 W Xenon arc lamp as a light source and a
monochromator with a light wavelength from 300 to 510 nm at 5 V applied bias. Thus, we calculated
the responsivity from:

Loh
R= Pinc (1)
where R is the responsivity of the modulate photodetector with porous Si-SiO, microcavities filters,
Lo is the photocurrent in Ampers, and Py is the power of the Xenon lamp in watts. The photodetector
responsivities without and with porous Si-SiO, microcavities filters were found in the range from 300
to 510 nm. The result is shown in Figure 8.
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Figure 7. Photocurrents spectra of a commercial photodetector with and without porous Si-SiO,
microcavity filters. (a) The photocurrent spectra of a commercial photodetector (green line) and its
modulated photocurrent with porous Si-SiO, microcavities filters (black, red, blue, and pink lines) and
(b) the normalized photocurrent.
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Figure 8. Spectral responsivity comparison of a commercial photodetector without (line green) and
with porous Si-SiO;, filters (black, red, blue, and pink lines).

The spectral responsivity of a commercial photodetector was modified using different porous
Si-SiO;, filters. It decreased when porous Si-SiO; filters with low transmission in the UV range were
placed on the commercial photodetector. However, a maximum peak of detection corresponding to the
localized mode of the microcavity was observed in the UV-A range. In the VIS range, an increase of
the responsivity was displayed using the MF5 filter. It was due to an increase in its transmission. The
spectral responsivity shape was the same as the photocurrent. We also observed that the sensitivity of
the photodetector with a filter was lower than the photodetector without a filter.

PS Bragg reflectors and microcavities were used to filter incident light reaching the Si photosensitive
wafer. To tailor its spectral response, they were designed to different wavelengths and integrated
above the p-n junction of a silicon photodiode. In this way, they were converted in an array of PS
detectors sensitive to the color [16,31], where the sensitivity peak could be tuned along from green to
near-infrared, and where sharp peaks in the spectral responsivity were achieved using microcavities and
color-sensitivity by Bragg-reflectors [16,43]. The transmittance of the PS filters mainly modulates the
spectral responsivity of the silicon photodiode. Therefore, when a Bragg reflector is used to modulate
the spectral response of the Si photodiode, its reflectance maximum is nearly insensitive [16,37].

The study on the responsivity has focused on the range visible and infrared placing different kinds
of filters on Si photodetectors. A narrowing in the responsivity spectrum of the Si photodetector was
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observed from the green to infrared range. Moreover, a decrease in the responsivity spectrum of the
PS detectors sensitive to the color was displayed, which was compared to the responsivity spectrum
of the Si photodetector without filters. The difference between both results was approximately a one
magnitude order [2,37]. On the other hand, MF and BRF are used to modify the responsivity of a Si
photodetector in the orange range, where the photodetector’s responsivity with a filter was stronger.
It reduced the undesired effects in the responsivity spectrum [16,43].

Furthermore, it has been reported that below 500 nm, no photocurrent is detected due to the low
responsivity of a silicon photodetector. Its modulation using UV filters cannot be achieved because the
absorption on PS is dominant from the blue to UV range [37]. Thus, it is not possible to modulate the
responsivity of broadband photodetectors in that part of the electromagnetic spectrum. To address
this limitation, we employed dry oxidation to decrease the absorption losses in the UV-A range. The
transmission improvement in the porous Si-SiO, UV filters allowed us to modulate the responsivity of
a commercial broadband photodetector.

4. Conclusions

In this work, porous Si-5i0, UV filters were manufactured based on Si and SiO,. We fabricated
both symmetric and antisymmetric filters in the blue region, where the antisymmetric structures gave
us better results. This result was because we tried to reduce the number of layers to obtain porous
silicon MFs as close as possible to the short wavelength region. Furthermore, we noticed during the
dry oxidation that the number of layers had an enormous influence on the growth of SiO; into the
porous silicon structure. This is because large structures can be transformed entirely in porous SiO,.
Besides, the presence of a higher quantity of silicon would cause absorption losses in the porous silicon
structure; therefore, it could not be possible to obtain porous SiO, MF in the UV range.

The filters were placed on quartz substrates to obtain their transmission and reflection spectra.
First, we observed the onset of a localized mode in the blue region in unoxidized MFs, and second,
we observed an optical shift of the localized mode location towards small wavelengths (UV region).
The shift was due to the oxidation process. The ultimate consequence of the oxidation procedure was
the phase change of the PS skeleton, which was converted into SiO,. Consequently, the refractive index
decreased and the extinction values also decreased, although more drastically. The refractive index
decrease is the origin of the localized mode location shift, whereas the extinction value decrease is
related to a severe light absorption decrement, which means less optical losses.

The filters on quartz substrates were placed on a commercial photodetector. The light coming from
a Xenon lamp was filtered out by the filters and changed the reflection at the top photodetector surface,
achieving modulation of the photodetector responsivity. As a result, the spectral responsivity obtained
matched the UV filter transmission spectrum. The filters” spectral responses were modified by applying
different oxidation flows in the oxidation process. When a high flow was used, the transmission in the
localized mode wavelength decayed. We have shown that the photodetector became more selective in
the UV range using porous UV Si-SiO;, filters, where an average responsivity peak arose due to the
localized mode of the microcavity. The position and amplitude of the localized mode microcavity can
be manipulated and tuned in the UV range, by applying different oxygen flows during dry oxidation.
In this work, we demonstrated that the responsivity of a commercial photodetector could be modulated
using porous Si-SiO, UV filters. Moreover, the responsivity peak may be fully tunable, depending
on the filter design from UV-A to near-infrared. In the future, the modulated responsivity could be
enhanced using Rugate filters, and these filters could be implemented or integrated into Si-based
photodetectors, thereby achieving better sensitivity to UV light. Rugate filters could exhibit a unique
maximum peak in all the detection ranges of the UV photodetector. It has been reported that Rugate
filters have a narrow PBG and the sidelobes on each side of these filters are smaller than other kinds of
filters [29].

Other possible applications of these MFs are to embed quantum dots and liquid crystals inside
porous Si-SiO, UV filters to match their emission spectra with the microcavity localized mode. In this
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way, we would enhance and modulate the photoluminescence in the UV range by experimentally
tuning the localized mode of the microcavity. Porous Si-SiO, UV filters may be used as antireflection
coatings [9,44] to enhance the efficiency and photocurrent in solar cells. This is because the localized
mode of the microcavity shows a maximum amplitude of 70% in the UV range, whereas, in the VIS
range, more than 80% of the light is transmitted. Decreasing reflection and increasing transmission
in the UV filters could be raised by the efficiency of solar cells in the high-energy range. It could be
achieved if a UV filter attains high transmission close to 100%.

One significant contribution of this work is that our microcavities are based on silicon solely. This
contribution is important because up to now, silicon photodiodes and solar cells can only work in
the UV region. However, silicon photodetectors have a broad response, and our UV microcavities
can make them more selective in that range. In the future, the possibility of integrating these UV
filters along with porous silicon photodetectors may be a reality, as well as UV light-emitting devices
based only on silicon and silicon dioxide technology. Moreover, as shown above, similar approaches to
modulate the responsivity of a photodetector have been proposed. Nevertheless, to the best of our
knowledge, this is the first time that it has been done within the UV range.

What is the advantage of using porous SiO, compared to other materials with similar optical
properties? Some authors have reported that several fluorides with bandgap energies around 10 eV
are suitable for filtering applications in the UV wavelength range, even below 200 nm. An example is a
mixture of lanthanum fluoride (LaF3) and magnesium fluoride (MgF,), which have been used as high
reflectance coatings. They showed strong absorption in the VIS and UV range, as well as a maximum
reflectance higher than 90% at 180 nm, while their transmittance was lower than 2%. Their refractive
indexes were found in the range from 1.41 to 1.80. High reflectance coatings have been produced
by ion-assisted deposition, ion-beam sputtering, and electron-beam evaporation. However, several
difficulties exist in these materials due to optical losses, mechanical stress of the thin films, small
refractive index difference between both materials, and the optical inhomogeneity of LaF3 films [45,46].

On the other hand, many oxides are an essential class of coating materials, which react at high
temperatures. HfO, (hafnium oxide) and ZrO, (zirconium oxide) are examples of transparent oxides,
where HfO; films are produced by electron-beam evaporation, reactive sputtering, and ion-assisted
deposition.  ZrO, films are prepared by electron-beam evaporation, which showed strong
inhomogeneity of the refractive index. HfO, and ZrO, are common materials used to manufacture UV
filters due to their transparency, low-absorption, and high refractive index in that optical range. A long
pass edge filter composed of 91 layers of HfO,/SiO, deposited on a fused silica substrate by ion-assisted
deposition (IAD) has been reported. The total thickness of the coating was around 3 pm [47-49].
The 50% transmission cut-on edge of this particular filter was at 256 nm, and the transmission in the
passband average above 90% was from 260 nm to 1200 nm. Moisture stable HfO, films and stacks
containing HfO, and SiO; can be deposited at lower substrate temperatures (100 °C to 130 °C) using
an argon oxygen gas mixture IAD process. Most thin-films deposited without ion-assistance are
porous and sensitive to moisture going in and out of the voids, thereby causing an apparent shift in
the refractive index depending on the relative humidity [50]. HfO, films obtained by ion-assisted
electron-beam evaporation showed low-absorption, with a refractive index of 2.19. In non-ion-assisted,
the refractive index was 2.06, and the absorption coefficient was 0.006 and 0.003 for ion-assisted and
non-ion-assisted [51]. ZrO, films have been deposited by magnetron sputtering at different argon
partial pressure values, where the films of ZrO, showed a maximum transmission of 80% from 300
to 800 nm. This material has a high refractive index and low absorption above 240 nm to the IR
range (below 8 mm) [52]. Oxide films are also widely used in multilayers systems, such as cold light
mirrors, heat-reflecting filters, color separators, narrow band interference filters, and laser coatings.
ZrO, and HfO, have disadvantages; for instance, they form uneven surfaces during evaporation,
which often cause inhomogeneous thickness distributions and inferior thickness reproducibility. It has
been investigated that no pure oxides exist with refractive indices of about 2.2. Available mixtures of
silver (Ag)-silicon dioxide (SiO,) can be found, which have been used as thin-film bandpass filters
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for the UV range obtained by radiofrequency sputtering. In this filter, the suppression of undesired
visible and infrared parts of the spectrum was achieved. Some structures applicable for bandpass
filtering in the UV have high transmission in the passband but a limited range of out-band blocking.
An additional blocking component such as monolithic deposited silver has been used to remove
unwanted out-of-band radiation. However, this also reduces the overall transmission through the filter.
Some pairs of Ag/SiO; layers and a layer of silica were added to serve as an antireflection coating,
where the band-pass filter was designed with the maximum transmission in the UV-A range and with
a resonance at 320 nm. The use of transparent metals can ensure a transmission decrease of several
orders of magnitude in the visible and infrared wavelength range, at the same time, fully preserving
transparency in the ultraviolet spectrum [53].

Solar-blind deep-UV band-pass filters based on a mixture of aluminum (Al) and SiO; have been
developed. The filters showed a 27% transmission peak at 290 nm, a band-pass from 250 to 350
nm, and a rejection ratio to visible light of 20 dB, where the peak of transmission could be tuned by
adjusting the metal nano-grind dimensions [54]. An alternative approach to solar-blind UV detection is
to integrate Si-based photodetectors with solar-blind UV-pass filters to reject visible and IR light in the
solar spectrum. Moreover, the designed and fabricated filters are fully applicable for the enhancement
of UV silicon detectors since one of the problems with the use of silicon photodetectors is the avoidance
of the visible and infrared components of radiation. Under standard conditions, it often exceeds
the UV components by three to four orders of magnitude, thereby completely masking the useful
signal. A straightforward way to avoid the problem is to use bandpass filters for the UV strong
rejection of unwanted visible and infrared radiation in the range of the detector sensitivity. However, a
disadvantage of Ag/SiO; and Al/SiO; structures is that they present reduced transmission (less than
50%) in the UV range due to the absorption of the Ag and AL

Moreover, dielectric interference filters have also been demonstrated for solar-blind UV
applications. However, this type of filter requires a thick stack of multiple dielectric materials
layers that must be deposited with precise thickness and uniformity control, with high quality over a
very long deposition time. This inevitably increases production costs and reduces the uniform area.
The filters also need accurate control of pressure and temperature.

In our work, dielectric interference filters in the UV were achieved by electrochemical etching,
followed by two-stage dry oxidation. Our method was easy, cheap, and fast to fabricate compared to the
methods mentioned before. The thickness of each layer that made up the UV dielectric microcavity was
precise and uniform, and the fabrication time of these dielectric microcavities was shorter than other
methods. Besides, physical vapor deposition infrastructure is expensive, and ion-assisted deposition
is a costly and slow technique. Additionally, dielectric oxide films do not show sufficient thermal
stability because the structure of the oxide films is easily converted from amorphous to polycrystalline
and it reacts with the Si substrate.

To conclude, the porous Si-5i0, UV filters (MF2, ME3, and MF4) can be applied as UV hot mirrors
or UV bandpass filters since they display more than 70% of the transmitted light in the UV-VIS range.
Meanwhile, the MF5 filter can be used as a UV blocking filter since it cuts off more UV light than other
filters, and it shows a maximum transmission amplitude of 80% in the VIS-IR.
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Abstract: One of the most captivating properties of dielectric mesoscale particles is their ability
to form a sub-diffraction limited-field localization region, near their shadow surfaces. However,
the transverse size of the field localization region of a dielectric mesoscale particle is usually larger
than A/3. In this present paper, for the first time, we present numerical simulations to demonstrate
that the size of the electromagnetic field that forms in the localized region of the dielectric mesoscale
sphere can be significantly reduced by introducing a nanohole structure at its shadow surface, which
improves the spatial resolution up to A/40 and beyond the solid immersion diffraction limit of
A/2n. The proposed nanohole-structured microparticles can be made from common natural optical
materials, such as glass, and are important for advancing the particle-lens-based super-resolution
technologies, including sub-diffraction imaging, interferometry, surface fabrication, enhanced Raman
scattering, nanoparticles synthesis, optical tweezer, etc.

Keywords: nanohole; microsphere; subwavelength-scale light focusing

1. Introduction

Photonic Nanojet (PN]J) is the phenomenon of subwavelength-scale light focusing that is generated
by dielectric microparticles. It has been widely applied in different areas, including laser cleaning,
nanolithography, super-resolution imaging, enhanced Raman scattering, non-linear fluorescence
enhancement, etc. [1-4]. However, one limitation for PNJ is its minimum beam width of A/3 [1] (where
A is the wavelength of the incident light) and, thus, more efforts are needed to further reduce the focal
spot sizes of the PNJ.

Over the past decade, many studies have been focused on decreasing the width of the PNJ to
be as small as possible. If this could be achieved, PNJs would be able to provide new pathways for
the trapping of nanoparticles and cells [5,6], subwavelength optical imaging [7], ultrafast all-optical
switching [8], etc. Multilayer [9] and a two-layer [10] graded refractive index dielectric particles have
also been considered. By using the anomalously intensity-enhanced apodization effect, PNJ with a Full
Width at Half Maximum (FWHM) focal spot size that is less than 0.3A have been attained in previous
studies [11,12]. PNJ with a FWHM focal spot size of 0.297\, which was generated by overstepping the
upper refractive index limit has also been reported in the literature [13].

Nanohole-structured dielectric objects have also been considered in the literature. For example,
as shown in Reference [14], the effects of the total light far-field scattering of deep holes in the spherical
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particles with a refractive index near 1.05, were investigated, which showed that these structural
details had a negligible influence. In Reference [15], it was shown that the PNJ beam sizes shrank
by nearly 28%, due to the introducing of concentric rings on the illumination side of microspheres.
To control the unidirectional scattering by the spectral overlapping of the Mie-type resonant modes,
a dielectric high-index nanocylinder (n ~ 3.4), with an axial nanohole, has been considered in some
studies [16]. Nevertheless, although several methods of light localization have been investigated, deep
subwavelength localization, based on a single dielectric mesoscale particle, has not yet been realized.

In this work, a nanohole-structured dielectric microsphere is proposed for deep subwavelength-scale
light focusing and strong light confinement, well below the diffraction limit. The field enhancement
from the nanostructured mesoscale dielectric microsphere is due to the permittivity contrast between
the material of the microsphere and the nanohole. The proposed nanohole-structured microparticles
can be made from common dielectric materials, such as glass or latex, and has the advantage
of the ability to tailor the spatial region of light confinement and enhancement by choosing the
proper geometry, shape, and size of the nanohole. The approach provides a wide platform for deep
subwavelength focusing and imaging, which offers the capability of sub-diffraction techniques for
microscopy systems, light-matter interactions, interferometry, surface fabrication, enhanced Raman
scattering, optical tweezer, and information processing.

This paper has been organized as follows. In Section 2, microspheres without a nanohole have
been numerically modeled and analyzed. In Section 3, nanohole-structured microspheres have been
simulated and analyzed. Finally, in Section 4, conclusions have been drawn.

2. Dielectric Microspheres without Hole

This section describes the dielectric microspheres with a fixed refractive index of n = 1.5 and
different sphere diameters of D; = 1.5, 2.5), 3.5\ and 4.5\, which were numerically modeled and
simulated. For A = 600 nm, the simulated dielectric spheres had a diameter of D; = 0.9, 1.5, 2.1,
and 2.7 um, respectively. We selected a refractive index of n =1.5, because in an optical band, many
commonly used dielectric materials have a refractive index nearly equal to 1.5, such as glass, PMMA,
fused silica, etc. [17]. We chose the popular spherical shape of a microparticle for the photonic nanojet
formation [4]. The dielectric microspheres were modeled and simulated by using the commercial
software COMSOL Multiphysics, which is based on the finite elements method (FEM). In this
simulation, a non-uniform mesh was employed to reduce the computational cost and the Perfect
Matched Layer (PML) was applied as the boundary condition. The incident light was assumed to be a
plane wave that propagates along the z-axis, with a linear polarization along the y-axis. A schematic
diagram for the simulated dielectric microsphere is given in Figure 1a.

(a) Microsphere without hole  (b) Microsphere with a through hole () Microsphere with a blind hole

Figure 1. Schematic diagrams for the simulated dielectric sphere (a) without a nanohole, (b) with a
through hole, and (c) with a blind hole. The incident light is a plan wave that propagates along the
z-axis, k is the wave vector. The incident field E is polarized along the y-axis. The oval-shaped zones
in dark red color indicate the focal spots, and dash-dotted lines indicate the symmetrical axes for
the spheres.

Figure 2 shows the light intensity distribution around the simulated dielectric spheres. The light
focusing properties of the simulated microspheres are shown in Table 1, including the FWHM focal
spot sizes along the x, y, and z-axis (Sy, Sy, Sz), the focal volumes V' (which were obtained by volume
integration inside the FWHM focal spot) and the maximum light intensity 4y, in the focal spot. After
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combining Figure 2 and Table 1, we found that, with an increase in the sphere diameter from Ds = 1.5A
to 3.5), the focal volume V decreased from 0.057A% to 0.051A3, while the maximum light intensity
Inax increased from 16.11 to 61.11 (I is the light intensity of the incident light). Furthermore, when
the sphere diameter was increased to Ds = 4.5\, the focal spot split into two parts, with the major
part of the focal spot expanding into the surrounding medium, and a smaller part staying inside the
microsphere [2,4]. Thus, for the microspheres with a refractive index of n = 1.5, when the sphere had
a smaller diameter (Ds < 4.5)), the light incident on the sphere was focused on the shadow surface
(the surface of the particle that is opposite to the irradiated side [4]) of the sphere. When the sphere
was large enough (Ds > 4.5A), PNJ formed beyond the shadow surface of the sphere [2,4], and the
second focal spot formed inside the sphere and close to its shadow surface, due to light reflection at
the inner side of the shadow surface [4]. It could be noted that, in this case, the maximal field intensity
was slightly reduced (Table 1).

Table 1. Light focusing properties of the microspheres with a fixed refractive index of n = 1.5 and
different sphere diameters (Ds).

D Sx Sy S 1% Linax
1.5\ 0.33A 0.77A 0.50A 0.057A3 16.11y
2.5\ 0.32A 0.78A 0.43A\ 0.055A\3 35.51
3.5\ 0.35A 0.74A 0.49A 0.051A% 61.11
4.5\ 0.50A 0.81A 0.81A 0.173A\3 57.41,
(a) Ds=1.5), zx plane (b) Ds=1.51, zy plane (c) Ds =2.5}, zx plane (d) Ds =2.52, zy plane
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Figure 2. Light intensity distribution of a simulated microsphere with a sphere diameter of
(a,b) Ds = 1.5A, (c,d) Ds = 2.5), (e,f) Ds = 3.5), and (g,h) Ds = 4.5\. Subfigures (a,c,e,g) are plotted in the
zx-plane, which is perpendicular to the plane of polarization; subfigures (b,d,g), and (h) are plotted in
the zx-plane, which is the plane of polarization. The Full Width at Half Maximum (FWHM) focal spot
of the simulated microspheres are indicated by the contour lines at the value of half maximum light
intensity 0.51;4x, which are plotted by the solid green lines.

b78 2/h

3. Nanohole-Structured Dielectric Microspheres

This section describes the nanohole-structured microspheres with a sphere diameter of D = 3.5\
and a refractive index of n = 1.5, which were simulated and analyzed. To make the structure clear,
schematic diagrams for the simulated microspheres with a through hole and a blind hole are depicted
in Figure 1b,c, respectively.
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3.1. Microspheres with a through Hole

First, the nanohole-structured microsphere with a through hole of diameter d;, = A/5, A/10,
and A/15 were simulated; light intensity around the simulated microspheres are shown in Figure 3.
The corresponding focal spot properties, including the FWHM focal spot sizes (S, Sy, S.), the focal
volumes V, and the maximum light intensity Iy, in the focal spot, are shown in Table 2. After
comparing Figure 3a,b with Figure 2e,f, we found that the focal spot sizes (S ,z) and focal volume V/
of the A/5-nanohole-structured microsphere were even larger than that of the microspheres without a
nanohole, which could be explained as the weakening of the light focusing capability of the dielectric
microsphere, due to the comparatively large A/5-sized hole. When the hole size was reduced to
be smaller than A/10, the focal spot sizes and focal volume were reduced considerably, as shown
in Figure 3c-h and Table 2. Finally, the features of the FWHM focal spot of the microspheres with
A/15-sized hole are plotted in Figure 3g, where the green solid lines, the green dashed lines, and the
gray solid lines represent the contour lines with a value of 0.5L4x, 0.8Lax, and 0.914x, respectively.
A comparison of the data in Tables 1 and 2 shows that, with a hole of A/15 diameter, the maximum field
intensity near the shadow surface of the particle is increased by nearly two times, with a significant
decrease in the field localization volume, compared to the unstructured particle.

Table 2. Light focusing properties of the simulated nanohole-structured microspheres with a sphere
diameter of Ds = 3.5), refractive index of n = 1.5, and a through hole of dj, = A/15 in diameter.

D, S, Sy S v Lnax
A/5 0.39A 0.81A 0.63A 0.064A% 48.61
A/10 0.25A 0.42A 0.27A 0.0033\3 93.51
A/15 0.20A 0.14A 0.25A 0.001223 1121,
(a) dn=12/5, zx plane (b) dr=1/5, zy plane (c) dn=1/10, zx plane (d) dn=2/10, zy plane
407 486 81.6 935
’ 30 © ? 75
S0 20 :Z 20 % 50
, 10 0o, 25 25
-2 0 2 0 0 -2 0 2 0 0
20, 20
(e) dn=2/15, zx plane (f) dn=2/15, zy plane (g) focal spot of (f) (h) shadow surface

98.3 112 112 : 718
2 2 1
- 0.1 0.1 60
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< < & & 40

$0 5 <0 0 S0 0 S0
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2 2 25 91 25 91
0 0 0 0

2 0 2 2 0 2 15 16 17 18 01 0 01
2. 2h X
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Figure 3. Light intensity (1 E|2) of the simulated dielectric microspheres with a nanohole of size
(a,b) d;, =A/5, (¢, d) dj, = A/10, and (e-h) d, = A/15. The sphere diameter and refractive index are set
as Ds = 3.5\ and n = 1.5. Features of the focal spot in (f) are plotted in (g), where the green solid lines,
the gray dashed lines, and the gray solid lines indicate the contour lines at values 0.5I4x, 0.8I 0y, and
0.91)ax, respectively. For a sphere with a hole size of d, = A/15, light intensity along a plane that is
0.001A from the shadow surface is plotted in (h), with a circle plotted in gray dashed lines, indicating
the projection of the hole interface.
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3.2. Microspheres with a Blind Hole

After this, dielectric microspheres with a blind hole at the shadow surface were also simulated and
the results are shown in Figure 4. In the simulation, the hole diameters were set to be d,, =A/5, A/10,
and A/40, respectively, with a hole depth of 3dj,. The corner radius at the opening of the hole, as well
as the fillet radius at the blind end of the hole, were both set to be r = d},/2. From Figure 4a,b, we can
see that for a sphere with a hole size of d,, = A/5, the focusing capability of the sphere is weakened
by the hole, compared to a sphere without a hole in Figure 1e,f. When the hole sizes are decreased
below A/10, the focused light spot was mainly confined to the blind hole, as shown in Figure 4c-h.
“Hot spots” can be observed in Figure 4e,h, which were located inside the hole and near the opening of
the hole in the polarization plane (z-y plane), as indicated by the contour lines at the value of 0.851;,x

and 0.91;;4y.

(a) din="1/5, zx plane (b) di=1/5, zy plane (c) dn= M\/5, shadow surface
4838 46.8
0.5 70 40
30 30
20 20
10 10
0 0
(d) di=1/10, zx plane (e) dn=2/10, zy plane (f) dn=2/10, shadow surface
876 102 66.7
02 75 0.2 | 60
75
S0 B0 50 so 40
25 25 20
0.2 -0.2
0 0 0
145 165 1.85 145 165 1.85 0.2 0 02
200, 20h. /3.
(g) dn=21/40, zx plane (h) dn="1/40, zy plane (i) dn = 1/40, shadow surface
114 126 80.1
100 0.05 W
75 ‘ 75 50
=
50 >
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-0.05
0 0 0
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Figure 4. Light intensity (1E| 2) of the simulated dielectric microspheres with a blind nanohole of the
diameter (a—c) dj, = A/10, (d—f) d, = A/10, and (g-i) dj, = A/40. The sphere diameter and refractive index
are set as Ds = 3.5A and n = 1.5, with a hole depth of 3dj,. Subfigures (a,d,g) are plotted in the zx-plane,
which is perpendicular to the polarization plane. Subfigures (b,e h) are plotted in the zy-plane, which
is the polarization plane. To indicate the “hot spots” in subfigures (e h,i), contour lines at the value of
0.5@ 0%, 0.851 30y, and 0.91 0 are plotted by the green solid lines, the green dashed lines, and the gray
solid lines, respectively. Subfigures (cf,i) show the light intensity along a plane that is 0.001A from the
shadow surface of the sphere and the circles, which are plotted by gray dashed lines, indicating the
projection of the hole interface in the shadow surface.

4. Discussion

The effect of 3D-field localization inside and near the open boundary of a hole, which is clearly
visible in Figures 3 and 4, is similar to the horizontal slot wave-guide in 2D dimensions [18], as a result
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of this slot concentrating on the optical energy in the low refractive index region of the wave-guide [19].
It should be noticed that in Reference [18], the refractive index contrast was found to be more than 2.
Moreover, in our case, the hole was surrounded by dielectric material with axial symmetry, and the
boundaries of such a three-dimensional hole structure were essential for the field localization and
enhancement, as is shown in Figures 3 and 4. Furthermore, the high E-field confinement, and the
large discontinuity in the air hole, is clearly visible in Figure 5. The E-field confinement in the air hole
is dictated by the dielectric refractive index contrast [18,19]. It must be mentioned that, in our case,
unlike the slot-wave-guides, the field became localized only near the shadow surface of the particle
and not along the entire hole. The observed field enhancement effect was analogous to the lens effect.
This allowed us to choose the length of the hole, which was not necessary to be equal to the diameter
of the particle, but only a part of it (not the through hole). For example, this could be the length of the
field localization region inside the particle, near the shadow surface.

(a) IEl?along L1 (b) |El2along L2
> A
60 AN
o
Y 40
20
0
-04-02 0 02 04 -04-02 0 02 04
X/A y/h

Figure 5. Light intensity along the two imaginary cutting lines L1 and L2, which lie on the shadow
surface of the simulated microspheres. L1 is defined as y = 0 and z = Ds/2 + 0.001A, which is parallel to
the x-axis and perpendicular to the polarization direction. L2 is defined as x = 0 and z = Ds/2 + 0.001A,
which is parallel to the y-axis, as well as the polarization direction. The gray circles, the blue dashed
lines, and the red solid lines indicate the light intensity of the 3.5A-diameter microsphere without hole,
the microsphere with a through hole of A/15 (see Figure 3e-h), and the microsphere with a blind hole
of A/40 (see Figure 4g—i), respectively.

In addition, the proposed nanohole-structured sphere had several unique properties. For example,
it could produce a high-field intensity and optical power in relatively low-index materials (air), at levels
that cannot be achieved through a conventional PNJ produced by spheres with the same diameter [2—4].
This property allowed for highly efficient interactions between materials and the fields, in the hole.
Moreover, it could produce a strong field confinement which is localized in a nanometer-sized hole,
obtaining a resolution that is comparable to the nanohole size, beyond the diffraction limit. Thus,
such nanohole-structured mesoscale particles can be used to significantly enhance the efficiency of the
near-field probes, and to increase the sensitivity of the compact optical sensing devices.

5. Conclusions

In this work, a nanohole-structured dielectric mesoscale microsphere for a subwavelength-scale
light focusing and confinement has been proposed. Numerical simulations showed that light can
be focused and confined, considerably, in the nanohole that is located at the shadow surface of the
dielectric microparticles, achieving a resolution beyond the solid immersion diffraction limit (A /21n) [20],
with a plane wave illumination. The introduction of a nanohole on the shadow surface of a dielectric
particle, allows us to “compress” the field localization characteristic of a photonic nanojet, to the size
of this nanohole. The proposed nanohole-structured microparticles are important for advancing the
particle-lens-based super-resolution technologies, including sub-diffraction imaging, interferometry,
surface fabrication, enhanced Raman scattering, optical tweezer, and so on.
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Abstract: Two-dimensional photonic structures such as nanostructured pillar gratings are useful for
various applications including wave coupling, diffractive optics, and security features. Two-photon
lithography facilitates the generation of such nanostructured surfaces with high precision and
reproducibility. In this work, we report on nanopillar diffraction gratings fabricated by two-photon
lithography with various laser powers close to the polymerization threshold of the photoresist.
As aresult, defect-free arrays of pillars with diameters down to 184 nm were fabricated. The structure
sizes were analyzed by scanning electron microscopy and compared to theoretical predictions obtained
from Monte Carlo simulations. The optical reflectivities of the nanopillar gratings were analyzed by
optical microscopy and verified by rigorous coupled-wave simulations.

Keywords: nanostructures; optical pillar gratings; photonic crystals; two-photon lithography; direct
laser writing

1. Introduction

Two-dimensional photonic structures such as periodical pillar gratings are applicable for light
coupling devices [1], solar devices [2], sensors [3], encoders [4], holographic structures [5], or security
features [6]. The optical characteristics of such gratings are very sensitive to the shape, diameter,
and height of the nanostructures, as well as the pitch and periodicity of the array [7-11]. Therefore,
these features require strict tolerances to ensure uniformity with virtually no defects within the
grating. Simultaneously, there is a desire to enable flexible manufacturing of optical elements, as each
application has its own requirements regarding design and feature size. In this context, two-photon
lithography (TPL) is a promising candidate for the fabrication of nanostructured gratings with tunable
optical properties.

