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Some optical properties of Se-Ge-As
amorphous chalcogenide glasses
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Physics Department, Faculty of Education, Ain Shams University, Cairo, Egypt

The effects of composition, film thickness, substrate temperature, and annealing of amorphous
thin films of Se,;Ge,5_,As, (6<x<20) on their optical properties have been investigated.
X-ray diffraction revealed the formation of amorphous films. The absorbance and transmission
of vacuum-evaporated thin films were used to determine the band gap and refractive index.
Optical absorption measurements showed that the fundamental absorption edge is a function
of glass composition and the optical absorption is due to indirect transition. The energy gap
increases linearly with increasing arsenic content. The optical band gap, £y, was found to be
almost thickness independent. The shapes of the absorption edge of annealed samples
displayed roughly the same characteristic as those of the unannealed films, but were shifted
towards shorter wavelengths; as a result, £,y increased and £, the width of the band tails,
decreases. The increase in E,y, is believed to be associated with void removal and micro-
structural re-arrangement during annealing. The influence of substrate temperature on the

optical parameters is discussed.

1. Introduction

Analysis of optical absorption spectra is one of the
most productive tools for understanding and develop-
ing the band structure and energy gap of both crystal-
line and amorphous non-metallic materials. The
absorption coeficients, a(m), of the optical absorption
near the band edge in many amorphous semiconduc-
tors show an exponential dependence on photon
energy, ho, and obey Urbach’s empirical relation [1]

a(®) = oexpho/E, (1)

where o, is a constant, ® is the angular frequency of
the incident photon, # is Planck’s constant h divided
by 2n, and E, is the width of the band tails of the
localized states in the band gap.

In the high absorption region (where absorption is
associated with interband transitions), the form of
o(w) with photon energy was given in quadratic form
by Tauc et al. [2], and discussed in more general terms
by Davis and Mott [3], whose equation was of the
form

aw) = Baho — E)"/ho 2

where B is a constant equal to 4nc,/nCE,, c is the speed
of light, o, is the extrapolated conductivity at 1/n = 0,
n is the refractive index, E,, is the optical gap and M is
a number that characterizes the transition process.
The absorption coefficient, a(®), can be calculated
from the optical absorption spectra using the relation

2.303 A/d 3)

where d is the film thickness and A is defined by
A =log (I,/I). I, and I, are the intensities of the
incident and transmitted beams, respectively.

a(w) =
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The degree of disorder and defects present in the
amorphous structure changes due to heat treatment
(4]. The decrease in the disorder and defects in the
structural bonding is known to increase the optical
band gap, E,,. Thus a study of the variation of E,, as
a function of temperature and time of heat treatment
may provide a deeper insight into the mechanism of
disorder and defect formation in the amorphous chal-
cogenide.

Various optical properties of chalcogenide glasses
have been reported [5-7]. The optical properties of
amorphous semiconductors are known to be sensitive
to the preparation conditions [8, 9] and the sub-
sequent annealing treatment [10-12].

2. Experimental procedure
Amorphous materials used in the present work to
produce thin films of Se,;Ge,s_,As, where
5 < x < 20. Raw materials with purity 99.999% were
weighed using an electric balance and sealed into
evacuated silica tubes under a vacuum of 1073 torr
(1 torr = 133.322 Pa). In order to avoid the oxidation
of arsenic, above processes were performed as quickly
as possible. The tube was kept in furnace at 1000 °C
for 15 h. Synthesis was accomplished in an oscillatory
furnace designed to ensure homogeneity. The tubes
were rapidly quenched in ice-cold water. After remov-
ing the ingot from the ampoule, it was used to fabri-
cate thin film samples.

Thin evaporated films of Se, ;Ge, s _ . As, of different
compositions were deposited by thermal evaporation
techniques on to clean quartz substrates held at a
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pressure of the order of 1 x 1077 torr. The thickness of
the films was measured by an interferometric method.

Annealing was carried out for 2h in vacuum of
1x1077 torr, followed by cooling to room temper-
ature.

Absorption measurements in the wavelength range
350-900 nm were carried out using a varian DMS
100 S spectrophotometer.

