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Nonlinear optical properties of GessAsSess pulsed-laser-deposited (PLD) films are
presented. Degenerate four-wave mixing and Z-scan techniques were used to obtain the
nonlinear refractive index and absorption coefficient of germanium arsenic selenide films.
GexsAsSess films are highly nonlinear, and hence are suitable for ultra-fast all-optical
switching applications. We designed and simulated a nonlinear directiona coupler switch in
PLD films. Current status of device fabrication and nonlinear properties of PLD deposited
chalcogenide filmsis also discussed.
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1. Introduction

Chalcogenide glasses are low phonon energy materid s and are transparent from the visible
up to the infrared. They are potentialy low loss for the 1.3-1.5 pm tel ecommuni cation window and
show attractive properties as hosts for active rare-earth ions [1,2]. These glasses have been used and
recommended in alarge number of applications such as fiber amplifiers, diffraction gratings, optical
switching and waveguide fabrication [3-7]. Different techniques such as vacuum evaporation,
sputtering, and spin coating have been used to prepare thin films of these glasses. Recently however,
the ultra fast | aser ablation technique has been used to fabricate thin films of GaLaS glasses [8]. Ina
previous study optical properties of PLD arsenic sulfide films were analyzed [9-10]. We have used
different techniques to analyze optical properties of PLD films of another composition i.e,
GessAsSess in the present work. By using PLD method and the photobl eaching effect [11] of this
material we can design a nonlinear directiona coupler (NLDC) switch. By taking into account the
two and three photon absorption we solve numerically the differential equation governing the two
waveguides (bar and cross) of NLDC and study its switching behavior.

2. Experimental
2. 1. Film deposition

Up to now, thermd evaporation and sputtering have been used to create the cha cogenide
glass thin films. Vacuum-evaporated films were used to fabricate waveguides in a As-S,-Se, system
of glasses, while sputtered films prepared were rapidly annealed. A significant problem encountered
with these films is associated with the need to anneal them before exposure for waveguide writing.
In genera, their thermal-expansion coefficient is much larger than common substrate materids such
as fused silica, leading to cracking or film lift off during or after annealing, while rapid thermal
annealing has proven a useful approach to minimize these problems, any deposition process that
removes the need for annealing would have a significant advantage.
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The properties of cha cogenide glasses deposited using pulse laser deposition (PLD) using a
high-repetition-rate picosecond-range laser pulses was shown [10]. A well known advantage of the
PLD techniqueisthat it can actually transfer the stoichiometry of a multi-component target to a film
deposited on a substrate. In addition, PLD can result in bombardment of the substrate by relatively
high-energy ions or neutras, and this assists in densification of the film in a way analogous to the
use of ion bombardment during therma evaporation. A disadvantage of the conventional PLD
process which uses high-energy (= 1J), low —repetition-rate (10-100HZz) nano-second laser pulse, is
the production of particulates that can lead to high scattering losses in the films. The problem of
particulates produced by conventional PLD can be diminated by using the ultra-fast PLD process
that employs short (= 50 ps), low energy(uJ), high-repetition-rate (10°-10% Hz) pulse trains [12].

GesxsAspSess flats (AMTIR-1) prepared by Amorphous Materids, Inc., Garland, TX75042
were used as ablation targets. Films of 1-4 um thickness were deposited onto fused silica substrates
using the ultra-fast laser deposition method [12]. The GeAsSe films depositions, were performed
using the second harmonic of a mode-locked Nd:YAG laser (A=532 nm, t, =50 ps). The mode-
locked pulses were Q-switched with a repetition rate of 10-12 KHz in order to increase the peak
power. Each g-switched train contained approxi matdy 30 to 35 pulses separated by the timeinterval
of ~3.2 ns, thus the laser generated (3-3.5) X 10° pulses each second. The average pulse energy was
~10 pJ. The laser beam was directed into a vacuum chamber pumped to 3x 107 Torr, and focused on
a target with a specia tdecentric scanning lens, providing intensity up to 5x10™ W/cm? on the
target surface. The deposition rate at a target-substrate distance of 150 mm was 2 A/sec. The film
composition was determined by the scanning € ectron microscopy (SEM), which allows quantitative
and quditative elemental mapping of the laser deposited films. The target composition was accurate
to within =1 % while film compasition differed from the source by up to 3.5 %. The composition
obtained for the film was GeysAS23S6582. AS is evident the atomic percentage of arsenic has
remained approximatdy constant whil e the film was deficient in germanium and rich in selenium. It
should be noted here that the composition GessAs;,Sess is used for the film throughout the paper.