In recent years, TPL has been established as a suitable technique for the fabrication of complex
three-dimensional structures with submicron resolution [12-15]. Its versatility has been demonstrated
by various applications ranging from microfluidic devices [16], micropatterned adhesives [17,18],
biological and mechano-sensitive scaffolds [19-22], and optical devices, such as lenses [23] and
photonic crystals [24,25]. In a typical TPL process, a focused, femtosecond-pulsed, near-infrared
laser (A = 780 nm) exposes a photoresist, that is composed of reactive oligomers and a photoinitiator.
However, the photoreaction is only initiated when two photons excite the initiator concertedly. As a
result, the initiator molecule decomposes into radicals, which induce a cross-linking reaction of the
oligomers. Such a two-photon event is very rare, so that the probability of a two-photon excitation,
and thus the start of polymerization, is only given in the focal region where the photon density
is highest [15]. The polymerization reaction is in most cases terminated by oxygen quenching of
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radicals [26]. The size of the voxel, i.e., the volume element at which the polymerization occurs,
is a function of the beam [15,27,28], the exposure parameters [29,30], and the chemical and physical
properties of the photoresist [26,29,31,32]. In order to estimate the lateral voxel size S, Sun et al. [33]
empirically derived an equation based on the diffraction limit /;¢¢, a material constant a, the applied
laser power E;,, and the threshold laser power E;;, required for the cross-linking reaction:

_ In(Eye/Ey,)
S = lifr N " gma @

where k equals 1 or 2 for a single or two-photon excitation, respectively. According to Equation (1),
S decreases with E;, and reaches 0 for E,, = E,. From this it can be concluded that the smallest lateral
feature sizes are achieved for laser powers close to the polymerization threshold of the photoresist.
Small feature sizes, however, are highly susceptible to deformations and collapse due to their low
mechanical resistance [34-36]. In particular, nanostructures with high aspect ratios and low mechanical
stiffness are prone to such defects [37,38].

In the present study, we report on the fabrication of nanopillar diffraction gratings. These
are fabricated via TPL and laser energies close to the polymerization threshold of the photoresist
(1023 mW) combined with a recently reported, improved development routine [36]. The obtained
structures are analyzed by scanning electron microscopy. To enable a prediction of the size of the
nanopillars for further investigations, numerical simulations based on a Monte Carlo algorithm were
performed. The optical properties of the gratings with pillar diameters between 120 and 430 nm
and heights ranging from 330 to 1315 nm were corroborated by rigorous coupled-wave analysis
(RCWA) simulations.

2. Experimental

2.1. Two-Photon Lithography (TPL)

Diffraction gratings were fabricated from a negative tone photoresist IP-Dip (Nanoscribe,
Eggenstein-Leopoldshafen, Germany) on fused silica substrates using the Professional GT two-photon
lithography system (Nanoscribe, Eggenstein-Leopoldshafen, Germany). The system consisted of
a 63x objective (NA = 1.4, Carl Zeiss, Oberkochen, Germany) and a femtosecond pulsed IR-laser
(A = 780 nm, 80 MHz laser repetition rate, and 100-200 fs pulse length, TOPTICA Photonics AG,
Graefelfing, Germany). The system was operated in ‘dip-in” mode, where the objective is immersed
into the photoresist. The nanopillars were arranged with a center-to-center distance of 1 um in a square
lattice of 50 X 50 pm. Each pillar consisted of four vertically stacked voxels, whose focal points were
separated by 300 nm, whereby the lowest voxel was placed 200 nm below the substrate-resist interface
to ensure appropriate attachment to the fused silica substrate. The exposure and settling times were set
to 0.1 and 2 ms, respectively. All diffraction gratings were fabricated on the same substrate with altered
laser powers ranging from 10 to 23 mW for different gratings. To improve the mechanical stability
of the nanopillars, the development was performed according to Purtov et al. [36]. Structures were
developed for 20 min in PGMEA (Sigma-Aldrich, Steinheim, Germany), after which 70% of the solution
was carefully replaced with isopropanol (Sigma-Aldrich, Steinheim, Germany) without exposing the
structures to air. Such a solvent exchange was repeated three times, separated by a residence time
of 10 min. Subsequently, a UV-post-crosslinking was applied (t = 300 s, Ay = 365 nm, 350 mW,
OmniCure S15004, igb-tech, Friedelsheim, Germany) before structures were removed from the liquid
and air-dried.

2.2. Scanning Electron Microscopy (SEM)

Samples were fixed on a metallic sample holder and investigated at tilt angles of 0° and 40° using
a Quanta 250 FEG (FEI, Eindhoven, The Netherlands) equipped with an Everhart-Thornley-Detector
(ETD) in high-vacuum mode. Copper tape was placed close to the nanostructures to avoid charging,
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as no conductive coating was applied to preserve the optical properties of the arrays. The spot size
and the acceleration voltage were set to 2.0 and 2 kV, respectively. The measured pillar heights in
micrographs were corrected for the sample tilt.

2.3. Optical Microscopy

The optical reflection characteristics of the pillar arrays were investigated using an optical
microscope (Eclipse LV100ND, Nikon, Tokyo, Japan) equipped with a 20x color-corrected objective
(NA = 0.45). The microscope was operated in bright field mode with a fully opened illumination
aperture upon a white balance using a white sheet of paper.

3. Numerical Simulations

3.1. Voxel Sizes

In order to gain a better understanding of the size- and shape-changing effects during the
TPL-process, the obtained nanostructures were analyzed and compared to theoretical pillar sizes
derived from simulations considering the different laser powers applied. Since the Gaussian beam
formalism based on the paraxial approximation is not appropriate to describe the tightly focused beam
used in the experiment, the electric field distribution around the focal spot had to be determined by
numerical integration. This integration was performed using the Huygens’ principle, i.e., by assuming
the field distribution to be the result of superimposing fields originating from an ensemble of emitting
elementary sources. This approach was implemented in a self-written software executing a Monte
Carlo algorithm.

The coordinate system of the simulation was defined with the light incident from the +z-direction.
The origin of the coordinate system was set to the focal spot of the focussed beam. The elementary
emitters were assumed to be dipole oscillators distributed in a planar arrangement parallel to the x-y
focal plane with a normal distance zy. The plane of the dipole oscillators can be regarded as the exit
pupil of the focusing objective with zg being the working distance. The phase of the dipoles ¢(r) as
a function of distance r from the z-axis was adjusted to result in a constant phase at the origin of the
coordinate system (i.e., the center of the focal spot), which gives focusing:

P=-7 z5+12 ()

The amplitude of the dipole strength per unit area P followed a Gaussian radial profile, while the
polarization was assumed to be circular in order to result in a rotationally symmetric field distribution
around the focal spot. By arbitrarily setting all constant factors to 1, the full description of the radial
distribution of the dipole strength is given by:

() @)

The width w of the Gaussian function was calculated from the half divergence angle «,
(experimentally determined to be 31.4 degrees by analyzing the beam profile as a function of the
z-coordinate) and the working distance z, as

w = zg-tan(a) 4)
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The distribution described above was then cut-off at a finite maximum radius 7,5, representing
the finite opening of the focusing lens, which is defined by

m"Ctm’l(rmax /ZO) = arCSii’l(%) (5)

where NA is the numerical aperture of the lens and n the refractive index of the medium.

The field distribution near the focal spot was calculated as the superposition of elementary
waves emerging from the emitter distribution (Equation (3)). To do this, the field in the volume
surrounding the focal spot was mapped to a two-dimensional array of pixels addressed by axial
and radial coordinates in the x-z-plane, taking advantage of the deliberately introduced rotational
symmetry of the source. The resolution of this field map was chosen to be A/50, where A was set
to 780/1.52 = 513 nm (the wavelength of the laser divided by the refractive index of the photoresist).
The Monte Carlo algorithm repeatedly picked a randomly selected pair of a pixel ¥  in this map and
a point ?s in the source distribution in order to calculate the contribution of the source emitter to the
selected pixel. The latter was taken to be the field of an elementary dipole equivalent to the emitter

strength P = P(;S). Omitting constant factors, the elementary dipole field is given by:

(%)

X=X
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E(3)) = - +[3n(nP) P](R +iR?) e ©)
where R = 2/—” x - ;5 is the distance between the source and the pixel in the field map scaled by the
wavelength, and n= F‘;is is the normalized vector pointing from the source point to the pixel. All

contributions to one pixel originating from different source points (typically 10° contributions per pixel)
were averaged into one field vector approximating the electrical field with full phase information at the

-2

center of each pixel. The square of the above field vector, I = E , is a relative intensity proportional to
the physical intensity; the factor of proportionality arising from all the constants explicitly or implicitly
omitted above. To calculate voxel sizes as a function of the laser power, this intensity distribution needs
to be correlated to the laser power. We start by expressing the latter as a factor f times the threshold
laser power (determined to be 9.3 mW by the analysis of the observed pillar diameters according to
Equation (1); see Figure 1b). On the other hand, the above intensity distribution has a maximum I,y at
the focal spot. At the threshold laser power (f = 1), this maximum is equivalent to the polymerization
threshold Iy, Lax = I;. Atahigher laser power, the whole intensity distribution is multiplied by f, and
polymerization is initiated wherever the scaled intensity exceeds the threshold. The theoretical height
of a voxel is thus determined as the size of the interval in a longitudinal section through the intensity
map where f-I > Iy,. To derive the width of the voxel, the same analysis is applied to the cross-section.
The resulting theoretical voxel sizes were used to calculate the theoretical height / of the pillars

as follows:
h=@-1)b+c+d/2 7)

where a = 4 is the number of stacked voxels, b = 300 nm is the vertical center-to-center distance
between voxels, c = —200 nm is the centre distance of the first voxel from the substrate interface, and d
is the height of an individual voxel obtained from the numerical simulations. The resulting theoretical
pillar heights and diameters were further used to calculate the initial aspect ratios of pillars and to
estimate the shrinkage by comparing the theoretical with the experimental values (see Table S1 in the
Supplementary Materials).
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Figure 1. Sizes of nanopillars as a function of the applied laser power. (a) Scanning electron micrographs
of nanopillars fabricated with different laser powers. The scale bar is 500 nm. (b) Diameters (black
symbols) and heights (red symbols) of the nanopillars obtained from two-photon lithography (open
circles) compared to numerical simulations (filled stars). The dashed line shows the fit of the pillar
diameters using Equation (1) to estimate the threshold laser power of the photo resist. (c) Defect rates
of optical gratings expressed as fractions of upright pillars in dependence on the applied laser power.
The values were obtained from Scanning Electron Microscopy (SEM)-images as shown for 15 mW in
the insert. The scale bar is 10 um.

3.2. Optical Spectra

Although no reflection spectra were recorded due to instrumental limitations, an attempt was
made to correlate the observed colors with simulated optical spectra. These were calculated from
simulated diffraction efficiencies taking into account the different diffraction orders and the finite
aperture angle of the microscope objective used. Diffraction was simulated by rigorous coupled-wave
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analysis (RCWA) using the electromagnetic solver, S4, developed at the Stanford University [39,40].
In these simulations, the pillar shape was approximated as a cylinder with an ellipsoidal tip. The radii
of the cylinders 7. were set to the experimentally determined radii of pillars fabricated at different laser
powers. The cylinder heights h. were calculated with i, = hy, — h,, where h, was the measured pillar
height. The height of the ellipsoidal tip &, was assigned to half the voxel height evaluated by Monte
Carlo simulations described above, as this parameter was hard to determine experimentally. Using
this set of parameters, the pillar envelope function can be described as follows:

Te for z < he

e 1—(%) forhe <z <hy

y(z) = 8)

where the z-axis is assumed to be normal to the substrate surface, and thus corresponds to the structure
expansion in the vertical direction. The pillars were discretized in slices of 10 nm. A periodic boundary
condition was applied with a box size of 1 X 1 um (in accordance with the pillar center-to-center
distance) as well as an incidence angle of 0°. The refractive index and extinction coefficient of the cured
photoresist and the fused silica substrate were taken from ellipsometry measurements (see Figure S1 in
the Supplementary Materials).

In experiments, the observed colors originate from reflected light that is diffracted by the grating.
Reflection occurred at two different interfaces, i.e., the pillar-substrate interface and the backside
of the 1 mm fused silica substrate. Due to the opening angle of the objective with NA = 0.45, only
diffraction angles of equal to or below 27° were collected. To quantify the contribution of different
diffraction orders to the coloration, an overlap factor OF between the incident light and the light cones
of different diffraction orders were numerically calculated using the given geometrical parameters of
the fabricated nanostructures and the imaging system (angle of incidence, collection angle). In the
case of the 1st diffraction order, OF was found to range from 0.45 at a wavelength of 400 nm to 0.045
at 800 nm. Overlap factors for higher diffraction orders were zero except for negligible values at the
shortest wavelengths and, therefore, were not considered in further calculations. The reflection at the
pillar-substrate interface was calculated by summing 100% of the reflectivity values obtained for the
Oth diffraction order and the values of the 1st diffraction order multiplied by 40F,, where 4 is the
number of contributing 1st order diffraction cones, and OF the overlap for the respective wavelength.
The reflection at the backside of the substrate was calculated in the same way but using transmissive
diffraction efficiencies. For each grating, both contributions were added to a final reflection spectrum.

4. Results and Discussion

4.1. Nanopillar Sizes

Sizes of the nanopillars fabricated with laser powers varying from 10 to 23 mW were obtained
from SEM-micrographs (Figure 1a). The pillar diameters ranged from 120 nm to 430 nm (measured at
the bottom of the pillars). The heights of the pillars extended from 330 to 1315 nm. The structures
exhibited an almost constant aspect ratio (height over diameter) of about 3 (Figure 1b). Evaluation
of the defect rate revealed high quality of the obtained optical gratings with 100% upright standing
pillars for all gratings with pillar diameters down to 184 nm (Figure 1c). Gratings fabricated with
the lowest laser power of 10 mW and thus, closest to the polymerization threshold, exhibited 30%
freestanding pillars and 70% collapsed structures. With a diameter of 120 nm, these pillars were the
smallest high aspect ratio pillars fabricated with TPL to our best knowledge so far. The collapse of the
pillars is most likely induced by capillary forces during drying upon development and post-curing.
These collapses occur when the capillary forces exceed the elastic restoring forces of the pillars [36].
As the latter decrease with pillar diameter, smaller structures tend to collapse more easily. For the sake
of completeness and to demonstrate the importance of using a UV-post-curing during development,
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similar pillar structures were fabricated without the additional UV-exposure, exhibiting much more
defects even for larger structures (see Figure S2 in the Supplementary Materials).

Theoretical voxel sizes obtained from numerical simulations ranged from 144 to 503 nm in
diameter and from 531 to 1873 nm in height with a mean aspect ratio of 3.6 + 0.1. As a result, the
theoretical height of the nanopillars (i.e., four vertically stacked voxels in accordance to Equation (7))
ranges from 965 to 1637 nm as shown in Figure 1b. All values are summarized in Table S1 in the
Supplementary Materials. For the diameter, the numerical simulations overestimate the experimental
data by 18 + 3% for all applied laser powers. For the heights, the numerical values overestimate the
experimental data by 65% for 10 mW, but only 20% for 23 mW. These discrepancies are most likely
related to the shrinkage of the nanopillars, their adhesion to the substrate, and surface tension [36,41].
The degree of shrinkage is mostly related to the removal of unreacted molecules during development.
With the reduction of the laser power, the amount of unreacted and not covalently bound oligomers
and fragments increased, which in turn did not contribute to the formation of the nanostructures.
Furthermore, the distance of the stacked voxels was kept constant for all laser powers, so that voxels
overlapped less at lower laser powers, which amplified the effect of an incomplete cross-linking
reaction. These unreacted and non-crosslinked fragments were removed during development, which
explains higher shrinkage with lower laser power. Upon development, the nanostructures remained in
isopropanol and were exposed to UV again. This post-curing led to an additional crosslinking reaction
providing enhanced mechanical stability and higher resistance against a capillary forces during drying
as is evident from the comparison with structures developed without the additional cross-linking
(Figure S2 in the Supplementary Materials). Furthermore, the shrinkage close to the substrate is limited
by the adhesion of the nanopillars to the rigid substrate, which led to low shrinkage of the nanopillar
diameters. The shrinkage of the pillars heights, in contrast, is not constrained and thus much stronger.
This anisotropic shrinkage as well as surface tension effects are assumed to lead to the conical shape of
the nanopillars.

4.2. Optical Properties

Figure 2 shows optical micrographs of the nanopillar gratings. The divergence angle of the
illuminating light as well as the collection angle of the microscope were both 27°. The optical
micrographs revealed a colored reflection of the gratings, which is based mainly on diffraction and
interference effects. Absorption can be neglected due to the low extinction coefficients of all materials
involved (Figure S1 in the Supplementary Materials). The color of the gratings changed with the laser
power from slight brownish (11 mW) to blue-green (23 mW). For 10 mW, the surface appeared colorless
(Figure 2a). To quantify the optical appearance of the gratings, the optical micrographs were compared
with numerical simulations that provide expected optical spectra for the experimental set-up used
(Figure 3). The simulations were performed for six gratings corresponding to 10 mW (colorless), 11 mW
(slightly yellow), 14 mw (brown), 17 mW (blue-brown), 20 mW (blue), and 23 mW (blue-green).

The obtained spectra did not fully agree with the colors recorded by optical microscopy. Minor
deviations can be expected from using diffraction efficiencies for normal incidence to approximate the
whole cone of incident light. Moreover, considerable differences could be attributed to variations of
the pillar shape. In the fabricated gratings, the shape of the pillars varied between cylinders and cones
(compare Figure 1a), whereas cylindrical pillars with elliptical tips were assumed in the simulations.
The shape, though, is important for the choice of an appropriate pillar diameter for simulations. This
argument was confirmed by simulations with 20% smaller pillar diameters, which led to a significant
blue-shift of the spectra (dashed lines in Figure 3) and a better correspondence with the colors observed.
From this, it can be concluded that even small variations in the shape of the pillars dramatically affect
the optical appearance of the gratings, and that it is therefore not sufficient to evaluate diameters at
the pillars” bases only. This outcome supports our arguments that good understanding of occurring
effects, such a shrinkage, surface tension, and related mechanisms, as well as their influence on the
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feature shape and sizes are important for a precise prediction of the optical properties of pillar gratings
fabricated via TPL.

Increasing laser power in mwW
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7 18 1
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Figure 2. Optical appearance of the nanopillar gratings in dependence on the laser power. (a) Optical
micrographs of 50 x 50 um nanopillar gratings on a fused silica substrate. Scale bar is 25 pm.
(b) Scanning electron micrographs showing the corresponding nanopillars. Scale bar is 1 pm.
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Figure 3. Optical properties of the nanopillar gratings. Reflectivity in dependence on the wavelength
obtained from numerical simulations for structure sizes as measured by SEM (solid line) and pillars
assuming 20% smaller diameters (dashed line) (left) compared to optical micrographs of nanopillar

gratings fabricated with different laser powers (right). The scale bar is 25 pm.
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The total reflectivities shown in Figure 3 comprise the reflected diffraction at the pillar-substrate
interface as well as the transmissive diffraction of light reflected at the backside of the substrate.
As these two are expected to differ strongly in their minima due to variation in the optical path, minima
as low as 1% predicted by simulation were surprising. Nevertheless, their presence is confirmed
by the intense colors of the gratings. We assume that this could be caused by Mie resonances [42].
This assumption is supported by the strong dependence of the spectra on the pillar diameter. Small
pillars obtained at low laser powers interact predominantly with ultraviolet to blue light, leading to
a brownish hue. As the pillar size increases with increasing laser power, the resonance shifts towards
red wavelengths, resulting in a blueish hue. This variability in color due to the size and shape of
nanopillars gratings allows for efficient diffractive color filters.

5. Conclusions

Optical pillar gratings were successfully fabricated via TPL at different laser powers close to the
polymerization threshold of the photoresist and investigated with respect to their sizes and optical
properties using imaging techniques and numerical simulations. The following conclusions can
be drawn:

(1) Defect-free nanopillar gratings were fabricated down to pillar diameters of 184 nm and aspect
ratios about 3. The smallest pillar diameters achieved were 120 nm, but on imperfect arrays, and
therefore would require further optimization in fabrication.

(2) Simulations of the voxel sizes overestimated experimental pillar sizes by 20% in lateral and up
to 65% in the vertical direction. This effect can be rationalized by shrinkage that differs due to varying
amounts of unreacted oligomers, different overlaps between adjacent voxels, substrate adhesion, and
probably surface tension effects.

(3) The nanopillar gratings interfered with visible wavelengths and varied in their optical properties
depending on the pillar sizes tuned by TPL. The simulation of the optical spectra confirmed that the
coloration originates indeed from the diffraction of reflected light, but also prompts the notion that the
size and shape of the nanopillars strongly influence the optical appearance.

In summary, optical gratings based on different pillar sizes can be manufactured by varying the
laser power in TPL in a single process step on one surface. However, the fabrication of precise optical
gratings close to the polymerization threshold of the photoresist requires a deep understanding of the
involved processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1495/s1,
Table S1: Summary of pillar dimensions as a function of the laser power. Figure S1: Optical properties of the
cured photoresist and the fused silica substrate obtained by ellipsometry. Figure S2: Optical pillar gratings when
fabricated without UV-post-curing.
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Abstract: Ultrafast laser-induced periodic surface subwavelength ripples, categorized based on
the ripple period into near-subwavelength ripples (NSRs) and deep-subwavelength ripples (DSRs),
are increasingly found in the variety of materials such as metals, semiconductors and dielectrics.
The fabrication of hierarchical periodic NSRs and DSRs on the same laser-irradiated area is still a
challenge since the connection between the two remains a puzzle. Here we present an experimental
study of linearly polarized picosecond laser-induced hierarchical periodic NSRs and DSRs on
stainless-steel surfaces. While experiencing peak power density higher than a threshold value
of 91.9 GW/cm?, in the laser-scanned area appear the hierarchical periodic NSRs and DSRs (in
particular, the DSRs are vertically located in the valley of parallel NSRs). A large area of the uniformly
hierarchical periodic NSRs and DSRs, with the spatial periods 356 + 17 nm and 58 + 15 nm, respectively,
is fabricated by a set of optimized laser-scanning parameters. A qualitative explanation based on
the surface plasmon polariton (SPP) modulated periodic coulomb explosion is proposed for unified
interpretation of the formation mechanism of hierarchical periodic NSRs and DSRs, which includes
lattice orientation of grains as a factor at low peak power density, so that the initial DSRs formed
have a clear conformance with the metallic grains.

Keywords: laser induced subwavelength ripples; surface plasmon polaritons; coulomb explosion;
stainless steel

1. Introduction

The laser-induced periodic surface structure (LIPSS) [1,2], a by-product effect of laser material
processing applications is at its inception, but in the past few years has been a research hotspot that
involves multiple branches of physics such as wave optics, non-linear optics, fluid dynamics and
thermodynamics. With the rapid development in particular of ultrafast laser-matter interaction in
both science and engineering, the ultrafast laser-induced periodic surface subwavelength ripples [3-5]
which can be categorized based on the ripple period (A) into near-subwavelength ripples (NSRs,
0.4 < A/A < 1) and deep-subwavelength ripples (DSRs, A/A < 0.4) [3], have been reported increasingly
on a variety of materials such as metals [5,6], semiconductors [7,8] and dielectrics [3,9].

However, the existing formation mechanisms for construction of NSRs and DSRs are considered
completely different, and their theoretical models have been in a state of debate and development [3,
10,11]. The NSRs (sometimes called classical ripples) are found to be formed by a wide range of pulse
durations from a few hundred nanosecond (ns) to femtosecond (fs) laser irradiation on the solid material
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surface, which makes it seem like a universal pulse laser-induced material response. The orientation of
NSRs, which were found always parallel or perpendicular to the incident laser polarization, is usually
ascribed to the periodic electric field modulation by the incident laser beam interference with surface
scattering laser wave due to the sample surface roughness [12,13]. The excitation of surface plasmon
polaritons (SPPs) by incident laser pulses is also widely used for the explanation of NSR formation [3].
Huang et al. [3] compared experiments with metal, semiconductor and dielectric and assumed the
grating-assisted surface plasmon (SP)-laser coupling should be responsible for the origination of NSRs.
Reif et al. [14,15] considered the ion sputtering and thin liquid film, and proposed the self-organized
effect of the non-stable material to explain the formation of subwavelength ripples. Instead of easy
production and observation of the NSRs, DSRs are only rarely found in ultra-short laser pulse
(duration less than 100 picoseconds) irradiation of some selected materials, including fused silica [16],
silicon [8,10,17], graphite [11] and some other materials [10,18,19]. Diverse mechanisms are proposed
for explanation of the origins of DSRs, such as second and higher harmonic generation [10,20], SPPs [11]
and self-organized effect [14,21].

The relationship between the formation mechanisms of NSRs and DSRs still remains a puzzle.
The interference model of incident and surface scattered laser beam can effectively explain the
correlation between the spatial period of NSRs and the incident angle, wavelength of laser irradiation,
but not fit the period of the DSRs. The SPPs model excited from the rough surface by scattering with
local defects is doubted as its intensity distribution is not at regularity but intricacy [22]. Rudenko A.
gave a reasonable opinion that the surface scatter electromagnetic waves have been demonstrated
to consist of the SPP, an evanescent cylindrical wave, and a Norton wave [23]. The DSRs models
like second and higher harmonic generation [10] and grating-assisted SP-laser coupling [3,10] are not
compatible with the spatial period of NSRs. The self-organized theory based on the ion sputtering and
instability of thin liquid films is theoretically compatible with various ripple periods for any NSRs and
DSRs, which attribute the directional asymmetry of laser-induced ripples to a spatial asymmetry of the
excited-electron kinetic energies [21]. But it can only meet with the subwavelength periodic ripples that
are perpendicular to the incident laser electric polarization. This does not agree with the scenario of
ripples’ orientation parallel with laser polarization that is observed in dielectric materials [24], metals
and semiconductor materials [10,25,26].

Another interesting subject of debate is whether the hierarchical periodic NSRs and DSRs can be
constructed simultaneously on the same laser-irradiated area, which should be helpful to reveal the
connection between the two, and to discover a unified theoretical model. Rare reports took notice of
the mechanism and regularity of hierarchical periodic NSRs and DSRs formation. Yao et al. [27] used
femtosecond laser scanning to fabricate large area subwavelength ripples on stainless-steel surfaces
for a reinforced antireflection property. The induced ripples included both NSRs and DSRs, but the
DSRs were not noted by the authors since the DSRs were not clear. Ji et al. [28] reported cross-periodic
structures (NSRs and DSRs) on the silicon surface that the DSRs induced by a low laser pulse repetition
rate of 1 kHz were not distinct and the formation mechanism remains in doubt. In contrast with the
fabrication of NSRs, the DSRs usually need a higher repetition rate of the ultrashort laser pulse (above
76 MHz) [10] or an underwater environment [29,30]. Ahsan et al. [31] and Romano et al. [32] reported
that the laser irradiation dose and the transient process had a significant influence on the ripple
formation, suitable adjustment of the ultrafast laser-induced surface subwavelength ripples could
offer a variety of colors. Gurevich et al. [33] proposed that the ripples formation cannot be explained
in the frames of pure plasmonic theory and hydrodynamic instabilities are an important influence
in the ripple formation. Liao et al. [34] reported that excitation of standing plasma waves at the
interfaces between areas modified and unmodified by the femtosecond laser irradiation plays a crucial
role in promoting the growth of periodic nanoripples. In fact, there are many diverse mechanisms
proposed for the origins of laser-induced DSRs and NSRs, such as the second and higher harmonic
generation [10,20], SPPs [11] and self-organized effect [14,21], so far no model can satisfy all the
phenomena observed. Hence, the fabrication of in situ hierarchical periodic NSRs and DSRs remains a
challenge when exploring their physical mechanisms and potential applications.
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In this work, we present a picosecond (ps) laser induced hierarchical periodic NSRs and DSRs
on stainless-steel surfaces. The evolution of DSRs to NSRs with laser peak power density deposition
was observed, and the lattice orientation as the intrinsic characteristic of the stainless-steel material
shows a significant role in the evolutionary process of DSRs to NSRs. A qualitative explanation of the
ps laser-induced hierarchical periodic DSR and NSR formation mechanism is discussed and compared
with a self-organized effect and the grating-assisted SP-laser coupling theory.

2. Materials and Methods

Stainless steel is one of the most extensively studied metals because of its versatility in industry
and daily life. It has been reported that periodic NSRs are induced by the ultrashort pulse laser
irradiation on stainless steel surface [35], but so far no DSRs. AISI 316L stainless steel sheets with
dimensions of 50 mm x 50 mm and 1 mm of thickness were used in the experiment. Samples were
mechanically polished and divided into two groups A and B. The group A samples were directly
subject to the laser irradiation and the group B samples were firstly corroded by the surface erosion
agent (HF 20 %vol. + HNO3 10 %vol. + HyO 70 %vol.) before the subsequent laser irradiation. After
the corrosion, the group B samples revealed the metallographic lattice structure on the surface. Before
the laser irradiation, all the samples were cleaned by ultrasonic ethanol bath for 10 min. The same
laser processing parameters were used for the fabrication of the hierarchical periodic NSRs and DSRs
on the non-corroded (group A) and corroded (group B) sample surfaces.

The schematic setup of the experimental ps laser-scanning system is shown in Figure 1.
The as-prepared samples were irradiated with a linearly polarized ps laser (Trumicro5050, TRUMPF
Company, Ditzingen, Germany) with the repetition rate of 400 kHz and the pulse duration of 10 ps.
The BBO (Beta barium borate, 3-BaB204) crystal was utilized for frequency doubling of the incident
laser beam from the wavelength of 1030 nm to 515 nm. Also, we set up the beam expander in order
to achieve smaller focal spot size and higher laser fluence. A 2-D galvanometric scanner (SCANLab
Company, Puchheim, Germany) with F-theta objective lens was used for the focused laser beam
scanning in x-y directions. A z-direction stage was used to control the focal length of the laser beam
spot since the laser beam was set perpendicular to the surface of samples. The focal spot diameter,
defined as the gaussian-profile laser beam at 1/e? of its maximum intensity, was approximately 16 pm.
Different scanning speeds and power density were selected for fabrication of the hierarchical periodic
dual subwavelength ripples. Large-area hierarchical periodic NSRs and DSRs were prepared by laser
parallel line scanning on the sample surfaces.

Picosecond laser

Mirror

Galvo scanner Beam expander

Mirror
F-theta lens
Focal

tD
S sample 5o

d ediaion
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Line spacing

Figure 1. Schematic setup of the picosecond (ps) laser scanning system for fabrication of hierarchical
periodic near-subwavelength ripples (NSRs) and deep-subwavelength ripples (DSRs).
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The micro-morphologies of the prepared stainless-steel sample surfaces were investigated by
laser-scanning confocal microscopy (OSL4100, OLYMPUS, Tokyo, Japan) and a scanning electron
microscope (SEM, QUANTA 200F, FEI, Hillsboro, OR, USA), and the spatial period of the NSRs and
DSRs were estimated from the high-magnification morphology images. Since there are reports that the
single ripple line seems not always to be straight and perpendicular or parallel to laser polariton [36],
which means the laser induced subwavelength ripples have bending and bifurcation, the orientation
variation of ripple formation were also investigated.

3. Results and Discussion

3.1. Preparation of Hierarchical Periodic Near-Subwavelength Ripples (NSRs) and Deep-Subwavelength
Ripples (DSRs)

During the interaction between pulsed laser and solid material, the cumulative history of receiving
laser irradiation by a solid surface is essentially affected by the transient laser power density of single
laser pulse (space factor) and the superposition rate of multiple laser pulses (time factor). Therefore,
our experimental exploration was started by counted ps laser pulses stacking hitting a fixed point on
the stainless-steel sample surface for investigation of the influences of space-time characteristics on
laser-induced NSRs/DSRs, then expanded to line scanning for fabrication of large area hierarchical
periodic NSRs and DSRs.