3. Results and discussion

3.1. Structural properties

3.1.1. X-ray diffraction patterns of
Se;5Ge,s . As, glasses in a powder
form

Fig. 1a shows the X-ray diffraction (XRD) patterns of

four different compositions of the chalcogenide glass

system Se,;Ge,s_,As, where 5 < x < 20. It is clear

from these patterns that no sharp diffraction lines are

present. This indicates that all the compositions in-

vestigated in powder form are in the amorphous state.

3.1.2. X-ray diffraction patterns of
Se,;Ge, 5 As,, glasses in thin film form
after heat treatment
In order to investigate the effect of increasing the
annealing temperature on the structure of the
Se,sGe,sAs;, (thickness 381.0 nm), the prepared
samples were annealed at three different elevated tem-
peratures (323, 373 and 403 K) below 7, (418 K), in
addition to room temperature, 293 K. The XRD pat-
terns are represented in Fig. 1b. As shown, the sample
in thin film form when annealed for 2 h under vacuum
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Figure | X-ray diffraction. patterns of (a) glass samples containing
different compositions (powder), (b) glass samples of Se,;Ge;sAs,,
annealed at different temperatures (thin film).

and 1 h at elevated temperature up to 403 K, retain
the amorphous structure.

3.2. Effect of composition on the optical band

gap at room temperature
The variation of optical absorbance as a function of
wavelength for samples having different composition
is shown in Fig. 2a. It is clear that there is no sharp
absorption edge and this is a characteristic of the
glassy state. It is seen from this figure that the position
of the fundamental absorption edge shifts to the
higher wavelength region with increasing arsenic
content.

The usual method for determining the value of E,
involves plotting a graph of (axhw)™ versus photon
energy hw. If an appropriate value of M is used to
linearize the graph, the value of E,, will be given by
intercept on the Ao axis.

The present results were found to obey Equation 2
with M = 2, as shown in Fig. 2b corresponding to
data of Fig. 2a, indicating that indirect photon trans-
itions are involved. E,, and constant B calculated
from the curves are listed in Table L

Fig. 2c demonstrates that the exponential behavi-
our of the absorption edge, via Equation 1 is satisfied
in our glassy films, values of the width, E, of the band-
tails are also given in Table I. Zanini and Tauc [13]
have suggested that it arises from electron transitions
between localized states where the density of the
localized states is exponentially dependent on energy.
But Davis and Mott [3] reported that this explana-
tion.is not valid for all disordered materials, because
the slope of the observed exponential behaviour re-
mains unchanged for many crystalline and non-
crystalline materials.

In conclusion, as the arsenic content increases in the
glass structure, deeper band tails extended in the gap
and led to an increase in the value of E, and a decrease
in the value of E .. The energy gaps increase linearly
with increasing arsenic content (see Fig. 2d).

3.3. Effect of thickness on the optical

band gap
Fig. 3a shows the absorption spectra near the funda-
mental edge for a series of Se,;Ge,sAs;, of various
thicknesses. As seen from this figure, the absorption
edge moves to a higher wavelength as the thicknesses
of the glass films are increased.

Fig. 3b shows the variation of (aA®)!/? as a function
of hw; E,,, p and E, (estimated from Equations 1 and
2) are given in Table II. It may be noted that the
optical band gap is independent of film thickness. The
exponential dependence of a(®w) on Aw for the films
indicates that they obey Urbach’s rule. Also, as the
values of E, are very much larger than 0.05eV and
vary with composition, Tauc’s model based on elec-
tronic transitions between localized states in the band-
edge tails may well be valid in our materials; an
unambiguous interpretation of the nature of the
absorption edge requires that the effect of temperature
must be considered. The values of B given in Tables I
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TABLE 1 The optical properties of thin film glasses having different composition

