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We report linear and non-linear optical properties of a new quaternary chalcogenide glass series Ge o, Seg; sSbiz2Te,
=0, 2, 4, 6, 8, 10). In linear optical properties; refractive index, extinction coefficient and the Tauc gap
are reported and their variation with Te content has been discussed. In non-linear properties; third order non-
linear susceptibility and non-linear refractive index has been discussed. The variation of non-linear refractive
index has also been reported with normalized photon energy. A correlation between the Tauc gap and non-
linear refractive index has been discussed. Results indicate that these materials may find applications in modern

optical devices.
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1. INTRODUCTION

Chalcogenide glasses are truly remarkable optical materials
due to their high linear and non-linear refractive index'" and
photoinduced phenomena (i.e. from photodarkening to
photocrystallization).” Glasses prepared from heavy chalcogen
(Te) offer huge benefit for developing materials that show
transparency in Far-infrared region.”) Glasses have strong
polarizability of bonds due to which refractive index is high.
Large refractive index leads to a large non-linear index due
to which chalcogenide glasses have gained much interest in
the field of non-linearity. Non-linear refractive index values
of chalcogenide glasses are found to be several orders higher
than conventional silica glasses at 1.55 #m.!"* Non-linear
optical phenomena are suitable for all-optical processing
functions and may be explored in future high-speed and
high-capacity optical communication networks.” Non-linear
signal processing has been used in various media such as
optical fiber with low transmission loss, semiconductor optical
amplifiers, etc.”) Highly non-linear fibers can be used in
various applications viz. supercontinuum generation, frequency
metrology and wavelength conversion.'®!

Ge-Se-Sb glasses have low transmission loss and high
transparency in infrared (IR) region from 2 - 14 xm which
makes them suitable in optical fibers.” Physical, structural,
thermal and optical properties have been carried out for
GeoSes..Sb, (y=0, 4, 8, 12, 16, 17.2, 20) system.”*""! Results
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indicate that ternary glasses with 19 at. % of Ge, has the
highest 7, at an Sb content of x =17.2 at. % consistent with
the network backbone being fully polymerized.**'*"! Two
intrinsic factors restricting the transparency of glasses in
UV-visible and infrared region. (i) Electronic absorption that
affects the transparency in UV-visible region. (ii) Phonon
absorption (due to vibrational modes) which occurs in
infrared region.”! Te has low phonon energy due to its high
atomic weight and has transparency up to 25 zm."!! Therefore,
Te-based glasses find applications at longer wavelength in
IR region such as CO, infrared sensing at 15 #m and outer
space life detection."!! Te based glasses are suitable for
integrated optics and optical storage due to high refractive
index, photosensitivity and rapid amorphous-to-crystalline
transformation.!">"”!

In present work, we report the synthesis and effect of Te
on Ge-Se-Sb system to study linear and non-linear optical
properties. Addition of Te to GesSes3 sSbi7> may be used in
non-linear devices due to its band gap which is very close to
the band gap suitable for optical devices.

2. EXPERIMENTAL PROCEDURE

Melt quench technique has been used for preparation of
Ge19.ySE(,3,3Sb17,2Tey (V:O, 2, 4, 6, 8, 10) alloys. The
materials were weighed according to their at. wt. % and
sealed in evacuated (~10~* Pa) quartz ampoules with each
composition having 1 g batch. The sealed ampoules were
kept inside a furnace, where the temperature was increased
upto 1000°C at a heating rate of 3-4°C min~'. The
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ampoules were frequently rocked for 24 hours at highest
temperature to make the melt homogeneous. The quenching
was done in ice cold water. Films of Gejo,Ses;sSbizoTe,
composition were deposited on well cleaned microscopic
glass substrates using vacuum thermal evaporation
technique at a background pressure of ~10~* Pa (Hindhivac
Model No. 12A4D). Evaporation rate used for film
deposition is 12 As™'. Film thickness of the deposited films
measured with DTM - 101 is 600 nm =+ 25 nm. Films were
kept inside the deposition chamber for 24 hours to achieve
thermal equilibrium."® The compositions of evaporated
samples have been measured by electron microprobe analysis
(JEOL 8600 MX) on different spots with size (~2 ¢m). For
the composition analysis, the constituent elements (Ge, Se,
Sb and Te) and the quenched samples were taken as
reference samples. The composition of 2 x 2 ¢m” thin film
sample has been found to be uniform within the
measurement accuracy of about £1.5%. X-ray diffraction
spectra of bulk in power mode and thin films in grazing
angle mode were obtained from x-ray diffractometer (X’ Pert
Pro). The transmission spectra of the thin films were
obtained using a double beam UV-Vis-NIR spectrophotometer
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Fig. 1. Transmission spectra for Gejo,Ses3sSbi7.Te, (v =0, 2, 4, 6, 8,
10) thin films.
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(Perkin Elmer Lambda - 750). The slit width was kept at
I nm and all the measurements were performed at room
temperature (300 K).

