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Chalcogenide glasses find extensive applications in infrared (IR) devices and
optical communication. Optical parameters of Sb;¢SegsGegs_,In, thin films,
deposited by the thermal evaporation technique, have been analyzed using
ultraviolet—visible-near IR spectroscopy. The transitions in the forbidden gap
are indirect. The effect of indium (In) alloying on the nonlinear optical
parameters has been studied. A shift in optical absorption edge towards higher
wavelength shows that the width of the localized states changes, which affects
the optical parameters of the system. The high nonlinearity of these glasses

makes them suitable for optical regeneration and Raman amplification.
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INTRODUCTION

Ultrafast all- optical switching devices play an
1mportant role in the field of signal transmlssmn
requiring high speeds and bit rates.! Silica glass
optical fibers have low loss and high interaction
length, Whlch makes them favorable for fiber com-
munication.>® However, the low nonlinear refrac-
tive index of silica requires a hlgh switching power
and a very long length of fiber.?> Chalcogenide glas-
ses have nonlinearity several orders greater than
silica* and thus ultrafast response time.* SbSeGe
materials are promising for use in infrared (IR)
optical fibers not only due to their high transpar-
ency in the IR region but also because of their wide
bandgap, low material dispersion, low light scat—
tering, and long- Wavelength multiphonon edge.®
For 25 at.% Ge alloying in SbioSegq_.Ge, glass
alloys, an optlmal glass-forming composition 1s
obtained with minimum light scattering losses.”
However, a composition with higher percentage of
Ge also becomes more prone to crystallization.’
Therefore, the Ge concentration has been reduced in
Sb1oSegsGess by alloying with indium (In). It has
been reported that In addition increases the dark
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conduct1v1ty due to an increase in the number of
defect states and decreases the thermal activation
energy ! of the system. Glasses with In content are
promising for nonlinear apphcatlons and are suit-
able for optical devices.'®> Therefore, In has been
chosen as an additive because, being a metal, it is
expected that it may decrease the bandgap of the
material.’® Also, In-Se binary glassy alloys are
interesting materials for solar cell applications.'*
Currently, In-based chalcogenides have attracted
s1gn1ﬁcant attention due to their potent1al apphca-
tions in smart digital electronic devices.'® These
devices rely upon nonvolatile memory that uses the
reversible phase transition of chalcogenide resis-
tors.'® So, In has been chosen as a dopant to study
its effect via optical transmission measurements.
In the present study, an effort has been made to
study the effect of increasing In concentration on
the linear and nonlinear optical properties of
Sb1oSessGess_yIn, (y =0, 3, 6, 9, 12, 15) glasses.
Replacement of In by Ge, with a higher density, may
increase the linear refractive index (n) and hence
the nonlinearity of the glasses. The refractive index
(n) and extinction coefficient (k) have been evalu-
ated using Swanepoel’s envelope method.'® The
optical bandgap (E2*") has been correlated with the
absorption coefficient () and oscillator energy (Ey).
The ratio of the charge carrier concentration to the
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effective mass (N/md) the third-order nonlinear
susceptlblhty [%], and the nonhnear refractive
index (n3), using the Tlchg/ and Ticha'” and Fournier
and Snitzer approaches,'® have also been calculated.

EXPERIMENTAL PROCEDURES

Bulk samples of SbyoSessGess_yIn, (y =0, 3, 6, 9,
12, 15) glasses were prepared using the melt- quench
techmque The detalled experimental procedure is
given elsewhere.® The amorphous nature of the
samples was confirmed by x-ray diffractometry
(X’Pert PRO) showing no prominent peak (not
shown here). Thin films of these bulk samples were
deposited using the vacuum evaporation technique,
and the composition of the thin films was verified by
electron probe microanalysis (EPMA; JEOL 8600
MX) at different spots (size ~2 um) for composi-
tional analysis. EPMA is a microbeam technique
used primarily for nondestructive chemical analysis
of minute solid samples. The compositional ele-
ments (Sb, Se, Ge, and In) and the quenched sam-
ples were taken as reference and found to be
uniform within accuracy of about +1.5% to £2%.
The transmission spectra of the deposited films
were obtained using a double-beam UV-Vis—NIR
spectrophotometer (Lambda 750; PerkinElmer) in
the spectral range from 500 nm to 2500 nm with slit
width of 1 nm at room temperature (300 K).

