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Laser printing of active optical microstructures
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Optically activated indium oxide diffractive optical microstructures are demonstrated through a two
step laser based fabrication method. Nonstoichiometric indium oxide thin film material grown by
reactive pulsed laser deposition has been selectively transferred onto glass substrates by ultrashort
pulse laser microprinting to form surface relief microstructures. Subsequent ultraviolet illumination
has induced dynamic refractive index changes, which result in all optical control of the grating
diffraction efficiency. The direct materials transfer process enables reproduction of the structural
and physical properties of the oxide. @001 American Institute of Physics.
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Indium oxide based thin-film compounds are currentlycesses are favored at the crystallite interfaces, having an in-
finding several usé< in display, image sensor, and solar cell creased defect contehtn addition, the use of ArF excimer
technology, owing to their unique properties of high opticallaser radiation X=193nm), below ablation or melting
transparency and large controllable electrical conductivty. threshold conditions, produces permanent structural changes
Their dynamic optical properties also address innovative apand fixed hologram recordin:**

plications in light modulation, switching,and holographic In a different context, laser induced spatially selective
recording and merit further detailed fundamental and ap-forward materials ablation and transfet*have been applied
plied investigation. for the direct production of optical microstructures. Ul-

Nonstoichiometric indium oxide (InQ and indium tin  trashort UV laser pulses have recently produced submicron
oxide (ITO) has been seen to exhibit large reversible electristructurel* even on highly curved substrates, thus opening
cal conductivity changes through cyclic photoreduction andip exciting microfabrication possibnitie'ls“'_
oxidization processes, induced by UV lighthu>E,g Microprinting of transparent dielectrics was first at-
~3.3eV-3.5eV) illumination and exposure to ozonetempted for the fabrication of computer generated,!SOr-
respectively>* Electric current injection or ultraviolet illu-  face relief hologramié and the structure of the material has
mination produces refractive ind¢and absorptionchanges  peen verified by x-ray diffraction analysis. In this work, we
leading to optical modulation in optical waveguide config-further advance the transfer method and demonstrate experi-
ured polycrystalline ITO films.Efficient holographic record-  mentally that the directly grown surface-relief dielectric jnO
ing in InQ, thin-films by low intensity UV HeCd laser radia- microstructures can be activated optically. By applying ex-
tion (325 nm has also been .demonstraf;e%.Ogygen clusively laser based methods, we produce, without any ad-
vacancies play an important role in the aforementioned aclitional processing, a thin-film “target” material and trans-
ing as donor centers enabling efficient excitation, chargger it selectively onto a “receiver” substrate preserving the
transfer, and localized carrier concentration mampuleﬁlon.dynamiC optical properties of the material. The designed
These_ re\_/ersible effects result in relatively_ _high Iocalizedgraﬁng form of the microstructures enables the demonstra-
refractive index changes afn~0.5% at the milliwatt power ion of optical activation effects by means of photoinduced
levels used. - _ diffraction efficiency changes.

Thin films grown by pulsed laser depositiGRLD) in an We have fabricated InQthin-films on fused-silica plates
oxygen re_actlve atmospher_e _offer an enhanced and tunab!g, reactive PLD using pure indium metal and oxygen as
holographic performancPeTh!s is attributed to the growth of ¢ ined in Fig. 1a). Experimental details and structural
a more efficient mesoscopic IpQphase, which comprises . \vsis of these films have already been presented in Ref. 7.
micro/nanocrystals and metal clusters embedded in the amoy; growth rates of~0.01-0.05 nm/pulse are achieved and

; : o, . .
phous matrix. The structure of the material and the eXPerizims of thickness in the range of 100 to 400 nm exhibit

me”‘?‘ conditi_ons are th? .main factors affelzc-ting the hOIO'excellent uniformity, high optical transparency in the visible
graphic UV light sensmvn;?. The crystallinity of the and good holographic performance in the UV. These films

material which can b.e tuned during the PLD growth, influ-ave been subsequently used as the target materials in the
ences the response time of the holographic recortiiftese laser microprintind*5 operation outlined in Fig. (b). In

effects, indicate that the rather complex electron transfer Prosome experiments, dc magnetron sputtered films have also

been used. For the microprinting, a hybrid distributed feed-

3 Author to whom correspondence should be addressed; present address: Tihack dye-laser/KrF excimer laser, deliveriﬁgsoo fs dura-
National Hellenic Research Foundation, 48 Vas. Constantinou Ave., Ath’[ion pulses of~10 mJ/pulse, ah=248nm, is used. The
ens 11635, Greece; electronic mail: vainos@eie.gr . . ' ' ) .

