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A study of the effect of bismuth dopant on the electronic transport properties of the amorphous
semiconductors GeySgo_,Bi, under high pressure (up to 140 kbar) has been carried out down to
liquid-nitrogen temperature. The experiments reveal that the electronic conduction is strongly com-
position dependent and is thermally activated with a single activation energy at all pressures and for
all compositions. A remarkable resemblance between the electronic conduction process, x-ray dif-
fraction studies, and differential thermal analysis results is revealed. It is proposed that the n-type
conduction in germanium chalcogenides doped with a large Bi concentration is due to the effect of
Bi dopants on the positive correlation energy defects present in germanium chalcogenides. The
impurity-induced chemical modification of the network creates a favorable environment for such an

interaction.

I. INTRODUCTION

Germanium chalcogenide glassy semiconductors are an
interesting and unique class of amorphous materials.
They have a widely different lattice structure in crystal-
line and noncrystalline form. This is contrary to other vi-
treous semiconductors, which have similar short-range or-
der in the two states.! Further, they have possible techni-
cal applications in electronic and optoelectronic devices.?
Although chalcogenide glassy semiconductors are normal-
ly always p type and the added impurities do not alter its
p-type conduction, a recent study has shown that the ad-
dition of Bi impurities in large concentrations ( > 11 at. %
in GeyySgo) can switch the conduction from p to n type.’
The mechanism of such type of doping is not understood.
The present paper is addressed to this aspect of the prob-
lem. We have been utilizing x-ray diffraction, differential
thermal analysis, and the Bridgman anvil high-pressure
technique to study the problem of doping of germanium
chalcogenide glasses in depth.*~'© In a recent Rapid
Communication* we presented some preliminary results of
our investigations. In this paper we are giving a detailed
account of our investigations of the transport properties
of amorphous GeySgo_xBi, (x =0, 4, 11, 15) under high
pressure and down to liquid-nitrogen temperature. Re-
sults are discussed on the basis of a charged defect model
of chalcogenide glasses. Some proposals regarding the
mechanism of doping and the unique character of Bi
dopants in germanium chalcogenides are put forward.

II. EXPERIMENTAL

The doped semiconducting vitreous materials
GeyoSgo_xBi, (x =0, 4, 11, 15) are prepared by the con-
ventional melt-quenching technique starting with proper
quantities of high-purity elements (99.999%).* The char-
acterization of the prepared glasses is carried out using x-
ray diffraction and differential thermal analysis methods.*
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The Bridgman anvil high-pressure technique and the
apparatus for measurement of electrical transport are the
same as explained in our earlier work.*!! Pressure con-
tacts are used in electrical measurements and their ohmic
nature is checked. When calculating the value of electri-
cal resistivity at high pressures, changes in the sample di-
mensions are ignored. Steatite is used as a pressure
transmitting medium. Silver chloride, which is a better
transmitting medium, is not used because Ag is known to
diffuse into the chalcogenide glasses, thus changing the
electrical transport properties. '*

III. RESULTS

The results of measurement of electrical resistivity at
different pressures in x =0, 4, 11, and 15 compositions
are presented in Fig. 1, which distinctly exhibits the pres-
ence of two pressure-induced sharp transitions in the re-
gion of (25—35)- and (75—80)-kbar pressure, respectively,
in x=11 and x =15 compositions. The pressure-
induced effects in x =4 composition are surprising as
there is only one sharp and relatively stronger transition
around 80-kbar pressure where resistivity falls by about 7
orders of magnitude and thereafter the system behaves
like a metal.* Pressure-induced effects in x =0 composi-
tion are altogether different from the doped systems. The
temperature dependence of resistance of the x =11 and 15
samples after the second structural transformation [at
(75—80)-kbar pressure] is shown in Fig. 2, which exhibits
appropriate metallic behavior of the samples. x =0 and 4
samples at the same pressure (75 kbar) show semiconduct-
ing behavior.

