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Diffractive optic sensor for remote-point
detection of ammonia
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Remote-point photonic sensors are fabricated and evaluated. They are based on nanocomposite thin films
comprising NiCl, nanocrystals embedded in sol-gel silica matrix and are patterned using direct UV laser
microetching techniques to form surface relief structures, which exhibit environment sensitive optical dif-
fraction effects. A strong response to ammonia is detected via the alteration of diffraction efficiency of its
orders upon exposure to the analyte. Detection of ammonia in the 2 ppm level with a typical response time
of about 30 s in the ambient, 50% RH 20°C, room environment is demonstrated. © 2010 Optical Society of

America
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The ever-increasing need for sensing in the chemical
and physical domain has led to the development of a
variety of sensing schemes, including electrochemical
and optical sensors. Optical sensing methods offer
many advantages as compared with conventional
electronic chemical sensors, such as the high sensi-
tivity, small size, immunity to electromagnetic noise,
and amenability to multiplexing. Such schemes can
be realized by use of colorimetric (absorptive), vapo-
chromic, or surface plasmon resonance effects imple-
mented in thin films, fiber optics, or waveguide
schemes [1].

Alternative optical sensing methods use a remotely
transmitted light beam to interact with a lossless
material exposed to an analyte. This remote point
sensing (RPS) concept is outlined in Fig. 1. A laser
beam propagates in free space (or in optical
waveguides/fibers), and by interrogating a suitable
nanocomposite medium, the “sensor head,” it be-
comes modulated, thus producing the sensor signal.
The sensor head is a powerless (electrically passive)
thin-film device of the environmentally sensitive ma-
terial, not electrically connected to any power or sig-
nal processing unit. In a diffractive device, the
environmentally induced changes of the optical prop-
erties are translated to measureable alterations of
the transmitted/reflected diffracted beams. This
sensing principle is to be contrasted to the conven-
tional electrochemical sensing and the integrated-
path operations such as the light detection and rang-
ing technology [2].

RPS is a low-cost and quite versatile all-optical
method featuring spatial localization and remote
character of the measurement process. The lack of
complicated on-board electrical circuitry and electric
connections, the natural immunity to electromag-
netic interference, and its ability for sensing in hos-
tile industrial and urban environments (refineries,
subways, polluted areas, etc.) are clear advantages.
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The enhancement of its response and the optimiza-
tion of the operational parameters in real-life appli-
cations are within the scope of this present contribu-
tion.

In our recent demonstrations of optical sensors we
have provided nanocomposite photonic materials in-
corporating nanoparticles in inorganic and organic
matrices and enabled humidity, methanol, and am-
monia sensing [3,4]. In this Letter we present, for the
first time to our knowledge, an innovative approach
that enhances the performance of the photonic sen-
sor. This is achieved by laser patterning surface relief
diffractive elements on the environmentally sensitive
optical interface using deep UV pulses. It is demon-
strated here that the properties of the Si0,/NiCl, dif-
fractive nanocomposite sensor provide enhanced op-
erational means for interrogation and detection of
ammonia.

The sensing nanocomposite material has been pro-
duced by sol-gel methods [5] using tetramethyl ortho-
silicate (TMOS). NiCl, nanoparticles were in situ
synthesized in the silica matrix by adding
NiCl,6H,0 and stirring. The material was then spin
coated on glass substrates to form thin film struc-
tures of about 1.4 um thickness. The presence of am-
monia in the nickel salt clusters produces complex-
ation and enables the exchange between captured
water and diffused ammonia molecules. This effect
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Fig. 1. Optical remote-point scheme in both reflectance
and transmittance mode.
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gives rise to variation of the effective refractive index
of the material [3], and probably volume fraction
changes that affect the geometry, and results in the
amendment of the relative optical paths in the dif-
fractive element and respective variation of the dif-
fraction efficiency.

The produced materials are environmentally sensi-
tive, their sensing functionality is based on surface
interactions, and reactive contact is deleterious to the
sensing property itself. Tailoring of the surface mor-
phology is therefore not a trivial issue, and conven-
tional lithographic processing is not suitable. Direct
UV etching techniques used here are thus proved to
be a wunique microfabrication tool. Alternative
state-of-the-art patterning methods, which are able
to preserve the material properties such as soft
lithography, nanoimprint lithography, or scanning
probe lithography, could also be exploited in this
context [6].

Direct UV laser microetching methods have been
implemented for patterning the desired structures.
[7]. An ArF excimer laser based microfabrication sys-
tem allows irradiation of the surface by 5 mdJ nano-
second pulses at A=193 nm. It provides high-quality
accurate patterning by use of nanopositioners, with
minimum penetration depth and negligible thermal
loading of the material. A considerable amount of rel-
evant investigations on the laser processing of such
materials has been performed. High-quality ablative
processing at 60 uJ/cm? pulse energy density results
in diffraction gratings with spatial period in the
range of A=10-100 um fabricated on the sensitive
surfaces. A scanning electron micrograph (JEOL
6300) and a surface profile (Tencor Alpha-Step
5001IQ) of a typical structure are shown in Fig. 2. The
good quality nearly square profile produces clear
multiordered diffraction patterns upon laser illumi-
nation, of which the zero- or and higher-order dif-
fracted beams may be used for sensor interrogation.