Figure 2 shows the SEM images of the ps laser induced surface subwavelength ripples at fixed
points, each irradiated by 4 laser pulses with the single pulse energy of 1.9 pJ. The average laser
power adopted in the experiment was 0.76 W. The schematic power density correlation of two adjacent
ablation spots is illustrated in Figure 2h, where L is the center distance between two adjacent pulse
points which equals 20 um, 10 pum and 5 um in Figure 2a—c, respectively. The laser power density I(r)
at a certain point in the focal spot associating the material thermo-physical properties can be defined
as the following equation:
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where p = E/t, is the peak laser power, E is the single pulse energy, t, is the pulse duration, Iy is the
maximum power density in the center of the focal spot and wy is the waist radius of the laser beam.
The results clearly suggest the peak power density plays an important role in the formation of
subwavelength ripples. Figure 2a shows the surface morphologies of two separate ablation craters
with hatch distance L = 20 um. The ablated crater presents a central, circular region with a radius
of 8 um can be characterized by two concentric rings, namely the dual DSRs + NSRs inner zone I
and the single DSRs outer ring II, as shown in Figure 2d. In the inner zone I, the NSRs preferentially
aligned perpendicular with the incident laser polarization (marked with the arrow E), which has a
spatial period of 381 + 23 nm as measured in the magnified Figure 2d. The DSRs situate in the valley
of NSRs with orientation parallel to the incident laser polarization has a spatial period of 381 + 23 nm.
Considering the gaussian profile of the focal spot energy distribution, the laser peak power density
threshold value of the inner zone I was calculated to be 91.9 GW/cm?. The ridges of the NSRs were
steep and there were nano-particles on both the valleys and ridges. The outer ring II presents the
characteristic texture of DSRs with a thickness of about 2 um aligned along the laser polarization as
shown in Figure 2g. The laser peak power density threshold value of the outer ring II with DSRs
was calculated as 55 GW/cm?2. As shown in Figure 2b, the hatch distance L is set to 10 um and the
overlapping rate is 33% (only the outer ring II of two ablated craters overlapped). In Figure 2e, it is
clearly shown that more nanoparticles are dispersed on the DSRs and more DSRs formed in the valley
of NSRs close to the overlapping area. With high laser peak power density in the center of the focal
spot, the NSRs can be fabricated without pulse overlapping. Due to the low power density in the
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periphery of the focal spot, the DSRs formed without pulse overlapping while the NSRs formed with
pulse overlapping. These phenomena are in accord with the reported theory that the threshold of
multiple laser pulse material ablation is less than of single laser pulse ablation [37]. As shown in
Figure 2c, the hatch distance L is set to 5 um and the overlapping rate is 66%. The overlapping area
consisted of the outer ring II and the inner zone I of the two ablated craters. A similar morphology can
be seen in the non-overlapped area in Figure 2f, but the overlapping area of two adjacent craters were
observed with the higher laser peak power density irradiation and the appearance of the hierarchical
periodic NSRs and DSRs (in particular, the DSRs were vertically located in the valley of parallel NSRs).
The ridge profile became coarse and the groove became narrow accompanied with the aggregation of
plenty of nanoparticles on the ridge, and the coarsened ridge period changed from 201 nm to 249 nm
at different locations. For applications, the evolutionary morphology from the periphery to the center
of the crater due to the gaussian beam energy distribution suggests a precision control of the laser peak
power density is necessary for fabrication of distinct hierarchical periodic NSRs and DSRs.

?'

I 10pm !

d

) /y \wn ~:n;

Bl inner zone

L: pulse interval
D: focal spot diameter

Figure 2. Scanning electron microscope (SEM) images of ps laser induced surface subwavelength
ripples. Each of spot was carried out by 4 pulses with single pulse energy of 1.9 uJ and the hatch
distance of the two spots was set as: (a) 20 um, (b) 10 um and (c) 5 um. (d—g) The corresponding
images of magnified areas separately. (h) The schematic of peak power density profile correlation with
laser spots.

For the preparation of large-area hierarchical periodic NSRs and DSRs, it is worth exploring the
relationship between the scanning speed and resultant morphology. The preparation of large-area
hierarchical periodic NSRs and DSRs was implemented by a line-by-line laser scanning process.
The spacing between the filled parallel lines was set to 10 pum. A series of laser scanning speeds from
50 mm/s to 1000 mm/s under the average laser power of 0.76 W were chosen to investigate the effect
of space-time characteristic on large area laser-induced hierarchical periodic NSRs and DSRs. The
numbers of overlapping laser pulses at any place of the laser scanning line path can be calculated by
N =D *fy/v, where D = 16 um is the diameter of focused Gaussian spot, f, = 400 kHz is the laser pulse
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repetition rate and v is the laser scanning speed as 50, 100, 300, 500, 800, 1000, 1300, and 1500 mm/s.
Thus, the calculated overlapping pulse numbers (N) were 128, 64, 21, 13, 8, 6, 5 and 4, respectively.

The SEM images of the prepared hierarchical periodic NSRs and DSRs with increasing laser
scanning speed are shown in Figure 3. As shown in Figure 3a, there were multiple nanoparticles
redeposited on the ridge of the NSRs and, and the NSRs nearly disappeared for the high power density
pulse repeated irradiation under a relatively low scanning speed of 50 mm/s. The DSRs in the valley
of the NSRs cannot be observed or have vanished due to the absorption of exceeded pulse energy
irradiation. When the laser scanning speed was increased to 100 mm/s, the uniformity NSRs and DSRs
could be captured easily from the zoomed view of Figure 3b. With the scanning speed increased up to
500 mm/s, the smooth and clean NSRs and rarely nanoparticles redeposition fabricated accompany
with more regular DSRs formed in the valley of the NSRs. When the scanning speed was higher
than 500 mm/s and lower than 1000 mm/s, the continuity of the DSRs and NSRs became worse and
the bending of the DSRs was pronounced. When the scanning speed increased to 1300 mm/s and
1500 mm/s, the nanoripples formed were more blurred. It can be seen from Figure 3g,h that although
the periodic ripples formed were not strictly along one direction, but the disorderly DSRs cross with
NSRs could still be observed.

Figure 3. SEM images of subwavelength ripples prepared by different laser scanning speed and the
fixed line spacing of 10 um. The laser scanning speed of (a-h) is set to 50, 100, 300, 500, 800, 1000, 1300,
and 1500 mm/s, respectively. The insets are zoomed views of the selected areas. The polarization of
incident laser is indicated by the white double-headed arrow.
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As shown in Figure 4, the spatial period of the NSRs and the DSRs which irradiated at average
power of 0.76 W and various scanning speeds from 50 mm/s to 1000 mm/s were measured. The influence
of pulse energy overlapping in the charge of the scanning speed was investigated by means of the
line and symbol chart. The spatial period of the NSRs shows a small increment from 356.8 + 17 nm to
411.4 + 19 nm as the scanning speed increased. This scenario is similar to the previous findings that
the spatial period of the NSRs decreases with increasing pulse energy [8,35]. An efficient amount of
high power density and its distribution which deposited on the pre-existing ripple could decrease the
spatial period and the ridge of the ripple could become coarser for its inevitable pulse overlapping
offset. When the scanning speed was higher than 500 mm/s, the spatial period reached a higher limit
value of 411.4 + 19 nm. We assume that the few pulses overlapping that of the low power density in
the periphery of the follow-up pulse, interferes with the NSRs formation under that of high power
density. Moreover, the DSRs in the valley formed this superimposed effect in chaos, too. The spatial
period of the DSRs shows no obvious trend and fluctuates within a range of 44 nm to 74.6 nm.
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Figure 4. The spatial period of NSRs and DSRs irradiated at an average power of 0.76 W and various
scanning speeds from 50 mm/s to 1000 mm/s.

Figure 5 shows the surface morphology evolution of ps laser-induced subwavelength ripples
by increasing the average laser power from 0.49 W to 4.55 W at a fixed scanning speed of 500 mm/s,
namely the peak power density increases from 60.9 GW/cm? to 565.7 GW/cm?. As shown in Figure 5a,
the surface is covered with uniform DSRs with orientation parallel to the incident laser polarization,
since the peak power density is as low as 60.9 GW/cm? (average laser power of 0.49 W). It is interesting
that the DSRs induced at low peak power density are not straight lines in succession and are similar to
dendrite or well-known hydrodynamic instabilities of thin liquid films [21]. By increasing the laser peak
power density to 94.5 GW/cm? (average laser power of 0.76 W), both the NSRs and DSRs were fabricated
as illustrated in Figure 5b. More uniformity and regularity including continuous lines were observed
on the samples when the laser peak power density was higher than 94.5 GW/cm?. In agreement
with the previous reports, a correlation between the electric field polarization direction and the NSRs
orientation was observed in all cases [3,10]. Due to the ultrashort pulse laser irradiation, the time of
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the pulse duration is not enough for the excited electron transfer energy to lattice and thermalization.
All the nano-ripples were fabricated by the “cold” process with few heating effects, which is why so
much high power density without molten pool but only more and more nano-particle aggregation.

Figure 5. SEM image of the subwavelength ripples induced by different laser peak power density of
(a) 60.9 GW/cm?, (b) 94.5 GW/cm?, (c) 161.6 GW/cm?, (d) 304.6 GW/cm?, (e) 425.3 GW/cm? and (f)
565.7 GW/cm?, while the scanning speed is set to 500 mm/s and the line spacing is set to 10 pm.

As shown in Figure 5, the variation of laser peak power density has a great influence on the
eventual morphology of the hierarchical periodic NSRs and DSRs. The spatial period is one of the most
important topology parameters of the hierarchical periodic NSRs and DSRs, which may play a crucial
role in its potential application such as superhydrophobicity, friction control and structural color.

The spatial period tendencies of NSRs and DSRs with incident laser peak power density and
scanning speed are shown in Figure 6. The spatial period of the NSRs decreases as the incident laser
peak power density increases. Under the scanning speed of 50 mm/s, when the laser peak power
density increases from 60.9 GW/cm? to 161.6 GW/cm?, the period of the NSRs decreases from 389 +
11 nm to 352 + 12 nm. When the laser peak power density is greater than 161.6 GW/cm?, since the
scanning speed is relatively low, the much greater pulse overlap results in the preformed periodic
ripples’ disappearance. A similar scenario can be observed when the scanning speed is 100 mm/s and
the laser peak power density greater than 675.2 GW/cm?. Moreover, the spatial period of the NSRs
increases as the scanning speed increases, which agrees with the previous section. When the scanning
speed is between 300 mm/s and 1000 mm/s, the NSRs were fabricated on the surface of the sample,
and the period of the NSRs decreases from 430 + 10 nm to 382 + 14 nm with the laser peak power
density increase.

On the other hand, the period of DSRs fluctuates at 65 + 21 nm, and there is no obvious trend
with the incident laser peak power density and scanning speed. The formation of the DSRs precedes
the NSRs when the incident laser power density is slightly larger than the ablation threshold of the
material. The periodic fluctuation is related to the local transient free electron density fluctuation of
the material. The spatial period of the subwavelength ripples fabricated at different laser peak power
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density share a similar tendency with the scanning speed, which means the power density of incident
laser has a decisive role in the light-matter interaction.

Finally, a large area of the hierarchical periodic NSRs and DSRs was fabricated on the stainless-steel
surfaces by a set of optimized laser-scanning parameters. The scanning speed of 500 mm/s and the
laser average power of 0.76 W were chosen. Figure 7 shows the SEM micrographs of the prepared
large area hierarchical periodic NSRs and DSRs. The spatial period of obtained NSRs and DSRs were
356 + 17 nm and 58 + 15 nm, respectively.
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Figure 6. Comparison of the spatial period tendency of NSRs and DSRs with incident laser peak power
density and scanning speed.

Figure 7. SEM micrographs of the prepared large-area hierarchical periodic NSRs and DSRs on the
stainless-steel sample surface. (a-d) is the magnified picture of the selected area which indicated by a
rectangular of white line.
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3.2. Lattice Orientation of Grains as a Factor in the ps Laser-Induced Hierarchical Periodic NSRs and DSRs

An interesting phenomenon has been found in that the lattice orientation of grains is a factor in the
ps laser-induced hierarchical periodic NSRs and DSRs on the stainless-steel surfaces. The evolutionary
differences of the subwavelength periodic ripples with decreasing laser scanning speed under low peak
power density (60.9 GW/cm?, average laser power of 0.49 W) are revealed in Figure 8. By comparing
Figure 8a,b we see that with the decrease of laser scanning speed (an increase of the overlapping
pulse number N and laser energy absorption), the DSRs can be observed on stainless steel sample
surface irradiated with all the different laser-scanning speeds (300~1000 mm/s), but the NSRs that are
perpendicularly oriented only appear at low scanning speed (<300 mm/s, Figure 8d). With the high
laser scanning speed of 1000 mm/s, the obscured DSRs were generated on the pristine surface and the
spatial period of the nano-ripples was 58 nm. The ridges and valleys of the ripples are very smooth and
these blurred DSRs show a regular arrangement that seems to be influenced by the lattice orientation
of the material characteristics, as shown in Figure 8a,b. The initial DSRs formed at low peak power
density have a conformance with the metallic grains, which has never been reported before. As shown
in Figure 8a,b, the formation of DSRs has preferentially occurred in some “blocks”, which is clearly
related to the lattice orientation of the material itself. When the laser-scanning speed is decreased to
500 mm/s, the DSRs became distinct and the area induced by the lattice orientation became unclear
because the power density from the laser pulses is high enough for the valence electrons excitation
upon reaching the material ablation threshold [37]. When the laser-scanning speed is lower than
300 mm/s, the hierarchical periodic NSRs and DSRs are uniformly generated, as shown in Figure 8d.
But at the scanning line overlapping area of Figure 8d, which is similar to the Figure 2b scenario as the
two adjacent DSRs outer rings overlapped, only DSRs are fabricated because the peak power density is
lower than the threshold value of 91.9 GW/cm?.

1000mm/3

: ,?'_OOmm/S 3

Figure 8. SEM images of subwavelength ripples prepared by different laser scanning speed and the
fixed line spacing of 10 um. The laser scanning speed is set to (a) 1000 mm/s, (b) 800 mm/s, (c) 500 mm/s,
and (d) 300 mm/s, respectively. The insets are zoomed views of the selected areas. The polarization of
the incident laser is indicated by the white double-headed arrow.

To further verify this hypothesis, we performed a pre-corrosion treatment on the stainless-steel
samples in order to reveal the metallographic lattice structure on the surface. Hydrofluoric acid—nitric
acid aqueous solution was selected on account of the grain of 304 stainless steel which is austenite
grain. The metallographic lattice structure before and after the laser scanning treatment are shown in
the confocal laser scanning microscope images of Figure 9a,b, respectively. Some grains turned a dark
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grey color after the ps laser irradiation, since the laser induced nano-scale ripples always present dark
color in optical microscopes.

Figure 9. The metallographic lattice structure before and after the laser scanning treatment of 0.49 W
and 1000 mm/s are shown in the confocal laser-scanning microscope images, (a): before, (b): after.

Figure 10 shows the SEM micrograph of the same sample of Figure 9b, where the DSRs similar to
those in Figure 8a—c can be observed, and the formation of DSRs is affected by the lattice orientation of
stainless steel. On the different grains of the stainless-steel sample, the DSRs are selectively generated.
The DSRs are found in adjacent grains with little differences in orientation, as shown in Figure 8a,b.
The lattice orientation variations, which are the manifestation of grain atomic bulk density differences,
are believed to have an intrinsic fluence on the initial formation of DSRs. Moreover, the DSRs formation
conformance with the grain structures is sensitive to the peak power density irradiation of the material.
In this study, the energy threshold of the lattice orientation and the atomic bulk density affects the
DSRs’ formation. When the power density goes beyond the lattice binding energy of the stainless steel,
the effect of the lattice on the initial formation behavior of DSRs disappears.

Figure 10. SEM images of the same sample of Figure 9b. (a-d) is the magnified picture of the selected
area which indicated by a rectangular of white line.

3.3. Mechanism for the Picosecond (ps) Laser-Induced Hierarchical Periodic NSRs and DSRs

According to the above discussed facts, a feasible mechanism model should be compatible with the
three clues that are discussed above: (a) DSRs can be independently generated at a relatively low peak
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power density, but the generation of NSRs need much higher peak power density and accompanied by
DSRs in the valleys of the NSRs. (b) The orientation of the periodic DSRs is parallel to the polarization
of incident laser and perpendicular to the orientation of the periodic NSRs which coincides with the
laser-induced SPPs. (c) The formation of the DSRs at low peak power density has a conformance
with the metallic grain structures, and preferentially occurs in the interior of the grains that have low
surface atomic planar densities. Neither the classical scattering wave theory nor the SPPs excitation
theory can explain the formation of DSRs in which spatial period much smaller than the incident
laser wavelength [11]. The shortcoming of the self-organization theory is the influence of asymmetric
ionization kinetic energy affected by the polarization of the laser electric field, which cannot explain the
hierarchy and polarization dependence of different ripples in this experiment [21]. Second-harmonic
generation (SHG) is only found during the irradiation of certain materials, the present experiments
cannot clearly show that SHG is involved in the formation of DSRs on any surface [38].

A qualitative explanation based on SPP modulated periodic coulomb explosion is proposed for
the formation mechanism of hierarchical periodic NSRs and DSRs. As shown in Figure 11, the atomic
arrangement of the grains of 304 austenitic stainless steel is indicated in the dotted frame A. The white
double-headed arrow shows the polarization of the incident laser. During a picosecond laser pulse
duration, electron-absorbing photon ionization is always present, and the free electrons after ionization
move in the direction of the electric field under the action of the laser electric field, forming a free
electron gas limited to the surface movement. However, the concentration of free electrons on the
surface of the sample is not uniformly distributed due to the surface roughness and defects, which
lead to the initiation of the local non-thermal phase change coulomb explosion [39] at the place where
local electron ionization intensity is large enough. As shown in Figure 11b, the material removal
of coulomb explosion then makes the free electron gas movement blocked and concentrated at the
adjacent place along the laser electric field, which results in the subsequent coulomb explosion chain
that forms the DSRs. When the incident laser power density increases to a high threshold value,
the laser electric field (Transverse Magnetic wave, TM wave) induced constraint SPPs will propagate
along the metallic surface but perpendicular to the laser electric field orientation, and attenuate along
the vertical direction of the metallic surface [40]. The dotted line frame B in Figure 11a shows the
surface plasmon standing wave field induced at high energy density during laser irradiation. When
the incident light is irradiated to a defect on the surface of the stainless steel, the SPPs are excited by the
coupling of the surface electron plasma oscillation, and the surface plasmon standing wave is induced
when the adjacent surface defects are separated by a certain distance.

Figure 11c shows that the surface energy field of the stainless-steel sample was being periodically
modulated by the surface plasmon standing wave action, which made the free electron concentration
increase and a strong coulomb explosion occurred. The subsequent free electrons under the
SPP-modulated electric field are blocked and concentrated at the adjacent place along the SPPs’
propagation direction, which results in the subsequent coulomb explosion chain that forms the NSRs
with orientation vertical to the laser polarization directions. The weak electron concentration in the
valley after the strong coulomb explosion is likely to form a micro coulomb explosion, thereby forming
the DSRs in the valley. For the inevitable pulse overlapping offset, when the peak power density is too
high, the hierarchical periodic NSRs and DSRs structures will be partly destroyed and formed in chaos.

154



Nanomaterials 2020, 10, 62

i
)

515 nm ps PS laser beam(515 nm)
laser beam

.v,
o
10,3

5

YT
i

Weak Coulomb

X
« ! @« free electron (Strong Coulomb g ¢ free electron
explosion (WCE) explosion (SCE)

Figure 11. Schematic of the surface plasmon polariton (SPP)-modulated periodic coulomb explosion for
the formation mechanism of hierarchical periodic NSRs and DSRs. (a) The picosecond laser irradiated
on the stainless-steel surface. The dotted frame (A) indicated the atomic arrangement of the grains of
304 austenitic stainless steel. The dotted frame (B) shows the surface plasmon standing wave field
induced at high energy density during laser irradiation. (b) The formation of DSRs under the material
removal of coulomb explosion. (c¢) The NSRs induced by the periodically modulated by the surface
plasmon standing wave.

4. Conclusions

Although many notable works have been undertaken over the years to investigate ultrafast

laser-induced periodic surface subwavelength ripples (NSRs and DSRs), how to simultaneously
construct large-scale hierarchical periodic NSRs and DSRs still remains a challenge. The preparation
regulation of the picosecond laser induced hierarchical periodic NSRs and DSRs on stainless-steel
surfaces is investigated, and a unified qualitative explanation based on a SPP-modulated periodic
coulomb explosion is proposed in this work. The main conclusions obtained are as follows:

M

©)

®G)

The peak power density of incident laser makes a decisive role in the light-matter interaction which
leads to the generation of hierarchical periodic NSRs and DSRs. The DSRs can be independently
generated at a relatively low peak power density, whereas the generation of NSRs needs much
higher peak power density and are accompanied by DSRs in the valleys of the NSRs. The
orientation of the periodic DSRs is perpendicular to that of the periodic NSRs, which was
always found to be perpendicular to the polarization of the incident laser and coincides with the
laser-induced SPPs.

The formation of the DSRs at low peak power density has a conformance with the metallic grain
structures, and preferentially occurs in the interior of the grains that have low surface atomic
planar densities. Moreover, the spatial period of the NSRs is determined by the peak power
density absorption and the material intrinsic thermo-physical properties.

A qualitative explanation based on SPP-modulated periodic coulomb explosion is proposed for
the formation mechanism of hierarchical periodic NSRs and DSRs. During a picosecond laser
pulse duration, the photon-absorbed free electrons’ motion initiates the locally non-thermal phase
change coulomb explosion and results in the subsequent coulomb explosion chain that forms
the DSRs. The laser electric field (TM wave)-induced constraint on SPPs’ propagation along the
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metallic surface makes the free electron concentration increase and a strong coulomb explosion
chain occurs that forms the NSRs with orientation vertical to the laser polarization direction.
The preparation of large-area hierarchical periodic NSRs and DSRs was implemented by a
line-by-line laser scanning process within which either the incident laser power or scanning speed
can be used as the control variable. The spatial periods of the obtained NSRs and DSRs were
356 + 17 nm and 58 + 15 nm, respectively.

Further theoretical calculation and simulation are needed to verify the qualitative explanation
and find routes to improve continuity and strict directionality of the hierarchical periodic NSRs
and DSRs. The potential applications such as wettability, tribology, structural color are promising
since the laser-scanning preparation method is simple and precisely controllable.
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Abstract: This work proposed a miniaturized nanowire laser with high end-facet reflection. The
high end-facet reflection was realized by integrating an Ag grating between the nanowire and the
substrate. Its propagation and reflection properties were calculated using the finite elements method.
The simulation results show that the reflectivity can be as high as 77.6% for a nanowire diameter of
200 nm and a period of 20, which is nearly three times larger than that of the nanowire without a
metal grating reflector. For an equal length of nanowire with/without the metal grating reflector, the
corresponding threshold gain is approximately a quarter of that of the nanowire without the metal
grating reflector. Owing to the high reflection, the length of the nanowire can be reduced to 0.9 pm
for the period of 5, resulting in a genuine nanolaser, composed of nanowire, with three dimensions
smaller than 1 um (the diameter is 200 nm). The proposed nanowire laser with a lowered threshold
and reduced dimensions would be of great significance in on-chip information systems and networks.

Keywords: nanowire; nanolaser; metal grating

1. Introduction

Nanolasers hold the key position in on-chip sensing, optical interconnection and computing
systems [1-5]. With cylindrical geometry and strong two-dimensional confinement of electrons,
holes and photons, the independent semiconductor nanowire is one of the ideal candidates for
nanolasers [6-8]. To date, room-temperature lasing emission has been realized in ZnO, GaN, CdS
and GaAs nanowires, covering the optical spectrum from ultra-violet to near-infrared [9-14]. Among
them, GaAs nanowires, with a direct band gap and high electron mobility, are considered to be a
prime candidate for advanced opto-electronic devices [15]. However, due to the nanowires’ small size
compared with their emission wavelength, ranging from 800 to 900 nm, the end facets of the nanowire
display weak reflection at the near-infrared region, resulting in significant mirror losses [16]. Therefore,
the light propagation in the nanowire has to be long enough to overcome a threshold loss induced
by the weak facet reflectivities. The distinct index contrast reduces the diameter of the nanowires
down to 200 nm, and even below the diffraction limit with the contribution of surface plasmons
(collective electron oscillations) [17-19]. To keep the lasing emission from the nanowires at a relatively
low threshold level, the nanowire’s length becomes too long compared with its diameter, which may
impede its potential applications in nanophotonics and high-density photonics integration.

In this paper, an Ag grating with a short period number is proposed to enhance the end-facet
reflection and lower the mirror loss of GaAs nanowires. The grating is employed as a high-quality
reflector and placed at only one end facet to shrink the length of the nanowires. The other end-facet
reflection is provided by the Au cap. The Ag grating and Au cap compose the optical resonant cavity. In
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that cavity, two mirrors of Ag grating and Au cap face each other, forming an optical resonator in which
a light wave can be resonantly enhanced. To reveal the mechanism of the enhanced reflection by the
short-period Ag grating, the finite elements method (FEM) is applied to a numerical simulation of the
reflection and cavity properties. With the optimized structural parameters of the grating, the reflected
spectrum can be located within the gain spectrum of the GaAs nanowires to generate an increase in
feedback. Consequently, the lasing threshold will be lower than that without active feedback, and the
nanowire’s length can be shortened while maintaining the laser’s power.

2. Structure of GaAs Nanowire with Ag Grating

The schematic diagram of the GaAs nanowire with the Ag grating is shown in Figure 1. On the
silica substrate there is an Ag grating, the permittivity of which is described by the Drude-Lorentz model

_ Aé‘k
8(0)) =1 ; —w? —ﬂk(ia)) + bk (1)

where A¢y, a; and by are constants that provide the best fit for silver, when compared with the optical
constant data of silver given by Palik et al. [20]. The terms a; and by denote the damping frequency of
the electron gas and the effective electron collision frequency, respectively. The Drude-Lorentz model
is an extended Drude model, incorporating additional Lorentz terms [21-23]. Both of the models are
classic models which describe the transport properties of electrons in metals. Figure 1 illustrates that A
is the grating period; the width and height of the metal grating are denoted by Wg and H ¢ respectively.
The duty cycle of the grating was fixed at 50% during the simulation. The GaAs nanowire is placed
on the top of the grating. The part close to the dielectric interface is on the grating, to make the light
propagated inside the nanowire interact with the metal grating. Meanwhile, the other part close to the
Au cap is left suspended in the air. The Au cap on one top end of the nanowire is the Au particle, which
is used as a catalyst during the growth of GaAs nanowires [14,24,25]. Its diameter is approximately
equal to that of the nanowire. Due to the high reflection of the metal/dielectric interface, the Au cap is
employed here as a high-quality reflector. Its reflectivity can be higher than 70%, depending on the
nanowire’s diameter [13]. The Au cap naturally decreases the threshold and the nanowire’s length.
The other end of the nanowire is cleaved, and the mirror is formed by the GaAs/air interface. The
reflectivity of the dielectric interface for the fundamental mode is lower than 50%, and decreases with
the shrinking nanowire diameter. It becomes less than 30% when the diameter is 200 nm. Therefore,
only one end of the nanowire is located on the grating and the other end is left. Owing to the high
modal confinement provided by the unique 1D geometry, the nanowire is employed both as the
waveguide and gain medium. The Au cap and metal grating act as reflectors, forming the optical
resonant cavity.

(a)

Agera

Silica

Figure 1. Schematic diagrams of the nanowire with the Ag grating reflector. 3D model (a), lateral view
(b) and top view (c) of the proposed structure.
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3. Results and Discussion

When the nanowire is placed on the Ag grating, the light wave will be reflected by the grating,
forming the gain feedback, which is shown in Figure 2. The large index difference of the waveguide
mode HEj, for the nanowire in the air and that on the grating tooth enables the reflection of the light
wave by the grating. The reflected spectrum of the grating is shown in Figure 2c, where the period and
period number are 140 nm and 20, which makes the spectrum within the gain spectrum of the GaAs
nanowire. The reflected spectrum has a wide bandwidth of 64 nm. Owing to the high index contrast,
the grating, with a short period number of 20, can provide a maximum reflectivity of 74.5%. As shown
in Figure 2d, the profile of H, of the propagating mode is highly reflected by the Ag grating, and very
little electromagnetic energy is transmitted through the nanowire.
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Figure 2. Modal profiles of HE{;, for the nanowire in the air (a) and on the grating tooth (b). (c)
Reflected spectrum of the grating. (d) Profile of H, of the propagating mode. Numbers in (a) and (b)
are modal effective indices. The pseudo-colors indicate the intensity of the magnetic field of H.

The reflected spectrum, including bandwidth and peak, is dependent on the structural parameters
of the grating. As depicted in Figure 3a, the grating height varies from 10 to 50 nm. The reflection
is weakest for a grating height of 10 nm. It is significant to be note that due to the limitation of the
classic Drude model and its extensions of the adopted Drude-Lorentz model at the order of ~10 nm,
the simulation result values may not be very accurate [26]. The reflection curve of 10 nm here is only
to demonstrate the varying trend as the grating height decreases. With the increasing height, the
reflection becomes higher, and the bandwidth of the reflected spectrum becomes wider. However,
reflection stays nearly similar when the height increases from 30 to 40 nm, and then becomes weaker at
50 nm. This can be attributed to the effective index contrast. The index contrast increases along with the
height, resulting in higher reflection. However, when the grating height gets too large, the very high
index contrast and the metal tooth are similar to a cliff or wall for the guided mode inside the nanowire,
impeding the propagation and reflection of the mode. The period number is a direct factor in deciding
the reflectivity of the grating. In Figure 3b, the reflection gets stronger with the increasing period
number, from 10 to 30. When the period number increases from 25 to 30, the reflectivity increases by a
very small amount. To be different from the dielectric grating with a small index contrast, the metal
grating only needs a short period number to realize high reflection. The reflection capability of the
grating gets saturated at a period number of 25. Furthermore, a long period number brings a long
grating length, which also increases the nanowire’s cavity length. This is contradictory to the purpose
of the integration with the metal grating. Thus, the period number would be 20 or 25. In the following
calculation, all the period numbers are assumed to be 20. The grating period A, or width, is crucial
to the peak of the reflected spectrum. As depicted in Figure 3¢, the reflection peak displays red-shift
with the increasing A By optimizing the period A or width, the reflected spectrum of the grating can
be adjusted within, or to cover, the gain spectrum of the gain medium. The wavelength of the lasing
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emission from a GaAs nanowire most probably ranges from 850 to 880 nm [14]. Therefore, all of the
structural parameters were selected to cover or partly cover that spectral region.
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Figure 3. Reflected spectra of the grating for different grating heights (a), period numbers (b) and A (c).
* Due to the limitation of classic model of Drude-Lorentz at the order of ~10 nm, the simulation result
values may not be very accurate. The results given here are only to show the varying trend of reflection
intensity as the grating height decreases.

The photonic integration is going towards high density, requiring reduced dimensions of photonic
components. As the nanowire diameter decreases to the limit of fundamental modes, the reflectivity
decreases dramatically, together with the threshold gain. The metal grating reflector is more meaningful
for nanowires with smaller diameters. The reflected spectra for nanowire diameters of 300 nm, 250 nm,
230 nm, and 200 nm are shown in Figure 4, where the other structural parameters of the grating height,
duty cycle and period number are the same. The grating period or width are slightly tuned, to keep the
spectra within the gain spectrum of the GaAs nanowire. The bandwidth and intensity of the reflection
spectrum have negative relationships with the diameter, due to the index contrast increasing with the
decreasing diameter. As the diameter decreases, the electromagnetic wave guided inside the nanowire
has a more intense interaction with the metal grating tooth, resulting in a larger modal effective index,
together with index contrast.
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Figure 4. Reflected spectra for nanowire diameters of 300 nm (a), 250 nm (b), 230 nm (c) and 200 nm (d).