RESULTS AND DISCUSSION

The transmission spectra for the SbioSegs
Gegs_yIn, (y =0, 3, 6, 9, 12, 15) thin films (Fig. 1)
show a shift of the absorption edge towards higher
wavelength, indicating a red-shift.

The values of n and k2 were calculated using the
Swanepoel method.'® The complex refractive index
for uniform thickness is given by n° = n — ik. The
value of k& is related to the absorption coefficient in
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Fig. 1. Transmission spectra of SbyoSegsGeos_,In, thin films.
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the strong absorption region as £ = aA/4%. It can be
observed from Fig.2a that n decreases with
increasing wavelength, showing normal dispersion.
With In addition, n increases, which can be
explained using the Lorentz—Lorenz relation.'®
According to this relation, the larger the atomic
radius, the greater the polarlzablhty and hence the
larger the refractive index. Since, Ge (1.22 A% s
being replaced by larger In (1.50 A)20 atoms, there
is an increase in the value of n. Also, a red-shift in
the transmission spectrum must necessarily give an
increased value of refractive index, accordlng to the
fundamental Kramers—Kronlg relat10n 9 The value
of k£ increases with increasing wavelength (Fig. 2b),
indicating that there is an increase in the fraction of
light scattered in the interference-free region. The
high n values of this glassy system suggest that the
material can be used to create high-refractive-index
contrast between layers of quarter-wave stacks for
omnidirectional reflection.?’ This could further be
used for making IR mirrors and filters.!

The optical bandgap was determined from the
relation proposed by Tauc and Wood,??

ahv = B(hv - Egpt)p (1)

The nonlinear nature of the curves (Fig. 3) con-
firms that the transitions occurring in the forbidden
gap are indirect, most likely due to the lack of
translational symmetry in chalcogenides. The
intercept on extrapolation to the energy axis gives
the value of E*". The value of E** decreases with
increasing In concentration (Table I). With addition
of In into SbioSegsGess, stronger Ge—Se bonds are
replaced by In—Se bonds and unsaturated Se—Se
bonds are also formed. Unsaturated Se—Se bonds
give rise to defect states, producing localized states
which are responsible for the decrease in EgP". The
free charge carrier concentration (n,) was also cal-
culated, using the equation'®

2nmkpT\?  [—AE,

N = 2(—}12 > exp( T ) (2)
where m is the mass of a charge carrier, kg is
the Boltzmann constant, and AE, is the activation
energy, which is nearly half of E**. The value of n,,
increases with increasing In concentratlon These
charge carriers act as localized states,'® thereby
decreasing EOp The value of o can be correlated to
EolDt on the bas1s of the density of defect states, as «
follows a Tauc relation with p = 2, a characterlstlc
of an indirect bandgap. Therefore, o increases with
increasing In concentration due to variation in the
bonding arrangements and hence in the defect
states.

The dispersion of the refractive index was evalu-
ated us1n% the Wemple-DiDomenico single oscilla-
tor model.?> Wemple and DiDomenico proposed that
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Fig. 2. Variation of (a) refractive index and (b) extinction coefficient with / for Sby,SeesGess_,In, thin films.
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Fig. 3. (ahv)® versus hv for SbyoSessGeas_,In, thin films.

the energy dependence of the refractive index of a
material can be fit to the dispersion relation®®

EoE4
— (hv)?

n?=1+

6))

where E, is the oscillator energy and Eq4 is the
oscillator strength. Eq and E4 were determlned from
the intercept Eo/E4 and slope (EoEq) 1, respectively,
of the straight fits in Fig. 4. The deviation from
linearity is a result of the proximity of the band edge

to the Fermi level at higher photon energies.?* E, is
the average energy gap and approximately scales
with the Tauc gap, i.e., Eg ~ 2 EP".*® Therefore,
E, also decreases with 1ncreas1ng In alloying con-
centration (Table I). The static refractive index (n),
i.e., the refractive index when Av — 0, was also
calculated using Eq. (3). The value of n, increases
due to the formation of more polarizable In—-Se
bonds in the system.