3. RESULTS AND DISCUSSION

Amorphous nature of bulk and thin films of samples has
been confirmed from x-ray diffraction spectra as no distin-
guishable peaks are observed (not shown here). Transmission
spectra of Geyo,Ses3sSbiz2Te, (=0, 2, 4, 6, 8, 10) thin films
in Fig. 1 show a red shift in interference free region of
spectra with increasing Te addition.

3.1 Refractive index and extinction coefficient

Refractive index (7), thickness (%) and extinction coeffi-
cient (k) have been calculated using envelope method.!"**"
Calculated values of thickness have been listed in Table 1.
Spectral distribution of # is shown in Fig. 2 and inset shows
the variation of k£ with wavelength. Refractive index shows
normal dispersion behavior and both # and & increase with
increasing content of Te. The increase in refractive index is
explained on the basis of increasing polarizability of atoms.
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Fig. 2. Variation of refractive index (n) with wavelength (1) for
Geio,Ses3.3Sbi72Te, (=0, 2, 4, 6, 8, 10). Inset shows the variation of
extinction coefficient (k) with A.

Table 1. Values of thickness (%), dispersion energy (£,), average energy gap (o), static refractive index (n), Tauc gap (Ey), lattice dielectric
constant (&), ratio of carrier concentration of effective mass (V/m"), density of polarizable constituents (N"), non-linear refractive index (1,),"% n,

at 1.55 eVE" for Geyo, Seq sSbi7aTe, (v =0, 2, 4, 6, 8, 10) thin films.

teomee  E;£0.01  E,£0.01 Tauc gap Nm < 10% N'x 102  mx 107" n,x107 (esu)
Y (nm) (V) (eV) o (eV) & m’kg")  (em?)  (esw)  at1.55ev 57
0 227 21.88 3.41 272 1.57 7.7 4.66 3.69 1.59 1.07
2 662 20.07 3.17 271 1.55 8.12 5.89 3.66 1.54 1.23
4 593 21.05 3.13 278 1.52 8.63 6.14 3.62 1.90 1.53
6 596 21.66 3.06 2.84 1.51 9.13 7.98 3.59 2.26 1.93
8 617 23.42 3.05 2.95 1.46 9.64 8.34 3.56 3.07 2.52
10 538 25.30 3.04 3.05 1.42 10.17 9.87 3.53 4.01 321
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Polarizability and refractive index are linked by Lorentz-
Lorentz relation:*"

-1 1

"2 - 3_50

ZN/ Ap,j (1)
J

where & is vacuum permittivity, N; the number of polarizable
units of type j per unit volume, with polarizability ¢, .
Replacement of Ge (being less polarizable having atomic
radius 1.22 A) with Te (highly polarizable having 1.37 A
atomic radius) leads to an increase in refractive index of the
system.”” High value of refractive index has an advantage in
strong optical field confinement that leads to the formation
of compact circuit designs.” Increase in value of k with
addition of Te content shows that loss of light increases due
to scattering. Large value of k£ leads to high non-linear
optical properties of the material. From the Kramer-Kronig
relation, it is clear that red shift occur with increased
refractive index value.*"

