Metal-insulator transition in a-GaSb:Cu
V. V. Brazhkin, S. V. Demishev, Yu. V. Kosichkin,A. G. Lyapin, N. E. Sluchanko,
S. V. Frolov, and M. S. Sharambeyan
Institute of General Physics, Russian Academy ofSciences; L. R Vereshchagin Institute ofHigh-Pressure
Physics, Russian Academy of Sciences

(Submitted 28 November 1991; resubmitted 14 February 1992)
Zh. Eksp. Teor. Fiz. 101,1908-1923 (June 1992)
The effect of a copper impurity on the structure and properties of bulk amorphous samples of
gallium antimonide synthesized by quenching from the melt at high pressure is investigated. The
structure of the a-GaSb:Cu samples and their crystallization temperature and heat of
crystallization are determined. It is found that the addition of copper during synthesis leads to a
progressive change in the structure of the samples as the copper concentrationx,, increases.
First, in the interval O<x,, ( 10 at.%, the residual crystalline inclusions and regions of
nonstoichiometric composition vanish, and then, forx,, > 10 at.%, the solubility limit of copper
in the amorphous matrix a-GaSb is reached, and the excess copper precipitates in the form of
inclusions of a crystalline intermetallide phase Ga,Cu,, which has a much lower conductivity
than the amorphous matrix. It is shown that these phase transformations induce a metal10 at.%, which is accompanied by a change in the
insulator transition in a-GaSb:Cu at x,,
electrical conductivity by a factor of lo", while at x,, =:32 at.% percolation via the Ga,Cu, phase
sets in, and the resistance of the system drops sharply (insulator-metal transition). The existence
of a Hall anomaly, consisting in the resonant increase in the Hall coefficient at the percolation
threshold, is observed; this can serve as experimental confirmation of the Shklovskii theory. It is
found that besides causing changes in the phase composition, doping also has a substantial effect
on the characteristics ofthe amorphous matrix a-GaSb. Based on an analysis of the concentration
dependence of the resistivity, mobility, and Hall and Seebeck coefficients, a model is proposed for
describing the mechanism of doping of the amorphous phase.

--

1. INTRODUCTION

Developments in the technique of synthesizing materials under pressure in the past decade have presented experimental solid state physicists with a multitude of new objects
of study, such as bulk semiconductors with tetrahedral
short-range coordination ( CdSb, ZnSb) ,' including diamond lattice A3B5semiconductors (GaSb).2s3Such objects
are of interest because they undergo a nontrivial sequence of
phase transitions as the external conditions (pressure, temperature) are changed: from a crystalline high-pressure
phase (metal), to an amorphous semiconductor, to a crystalline semiconductor. It thus becomes possible to study the
mechanisms of amorphization in these materials, which differ substantially from the normal glass-forming processes.
Two aspects should be particularly stressed in view of
their importance to experimental research on materials of
this class. First, amorphization of these materials is a process
in the course of which, by varying thep-Tparameters of the
transformation, one can obtain phase mixtures of a specified
composition, from a crystalline metastable high-pressure
phase to a completely disordered A3B5compound.
By controlling the composition of the mixture in these
materials one can study the details of the amorphization process and create greater opportunities for elucidating the behavior of physical objects consisting of a complex set of
phase mixtures.
Another aspect that substantially simplifies the problem of obtaining the necessary set of physical characteristics
1020
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of an amorphous material as an object of study is that amorphous materials synthesized under pressure are bulk materials, unlike the amorphous A3B' films obtained by deposition
on a substrate. It thus becomes possible to work with bulk
amorphous A3B5semiconductors and phase mixtures based
on them. By analogy with amorphous films, one can expect
that the addition of a "doping" element to the amorphous
matrix will afford additional possibilities for controlling the
physical parameters of pressure-synthesized amorphous
materials. While at relatively low impurity concentrations
(of a few atomic percent) one can speak of doping in a proper sense and of the resulting changes in the electronic properties, as the impurity concentration is increased the impurity
begins to play the role of a structure-forming element. The
best-known example of this is amorphous hydrogenated silicon a-Si:H, in which the hydrogen concentration can reach
60 at.%., With systems of this kind (and, in particular, aSi:H) it is unclear from a fundamental standpoint whether
to regard them as amorphous solid solutions or as multiphase s y s t e m ~ . ~
As far as we know, the problem of doping amorphous
semiconductors synthesized by quenching under pressure
has never been studied. In this paper we consider the effect of
a group-I impurity element (copper) on the structure and
properties of bulk samples of amorphous gallium antimonide2.' over a wide range of impurity concentrations. The general techniques and conditions for synthesis of the samples
and the methods of investigating their physical properties
have been described in detail in our previous article.'
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FIG. 2 . Dependence on the synthesis temperature T,,, of the resistivity
measured at various temperatures [ T = 4.2 ( I ) , 100 ( 2 ) ,and 300 K (311
and of the activation energy of the resistivity for a-GaSb samples.
FIG. 1. a: ThepTphase diagram of GaSb and the scheme used to synthesize a-GaSb samples by temperature quenching at high pressure; b,c: schematic picture of the phase structure of a-GaSb samples obtained under
various conditions, according to the data of Ref. 5: 1) amorphous matrix
a-GaSb; 2) crystalline phase c-GaSb; 3 ) nonstoichiometric amorphous
phase Ga, Sb, - ,.