The temperature dependence of electrical conductivity
at different pressures in various compositions
GeypSgo—xBi, (x =0, 4, 11, 15) was also determined.
Typical experimental results on x =0, 4, and 15 composi-
tions are presented in Figs. 3—5, respectively. All four
compositions studied exhibit appropriate thermally ac-

8786



34 BISMUTH-DOPED AMORPHOUS GERMANIUM SULFIDE . . . 8787

Gezo SBO_xBix
12
- ~e —)(:IOI
~ -0 — Xz
5 o —xsl5
c 9 — x4
£
=
£ 6
2]
0
&
o 3
Q
g
-0
36 20 30 60 80 100
PRESSURE (k bar)
FIG. 1. Pressure dependence of the resistivity of

GCzoSso_xBix (x =0, 4, 11, 15).

tivated electronic conduction at all pressures and follow
the exponential relation:

AE
kyT

o=0yexp , (1)

where AE is the activation energy and oy is the preex-
ponential factor. Values of various parameters (AE, oy,
o) of electrical conduction at different pressures are sum-
marized in Table I. Figures 6 and 7 exhibit the pressure
and composition dependence of the activation energy AE.
These diagrams reveal two important and common
features of the activation energy AE. Firstly, the pressure
dependence of AE in x =0 and 4 compositions is similar
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FIG. 2. (a) Temperature dependence of resistance of x =11
and 15 samples after the second structural transformation at 80-
and 75-kbar pressure, respectively. (b) Temperature dependence
of resistance of x =0 and 4 samples at the same pressure (75
kbar).
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FIG. 3. Temperature-dependence conductivity of GeyoSgy at
pressures of 5, 15, 25, 35, 45, 55, 65, and 75 kbar. The curves
for 5, 15, and 25 kbar correspond to the left-hand side ordinate
and the remaining curves correspond to the right-hand side ordi-
nate. Ordinates of the curves for 5, 15, and 25 kbar are shifted
successively by 1 order of magnitude.

whereas the behavior of AE in x =11 composition is simi-
lar to x =15 composition, but is different from its
behavior in x =0 and 4 samples. Secondly, the composi-
tion dependence of AE exhibits a distinctive change in its
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FIG. 4. Temperature-dependence conductivity of Ge;oS+¢Bi4
at pressures ranging from 5 to 75 kbar.
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FIG. 6. Pressure dependence of activation energy AE of
GeySgo_xBiy at x =0, x =4, x =11, and x =15.

IV. DISCUSSION

A. Structural model

Germanium chalcogenide glasses can be described as
small chemically ordered clusters embedded in a continu-
ous network as proposed by Phillips.!* In Ge,S,_, glass,
some of these clusters are (S), chains, Ge(S,;/,); corner
sharing tetrahedral, and Ge,(S,,;)¢ ethanelike structural
units which dominate Ge,S,_, alloys near x =0, 0.33,
and 0.4, respectively. In the S-rich region the first two
types of clusters would dominate. Further, according to
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FIG. 8. Pressure dependence of preexponential factor o, in
four compositions: x =0, x =4, x =11, and x =15.

Phillip’s model, the structural element in a-GeS, is an
outrigger raft representing a large cluster of atoms. This
cluster is a strongly associated mixture of large
chalcogenide-rich outrigger rafts and small Ge-rich
ethanelike units with the proportions adjusted to achieve
overall stoichiometry. Both kinds of clusters are locally
linearly polymerized and the rafts are locally stacked.

We make this Phillip’s structural model a basis for dis-
cussion of the structural aspects of Bi-doped glasses stud-
ied in this work. When Bi is added to sulfur-rich glass
Ge,oSgo_xBiy, it significantly modifies the amorphous
network of the host glass, particularly at higher impurity
concentration. We propose that at low Bi concentration
(x =4) the impurity seems to enter mostly into (S),
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FIG. 9. Composition dependence of preexponential factor o
at pressures ranging from 5 to 65 kbar.
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chains connecting the tetrahedral units and will thus make
Bi—S bonds. Such type of substitution is not expected to
affect drastically either the structure or the overall
cohesion of the alloys. At higher Bi concentrations
(x =11,15) the impurity atoms possibly penetrate into the
Ge(S, ;)4 tetrahedra, making complex Ge-Bi-S clusters
containing all the three constituent atoms, and possibly
making a Ge—Bi bond. Such an entry of Bi would con-
siderably modify the host amorphous network. These
proposals get support from the pressure-induced effects in
the electrical transport in these glasses presented in Figs.
1—5. The behavior of x =4 composition under pressure
is drastically different from that of x =11 and 15 compo-
sitions, indicating considerable structural modifications at
higher impurity concentrations. Such a modified glass
upon heating or under high pressure undergoes structural
transformations, and the clusters decompose and crystal-
lize into the smaller units Bi,S; and GeS, as revealed in
our earlier investigations.* The crystallized phases have
been identified by x-ray diffractometry and by differential
thermal analysis in our earlier paper.