The dispersion of refractive index has been analyzed in
terms of WDD model which is based on single oscillator
formula'*>*

2 _ EdEo

E,~(hvy’
where E is single oscillator energy or average energy gap
and E;,is dispersion energy and /v is the photon energy.
Factor E, depends on the imaginary part of dielectric
constant (&) whereas E, does not. Due to this reason E;is
very nearly independent of £,. Oscillator parameters calculated
from the linear fit of (n*— 1) and (k1)* (Fig. 3) are given in
Table 1. The dispersion plays a significant role with respect
to optical communication and spectral dispersion.”” The
values of static refractive index (n,) (Table 1) have been
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Fig. 3. Plot of (”*— 1) with (21)* for Gei9,Ses;sSbi72Te, (v =0, 2, 4,
6, 8, 10) thin films.
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Fig. 4. Variation of 7* with 2 for Geo,Ses sSbi72Te, (=0, 2, 4, 6, 8,
10) thin films.

calculated by extrapolating the WDD dispersion equation for
hv— 0. Eyis related to the bond energy of chemical bonds
present in system. When Ge is substituted with Te, high
bond energy Ge-Se, Se-Te, Sb-Se and unsaturated Se-Se
bonds are formed in respective order. Far-infrared study has
also revealed the formation of Te-Te bonds.'” With
increasing Te content, probability of formation of Ge-Se
bonds decreases while that of Se-Te and homopolar bond
increases. Therefore, bond energy of the system decreases
and hence values of £, have been found to decrease.

Lattice dielectric constant & and contribution of charge
carriers (N) can be calculated from the relation:**

o))

2 2
47 eg,c” Sm

where e is charge of electron, (N/m") is the ratio of carrier
concentration to effective mass and c is the velocity of light.
Figure 4 show that 7’ is linearly dependent on A* at longer
wavelength. & and (N/m") have been calculated by extr-
apolating plot to A*= 0 and found to increase with increasing
Te content (Table 1). According to Penn’s theory,”” n*=1 +
(hw,/E,) where @, is plasma frequency and is determined
using; @, = 4me’N/m". With an increase in carrier concen-
tration of charged states, Tauc gap (E,) decreases and hence,
refractive index increases.!

3.2 Absorption coefficient and Tauc gap

The absorption coefficient (&) for thin films has been

calculated using relation:"**"!

o= Cl)ln()l() @)

where X is absorbance and d is thickness of the films. Inset
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Fig. 5. Variation of (a2v)™ with photon energy (V) and inset shows
the absorption coefficient variation (&) with photon energy (4v) for
Geio,Ses3sSbiraTe, (v =0, 2, 4, 6, 8, 10) thin films.

of Figure 5 shows that « increases with increasing energy
and Te content. The Tauc gap has been calculated using

relation:*"

(ahV)™ = B(nv-E,). (5)

B is energy tailing parameter that depends upon the width
of localized states in the band gap. The relation (chv)’’=
flhv) plotted in Fig. 5 shows the non-linear nature for all
compositions indicating indirect allowed transition. The
value of E, can be estimated by the intercept of the
extrapolations to zero absorption with the photon energy
axis (a)"” — 0. Tauc gap has been found to decrease with
increasing Te content (Table 1). Tauc gap of ternary system
also decreases from 1.96eV to 1.57eV for GeSes to
Ge9Ses3.3Sby72, after then increases for GejoSegs Sbyg. Jhin et
al. reported the Tauc gap having value 2.05 eV is comparable
to 1.96 eV obtained in Ge;oSeg; film.

Average energy gap is related to Tauc gap by Tanaka’s
relation Ey~2 x E,") The values obtained by Tanaka’s
relation are in agreement with those obtained from Tauc’s
relation. The number of states in conduction band depends
upon the number of bonds and in valence band are due to the
presence of lone pairs.**! Te has a tendency to make defect
states (D, D", D) and create chemical disordering in the
system due to the presence of lone pair which increase with
Te addition.”* The decrease in E, may be due to increase in
density of localized states near the conduction band edge
with incorporation of Te content.