To compare the reflection between the Ag grating, end facet, and Au cap, functions of the
Ag-grating reflectivity, end-facet reflectivity and Au-cap reflectivity on nanowire diameter are depicted
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in Figure 5a. The end-facet reflection is very weak and gets weaker for diameters of 200 nm and 220 nm.
At a diameter of 200 nm, the end-facet reflectivity is below 30%. In contrast, for the Au-cap reflection,
it is very strong even at a diameter of 200 nm. Its reflectivity can be 80% at larger diameters, and more
than 65% at a diameter of 200 nm. Thus, the Au cap can provide excellent reflection for the propagated
light wave with extremely small dimensions. This can be an additional advantage of the Au-catalyst
growth method. For the reflection of the Ag grating, it is much stronger than the end-facet reflection.
Its reflectivity is two times larger than its end-facet reflectivity. For small nanowire diameters below
260 nm, the reflectivity of Ag grating is even greater than Au-cap reflectivity. The introduction of the
metal grating reflector is to compensate for the end-facet reflection, resulting in the reduced nanowire
length or lowered threshold gain. The lasing threshold is the lowest excitation level, at which laser
output is dominated by stimulated emission rather than spontaneous emission. The threshold gain gy,
which describes the required gain per unit length for lasing, is defined as [27]

= o ]

where R denotes the geometric mean of the reflectivity of the end facets of the nanowire, and L is the
length of the nanowire’s optical resonant cavity. I’y is the modal confinement factor, which is an
indicator of how well the mode overlaps with the gain medium, and is defined as the ratio between
the modal gain and material gain in the active region [28-30]
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where 7 is the intrinsic impedance, 1, is the index of the active region, A, is the cross section of the
active region, A is the whole cross section ideally extending to infinity, and E and H are the complex
electric and magnetic fields of the guided modes. The threshold gains of a nanowire laser with and
without metal grating for diameters varying from 200 to 300 nm are shown in Figure 5b. Three lengths
were chosen to demonstrate the threshold performance of the nanowire laser. As lasing emission is
easily output from nanowires with lengths from 5-10 um, lengths of 6 and 9 pm are typical parameters
for a nanowire laser. A nanowire of 6 um length without grating has a relatively high threshold gain,
around 800 cm™!, and increases to about 1000 cm~! when the diameter decreases to 200 nm. This is not
beneficial for lasing emission from nanowire and requires high-power pump. If the length is changed
to 9 um, the threshold gain becomes moderate, ranging from 600 to 800 cm~!, which is helpful for
lasing emission. However, for nanowire with metal grating, threshold gains for lengths of 6 and 9 um
are both low. The threshold gain of nanowire with a length of 6 um ranges from 300 to 400 cm™!. For
nanowire with a length of 9 um, threshold gain can go down to 200 to 250 cm™. At this threshold level,
the laser can be easily lased without a high-power pump. To shrink the nanowire’s length, we make the
length 3 um, at which lasing emission requires a high-power pump. Its threshold gain ranges from 1600
to 2000 cm™!. With the metal grating, the threshold gain can go down to 600 to 800 cm™!, decreasing
threshold gain by more than 2 times. At this threshold level, lasing is not hard to realize. Thus, the
length of the nanowire laser can be shortened to 3 um under moderate pump power. In high-density
photonic integration, a nanolaser with three dimensions at nanoscale is preferred. Therefore, we make
the length of the nanowire laser 900 nm by shortening the period number of the metal grating to 5. As
shown in Figure 5¢, the bandwidth becomes wider and the reflection becomes weaker than nanowire
of 3 um length. The maximum reflectivity decreases from 77.6% to 69.2%, and the corresponding
threshold gain increases from 756 to 2978 cm™!. Lasing at a threshold gain of ~3000 cm™! requires a
high-power pump. Although the threshold gain is not low, a nanowire laser can be shortened to within
1 micron and is promising to lase under a high-power pump. In future research, if some additional
techniques, like surface plasmons, were added onto the nanowire with metal grating, the confinement
factor would be increased by more than 1.5 times, lowering the threshold gain further [31,32].
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Figure 5. (a) Reflected spectra of the Ag grating, end facet and Au cap for nanowire diameter vary from
200 to 300 nm. (b) Threshold gain of nanowire with and without Ag grating for nanowire diameters
varying from 200 to 300 nm. (c) Reflected spectrum for a period number of 5. Pseudo-colors indicate
the intensity of the magnetic field of H.

4. Conclusions

In summary, we proposed a metal grating with a short period to provide high reflection for the
light wave propagating inside the nanowire. The metal grating is placed between the silica substrate
and the nanowire. To shorten the nanowire’s length, the metal grating is only integrated with the end
facet of the dielectric interface. The other end-facet reflection is provided by the Au cap, with a high
reflectivity of around 70%. When the period number of the metal grating is set to 20, the grating can
realize a maximum reflectivity of 81.8%. Moreover, a high reflectivity of 77.6% was realized for the
nanowire diameter of 200 nm. The reflectivity is nearly three times larger than that without metal
grating. Owing to the high reflection of the metal grating, the threshold gain of the nanowire laser can
be decreased by more than 2.5 times. The length of the nanowire laser can be shortened to 3 pm under
moderate pump power. With a high-power pump, the length of the nanowire laser could be shortened
down to 900 nm, which is promising for the realization of lasing emission at a threshold gain of 2978
cm~!. Consequently, all of the three dimensions of the nanowire laser, especially the length, could
be reduced below 1 micron. The proposed miniaturized nanowire laser with metal grating would be
promising for use in on-chip sensing, optical interconnection and computing systems.
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Abstract: The plasmonic enhancement of electromagnetic field energy density at the sharp tips of
nanoparticles or nanoscale surface roughnesses of hydrogen-absorbing transition metals, Pd, Ti, and
Ni, is quantitatively investigated. A large degree of energy focusing is observed for these transition
metals in the microwave region, even surpassing the enhancement for noble metals according to the
conditions. Pd, for instance, exhibits peak field enhancement factors of 6000 and 2 x 108 in air for
morphological aspect ratios of 10 and 100, respectively. Metal surfaces possibly contain such degrees
of nano- or micro-scale native random roughnesses, and, therefore, the field enhancement effect may
have been unknowingly produced in existing electrical and optical systems. In addition, for future
devices under development, particularly in hydrogen-related applications, it is desirable to design
and optimize the systems, including the choice of materials, structures, and operating conditions,
by accounting for the plasmonic local energy enhancement effect around the metal surfaces.

Keywords: transition metal; surface plasmon; nanoparticle; nanophotonics; hydrogen storage;
sensing; nuclear fusion; energy device

1. Introduction

Free electrons in metallic materials, particularly around metal surfaces or interfaces with dielectric
media, exhibit a strong interaction with electromagnetic fields or light in the form of collective oscillation,
named “surface plasmons” [1-3]. Surface-plasmon-induced electromagnetic field enhancement on metal
surfaces [4-7] has been utilized for various applications, such as chemical/biomedical sensing [8-10],
photodetectors [11-13], light-emitting diodes [14-16], nanolasers [17-19], solar cells [16,20-22], and optical
cloaking [23-25]. Recently, we found through numerical analysis that a large degree of energy focusing,
with enhancement factors over several hundred, is available for planar surfaces of hydrogen-absorbing
transition metals, Pd, Ti, and Ni, in the microwave region, even surpassing the enhancement for noble
metals [26]. We therein discussed the potential applications of the plasmonic field enhancement effect
on hydrogen-absorbing transition metals, such as hydrogen storage [27-31], sensing [32-34], and nuclear
fusion [35-38]. In contrast to the studied plasmonic field enhancement effect on planar metal surfaces, it is
known that surfaces with sharp curvatures allow the electromagnetic field to concentrate further, called
the “lightning-rod effect” [39—43]. In the present study, we numerically investigate the plasmonic field
enhancement on sharp surfaces of hydrogen-absorbing transition metals, Pd, Ti, and Ni.

2. Theory and Calculation Methods

We calculate the field enhancement factors, which represent the intensity ratios for fields around
the object (metals in this case) to those in the absence of the object, or the original incident fields,
for prolate-spheroidal metal nanoparticles in air, Hy, or vacuum, and H,O. We specifically calculate
the field enhancement factors at the tips of the prolate-spheroidal metal nanoparticles, to represent
sharp-curvature metal surfaces. These calculations, based on the classical electromagnetic field theory
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in the quasistatic limit [7,44], quantitatively show how much energy can be concentrated from the
incident optical or electric power. The intensities of electromagnetic fields around subwavelength-size
metal nanoparticles can be described by the formalism below in the quasistatic limit [44]. Consider a
homogeneous, prolate spheroid with radii of the major and minor axes a and b, respectively, placed

N
in a medium in which there exists a uniform static electric field E( applied along the major axis of
the spheroid, as schematically depicted in Figure 1. If the permittivities or dielectric constants of
the spheroid and the medium are different, a charge will be induced on the surface of the spheroid.
The initially uniform field will, therefore, be distorted by the introduction of the spheroid. Based on
the calculation schemes described in earlier articles [7,42,44,45], in short, the electric field outside the
spheroid and at the tip of the prolate spheroid is given by

- o) N

Etip = 077 o (0o 0] £ M
where ¢; and ¢, are the frequency-dependent complex permittivities or dielectric functions of the
spheroid and the surrounding medium, respectively. L is the geometrical factor for the major axis of
the prolate spheroid, calculated as

Ly = =8(-1+ £ In 1), )

where e is the eccentricity of the particle shape:
e= 41— Z—; 3)
The field enhancement factor is then calculated as
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Note that this field enhancement factor is defined as the ratio of field intensities and not field magnitudes.
Incidentally, for the spherical case, which provides L; = 1/3, n reduces to the equation of the field
enhancement factor derived in Reference [7]. The empirical complex dielectric functions of metals and
of the surroundings on the frequencies listed in References [7] and [26] are used for the computations
in this study. We assume that ¢’ = 1 and ¢” = 0 throughout the entire frequencies for air, Hy, and
vacuum. The electrostatic calculations carried out in this study are valid for particle sizes in the range of
10-100 nm, for which the phase retardation is negligible throughout the particle, the field enhancement
will be largest, and metal nanoparticles and nanoscale roughnesses will, therefore, become most
applicable, as discussed in the Results and Discussion section.

Figure 1. Schematic bird’s-eye view of the system considered in this study for the calculations of field
enhancement factors.
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3. Results and Discussion

Firstly, as a reference, we present in Figure 2 the calculated electromagnetic field enhancement
factors for the simple, spherical nanoparticle case, which corresponds to the spheroid’s aspect ratio,
a/b, of one. The peaks seen in these spectra are associated with the resonance or surface mode,
characterized by internal electric fields with no radial nodes. A local energy enhancement around
10 times is decently observed for the hydrogen-absorbing transition metals, Pd, Ni, and Ti, in this
spherical-shape case. Incidentally, the results in Figure 2 for shorter wavelengths are consistent
with those reported in Reference [7]. It should be noted that the field enhancement factors, for our
calculations, are independent of the particle size under the quasistatic approximation, and are valid
for particle diameters around the range of 10-100 nm [7]. Figure 3 shows the field enhancement
factors for spheroidal metal nanoparticles with an aspect ratio of three. It is observed that even for
such a relatively small aspect ratio or morphological surface sharpness, enhancement factors over 100
are attainable for Pd, Ni, and Ti for a wide range of frequencies, through visible to infrared. Such
nanoparticles or nanoscale surface roughness thus concentrate electromagnetic or optical energy in
their vicinity like antennae. The artifact discontinuities for the curves for Cu and Ti around 1 and
4 pm, respectively, in Figures 3 and 4 are incidentally because of the discontinuities in the source
empirical data of the dielectric functions. Remarkably, electromagnetic field enhancement factors of
several thousand are observed for Pd, Ni, and Ti for the aspect ratio of 10 (Figure 4). The resonant peak
enhancement factors for Au, Ag, and Cu are observed to be even larger, on the order of 105. Among
the whole metal elements, Al and the noble metals Ag, Au, and Cu are known to exhibit distinctively
higher field enhancement factors than other metals because of their high electrical conductivities [7,46].
Therefore, the combination of such noble-metal spheroidal nanoparticles and hydrogen-absorbed
transition metals, available, for instance, by coating bulk metal surfaces by colloidal metal nanoparticles,
may be another strategy for applications to harvest the photonic or electromagnetic energy focusing
effect. Strikingly, as observed in Figure 5, the field enhancement factor of Pd for the sharp particle
or surface morphology case of an aspect ratio of 100 reaches the order of 108 in the infrared region,
even exceeding those for the noble metals. This consequence is consistent with the results reported
in Reference [26] that the plasmonic field enhancement factors of the hydrogen-absorbing transition
metals become higher than those of noble metals for planar metal surfaces. Incidentally, the peak or
resonant wavelength of Ti may unfortunately locate outside of the range of frequencies handled in
this study. Figures 6 and 7 summarize the dependence of the peak field enhancement factors and
wavelengths, respectively, on the aspect ratio. It is observed that the electromagnetic field enhancement
factors dramatically increase with the aspect ratio, namely, with the sharpness of the metal surfaces.
As the sharpness increases, the resonant peak wavelength red-shifts. Large-aspect-ratio metal particles
or high-curvature edges of surface irregularities exhibit high polarizabilities and, thus, large dipole
moments, particularly at the resonance, to produce strong local field enhancement in the vicinity of such
edges [44,47]. To discuss the electromagnetic similarity between isolated metal spheroidal particles
and rough surfaces, it is worth mentioning that the detailed numerical calculation results reported in
Reference [40], where rough metal surfaces were modeled as prolate hemispheroids protruding from
a grounded flat plane, are quantitatively similar to our results in Figures 6 and 7, for the peak field
enhancement factors and wavelengths.

The large field-enhancement effect on the hydrogen-absorbing transition metals, Pd, Ni, and Ti,
observed in the series of calculations in this study can be used for various hydrogen-energy applications.
As discussed in Reference [26], potential applications include hydrogen storage, sensing [48,49], laser
fusion [46], and condensed-matter fusion. In addition, for the reported experiments so far, for instance,
in the condensed-matter nuclear fusion field, it is highly possible that the deuterium-absorbed Pd, Ni, and
Ti surfaces contained certain degrees of nano- or micro-scale native random roughnesses [39,40,50,51]
corresponding to such morphological aspect ratios as those studied in this article. Therefore, some of the
experimental material systems may have unknowingly benefited from the plasmonic field enhancement
effect. The electrostatic calculation results shown in this paper are valid for particle sizes smaller than the
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fields’ wavelengths at which the phase retardation is negligible throughout the particle object. In addition,
the dielectric functions of materials used for our calculations are empirical values for bulk materials, whose
validity is debatable when the particle sizes become smaller than 10 nm, because of the electron mean free
path limitation or scattering of conduction electrons off particle surfaces [44,47,52,53]. The calculation
results for optical wavelengths under the quasistatic approximation are, therefore, valid for metal particles
with diameters in the range of 10-100 nm. Metal particles with sizes smaller and larger than these
limits both exhibit broader plasmon resonances and smaller field enhancements, because of the surface
scattering losses and the radiative losses or electrodynamic damping, respectively [47,52,53]. Therefore,
the choice of particle sizes, 10-100 nm, for our calculations is most suitable for plasmon-enhanced
electromagnetic and optical applications, because of the largest field enhancements. This size aspect
should, therefore, also be accounted for in the optimized design of the material structures in potential
applications. In addition, surface plasmons located in between multiple metallic objects with nanoscale
separation distances, or so-called “gap plasmons” [54-56], would also provide large field enhancements
on the conditions. The gap-plasmon effect for hydrogen-energy applications is important partially
because gap plasmons are also commonly observed in real structures such as rough metal surfaces, and
will be discussed in future work.
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Figure 2. Calculated electromagnetic field enhancement factors around spherical nanoparticles of Au,
Ag, Cu, Pd, Ti, and Ni in (left) air/H,/vacuum and (right) H,O. The insets are the clarified plots for Ag.
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4. Conclusions

In this work, we numerically investigated the lightning-rod effect of plasmonic field enhancement
on hydrogen-absorbing transition metals. A large degree of energy focusing was observed for these
transition metals in the microwave region, even surpassing the enhancement for noble metals according
to the conditions. Pd, for instance, exhibited peak field enhancement factors of 6000 and 2 X 108 in air
for morphological aspect ratios of 10 and 100, respectively. The metal surfaces possibly contained such
degrees of nano- or micro-scale native random roughnesses, and, therefore, the field enhancement effect
may have been unknowingly produced in existing electrical and optical systems. Active utilization
of the plasmonic local energy enhancement effect around the metal surfaces by proper material and
structure choices, such as the introduction of sharp nanoparticles or sharply roughened surfaces, can
potentially improve hydrogen-related device performance.

Author Contributions: K.T. conceived the idea for the study. N.F. carried out the calculations and analyzed the
data. Both authors contributed to discussion of the results and composed the manuscript.

Funding: This research was funded by the Thermal & Electric Energy Technology Foundation and the Research
Foundation for Opto-Science and Technology.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Ritchie, R.H. Plasma losses by fast electrons in thin films. Phys. Rev. 1957, 106, 874-881. [CrossRef]

2. Barnes, W.L,; Dereux, A.; Ebbesen, T.W. Surface plasmon subwavelength optics. Nature 2003, 424, 824-830.
[CrossRef] [PubMed]

3. Maier, S.A.; Atwater, H.A. Plasmonics: Localization and guiding of electromagnetic energy in metal/dielectric
structures. J. Appl. Phys. 2005, 98, 011101. [CrossRef]

4. Ritchie, R H.; Arakawa, E.T.; Cowan, ].].; Hamm, R.N. Surface-plasmon resonance effect in grating diffraction.
Phys. Rev. Lett. 1968, 21, 1530-1533. [CrossRef]

5. Weber, WH.; McCarthy, S.L. Surface-plasmon resonance as a sensitive optical probe of metal-film properties.
Phys. Rev. B 1975, 12, 5643-5650. [CrossRef]

6. Kim,S,;Jin, J.H,; Kim, Y.J.; Park, LY,; Kim, Y.; Kim, S.W. High-harmonic generation by resonant plasmon
field enhancement. Nature 2008, 453, 757-760. [CrossRef] [PubMed]

172



Nanomaterials 2019, 9, 1235

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tanabe, K. Field enhancement around metal nanoparticles and nanoshells: A systematic investigation.
J. Phys. Chem. C 2008, 112, 15721-15728. [CrossRef]

Nie, S.M.; Emery, S.R. Probing single molecules and single nanoparticles by surface-enhanced Raman
scattering. Science 1997, 275, 1102-1106. [CrossRef]

Haes, A.J.; Van Duyne, R.P. A nanoscale optical blosensor: Sensitivity and selectivity of an approach based
on the localized surface plasmon resonance spectroscopy of triangular silver nanoparticles. J. Am. Chem. Soc.
2002, 124, 10596-10604. [CrossRef]

Homola, J. Surface plasmon resonance sensors for detection of chemical and biological species. Chern. Rev.
2008, 108, 462—493. [CrossRef]

Shackleford, J.A.; Grote, R.; Currie, M.; Spanier, J.E.; Nabet, B. Integrated plasmonic lens photodetector. Appl.
Phys. Lett. 2009, 94, 083501. [CrossRef]

Berini, P. Surface plasmon photodetectors and their applications. Laser Photonics Rev. 2014, 8, 197-220.
[CrossRef]

Echtermeyer, T.J.; Milana, S.; Sassi, U.; Eiden, A.; Wu, M.; Lidorikis, E.; Ferrari, A.C. Surface plasmon
polariton graphene photodetectors. Nano Lett. 2016, 16, 8-20. [CrossRef] [PubMed]

Vuckovic, J.; Loncar, M.; Scherer, A. Surface plasmon enhanced light-emitting diode. IEEE ]. Quantum
Electron. 2000, 36, 1131-1144. [CrossRef]

Hobson, P.A.; Wedge, S.; Wasey, J.A.E.; Sage, 1.; Barnes, W.L. Surface plasmon mediated emission from
organic light-emitting diodes. Adv. Mater. 2002, 14, 1393-1396. [CrossRef]

Pillai, S.; Catchpole, K.R.; Trupke, T.; Zhang, G.; Zhao, J.; Green, M.A. Enhanced emission from Si-based
light-emitting diodes using surface plasmons. Appl. Phys. Lett. 2006, 88, 161102. [CrossRef]

Noginov, M.A.; Zhu, G.; Belgrave, A.M.; Bakker, R.; Shalaev, V.M.; Narimanov, E.E.; Stout, S.; Herz, E.;
Suteewong, T.; Wiesner, U. Demonstration of a spaser-based nanolaser. Nature 2009, 460, 1110-1112.
[CrossRef]

Oulton, R.F; Sorger, VJ.; Zentgraf, T., Ma, RM.; Gladden, C.; Dai, L.; Bartal, G.; Zhang, X. Plasmon lasers at
deep subwavelength scale. Nature 2009, 461, 629-632. [CrossRef]

Berini, P.; De Leon, I. Surface plasmon-polariton amplifiers and lasers. Nat. Photonics 2012, 6, 16-24.
[CrossRef]

Hayashi, S.; Kozaru, K.; Yamamoto, K. Enhancement of photoelectric conversion efficiency by surface-plasmon
excitation: A test with an organic solar-cell. Solid State Commun. 1991, 79, 763-767. [CrossRef]

Schaadt, D.M.; Feng, B.; Yu, E.T. Enhanced semiconductor optical absorption via surface plasmon excitation
in metal nanoparticles. Appl. Phys. Lett. 2005, 86, 063106. [CrossRef]

Nakayama, K.; Tanabe, K.; Atwater, H.A. Plasmonic nanoparticle enhanced light absorption in GaAs solar
cells. Appl. Phys. Lett. 2008, 93, 121904. [CrossRef]

Schurig, D.; Mock, J.J.; Justice, B.J.; Cummer, S.A.; Pendry, J.B.; Starr, A.F,; Smith, D.R. Metamaterial
electromagnetic cloak at microwave frequencies. Science 2006, 314, 977-980. [CrossRef] [PubMed]

Tanaka, T. Plasmonic metamaterials. IEICE Electron. Express 2012, 9, 34-50. [CrossRef]

Amemiya, T.; Taki, M.; Kanazawa, T.; Hiratani, T.; Arai, S. Optical lattice model toward nonreciprocal
invisibility cloaking. IEEE |. Quantum Electron. 2015, 51, 6100110. [CrossRef]

Fukuoka, N.; Tanabe, K. Large plasmonic field enhancement on hydrogen-absorbing transition metals at
lower frequencies: Implications for hydrogen storage, sensing, and nuclear fusion. J. Appl. Phys. 2019, 126,
023102. [CrossRef]

Tripodi, P.; Armanet, N.; Asarisi, V.; Avveduto, A.; Marmigi, A.; Vinko, ].D.; Biberian, J.P. The effect of
hydrogenation/dehydrogenation cycles on palladium physical properties. Phys. Lett. A 2009, 373, 3101-3108.
[CrossRef]

Li, G.Q.; Kobayashi, H.; Taylor, ]. M.; Ikeda, R.; Kubota, Y.; Kato, K.; Takata, M.; Yamamoto, T.; Toh, S.;
Matsumura, S.; et al. Hydrogen storage in Pd nanocrystals covered with a metal-organic framework. Nat.
Mater. 2014, 13, 802-806. [CrossRef]

Mohtadi, R.; Orimo, S. The renaissance of hydrides as energy materials. Nat. Rev. Mater. 2016, 2, 16091.
[CrossRef]

173



Nanomaterials 2019, 9, 1235

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

Tanabe, K. Modeling of hydrogen/deuterium dynamics and heat generation on palladium nanoparticles for
hydrogen storage and solid-state nuclear fusion. Heliyon 2016, 2, €00057. [CrossRef]

Kitagawa, Y.; Tanabe, K. Development of a kinetic model of hydrogen absorption and desorption in
magnesium and analysis of the rate-determining step. Chem. Phys. Lett. 2018, 699, 132-138. [CrossRef]
Lundstrom, K.I; Shivaraman, M.S.; Svensson, C.M. A hydrogen-sensitive Pd-gate MOS transistor. J. Appl.
Phys. 1975, 46, 3876-3881. [CrossRef]

Favier, E; Walter, E.C.; Zach, M.P,; Benter, T.; Penner, RM. Hydrogen sensors and switches from
electrodeposited palladium mesowire arrays. Science 2001, 293, 2227-2231. [CrossRef] [PubMed]

Hubert, T.; Boon-Brett, L.; Black, G.; Banach, U. Hydrogen sensors—A review. Sens. Actuators B 2011, 157,
329-352. [CrossRef]

Nuckolls, J.; Thiessen, A.; Wood, L.; Zimmerman, G. Laser compression of matter to super-high densities:
Thermonuclear (CTR) applications. Nature 1972, 239, 139-142. [CrossRef]

Fleischmann, M.; Pons, S. Electrochemically induced nuclear-fusion of deuterium. J. Electroanal. Chem. 1989,
261, 301-308. [CrossRef]

Iwamura, Y.; Sakano, M.; Itoh, T. Elemental analysis of Pd complexes: Effects of D, gas permeation. Jpn. J.
Appl. Phys. 2002, 41, 4642-4650. [CrossRef]

Hurricane, O.A.; Callahan, D.A_; Casey, D.T.; Celliers, PM.; Cerjan, C.; Dewald, E.L.; Dittrich, T.R.; Doppner, T.;
Hinkel, D.E.; Hopkins, L.E.B.; et al. Fuel gain exceeding unity in an inertially confined fusion implosion.
Nature 2014, 506, 343-348. [CrossRef]

Gersten, ].I. The effect of surface roughness on surface enhanced Raman scattering. J. Chem. Phys. 1980, 72,
5779-5780. [CrossRef]

Gersten, J.; Nitzan, A. Electromagnetic theory of enhanced Raman scattering by molecules adsorbed on
rough surfaces. J. Chem. Phys. 1980, 73, 3023-3037. [CrossRef]

Wang, D.S.; Kerker, M. Enhanced Raman scattering by molecules adsorbed at the surface of colloidal
spheroids. Phys. Rev. B 1981, 24, 1777-1790. [CrossRef]

Liao, P.F; Wokaun, A. Lightning rod effect in surface enhanced Raman scattering. J. Chem. Phys. 1982, 76,
751-752. [CrossRef]

Mohamed, M.B.; Volkov, V.; Link, S.; El-Sayed, M.A. The ‘lightning’ gold nanorods: Fluorescence enhancement
of over a million compared to the gold metal. Chem. Phys. Lett. 2000, 317, 517-523. [CrossRef]

Bohren, C.E; Huffman, D.R. Absorption and Scattering of Light by Small Particles, 1st ed.; Wiley: Weinheim,
Germany, 1983; pp. 130-148. ISBN 978-0-471-29340-8.

Tanabe, K. A simple optical model well explains plasmonic-nanoparticle-enhanced spectral photocurrent in
optically thin solar cells. Nanoscale Res. Lett. 2016, 11, 236. [CrossRef] [PubMed]

Tanabe, K. Plasmonic energy nanofocusing for high-efficiency laser fusion ignition. Jpn. J. Appl. Phys. 2016,
55, 08RGO1. [CrossRef]

Moskovits, M. Surface-enhanced spectroscopy. Rev. Mod. Phys. 1985, 57, 783-826. [CrossRef]
Langhammer, C.; Zoric, I.; Kasemo, B. Hydrogen storage in Pd nanodisks characterized with a novel
nanoplasmonic sensing scheme. Nano Lett. 2007, 7, 3122-3127. [CrossRef]

Baldi, A.; Narayan, T.C.; Koh, A.L.; Dionne, J.A. In situ detection of hydrogen-induced phase transitions in
individual palladium nanocrystals. Nat. Mater. 2014, 13, 1143-1148. [CrossRef]

Boyd, G.T.; Rasing, T.; Leite, ] R.R.; Shen, Y.R. Local-field enhancement on rough surfaces of metals,
semimetals, and semiconductors with the use of optical second-harmonic generation. Phys. Rev. B 1984, 30,
519-526. [CrossRef]

Boyd, G.T.; Yu, Z.H.; Shen, Y.R. Photoinduced luminescence from the noble metals and its enhancement on
roughened surfaces. Phys. Rev. B 1986, 33, 7923-7936. [CrossRef]

Zeman, E.J.; Schatz, G.C. An accurate electromagnetic theory study of surface enhancement factors for Ag,
Au, Cu, Li, Na, Al, Ga, In, Zn, and Cd. |. Phys. Chem. 1987, 91, 634-643. [CrossRef]

Hao, E.; Schatz, G.C. Electromagnetic fields around silver nanoparticles and dimers. J. Chem. Phys. 2004, 120,
357-366. [CrossRef] [PubMed]

Inoue, M.; Ohtaka, K. Surface enhanced Raman scattering by metal spheres. 1. Cluster effect. J. Phys. Soc. Jpn.
1983, 52, 3853-3864. [CrossRef]

174



Nanomaterials 2019, 9, 1235

55. Tanaka, K.; Tanaka, M. Simulations of nanometric optical circuits based on surface plasmon polariton gap
waveguide. Appl. Phys. Lett. 2003, 82, 1158-1160. [CrossRef]

56. Ward, D.R.; Huser, F; Pauly, E; Cuevas, ].C.; Natelson, D. Optical rectification and field enhancement in a
plasmonic nanogap. Nat. Nanotechnol. 2010, 5, 732-736. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

175






nanomaterials ﬁw\l)\l’y
Z

Review

Surface/Interface Engineering for Constructing
Advanced Nanostructured Photodetectors with
Improved Performance: A Brief Review

Meng Ding '*, Zhen Guo 2%*, Xuehang Chen !, Xiaoran Ma ! and Lianqun Zhou %4*

1 School of Physics and Technology, University of Jinan, 336 Nanxinzhuang West Road, Jinan 250022, China;

chenxuehang666@163.com (X.C.); mammxxxr@163.com (X.M.)

Key Lab of Bio-Medical Diagnostics, Suzhou Institute of Biomedical Engineering and Technology,
Chinese Academy of Sciences, Suzhou 215163, China

3 Zhongke Mass Spectrometry (Tianjin) Medical Technology Co., Ltd., Tianjin 300399, China

4 Jihua Institute of Biomedical Engineering Technology, Jihua Laboratory, Foshan 528251, China

*  Correspondence: dingmeng0207@163.com (M.D.); guozhen@sibet.ac.cn (Z.G.); zhoulq@sibet.ac.cn (L.Z.)

Received: 10 January 2020; Accepted: 13 February 2020; Published: 19 February 2020

Abstract: Semiconductor-based photodetectors (PDs) convert light signals into electrical signals via a
photon-matter interaction process, which involves surface/interface carrier generation, separation,
and transportation of the photo-induced charge media in the active media, as well as the extraction of
these charge carriers to external circuits of the constructed nanostructured photodetector devices.
Because of the specific electronic and optoelectronic properties in the low-dimensional devices built
with nanomaterial, surface/interface engineering is broadly studied with widespread research on
constructing advanced devices with excellent performance. However, there still exist some challenges
for the researchers to explore corresponding mechanisms in depth, and the detection sensitivity,
response speed, spectral selectivity, signal-to-noise ratio, and stability are much more important factors
to judge the performance of PDs. Hence, researchers have proposed several strategies, including
modification of light absorption, design of novel PD heterostructures, construction of specific
geometries, and adoption of specific electrode configurations to modulate the charge-carrier behaviors
and improve the photoelectric performance of related PDs. Here, in this brief review, we would like
to introduce and summarize the latest research on enhancing the photoelectric performance of PDs
based on the designed structures by considering their surface/interface engineering and how to obtain
advanced nanostructured photo-detectors with improved performance, which could be applied to
design and fabricate novel low-dimensional PDs with ideal properties in the near future.

Keywords: photodetectors; interface/interface engineering; nanostructures; charge carriers

1. Introduction

In recent years, following the developmental step forward of microelectronics technology,
optoelectronic technology, as one of burgeoning advanced technologies, has developed rapidly
and will have far-reaching effects on the lives of human beings. It involves optical display, optical
storage, lasers, and other fields and is the core technology of the future information industry. It also has
significant strategic importance for the state economy, technology, and defense. Various materials with
different structures have attracted much more attention for their potential applications in integrated
nano- or micro-optoelectronics, including light emitting diodes (LEDs) [1], solar cells [2,3], sensors [4,5],
field-effect transistors (FETs) [6,7], photodetectors [8-10], and so on.

At present, smart photoelectric devices with excellent performance play important roles in
our daily life, scientific research frontiers, high school education, and biomedical fields, and so on.

Nanomaterials 2020, 10, 362; doi:10.3390/nano10020362 177 www.mdpi.com/journal/nanomaterials
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The photodetector is actually a device that converts light signals into electrical signals. Compared with
the classical photodetector devices with bulk materials, improved photoelectric conversion performance
could be realized in constructed nanostructured photodetectors though from light absorption, photon
charge carrier generation, and collection of contributing electronic signals, the field of which researchers
have paid more and more attention.

Specially, a photodetector is an indispensable and important device in photoelectronic systems
for military detection, aerospace satellites, and so on and helps scouts or researchers to collect
key information for formulating strategies, which can also be widely used in national safety fields
including flame monitoring and personal property safety [11], and so on. For an ideal photodetector,
the main characteristics could be high sensitivity, fast response time, wavelength selectivity, and so
on. Photodetectors could be classified in several ways: wavelength spectra (IR to UV detectors),
information sampling (smoke, temperature, gas), structure (p—n junction; PN), metal-semiconductors
(MS), and metal-semiconductor-metal (MSM). Photodetectors can be classified according to the
dimension of the photodetector (PD): zero-dimensional (0D), one-dimensional (1D, such as nanowire,
nanorod, nanotube, and so on), two-dimensional (2D, such as graphene (Gr) and transition metal
dichalcogenides (TMDCs), three-dimensional (3D), or bulk. Semiconductor PDs have the unique
advantages of high quantum efficiency, small size, low consumption energy, and high stability;
therefore, PDs have attracted wide attention and interest of researchers.