2.2. M easurements of nonlinear optical constants
2.2.1. Degenerate four wave-mixing (DF WM) measurements

Nonlinear measurements were performed a 800 nm with 100 fs pulses from an amplified
Ti: sapphire system. The measurements of DWFM were performed with a boxcar (forward)
geometry [13]. For measurements on thin films we usually monitored two signals, one that was
generated as the result of phase-matched interaction of the three incident beams and another of the
non-phase matched signal s generated by the chal cogenide film.

2.2.2. Z-Scan measurements

The Z-Scan measurements were performed on germanium arsenic seenide films of 2 um
thickness. 100-fs pulses with energies in the range of 0.1-0.5 pJ were used. In most measurements
the focused spot size was in the range of g =20-40 um, which resulted in the maximum light
intensities in the range of 10-150 GW/cm 2 A simple arrangement alowed us to record the open-
aperture Z scan and the closed-aperture Z scan simultaneously. The Z scans obtained were analyzed
with expressions derived by Sheik-Bahae et a. [14] to yield the real part of the nonlinear phase shift
AQeq induced by the third-order nonlinearity and the T fector (defined hereas T; = 4RAQ imag /AQea) OF
a given sample. We performed this analysis by comparing the shapes of closed- and open-apertures
scans with those computed theoretically. Roughly speaking, the amplitude of a closed aperture Z
scan (i.e., the peak to the valley difference in transmission values) is proportiona to the real part of
the nonlinear phase shift A@ey, Whereas the asymmetry of a closed aperture scan depends on the T;
factor (for T,=0 the scan is essentiadly S shaped and symmetric). The imaginary part of the nonlinear
phase shift A@msg Can be obtained ether from the asymmetry of the closed-aperture scan (with
AQrmag= AQeq /4m) Or from the depth of adip in the open aperture scan that is directly reated to the
value of AQimag.
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3. Results

3.1. DFWM results

Fig. 1 shows a typical timeresolved DFWM curve obtained for a thin film of 2 pm
thicknesses. It is evident that the signal has at least two components: the fast component
corresponding to the laser pulse duration and a ddayed component responsible for the tail in the
tempora dependence of the signal. Because of the saturation behavior of the DFWM response we
always verified that the DFWM data taken for the calculation of the values of n, were obtained a
intensities low enough that we could assume K err-like behavior.
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Fig. 1. DFWM sdigna from a2 um thick film of GesAs;,Sess at the total intensity of about
50 W/cn?. The experimental points (circles) are compared with a theoretical curve for a
DFWM signd consisting of a fast response and a delayed response with the relaxation time
of 100 picoseconds. The laser pulse duration is 105 femtaseconds. The nonlinearity determined
fromthe DFWM result by cdibrating against the signal fromsilicaisn, = 2 x 10 cn?® /W

Equations describing DFWM predicts that, for negligible depletion of the pump beams, the
intensity of the DFWM signal should be given by [13]:

| orwn :const|n2|2L2I3 1)

where n, is the non-linear refractive index, L is the film thickness and | is the total input
intensity. If we use the above equation for the case of a germanium arsenic sd enide film and also for
the case of a fused silica substrate the following equation can be obtained and used to cdculate the
non-linear val ue of the refractive index for the germanium arsenic sd enide film:

L | chalco

— dlica ili DFWM \1/2
|n2| - Cref Caban L == (I§|ica ) (2)
chalco DFWM

where C¢ and Cy,s are correction factors taking into account the differences in the reflection and
absorption losses for the film and the fused silica substrate respectively. Actually the correction for
the absorption is not very important to consider because both chal cogenide film and the fused silica
substrate are amost transparent at the measurement wavedength (800 nm) but the reflection
correction factor is more important. Due to the difference in their refractive indices at 800 nm, the
reflection coefficient of the chalcogenide film could be as high as five times of the fused slica
substrate of similar thickness. Hence some correction factor should be taken into account in this
case. Our results were not corrected for reflection losses. The modulus of n, found from the above
equation was 2x10 2 cm 2/W.
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3.2. Z-scan results