Diffractive sensor structures have been experimen-
tally tested to mimic remote photonic sensing opera-
tion in the transmission mode. The sensor structure
was placed inside the testing chamber and was inter-
rogated using a 5 mW He-Ne laser beam at A
=633 nm. A reference beam used provides balance to
any laser power fluctuations. The -1, 0, and +1 dif-
fraction orders, as well as the reference beam, were
monitored. Ammonia environment is established by
inserting small (~ microliters) volumes of ammonia
in liquid solution followed by evaporation. The origi-
nal “clean” atmospheric environment is restored by
evacuating the chamber after each measurement.
The photonic sensor head is positioned for interroga-
tion at ~22° beam incidence to attain the experimen-
tally determined maximum responsivity. This geom-
etry, corresponding to the maximum slope of the
diffraction efficiency curve, has been verified by a se-
ries of real-time recordings at varying incidence. The
diffraction angle of the +1 orders, measured with re-
spect to the zero order, is found at 0.45°, while dif-
fracted beams up to the 10th order were observable.
Typical real-time recordings of the transmitted
signals are shown in Fig. 3. In the recordings, a
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Fig. 2. Scanning electron microscope image of the laser

microetched sensor grating (A=80 um) and the surface
profile.
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Fig. 3. Temporal response of (a) zero order and (b), (¢) =1
order to 150 ppm of ammonia [shown in (d)].
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150 ppm ammonia environment is established and is
consequently followed by the pure atmospheric ambi-
ent. The small apparent bias is vanishing with the
outdiffusion of ammonia at a longer time scale, of the
order of 15—20 min.

The responsivity of the diffractive sensor is defined
as R,,=An,,/ (9, 6C), which is the normalized varia-
tion of the mth-order diffraction efficiency 7, per
unit analyte concentration change SC(ppm), where
7m0 is the diffraction efficiency of the element at the
absence of analyte. For a planar unprocessed sensor
interface the normalized variation of optical trans-
mission, T, Rp=AT/(T,6C) may be equivalently de-
fined. This definition is also valid and used here for
the zero-order undiffracted beam, R,,.

In Fig. 4, the response of the sensor for various am-
monia concentrations for the zero and +1 order dif-
fraction beams is presented comparatively. The re-
sponse of the unprocessed planar thin film sensor is
recorded by a laser beam incident on the same
sample at the same angle of incidence. The measured
zero-order responsivity values Ry~9.2X 107 ppm™!
are found similar to those of the unprocessed planar
interface, Rp. It is noted here that the expected value
due to Fresnel reflection variation is ~1076 ppm™1,
and that the observed value is a result of the etalon
effect due to the overall film-substrate planar struc-
ture. A sixfold responsivity increase for the +1-order
beams is, however, found at R_;~5.3 X107 ppm™!
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Fig. 4. Response of the diffraction grating sensor to vari-
ous ammonia concentrations of zero order and +1 order.
The response of the unprocessed planar sensor is shown in
the same figure for comparison. (a) Overall response and
(b) low ammonia level response is shown.

and R,;~2.1xX10"* ppm~!. The difference between
the +1- and —1-order responsivity is attributed to the
exact geometry of the diffraction grating combined
with the asymmetric readout. It should also be noted
here that the ammonia sensor shows a small but
traceable response to humidity (0 ppm of ammonia in
Fig. 4).

The sensor behavior has been verified by applying
rigorous coupled-wave analysis using the typical
characteristics of the diffractive element and the ex-
perimental geometry used. The analysis indicates
that a composite refractive index value n~1.57
agrees well with the observed behavior and provides
an estimate of refractive index change An/SC
~1075 ppm~!. The +1-order response also exhibits a
higher signal-to-noise ratio (SNR), defined as the ra-
tio of the diffraction efficiency change over the stan-
dard deviation of the signal. SNR for the +1 order is
18.6, as contrasted to the 3.5 found for the zero order.
In Fig. 4(b) the low concentration section is pre-
sented. It clearly records the lowest detectable value
at 2 ppm. It is important to underline here that this
is a direct (raw) measurement process and does not
involve any lock-in detection or other mathematical
estimation methods.

In conclusion, a diffractive NiCly/SiO5 nanocom-
posite photonic sensor for ammonia is demonstrated.
The device has been fabricated on a thin-film struc-
ture using direct UV laser microetching techniques.
The diffractive optic sensor has been tested under the
RPS scheme at the laboratory environment. The
first-order diffracted beams are found to provide an
appreciable sensor response at 5.3x 104 ppm~! and
SNR ~18.6, which allowed the detection of quite low,
2 ppm, ammonia levels. This is a direct (raw) mea-
surement remote point sensing operation.
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