So far, PDs based on single crystal, film, and nanostructured materials have been applied for
building designed PDs to detect ultraviolet [12-14], visible [15-18], or infrared [19-25] photons with
actual needs. For example, highly narrow band (bandwidth of 10 nm) solar-blind photodetectors
of 3-GapOj3 single crystals with a peak responsivity of 0.23 A/W at 262 nm and an EQE of 110%
were reported [26]. Metal-oxide-semiconductor ultraviolet PDs based on Au/MgO/MgZnO with high
internal gain have been constructed [14]. A novel hybrid visible PD was realized using a planar p-type
inorganic NiO layer in a junction with an organic electron acceptor layer. A hexagonal boron nitride
(hBN)/b-As( g3P¢.17/hBN sandwiched structured mid-infrared photodetector was constructed with
responsivity of 190, 16, and 1.2 mA/W at 3.4, 5.0, and 7.7 pm at room temperature, respectively [20].
Conventional silicon (Si)-based PDs usually show peak photoresponse between 700 and 900 nm with
rather low dark current because of the high crystalline quality and excellent passivation properties of
Si [27]. Moreover, much research on flexible/stretchable image sensors based on thin-film Si PDs has
been studied in materials science and engineering [28-31]. Especially, thin film silicon devices with
nanophotonic structures could effectively improve the absorption efficiency of incident light [32,33],
which was one of the directions to improve the performance of PDs. From the conclusion of the
literature review, it could be illustrated that compared with film and bulk materials, low-dimensional
nanostructures have the advantages of unique conductivity caused by high quality of crystal and carrier
mobility and a confined carrier transport channel; thus, they are much more suitable candidate materials
in assembling high-performance PDs on a large scale [34]. It could also be found that at this stage,
various nanostructures of different materials have been utilized to fabricate PDs, including quantum
dots (QDs) [24], nanoparticles (NPs) [35,36], nanowires [37-39], nanotubes [40], nanosheets [41,42],
nanoribbons [43], nanobelts [44], and so on.

From the point view of dimension and easy assembly, nanowires are one of the best choices to be
applied for building different kinds of photoelectric devices. The large surface-to-volume ratio and the
presence of deep level surface trap states in NWs greatly prolong the photocarrier lifetime; the reduced
dimensionality of the active area in NW devices shortens the carrier transit time. Indeed, the combination
of long lifetime and short transit time of charge carriers can result in substantial photoconductive
gain [45]. Especially, quasi-one-dimensional nanowires with semiconducting properties have been
widely investigated as active materials for high-performance photodetectors [23]. It could be also
explored from the published literature related to PDs that, generation, separation, transportation,
and collection of photo-induced charge carrier are the key parameters for improving performance of
the designed devices [12].
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In general, the photoelectric conversion process from optical signals to electric signals in PDs
mainly involves three steps:

(1)  Generation of the photo-induced carriers in the case of external light radiation;

(2) Separation, transportation, and multiplication of photo-induced charge carriers derived by the
applied electric field or built-in electric field formed at the interface of the heterojunction;

(3) Collection of the photocurrent generated by photo-excited carriers at both ends of electrodes,
thus realizing the detection of external light radiation.

It can be observed that charge carrier generation, diffusion, and recombination modulation are all
very important considerations in the construction of high-efficiency PDs [46]. The sensitivity, response
speed, spectral selectivity, signal-to-noise ratio, and stability of detection are much more important
factors to judge the performance of PDs [34].

To rationally implement surface and interface engineering in the PDs’ design, an understanding
of the effects of surface and interface on reactions is required. In this section, we highlight a few of
the key factors that need to be taken into account when designing nanostructures and their hybrid
nanostructures. The carrier behaviors such as generation, recombination, separation, and collection
are closely related to the surface/interface of devices, especially for the nanostructured devices; thus,
surface/interface engineering of nanostructured materials is critically important for influencing the
performance of the fabricated devices, and how to suitably apply surface/interface properties of
nanostructured PDs for building advanced devices needs continuous exploration. In this review,
how the surface/interface engineering improves the performance of the constructed nanostructured
PDs is demonstrated theoretically through a review of the literature.

2. Surface and Interface States

A surface could be defined as atomic layers that do not have three-dimensional continuous
environment of bulk materials, three-dimensional continuous environment, or the periodicity of the
infinite lattice that is destroyed by the existence of nanostructured surface. For crystal structures, in
the direction of the vertical surface, the potential energy of lattice atoms could not have corresponding
symmetry, and some new eigenvalues could be obtained in the Hamiltonian characteristic value when
the Schrodinger equation is applied through the theory of quantum mechanics [47]. A new energy
level could appear and be defined as a surface state, as shown in Figure 1. There are actually two kinds
of surface states: intrinsic and external surface states. The intrinsic one is the surface state without
foreign impurities, and the other is due to the existent of impurities from adsorbed atoms or other
imperfections on the surface.

Surface

Surface states

Surface states

E

v

Figure 1. Schematic diagram of surface level.

Semiconductor surface research is mainly concerned with various electrical properties of surface
phenomena. These phenomena involve the free carriers in the space charge region, surface states,
and their mutual interactions. Although the free carrier transport in the space charge layer should be
paid considerable attention, the most concerted effort in the study of the surface electrical properties
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has been directed towards the surface states [48]. Much research on semiconductor surfaces caused by
cleaving in ultrahigh vacuum suggested that the formation of surface states is attributed to dangling
bonds at the surface [49]. According to a previous report [47], the schematic diagram of the surface
level is shown in Figure 1. The surface states could also be divided into donor states or acceptor
states based on the behavior of the electrons. Surface states could capture, scatter generated carriers,
and influence electric field effect, and the results could be effective photon capture, carrier generation,
and combination centers, which controls surface properties of the absorbed photons and generated
carriers. Scattered carriers influence surface mobility, thus affecting surface conductance.

An interface could be defined as the interface between heterostructure phases, similar to surface
states. Interface states that are introduced at the interface state occur at the interface where two
heterostructure media exist and contact. Thus, the continuous environment of atoms or lattice structures
is destroyed by the existence of other substances. Hence, the interface states could be introduced by
other atoms, lattice mismatch, interface roughness, and thermal expansion of two materials” interface.
Generally speaking, there are two interface states: donor and recipient. Considering energy levels
of the built heterostructures, the existing interface energy levels greatly influence carrier transport
behaviors, which controls performance of the devices. The performance of the photodetector devices
could be considerably improved by considering interface carrier transport properties by designing
optimal heterostructures.

Commonly, interface engineering includes surface charge transfer, charge injection, and collection
on the metal electrode/semiconductor interface and carrier bound state on the dielectric/semiconductor
interface. On the other hand, there are a large number of defects in lattice structure, including vacancies,
adsorbed atoms, grain boundaries, and impurities. Interfaces and defects have a critical influence on
the properties and operational stability of metal halide perovskite optoelectronic devices. Therefore,
interface and defect engineering is crucial to control the behavior of the charge carriers and to grow high
quality, defect-free perovskite crystals. Yang et al. summarized the strategies of interface and defect
engineering in perovskite solar cells and light-emitting diodes [50]. Due to the atomic thickness and
super high specific surface area of two-dimensional TMDCs, the interface of TMDCs plays a decisive
role in the device performance. Chen and other researchers summarized and highlighted advances in
TMDC interfaces and defect engineering and applications in electronic devices. Various appropriate
interfaces and defect engineering that effectively adjust the electrical and optical properties of the
TMDCs were presented in order to achieve the ultimate goal of improving device performance [51]. By
adopting appropriate defect engineering strategy, the defect fix, controlling the type and concentration
of carriers, and the reduction of contact resistance could be achieved to realize high-performance
electronic devices. On the other hand, controlling the defect state could increase the sensitivity of
the photoconductive device or improve the response speed of the device. A heterojunction can
be constructed to produce a photovoltaic effect through defect doping [52], and also the quantum
electroluminescence effect can be produced using defects reasonably [53].

3. Surface/Interface Engineering for Improvement of Photodetector Properties

For the design and fabrication of optoelectronic devices based on nanostructures,
the surface-to-volume ratios, interface areas, and interaction between surface and environment
are increased dramatically, which has great impact on the performance of a PD device. For example,
trapping at surface states of ZnO nanowire obviously influenced the transport and photoconduction
properties of nanowires. The high surface-to-volume ratios and the existence of deep level surface
trap states in nanostructures greatly extend the lifetime of photogenerated carriers. Moreover,
the low dimensionality of the active area in a nanostructure device can reduce the transit time of
carriers [45]. Zhou and colleagues fabricated UV photodetectors based on single In,O3 nanowire,
and the conductance was significantly increased by four orders of magnitude [54]. Fang et al.
constructed individual SnO; nanowire UV photodetectors, which showed excellent optical selectivity
and ultrahigh external quantum efficiency [55]. Yang et al. reported the ZnO nanowire UV PD
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with high internal gain, which was attributed to the presence of oxygen-related hole-trap states at
the surface of the nanowire. At the same time, the slow dynamics of the surface oxygen molecules’
adsorption and desorption processes could result in a long response time in both the rise and decay
process of a PD [45,56]. That is, the major shortcoming for ZnO based on PD applications is the
strong persistent photo-induced conductivity after light illumination, which inhibits a fast recovery
of the dark current [57]. Moreover, the persistent photoconductivity phenomenon was observed
in PDs based on MoS; [58,59]. The performance of PD devices can be improved by the following
ways: (a) enhancing the interaction between light and matter; (b) decreasing the adverse effects of
defects; and (c) adjustment of electronic characteristics [60]. Therefore, various approaches, such as
doping [61], surface functionalization [56,62-68], surface carrier transport modulation [34], interface
carrier-trapping/transport control [46], piezo-phototronic effects [69-74], and so on, have been utilized
to improve the photoresponse performance of low-dimension nanostructure PDs for use in practical
applications. The following section lists several ways to deal with surface/interface issues for improving
performance of the photodetectors.

3.1. Surface-State Passivation for Terminating Dangling Bonds

As nanostructured photodetector devices have a much larger surface to volume ratio, and surface
states play an important role in controlling their performance, surface-state passivation was one of the
most useful solutions to deal with the mentioned issues. Surface-state passivation has been considered
as one of the most effective and advanced methods to improve the performance of PDs through
terminating their dangling bonds to decrease their surface states” influences. Fang et al. [64] modified
the ZnO nanowalls by CdS nanoparticles and investigated the effect of CdS nanoparticles on the optical
and photoelectrical properties of a PD. The surface states of ZnO nanowalls was suppressed due to
the introduction of CdS nanoparticles’ passivation layer; thus, the deep-level emission was reduced,
and the recombination of carriers was prevented, and then the photoconductivity of ZnO nanowalls
was improved obviously. Ren et al. [38] constructed nanowire-based photodetectors at mid-wavelength
infrared composed of vertical selective-area n-InAsSb nanowire photoabsorber arrays on large bandgap
p-InP substrate. In order to effectively inhibit the nonradiative recombination at the surface of InAsSb
nanowire, the Al,O3 passivation shells were introduced, as displayed in Figure 2a,b. Furthermore, it
was demonstrated that the photoluminescence (PL) emission intensity of InAsSb nanowire arrays with
Al,O3 passivation layer increased 10- to 50-fold at 77 K. The spectral response of n-InAsSb/p-InP PDs
with Al,Oj3 passivation at a reverse bias of 0.5 V is shown in Figure 2c. Two detection peaks located at
about 2.0 and 3.4um were observed at room temperature.
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Figure 2. SEM images of (a) InAsSb nanowires and (b) InAsSb nanowires with ~60 nm Al,O3
passivation, the scale bar is 2 pm. The inset is single nanowire coated with Al,O3 passivation layer,
the scale bar is 1 pm. (c) Spectral response at a reverse bias of 0.5 V at room temperature [38].
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Yang et al. reported the single ZnO nanowire PDs with large photoresponse and high internal
gain; the hole-trapping mechanism was also proposed. The holes could be trapped through oxygen
adsorption and desorption at surface states caused by the dangling bonds, further prolonging the
lifetime of photogenerated carriers, and multiple electrons could transit through the nanowire. Finally,
the photoconductive gain was realized [45]. However, the surface adsorption process could make the
response time (rise and decay) of PDs become large, which is unfavorable for the performance of PDs.
Chen et al. [56] constructed photoconductive ZnO nanowire/copper phthalocyanine (CuPc) hybrid PDs.
A p-n heterojunction was formed at the interface of CuPc film and ZnO nanowires, leading to reduced
conductivity and inhibited dark current in the ZnO NW. Under UV illumination, electron-hole pairs
were generated and separated by a built-in internal electric field, and photoinduced potential was
built. Meanwhile, the width of the surface depletion layer reduced, resulting in higher conductivity
and increased photocurrent. The transition was rather fast and did not consider the adsorption or
desorption process of molecules; thus, the rise and decay time of ZnO nanowire/CuPc photoresponse
was shorter than that of the ZnO nanowire, which is shown in Figure 3. Therefore, the main reason for
the improved photoresponse speed was the passivation of ZnO nanowires’ surface states by CuPc film.
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Figure 3. (a) The photoresponse curve of the bare ZnO nanowire device, (b) the partial coverage device,
(c) the full coverage device. The insets are schematic diagrams of corresponding devices, respectively.
The photoresponses of three devices with different CuPc coverage were measured at bias voltage of 0.5
V, and the UV illumination source was 350 nm light with intensity of 100 uW-cm=2. [56].

For two-dimensional nanomaterials, many reports about transition metal dichalcogenides (TMDCs)
with layer structure material and interacting layers held together with weak van der Waals interaction,
including MoS; [75], MoSe; [76], WSe; [77], WS, [78], and ReS; [79], have been published. Because of
their large surface volume ratio, the performance of these detectors is more sensitive to the environment.
Studies have shown that physically adsorbed gas molecules, such as O, and H,O, could deplete
MoS, and MoSe; by removing electrons from the channels [80,81]. Konstantatos et al. constructed
a high-stability and excellent-performance photodetector with an atomic layer deposited hafnium
oxide (HfO;) encapsulated monolayer and bilayer MoS;, and the schematic of the PD device is
shown in Figure 4a [82]. The oxide could suppress strong current drifting and degradation caused
by environmental effects and effectively remove the surface atmospheric adsorbates. Unprotected
MoS; photodetector devices usually show slow response speed, which is displayed in Figure 4b.
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After encapsulation with HfO,, the photocurrent of the PD device was increased by about 40 times,
while the decay time was reduced by more than one order of magnitude, as shown in Figure 4c.
Moreover, the responsivity of MoS, PDs was promoted by more than one order of magnitude after HfO,
encapsulation, as shown in Figure 4d. Therefore, the investigation of effective packaging technology
and the prior complete removal of surface binding adsorbates is an effective way to achieve high speed
and sensitive light detection.
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Figure 4. (a) Device schematic of MoS, and MoS,/HfO, photodetectors (PDs). The photocurrent of
MoS; before (b) and after (c) HfO, encapsulation. (d) The power-dependent responsivity of a bilayer
MoS, device before and after HfO, encapsulation [82].

Certainly, other research groups have also used surface passivation to improve the performance
of different detectors. Ni et al. investigated the influence of the MgO surface modification on the
photocurrent and responsivity performance of TiO,@MgO core-shell nanowire array self-powered UV
PDs [66]. The energy level structure between TiO, and MgO is beneficial to the process of the separation
of photogenerated electron-hole pairs and thus restrains the recombination of photogenerated carriers.
Chen’s group [61] have utilized a surface transfer doping method to adjust the electronic properties and
work function of graphene films and then tune the Schottky barrier of Gr/Si junctions. The transition
metal oxide molybdenum trioxide (MoO3) possesses high work function [83] and has displayed obvious
surface transfer hole doping effects in graphene, MoS,, and other two-dimensional materials [67].
Therefore, they fabricated a Gr/Si self-powered photodetector using in situ surface functionalization of
the MoOj layer on graphene. It was demonstrated that the photocurrent responsivity of MoO3 doped
Gr/Si PDs was significantly improved for a wide spectrum ranging from ultraviolet to near infrared.
In addition, the external quantum efficiency, photocurrent responsivity, photovoltage responsivity,
and the specific detectivity (D*) of Gr/Si devices were significantly promoted after MoO3 decoration,
which was attributed to the more efficient photocarrier separation and collection process caused by
the increased height of the Schottky barrier at the Gr/Si interface and the reduced series resistance of
the Gr/Si device after MoO3; modification [61]. Sangyeon Pak [84] demonstrated the effects of surface
functionalization on charge carrier density and photoresponse performance of the MoS, photodetector.

3.2. Surface Plasmonic Resonance for Strong Scattering and Absorption of Incident Light

In recent years, many research groups have found that metal-surface plasma could be used to
enhance the performance of detectors, which was attributed to the localized surface plasmon resonance
(LSPR) effect, resulting in strong scattering and absorption of incident light, effectively separating
photocarriers and transporting carriers at the interfaces of metal/semiconductor. Metal surface
plasma is a hybrid electromagnetic wave mode formed by coupling of free vibrating electrons and
incident photons on the metal surface. Both conductive surface plasmas at metal/dielectric interfaces
and localized surface plasmas on metal nanoparticles have unique optical properties: high spatial
local properties and local field enhancement properties. The unique photonic properties of surface
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plasmas make them widely used in subwavelength sensors, detectors, and modulators. To date,
various plasmonic structures have been explored to improve the performance of photodetectors
or phototransistors. In general, noble metals, for example Au [85-89], Ag [90-92], and Pt [93-95],
are used as plasmonic metals for their useful range in the visible wavelengths, due to the excellent
optical property as a result of SPR. In the development of plasmonic photodetectors using Au@MoS,
heterostructures, the photoresponsivity of the Au@ MoS, device was about 10 times larger than
that of planar MoS; devices. Another type of Si-supported Au@MoS, p—n junction photodiode
demonstrated photoresponsivity of 10-30 A/W, higher than the values reported for similar MoS,
gateless photodevices, and the response time was less than 20 ms [88]. Luo et al. demonstrated that the
photodetector device modifying plasmonic Au nanostructures onto the surface of CdTe NW exhibited
the obvious photoresponse to 510 nm light illumination, with high response speed and fast recovery
time [87]. A high-performance near-infrared (NIR) PD was constructed by coating single layer graphene
(SLG)/InP Schottky junction diode with plasmonic SiO,@AuNRs; the schematic diagram of the PD
and the TEM image of the SiO,@AuNRs on SLG film are shown in Figure 5a,b [96]. The decoration of
SiO,@AuNRs could slightly improve the Schottky junction barrier, resulting in the increased built-in
electric field, and then the separation efficiency of carriers was improved. The light trapping effect of
the SiO,@AuNRs-SLG/InP device nearly promoted the absorption of incident light; as a result, many
more holes and electrons were generated, and therefore photocurrent and responsivity were increased
obviously (displayed in Figure 5¢c,d). Furthermore, the response rate of the SiO,@AuNRs-SLG/InP
device was rather fast, which was able to monitor switching optical signals with a frequency up to
1 MHz, indicating its potential application in sensing high-frequency optical signals.
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Figure 5. (a) The schematic diagram of the SiO,@AuNRs-SLG/InP PD device. (b) The TEM image of
the SiO,@AuNRs on single layer graphene film. (c) Photoresponse of two different devices with and
without SiO,@AuNRs modification under 980 nm light illumination of 6.7 mW cm™2 without applied
bias. (d) Photoresponsivity of the NIR PDs with and without SiO,@Au decoration [96].

It was demonstrated that by coating Ag metal nanoparticles onto ZnO nanowires, the UV
photodetectors exhibited higher sensitivity by four orders of magnitude with rather fast and stable
response speed [90]. Arquer and colleagues reported that by introducing Ag metal nanoparticles into
the PbS colloidal quantum dot photoconductive photodetectors, the absorption ability was increased
due to a plasmonic scattering layer of Ag metal nanoparticles. As a result, the responsivity enhanced
about 2.4-fold in the near infrared with the absorption band edge of ~1 um [91]. Apart from noble
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metals, aluminum (Al) has been reported as a viable plasmonic metal for its useful range in the UV
wavelengths [97,98]. Unlike the noble metals, the localized plasmon resonances can extend from the
visible spectrum to the ultraviolet because the d-band of Al lies above its Fermi energy [99]. The Al
element is a kind of abundant and low-cost metal found in the world, which is a better plasmonic
material than Au and Ag in the UV range due to the negative real part and relatively low imaginary
part of its dielectric function [100]. Xu et al. [97] improved the response characteristic of ZnO nanorod
array UV PDs using surface plasmonic resonance by Al nanoparticles. Compared with the pure ZnO
nanorod array PDs, the responsivity of the ZnO nanorod photodetector modified with Al nanoparticles
was improved from 0.12 A/W to 1.59 A/W.

Recently, it has been observed that boron (B)-doped and phosphorus (P)-doped silicon (Si)
nanocrystals enable the localized surface plasmon resonance of Si nanocrystals in the mid-infrared
(MIR) region [101]. Especially, the heavily B-doped silicon nanocrystals induced band-tail states that
could expand the optical absorption of Si from the UV-visible region into the near-infrared region.
Furthermore, the localized surface plasmon resonance of heavily B-doped silicon nanocrystals could be
tunable, which is attributed to free holes above the Fermi level from the B-induced impurity band [102].
Yang et al. [103] constructed quantum dots (QDs)/graphene hybrid MIR PDs by using plasmonic
B-doped Si QDs; the schematic diagram of B-doped Si-QDs/graphene PDs is illustrated in Figure 6a.
In the process of operating PDs, two different optical phenomena of silicon quantum dots can be adopted,
as shown in Figure 6b. In the MIR region, the LSPR of silicon quantum dots generated a strong electric
field that increased the direct excitation of the underlying graphene. Therefore, the phototransistor
could effectively respond to the MIR light. The UV-to-near-infrared absorption of B-doped Si QDs
resulted in the generation of electrons and holes in quantum dots. The photoresponse of the PD device
was obtained by transferring one type of carrier from the quantum dot to graphene and capturing
another carrier in the quantum dot. Figure 6¢ displays that the responsivity of Si-QD/graphene PDs
was reduced with the increase of the irradiance power. The responsivity was in the range of 1.2 x 108
t0 2.2 X 108 A/W with the UV-to-NIR light illumination at the lowest irradiance of 0.2 uW/em?. As can
be seen from Figure 6d, the noise equivalent power (NEP) values of the PDs in the MIR region and
the UV-to-NIR region were about 10710 and 10718 W/Hz"5, respectively. The fairly small NEP value
suggests that the Si-QD/graphene photodetector can be applied to low light detection. The values of
D* were about 10° and 10" Jones for the MIR and the UV-to-NIR photodetection, respectively.
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Figure 6. (a) Schematic diagram of B-doped Si-quantum dots (QDs)/graphene PDs. (b) Two different
optical phenomena of B-doped Si QDs. (c) The irradiance power-dependent responsivity of the
Si-QD/graphene PDs with different laser wavelengths at Vg = 0 V and Vpg = 1 V. (d) The spectral
dependence of the noise equivalent power (NEP) and D* of the PDs. The measurements were performed
at room temperature and 77 K, respectively [103].
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3.3. Interface Carrier-Trapping/Transport Modulation

Once the design principles are defined, important parameters of interface engineering can be
directly identified, containing interface compositions, areas, defects, faces, electronic coupling, and band
bending. Before the interface engineering, the roles of the interface in the design structure should be
fully understood according to the specific charge dynamics models [104]. For example, defects at the
interface tend to be the recombination centers of electrons and holes, thus hindering the charge transfer
across the interfaces. Therefore, eliminating the interfacial defects can improve the performance of
the PDs in most situations. It has been proved that improving the quality of crystals, optimizing the
arrangement of energy levels of layers, and constructing p—n or Schottky heterojunctions could be
effective interfacial engineering methods to improve the performance of photodetectors [105].

It is demonstrated that surface and interface engineering play a key role in improving the
performances of PDs. The generation, diffusion, and recombination/transport processes of charge
carriers can influence the performance of PDs; thus, these factors should be taken into account when
the PDs are built. Huang et al. [106] have constructed a new type of nanocomposite ultraviolet
photodetector; the schematic drawing of the PD is shown in Figure 7a. The Frenkel excitons generated
in ZnO nanoparticles and polymers could diffuse to the polymer/nanoparticles interface. Under reverse
bias voltage, holes were transported in the semiconducting polymer, but the electrons were still trapped
in the nanoparticles, attributed to the short percolation network for electrons and the strong quantum
confinement effect of ZnO nanoparticles. Because of the strong electron trapping effect, the PDs had
Schottky contact in the dark and an ohmic contact under illumination, confirmed by the dark current
and photocurrent. That is, the PD device transitioned from a photodiode (in dark) to photoconductor
(under illumination) via interfacial trap-controlled charge injection. The measured total noise current
in the frequency range 1 to 5 kHz was mainly the shot noise, as shown in Figure 7b. The specific
detectivity of hybrid PDs (shown in Figure 7c) was tens- to hundreds-fold better than that of inorganic
semiconductor photodetectors. Furthermore, the response speed of the PD was rather high compared
to other photodetectors based on any nanoparticles or colloidal quantum dots. It was indicated that
two channels for the recombination of holes existed through the decay of the photocurrent experiment
(displayed in Figure 7d). The decay process was combined with a fast component of 142 ms and a slow
component of 558 ms.

Semiconductor heterojunctions with different bandgaps could exhibit different interface properties.
By adjusting the arrangement of interfacial energy bands, the heterojunction structures may possess
unique photoresponse characteristics. Moreover, when constructing the heterojunction for multicolor
photodetection, it is necessary to have a large band deviation at the interface of the heterojunction in
order to effectively extract carriers. There are larger band offsets between the Si/TiO, heterojunction;
according to the calculation, the conduction band offset (AEc) and the valence band offset (AEy)
were 0.75 eV and 2.66 eV, respectively, which would be conducive to control the transport of the
carriers. Hu et al. [107] fabricated a multicolor photodetector based on the n-Si(111)/TiO, nanorod
array heterojunction ranging from ultraviolet to visible light by controlling the applied voltage. In the
case of forward bias, the band offsets would not hinder the diffusion of carriers; thus, there was
no difference between the photocurrent and the dark current. The PD device exhibited multicolor
detection capability under reverse bias because the motion of these carriers was controlled by the
applied bias and the barrier of conduction band offset and the valence band offset.
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Figure 7. (a) The schematic diagram of the PD device. (b) Noise characteristics of the PVK/ZnO PDs
under different currents, the inset is the frequency-dependent noise current with =9 V bias. (c) Specific
detectivities of the photodetector at different wavelengths. (d) Transient photocurrent of the P3HT/ZnO
device [106].

Nowadays, Perovskite material has become one of the superstar media for constructing different
kinds of photoelectric devices; especially, all-inorganic cesium lead halides (CsPbX3, X = Cl, Br, I)
represent an emerging class of materials owing to their high carrier mobility, long carrier diffusion
length, and excellent visible light absorption. The high quantum efficiency (over 90%), narrow line
width, and high stability make these all-inorganic perovskites suitable for application in novel
optoelectronics [108]. Song et al. [108] utilized the advantages of large absorption coefficient
and high quantum efficiency of the perovskites by fabricating the superior performance hybrid
CsPbBr; perovskite/MoS, PD with a high photoresponsivity of 4.4 A/W and an external quantum
efficiency of 302%; the schematic diagram of the hybrid PDs is displayed in Figure 8a,b. Especially,
the photogenerated electrons in the perovskite were effectively transferred and injected to MoS,.
MoS, monolayer acted as an electron-collecting layer for perovskite photodetectors to improve the
photoelectrical response, as shown in Figure 8c—e, which could decrease the probability of carrier
recombination; therefore, the photoresponsivity of the hybrid CsPbBr3 perovskite/MoS, PDs improved
by three orders of magnitude compared with the pure MoS; PD. The dark current was also obviously
reduced. Furthermore, the MoS; layer could induce the trap passivation on the substrate and benefit
the carrier transport and then improve the separation efficiency of carriers; thus, the rising time of the
hybrid PD was also lowered from 65.2 to 0.72 ms after combining with MoS; layers, as displayed in
Figure 8f. It was demonstrated that 2D nanomaterials combined with the perovskite layers could be
considered as a superior candidate to realize the next-generation high-performance photodetectors.
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Figure 8. (a) The schematic diagram of the hybrid MoS,/CsPbBrs PDs. (b) The schematic diagram
of the charge transfer from CsPbBr; to MoS, under illumination. (c¢) Photoresponsivity spectra of
the hybrid MoS,/CsPbBr; PDs with different applied bias of 2, 5, and 10 V. (d) Photoresponsivity of
the three PDs as a function of the power intensity. (e) Cyclic response of the hybrid MoS,/CsPbBrs
PDs at different voltages and incident optical power intensity under 442 nm laser illumination.
(f) The temporal photocurrent response of the hybrid PDs with rising time (0.72 ms) and decay time
(1.01 ms), respectively [108].

For fiber-shaped devices, the interface problems of the fiber device were more serious, which
was attributed to the curved and rough surface, many more defects, and poor contacts. Hence,
smoothing the rough surface and achieving better contact between all layers was particularly important
for improving the performance of fiber-shaped devices. Zeng et al. [105] built and constructed an
inorganic-organic-graphene hybrid fiber-shaped PD via “soft” interfaces of all layers; the schematic
diagram illustrating the fabrication procedure of ZnO nanorods/PVK/graphene hybrid fiber-shaped
PDs is displayed in Figure 9a. In this hybrid fiber-shaped PD, the organic semiconductor completely
covered the inorganic functional layer, forming “soft” contact and smoothing its rough surface.
In addition, the ultra-soft graphene could tightly wrap around the surface, creating another “soft”
interface, as shown in Figure 9b. These “soft” interfaces between the various functional layers even at
curved interfaces have established the tight contact; thus, the contact resistance could be significantly
reduced. The ZnO nanorods array with good crystal quality was uniformly grown on the Zn wire. As
seen in Figure 9d e, the rise time of the PD with structure of ZnO/PVK/graphene was about 280 ms
with fast response speed. Meanwhile, by using hard metal Ag wire instead of soft graphene as surface
electrode, the response speed slowed down and the rise time of PDs increased to 6 s, as shown in
Figure 9f,g. Therefore, the tight contact and reasonable interfacial energy level alignment (shown in
Figure 9c) were beneficial to the separation and transportation of photogenerated electrons and holes.
The results showed that the performance of the fiber-shaped PDs could be significantly improved by
effective interface optimization.
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Figure 9. (a) Schematic diagram of the preparation process procedure of hybrid fiber-shaped
photodetector based on ZnO NRs array/PVK/graphene. (b) The cross-sectional diagram of the device
that revealed the p-n heterojunction and all tight soft interfaces in the PDs. (c) Schematic diagram of the
corresponding energy levels of the material involved in the PD device, as well as the transportation of
electrons and holes caused by the arrangement of interfacial energy levels. (d) Schematic representation
of the transport property of the photoinduced carriers in the PD with structure of ZnO/PVK/graphene.
Photoresponse characteristics of (e) corresponding current-time curves of ZnO/PVK/graphene PDs.
(f) Schematic representation of the transport property of the photoinduced carriers in the PD with
structure along Ag wire. (g) Corresponding current—time curves [105].

Furthermore, interface nanojunction engineering of the electron depletion effect could be utilized
to improve the performance of PDs. For instance, Liu et al. [109] constructed nanojunction-interlinked
ZnO nanoparticle networks without changing the dimension and morphology of the nanoparticles
using an ultrafast thermal annealing (UTA) method. Figure 10 indicates band bending, electric field,
and the low conductivity surface depletion layer present due to the adsorption of oxygen molecules on
the ZnO nanoparticle surfaces. Contaminants (orange shell in schematic) and surface defects could
reduce the electron depletion effect, resulting in high dark current and low photocurrent, as shown in
Figure 10a,b. Surface modification using UTA can eliminate surface defects and contaminants and thus
restore the electron depletion effect. Finally, this caused a decrease in the dark current and an increase
in photocurrent, as shown in Figure 10c,d. In addition, ZnO NP-NP interface nanojunctions could
be fused into interlinked ZnO-NP networks, which could significantly reduce the potential barrier of
inter-NP and thus suppress the recombination of carriers in the transport process. From Figure 10e it
is evident that the photoresponse of PDs increased dramatically by about four orders of magnitude
with the decreased wavelength across the band edge after UTA treatment at 800 °C for 2 s. Figure 10f
displays the relationship between applied bias and detectivity for a set of samples treated with UTA
at different temperatures in the range of 500 to 900 °C. The detectivity value increased at first and
then descended with the increasing UTA temperature and obtained the maximum value of 1.4 x 10'3
Jones for the sample treated at 800 °C. Especially, D* after UTA treatment at 800 °C was enhanced
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by approximately three orders of magnitude compared with that of untreated, demonstrating the
significance of removing surface defects and contaminants and improving the interconnections of NP.
Therefore, it is very important to achieve high-performance detection making full use of the electron
depletion effect with the minimum charge combination.
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Figure 10. (a,b) The ZnO-NP before ultrafast thermal annealing (UTA). Schematic diagram of the
energy band (top) and the photoresponse mechanism (bottom). (c,d) the nanojunction-interlinked
ZnO-NP networks after the UTA treatment. The orange shell on ZnO-NPs represents the surface
defects and contaminants. Green and yellow dots denote electrons and holes, respectively. (e) Spectral
responsivity of the same PDs before and after UTA treatment at 800 °C for 2 s under the 340 nm UV
illumination. (f) The relationship between applied bias and detectivity for a set of samples treated with
UTA at different temperatures ranging from 500 to 900 °C [109].