bAlso at: University of Crete, Department of Physics, P.O. Box 2208, Her-NOx film is selectively ablated and redeposited on a Corning

aklion 71003, Greece. glass(UV grade receiver substrate positioned near2y-5
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um distancg in a low vacuum (10~ Torr) chamber. The force microscopg/AFM) image of part of a typical InQ
substrate—source distance is monitored interferometricallygrating is shown in Fig. 2. Fourier analysis of its profile
Relatively long slit features are projected demagnified byeveals a dominant period of10 um that is in agreement
%30 to produce deposits of lateral dimensiorss um with this grating design. Typical feature height values fall
X 100um. The maximum laser energy density was 400also within the design range of 150—-200 nm. The dual peak
mJ/cn? on target and a high-precision step-and-repeat operéfructure apparent on each grating line is formed during the
tion was applied* to form simple grating microstructures. deposition process, and is probably due to the high velocity
The proper surface relief height was achieved by using ;_Qf the eject.e.d material or reablation effects. _Subw:_;tyelength
repetitive microprinting operation. Additionally, a thin inhomogenities are inherent at the high laser intensities used.

(10—20nm) InQ overcoat was also applied by PLD and Their formation depends on the physical properties of the
appears to optimize the activation effects. material and experimental conditions, although the mecha-
All grating structures are transparent and exhibit permaliSm IS not known at this stage. _
nent diffraction effects as evidenced by the monitoring HeNe _ OPtical activation experiments have been performed in
laser probe beam as shown in Figur&)1 The structures the temperature range of 10°C-55°C using a stabilized

were analyzed with x-ray diffractometry and the results werd €!i€r element. The-1-diffracted order beam intensity was
in full agreement with our previous wo. The refractive recorded for consecutive activation cycles and the absence of

index, n, and the extinction coefficienk, of the oxide target fatigue effects has been verified. The ON and OFF states

materials have also been estimated by thin-film matrix methvere established for long time periods to ensure relaxation of
ods atn=2.0+0.03 andk=0.005+0.002, using indepen- all processes involved. For unperturbed gratings-@80 nm
dent measurements at=633nm. The Ia}ger error of is nominal average relief height, the n@incorrected for logs

attributed to surface contaminations. Thus, the grating is e)}_)ackgrounddarlo diffraction efficiency values are typically

e . e/ .
pected to be mainly of a transmissive rather than of an ab\%i1 5% and remain constant in time to abott0.1%.

S . 0
sorptive nature. By producing a feature height of 316 nm, the z;gtr']o:]hiftzr?r)aecr?g:]reef;?gr?c e):;nt“hneed r:?n Ovﬁiﬂ é)een
m-phase spatial wave front modulationn,r(oxwz.o at A variatl : ' iciency grating

) _ i observed owing to refractive index changes due to thermal
=633nm would allow optimum diffraction performance.

; excitation. Neither dependence on light polarization, nor any
Nevertheless, such an exact tuning was not pursued here.

The smaller(~150-250 nny feature height grown results in
lower diffraction efficiency(<10% in each of thet1 or-
derg, which enables the determination of the sign of the
refractive index changes discussed as follows. Grating spatia
dimensions were restricted to the range of 2 ¥ahmm to
allow for a full laser beam overlap.

To demonstrate grating activation, HeCd laser radiation
is incident on the structure. Diffraction efficiency is moni- ww
tored using a HeNe laser. Both the HeNe lagE2 mW
power at 633 nihand the HeCd laséB8 mW at 325 nmare
incident nearly normal to the substrate surface either unfo-
cused or loosely focused. A fast shutter was also used in the
UV beam to alternate between the ON and OFF activation
states. Electrical activation of the structures has also been

observed, but this will be discussed elsewhere. An atomic FIG. 2. AFM image of a typical InQmicroprinted grating on glass.
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FIG. 3. Temporal evolution of relative change of the diffraction efficiency . R
(Ap../7.,) at various temperatures for activation UV intensity 1.9 0dS. Optical activation of these structures has been demon-

Wicn?. strated by using near UV laser irradiation. The overall
behavior shows close similarities with the previously re-

orted holographic recording on InGhin films. The origin

f the effects is not fully understood and further study is
under way. The use of laser-based methods, in the fabrica-
tion of optically activated micro and nanostructures, opens
up new and exciting application possibilities in the area of
tge optoelectronics.