Compeosition Thickness (nm) As-evaporated After annealing
E,. (V)  B(0Secm™'eV'Yy E V) E, (V)  B(10°em 'eVTY E. V)
Se,sGepAs, 605.4 1.975 6.542 0.160 207 7.160 0.14
Se,Ge, sAs, 4 607.4 1.880 6.602 0.166 1.96 7.490 0.138
Se,,GeygAs, 5 510.0 1.810 6.575 0217 1.89 9.070 0.152
Se,<GesAs,, 4375 1710 4.649 0.255 1.82 5.268 0.20
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Figure 2 (a) Optical absorption spectra of Se,sGe, s _ ,As, thin films (compositions as in Fable I). (b) Optical absorption data of (a) replotted
in accordance with absorption by indirect transitions. (¢) Data of (a} plotted in accordance with the Urbach law (Table I). (d} Data derived
from (b) showing E,, as a function of arsenic content. 1, Se;3Ge,oAss; 2, Se;5Ge;sAs o; 3, Seqs, GeyoAs;s; 4, Se75GesAsy,.
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TABLE II The effect of thickness on the fundamental absorption edge of Se.,sGe, sAs,,

Thickness (nmy) As-evaporated

After annealing

Ep (V) B (10°cm™teV™Y) E, (V) E, (eV) B(103cm™teV™Y E, (eV)
167.1 1.85 5.63 1.98 8.403 0.157
381.0 1.85 5.74 0.23 1.97 5.800 0.179
607.4 1.86 6.57 0.168 1.96 7.490 0.138
661.0 1.86 592 0.139 1.96 8.210 0.139
783.3 1.85 7.97 0.143 196 9.285 0.145
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Figure 3 (a) Absorption spectra as a function of wavelength for
Se,sGe,sAs,q thin films at different thickness. (b) Data of (a)
replotted in accordance with the theory of indirect transitions for
Se;sGe 5AS . 1, 167.1 nm; 2, 381.0 nm; 3, 607.4 nm; 4, 661.0 nm; 5,
783.3 nm.

and II are in good  agreement with the theoretical
values [8, 14].

3.4. Effect of annealing and substrate
temperature on the optical parameters

The effect of annealing in vacuo ~ 1073 torr for 2 h at
373 K on the optical properties of Se,;Ge,s_,As, of
different compositions (Fig. 4a) and Se,s;Ge,sAs;,
(Fig. 4b), was investigated. The shapes of the absorp-
tion edges for annealed films display approximately
the same properties, but they shift to shorter wave-
lengths and so the value of E,, in general increases
(Fig. 4c). The calculated values of E,, and E, from Fig,
4d are listed in Tables I and II. During the annealing
process, the films will have time for some atomic re-
arrangement to take place. Some defects will be re-
moved which, reducing the density of dangling bonds,
re-distribute atomic distances and band angles and
E,,, will then increase.

Fig. 5a shows the absorbance spectra of
Se.sGe,yAss at different substrate deposition temper-
atures in the range 323-403 K. Fig. 5b shows the plot
of (ahw)'/* versus Aw. The values of E,, and the band
tailing, E., are listed in Table III. The substrate
temperature does not affect E,, appreciably in the
temperature range 323-373 K; however, as the tem-
perature increases to 403 K, E,,, decreases.

Variation of the optical gap in chalcogenide after
various heat treatments has been reported by several
workers [15-17].

3.5. The effect of composition and thickness
on the refractive index of Se;;Ge,5_,As,
thin film glasses

The refractive index of a solid is an important physical

property which gives valuable information on the

electronic polarizability and local field inside the ma-
terial. It has also been used for determining the density

of colour in thin films [18].

The optical properties were studied by measuring
the transmission spectra between the wavelengths 400
and 900 nm. The refractive index was determined
using a procedure devised by Manifacier er al. [20].
This is based on drawing envelope curves through
minima (7,;,) and (7,,,) in the transmission spectrum.
The variation in transmission is principally due to an
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Figure 4 (a) Optical absorption spectra of annealed Se,sGe, s — .As, thin films (compositions in Table I). 1, Se;5Ge,Ass; 2, Seq5Ge;sAs o 3,
SeqsGeiAs,s; 4, Se;sGesAs,,. (b) Absorption spectra as a function of wavelength of annealed Se,sGe,sAs;, thin films at different
thicknesses. 1, 167.1 nm; 2, 381.0 nm; 3, 661.0 nm; 4, 783.3 nm. Data of (a) replotted in accordance with the theory of indirect transitions for
annealed Se,sGe,s_, As,. (d) Data of (a) replotted in accordance with the Urbach law for annealed Se,sGe,5_,As,.