3.4. Piezo-Phototronic Effects for Modulating Carrier Transport Behavior

In fact, piezoelectric phenomena exist in materials such as semiconductors, polymers, ceramics,
and even biological media. Among them, the well-known piezoelectric materials are quartz and
Pb(Zr, Ti)O3, but the non-semiconductor and insulating properties limit their applications in photonic
and electronic fields [110,111]. In theory, any semiconductor material with non-central symmetry could
produce piezoelectric effect. Generally speaking, ZnO with wurtzite structure is the most well-known
material in the study of the piezoelectric effect; it not only has rich nanostructural morphology but also
possesses much higher piezoelectric coefficients than other II-VI family materials. The transmission
characteristics of carriers can be dynamically adjusted by using the effect of piezoelectric potential,
so that they have potential application prospects in mechanical electronic devices, including sensors,
nanorobots, and so on. When considering the interaction with light, by adjusting the magnitude of the
strain and the intensity of light, the transmission properties of carriers in the device can be effectively
modulated. Light-emitting diodes [112,113], solar cells [114-116], and photodetectors [74,117-120]
associated with the piezo-phototronic effect have attracted wide attention because of their potential
application prospects. The band structure and carrier transport behavior can be dynamically modulated
by taking advantage of the piezo-phototronic effect in the photodetectors.
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The piezo-phototronic effect could be applied in different ways with designed structure [111,114].
Wang et al. [121] utilized the piezo-phototronic effect to adjust the height of the Schottky barrier at local
contact; the performances of the Schottky contact metal-semiconductor-metal photodetector based on
the GaN nanobelt was enhanced. Generally, the response ability of the PDs was obviously improved
due to the piezotronic effect when a strain was applied on devices. In particular, the responsivity of
PDs increased by 18% with a compressive strain, and their sensitivity increased from 22% to 31% [121].
The piezo-phototronic effect can not only improve the responsivity of the PDs but can also adjust
the dark current of the detector. Wang et al. [122] constructed MSM ZnO micro-/nanowire PDs; the
responsivity of the PDs was increased by 530% under —0.36% compressive strain, while the dark
current of PDs was tuned with the applied piezo-phototronic effect.

Inspired by the enhanced performance caused by the piezo-phototronic effect, a hybrid PD based
on heterojunction structure was constructed [72,73]. Zhu and colleagues [72] fabricated broad-band
UV/visible/near-infrared self-powered PDs based on p-P3HT and n-CdS. When a 0.67% tensile strain
was applied in the [001] direction of CdS contacting with P3HT, the photocurrent of the PDs could be
increased to over 330% under UV illumination. This improvement by means of the piezo-phototronic
effect could be ascribed to the increased built-in electric field in the interface of the p—n junction, which
was more conducive to the separation of photogenerated carriers in CdS and P3HT. It has been reported
that the piezoelectric effect that exists in MoS, with an odd number of atomic layers could tune the
height of the Schottky barrier in metal-semiconductor contact and/or drive the nanometer device due
to its non-central symmetric structure [123,124]. Wang et al. [125] fabricated a flexible photodetector
based on a p-CuO film/n-MoS, monolayers heterojunction; the structure diagram and the optical
image of PDs are shown in Figure 11a and the inset of Figure 11b, respectively. Figure 11b shows the
I-V characteristics of p-CuO/n-MoS; heterojunction had good rectification characteristics in the dark
without strain condition. Even at a forward bias voltage of 10 V, it had an ultra-low dark current of
0.039 nA, which was conducive to obtain high-performance optical sensing. Figure 11c exhibits the
relationship between current and voltage of the heterojunction with different tensile strains in the
dark. The dark current increased from 0.039 nA to 0.12 nA with the increase of tensile strain from
0% to 0.65% at 10 V bias, which resulted from the piezotronic effect of monolayer MoS, (the positive
piezopotential caused by tensile strain can modulate the bandgap at the interface of the CuO and MoS,
heterojunction). The relation between photocurrent and different tensile strains under different power
density of 532 nm laser illumination is shown in Figure 11d; the photocurrent obviously increased with
the increased strain due to the piezo-phototronic effect. The strain dependence of R/Rj and detectivity
of heterojunction PDs with different power densities at a bias of 10 V are displayed in Figure 11ef,
respectively. The photoresponsivity and detectivity of the PDs increased with increasing strain because
of the piezo-phototronic effect.

A pure semiconductor absorbs photons with an energy larger than the band gap, which limits
the wide spectral sensitivity in PD devices. In order to remove the restriction, the core/shell system
is adopted for adequate light absorption. The core-shell architecture not only effectively utilizes the
inherent material properties of individual components but also provides direct electrical conducting
channels for the transport of photocarriers and results in reducing recombination losses; thus, it is a
promising choice for improving the performance of photodetectors [118,119,126]. Wang et al. [118]
investigated the influence of the piezo-phototronic effect on the photosensitivity of visible and UV PDs
based on ZnO/CdS core-shell micro/nanowire, which is shown in Figure 12a. The Schottky barrier
heights (SBHs) at the source and drain contacts could be adjusted by the strain induced piezopotential
in the ZnO core, and the experimental results in Figure 12b demonstrated that SBHs at the source
and drain contacts decreased with the increase of compressive strains. Moreover, the responsivity
of ZnO/CdS nanowire-based PDs was improved dramatically by more than ten times with —0.31%
compressive strain, as shown in Figure 12¢c. On this basis, the research group fabricated the branched
ZnO/CdS double-shell nanowires array on carbon fiber (CF/ZnO-CdS wire) [117], as illustrated in
Figure 12d,e. As shown in Figure 4f, the responsivity of this single CF/ZnO-CdS wire PD was enhanced
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about 40%—60% under compressive strain of —0.38% and decreased about 8%—-20% under a 0.31%
tensile strain. In addition, Zhou et al. [126] fabricated broad band PDs based on a type-II CdSe/ZnTe
heterojunction core/shell nanowire array using a 100 nm thin Ag layer as top electrode, as illustrated
in Figure 12g. When the core/shell nanowires array was bent under the action of external forces,
the positive piezopotential on the stretched surface lowered the Schottky barrier height at the Ag-ZnTe
junction (Figure 12h), which resulted in the increase of minority carrier diffusion and more carriers
flowing through the interface. Combined with the type-II band alignment at the CdSe-ZnTe interfaces
and the small lattice mismatch between the CdSe and ZnTe, the responsivity of this PD was enhanced
by four orders of magnitude with an applied load of 0.25 kgf under 1.8 V bias, as shown in Figure 12i.
Therefore, it is feasible to optimize the performance of PDs based on a multi-function NW array by the
piezoelectric photoelectric effect.
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Figure 11. (a) The structure diagram of p-CuO/n-MoS; heterojunction PDs on the PET substrate.
(b) I-V curve of p-CuO/n-MoS, heterojunction without strain in the dark. The inset is the optical image
of the PD device. (c) I-V curves of the heterojunction with different tensile strains in the dark. (d) The
strain dependence of the photocurrent. (e) The strain dependence of R/Ry. (f) The strain dependence of
detectivity with different power densities at a bias of 10 V [125].
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Figure 12. (a) Schematic diagram of ZnO/CdS core-shell structure (top), the sandwich model of the
PD device, and simulation of the piezopotential distribution in the ZnO nanowire under compressive
strain (bottom). (b) Relationship between compressive strain and changing Schottky barrier heights.
Black curve and red curve represent the SBHs change with strains at source-drain bias of V = 2 and
-2V, respectively. (c) The derived change of responsivity in SBH as a function of compressive strains
under illumination of green light (548 nm) and UV light (372 nm); R represents the responsivity of the
PD device without compressive strains. (d) Schematic representation of CF/ZnO-CdS wire structure.
(e) Schematic diagram of the PDs based on a single CF/ZnO-CdS wire. (f) The strain dependence of
AR/Rg excited by blue light (480 nm), green light (548 nm), and UV light (372 nm); Ry is the responsivity
without strain, and AR was set as the variation of responsivity. (g) Schematic diagram of CdSe/ZnTe
core/shell nanowire array PDs on PVC with illumination source underneath; the inset is a cross-sectional
schematic diagram of the assembled PDs. (h) Schematic energy band alignment of the Ag/ZnTe/CdSe
structure under compressive load and illumination. (i) The strain dependence of AR/R( under constant
illumination [105,106,114].

4. Conclusions

In conclusion, through surface/interface engineering of nanostructured photodetector devices,
advanced nanostructured PDs could be constructed by engineering through modulating photon
absorption, charge carrier generation, transport, and collection behaviors. Based on the review, it could
be well observed that surface/interface engineering of nanostructured PDs is crucially important for
affecting PD performance. More importantly, as well illustrated in the paper, through surface or interface
engineering such as surface-state passivation for terminating dangling bonds, surface plasmonic
resonance for strong scattering and absorption of incident light, interface carrier-trapping/transport
modulation, and piezo-phototronic effects for modulating carrier transport behavior in constructing PD
devices, the constructed photodetectors’ performance could be considerably improved as supported
by reviewing published literature. Even though this brief review paper lists several key factors in the
improvement of the constructed photodetector devices, it could be pointed out that several challenges
still exist in the way of commercialization of nanostructured photodetectors as shown in the following:
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1. Well controlled fabrication of nanostructured materials with uniform morphology and size for
constructing designed photodetectors;

2. Well controlled growth of nanostructures with strong absorption of incident photons;

3. Well controlled surface/interface modification for enhancing carrier transportation;

4. Well applied material properties (such as piezoelectric effects) for modulating carrier behavior.

Finally, we believe that advanced nanostructured photodetectors with excellent performance
could be designed and fabricated for practical applications through studying the mentioned issues
in depth.
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Abstract: Inorganic boron-based nanostructures have great potential for field emission (FE), flexible
displays, superconductors, and energy storage because of their high melting point, low density,
extreme hardness, and good chemical stability. Until now, most researchers have been focused
on one-dimensional (1D) boron-based nanostructures (rare-earth boride (REBg) nanowires, boron
nanowires, and nanotubes). Currently, two-dimensional (2D) borophene attracts most of the
attention, due to its unique physical and chemical properties, which make it quite different from
its corresponding bulk counterpart. Here, we offer a comprehensive review on the synthesis
methods and optoelectronics properties of inorganic boron-based nanostructures, which are mainly
concentrated on 1D rare-earth boride nanowires, boron monoelement nanowires, and nanotubes, as
well as 2D borophene and borophane. This review paper is organized as follows. In Section I,
the synthesis methods of inorganic boron-based nanostructures are systematically introduced.
In Section II, we classify their optical and electrical transport properties (field emission, optical
absorption, and photoconductive properties). In the last section, we evaluate the optoelectronic
behaviors of the known inorganic boron-based nanostructures and propose their future applications.

Keywords: inorganic boron-based nanostructures; boron monoelement nanowire and nanotube;
borophene; rare-earth boride (REBg); optoelectronic properties

1. Introduction

Boron is very special, because it is the only nonmetallic element in group III, the lightest
nonmetallic element in the periodic table, and excellent properties similar to carbon. Moreover,
boron possesses unique physical and chemical properties due to the By icosahedra structural unit
consisting of a particular three-center two-electron bond, such as high melting point, low density,
extreme hardness, and nice chemical stability [1-4]. Over the past few decades, boron has attracted
much attention from researchers, and boron-based inorganic compounds are popular lightweight
structural materials and thermionic cathode materials [5,6]. As one of the greatest scientists of the
20th century, Dr. Lipscomb was respectively awarded the 1976 and 1979 Nobel Prizes in Chemistry
for his outstanding contribution to the configuration study of borane and excellent research on metal
borides [7]. The occurrence of these two important achievements heralded the first hot wave research
of boron. However, over the next 20 years, the research of the boron-based materials gradually tended
to stabilize. As the building blocks for the nanodevices, nanomaterials (including two-dimensional
(2D) layered structures, one-dimensional (1D) nanowires and nanotubes, and zero-dimensional (0D)
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nanoparticles) have attracted more and more attention [8,9]. Compared with their corresponding
bulk counterparts, inorganic boron-based nanomaterials exhibit more fascinating optical and electrical
transport behaviors due to their higher aspect ratio, larger specific surface area, and smaller size.
Among them, rare-earth boride (REBg) nanomaterials (LaBg, CeBg etc.) are excellent cold cathode
candidates, since they have low work function, ultrahigh hardness, and a high melting point,
as well as excellent electrical and thermal conductivity performances [10-16]. Being typical Kondo
topological insulators, SmBg, CeBg, and YbBg nanomaterials have attracted the researchers since the
2016 Nobel Prize in Physics was awarded to David J. Thouless, E. Duncan M. Haldane, and J. Michael
Kosterlitz for their theoretical discoveries on the topological phase transitions and topological phases
of matter [17-22]. At the end of 2015, the 2D layered structure of the boron single element was first
synthesized experimentally, and was named borophene [23-25]. Borophene has been theoretically
proposed to have numerous excellent and unique properties, which may have a promising future in
batteries, flexible devices and high-speed electronic devices [26-28]. As a result, the relevant studies
on inorganic boron-based nanomaterials resonate in the material sciences and condense physics
fields again.

In this paper, we review the current developments of inorganic boron-based nanostructures
(boron monoelement and rare-earth borides). First, we introduce their synthesis methods. Second,
the optoelectronic properties of the boron-based nanostructures are classified. Finally, we give the
evaluations on the optoelectronic performances of inorganic boron-based nanostructures and propose
their applications based on our research results.

2. Synthesis Methods of Inorganic Boron-Based Nanostructures

2.1. One-Dimensional Boron-Based Nanomaterials

One-dimensional (1D) nanostructures offer ideal platforms to study the dependence of electrical
transport, thermal conductivity, and mechanical strength on the dimensionality or size effects [29].
In general, 1D nanostructures are widely used in field-effect transistors, light-emitting diodes (LEDs),
photodetectors, solar cells, field emission displays, and sensors [29-36]. In 2010, we introduced 1D
boron single element nanostructures [37]. However, to date, although the synthesis methods of 1D
inorganic boron-based nanostructures (nanowires, nanobelts, and nanotubes) have been well described,
they need to be further renewed to meet the requirements of their rapid developments.

2.1.1. Rare-Earth Boride Nanostructures

There are usually six kinds of stoichiometry for rare earth borides, namely REB,, REB,, RE;Bs,
REBg, REBj3, and REBgs, in which RE represents rare-earth element (La, Sm, Ce, Eu, Gd, etc.). Among
them, REBg is very popular, and has been widely used in commercial cathode materials. The typical
lattice structure of REBg is given in Figure 1. REBg belongs to the cubic lattice, in which boron
octahedrons consisting of six boron atoms are located at the vertex positions of the cubic lattice, and
rare-earth atoms occupying the central position of the cubic lattice form the other body-centered
CsCl-type cubic lattice.

In actual field emission (FE) applications, higher crystallinity, lower work function, and larger
aspect ratio are highly demanded for REBs nanomaterials, which are believed to be the crucial criterions
to evaluate the quality of cold cathode nanomaterials. The synthesis methods of REBg nanostructures
can be classified into three types (Table 1): chemical vapor deposition (CVD), hydrothermal reaction,
and electrochemical etching methods. Chi and Fan et al. [38-43] respectively applied a no-catalyst CVD
method to synthesize different REBg (PrBg, NdBg, CeBg, GdBg, and EuBg) nanowires at 1000-1150 °C by
choosing rare-earth metal powders and B-contained gas (BCl; or BoHg) as source materials. As seen in
Figure 2a,c, single crystalline PrBs and NdBg nanowires have diameters of several tens of nanometers
and lengths extending to several micrometers as well as uniform diameter along the growth axis. Using
the CVD method, Xu et al. [35] reported the successful growth of 1D LaBg nanoneedles with a diameter
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decreasing from the bottom to the top and nanowires with uniform diameter by changing the distance
between the precursors and substrate. By the hydrothermal reaction method, Han et al. [39] obtained
single crystalline SmBg nanowires growing along the [001] direction, whose averaged diameter and
length were respectively 80 nm and 4 um. To prepare REB; nanomaterials, nearly all of the researchers
used toxic, inflammable, or expensive gas as the source materials, which inevitably bring some threat
to our lives. To solve the above problem, our group developed a simple solid-source CVD method
to synthesize single crystalline SmBg and LaBg nanowire arrays using Ni catalysts. In our method,
the low-cost, nontoxic solid B, B,O3, and LaCl; powders or Sm film were the source materials, which
can avoid the potential pollution of the nanomaterial production [44,45]. In comparison with other
two ways, the CVD method is more convenient for the growth of high-quality REB; nanomaterials,
because the control of their morphology, crystal structure, and stoichiometry are relatively easier.

200 nm
.

Figure 2. (a,b) Typical low-magnification and high-magnification SEM images of the PrB nanowires [39].
Copyright 2014, Elsevier. (c) Low-magnification SEM images of the NdBg nanowires [41]. Copyright
2013, Elsevier. (d,e) Representative morphologies of the LaBg nanowires [44]. Copyright 2017,
Royal Society of Chemistry. (f) Side-view SEM image of the SmBg nanowires [45]. Copyright 2017,
IOP Publishing.
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Table 1. The summary of the synthesis methods of different rare-earth boride nanostructures. CVD:
chemical vapor deposition.

Materials Source Materials Method T/°C Catalyst Ref.
LaBg nanowire LaCl3-7H,0O, ByHg CVD 930 free [35]
LaBg nanoneedle LaCl;-7H,0, BoHg CVD 970 free [35]
PrBg nanowire Pr powders, BCl3 gas CVD 1000-1150 free [38]
NdBg nanowire Nd powders, BCl3 gas CVD 1150 free [40]
LaBg nanowire B, B,O3,LaCl3 powders CVD 1100 Ni-assisted [44]
SmBg nanowire B, B,O3 powders, Sm film CVD 1100 Ni-assisted [45]
SmBg nanowire Sm, H3BO3, Mg and I, powders Hydrothermal reaction 220-240 I,-assisted [39]
LaBg nanowire H3POy4, CoH50H,LaBg target Electrochemical etching 2 free [43]

2.1.2. Boron Single Element Nanostructures

Boron nanostructures have potential applications in ideal cold-cathode electron sources,
high-temperature semiconductor devices, and field-effect transistors, which have attracted much
interest from researchers.

Boron Nanowires

Magnetron sputtering, laser ablation, thermal carbon reduction, thermal evaporation, and
chemical vapor methods have been utilized to prepare amorphous or crystalline boron nanowires
(BNWs) [46-50]. The morphology and crystallinity of the as-synthesized BNWs can differ with the
growth methods. By the combination of CVD and ultraviolet photoresist technology, large-scale
patterned boron nanowire (BNW) arrays were synthesized on Si substrate [51]. As found in Figure 3a,b,
all of the nanowire patterns exhibit a regular square with a size of 25 um x 60 um, and the BNWs in
each patterns have a uniform morphology, which may be more beneficial for future integrated circuit
device applications. Using magnetron sputtering, Cao et al. [46] successfully prepared amorphous
boron nanowire aligned arrays on silicon substrates. The as-grown BNWs have diameters from 20
to 80 nm and lengths up to several tens of micrometers, which are indexed as amorphous structures
(Figure 3c,d).

Figure 3. (a) Low-magnification SEM images of large area boron nanowire (BNW) arrays, and the inset
gives their high-resolution image. (b) Typical HR-TEM image and SAED pattern of the single-crystalline
BNW [51]. Copyright 2014, Wiley. (c¢,d) SEM and TEM image of the amorphous BNWs. Inset, SAED
pattern taken from the nanowire showing some amorphous halo rings [46]. Copyright 2001, Wiley.
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Boron Nanotube

Boron nanotubes (BNTs) have been theoretically proposed to have metallic properties, whether
their structure configurations are armchair or zigzag. In 2004, the magnesium-substituted mesoporous
silica template (Mg-MCM-41) method was applied to prepare pure boron single-wall nanotubes
at 870 °C according to the method by Ciuparu et al. [52], using the mixture of BCl3 and H; as gas
sources. The authors attributed the Raman peaks at about 210 cm~! (peak a) and 430 cm ™~ (peak b)
to typical tubular structures (Figure 4a), corresponding to the characteristic radial breathing mode.
Using boron (99.99%) and boron oxide powders (99.99%) as source materials, our group reported the
first large-scale fabrication of single crystalline multilayered BNTs in 2010 [53]. As seen in Figure 4b—e,
the as-synthesized BNTs have lengths of several micrometers and diameters of about 30 nm. Moreover,
these nanotubes are indexed as multilayered single crystalline boron nanotubes with the interlayer
spacing of about 3.2 A. Most of all, these nanotubes were experimentally proven to have metallic
properties as theoretical predictions, which didn’t vary with their chirality.

Intensity, counts

0.0

—_———————
100 300 500 700 900 1400 1300 1500 1700 1300
Wavenumber, cm’'

Figure 4. (a) Raman spectrum and TEM image (inset) of a single-wall boron nanotube [52]. Copyright
2004, American Chemical Society. (b,c) Low-resolution and high-resolution SEM images of the boron
nanotubes (BNTs) (white arrows) at the initial growth stage. (d) TEM image of the BNTs. The inset is
the corresponding SAED pattern. (e) The HRTEM image of the top of the BNT [53]. Copyright 2010,
Royal Society of Chemistry.

At the viewpoint of future cold cathode applications of 1D boron nanostructures, the CVD
method has advantages over other synthesis methods owing to its better morphology, aspect ratio, and
crystallinity controllability. In addition, large-scale, high-quality 1D boron-based nanostructure arrays
are much easier to obtain on rigid or flexible substrates by the CVD method, which is very beneficial
for their cell or photosensitive device applications.

2.2. Two-Dimensional Boron-Based Nanomaterials

Inspired by the stunning achievements of 2D materials [54], much effort has been devoted to
exploring 2D boron-based nanostructures in both theoretical calculations and experiments [55-57].
To date, there are three synthesis methods of 2D boron-based nanostructures: molecular beam epitaxy
(MBE), liquid-phase exfoliation, and CVD methods. The researchers are devoted to modulating the
morphology, layer number, and structure configuration of 2D boron-based nanostructures due to the
effects on their physical properties.
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2.2.1. Two-Dimensional Boron Monoelement Nanostructures

By MBE, Mannix and Wu [24,25] respectively reported the first growth of atomically thin,
crystalline 2D boron sheets on silver surfaces under an ultrahigh-vacuum system. As shown in
Figure 5a—c, Mannix et al. [24] obtained the atomic image of borophene, and ascertained that it has
the same metallic and highly anisotropic characteristics as theoretically predicted. Wu et al. [25]
uncovered two allotropes of boron sheets on Ag (111) substrate, which are respectively (31, and x3
sheets. Both have a similar triangular lattice but different arrangements of periodic holes, as revealed
by STS spectra (Figure 5d—f). Bedzyk’s research further proved that atomically thin borophene sheets
on the Ag (111) surface have a Van der Waals-like structure [58]. By X-ray standing wave-excited X-ray
photoelectron spectroscopy, the lattice positions of boron atoms with multiple chemical states were
confirmed, revealing that the thickness of a single layer borophene is 2.4 A on an unreconstructed Ag
surface. Afterwards, Wu et al. [59] synthesized a pure honeycomb, graphene-like borophene on the
Al (111) substrate by MBE. Moreover, their theoretical calculations discovered that the honeycomb
borophene is stable on the Al (111) surface, because there exists one electron transfer from the Al (111)
substrate to each boron atom, which stabilizes the structure. The atomic resolution STM images of
the honeycomb borophene are shown in Figure 6, in which the lattice constant is about 0.29 nm. Very
recently, single crystalline borophene with an area up to 100 um? has been fabricated on the Cu (111)
substrate via the MBE method by Gozar et al. [60]. The as-grown borophene was composed of novel
triangular networks with a concentration of hexagonal vacancies of n=1/5, belonging to 312 and
X3 phases.

By CVD, Tai et al. also prepared 2D y-boron films on copper foil using boron and boron oxide
powders as the source materials [23], as seen in Table 2. The as-prepared y-Byg film was identified
as a semiconductor with a direct bandgap of around 2.25 eV, which had a strong photoluminescence
emission band at 626 nm (Figure 7). Besides, Tsai et al. [61] applied a B plasma-assisted technique to
deposit a multilayer 3-borophene on an insulating SiNy film on Si substrate.
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Figure 5. (a) Theoretical model and experimental STM images of borophene (Vsample = 0.1V, Tiunnel =
1.0nA). (b,c) I-V curves and dI/dV spectra of borophene [24]. Copyright 2015, Science. (d) STM image
of boron sheets after 650 K annealing, in which two different phases are respectively labeled ‘S1” and
‘S2’. (e) The S1 unit cell and the 1.5-nm stripes are respectively marked by a black rectangle and the
solid lines. (f) High-resolution STM images of the S2 phase. Bias voltages of STM images: —4.0 V (d),
1.0V (e,f) [25]. Copyright 2016, Springer Nature.
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Figure 6. (a) STM image (15 nm x 15 nm) revealing the long-period configuration with triangular
corrugation. (b) A high-resolution STM image (2.4 nm x 2.4 nm) of the area marked by the black
rectangle in (a), showing a flat honeycomb lattice. Inset is a line profile along the green line.
(c,d) The dI/dV curves taken on a borophene surface with a different bias voltage range. The scanning
parameters for (a,b) are: sample bias —11 mV, I = 130 pA [59]. Copyright 2018, Elsevier.

Using the sonication-assisted liquid-phase exfoliation method, Teo et al. [62] obtained high-yield
few-layer B sheets. As given in Figure 8, the as-synthesized few-layer B sheets have a clear diffraction
pattern with a d spacing of 0.504 nm, conforming to the (104) plane of 3-rhombohedral B crystal.

Figure 7. (a) Schematic diagram of the two-zone CVD furnace for two-dimensional (2D) y-Byg film.
(b) Top and side views of the borophene monolayer. (c) The corresponding polyhedral structure of the
basic unit cell in be projection, in which boron atoms (orange spheres) form the dumbbells. (d) Optical
image of a monolayer on Cu foil [23]. Copyright 2015, Wiley.
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e

Figure 8. (a) Typical TEM images of the few-layer B sheets prepared by tip sonication. The inset
is a photograph of B-sheet dispersions and sonication after 4 h. (b) Typical TEM image of the
few-layer B sheets. The inset shows the corresponding FFT pattern [62]. Copyright 2018, American
Chemical Society.

2.2.2. Two-Dimensional Boron-Based Nanostructures

Due to the structural instability of borophene, the fully-hydrogenated borophene (i.e., borophane)
with enough stability has aroused much interest, which was theoretically predicted by Xu et al. [63].
By the first-principle calculations, borophane is anticipated to have a stable surface configuration due
to electron transfer after full hydrogenation, as presented in Figure 9. Moreover, the Fermi velocity of
borophane is as high as 3.5 x 10° m s~ under HSE06 level, which is the highest among the known
2D materials, and is four times larger than that of graphene. Although there are many theoretical
calculations and predictions on borophane [64,65], it has not been experimentally synthesized. On the
other hand, the 2D boron oxide (BO) structure is also proposed to be stable after experiencing a suitable
stoichiometric degree of oxidation. Yang et al. [66] studied the structural configurations of the 2D boron
oxide sheet by using the first-principle global optimization method, suggesting that they have potential
applications in high-speed nanoelectronic devices. Also, Zhang et al. [67] investigated the physical
properties of the hexagonal borophene oxide sheets in Wu’s work [59], revealing they should possess
remarkable mechanical and electronic properties. Furthermore, 2D borophene oxide nanostructures
with completely flat configuration may serve as a promising platform for studying 2D topological
phases, because its energy band hosts a nodal loop centered around the Y point in the Brillouin zone,
and exhibits different topological indices before and after transition [67].

Table 2. The summary table of the synthesis methods of borophene. MBE: molecular beam epitaxy.

Structural Source

Method Temperature Substrate Configuration Materials Sample Area

cvD 23] 1100°C Cu foil y-Bag ﬁ;ﬁé?is Nanometer

MBE [24,25,58] 300-750 °C Ag (111) B12 and x3 B powder Nanometer

MBE [59] 230 °C Al (111) honeycomb B powder Nanometer

MBE [60] 300/490 °C Cu(111) B12 and x3 B powder Micrometer
Plasma-assisted ion implantation [61] 800 °C Si (001) B B powder Nanometer
Liquid-phase exfoliation [62] N/A N/A B-rhombohedral B powder Nanometer
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Figure 9. Top and side views of the optimized configuration of borophane. The unit cell is marked by a
red box, in which the green and white balls respectively represent B and H atoms [64]. Copyright 2016,
Royal Society of Chemistry.

As mentioned above, the MBE way is more suitable for the fabrication of a monolayer or few-layer
high-crystallinity borophene, while CVD method has advantages on the layer or structure configuration
control of large-area borophene with different standing directions to the substrate. For high-yield
borophene, we suggest adopting the sonication-assisted liquid-phase exfoliation method, which has a
more promising future in industry. Until now, only a few phases of borophene have been successfully
prepared, which is far less than the several dozen phases in theoretical prediction. As a result, it still
remains a big challenge for the researchers.

3. Optoelectronic Properties

Inorganic boron-based nanostructures have potential applications in optoelectronic nanodevices
because of their particular physical and chemical properties. In this section, we review the electrical
and optical properties measured on inorganic boron-based nanostructures in the past two decades.

3.1. Electrical Properties

3.1.1. Field Emission (FE) Properties

Inorganic boron-based nanostructures have been proposed as ideal cathode choices because they
have small surface electron affinity, high electrical and thermal conductivity, a large aspect ratio, a high
melting point, and large current endurance. Xu et al. [36] reported that the 1D LaBg nanostructures
produced by CVD exhibited good FE characteristics, which had a turn-on field of 1.82 V um~! and
a threshold field of 2.48 V um™~'. In our recent works, the LaBs nanowire arrays had a low turn-on
(2.2 V um™1) and threshold field (2.9 V um~!) as well as nice field emission (FE) stability with a
current fluctuation of only 1.7% [44]. Further research showed that individual LaBs nanowires can
bear the maximum current of 96 pA and the maximum emission current of 0.3 cm? LaBg nanowire film
can reach as high as 5.6 mA. Most of all, the LaBg nanowire film exhibited the recoverable emission
performance after O, absorption or desorption, making them suitable for applications in air. Recently,
Zhang et al. [68] measured the working performance of cold field emission SEM equipped with a
single LaBg nanowire emitter (Figure 10). The typical morphology of the LaBs nanowires (NWs)
was presented in Figure 10a. Figure 10b schematically illustrates the fabrication of the LaBg emitter.
An etched W tip is manipulated to approach individual LaBg nanowires, and subsequently, it is handled
by an ion beam to form a tight contact with the LaBg nanowire via Van der Waals force. After the LaBg
nanowire breaks off from the substrate and adheres onto the tip, the nanowire is fixed on a carbon pad
by the electron beam-induced deposition (EBID) technique and the fabrication of the LaBg emitter is
accomplished. In these FE experiments in the modified SEM system [68], the electron gun equipped
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with the LaBg NW displays an ultrahigh angular current density of ~2.4 x 10° pHA sr— 1, which is 1000
times larger than the electron gun with the W (310) emitter (Figure 10c). Additionally, the current
fluctuation (0.32%) for the LaBg emitter is obviously lower than that for the W (310) emitter (7.2%)
under the same experimental conditions. The signal noise comparison for imaging the acceleration
electrode using the LaBg NW and W (310) emitters are given in Figure 10d, in which the resolution and
image quality of the LaBg emitter are obviously higher than those of the W emitter. Considering that the
acquisition image time of the W emitter is twice as long as that of the LaBs nanowire emitter, the LaBg
nanowire emitter should have more advantages than the commonly-used W (310) emitter. Also, the
FE properties of the SmBg nanowires were compared with those of the SmBg nanopencils, which have
a thick bottom and a sharp tip, to evaluate their application in cold cathodes [45]. The SmBg nanowires
had a lower turn-on field of 6.5V pum~1 in comparison with the SmBg nanopencils (6.9 V um~1), and
their maximum emission current density can reach several hundred uA cm 2 (Figure 11).

Table 3. Comparison table of the FE properties of some nanomaterials with excellent emission performances.