3.3 Non-linear refractive index

When light of high intensity propagates through the
medium, it causes non-linear effects. The non-linear refractive
index in chalcogenide glasses is highly dependent on incident
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Fig. 6. Third order non-linear susceptibility () and E, variation
with Te content for Geio.,SesssSbiz.Te, (v=0, 2, 4, 6, 8, 10) thin
films.

intensity. When matter is exposed to intense electric field of
incident light, polarization is no longer proportional to electric
field and the change in polarizability has to be extended by
terms proportional to square of electric field.” », has been
calculated using two methods; (a) Tichy and Ticha"® (b)
Fournier and Snitzer."”"

(a) Tichy and Ticha relation
This relation is a combination of Miller’s generalized rule
and static refractive index obtained from WDD model as:"*

1274
ny =~ (6)
Ry
where #¥ is third order non-linear susceptibility. ' is
obtained from the relation; ¥ = A(#")*** where #"is linear

susceptibility and is given as ;((1)=§%—§-9 and 4 =1.7 x 10719
(when y is measured in esu). 7”is given as:

G A 2y
X (4”)4( =1, (7)
In general, band gap and polarizability are the key
parameters to obtain high susceptibility. When Te is
incorporated to GeSeSb composition, 7 increases while E,
decreases as illustrated in Fig. 6. The values of n, for the
investigated samples also show similar behavior (Table 1).

(b) Fournier and Snitzer

Fournier and Snitzer proposed a formula to determine the
non-linear refractive index using linear refractive index and
WDD parameters (E,, E,) in following relation:*”

(") (- DE,
48 nN'(E,)’

@®)
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Fig. 7. Plot of non-linear refractive index (7,) with photon energy
(hv) for Geio,SessSbizaTe, (v =0, 2, 4, 6, 8, 10) thin films. Inset
shows the variation of #, with normalized photon energy (hV/E,).

where N’ is density of polarizable constituents. The
calculated values of n, at 1.55 eV are listed in Table 1.
Figure 7 show that n, increases with increase in photon
energy and also with Te content.

Non-linearity of glasses can be explained on the basis of
Tauc gap and defect states.""” According to Moss rule, non-
linearity can be determined from Tauc gap values as
n,oc 1/(Eg)* P With the increasing Te content, E,”"
decreases and hence », increases. Due to the presence of
heteropolar and homopolar bonds, the probability of variety
of defects gap states increase and this leads to an increase in
non-linearity with the increase of Te content.!"* Increase in
m, has also been confirmed from Far-infrared studies that
indicate the presence of GeSes (1» mode), SesTe, rings,
GeTes tetrahedron, and Te-Te structural units."” Inset of
Figure 7 shows that 7, increases with increasing normalized
photon energy (hV/E,)."!

Comparison of non-linear refractive index of investigated
glasses with other materials at 1.55 eV shows that n, for;
pure silica is 7.4 x 10" Ge,oAssSego is 7.33 x 107",
GeoSbxSesr is 1.1 x 1075 (As,Ses)oGero is 2.94 x
107" and [(As,Ses)ooGerolosBis is 7.06 x 107" The
values of n, for Geo,SesssSbi7.Te, (=0, 2, 4, 6, 8, 10)
chalcogenide glasses are higher than these glasses. Our
investigated glasses have large non-linear values that may be
used in the formation of small, compact and low power
devices for telecommunication applications.

4. CONCLUSIONS

Transmission spectra of evaporated Ge,o,Segs sSbi7.Te, (0
<y < 10%) thin-films show the optical band gap to steadily
red shift in the 1.57 < E,; < 1.42 range with increasing Te

content. Non-linear refractive index has been observed to
increase with increasing Te content. An increasing value of
non-linear refractive index with Te depends upon the E,and
the presence of different bonds formed. These chalcogenide
glasses exhibit high linear and non-linear refractive index
which makes them potential candidates for integrated optics,
ultrahigh-bandwidth signal processing and infrared optical
sensors for medical applications.
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