To further understand the chemical bonding in the
clusters, Ge-Bi-S in the amorphous material, the approach
of Tichy et al.'*'> regarding bond statistics in germani-
um chalcogenide glasses is taken into account. Moreover,
it has also been recently found that Bi atoms enter into
amorphous Bi,X; (X =S, Se) in threefold coordination. '®
If we accept that Bi also enters into amorphous GeySgg in
threefold coordination at all concentrations, then the pro-
posed bonding arrangement in the clusters can be visual-
ized as in Fig. 10. At lower Bi concentrations mostly, the
bonding arrangement of Fig. 10(a) is preferred by the sys-
tem, by dissolution of Bi in sulfur chains. As Bi concen-
tration is increased atomic arrangements, as shown in
Figs. 10(b) and 10(c), are developed. Therefore, at large Bi
concentrations, clusters containing all three atoms (Ge, Bi,

©

FIG. 10. Possible bonding arrangement in Ge;Sgy_ Biy.
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and S) are preferred. Such substitution of the added Bi
atoms would considerably modify the glassy network as
supported by the observed pressure-induced effects in the
doped semiconductors presented in Sec. I1I.

It is of relevance to compare this feature of Bi dopants
in Ge-S glass with that of Sb dopants in Ge-S glass.'> In
the case of Sb-doped Ge-S, glass clusters of type (a) are
preferred at all Sb concentrations, thus forming SbS;
units. This quite different behavior in Ge-S glass of two
dopants Bi and Sb belonging to the same group of the
Periodic Table is quite interesting. Further, Bi dopants in
Ge-S changes the carrier sign from p type to n type
whereas Sb dopant does not reverse the carrier sign.

B. Defect centers

In this section we first present briefly the nature of de-
fects in Ge-S glasses. The presence of characteristic
negative-correlation-energy charged defects in a variety of
chalcogenide glasses is quite well established.’=2° A neg-
ative correlation energy U occurs when the reaction