effects due to the HeNe laser beam were observed. High
diffraction orders exhibited a similar dynamic behavior.
The typical temporal evolution of the relative change in
the diffraction efficiency § 5.,/ 7n+4) of the structure upon
UV illumination at various temperatures is depicted in Fig. 3.
At a specific temperature the ON state produces a rise or

fall of the backgroundzero leve] diffraction efficiency ac- This work was supported through European Union
cording to the respective refractive index changes inducedunded TMR-Ultraviolet Laser Facility, INCO-Inpulsenet
At the 633 nm probe wavelength¢~1.9eV),kis minimal ~and GROWTH-Holauthentic projects. Useful discussions
and at least two orders of magnitude lower timarAbsorp-  and support of G. Kiriakidis, and A Perrone and D. Sakel-
tion changes are thus expected to play a minor role. The OMridis, are gratefully acknowledged.

state is established with typical time constagf~4 s in the

temperature regions of 20°C and 45°C where maximum

An=1/9+, Was recorded. The retum to the original OFF 1C. G. Grangvist, Appl. Phys. A: Mater. Sci. Proces%, 19 (1993.

state occurs at a comparable value @f~4 s for these  2; \ampurg and C. G. Granquist, J. Appl. Phyie, R123(1986.
temperature values. Rigorous coupled wave anadfygim- 3B. Pashmakov, B. Claflin, and H. Fritzsche, J. Non-Cryst. Sdl&i 441
vides an estimate adfn~ *=0.047(or ~2.35% for the maxi- (1993.

: : : : 4B. Claflin and H. Fritzsche, J. Electron. Mat@s, 1772(1996).
ml'.lm induced r.efracuv.e Index challﬂg-es. The . SubOptImalsR. T. Chen and D. Robinson, Appl. Phys. Le0, 1541(1992.
height of the relief assists in determining the sign of sucheg wajis, L. Boutsikaris, N. A. Vainos, C. Xiroulaki, G. Vasiliou, N.

changes. In our case, the optical thickness is less than thaGarawal, G. Kiriakidis, and H. Fritzsche, Appl. Phys. Le#®, 2459

required to reach the first maximum in the diffraction curve, [199. o _

hence sig.nc(\ 7?i1)25i9n(An)- ghy)g.r;);hfl(ql,ggé.K|r|ak|d|s, T. F. Pederson, and H. Fritsche, J. Appl.
Examination of F'Q- 3 reveals the presence of at IeaSt8C. Grivas, D. S. Gill, S. Mailis, L. Boutsikaris, and N. A. Vainos, Appl.

two competing processes. These processes, of opposite sigrihys. A: Mater. Sci. Proces86, 201 (1998.

are seen to be of Comparable Strength at temperatureS, 8"’( Moschovis, E. Gagaoudakis, E. Chatzitheodoridis, G. Kiriakidis, S.

Ao~ _ano o . . . Malilis, E. Tzamali, N. A. Vainos, and H. Fritzsche, Appl. Phys. A: Mater.
15°C,~30°C, and~50 °C and result in minimum diffrac- o Processs6, 651 (1998,

tion efficiencyA 5., changesA 7. /7., is plotted in Fig. 195 pissadakis, S. Mailis, L. Reekie, J. S. Wilkinson, R. W. Eason, N. A.
4 for various activation intensity levels at three characteristic Vainos, K. Moschovis, and G. Kiriakidis, Appl. Phys. A: Mater. Sci.
temperatures. The temperature of 30°C represents a locgProcess6s, 333(1999. .

int of inflection T. Szorenyl, L. D. Laude, |. Bertoti, Z. Kantor, and Zs. Geretovsky, J.
point ot infl - Appl. Phys.78, 6211 (1995.
According to Drude’s model the electron photoreducedt;. Bohandy, B. F. Kim, and F. J. Adrian, J. Appl. Phgs, 1538(1986.
excitation is the basis for the decrease of the refractive indexX’E. Fogarassy, C. Fuchs, F. Kerherve, S. Hauchecorne, and J. Perriere, J.
On the other hand, oxidation in atmosphere and internail4App" Phys.66, 457 (1989).

. .. I. Zergioti, S. Mailis, N. A. Vainos, P. Papakonstantinou, C. Kalpouzos,
charge transfer between the active centers may justify theC. P. Grigoropoulos, and C. Fotakis, Appl. Phys. A: Mater. Sci. Process.

observed competing processes. These processes are strongég, 579 (1998.
temperature dependent and their simultaneous action leads f&. Mailis, 1. Zergioti, G. Koundourakis, A. Ikiades, A. Patentalaki, P.
refractive index sign reversal. Papakonstantinou, N. A. Vainos, and C. Fotakis, Appl. Q&. 2301

; : . . . (1999.
In conclusion, optically activated InGsurface relief mi- 16y G moharam, Drew A. Pommet, and T. K. Gaylord, J. Opt. Soc. Am.

crostructures have been developed through laser based metha 12, 1077(1995.

Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



