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Optical response of Sn doped tellurium rich Se-Te thin films has been studied in the
transmission range 500-3000 nm. Well-known Swanepoel’s method is employed to
determine the linear optical constants, i.e. refractive index (n,), film thickness (d),
absorption coefficient («) and extinction coefficient (k), from the transmission spectra. The
non-linear parameters, say nonlinear refractive index (n,) and susceptibility (y) are
obtained from the static refractive index ny. The linear as well as the non-linear refractive
indices are found to increase with an increase in Sn content. The dispersion in the
refractive index has been discussed in terms of Wemple-DiDomenico single oscillator
model. The optical band gap (Ey) is estimated using Tauc’s extrapolation method and has
been found to decrease with an increase in Sn content. The decrease in the optical band
gap is ascribed to the increase in density of defect states in the valence band and increase
in tailing in the conduction band. The decrease in optical band gap and increase in N/m*
ratio are consistent with increase in non-linear refractive index. Present study shows that
Sn doped Se-Te glassy alloy, with high n,, can be exploited in fast optical switching
devices and in high speed communication.
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1. Introduction

Chalcogenide glasses with coordination number less than 3 are known to exhibit[1] a wide
range of photostructural effects responsible for variation in refractive index and the density[2-4] of
the material. Chalcogenide glasses are known to have flexible structure, in the sense that each
atom can adjust its neighboring environment to satisfy the valance requirements. The optical
excitations of valence electrons weaken the repulsive interactions between lone pair electrons and
result in atomic displacements liable for the photostructural changes. It means that the light
induced phenomena coupled with the amorphous network, having enough structure flexibility,
stimulate the structural change. In early 70°s the sensitivity of these glasses to light have been
realized [5-7] and xerography was widely exploited[8]. These materials have received a great
attention due to their interesting optical properties, such as high refractive index, large
nonlinearities and low optical losses [9, 10]. The property of possessing high refractive indices (>
3) is advantageous for strong optical field confinement, and high non linear optical susceptibility
ensure their use as non linear optical elements. In addition, the large index contrast relative to air
can potentially provide a complete band-gap for photonic crystal applications. Among
chalcogenide glasses, Se-Te alloys have been extensively studied [11-14] due to their applications
in the IR region [15-18]. Addition of metal impurities modifies the properties of binary glasses
[19, 20] and helps in stabilizing the glassy matrix against the light exposure and thermal treatment
[21]. Metal-chalcogenide alloys [22, 23] offer a range of optical band gaps suitable for various
optical and optoelectronic applications in memory switching devices, efficient solar material and
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holographic recording systems [24]. It has been reported that the insertion of an element having
large atomic mass to the binary matrix results in small glass forming region with higher
transmittance in the IR region [15, 25-26]. This technological advantage prompts us to investigate
the effect of Sn doping on optical properties of Se-Te system. The incorporation of Sn, heavier
than Se and Te, will enhance the linear refractive index and increase the nonlinearity of the ternary
system. In the literature it is reported[27] that the tellurium based glasses containing heavy
elements can transmit light far in the infrared region and are able to detect CO, signature.
Tellurium rich chalcogen glasses are found to be suitable candidate for optical limiting[28]
application. In literature, Se rich Se-Te-Sn system has been studied [29, 30] extensively whereas in
the present work we aim to study the optical properties of Te rich Se-Te-Sn system.

In the present work SesgTez.,Shy thin films (x= 0, 1.5, 2.5, 4.5) have been deposited on a
glass substrate using vacuum thermal evaporation technique. The transmission spectra of these
films, in the spectral range 500-3000nm, have been recorded at room temperature. The optical
constants are evaluated using Swanepoel [31] envelope method and the optical energy gap has
been estimated using famous Tauc’s extrapolation method [32]. Nonlinear refractive index has
been found to increase and the optical band gap is found to decrease with an increase in Sn
content. Our findings are in agreement with earlier reported results.