2D° Dt 4D~

is exothermic where D+, D—, and D° represent the possi-
ble threefold coordinated C3, singly coordinated C[
charged defects, and singly coordinated neutral defect Cj,
respectively. The characteristic properties generated by
these defects are a pinned Fermi energy, diamagnetism,
trap-limited transport of the majority carrier, etc.?!
Departure from the ideal behavior may be caused either
by the presence of additional states in the gap or by the
primary defects in fact having a positive U. In S (Se) the
defects are C3 and C7. In the case of compound amor-
phous semiconductor- such as GeS,, the defect structure
becomes more complex because other types of defects
with similar properties are possible. Moreover, the effect
of ionicity'®?! on the defect structure introduces further
complications. The main consequence of ionicity is that
heteropolar bonding is the lowest-energy configuration,
and therefore the compounds are chemically ordered.
Following arguments of Street and Lucovsky in Ref. 21,
the alloy glass GeS; contains C{ (T;) and an equal num-
ber of C3(T;) defects. The lowest-energy C3 center is
bound to three Ge atoms in a configuration denoted by
CH(T;). Similarly the center Cy is bound to one Ge
atom in a configuration C; (7). C7(T;) is shown to be
unable to convert into C; (T;); hence it should have a
positive correlation energy U. On the other hand,
C7(T,) defect can convert into C3(T,C,), and has a
negative correlation energy. C;(T3) is an electron trap
and C{ (T,) is a hole-trap type of defect. The resulting
states in the gap are shown in Fig. 11. In this model the
doping by shallow donors and acceptors is possible. The
addition of donors immediately fills level A4, and the Fer-
mi level moves up to this energy. On the other hand, ac-
ceptors merely convert Ci (T;) into Ci (T,C,) and so
the Fermi energy is unchanged. Thus, there is pinning of
Er only in one direction. This particular aspect of ger-
manium chalcogenides makes them unique bulk glasses.
We take into account the above details of defects in ger-
manium chalcogenide glasses in discussing the effect of Bi
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dopants on these glasses. It has also been observed by
photoemmission studies'® that in amorphous Bi,S; films
Bi atoms are threefold coordinated. Moreover, the elec-
tronegativity (EN) of S with an (EN of 2.5) is greater than
that of Bi with an (EN of 2.0). Accordingly, a shift of
electron density from Bi to S is expected to occur. This
indicates that the Bi atoms in Bi,S; are positively charged
(Bi,*® S;7%). We propose that addition of Bi into
GeySgo_x Biy in smaller concentration leads mostly to the
formation of P§(C,) and Ci (P,) charged defects as in
As,Se;. Here “P” stands for pnictide (Bi belongs to this
category). Therefore positive and negative defects are
centered at Bi and S, respectively. Since Ge-S-Bi glasses
at low Bi content (< 11 at. %) exhibit p-type conduction,
addition of Bi into the system merely converts defects like
C7(T;) into C§ (T,C,) without changing the position of
the Fermi level. However, at large Bi concentration
(x >11 at. %) the dopant introduces network modifica-
tion and positive correlation energy defects like C{ (T;)
present in the parent Ge-S glass are converted into
T3 (C;) thus shifting the Fermi level towards the conduc-
tion band. This seems to be the unique property of Bi
dopants.

C. Electronic conduction

Electronic transport data presented in Sec. III can be
discussed on the basis of a thermally activated conduction
process in extended states and/or localized states of the
semiconductor. Temperature-dependent conductivity in
all the samples at various pressures is in good agreement
with exponential law giving one activation energy in the
whole temperature range.

The conduction takes place due to the electrons and/or
holes excited into the extended states in the conduction
and/or valence band near the mobility edge which is
represented by the equation of the form??

o=o0¢exp[—(E,—Er)/kgT] (2)

for electron conduction, where E, —E r=AE varies linear-
ly with the temperature as E, —E;=E(0)—yT. E(0) is
the energy distance between mobility edges at T=0 K.
Here

—E(0)

kT

e

g =00 €Xp k
B

exp

The value of og; for chalcogenide semiconductors is be-
tween 10 and 10° Q= 'cm™'. The value of the tempera-
ture dependence of the optical gap generally lies between
1x10~* and 8x10™* eV/deg. The value of y is about
half this value. Therefore, expy/(kg) lies in the range
10—100. A plot of log,goc and 1/T gives the slope
Ec ~Ef and Tp=00 eXp('}’/kB ).

We have utilized the above concepts to determine the
values of oy and AE which are included in Table I for
various compositions. Following Mott and Davis®} the
value of oy in the range 10>—10* Q@ 'ecm~! in chal-
cogenide glasses indicates that conduction is in the ex-
tended states. A smaller value of o, indicates the presence
of a wide range of localization and conduction by hopping
in the localized states. It is clear from Table I that large
values of o at lower pressures suggest the major contribu-
tion from extended state conduction. As the semiconduc-
tor is subjected to increasing pressures, the Fermi level
moves towards the mobility edge (towards conduction
band in case of n-type material) and an increasing number
of carriers become available in the localized states in the
band tails where the phonon-assisted hopping takes place.
This is illustrated by the very small values of the preex-
ponential factor o, at higher pressures in Fig. 8. Corre-
spondingly, the pressure and composition dependence of
AE as shown in Fig. 6 and 7, respectively, indicates that
the decrease of the energy gap increases the number of
carriers available for conduction. This should include two
contributions: (i) movement of the Fermi level towards
the mobility edge, and (ii) the pressure-induced decrease in
the energy gap of the semiconductor which is a molecular
solid having clusters instead of being a continuous ran-
dom network solid. It is known that** for less than
three-dimensional network materials, compression mainly
forces the molecular clusters closer together without af-
fecting nearest-neighbor distances. The fundamental ab-
sorption edge in molecular solids like germanium chal-
cogenide glasses red shifts strongly to lower energy with
increasing pressure.?* This aspect of the germanium chal-
cogenide glasses studied in the present investigation con-
tributes towards the electrical conduction.