Fig. 2 shows examples of closed- and open-apertures scans for a germani um arsenic se enide
film.
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Fig. 2. Open (sguares) and closed (circles) aperture Z-scan results obtained on a 2 pm
GessAsiSess film on a 1 mm silica substrate. The lines are results of numerical fitting.
w=32 um, Re (A@=0.36 rd, T=12. The results show that the nonlinear response of GeAsSe
is dominated by an induced absorption effect. By calibrating the Z-scans against silica one
can calculate the real and imaginary parts of the nonlinearity. The real part of the nonlinearity
is approximately Re (np) = 2.2 x 10 cm?/W and theimaginary part of the nonlinearity is
characterized by anonlinear absorption coefficient B,=5.6x108 cy/W.

The relation between the nonlinear phase shift and the nonlinear refractive index can be
written as:

A@=2m,IL 4 /A (3)

Where Lg is an effective sample thickness (e.g. corrected for one-photon absorption,
Leir = (1-e ™)/a and « is the linear absorption coefficient). Knowledge of the light intensity can be
used for conversion from phase shift values to the nonlinearity values. It is, however, more
convenient to perform the measurements in a relative manner. We therefore calibrated the va ues of
the NLO parameters by performing measurements of the nonlinear phase shift for afused silica plate
for which n, =2x10™*® cm?/W was assumed. The thickness of the fused silica substrate was 1mm.The
sign of n, deduced from Z-scan measurements was positive. Our results show that the nonlinear
response of Geyz As; Sess is dominated by an induced absorption effect. The real part of the
nonlinearity is appr. Re (ny) = 2.2x10%cm?/W and its imaginary part is characterized by a nonlinear
absorption coefficient ,=5.6x10° c/W.

3.3. Modeling of a NL DC switch

The demands for higher-data rate communicetion systems are stimulating research into new
techniques for enhancing the capabilities of tomorrow’'s systems. Although wave ength-division-
multiplexing techniques show great promise for upgrading existing systems, there is a simultaneous
effort focused on enhancing system functionaity and network flexibility through the use of fast
opticad switching and signd-processing techniques, and recent multi-Terabit transmission
demonstrations have involved both waveength- and time-division multiplexed systems. Fast
switching on the timescale of picoseconds cannot be performed with dectronic devices and
researchers are investigating the use of all-optical components for ultra-fast operations such as
switching, and time-division multiplexing and demultiplexing.

The requirement for operating times to be significantly faster than those possible with
€ ectronics means these optical components must operatein the picosecond or sub-pi cosecond range.
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Compact devices will requirelarge optical nonlinearities, so that switching can be effected at modest
power levels. Another desirable feature rdates to the integrability of these ultra-fast switching
components with other optod ectronic components such as lasers and detectors. Although normal
I11-V semiconductor materials exhibit large optical nonlinearities near the band edge, they have a
relativdy slow (nanosecond) response due to slow recombination times for the optically-exited
carriers.

The small size of these switching € ements, combined with their integrability and low power
requirements, provide considerable promise for practica applications.

The potential applications of nonlinear directional couplers (NLDC) in all optical processing
have attracted a great dea of research since they first were introduced by Jensen in 1982 [15].
Usually these devi ces can be used as optical switches, optical limiters and logic gates. When they are
used as switching devices NLDC can be sdf switching devices. A directiona coupler consists of two
identica single mode waveguides (bar and cross) placed in closed proximity to permit coupling
between the evanescent fieds. It is wel known that a two waveguide NLDC with suitable length
behaves as an optica switch. For use as a sef-switch device couplers with Kerr nonlinearity are
considered. When the optical power in a directiona coupler is high enough that the nonlinearity in
the coupl e becomes important, power switching between the two waveguides becomes dependent
on optical power.
Chalcogenide glasses have ultra-fast response time, low linear and nonlinear |osses, high nonlinear
Kerr coefficients, low noise and straightforward manufacturing with existing planar waveguide
technology [4]. Hence they are a good candidate for making all optical switches especially NLDC
switches. By depositing chalcogenide glass thin films on silica substrates using pulsed laser
deposition (PLD) channel single mode waveguide [16] have been fabricated. Waveguides can also
be written directly by means of selective photo-bleaching the chal cogenide film (by illumination the
material with above band-gap light). Normaly illumination of chal cogenide glasses with above band
gap light causes photo-darkening to occur in these glasses. In the case of GeAsSe however, photo-
bleaching occurs as aresult of glass illumination. [lluminated areas have lower refractive indices and
can be used as dadding for the waveguide. Findly by means of two such waveguides paralld and
near each other a nonlinear directional coupler (NLDC) is constructed. By using the nonlinear
properties of chalcogenide film we study the switching characteristic of NLDC. We use exactly the
same equation used by Yang, Villeneuve, and Stegeman [17] but in our work we consider both two
and three photon absorption mechanisms and neglect group-velocity dispersion and free carrier