2. Experimental details

The alloys of SesgTez,Shy (X= 0, 1.5, 2.5, 4.5), in bulk form, were prepared by melt
guenching technique. High purity (99.999%) elemental substances were weighed according to
their atomic percentages and were sealed in quartz ampoules in a vacuum of 10®° Torr. These
ampoules were heated, one by one, in a tubular furnace to a desired temperature of 900 °C for 15
hours. The temperature was gradually increased, at the rate of 3- 4 °C/minute, from room
temperature to 900 °C.  The ampoules were rocked frequently, throughout the heating process, to
ensure the proper homogenization of the melt. Once the desired temperature of 900 °C was
obtained the ampoules were quenched in the ice cold water. The glassy alloy was separated from
the ampoules by placing them in HF + H,O, solution for 36 hours. Thin films of glassy alloy were
deposited on the well cleaned microscopic glass substrate by the thermal vacuum evaporation
technique [Vacuum coating unit HINDHIVAC 12A 4D Model] under a vacuum of 10™ Torr. To
achieve a film composition very near to the bulk material the films were grown at the rate of 13 A
per second. The deposition parameters for all the four films were kept identical so that the results
could be compared. The films were kept inside the deposition chamber for about 24 h to achieve a
metastable equilibrium. The composition of the films was checked by performing EDAX
measurement using QUANTA-250, D-9393 Model. The EDAX measurements confirmed that the
composition of the thin film with respect to bulk alloy approximately differ by +6%. The
amorphous nature of the bulk alloy as well as of the films  was confirmed from the X-ray
diffraction pattern. The transmission spectra of as-deposited thin films, in the transmission range
500 nm -3000 nm, were recorded using ultraviolet-visible-near infrared spectrophotometer [Perkin
Elmer Lamda-750].

3. Results and discussion

The precise determination of the optical constants of a material is crucial for its
technological applications. The obtained transmission spectra of SezyTeso.xShy thin films, reported
in Fig.1, have been used to determine the optical constants. The appearance of interference fringes
in the transmission spectra, due to the difference in the refractive index of the substrate and the
film, ensure the optical homogeneity of the films. The optical transmittance (T) is a complex
function and strongly depends on the refractive index of substrate, refractive index of the film and
wavelength of the light. Fig. 1 demonstrates that the transmission spectra shift towards lower
wavelength with an increase in the Sn concentration, i.e., a blue shift in the spectra is observed. An
envelope through the extremes of the transmission spectra is drawn and the values for Ty,
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(transmission maximum) and T, (transmission minimum) have been recorded at different
wavelengths from envelop for each spectrum.
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Fig.1. Variation of transmittance T (%) with wavelength A in SegyTe7oSny thin films.

3.1. Refractive index, film thickness, extinction coefficient:

The optical constants like refractive index (n), film thickness (d) and extinction coefficient
(k) have been determined from well known Swanepoel envelop method. In this method the
transmission envelop functions, i.e., transmission maxima Ty and transmission minima T, are
obtained from the envelope at a particular wavelength A;. The refractive index in a region of

absorption coefficient (« = 0) is given by
7

n—|:N+(N252)§:|3’ @)

here
Zs s +7 (2)

and s is the substrate refractive index (~1.5). For weak and medium absorption ( a # 0), the
transmittance decreases due to the absorption and the expression for N modified as

2
szsTM’Tm+s +7 3
7,7, 2

The refractive index n as a function of wavelength A for different compositions is plotted
in Fig. 2. From the plot it is noticed that the refractive index decreases with an increase in the
wavelength for all composition. On the other hand, n increases with an increase in the
concentration of Sn. The decrease in the refractive index with wave length can be understood
from the transmission spectra where the transmission increases with increase in wavelength. The
increase in the refractive index with an increase in Sn content is attributed to the increase in
density of Se-Te matrix. Addition of Sn to Se-Te matrix makes the glass dense and compact[].
The increase in refractive index can also be understood in terms of the enhanced polarizability of
the material. The replacement of Te with Sn in Se-Te matrix lead to the increase in the
polarizability of the material, directly proportional[33] to the refractive index of the material.