An interesting aspect of our results is that around 30-
kbar pressure, where first transition takes place, the values
of parameters AE, 0, and o show a distinct change. Our
earlier results of x-ray diffraction established* that a
pressure-induced crystallization of x =11 and 15 compo-
sitions into Bi,S; (crystals) takes place around 33 kbar
along with a drop in the resistivity by about 6 orders of
magnitude. Figure 5 shows the temperature-dependent
conductivity of the composition x =15, clearly illustrat-
ing the effect of crystallization. Microcrystals of Bi,S;
are uniformly dispersed in the background glassy matrix.
The system becomes a fine ceramic glass. Nonappearance
of crystalline Bi,S; in x =4 composition is attributed to
the compactness of the glassy composition and the pres-
ence of a simpler structural unit in the glass. Presence of
microcrystals of Bi,S; in x =11 and 15 compositions at a
pressure of 25 kbar induces a much faster decrease of ac-
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FIG. 12. Composition dependence of the conductivity (at 300
K) at different pressures.

tivation energy AE with pressure, as shown in Fig. 6 for
the x =15 sample. Concentration dependence of the con-
ductivity o presented in Fig. 12 shows an interesting
feature that the conductivity keeps on increasing up to
x =11 at all pressures and then there is no further appre-
ciable increase in the composition x =15. This suggests
that chemical modification being induced by the added
impurity reaches completion at the x =11 value and the
system becomes ready for the reversal of carrier sign. An
interesting point to be noticed is the value of room-
temperature conductivity ¢ (300 K) in x =0, 4, 11, and 15
samples. The maximum pressure-dependent variations (8
orders of magnitude in the pressure range studied) in the
x =4 composition as compared to the x =0 sample indi-
cates the sensitiveness of the Bi impurity-induced defect
centers in the host network of GeySgg glass. Incorpora-
tion of Bi up to 4at. % leads to a relatively great change
in the optical-absorption edge.> At higher concentrations,
there is little change in the optical-absorption edge. This
is a clear indication of incorporation of Bi in creating tail
states for lower concentrations. At higher concentrations,
there is a good possibility of network modification. In
x =11 and 15 compositions, there is very little change in

o (300 k) up to 25-kbar pressure. Then after the first
phase transition, there is again very little change in o (300
K) up to 65-kbar pressure.

To attempt a more complete and quantitative interpre-
tation of our experimental results, the pressure depen-
dence of conductivity mobility and Hall mobility will be
needed.

V. CONCLUSIONS

In conclusion, we have undertaken a systematic study
of the electrical transport in Bismuth-doped n-type amor-
phous germanium sulfide semiconductors under high
pressure and at low temperature for the first time, which
has revealed the compositional dependence of the elec-
tronic conduction process in this class of doped semicon-
ductors. This material exhibits thermally activated elec-
tronic conduction at all pressures in all the compositions.
It is concluded that Bi-doped semiconductors form com-
plex molecular clusters at large Bi concentration, involv-
ing all three elements Ge, Bi, and S. There is remarkable
resemblance between the thermally activated electronic
conduction under high pressure, the x-ray diffraction
studies of pressure quenched compositions, and the results
of differential thermal analysis. It is proposed that the
n-type conduction in Bi-doped germanium chalcogenides
with large concentration of the dopant is due to the parti-
cipation of the Bi impurities in attacking the positive
correlation energy defects found in germanium chal-
cogenides which leads to the movement of the Fermi level
away from its pinned position towards the conduction-
band mobility edge. At lower impurity concentrations,
the added dopant influences only the negative correlation
energy defects.
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