Nanomaterials Turn-on Field Threshold Field Emission Current Ref
Vum~—! Vum—1 Fluctuation :
Mo nanoscrew 1.65 24 0.46%, 1 h, 50 mA /cm? [69]
Carbon nanotube 32 5.8 25%, 20 h, 260 mA /cm? [70]
ZnO nanobelt 6.6 8.5 14%, 16 h, 7.4 mA /cm? [71]
SiC nanowire 0.9 1.7 3%, 24 h, 5 mA /cm? [72]
LaBg nanowire 1.9 29 1.2%, 0.5 h, 2.6 3mA /cm? [44]
Boron nanowire 4.3 104 5.6%, 8h, 1 mA/cm? [51]
a
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Figure 10. (a) SEM image of LaBg nanowires (NWSs) on a monocrystalline LaBg (100) substrate. The inset
shows the optical image in which a LaBg nanowire is picked up by a W tip. (b) Schematic diagram
showing the electron beam deposition process of fixing a LaBs NW onto a W needle. (c¢) The dependence
of normalized angular current density on extraction voltage with maximum value limited by emission
instability. The inset gives their corresponding F-N plots, showing linearity with a transition point
at high current density. (d) Signal noise comparison for imaging the acceleration electrode in the
SEM objective lens using the LaBs NW emitter and W emitter, respectively [68]. Copyright 2016,
Springer Nature.
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Figure 11. (a,b) Top-view SEM images of the SmBg nanowires and nanopencils, respectively. The insets
are their corresponding high-magnification cross-sectional images. (c,d) J-E curves and FN plots of the
SmBg nanowires and nanopencils. Their emission images are given in the inset [45]. Copyright 2017,
IOP Publishing. (e,f) Typical J-E curves and EN plots of large-area boron nanowire patterns, and the
inset is their corresponding emission image [51]. Copyright 2014, Wiley.

Similarly, the BNWs exhibited good emission properties [51]. The turn-on and threshold fields of
large-area BNW patterns are respectively 4.3 V um~! and 10.4 V um~!, as provided in Figure 11e,f.
In addition, they exhibited a very uniform emission image (inset), in which the distribution uniformity
of the emission patterns was 81.8%, and their brightness distribution uniformity was over 88.9%. The FE
behaviors of boron-based nanostructures can compare favorably to those of many nanomaterials with
excellent emission performance, which suggests that they have potential applications in cold cathode
electron sources (Table 3).

3.1.2. Capacitance Characteristics

Inorganic boron-based nanostructures also have great potential in supercapacitors. Zhi and
Liu et al. [73] stated that elemental boron-based supercapacitors exhibited excellent performances
whether they were placed in all alkaline, neutral, or acidic electrolytes. Boron nanowire—carbon fiber
cloth (BNWs-CFC) electrodes achieve a capacitance up to 42.8 mF cm~2 at a scan rate of 5 mV s~
and 60.2 mF cm~2 at a current density of 0.2 mA cm ™2 in acidic electrolyte (Figure 12), respectively.
In addition, the BNWs—CFC electrodes still retain high performance even after being bent 1000
times, revealing that they possess excellent mechanical properties. Subsequently, the LaBs nanowires
electrode had an areal capacitance as high as 17.34¢ mF cm~2 in 1.0 M of Na,SOy solution at a current
density of 0.1 mA cm~2 and 16.03 mF cm ™2 at a scan rate of 5 mV s~ 1. Moreover, the LaBg nanowires
electrodes displayed outstanding cycling stability after 10,000 charging/discharging cycles, which
suggests that they are highly effective electrode materials for supercapacitors [74]. Soon afterwards,
Teo et al. [62] used the exfoliated few-layer B sheets as the electrode materials of a supercapacitor.
The supercapacitor using B-sheet electrodes exhibited impressive electrochemical performance with
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a wide potential window up to 3.0 V. Moreover, the energy density of the supercapacitor can reach
as high as 46.1 W kg~ ! at a power density of 478.5 W kg1, and its cycling stability was 88.7% after
6000 cycle operations. The excellent performance of inorganic boron-based supercapacitors suggests
that they should be ideal choices for the flexible anode materials of high-performance batteries
and supercapacitors.
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Figure 12. (a) Comparison of CV curves of carbon fiber cloth (CFC) and boron nanowire—carbon fiber

cloth (BNWs-CFC) at a scan rate of 5mV s~1. (b) Areal capacitances of BNWs-CFC at different scan

rates [73]. Copyright 2018, Wiley. (c) CV curves collected under various voltage windows at a scan

rate of 10 mV s~! of B sheets [62]. Copyright 2018, American Chemical Society. (d) Plots of scan rates

against the areal capacitances of LaB¢—CFC electrodes [74]. Copyright 2018, Elsevier.

3.1.3. Surface Electrical Transport Property

The surface states of topological insulators are always concealed by the dominant bulk conduction
due to the existence of massive dopants or defects. In this situation, the topological Kondo insulator
(TKI) becomes very attractive because the strongly correlated electron system can assure that the
surface conduction dominates over their electrical transport. As typical TKI materials, rare-earth
hexaborides (such as SmBg and YbBg) have been the research goals for theoretical calculations and
experiments [22,75,76]. Wirth et al. [77] observed that the surface states of SmBg dominated the
electron conduction when the temperature was below about 7 K due to a suppressed Kondo effect at
the surface. Furthermore, Wirth et al. [78] elucidated the effect of magnetic or non-magnetic impurities
on the topological surface states of SmBg by the combination of local STS and macroscopic transport
measurements, unveiling that the local shielding lengths of the surface states can change with the
magnetic properties of the substitutes. Simultaneously, Yu, He, and Liu et al. [22,79] respectively
investigated the local and nonlocal magnetotransport properties of individual SmBg nanowires (NWs).
Yu et al. observed an obvious transition from negative to positive magnetoresistance (MR) as the bias
current increased in a single SmBg nanowire, as shown in Figure 13. He and Liu et al. found that the
hysteretic magnetoresistance effect will emerge in TKI SmBg nanowires with diameters less than 58 nm.
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A non-monotonically temperature-dependent positive magnetoresistance is observed at intermediate
temperatures because of the strong magnetism on the narrow nanowire’s surface [22], suggesting
that impurity band conduction may exist in the SmBg nanowire (Figure 14). Meanwhile, YbBg is also
predicted to be a TKI. Shi and Feng et al. [80,81] investigated the surface and bulk gap structures of
YbBg by angle-resolved photoemission spectroscopy (ARPES). Shi disclosed that the f-orbitals of YbBg
are fully occupied, and Yb exists in bivalence states, which is different from mixed-valence Sm in SmBs.
Furthermore, the metallic surface states of YbBg are believed to be topological surface states, which
are spin-polarized in plane and locked to the crystal momentum. Feng et al. [81] directly observed
the bands around the time-reversal invariant momenta exhibiting an obvious linearly dispersive
relationship. The in-gap states possess the chirality of orbital angular momentum, which is attributed
to the chiral spin texture. This unveils that YbBg is a moderately correlated topological insulator.

(b) o
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A5 40 5

Figure 13. (a) The magnetoresistance (MR) for parallel magnetic field at different temperatures.
(b) The MR measured at 1.5 K and under the magnetic field with different directions. The inset
schematically shows the angle 6 between the direction of the magnetic field and the longitudinal
direction of the nanowire. (c) The MR for perpendicular magnetic fields at different temperatures.
(d) The MR at 1.5 K for different bias currents ranging from 0.05 uA to 5 uA [79]. Copyright 2017,
American Physical Society.

In addition, 2D boron-based nanomaterials (borophene and boronphane) were predicted to
be ideal Dirac materials, which exhibit clear linear energy dispersion characteristics at the Fermi
level and have the Dirac cones in the band diagram based on the first-principle calculations [63-65].
For monolayer (31, borophene, Ezawa [82] proposed the existence of triplet fermions at the high-symmetry
points, and there should be no loop encircling the triple-band bonding point without touching the Fermi
surface. Furthermore, bilayer borophene is also a Dirac material, while few-layered borophene retains
robust metallic characteristics owing to its multiple band interactions [83]. Compared to monolayer
borophene with a high Fermi velocity close to graphene (8.2 x 10° m/s) [84], borophane was calculated
to possess a Fermi velocity (3.5 x 10° m/s) that was two to four times larger than graphene, implying
that they should be promising systems for high-speed electronic or optoelectronic devices. However,
to date, all of the research studies on the surface topological behaviors of 2D boron-based nanomaterials
have focused on the theoretical predictions, which are indeed short of the experimental evidence.
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Figure 14. (a) The temperature dependence of resistance of a single SmBg nanowire with a D value of
45 nm. The inset shows the fabricated four-probe device. (b) Double-sweep magnetoresistance curve
with B perpendicular to the NW and T = 2 K. The field sweeping directions are indicated by arrows.
(c) Double-sweep MR curves of a SmBg NW in perpendicular magnetic fields at different temperatures.
The NW diameter is 45 nm, and the field-sweeping directions are indicated by arrows. Curves are
offset vertically for comparison. At T = 10 K, the MR curve was only measured in the sweep-down
direction [22]. Copyright 2018, Wiley.

3.2. Optical Properties

3.2.1. Optical Absorption

Rare-earth hexaborides usually have high absorbance in the visible and near-infrared (NIR)
wavelength ranges [85-87], which can vary with their lattice constants (Figure 15a). Moreover, LaBg
nanoparticles with high conductivity create a promising metal-like plasmonic material that resembles
Au or Ag nanoparticles. In this situation, LaB@SiO; (core/shell) nanoparticles were used as the
photothermal catalysts in the reduction of 4-nitrophenol [87]. By the surface decoration of Au
nanoparticles, LaBs@SiO, / Au composite nanoparticles (Figure 15b) exhibited a better photothermal
conversion capacity, because the existence of Au nanoparticles offered more active spots on the catalyst
surface and enhanced the temperature of the reaction process [88]. As observed in Figure 15, Sani et al.
found that the absorbance coefficient of LaBg (0.7) is comparable to the advanced solar absorber
materials, such as SiC (0.8) and HfB, (0.5) [89]. The absorption valleys of REBg (CeBg, PrBg, and NdBg)
nanostructures (Figure 15d) are respectively located at the visible regions of 670 nm, 785 nm, and 800
nm, suggesting that the rare-earth hexaborides may have potential applications as a sunlight absorber
in the visible and NIR ranges [90].
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Figure 15. (a) Near-infrared absorption of rare-earth hexaboride nanoparticles with regard to their
lattice constants [85]. Copyright 2008, Wiley. (b) Variation of 4-nitrophenol concentration with time by
LaBs@SiO, and LaBs@SiO, / Au composite nanoparticles [88]. Copyright 2013, Elsevier. (c) Calculated
(dashed lines) and experimental emittance (solid lines) of LaBg samples [89]. Copyright 2017, Springer
Nature. (d) The optical absorption of REBg nanostructures at visible and near-infrared ranges [90].
Copyright 2017, Elsevier.

3.2.2. Photosensitive Properties

Boron and rare-earth boride nanostructures generally have small bandgaps and high refractive
indices. Recently, our group observed the strong anisotropic light scattering behaviors and photocurrent
response of tetragonal single crystalline boron nanowires (BNWs) in the visible region [48]. As indicated
in Figure 16a,b, second harmonic generation (SHG) effects were discovered in a single boron nanowire
under femtosecond laser irradiations. The individual BNW device has high device sensitivity (20),
large responsivity (12.12 A W), and a fast on—off response (18 ms) (Figure 16¢c,d). Also, Yu et al. [91]
found that a single SmBg nanowire exhibited self-powered photodetector performances, in which the
photovoltaic coming from the scanning photocurrent microscopy was responsible for the photocurrent.
Moreover, the SmBg nanowire device has a broadband response from 488 nm to 10.6 um at room
temperature, and an on/off ratio of about 100, as seen in Figure 17. Their responsibility and specific
detectivity were respectively 1.99 mA W—! and 2.5 x 107 Jones. As observed in Table 4, the boron-based
nanostructures have exhibited comparable photosensitive behaviors with many other nanostructures
with excellent working performances, suggesting that they are promising candidates for future
high-performance photodetectors.

Table 4. The comparable table of the working performances of various nanodevices. UV: ultraviolet,
MIR: middle infrared.

Operation Device Sensitivity Photoresponsivity (Ry) Detection Response

Nanostructures Voltage [V] (Ip/Ip) [AW—1] Range Time Ref.
ZnO nanowire 2 8 N/A uv 50s [92]
AIN nanowire 40 20 2.7x10° UV-Visible 10 ms [93]
GaN nanowire 0 13 N/A uv 0.53s [94]

B nanowire 10 20 12.12 Visible 18 ms [48]
SmBg nanowire 0 100 1.99%103 Visible-MIR N/A [91]
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Figure 16. (a) Second-harmonic generation spectra of the BNW film under 850-nm illumination with
different pump powers. (b) The curves of the second harmonic generation (SHG) peaks’ intensity
versus the pump powers. (c¢) The photocurrent-voltage curves of an individual BNW under different
irradiations. The inset is the nanodevice structure. (d) The fast on—off curves of the BNW under 532-nm
and 633-nm irradiations, respectively [50]. Copyright 2018, Wiley.
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Figure 17. (a,b) SEM image and scanning photocurrent mapping of a single SmB, nanowire photodetector.
(c) The time-dependent photocurrent measurement on the nanowire photodetector under 10.6-um
irradiation. (d) Room temperature photoresponse of the SmBg device under photoexcitation with
different excitation wavelengths (as marked) [91]. Copyright 2018, American Institute of Physics.
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4. Outlook and Conclusions

In conclusion, we have reviewed the recent progress of inorganic boron-based nanostructures
(boron monoelement and rare-earth borides). As described above, CVD, laser ablation, magnetron
sputtering, and thermal evaporation methods are the usual fabrication techniques of 1D boron-based
nanostructures, whereas the MBE, CVD and liquid-phase exfoliation methods are more convenient
for the synthesis of 2D boron-based nanostructures. The boron-based nanostructures have potential
applications in field emission, supercapacitor, optical absorption, and photodetectors. Among them,
1D rare-earth boride nanostructures are promising as cold cathode electron sources, because they have
a lower work function, higher melting point, metallic conductivity, and longer duration time, as well
as a larger emission current. Since they belong to strongly correlated electron systems, SmBg, CeBg,
and YbBg TKIs are ideal platforms for investigating the surface quantum behaviors in condensed
matter physics and material sciences. For 2D borophene or borophane, they have distinct advantages
in flexible energy conversion devices or high-speed electronic devices, because they have metallic
behaviors, a larger specific surface area, a higher Young’s modulus, and extremely high Fermi velocity.
Also, 1D boron-based nanostructures exhibit strong light-absorption behaviors or rapid photocurrent
responses, which suggests they are good candidates for flexible photodetectors at the visible and
infrared ranges.

Although the research on the synthesis and optoelectronic properties of inorganic boron-based
nanostructures has gained many achievements, there are still many essential and challenging issues
that to be further explored. Designing and fabricating the LaBg or CeBg nanostructure-based cold
cathode electron source remains a big challenge for the researchers. As a potential electron source,
many important problems need to be solved in advance, such as a long-term and stable working
performance at high current, long duration at severe conditions, a simple and cheap technique
for a high-yield synthesis method, and low-power operation. For topological Kondo insulators,
the fabrication of high-quality rare-earth boride nanostructure single crystals and exploration of the
modulation techniques of their surface electrical transport behaviors are very important for their actual
applications, which are still hard to solve. As for 2D boron-based nanostructures, the synthesis of a
large-area single crystalline thin film with controllable layer thickness and chirality is a vital issue
for their future applications. Another issue to explore and investigate is their optical and electrical
properties in experiments, which are very essential because the current research studies mainly focus
on the theoretical predictions. Although there are many challenges for the applications of inorganic
boron-based nanostructures, they should have a very promising future, because they have exhibited
enough fascinating properties in both experiments and theoretical calculations.
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Abstract: The need for decreasing semiconductor device critical dimensions at feature sizes below
the 20 nm resolution limit has led the semiconductor industry to adopt extreme ultra violet (EUV)
lithography with exposure at 13.5 nm as the main next generation lithographic technology. The broad
consensus on this direction has triggered a dramatic increase of interest on resist materials of
high sensitivity especially designed for use in the EUV spectral region in order to meet the strict
requirements needed for overcoming the source brightness issues and securing the cost efficiency of
the technology. To this direction both fundamental studies on the radiation induced chemistry in
this spectral area and a plethora of new ideas targeting at the design of new highly sensitive and top
performing resists have been proposed. Besides the traditional areas of acid-catalyzed chemically
amplified resists and the resists based on polymer backbone breaking new unconventional ideas
have been proposed based on the insertion of metal compounds or compounds of other highly
absorbing at EUV atoms in the resist formulations. These last developments are reviewed here.
Since the effort targets to a new understanding of electron-induced chemical reactions that dominate
the resist performance in this region these last developments may lead to unprecedented changes
in lithographic technology but can also strongly affect other scientific areas where electron-induced
chemistry plays a critical role.

Keywords: EUV lithography; chemically amplified resists; inorganic resists; main chain scission
resists; electron-induced chemistry

1. Introduction—Nanostructure Formation in Semiconductor Lithography

The standard methodology for fabricating miniaturized devices with critical dimensions
in the micro- and nano- domain in the semiconductor industry has been photolithography,
using photosensitive polymeric mainly materials, known as resists, for imaging, accompanied with
pattern transfer to the substrate of interest with plasma etching. The uninterrupted patterning
technology evolution from the 1960s to the last decade allowed the miniaturization of critical
device dimensions from a few microns to the sub 25 nm domain allowing the semiconductor
technology progress according to the well-known Moore’s law [1-3]. Although this impressive
technology development has been mainly achieved by adopting reduced wavelength of the imaging
radiation, in the last two decades additional technology breakthroughs such as immersion and double
exposure patterning allowed the shrinkage of device dimensions, while keeping the wavelength at
193 nm [4]. In addition, options like directed self-assembly [5-8], e-beam lithography [9-12], maskless
techniques [13,14], and nanoimprint technology [15,16] have been heavily explored. At this period,
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it seems that the implementation of exposure at reduced wavelength, and in particular at 13.5 nm, is
the choice of the big semiconductor industries for the future device technology. Extreme ultraviolet
(EUV) lithography using 13.5 nm wavelength exposure is expected to be the main industrial option
for pushing further the resolution limit in sub 20 nm region. However, EUV sources have limited
power making the improvement in resist sensitivity a high-importance issue to fulfill the throughput
requirements for high volume manufacturing while maintaining pattern fidelity and uniformity.

Reviews on EUV resists have been published in 2017 summarizing important developments [17,18].
Nevertheless, dramatic changes are under way in the field after consensus in the semiconductor
industry community has been reached to accept EUV as the main next generation lithographic option.
New unconventional materials are introduced and fundamental studies are under way enabled by
improvements in the scientific understanding of the EUV radiation interactions with the resist materials.
In this context a very recent review [19], focuses especially on inorganic photoresists covering materials
that have been introduced to address the challenges encountered in EUV lithography.

In the present review we will discuss primarily the main factors that influence the resist sensitivity
at EUV and we will give priority to promising materials for achieving the high sensitivity demanded.
We will focus mostly on the developments during the last years aiming at new generations of materials
and on the scientific support from fundamental studies toward technology optimization. Following
this approach we discuss first in two separate sections the main characteristics of EUV technology
and the issues related to materials absorption at this spectral region and then we review the chemical
approaches for high sensitivity EUV resists and the results reported so far on resist materials of
advanced performance.

2. EUV Introduction and Main Technical Challenges

The critical dimension (CD) of a projection imaging system such as a lithographic scanner is given
by the fundamental equation governing the resolution: CD = kA/NA, where A is the wavelength of the
light source and NA is the numerical aperture of the imaging optics. The value of k is depending on
the quality of the imaging optics, the way the mask is illuminated, and the mask pattern itself. As it is
obvious from the latter equation, the critical dimension value is proportional to the wavelength of the
radiation applied to the photosensitive materials.

The choice of 13.5 nm, or EUV as it is commonly referred to, as the imaging radiation wavelength
after the 193 nm has a long history of scientific investigations, technology breakthroughs and
controversies that lasted more than two decades [20]. A review of the first years of EUV lithography
has been presented in [21], where also the successful demonstration of printing for the first time 19 nm
dense lines/spaces with optical lithography using an interferometric Lloyd’s mirror maskless set-up
is discussed [22]. The current patterning challenges at EUV aiming at a viable industrial technology
have been also presented in [21] and more recently in [23,24]. One attractive characteristic of the
EUV radiation at 13.5 nm is that it can be combined with imaging technology based on reflective
optics, a technology that has reached an acceptable maturity level. This imaging technology, based on
multilayer mirrors composed of technologically acceptable materials, Mo and Si, allows imaging of the
mask pattern to the wafer. The reflectivity of such multilayers is discussed for instance in [25], and a
characteristic graph from this paper is depicted in Figure 1a, where also emission spectra of different
alternative sources are given. This graph is also based on data from reference [26]. The reflective optics
used in EUV technology is apparently more complicated than the refractive optics used at 193 nm and
longer wavelengths, see for instance a scheme of a projection system depicted in Figure 1b, adopted by
ref [17], which as stated there is based on a previous presentation [27]. In addition, new technological
challenges in mask fabrication had to be addressed, but the technology nowadays has been proved
capable for effective radiation imaging. The successful development of this imaging technology for
13.5 nm radiation has played a very important role for the choice of this particular wavelength for next
generation lithography.
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Figure 1. Extreme ultra violet (EUV) technology characteristics: (a) Emission of different sources based on
Sn, Xe, and Li at the EUV spectral region and calculated near normal incidence reflectivity of a 11 mirror
system in the same area. Adapted from [25], with permission from IOP Publishing, 2020 (b) A scheme of a
EUV lithography system where the different parts, including source, illuminator, reticle stage (mask), and
projection optics are depicted. Adapted from [17], with permission from De Gruyter, 2020.

One very challenging issue for the development of industrially competitive EUV lithography
technology has been the brightness of the sources that could be used for generation of radiation at
13.5 nm. Plasma discharge approaches and approaches based on laser induced radiation through
focusing on specific material targets were explored by many groups toward the development of efficient
sources. Today the approach of choice seems to be laser-induced radiation generation by focusing on
liquid Sn droplets. Sources based on this approach have been incorporated in the commercial EUV
lithography exposure tools available today, as is also shown in the scheme of Figure 1b. The brightness
of these sources has been greatly improved over the past decade and played a significant role for
the decision to adopt EUV lithography as the next production technology made by a number of
big semiconductor manufacturers [28]. Nevertheless, the throughput of the exposure tool remains
relatively low compared with older lithographic technologies and for this reason there is an urgent
demand for high sensitivity resists that can help the technology to achieve the desired cost efficiency. In
addition, we should always keep in mind that the EUV resists must also provide advanced performance
characteristics to be suitable for sub 20 nm patterning with industrial standards, related primarily to
pattern quality and process demands.

This demand for high sensitivity EUV resists caused a real awakening of the research in the resists
field. At this point it should be emphasized that the research effort in the resist development area
has been rather slow for a period of more than 10 years (schematically extending from about 2005
to 2015). Indeed, after the abandonment of the option for 157 nm lithography, which had provoked
an intense resist development effort, the resist material research was not intense since the 193 nm
resists were already mature materials and the modifications needed for immersion lithography were
rather minor. Only few groups worldwide were active in the resist field and often the efforts were
diverted in different directions. On the other hand a significant research direction for lithographic
materials followed by many polymer groups was toward self-assembled block copolymers for directed
self-assembling (DSA) lithography [1-4]. The momentum seems to have changed during the last
five years after the choice of EUV as the next industrial technology became clear in the lithography
community along with the now well-recognized demand for high sensitivity EUV resists.

In the following we will try to make clear why the demand for high sensitivity resists causes a
mobilization of the lithography researchers and brings again the resist development effort at a spot of
increased interest by many scientists or engineers new to the field.
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3. Material Absorption at EUV

The absorption of resist materials at EUV is an issue that only lately has started to attract the attention
it deserves [29,30]. From an historical point of view, it should be mentioned that the resist absorbance at
EUV was first considered at late nineties and it was recognized that the absorption of resist materials
at EUV is mainly determined by their atomic composition. Indeed, the photon energy at 13.5 nm is
close to 92 eV which is well above the ionization potential of the atoms that constitute the resist material.
The photoemission cross sections of different atoms that can be potentially included in a resist composition
are shown in the graph below, Figure 2, image adopted from ref [30] based on data from ref [31].
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Figure 2. Photoemission cross sections at 92 eV calculated for selected atoms in Mb (Megabarn),
where 1 Mb = 10722 m? in SI units. Figure adapted from [30], with permission from Elsevier, 2020.

The atoms encountered in a typical resist composition are carbon, oxygen, and hydrogen.
As shown in the graph of Figure 2, oxygen has a much higher photoemission cross section at EUV than
C, thus increased the ratio of oxygen atoms in the composition is expected to increase the material
absorption of 92 eV radiation resulting to enhanced electron emission [30]. On the other hand, one can
further control the material absorption at EUV by incorporating molecules containing other atoms
such as Hf, Zn, Sn, some of which are considered for the first time, in the resist composition.

In the first years of investigating options for resist materials suitable for exposure at 13.5 nm it
was realized that high material absorption was not an issue of concern at EUV as was for 193 nm and
157 nm lithography [32]. On the contrary, it was soon noticed that the typical organic resist materials
had rather low absorbance at the thicknesses of interest and this low absorbance would also result in
low sensitivity. Thus, the incorporation of atoms in the resist composition that could substantially
increase the materials absorbance was proposed among other strategies to increase sensitivity [17,18].
According to the data presented in Figure 2 such atoms could be Sn and I, compounds of which
are indeed under investigation as the main components of highly sensitive resists and they will be
discussed below.

In a deeper examination of the facts related to the increase of the resists absorbance one should
consider the probabilities of absorption exhibited by the different atoms and correlate them with data
for the absorption cross section for different wavelengths of ionization radiation. Relevant data can
be also found in ref [33] where the different atom cross sections at a range of radiation energies are
presented and correlated with specific atomic energy levels. By examining the tables for different
atoms, it is clear that the main tendency is that the ionizing radiation interacts preferentially with
electrons lying at deeper levels if they are at a distance smaller than 92 eV from the vacuum level.
Thus, although for the case of C electrons can be released only from the 2s and 2p levels, for heavier
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elements there are core electrons at deeper levels which interact preferentially with the radiation. In
ref [29] a recent study is reported where molecules of similar composition are compared (see Figure 3).
There, it is shown that the substitution of H with e.g., halogen atoms has a dramatic influence on the
formation of photoelectrons. The most interesting case is the one of iodine-substituted compound
where the photoelectron spectrum intensity is much higher than that of the corresponding molecules
containing lower atomic number atoms. This high intensity is due to the existence of core levels at
favorable energy position and results in the formation of photoelectrons with rather low electron
energies. The understanding of the impact of low energy electrons is a significant issue in designing
efficient EUV resists. This point is under investigation in different resist systems, see for instance the
case presented below in Figure 9.
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Figure 3. Photoelectron spectra of gas-phase molecules measured using 13.5 nm (92 eV) EUV radiation.
Adapted from [29], with permission from AIP publishing, 2020. The kinetic energy of photoelectrons is
shown in x axis. The black line corresponds to experimental data, and the red line corresponds to the model.
(@) 2-methylphenol, (b) 4-fluoro-2-methylphenol, (c) 4-chloro-2-methylphenol, (d) 4-bromo-2-methylphenol,
(e) 4-iodo-2-methylphenol, and (f) 2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenol. The presented data clarify
the importance of the inclusion of certain atoms in the resist composition. For instance, from the data
presented it is clear that the inclusion of I in the resist composition is expected to greatly enhance the material
absorption at EUV.
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One more remark that should be made here is that according to the discussion in ref [30] and the
tables of references [31] and [33] it appears that it is quite improbable to have interaction of the incoming
92 eV photon with the electrons participating in the chemical bonds since these are substantially
closer to the vacuum level. This remark rationalizes the hypothesis that the absorbance at EUV is
mainly controlled by the atomic composition of the materials and not by the specific molecules used.
Nevertheless, a deeper examination of the issue still has to be undertaken since the above considerations
are usually based on energy position arguments and a detailed examination of the different electron
states and their possible interactions with electromagnetic radiation has been undertaken only in very
few cases.

4. Chemical Directions for Highly Sensitive Resists at EUV

General Considerations

Although the photochemistry involved in 248 and 193 nm is fully studied and the basic events
occurring in those wavelengths are well-known, little work has been performed regarding organic
material exposure at 13.5 nm. Actually, the chemical roots activated by the ionizing electromagnetic
radiation have been so far considered mostly in very general terms not only for EUV but also for
other wavelength ranges of ionizing electromagnetic radiation and even for different types of ionizing
radiations including electron beams. The main reason for this fact is the difficulty encountered to
identify and follow the plethora of possible events that are possible in specific organic chemical systems.
Indeed, the ionizing electromagnetic radiation mainly gives rise to the formation of free electrons
that can transfer different amounts of energy to the molecules through a number of interactions with
the bound electrons. Nevertheless, in many cases the prevailing chemical outcomes are due to the
availability of efficient chemical routes in the material, triggered by the formation of active intermediates
like certain radicals, acids, or bases that act as initiators or catalysts. Some examples of such routes
are the polymer degradation encountered in poly(meth) acrylates and related back-bone breakable
polymers or the acid catalyzed deprotection or crosslinking reactions encountered in chemical systems
best known as chemically amplified resists.

Such chemical reactions were discussed in X-ray lithography resists investigated until early 2000s
when the EUV lithography appeared as an attractive option [34]. X-ray lithography based on radiation
with wavelengths in the 0.1-10 nm range had been broadly investigated since these small wavelengths
were considered attractive for high resolution applications. Nevertheless, the lack of good imaging
technologies for such radiation had led to the adoption of the proximity exposure option which limited
the possible gain from using small wavelength. The resists mainly explored during this period had
been adaptations of UV or e-beam resists. The chemistries for solubility change observed were similar
to the ones encountered in UV region especially for the case of poly(meth)acylate-based polymer
resists such as PMMA (poly methyl methacrylate) and also for the acid-catalyzed systems (chemically
amplified resists). The sensitivity of such resists in these wavelengths was not investigated in depth and
the primary events after the absorption of electromagnetic radiation were not elucidated. The above
approach was also adopted in the first resist efforts in EUV (13.5 nm) and the behavior of resists was
compared with results obtained with different types of ionizing radiation as in ref [34]. A review of
2010 presents in a detailed manner radiation chemistry issues especially for the case of chemically
amplified resists [35].

During the past decade the need for increased sensitivity which proved to be a significant
requirement for the EUV lithography to become a competent industrial option ignited the research effort
for especially designed sensitive and high-performing materials. The development and optimization
of such high sensitivity resists pushed the scientific community to investigate in depth the radiation
induced events and initiated a very demanding research area for new types of lithographic resists
and for understanding fundamental issues [36]. In this respect, since photoelectrons and secondary
electrons resulting from of ionizing radiation were recognized to play the main role in solubility
changing reactions [37], attention was drawn to the fundamentals of electron-induced chemistry
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known from other scientific fields as described for instance in [38,39]. Recently a study on the role of
low energy electrons in a tin containing resist was published [40] and revealed their important role in
resist chemistry. Similar studies are expected to dramatically improve the understanding of the resist
chemistries at EUV.

In the following sections the different material options under investigation are discussed.
These options include the introduction of unconventional materials such as the metal oxide containing
resists and the in-depth understanding and optimization of the radiation chemistry encountered in
more traditional resists as the back bone breakable polymers and the chemically amplified systems.