More precise values of refractive index can be obtained from the basic interference
equation,

2nd = mA, (4)



668

where m is order number, it is an integer for maxima and half integral for minima in the
transmission spectra. In above equation n and d represent the refractive index and thickness of the
film, respectively. The thickness of the film is evaluated from the relation [34]

ad =T, A4
M 2(Nn, —An,). (5)

In the above equation n;and n;are the refractive indices at two adjacent extremes at wavelengths 4,
and 4;, respectively. For the two adjacent extremes Ty=1. The values of film thickness d;
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Fig.2. Variation of refractive index (n) with wavelength (1) in SesnTe70,Sny films

along with refractive index n; and order number m are given in Table 1. The values d;, n; and m
are used to determine the order number m,, from Eqn. (4). Using the exact value of m, the
accuracy in the film thickness d, can be achieved significantly. Now, using the exact value of m
and film thickness d,, Eqn. (4) can be solved for n at each A. The new values of the refractive index
n, are fitted to the Cauchy's relation [35] i.e., n,=a+b/4?, in Fig.3. The calculated values of n, are
consistent with the Cauchy’s dispersion curves that allow us to extrapolate the refractive index for
all wavelengths. In Fig. 3 solid line represents Cauchy’s dispersion curves and symbols represent
our values of n,.

The absorption edge of glassy materials can be divided into three regions. First, the high
absorption region (a > 10* cm™) where the transition involves in between the valance and
conduction band that determines the optical band gap. The absorption coefficient for this region
can be determined from the Tauc’s relation [36].

The second spectral region (a = 10 - 10° cm™) is called the Urbach’s exponential tail
region in which absorption depends exponentially on photon energy [37]. The third region (« <10?
cm) involves low energy absorption and originates from defects and impurities. The absorption
coefficient () is calculated by using the well known relation [31]
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Fig.3. Variation of refractive index (n,) with wavelength (1) in SesgTe79SNy thin films.

azlmgjy (6)

d \x

where X is the absorbance and d is the film thickness. The absorbance x for a material [32] is given
by
E, - [E,ﬁ —(nz —7)3(n2 —s")]5

(n—7Y(n-s?) ’ (7)

X =

where

£, - 2075 (02 _1Y(n? -s2) ®
m

The extinction coefficient (k) is a measure of loss due to scattering and absorption in the medium
and can be evaluated from the relation [31]

k =ad/4mr, 9
where a is the absorption coefficient and A is wavelength. The obtained extinction coefficient is

plotted in Fig. 4 that shows that the extinction coefficient decreases with an increase in Sn content
at higher wavelength.
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Fig.4. Variation of extinction coefficient (k) with wavelength (1) in SezgTezo.xSny thin films
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Table 1: Values of refractive index (ny), order number (m), film thickness (d), absorption
coefficient (), optical energy gap (E,), average energy gap (E,), dispersion energy (Eq)
and static refractive index (n,), for SesgTez.,Sn, thin films.

X n; m d; o Eq E, Eq N,
(A= 1500 nm) (cm™) (eV) (eV) (eV)

0 3.03 2.5 841.13 22724.5 1.13 2.02 10.87 | 2.697
15 3.07 2.5 678.92 18593.5 1.09 2.00 12,92 | 2.799
2.5 3.28 2.5 661.43 12883.1 0.91 1.88 16.13 | 3.011
4.5 3.49 2.0 502.23 6606.2 0.83 1.73 18.93 | 3.217

3.2 Optical band gap:
The optical energy gap (Eg) of SespTerSny thin films for different compositions is
calculated from the absorption coefficient using Tauc’s extrapolation relation [32],

atv =B(hv -E, f (10)

where B is the slope of the top edge, called band tailing parameter, Eg is the optical band gap of
the material and p represents the type of the transition. p= 1/2, 2, 3/2 and 3 correspond to direct
allowed, indirect allowed, forbidden and indirect forbidden transitions, respectively. The variation
of (ahv)’? with kv is shown Fig. 5. The linear relationship for all the investigated samples
indicates the existence of the indirect allowed transitions. The values of the optical energy gap for
the indirect allowed transition are obtained from the intercept of the plot with energy axis at
(ahv)? = 0. The obtained values of the optical band gap are reported in table 1. The optical band
gap decreases with an increase in Sn concentration. The decrease in the optical band gap may be
attributed to an increase in the density of states in the valence band. The addition of Sn creates
localized states in the gap[38]. According to Mott and Davis [39] model, the width of the
localized states near the mobility edges depends on the degree of disorder and defects present in
the amorphous structure. Increase in Sn concentration in binary Se-Te system results in increase in
localized states in the band structure that causes the band gap to decrease.

