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Thin films of Geioo—rS; with different values of z are deposited on
quartz substrates by a conventional thermal evaporation technique. The elec-
trical conductivity of these films was measured. The experiments reveal that
the electronic conduction is strongly composition dependent and is ther-
mally activated with a single activation energy for > 40. A variable range
hopping conduction mechanism seems to dominate when =z = 16 and 27.
The optical absorption of the films is investigated using spectrophotomet-
ric measurements of the transmittance and reflectance in the wavelength
range 200-3000 nm. All the studied compositions obey the Tauc relation
concerning the non-direct transitions. The optical energy gap Fg value in-
creases with the increase in chalcogen content . The Urbach parameter Ejy
decreases from 310 meV to 149 meV as & increases from 16 to 70.

PACS numbers: 73.61.Jc, 78.66.Jg

1. Introduction

Germanium based chalcogenide glasses receive great attention due to their
potential use in various solid state devices [1-5]. They are an interesting and unique
class of amorphous materials. They have a widely different lattice structure in crys-
talline and non-crystalline form. This is contrary to other vitreous semiconductors,
which have similar short-range order in the two states [6]. Glass formation and
structure of Ge—S system have been studied and reported by several authors [7-9].
Some workers [10-16] have investigated electrical and optical properties of such
system.

This paper presents a systematic investigation of some electrical and optical
properties of five compositions of the Ge-S amorphous system, which have not
been widely investigated so far.
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2. Experimental

Geypg—zSy compositions (x = 16,27,52,65, and 70) in bulk form were pre-
pared by the conventional melt quenching technique [17]. Proper quantities of high
purity elements (99.999%) were mixed together and sealed in evacuated silica am-
poules (1073 Pa). The mixture was heated at 1273 K for 24 h in an oscillatory
furnace. The temperature was raised in steps in order to reduce the vapor pres-
sure of the constituent components. The molten composition was quenched in cold
water. It was confirmed by X-ray diffraction that the ingots thus obtained were
amorphous. Films of different thickness were prepared at room temperature by
thermal evaporation in a vacuum of 10~ Pa under the same evaporation condi-
tions using a high vacuum unit (Edwards E306A) on well cleaned quartz substrates
of the suitable dimensions. The composition of the films was determined using the
energy dispersive X-ray spectrometer (EDS) analysis. The film thickness was es-
timated by Tolansky’s method [18], using multiple-beam Fizeau fringes. The film
thickness was & 1500 nm. The rate of evaporation was = 0.6 nm/s. Substrate
temperature was & 300 K.

Electrical measurements were made in a vacuum of & 0.1 Pa in a specially
designed cryostat. The film resistance was measured with a programmable electro-
meter (Keithley 617) in coplanar configuration using Al electrodes. The reflection
and transmission measurements were carried out using (UV-3101PC) spectropho-
tometer in the range 200-3000 nm at room temperature.

3. Results and discussion

The X-ray diffraction patterns obtained for various Gejgp_,S; (2 = 16,27,
52,65, and 70) films illustrate that the samples under investigation have an amor-
phous nature.

Preliminary thermoelectric power (Seebeck coefficient) measurements showed
that our samples exhibit p-type electrical conduction, which agrees with the pre-
viously reported [2, 19].

Although there is not a definite critical composition which separates the ac-
tivation type conduction (linear relation between log o and T—1) from the variable
range hopping (VRH) conduction (linear relation between logo and T-1/%), the
latter conduction mechanism seems to dominate in the composition range where
x 1s smaller than 40 for Geigo—sS; films. The variation of the dc conductivity
(o) with reciprocal temperature (1/7) for five compositions of Gejgo—oSe (¢ =
16,27,52,65, and 70) films is shown in Fig. la. The plot of logo vs. 1/T" gives a
straight line obeying the following exponential relation:

o= ogexp(—Fa/kT), (1)

where g is the pre-exponential factor, £, is the thermal activation energy and &
is the Boltzmann constant. In general, the conductivity was increased either by
increasing temperature or by increasing Ge content. Table summarizes the results
obtained for the used samples. The oy values calculated for the compositions with
x > 40 are within the range 4.8 x 10*—4.7 x 10° (2 ¢cm)~!. Following Mott and