4.1. Chemically Amplified Resists

The imaging chemistry of the industrial resists used in 248 nm and 193 nm is based on an
acid-catalyzed mechanism known as “Chemical Amplification.” The chemical amplified resists (CARs)
are mainly consisted of a main polymeric or molecular component as a matrix, photoacid generator
molecules, and base quencher molecules. Upon irradiation, the photo-acid generator molecules (PAGs)
interact with the light to generate acids; then the change in dissolution rate of the matrix begins during
a subsequent post-exposure bake (PEB) step. During this step reactions of specific groups of the matrix
are catalyzed by the photogenerated acid molecules changing hydrophilicity, or inducing crosslinking
or back bone scission, and hence alter solubility, usually in aqueous base developers. The design of the
resists used for 248 nm and 193 nm relied on the tune of the absorptivity of the matrix, the type and size
of the molecular components in the matrix, the expected etch resistance during pattern transfer as well
as on several additional properties which controlled the performance of the resist [4]. Nevertheless,
no such absorption selectivity of the main components of the resist materials can be expected when
an ionizing radiation such as EUV (13.5 nm) is used. In fact, traditional CAR materials are very
transparent in this wavelength, a fact that constitutes a major problem since it reduces the sensitivity
of these materials. For this reason, new materials consisting of atoms with enhanced absorptivity
in EUV regime have been proposed as alternative to traditional CARs. As discussed above the
interaction of EUV photons with matter is mediated by photoelectrons, as well as secondary electrons.
The broad energy distribution of these electrons that induce chemical changes in the material results
in a variety of chemical events. The processes involved are quite complex and hard to disentangle,
as photon illumination initiates often an entire electron cascade and the possibility of discerning the
role of electrons with different energies is in many cases practically impossible. Consequently, it is
not surprising that also in the case of CARs, as in other material cases, the interaction of low energy
electrons (<15 eV) with soft matter is not well understood.

Toward improving our understanding on the behavior of CAR materials at EUV new experimental
approaches have been proposed. Pollentier et al. in their paper [41] proposed an experimental approach
based on residual gas analysis (RGA) to distinguish between photogenerated acid related reactions
and direct scission reactions in model resist systems. In a more recent paper [42], also by Polentier et
al., the residual gas analysis (RGA) was optimized and this method was successfully used to quantify
the photogenerated acid yield and the reactions leading to insolubility as a function of EUV dose for a
number of CAR formulations related to a commercial material.

On the other hand, new PAGs are introduced and are expected to perform more effectively at
EUV compared to traditional PAGs. In a characteristic paper by Torti et al. [41], new fluorinated aryl
sulfonates were investigated as initiators for EUV lithography and compared with traditional PAGs
in epoxy-based hybrid materials. In Figure 4 the new proposed fluorinated PAGs are shown (upper
row) along with the traditional PAGs which were used for comparison. As expected according to the
atomic cross sections presented in Figure 2, the use of fluorinated PAGs resulted in resist formulations
of enhanced sensitivity.
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Figure 4. Fluorinated PAGs especially designed for EUV (upper row) and traditional PAGs (lower row)
that were used for comparison in epoxy-based resist formulations. Adapted from [43], with permission
from John Wiley & Sons, 2020.

In the next section, we review the CAR materials used nowadays in EUVL as well as the proposed
ways to improve their performance.

4.1.1. Polymeric Systems Based on Hydrophilicity Change

Polymeric chemically amplified resists have been deeply investigated and look most established
at this point. Traditional 248 nm and 193 nm photoresists based on acid catalyzed hydrophilicity
change of polymer pendant groups were first evaluated in EUV lithography. Typically, photoacid
generator (PAG) molecules are applied as a source of acid catalyst triggered by EUV exposure. The PAG
components can exist in the resist formulation as individual moieties or as incorporated groups in the
resins (polymer bound PAGs). In this section, recent progress in the design of these materials following
various strategies is described.

In an early study, Yamamoto et al. used polyhydroxystyrene and partially protected
polyhydroxystyrene with tert-butyl and adamantly groups to examine the dependence of acid generation
efficiency on the protection ratio of hydroxy groups in chemically amplified EUV resists. Their study
showed that protection of hydroxy groups clearly affects the acid generation process. The incorporation
of t-butyl groups decreased the acid generation efficiency while adamanthoxyethyl groups increased
this efficiency [44]. As has been mentioned above the primitive efforts for development of resists for
EUYV lithography followed the deep knowledge that had been acquired from the mature resists used
in longer wavelengths. The first evaluated resists in EUV lithography were simply extensions of the
commercially available previously developed environmentally stable chemical amplification photoresists
(ESCAP) consisting of poly(p-hydroxy)styrene (PHS)/styrene/t-butyl acrylate copolymers as they are
presented in Figure 5.

Fedynyshyn et al. reported a study on ESCAP resist using an EUV illumination source which
revealed the effect of the matrix on the acid generation efficiency. They found out that while the
absorbance was considered to be the important parameter, other polymer properties also strongly
influenced the acid generation efficiency of the used PAG. The nature of the polymeric matrix, i.e.,
the different atoms and chemical groups that are present, plays an important role in the acid efficiency
and has to be taken into account in order to achieve effective sensitization on the PAG. It should be
noticed that these specific resists have well-defined processes and therefore they were extensively
used in the early development of exposure tools. They showed capability for 30 nm half-pitch
(hp) resolution with the required sensitivity, but it became clear that new designed resist materials
optimized for the 13.5 nm wavelength exposure were needed for further performance improvement [45].
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Tamaoki et al. compared polymer-bound PAG and polymer-blended PAG type resist materials in terms
of blur, swelling properties, and lithographic performance. They found out that the polymer with
bound PAG acquired very small blur with higher sensitivity and suppressed swelling very well [46].
Tarutani et al. investigated the effect of the hydrophobicity on the ultimate resolution of a photoresist
material. Accordingly, they synthesized a series of polymers in which their hydrophobicity was
changed by utilizing polymers having a different chemical structure and protection ratio. The polymer
with the higher hydrophobicity can resolve 16 nm hp line/spacer using an EUV tool [47]. In another
work of the same group, CARs with different sensitivities were synthesized in order to examine the
impact of sensitivity on 15 nm hp resolution. Their results suggested that there was a strong relation
between the exposure dose and the quality of the created structures. The resist with lower sensitivity
(>30 mJ/cm?) could resolve 15 nm hp because of the low impact of photon shot noise [48]. Other issues
concerning EUV resists include Out of Band (OoB) radiation which deteriorates the resist performance.
OoB is estimated to be about 4% of the radiation from the EUV tool. PAGs with selectivity to EUV
radiation have been designed and synthesized to minimize the effect of OoB in resist performance.
These PAGs exhibited decreased Deep UV (DUV) absorption by the incorporation of insensitive cations
and they were considered in resist formulations based both on blended PAG and polymer-bound
PAG. The concept and merit of OoB insensitivity was confirmed by the obtained DUV and EUV
sensitivity [49-52].

ESCAP Copolymers ESCAP Terpolymers
«l—CH—CHf]—(»CH—CH2+ [ CH—CHz] [ CH—CHZHCH—CHF]»
n m [ Inl m z
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Figure 5. Polymers based on the environmentally stable chemical amplification photoresist (ESCAP)
approach that are discussed in EUV resist formulations in ref [43]. The copolymer (left) consisted of
poly(p-hydroxy styrene)-r-poly(t-butyl acrylate), the terpolymer (right) consisted of poly(p-hydroxy
styrene)-r-poly(styrene)-r-poly(t-butyl acrylate).

Liu et al. found out a chemical way to introduce PAG moieties in polymeric chains. This direct
modification of polymeric chains was based on the introduction of sulfonium chloride onto the benzene
ring of PHS by a convenient direct reaction at a high rate and then the anion was exchanged into
perfluroalkyl sulfonate [53]. Narasimhan et al. studied the interaction between electrons having similar
energies to secondary electrons produced during the EUV exposures and investigated resist materials
using both experimentation and modeling [54]. JSR corporation developed new CAR EUV resist
formulations showing short acid diffusion length as well as new sensitizers with higher EUV photo
absorption atoms. These resist formulations showed capability to resolve 13 nm hp. Furthermore,
addition of a new sensitizer to conventional CARs can improve the sensitivity about 9-16% with no
affection on resolution and line width roughness (LWR) [55,56]. Krysak et al. established a method
of pattern collapse mitigation in CARs using a dry develop rise material. This method is able to
extend the resolution limit of chemical amplified resist susceptible to pattern collapse, resolving
24 nm pitch features [57]. Thackeray et al. found out that resists with low activation energies of
deprotection can achieve superior process window and exposure latitude in the 35 nm resolution
regime. In addition, they use photo-destroyable quenchers to minimize the loss of the photogenerated
protons [58,59]. Fujii et al. improved resist sensitivity by increasing the proton source content in the
polymer and applying an electron withdrawing group on PAG cation. They fabricated 13 nm hp
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line/spaces using newly developed chemical amplified resist materials combining the aforementioned
items for enhancing the acid generation efficiency and suppressing the acid diffusion length [60].
Yamamoto et al. improved the sensitivity of chemically amplified resist by adding a metal sensitizer.
The improvement in sensitivity is not a result of higher EUV photon absorption but of higher acid
yield and electron efficiency. They achieved 43% improvement in sensitivity as well as reduction in
LWR [61]. Fallica et al. measured the rate of bleaching by tracking the change in absorptivity of CARs
during exposure to EUV light. They found out that the bleaching speed depended on the PAG-polymer
interaction. This is an important effort in resist design and development because of the fact that Dill C
parameter can be tuned in a variety of ways [62]. Lee et al. developed a multiscale model for EUV
patterning of CARs. This model gives insight information about the chemical reactions (diffusion,
quenching, deprotection etc.,) taking place during the structuring. Furthermore, it can predict the
polymer loss during PEB as well as LER performance [63].

Additional ways to improve chemical amplified resist performance have also been proposed.
Brainard et al. developed and evaluated eleven acid amplifiers for use in EUV photoresist. Acid
amplifier (AA) is a compound that decomposed rapidly after the influence of an acid to generate
more acid. They used an ESCAP photoresist measuring the performance after the addition of an
AA. They found out that AA producing fluorinated sulfonic acids shows great promise in helping
EUV resists, simultaneously improving the resolution, LER, and sensitivity [64]. Sekigushi et al.
studied how the addition of metal into an ESCAP resist influences the sensitivity. They performed
transmittance measurements and sensitivity evaluation of an ESCAP type resist doped with ZrO,
and TeO, nanoparticles which have low and high absorptivity in EUV radiation respectively. ZrO,
nanoparticles caused no change in absorption and only slight sensitivity enhancement, whereas TeO,
nanoparticles enhanced both absorption and sensitivity [65]. Jiang et al. compared the impact of metal
salt sensitizers and halogenated sensitizers on EUV sensitivity. Metal sensitizers improve both EUV
photon absorption and electron yield resulting in higher sensitivity. Fluorine and iodine sensitizers
also improved electron generation with their higher absorption but the chemical environment where
these halogens are bonded influences heavily the sensitivity [66]. Nagahara et al. introduced Flood
exposure Assisted Chemical gradient Enhancement Technology (FACET) to improve the resolution,
process control, roughness, patterning failure, and sensitivity in EUV resist. Their concept is based
on the increase in UV absorption after the influence of a EUV generated acid. After that the UV
flood exposure induces acid production in these areas [67]. Okamoto et al. investigated the effect
of the addition of diphenyl sulfones into EUV CARs. They confirmed that the addition of sulfones
significantly increases the acid yield leading to the increase of the sensitivity of the CARs [68].

4.1.2. Polymeric Systems Based on Acid-Catalyzed Main Chain Scission

Chemically amplified resists that can undergo acid catalyzed chain scission have been proposed
as an alternative to resists based on hydrophilicity change in order to achieve high sensitivity at
EUV. In these resists the imaging chemistry is based on acid-catalyzed back bone breaking instead
of the deprotection of a pendant group. The removable units are attached at low molecular weight
monomeric units instead of polymeric chains. Cardineau et al. synthesized polymers containing either
tertiary aliphatic or tertiary benzylic cleavable ethers. But, further development would be made to
overcome damage drawbacks such as serpentine pattern deformation and bridging [69]. In a similar
approach, Manouras et al. designed and synthesized a random copolymer containing acid-cleavable
bonds along the main chain. As it is presented in Figure 6, the random copolymer consisted of three
different monomers corresponding at percentages of approximately 85%, 10%, and 5%, connected with
acid labile bonds. Each monomer introduces or tunes a specific property of the random copolymer
such as etch resistance, EUV absorptivity, Tg etc. Obviously, the bond strength of the monomer at high
percentage dominated the polymer back bone breaking. Resist films based on the synthesized polymer
have shown satisfactory etch resistance, due to the high aromatic moiety content. The sensitivity of
this polymer is very high and the high values of Tg maintain the polymeric thin film untouched in the

232



Nanomaterials 2020, 10, 1593

exposure step. The main chain of the polymer steadily chopped in the post exposure bake step in which
the photogenerated acid can easily penetrate into the polymeric matrix. Resist formulations based on
the synthesized random copolymer were exposed to EUV radiation exhibiting a high potential for
industrial applications. A characteristic contrast curve shows that the resists are ultra-high sensitive
(~0.5 mJ/cm? using 5% PAG and 0.25% quencher) with satisfactory contrast, whereas they also showed
very good etch resistance (1/10 selectivity to SiO,). Imaging experiments using EUV lithography have
demonstrated capability for 20 nm lines with ultra-low doses <4 mJ/cm? using 2.5% PAG and 0.15%
quencher [70].

Q@ Monomer A O Monomer C
Q Monomer B @ Acid Labile bond

Figure 6. Chemical structure of the backbone breakable random copolymer. The copolymer is consisted
of three different monomers connected by an acid labile bond. Each monomer introduces or tunes
a specific property of the polymer. Adapted from [70], with permission from SPIE and the author
Theodore Manouras, 2020.

4.1.3. Molecular Chemically Amplified Systems

Molecular type resists have attracted much attention for years since the small size of basic matrix
material and its well-defined molecular structure are expected to be beneficial to better resolution and
lower LWR. Past developments in the field of positive molecular resists including EUV materials had
been reviewed in 2016 [71]. Currently, material’s robustness is often discussed like Tg, modulus, and
adhesion to substrate along with efforts for high sensitivity. Echigo et al. developed a new molecular
photoresist based on calixarene chemistry (Figure 7b). This resist has excellent solubility in conventional
resist solvents and can be developed with standard alkaline developer TMAH. EUV patterning results
showed resolution capability of 45 nm line and space as an EUV dose of 10.3 mJ/cm? [72]. Figure 7
contains the precursor molecules of Noria photoresists (Figure 7a) and calixarene-based photoresists
(Figure 7b). The hydroxyl groups contained in the aforementioned molecules can easily be modified
producing photoresists with improved properties. Owada et al. prepared cyclic low molecular (CLM)
weight resists with different protecting number. CLM resist achieved resolution of sub 30 nm hp
patterns with high sensitivity [73]. Kudo et al. synthesized Noria derivatives with pendant adalantyl
ester groups. They created 25 nm resolution pattern using EUV lithography. These patterns were
obtained with less than 10 mJ/cm? irradiation dose [74]. Kulshreshtha et al. synthesized a negative tone
chemically amplified molecular resist based on modified Noria molecule having oxetane crosslinking
moieties. Optimization of crosslinking can improve the balance between sensitivity, LER, and swelling.
They have patterned 1:1 line structures with 20 nm resolution and 3.2 nm LER [75]. Another work
of the same group demonstrated a blended resist system with higher performance by combining
enthalpic and entropic contributions to solubility contrast. These resists have shown significant
advancements in resolution, LER, and processability [76]. Dow electronics designed and synthesized
several molecular glasses (MG) resists based on calixarene cores as alternatives to polymeric resists.
They studied the relationship between the structure and the properties of MG resists in order to
improve the lithographic performance. They created patterns with 28 nm 1:1 space lines using
EUV exposure [77]. Frommbhold et al. developed a new molecular resist system that showed high
resolution capability. They optimized the performance of this system at 14 nm hp by 50% using a new
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quencher. Furthermore, dose improvements up to 60% was observed using metals as additives [78,79].
Irresistible materials Ltd. developed negative resist materials based on a multi-trigger concept. In a
multi-trigger material, a catalytic process is utilized following the resist exposure in a similar manner
to a chemical-amplified photoresist. However, in multi-trigger resist, multiple photoacids activate
multiple acid sensitive molecules, which then react with each other to cause a single resist event.
Figure 7c depicts the basic components of the multi-trigger resist formulations which are a molecular
resin and an epoxy crosslinker molecule. Instead of a photoacid causing a single resist chemistry
event as occurred in traditional CARs, in the case of multi-trigger resist concept, the photogenerated
acid is being regenerated. This concept enables a high sensitivity solubility change above a certain
dose threshold, but turns the resist respond off at lower dosages. This behavior is expected to lead
to sharper lines and lower LER. Several studies have been performed to tune the quencher loading,
metal addition, and resist design. Improvements on the design of these materials led to some excellent
and very promising results in resolution, LIWR-LER, and sensitivity. Resist formulations based on
the multi-trigger concept showed capability to resolve 13.3 nm lines on 28 nm pitch, with 2.97 nm
LWR and dose of 26 mJ/cm? as well as 14.7 nm lines on 30 nm pitch, with 2.72 nm LWR and dose of
34 mJ/cm? [80-84].

c)

Molecular Resin (xMT) Crosslinker (CL1)
o

Figure 7. Examples of different cores for molecular glass resists that have been used for EUV lithography.
(a) Noria molecule introduced in [85], graph adapted from [85], with permission from John Wiley &
Sons, 2020, (b) a generic calixarene structure that has been the basis of a number of resist formulations
and (c) basic components of a multi-triggered resist i.e., a molecular resin and a crosslinker, adapted
from [83], with permission from The Society of Photopolymer Science and Technology, 2020.

4.2. Non Chemically Amplified Photoresists

Development of non-chemically amplified resists has been proposed as an alternative to chemically
amplified because of acid diffusion which may limit resolution improvement and worsen LWR for 22 nm
HP and beyond. A key example is the excellent resolution and LER performance of the chain-scission
polymethylmethacrylate (PMMA) resists. The chain scission reactions in these systems are well-known
from the early days of Semiconductor Lithography [86], and the relevant reactions have been studied
extensively. The backbone of the PMMA resist is cleaved under UV, ionizing radiation and electron
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beam exposures as shown in Figure 8, in the scheme adopted from ref [87]. Despite some excellent
characteristics, PMMA resists have a number of drawbacks that have prevented their widespread use,
such as the need for organic solvent development, high outgassing, poor etch resistance, and poor
sensitivity. Different approaches are proposed to address these drawbacks and even recently it was a
reported a new approach for enhancing PMMA pattern transfer performance through an infiltration
process resulting in the formation of an AlOx film on top of the PMMA resist film [88]. This approach
has been demonstrated so far with e-beam exposure. On the other hand in an increasing number of
papers the performance of PMMA and related materials at EUV is investigated. Fallica et al. compared
the performance of three high resolution lithographic tools. They used EUV interference lithography
(EUV-IL), electron beam lithography, and He ion beam lithography tools to evaluate PMMA and
hydrogen silsesquioxane (HSQ) resists under the same conditions. EUV-IL is a technique capable
to pattern large areas of dense features with good resolution. Electron beam lithography is effective
to fabricate high resolution arbitrary patterns and He ion beam is a promising technique to create
both isolated and dense patterns because of almost negligible backscattered electrons [89]. ZEP resin
has been extensively studied as an electron beam lithography resist material and has capability to
provide high resolution patterns. The imaging enabling degradation mechanism is well studied and
understood [90,91]. As it is shown in the Figure 8, PMMA and its derivatives undergo main chain
scission when it is irradiated with proper radiation. ZEP520A was evaluated as a EUV resist using
EUV-IL and exhibited better sensitivity in EUV radiation compared to PMMA. It yielded excellent
dense arrays of 50 nm hp resolution and down to 25 nm hp with acceptable LER [92]. Sharma et al.
developed a non-chemically amplified photoresist consisting of 4-(methacryloyloxy)phenyl dimethyl
sulfonium triflate-r-isopropyl methacrylate. The resist has shown sensitivity of about 11.3 mJ/cm?
avoiding acid diffusion and blurring of resist pattern [93]. Oyama et al. introduced an easy method
to predict EUV sensitivity by using electron beam sources. Considering that e-beam and EUV can
induce the same chemical reactions, the required expose doses for the e-beam and EUV are expected to
be related [94]. In a study at EUV [95] the influence of the PMMA molecular weight and processing
parameters was examined. A characteristic EUV dose to clear was found to be 25 mJ/cm? whereas
crosslinking was observed at a dose of 600 mJ/cm?2. The higher Mw material (950 K) gave the best
printing results for 50 nm lines/spaces.
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Figure 8. Example of a photodegradation mechanism for poly(methyl methacrylate) (PMMA) and its
derivatives. Different atoms or groups strongly influence the properties of the corresponding resists including
sensitivity and etch resistance. Irradiation of the polymer leads to the breaking of the main chain resulting to
its depolymerization Adapted from [87], with permission from John Wiley & Sons, 2020.

4.3. Inorganic Resists

In the first steps of EUV resist development, in an analogous way to the design of KrF or ArF
resists, materials containing silicon attracted attention despite its low absorbing character to EUV
light. However, realizing the importance of enhancing resist film absorbance to EUV light due to
the low light source output at 13.5 nm, the silicon materials investigation as candidate EUV resists
was substantially reduced. Alternatively, because of higher absorptivity in EUV radiation, resist
materials containing metals were gaining interest. These materials are expected to have excellent
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sensitivity, better robustness and good etch resistance. Furthermore, it is expected to have improved
properties concerning the relation among resolution, line edge roughness (in general, pattern quality),
and sensitivity.

Most of the promising materials proposed are based on the inclusion of Hf, Zr, Zn, and Sn atoms
in the resist formulation which are expected to enhance photoelectron production upon EUV radiation
as expected from the data in Figure 2. In the following section we will review the promising materials
that have been proposed trying to keep a chronological order, starting from the older ones. Since
the imaging chemistries encountered are still under intense investigation, the recent papers focusing
mostly on mechanistic issues will be discussed at the end of this topic on inorganic resists.

Ober’s group introduced metal oxide nanoparticles (NP) as next generation photoresist materials.
The synthesis of these nanoparticles includes the controlled hydrolysis of zirconium or hafnium
alkoxides in an excess of carboxylic acid followed by precipitation treatments to give ZrO,-NP or
HfO,-NP with organic ligands. The size of the NP was controlled below 3 nm which is suitable for
sub-20 nm lithography. Using either photoradical initiator or PAG, these NP gave both positive and
negative tone patterns. These materials have shown high etch resistance as well as thermal and chemical
stability. They have capability to resolve 26 nm lines using only 4.2 mJ/cm? EUV dose. Furthermore,
they made several efforts to understand the imaging mechanism of these hybrid photoresists [96-98].

Cardineau et al. studied the photolysis of tin clusters of the type [(RSn)1204(OH)s]X; using EUV
radiation and explored these clusters as novel high-resolution photoresist materials. The photolysis of
the organic ligand after the EUV irradiation activates the cluster leading to agglomeration and results in
the observed negative-tone imaging. They have resolved dense line patterns with 18 nm dimension [99].
Passarelli et al. developed organometallic carboxylate compounds [Rn,M(O2(R’),] as negative-tone EUV
resists candidates. The imaging chemistry of such a resist is based on the polymerization of its acrylic
substituents. This system has demonstrated exceptional sensitivity printing 35 nm dense lines with 5.6
m]/cm?. Furthermore, they found out that among antimony, bismuth, tin and tellurium containing
materials, the antimony incorporation provides the more sensitive resist while tellurium the least [100].
Sortland et al. investigated the photoreactivity of platinum and palladium mononuclear complexes.
Despite the fact that many platinum and palladium complexes show little or no EUV sensitivity, they
have found that metal carbonates (L,M(CO3) and metal oxalates (L,M(C,O4) (M is either Pt or Pd) are
sensitive to EUV radiation. They demonstrated that the use of palladium as a core metal offers faster
resists than the use of platinum [101]. Fugimori et al. developed a metal containing non chemically
amplified resist material showing ultra-high sensitivity and capability to resolve 17 nm resolution
features with 7 mJ/cm? [102]. Li et al. prepared Hf-based photoresist materials with three different
organic ligands by a sol-gel method. These resists have shown high sensitivity in EUV radiation as well
as capability to create high resolution patterns [103]. Inpria corporation developed directly patternable,
metal oxide hardmasks as robust, high resolution photoresists for EUV lithography. They have
achieved 13 nm half-pitch at 35 mJ/cm? and 11 nm hp with 1.7 nm LWR [104]. On the other hand,
Hinsberg et al. proposed a numeric model describing the chemical and physical mechanisms governing
pattern formation in metal oxide (MOx) EUV photoresists. They used experimental measurements
to develop a quantitative representation of the chemical and physical state of the MOy resist film at
each step of the lithographic process [105]. Xu et al. prepared discrete nanometer scale zinc-based
clusters and used them as resist materials for EUV lithography. These materials have shown capability
to resolve 15 nm features [106]. Zang et al. reported the dual tone property of the tin-oxo cage
[(BuSn)12014(OH)s](OH), photoresist. This resist has shown a positive tone behavior when it is
irradiated with low dose of EUV or E-beam and a negative tone behavior when it is irradiated at higher
dosages [107]. Sitterly et al. investigated the photoreactivity of six organometallic complexes of the
type phnMX; containing bismuth, antimony, and tellurium as metals and acetate or pivalate as ligands.
They monitored the photodecomposition using mass spectroscopy when they were irradiated with
EUV. They found that both the metal center and the carboxylate ligands have significant influence
on the EUV photoreactivity of these compounds [108]. Rantala et al. developed novel EUV resists
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based on organohydrogensilsesquioxane. These materials worked as negative tone resists and have
shown excellent etch selectivity and ability to form patterns by using industry standard TMAH
development process. Furthermore, they exhibited low LWR (<2 nm) with sufficient sensitivity (40-60
mJ/cm?) [109,110]. Thakur et al. prepared Zn-based oxoclusters having trifluoroacetate (TFA) and
methacrylate (MA) ligands. The Zn(MA)TFA photoresist displays appreciable sensitivity toward EUV
radiation [111].

The mechanisms in all the above materials are still not adequately understood. Recently a study
on hybrid HfO containing resists was reported by Mattson et al. [112]. In this study EUV-induced
reactions were studied by using in situ IR spectroscopy of films irradiated by a variable energy electron
gun and insights on the solubility changing mechanisms were obtained. Another study for HfO and
ZrO materials was published by Wu et al. [113]. They applied different spectroscopic techniques and
confirmed the higher sensitivity for a Hf-based material, as expected from its higher absorptivity.
The role of carboxylate ligands in the resist crosslinking was also confirmed.

Lately, a lot of interest has been devoted to tin oxo cage materials. Haitjema et al. studied the
chemical behavior observed in tin oxo cage materials under UV exposure to get clues that could also be
of use for determining the EUV imaging chemistry [114]. Further insights on tin oxo cages chemistry
at EUV was provided in the recent work by Bespalov where the influence of electron energy was
studied [40]. The main results from this study are depicted in Figure 9. It was found that when the
electron energy was under 2 eV incomplete material crosslinking was achieved. On the other hand for
energies above 2 eV the material was crosslinked providing a denser final film.
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Figure 9. Scheme representing the patterning of the Tin-OH material. (a) The unexposed resist is

removed completely during the development. (b) For electron exposure with E < 2 eV, only a small
fraction of electrons impinging on the surface reach the material and only low conversion is attained.

6

thickness
thickness

\_ dose J \_ dose /

(c) For E > 2 eV, as the incident dose increases, consecutive reactions lead to the insoluble products B
(denser than A) and C (denser than B). (d) Schematic representation of the initial Tin-OH molecular
material A and of the two insoluble networks B and C. Blue ellipses represent the Sn-based inorganic core
and orange bars the butyl chain. Adapted from [40] (https://pubs.acs.org/doi/10.1021/acsami.9b19004),
with permission from American Chemical Society, 2020.

The above mechanistic studies are now starting to help the elucidation of imaging mechanisms
in the novel inorganic or hybrid component containing materials that are proposed as EUV resists.
The continuation of this effort is expected to lead in designing high sensitivity EUV resists of advanced
performance in the near future.
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5. Summary and Outlook

The developments on the evolution of EUV resist technology during the past decade reviewed
in the previous chapters, which have been actually intensified during the last few years, deserve the
attention not only of the lithographic community but also of the broader nanomaterials community.

In the Table 1 below we summarize the performance results of the most promising resist materials
reviewed. The materials are listed according to the design principle and the type of the main component
in the resist composition. The performance indicators include the best resolution reported along with
the corresponding dose, whereas data on the pattern quality i.e., LER-LWR (line edge roughness or
line width roughness are provided, where available).

The main directions of the EUV resist technology evolution are also depicted in the graph of
Figure 10.

e induced chemistries for optimizing resists for EUV lithography
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(hydrophilicity change)
. PAG _, Acid catalyzed
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solubility change olymeric (scission)
Molecular
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Figure 10. A summary of the most promising research directions that are currently explored toward
high sensitivity and high performance EUV resists.

Based on the reviewed ongoing efforts towards new resist materials we could emphasize the
following points:

First, the demand for high performing resists according to industry standards for sub 20 nm
nanostructures and also the demand of high sensitivity for securing acceptable technology throughput
led to both, revisiting the fundamental issues and proposing new non-traditional material solutions.
The ongoing resist field effort is expected to enable the successful adoption of EUV technology by the
semiconductor industry.

Second, the new materials that have been proposed as resist candidates have incorporated many
novelties. Especially interesting is the case of resists incorporating metal nanoclusters and related
compounds. These compounds were selected because of their high absorbance of ionizing radiation,
in particular EUV, but it is conceivable that they could absorb in other spectral regions as well and can
be of use in a plethora of other radiation-related applications. The fact that well-defined nanostructures
can be formed with such materials can also have important implications.

238



Nanomaterials 2020, 10, 1593

- /[ £g wu 6z sIIsN[D [c11] 9prxo e

wu | ZWo/[W 69 wu gg SISO [011] suexombsasyis uaSorpAyoueSio

- /[ g'eg w 0g soxadwo) [801] TesoN

- NEu\hE [elo) wu ¢ Eieitiig) [£01] orueSio-TesoN

- Zuo/[wr gg wu g - [co1] aprxo TeRN

wu 9'g uo/fur £ wn /1 - [701] Teson

wu G'g NEU\ME 06 wu g saxardwo) [€01] orresewouedin

- NEU:E 9q wu G IRINIOIA [z01] o1resewouedio

- ZWd/[w oG wu Q[ s1snD) [1071] orueSzouy

- LW/[w gy wu 97 sapnredoueN [867£6] o1ueSrouy

wu ' JWo/[wr zg wu 0g sudwA[od [s6] AVD-uoN

- ZWo/[wr 9°9g wu (g RISCRUS (R | [76] AV D-UuoN

wu 9> Zwuo/fur gy wu gg RISCIAS (X | [e6] AVD-UON

wu 9z°¢ Zud/[w ['9¢ w Te[NOIOIN [6£/821 AvD

wu /¢ Zwo/[wr zg w8 Ie[no3[ON [2219vD

wu e JW/[w g oF wu 0g T[N[0 [921vD

- /(W gL wu 9g Tend9JoN [F21vD

w9 /W g wu G Tendd[ON [e2]MvD

- JWo/[wr €01 wiu g Te[NO9[ON [z219vD

- NEU\ [ § wu (g UOTSSIOS UTeyd UTeuw-dLIdWAO ] [69]1 VD

wu gy Zwo/fwr ¢g wu 2T Tendd[ON [£8-08] 151521 PRIIBIN-BIMN-MVD

W 6/ /W 6T wu 9 (VV)eyqdury ppy yim duewko] [F9l AvD

wu g'g Zwo/[wr € wu f1 RISCRUS R | [09]avD

- ZJuo/[wr Tg wu (g RISCIUAS (X | [6s]avD

/[ g'Ge wu g SOV JUSIHIP YyIM dLIaWA[O] [9c] ¥vD

wu 9 ZWwo/[wr pg-6¢ wu g1 . Emﬁ»m& [s¥] AVD

J11q0 0T

we e ot PpaseanUI-O V] v:swsﬁméw_om VAN

wu g'g Juo/fw p1 wu g DV punoq w0 [9v] avD

- Zwo/[w og> wu Og SuRWAO ] [svlavD
b:mﬂw_u%\a“wwwhm AQNWMMMMMM“MN uonnjosay S[eLIdeIA ardpung udisaq

‘saypeordde uBrsap JuaIagyTp U0 paseq PaMaIAdI S[eLIjeU S)sIsaT ursturoad 3sour Ay Jo (3x3) 99S) SONISLIDIOLILYD DULULIOND] T d[qEL

239



Nanomaterials 2020, 10, 1593

Third, electron-induced chemical changes that can be controlled and directed toward specific
results are encountered in other fields of chemistry. Thus knowledge that can be acquired in the resist
development effort can be eventually utilized for devising new routes in chemical synthesis. It can be
also of great help in biology-related studies where very often the results of ionizing radiation should
be investigated in depth.

It should be finally noticed here that open questions related to resist chemistry optimization
remain and that the last developments can be viewed as the beginning rather than the end in the effort
toward devising ionizing radiation sensitive materials of high performance.
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