absorption. The eguation governing the complex amplitude in the two waveguides of NLDC A, and
A, aregivenby [17].

0A 21ma,n iT 2 iBsa 4
! 6;2 +—)\2 2 (1+;3_HJ|AL2| A2+ 332 2{Aro| Ara t KA =0 4

Here z,A,K are the propagation coordinate, wave ength and linear coupling coefficient,
respectively. The 2PA figure of merit T isgivenby T =23,A/n, and n,,[3,,B, arethe nonlinear

refractive index, 2 PA, and 3PA coefficients, respectivdy. a, and a; represent overlap integrals
over the moda profiles in the waveguides for the third and fifth order nonlinearities, respectively.

By using the normalized parameters {=2/L and &2 =(2/onsle /N2 with L=V representing
one half beat length, Equation (4) becomes

.0 iT iV
i 322 +(1+;3—TJ|Q1,2|2C112 +;3—H|Q1,2|4q12 +%[Q2,1 =0 ®)
HereV =1.AB,a,/(a,n,), | being the cw critical intensity for switching given by A/(a,n,L ).
In equation (5) V is figure of merit associated with 3PA, witch is reated not only to the materia
parameters (n,and[3;) but also to device design. Effect of 3PA on switching operation was widely
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studied in [17] and in the absence of 2PA, V must be smdler than 0.68. Fortunately the 3PA in
chalcogenide glasses is very low but not ignorable [16], especially at high input powers. Because
V is dso design dependent a suitable value would be V=0.1 [17]. From our experimental results on
cha cogenide films prepared by PLD we obtain T=0.2. By using this parameter we study the NLDC
switch. Suppose the input power (Pi,) enters the bar state of NLDC. We study the switching behavior
by solving numerically coupled differential equations (5) and used a Runge-Kutta method by taking
into account two and three photon absorption coefficients. Fig. 3 plots normaized output power
(fraction of the output power to the input power) from the bar state versus normalized distance for
various input powers. For comparison with the actua value (T=0.2 and V=0.1) that we chose from
experimental data we also plotted normaized output power in the ided case (T=0 and V=0 means
two and three photon absorption are zero).
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Fig. 3. Normalized output power from the bar state versus normalized distance for various

normalized input powers. For low input powers and a haf beat length (¢ = 1) al of the

power is in the cross state and for high input powers output power goesonly into the bar
date.

In Fig. 3 for the ideal case complete switching occurs at half-beat-length ({ =1) which

means that a ha f-beat-length for low input powers, output power from the bar state is zero while for
high input powers, the output power from the bar state is %100 of the input power. This shows that
the NLDC at haf beat length behaves as a sef switch. On the other hand in the same figure (Fig. 3)
for the actua case (T=0.2 and V=0.1) at half-beat-length thereis no difference between theideal and
actua cases when input power is low but for high input powers the role of two and three photon
absorption affects the output power and reduces it to %80 of the input power. This result shows that
athough operation of the switch is not complete but switching occurs and is good enough.
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Fig. 4. Normalized output power (with respect to normalized input power) in the bar state

and throughput (sum of normalized output powers from the bar and cross states) versus