Electrical and Optical Studies . .. 685

SO —

fog o (Q cm)”

v x=16

T
2.6 2.7 2.8 2.9 3.0 31 3.2
1000/ TY(K")

é‘
21

-10 T T T T T
0226 0.228 0.230 0232 0.234 0.236 0238

T-1/4(K -1/4)

Fig. 1. (a) Temperature dependence of dc conductivity for Geigo—S, films with dif-
ferent compositions. (b) ln(aT1/2) versus 11/* plot for Geigo—» S, films with z = 16
and 27.

Davis [20] these high values of ¢y indicate that conduction takes place in the
extended states. However, the smallest values of oy for the compositions with
z = 16 and 27 suggest that conduction is due to carriers excited into the localized
states at the band edge [21]. The In(o7''/?) can be plotted linearly against 7-1/4
for films of # = 16 and 27 as shown in Fig. 1b, indicating that the transport is due
to VRH of the charge carriers in the localized states near the Fermi level; and is
characterized by Mott’s VRH relation [22]. The density of localized states around
the Fermi level, N(Eg), is obtained from In(¢7"/2) vs. T=1/4 plot by assuming
the decay length of the localized states to be 1 nm. For « = 16 and 27 N(FEF)
is found to be 1.1 x 10'7 and 3.9 x 10'® eV~! em™3, respectively, which is in a
reasonable agreement with the results of Ref. [11].
The absorption coefficient a(w) is calculated according to the relation

a(w) = (1/d)In[(1 - R)*/Tp), (2)

where d is the film thickness, R is the reflectance, Ty is the transmittance and w
is the angular frequency. The optical absorption curves of different compositions
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TABLE

Measured values of thermal activation energy F., pre-exponential factor o¢, optical
energy gap FEy, the band tailing parameter B, and the Urbach parameter Ej for
different compositions.

Composition | E, [eV] | og [(2 cm)™!] | Eg [eV] | B [(eV em)~!] | Ey [meV]
GessSi6 0.34 11.18 0.88 9.89 x 10° 310
GerzSar 0.45 62.8 0.96 4.1 x 10° 296
GessSs2 0.69 4.95 x 10* 1.5 3.38 x 10° 239
GessSs5 0.85 9.85 x 10° 2.29 2.55 x 10° 165
GespSto 0.91 4.92 x 108 2.59 1.8 x 10° 149

1000000
‘_g o A‘AA ’ Lt
= 100000 -_.' .“ ) i "u:'
10000 + ) n "‘
4[ ’ ¢ x=16
10004 . . ig;
+ x=65
v x=70
100 T T T T T T T
0.0 05 1.0 1.5 2.0 25 3.0 35 4.0
hv(eV)

Fig. 2. The change of absorption coefficient o with «. The lines drawn on curves indi-
cate the range of hv used to calculate Ej.

are shown in Fig. 2. As shown in this figure, the absorption curves shift to higher
values as the Ge content increases i.e. sulfur content () decreases, similar results
are shown by others [11, 23].

In amorphous as in crystalline materials some useful information can be
deduced from absorption edge measurements, even though in such materials the
edge is less sharp than in crystals. For many amorphous materials an exponential
dependence of the absorption coefficient & on photon energy hv is found to hold
over wide range and takes the form [24, 25]:

a(w) = agexp(hr/ Ey), (3)
where «gp is a constant, h is Planck’s constant and FEjy 1s an energy, which is
interpreted as the width of the tail of the localized states in the normally forbidden
band gap. These are associated with the disorder of amorphous systems. This
relation was first proposed by Urbach [24] to describe the absorption edge in
alkali halide crystals at high absorption levels. The calculated values of Ey are
listed in Table. Values of Fy are found to decrease from 310 to 149 meV as the
chalcogen content x increases. The increase in Ey with the increase in Ge content
indicates an increase in disorder in Ge-S system. Similar phenomena are also seen
for amorphous Ge [26].
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To define the optical gap, Ey, Tauc et al. [27] proposed the following expres-
sion for the non-direct transition:

(ahv) = B(hv — Eg)?, (4)
where hv is the incident photon energy and B is the band tailing parameter. Fy
is then calculated by a linear extrapolation of the (ahy)1/2 vs. hv to the energy
axis as shown in Fig. 3. The energy gap Ej for different compositions estimated
in this work is in a good agreement with the previously reported one [12, 28]. The
physical basis of the Tauc expression is the assumption of parabolic energy bands,
an energy-independent momentum matrix element and a relaxation of momentum
conservation. It is clear from Table that the estimated values of B for different
compositions are of the right order of magnitude when comparing with those ob-
tained for different amorphous semiconductors [21]. Figure 4 shows the optical gap
Fy as a function of chalcogen content z. From this figure one can observe that the
energy gap L increases with the increase in chalcogen content x. This result is in
accordance with that previously reported by Shimizu et al. [11].
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Fig. 3. Dependence of (cvhl/)l/2 on the photon energy hv for different & values.

Cody et al. [29] found that Ey (71, X1) and Eg (I'1, X1) are proportional
to each other, where T'1 and X1 represent the thermal and structural disorder,
respectively. The relation between Ey and Fy is investigated through this study
as shown in Fig. 5. A similar linearity as described by Cody 1s found. This favours
our indication about the direct relation between the increase in structural disor-
der, represented by Fy, and the decrease in optical gap as the chalcogen content
decreases.

Germanium chalcogenide glasses can be described as small chemically or-
dered clusters embedded in a continuous network as proposed by Phillips [30]. In
GezSi—s glass, some of these clusters are (S), chains, Ge (Sq/2)4 corner sharing
tetrahedral, and Geg (81/2)6 ethane-like structural units which dominate GezSq_
alloys near = 0,0.33, and 0.4, respectively [2]. In the S-rich region the first two
types of clusters would dominate. Ge atoms are fourfold coordinated and S atoms
are twofold coordinated. Almost all bonds are Ge-S; for x = 2, but there exist

Ge-S and S-S bonds in the glass with > 2 and Ge-S and Ge-Ge bonds in that
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Fig. 5. Linear variation of the Tauc gap £y and the Urbach parameter Fo with respect

to changes in .

with z < 2. In the glass with « < 2, bond breaking will take place more likely at
Ge-Ge bond (37.6 kcal/mole) which is weaker than Ge—S bond (55.52 kcal/mole).
Assuming that most of incorporated chalcogen atoms are twofold coordinated,
there are following several possibilities for the origin of the decrease in N(Er) and
increase in Ky by the addition of chalcogen atoms:

1. Chalcogen atoms introduce the lone-pair character to the valence band,
making the effective electron correlation energy U in the dangling bond states
negative. As a result, dangling bonds become charged ones DT and D~.

2. Chalcogen atom works as a terminator to Ge dangling bond just as hy-
drogen or possibly oxygen does [31, 32].

3. Introduction of twofold coordinated chalcogen atoms makes tetrahedrally
bonded structure of Ge flexible, so that the density of dangling bonds is re-
duced [23].
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4. Conclusions

In this work, we have studied the change in some electrical and optical prop-
erties of Gejgg_,S, thin films as a function of the chalcogen content x. Analysis of
the experimental results reveals that the electronic conduction is composition de-
pendent and thermally activated for # > 40. A variable range hopping conduction
mechanism seems to dominate when = 16 and 27. From absorption coefficient
studies, all compositions under test show a non-direct transition according to the
Tauc relation. The optical energy gap FE; value increases with the increase in
chalcogen content z, while the Urbach parameter Ey decreases. It could be con-
cluded that the structural disorder, represented by Fy, increases as the chalcogen
content decreases which is accompanied by the decrease in the optical energy gap.
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