TABLE III The effect of substrate temperature on the optical properties of Se,sGe,sAs;,

Thickness (nm) Substrate temp (K) Eop (€V) B(10°cm~'eV™h E, (eV)
165.3 323 1.94 7.972 0.198
164.1 373 1.94 7.062 0.174

169.3 403 1.78 2.845 0.172
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Figure 5 (a) Absorbance as a function of wavelength for
Se,sGe,oAs; thin film deposited at (1) 323 K, (2) 373 K, (3) 403 K.
(b) Data of (a) plotted in accordance with the theory of indirect
transitions.

interference phenomenon. They obtained
no= IV 4 (V2 - e @
with

2

N = 1+ (%) + 2n1[(Tmax - Tmin)]/Tmamein
where n; is the refractive index of the glass substrates.

Fig. 6a and b gives transmission spectra for
S,5Ge,s_  As, thin films at the different compositions
listed in Table 1Va and for Se,;Ge,sAs;, at different
thicknesses (Table IVb). The calculated values of the
refractive index, n, at various wavelengths are also
listed in this table. It is seen that the refractive index of
the thin films tends to increase slightly with increasing
arsenic content, and to decrease to approach constant
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Figure 6 (a) The transmission spectrum for Se,Ge,s_.As_ thin
films (compositions as in Table IVa). (———) Se;;GesAs,q, (—)
Se;5Ge pAs s, (——-) Se;5Ge sAs o, (——) Se,sGeyoAss. (b) The
transmission spectrum for Se,;Ge,sAs,, at different thicknesses.
(~—-—) 381.0nm, (—), 4558 nm, (———) 6074nm, (---)
783.3 nm.

values at long wavelengths. The constancy of n at long
wavelengths may be characteristic of a system with
little free-carrier absorption. The refractive index of
annealing samples at different compositions are listed
in Table I'V. It had no marked effect on annealing at
373 K under a vacuum of 1073 torr.

4. Conclusion
In Se;sGe,s_,As, thin films a systematic change in
the value of E, and E,, with composition suggests
that the degree of disorder in these systems is in-
creased.

The optical absorption spectra indicated that the
optical gap decreases as the arsenic content in the
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TABLE 1V(a) The effect of composition on the values of the refractive index

Wavelength  As-evaporated

After annealing

(nm) .
Refractive index (n) Refractive Index (n)
Se,sGeypAss  SeqsGeisAsyy SeqsGe gAs s SessGesAs,,  SeqrsGe,oAss  SeqsGegsAsy, SeysGeigAs,s SeqsGesAs,,

600 1.970 1.972 1.974 1.978 1.970 1.970 1.971 1972
650 1.968 1.972 1.974 1.978 1.972 1.973 1.965 1.974
700 1.970 1.972 1.972 1.975 1971 1.972 1973 1.975
750 1971 1971 1.971 1.973 1.971 1.971 1.972 1.974
800 1.970 1.971 1.971 1.973 1.970 1.971 1972 1.973
850 1971 1.972 1.972 1.973 1972 1.973 1972 1.973
TABLE IV(b) The effect of thickness on the refractive index of Se,sGe, ;As,, glasses
Wavelength As evaporated thickness (nm) After annealing thickness (nm)
(nm)

381.0 455.8 607.4 7833 381.0 455.8 7833
600 1.977 1.973 1.974 1.971 1.975 1972 1.973
650 1973 1.972 1.974 1.970 1.974 1.970 1.972
700 1.973 1.971 1972 1.971 1.974 1.971 1972
750 1.974 1.972 1972 1.970 1.974 1.970 1.972
800 1.974 1.972 1971 1.971 1974 1.970 1.970
850 1.974 1.972 1.971 1.971 1.974 1.970 1.970
glasses increases, and these glasses show an absorp- TOSHIYUKI MATSUMI, MINORU KUMEDA and

tion which fits into an indirect interband transition, as
discussed by Mott and Davis.

The optical data may also be fitted to an expo-
nential Urbach formula.

Itis reasonable to assume that the observed changes
in the optical properties on annealing and high-
temperature deposition are a result of microstructural
re-arrangement initiated either during deposition or
during annealing.
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