normalized input power at half-beat-length for the actua (lower curves) and ideal cases
(upper curves) .
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For a more compl ete study of the switching behavior we plotted normalized output power in
the bar state versus the input power at half beat length in theideal and actua cases. Asweseein Fig.
4 by increasing the normalized input power the normalized output power in the bar state aso
increases until it reaches the maxi mum normalized output power as expected. For the ideal case the
maximum output power was %100 and for the actua caseit was %80. An important point in Fig. 4
to note is that the maximum output power does not occur at the same normalized input power for
theidea and actud cases . For the ideal case the first maximum occurs at 1.25 but for the actua case
it increases to 1.36 times of the normalized input power.
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—— pout,__(T=0,V=0) /
) — pout . (T=0,V=0) ]

cross

- throghput (T=0,V=0)

nomalized input power
Fig. 5. Output power in the bar state and throughput (sum of output powers from the bar and

cross states) versus normalized cw input power a half-beat-length for the ideal case. For
low input power the output power in the bar state is very nearly proportional to input power.

After the first maximum in theideal case we have another maximum which suggests that the
switching can occur at higher normalized input powers but for the actual case we have only one
maximum after the first maximum and throughput decreases and switching dos not occur above 1.36
times of normalized i nput power.
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Fig. 6. Output power in the cross state and throughput (sum of output powers from the bar

and cross states) versus normalized cw input power at haf-beat-length for the actual case.

For low input powers the output power from the cross state is proportional to input power.
For high input powers contrary to the ideal case the output power remains constant.

Figs. 5 and 6 are smilar to Fig. 4 but we plotted output power (not normalized with respect
to the input power) for the ideal and actual cases a half-beat-length respectivdy. We see the
behavior of the switch at low powers and aso we observe that switching occurs at a normalized
input power of 1.25 for the ideal and of 1.36 for the actual case. Also we seethat in theideal case for
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input powers above 1.25 switching occurs and the output power is the same as the input power. For
the actual case for powers above 1.36 we observe that the output power remains roughly constant
which suggests that with increasing the input power the output power does not change and hence the
input power does not affect the output power. This result may be used in other applications.

We have also modeled the behavior of the nonlinear directional switch by taking into
account the group veocity dispersion GVD. If we consider the problem of pulse propagation by
taking into account the group velocity dispersion (GVD), an eguation of the form below is obtained
which can be solved using the FSAT method [18].

003 2 32(11,2 iT 2 iV 4 T
i—<-H + 1+ — +— +=0,,=0 6
ac o2 P |qL2| U12 8n|q]"2| G2 %5921 (6)
H = B,/ 4K
t'=t-z/vg

In eg. (6) vgis the group velocity, tistime, B, is GVD and K is usua coupling coefficient as
previously defined. For the ided case where two and three photon absorption coefficients are zero,
the switch performance is studied when an input pulse is entered the bar state. As Fig. 7 shows, for
pulses with low input intensities in the bar state, the performance of the switch is complete and
efficient coupling is taking place. The effect of GVD is to broaden the pulse as expected.
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Fig. 7. Normalized output power for pulse propagétion in (a) bar state (b) cross state of
NLDC versus normalized distance ¢ for low input intensitiesin the bar state. H=1 and A=.3.
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Fig. 8. Normalized output power for pulse propagation in (8) bar state (b) cross state of
NLDC versus normdized distance ¢ for medium input intendtiesin the bar sate. H=1 and A=2.
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For higher input pulse intensities, i.e., Fig. 8 and for the case of A=2, switching is still
taking place but high nonlinearity starts to show its effect by narrowing of the pulse as is seen at
long enough ¢ . If we increase the input pulse intensity still further, as seen in Fig. 9, although the
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switching is still taking place, its performance is not satisfactory. The pulse shape changes and is
chirped, moreover, higher nonlinearities | eads to narrowing of the pulse still further. 1t seems that if
some higher GVD can be tolerated, a good performance of the switch can be expected even at high
input pulse intensities.

o
]

MNormalize output power(bar)
MNormalized outpou power {cross)

@ (b)
Fig. 9. Normalized output power for pulse propagation in (a) bar state (b) cross state of
NLDCversus normalized distance ¢ for high input intensities in the bar state. H=1 and A=4.