To obtain the high- frequency dielectric constant
(¢,) and N/m’, where N is the free charge carrier
concentratlon and m is the effectlve mass of the
electron, n? is glotted against /% in Fig. 5, according
to the relation®®

(4)

n?=¢, — B2

Here B is given by (e2N/4n%com'c?), e being the
charge of the electron, g the permittivity of free
sgace and c the velocity of light. The dependence of

on 22 is linear for longer Wavelengths Extrapo-
latmg the linear part to 4 =0 gives the values of
¢, and N/m". Both ¢ and N/m" increase with
increasing In concentration (Table I). N/m  is
dlrectly related to the defect states. Therefore, an
increase in N/m" signifies an increase in defect states,
which is further responsible for the decrease in E"p

To assess the nonlinear optical properties of the
Sb-Se-Ge-In system two models, as proposed by
Tichy and Ticha'” and Fournier and Snitzer,'® were
used. Third-order nonlinear susceptibility [,((3)] is
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Table 1. Values of E2*', Ey, Eg, no, £, Nim’, ny,"

" and N* for Sb;¢SegsGezs_,In, thin films

y EP (V) Ey(@V) Eq no & Nm x10%®m3kg™) nyx 107 (esw)!” N x 102 (cm™)
0 1.89 5.66 37.28 2.75 17.61 3.64 1.74 3.77
3 1.83 5.51 38.20 2.82 8.07 3.79 2.13 3.76
6 1.81 5.47 39.16 2.86 8.33 3.98 2.39 3.74
9 1.77 5.34 39.57 2.90 8.59 4.77 2.68 3.73
12 1.75 5.15 39.42 294 8.84 5.20 2.99 3.72
15 1.70 4.84 37.57 296 9.01 5.83 3.16 3.70
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Fig. 4. Plot of (7? — 1)~ " versus (hv)? for SbyoSessGes_,In, thin films.

produced by excitation in the transparent frequency
region well below EZ". Accordmg to Miller’s gen-
erahzed rule /(3) A[,((l] WhereA = 1 70 x 10710
[when 7® is measured in esu] and 7 is the linear
optical susceptlblhty, Wthh for the case of chalco-
genide glasses is 'V = (n? — 1)/47.'” Then, for
hv — 0,

® = (n2-1)* (5)

The value of 7® increases monotonically with
decreasing E°lth as the In concentration increases
(Fig. 6). The value of the nonlinear refractive index
(ns) is related to y® as!”

127y3)
no

(6)

ng =

The values of the nonlinear refractive index (in
esu) (Table I) were found to increase with the In
concentration.

Fournier and Snitzer Proposed a relation to cal-
culate the value of ny as'®

(n?+ 2)2(112 —-1) Eq4
487nN* (Eo)?

(7

ng =

where N is the density of polarizable constituents
(Table I). The variation of ny with normalized pho-
ton energy (hv/EP") at 800 nm is shown in Fig. 7.
The increase in ny can be correlated to EgP* by
the relation ng o 1/(E°pt)4 27 according to Wthh ng
increases as Egp decreases with In addition. This
shows the results to be consistent with the given
relation. Similar behavior for ny has been observed
for other materials such as pure silica (8.1 + 1.2 x
10~ esu),®® [(As>Ses)ooGesolosBis  (7.06 x 10~ 1
esu),?? and As,S; (3.51 x 107 esu)®® at 800 nm.
These results clearly indicate that the values of ng
calculated for SbioSegsGess yIn% are higher in
comparison with reported values.**° Glasses with
high n, values need moderate laser pulses to change
their refractive index.?' Therefore, the present
In-added glassy alloys may be explored for applica-
tion in fast optical switching devices. Moreover, these
high-n, materials, exploiting third-order electronic
polarization, may have short response time and
compact fiber design, which may further boost their
application in high-speed signal communication.?
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CONCLUSIONS

A red-shift in the transmission spectrum on

replacing Ge with In in Sb;SegsGeas_,In, has been
observed. The linear refractive index increases due
to the formation of more polarizable In—Se bonds.
The optical bandgap decreases from 1.89 eV to
1.70 eV on In addition due to the formation of
unsaturated Se—Se bonds, which increase the defect
concentration and hence the localized states in the
system. An increase in localized states has also been
confirmed by an increase in N/m" values. The static
refractive index increases from 2.75 to 2.96. The
nonlinear refractive indices increase with In addi-
tion and are found to be on the order of 10~ esu.
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