The decrease in the optical band gap can also be discussed in terms of the energy of lone
pair p-orbital of chalcogen atoms. Sn, which is less electronegative, when enter the Se-Te matrix it
goes into the network as a charged entity and raises the energy of some of lone-pair states thereby
resulting the broadening of the valence band. As a consequence the absorption edge shift towards
lower photon energy resulting into band tailing[40], responsible for decreases in the optical band

gap.

3.3 Dispersion energy parameters:

The dispersion parameters play a major role in the optical communication and in designing
devices for special applications. The spectral dependence of the refractive index, in visible and
near infra red regions, has been analyzed using single oscillator model [41-43]. According to this
model the dispersion of refractive index can be studied using the relation

n —7= EaE,

__EadEo | 11
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Fig.5. Variation of (ahv) Y? with photon energy (hv) in SezoTez0.,SN, System

where Ej is the single effective oscillator energy or average energy gap, Eq is the dispersion energy
and E is the photon energy(sv). Eq4 is proportional to dielectric loss (¢) and is a measure of the
average strength of inter-band transitions associated with the iconicity and the coordination
number of the material. The increase in the dispersion energy is usually associated with decrease
in the band gap[44]. The values of E, and E4 are determined from the slope (EqEq)™ and intercept
(Eo/Eg) on the vertical axis in the plot (n* -1)™ versus (hv)?, Fig. 6, and are listed in table 1. The
static refractive index (ng) has been calculated from equation (11) in the limit E—0, i.e.,

7%
n, = [7 + Edj (12)
EO

The obtained values of ng are listed in table 1.
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3.4 Non-linear refractive index:

Most of the nonlinear effects originate from the nonlinear refractive index. It is observed
that the chalcogenide glasses exhibit high non-linear susceptibility[45,46]. The non-linear
refractive index (ny) can be expressed in terms of susceptibility [47]

_ 12y (13)
n/ na
where ¥ is third order non-linear susceptibility responsible for nonlinear phenomenon such as
third harmonic generation and nonlinear refraction. The third order linear susceptibility can be
written [48] as

X = Ax"f (14)

here ¥ is linear susceptibility and is defined as , ) — £«/Eo with A=1.7x10 " es.u,, a
dr

constant[47]. Using equation (12) 3 ® can be expressed as

X = A oF 1) 1)

Obtained value of ¥ as a function of Sn concentration are plotted in Fig 7. The third
order non linearity ¥® increases with an increase in Sn content whereas the optical band gap E,
decreases. This increase in x® is attributed to the increase in polarizability of the alloy. The
calculated values of ny for the investigated samples are reported in table 2. The nonlinear
refractive index n, can also be obtained from the Tauc gap, using the Moss rule n, a 1/(Eg)*. The
obtained values of n, are much higher than the values reported [49] for other chalcogenide glasses.
The increase in n, may ascribed to the increase in X(B) and decrease in E;.  The replacement
tellurium with Sn, heavier than Te, causes an increase in linear refractive index and decrease in
optical band gap which further results in an increase in the nonlinearity of the glass. These glasses
possessing high nonlinear refractive index exhibit short response time and hence have application
in fast optical switching devices and high speed signal communication.
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Fig.7. Variation of y® with Sn (at%) in SesTezox Sny System

3.5 Dielectric constant near the absorption edge and high frequency dielectric
constant (g.) :
The dielectric constant is an intrinsic property of the material [50] and it affects the
movement of the electromagnetic signals through the materials. The materials with high dielectric
constant will make the light to travel slowly. The complex dielectric constant (¢) of a material in
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terms of the optical constants n and k is expressed as& = 72 + /k . The real (¢') part of the
dielectric constants is written[51-53] as

2
E'an—kzsz—%i/izv (16)
4 c e, m

where &, is the high frequency dielectric constant, e is the charge on the electron, N is the free
charge-carrier concentration, g, is the permittivity of free space, m* is the effective mass of the
electron and ¢ is the velocity of light. Whereas the imaginary part can be expressed as

s wie”