4. Discussion
4.1. Current status of nonlinear properties and device fabrication
4.1.1. Nonlinear properties

Fabrication and characterization of low loss rib chal cogeni de waveguides was achieved [19].
To test the nonlinear properties of the chal cogenide waveguides they Measured spectral broadening
due to sdf-phase modulation for pulses propagating through a 50 mm long and 5 um waveguide
They showed that a 8 ps duration input pulses at 1573 nm were nearly transform-limited and were
obtained from a KTP optical parametric oscillator (OPO). The power from the OPO was coupled
into a SMF-28 single-mode fiber with a3 mm long section of high NA fiber thermally expanded and
spliced toits output end. The use of this short length of high NA fiber allowed high peak power to
be ddivered to the chal cogeni de waveguide without any fiber-induced phase shift. A standard SMF-
28 fiber was employed to collect a small fraction of the transmitted light and couple it to an optical
spectrum anayzer. The measured spectrum broadening indicated that a phase shift of = 1T was
obtained [20]. The peak pulse power in the waveguide was obtained from the high NA fiber after
correction of the coupling loss (about 1.8 dB/cm for one end) and waveguide loss, and was estimated
to be 40 W. The effective area of the fundamental mode of the waveguide was model ed and found to
be about 8 um”. The calculated third order-nonlinearity based on the nonlinear phase shift was
3.05x10™ m*W, very closeto the val ue of 2.92x10™*® m?/W measured by Z-scan technique for bulk
samples of the glasses [21]. It should be noted that the Z-scan for As,S; indicates that the nonlinear
figure of merit (T= A/n, where 3 is the two-photon absorption coefficient) is <0.1 at 1550 nm. It is
consistent with data of [22] where T=0.009 and hence two-photon absorption is expected to be
negligible in these experiments [23]. They conclude that sub-watt switching can be achieved in a
5 cmlong structure, assuming that the coupling loss can be held <1 dB.

Gopinath et a. [24] have studied the third order optical nonlineariti es of GesAs;sSes0 with a
glass transition temperature of 380 °C. These glasses offer the potential for integration with
traditional compound oxide glasses into highly nonlinear, high-index contrast fibers. They used
Z-scan and femtosecond pump-probe techniques to measure the nonlinear refractive index and two-
photon absorption coefficient of the glasses at telecommunication wave engths. Nonlinearities as
high as =900xthat of silicawere measured at 1540 nm.
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A combination of pump-probe and Z-scan measurements allowed determination of the two-
photon absorption coefficients of the chalcogenide glasses studied. The two-photon absorption
coefficient B was measured to be 0.4 cm/Gw + 25 %. Data was taken with intensities as high as 170
MW/cm? and no damage to the sampl e was observed.

A powerful but simple technique [25] based on a 4f coherent image system with top-hat
beams was used to characterize nonlinear optical properties. They showed that, as in the Z-scan
technique, the use of top-hat beams instead of Gaussian beams increases the sensitivity of the
measurement. | ntensity-dependent nonlinearities can be studied by use of this single laser-shot
technique. They validated this nonlinear imaging technique by measuring the absol ute value of n,
coefficient for CS, and some wel known chalcogenide glasses (As:S;, AsSe;, GeSe;, GeSe, and
GepAspSes). Ther values are in good agreement with those obtained by other techniques. The
optica alignment is easy compared with the Mach-Zehnder technigue. No displacement of the
material is needed, unlike in the Z-scan method. Only one single laser shot is required, giving the
possibility of studying materials showing intensity dependent n,. This is particularly advantageousin
situations in which the optical beam quality of the laser output is poor (such asin optical parametric
generator lasers).

The nonlinear refraction and absorption were measured by the Z-scan method at 1.05 pm
[26]. The addition of Ag to As,Se; glass led to an increase in the nonlinear refractive index without
introducing an increase in the nonlinear absorption coefficient. The glass with a Ag content of 20 at.
% revealed high nonlinearity ranging from 2000 to 27000 times that of fused silica, depending on
the inddent optical intensity. Although figure of merit of the samples tested at 1.05 um does not
satisfy a standard criterion (T = 84/n, <1), it can be expected to decrease at telecommunication

wavd engths of 1.3 and 1.55 um. They believe that the Ag-As-Se glass is one of the most promising
materials for all-optical switching devices at 1.55 pum.

Ganeev et d. [27] investigated the nonlinear optical characteristics and the optical limiting
iNn As,Sz , ASxSe, 2AS,S:/AS,Se; and 32As,S3/As;Se; chalcogenide films. The nonlinear refractive
indices and the two photon absorption coefficients of these films were measured using the Z-scan
technique at wavdengths of a picosecond Nd:Y AG laser(A=1064 and 532 nm).The optical limiting
associated with the Kerr-type nonlineariti es was analyzed for the amorphous chal cogenide films. It
was demonstrated that the 2As,S:/As,Se; film is characterized by a 12.5 fold optical limiting. The
optica limiting due to two-photon absorption was investigated experimentally. It was found that the
As,S; film exhibits a 25-fold optical limiting.

Harbold et d. [28] have synthesized a series of chal cogenide glasses for the As-S-Se system
that is designed to have strong nonlinearities. Measurements reveal that many of these glasses offer
optica Kerr nonlinearities greater than 400 times that of silicaa 1.25 and 1.55 um and figures of
merit for all-optica switching greater than5 (F =ny /) a 1.55 um were obtained.

Qiu et a. [29] report on photo-induced second-harmonic generation in chal cogenide glasses.
Fundamental and second-harmonic waves from a nanosecond pulsed Nd:Y AG laser were used to
induce second-order nonlinearity in chalcogenide glasses. The magnitude of SHG in GexpASxSeso
glass was 10 times larger than that of a telluride glass. Moreover, no apparent decay of photo-
induced SHG in Ge)AsSey glass was observed after optical poling at room temperature. They
suggest that the large and stable value of x? is due to the induced defect structures and large X® of
the chal cogenide glasses.

The second-order nonlinear optical effects such as second harmonic generation (SHG) and
linear dectro-optics (LEO) in the middle infrared spectral range (5-15) um were experimentally
observed [30] for the first time. They have found that the novd As,Te;-BaBr,-BiCl, chal cogenide
glasses, possessing transmission windows within the 3-45 um spectra range, have both photo-
induced SHG equal to 0.0012 pm/V and comparabl e va ues of photo-induced d ectro-optics effect at
wavd ength of excitation (A=10.6 um). The photo-induced anharmonic d ectron-phonon interaction
play the major role in the observed phenomena. A good corrdation between the IR-induced
nonlinear optical susceptibilities and the photo-induced anharmonic d ectron-quasi-phonon
interaction is demonstrated.

Meneghini et al. [31] have observed two-photon-induced refractive index changes in As;S;
thin films. This property is the key to creating sdf-written channd waveguides in a planar As;S;
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slab. By exploiting the photosensitivity by exposure at 800 nm, where the penetration depth is large
enough, they have induced the sdf-writing of channes in As,S; thin-film waveguides. The
waveguide formation is due to a permanent refractive-index increase induced by two-photon
absorption. The channel evolution corresponds to tha predicted by numerical simulations.
Preiminary results show that a 1.55 pm beam is confined in the written channel.

Andriesh et a. [32] has described the nonlinear interaction of laser pulses with NS
(noncrystdline semiconductors). 1t was found that these characteristics do not find a satisfactory
explanation in the limits of the existing physica models proposed in the literature. A new
mechanism of nonlinear light absorption in NS, taking into account the interaction with non-
equilibrium phonons and localized vibrational modes is discussed briefly. It is not redly difficult to
estimate that the number of created phonons and locaized vibrational modes due to the energy
dissipation of hot carriers is of the same order of magnitude as the number of equilibrium phonons
using a laser pulse energy density in the range 1-10 mJem?. A reasonable agreement of the
calculated results with the experimental ones was obtained. It was shown that PA (photo-induced
absorption) can be observed in conditions of sub-bandgap excitation of thin films of cha cogenide
glass by pump and probe light. PA arising during the short pulse excitation is explained by two-
photon absorption. The slow component of PA was observed in the time regime longer than 10 ps
after the stopping of excitation through the deep locdized states. The peculiarities of PA in
chal cogenide glass fibers are determined which could be explained by the model with multiple
trapping of the carriersin localized states, distributed continuously in the gap.