£ = 2nk = A7, (17)

Sric’r

where w, is the plasma frequency and z is the dielectric relaxation time. Calculated values of the
real (e.) and imaginary (g") part of the dielectric constant are listed in table 2 which reveals that
the real and imaginary part of the dielectric constant increases with an increasing Sn content. For
k=0, in the transparent region, ¢,= n® and wave length dependence of ., is found to be linear as
shown in Fig. 8. &, and N/m* are determined from the slope and intercept of the fitted straight
lines of ¢ vs A 2 in Fig. 8. ¢, and N/m* are found to increase with an increase in Sn concentration
(table 2). The increase in N/m* ratio causes an increase in the defects states in the band structure
and hence leads to the decreases in optical band gap.
60
55 ] —-—x=0
50 -
451 — s x=45
40-l
354
304}
251
204 %
15
10
5

2.0x10° 4.0x10° 6.0x10° 8.0x10°
2 2
A7(nm)

Fig.8. Variation of &' with 22 for SegoTes0,Sny for x=0, 1.5, 2.5, 4.5 thin films

3.6 Determination of the dissipation factor tan &:

The dissipation factor (loss tangent) or loss factor can be obtained from the knowledge of
the real and imaginary part of the dielectric constant and is defined as the ratio of imaginary part to
the real part of the dielectric constant[54],

tando =¢&"/¢’, (18)

The calculated values of the dissipation factor of the investigated films are reported in the
table 2. The dissipation factor, i.e., loss increases with the Sn content.

3.7 Optical Conductivity:

The optical conductivity (o) shows the optical response of the material and has the
dimension of frequency which are valid only in Gaussian system of units. The optical conductivity
of SesTes0xSny thin films is calculated from the relation [55]

o =anc/4rmr, (19)
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where c is the velocity of light, a is the absorption coefficient and n is the refractive index. The
obtained values of optical conductivity, at wavelength 850 nm, are given in table 2. The plot of
optical conductivity (o) as a function of photon energy (4v) is shown in Fig. 9. From the table 2, it
is found that the optical conductivity increases with an increase in energy as well as in Sn content.
Since o is directly related to the absorption coefficient and refractive index, therefore, increase in
optical conductivity may be ascribed to the large absorption coefficient and refractive index of the
investigated thin films.
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Fig.9. Variation of optical conductivity (¢) with photon energy (/4v) for SesgTeoxSny thin films.

Table 2. Values of, dielectric constants (¢" and &"), optical conductivity (¢), dissipation
factor Tan(d) at A=850 nm, high frequency dielectric constant(e,,), N/m*ratio and non
linear refractive index (n,;) for SesgTe7.Sny thin films.

Sn Ny € ¢ o (s9) Tan(o) €0 N/m*x10%*
(at.%) | x10™° x 10 (m*Kg™)
e.s.u
=0 1.477 17.316 3.791 6.69 0.218 9.366 4.05
x= 1.5 2.007 16.727 4.198 7.41 0.251 9.641 3.74
x=2.5 3.606 17.655 4.340 7.66 0.245 | 10.951 3.68
x= 4.5 6.091 19.262 5.094 8.98 0.264 | 12.394 3.86

4. Conclusions

The Swanepoel’s envelop method has been employed to determine the various optical
parameters of tellurium rich Ses Tez0xSny thin films. The refractive index (n) is found to increase
whereas extinction coefficient (k) decreases with an increase in Sn content. The increase in
refractive index and x® s ascribed to the increase in density and polarizability of the material.
The present results are consistent with Cauchy’s dispersion relation. The dispersion of refractive
index has been examined using Single oscillator (WDD) model. The dispersion parameters like
dispersion energy (Eq) and static refractive index (no) are found to increase while average energy
gap E, decreases. The optical band gap (E,) estimated using Tauc’s extrapolation method and is
found to decrease with an increase in Sn content. This decrease in optical band gap is due to the
increase in defects states in band structure and tailing of band. This finding is also supported by
the increase in N/m* ratio and nonlinear refractive index n,. Present study shows that the higher
value of ny in SespTernxSn, material enable them to be suitable candidate to fabricate as low loss
optical filters, in high speed signal communication and optical limiting.
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