4.1.2. Other Photonic devices

A number of cha cogenide rib waveguides with width ranging from 1 to 7 um and depth
from 0 to 4 um were fabricated [19] using dry etching in As,S; films prepared by the pulse laser
deposition techniques. Propagation loss measurements were performed using the cut-back method
using waveguides of lengths between 12 and 50 mm. A high quality polysiloxane coating (n=1.53)
at 1.55 um was applied to the top of waveguide as a cladding during characterization. The high
index contrast ensured that light was tightly confined in the core layer. A high numerical aperture
(NA) fiber with mode fidd diameter of 4.2 um at 1.55 um waved ength was used as input and output
fiber to reduce the mode mismatch to the waveguides. Although the simulation showed that these
deeply-etched waveguide structures supported multiple modes at 1.31 um and 1.55 um, higher order
modes generally had high losses due to stronger coupling of the propagating fidd to the sidewalls.
As aresult only the fundamental mode was observed to propagate along these waveguides. The
results of measurements of the transmission coefficient as a function of the length gave the smallest
loss of 0.25 dB/cm at 1550 nm for the 4 and 5 um wide waveguides, increasing to about 0.5 dB/cm
for the 3 um wide guides. This was due to the increased coupling of the fundamental mode to the
sidewdl as the waveguide became narrower. Se-based chalcogenide waveguides with similar
dimensi ons were also characterized and higher loss (1.6 dB/cm ) was however found at 1.55 pm.

Vallee et al. [33] have presented a red-time observation of Bragg grating formation in
amorphous As,S; ridge waveguides. Their experimental set up alowed them to monitor and control
in situ the key parameters describing the Bragg diffraction, i.e,, its reflectivity, resonant wave ength
and FWHM. It was shown hat the rd atively small reflectivities of recorded Bragg gratings are not
related to the small amplitude of refractive index modulation, which could be resulting from eg.,
mechanical vibrations of their holographic set up. They have shown that the induced refractive index
modulations in redity are large Other detrimentd factors such as multimode character of their
channg waveguides and the spatial inhomogeneity of the induced refractive index changes in them
actually prevented oneto achieve higher grating reflectivities.

Low-loss shdlow-rib waveguides were fabricated [34] using As,Se; chal cogenide glass and
polyamid-imide polymer. Waveguides were patterned directly in the As,Se; layer by photo-
darkening followed by sdective wet etching. Theory predicted a modal effective area of 3.5-4 pnv,
and this was supported by near-field modal measurements. The Fabry-Perot technique was used to
estimate propagation losses as low as  0.25 dB/cm. First-order Bragg gratings near 1550 nm were
holographically patterned in some waveguides. The Bragg gratings exhibited an index modulation
on the order of 0.004. They were used as a means to assess the modd effective indices of the



1154 A. Zakery

waveguides. They assert that small core As,Se; waveguides with embedded Bragg gratings have
potential for realization of dl-opticd Kerr effect devices.

Nemec e a. [35] have studied the structure as wdl as thermally and optically induced
effects in amorphous As,Se; films prepared by pulse laser deposition. Amorphous films were
prepared using rotating targets. KrF excimer laser operating at 248 nm with constant output energy
of 300 mJ per pulse, with pulse duration of 30 ns and with repetition rate of 20 Hz was used for PLD
of amorphous As-Se thin films. Raman spectra and optica properties (optical gap, refractive index,
third-order non-linear susceptibility x® of prepared films and their photo-and thermally induced
changes were studied. The structure of the laser deposited films was close to the corresponding bulk
glasses contrary to thermal evaporated films. The composition of PLD films was practically
unchanged during the process of deposition. They found that the optically and thermally induced
changes of the refractive index and optical gap in PLD films are different from the changes
occurring in therma ly deposited films.

5. Conclusions

As our experimental results show, good-quality GessAs;»Sess films can be fabricated by the
PLD technique. These films ae highly nonlinear and a nonlinear refractive index
n,=2.2x 10 cm?*W was obtained using a Z-scan technique. High nonlinearity of these films make
them promising candidates for ultra-fast all-optical switching applications. The performance of a
NLDC switch was studied and it was found that switching is taking place for the case of a cw input
signa. In the case of pulse propagation, it was found however, that the performance of the switch is
only satisfactory for low intensity input signals. Current status of fabrication of Rib and Ridge
waveguides, Bragg gratings, as wdl as Optical limiters were discussed and their properties were
presented. It was shown that Pulsed laser deposited chal cogenide films are suitable for fabrication
of al-optica integrated circuits. Any future direction would be to enhance the nonlinearity still
further. This would be achievable by somehow introducing suitable metal nano-particles in the
glassy film.
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