2. SYNTHESISSCHEME AND THE METAL-INSULATOR
TRANSITION IN a-GaSb: Cu

The scheme which we used to synthesize the a-GaSb:Cu
samples in this study (Fig. 1) is analogous to that used for
obtaining stoichiometric amorphous samples of a-GaSb. In
the case of a stoichiometric composition the initial crystalline sample of GaSb is first subjected to high pressure (above
the pressure of the phase transition GaSb I -+ 11) and high
temperature (point A on thepTphase diagram) and is then
quenched to room temperature (point B ) . After the pressure
is removed (point C ) the high-pressure phase GaSb 11,
which has the fl-Sn structure and is metastable under normal conditions, goes over to an amorphous phase with tetrahedral coordination of the bonds and a short-range ordered
structure that corresponds to the semiconducting phase
GaSb I (Ref. 5).
It was found previously5that the structure and properties of the a-GaSb samples thus obtained depend in a complicated way on the synthesis conditions, even in the case of
pure gallium antimonide. Therefore, before turning to a description of how the copper introduced during synthesis affects the physical properties of a-GaSb, let us discuss the
known results for the undoped case.
According to Ref. 5, the most important parameter determining the properties of a-GaSb samples is the synthesis
temperature T,,, . If the parameter T,,, is less than a certain
critical value T;, (T$, 800 "C atp = 90 kbar), the structure of the a-GaSb samples consists of an amorphous matrix
a-GaSb containing inclusions of the crystalline phase cGaSb. The fraction of c-GaSb by volume is small and can be
estimated as n, -5-lo%, the value of n, increasing with
T,,, (Ref. 5).
Since there is no percolation via the crystalline phase,
the electrical conductivity of the system is determined by
1021
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that of the amorphous matrix, which has an activational
temperature dependence. The activation energy E, of the
resistivity in the region T,,, < T$, is practically independent of T,,, (Fig. 2) and has the value E, ~ 0 . 1 eV
8 (Ref. 5).
When the synthesis temperature exceeds the critical
value T$, the nature of the temperature dependence of the
resistivity p ( T ) changes substantially: the activational behaviorp a exp(Ea/kT) goes over to a quasi-metallic behavior p ( T) z const, and in the temperature range 2< T<10 K
the a-GaSb samples exhibit a diffuse superconducting trans it ion.^ From thep( T,,, ) data measured at various temperatures (Fig. 2) it is seen that the value of p measured at
T = 4.2 K can change by a factor of lo8-lo9 at the metalinsulator transition induced by a change in T,,, .
According to Ref. 5, the metal-insulator transition in
a-GaSb is due to the appearance of metallic superconducting
inclusions of nonstoichiometric composition, with a characteristic dimension of -200 A, in the a-GaSb matrix in addition to the crystalline clusters of c-GaSb. The formation of
these metallic inclusions of a-GaSb at high synthesis temperatures T,,, > 800 "C (see Fig. 1) is apparently due to dissociation of the components in the GaSb melt as the temperature of the melt increases6 Cooling of such a melt with
subsequent removal of the pressure leads to quenching of
nonstoichiometric inclusions of Ga, Sb, - ,,which have metallic conductivity, in the volume of the semiconducting
amorphous phase. Lowering the synthesis temperature to
T,,, < 800 "C (the insulator side of the metal-insulator transition) prevents dissociation of the GaSb melt, so that the
"network" of metallic channels in the a-GaSb does not
form.5
Analysis of the superconducting properties of a-GaSb
shows that the concentration of the Ga, Sb, - ,is not more
, ~that in order to bring about a resistive
than a few p e r ~ e n tso
transition (p = 0 ) the superconducting phase must be limited to filamentary structures which, together with the inclusions of the crystalline phase, shunt the high-resistivity
amorphous matrix (for T,,,> 800 "Cthe content of the crystalline phase reaches x, 15-1 7% ).

-
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The structure of the a-GaSb samples synthesized at
Tsyn> 800 "C and Tsyn< 800 "C are shown schematically in
Fig. 1.
To ensure a uniform distribution of copper in the
a-GaSb:Cu samples in the synthesis scheme used (Fig. 1) it
was necessary to heat the samples to temperatures above
T,*,, . In this case the samples of the system a-GaSb:Cu with
zero copper content, x,, = 0, have the structure shown
schematically in Fig. lb and possess superconducting properties due to the presence of the Ga, Sb, -,phase.
Now let us consider the evolution of the phase composition of a-GaSb:Cu samples as x,, is increased and the resulting changes in the physical properties of this complex multiphase system. All the samples were synthesized under the
= 90 kbar, Tsyn= 1100 "C, while the
same conditions, PSyn
7
copper content varied in the range O<x,, ~ 4 at.%.
It was found that increasing the copper concentration
x,, leads to a substantial change in the conductivity of the
a-GaSb:Cu samples (Fig. 3). Initially, for concentrations in
the region x,, -13 at.%, the superconductivity is inhibited
(curves 1 and 2 in Fig. 3), with the resistivity in the region
T > 10 K remaining practically unchanged, and then p begins to increase as x,, is increased further (curve 3-6 in Fig.
3), and in the region x,, =: 10 at.% the quasi-metallic behavior p ( T) z const gives way to an activational dependence,
with an activation energy E, -10.17-0.19 eV. Note that this
value of E, is in good agreement with the data previously
obtained5 for an undoped sample of a-GaSb synthesized at
Tsyn < T,*,n.
The growth trend of p(x,, ) continues all the way to
values x,, =:27 at.% (curve 6 in Fig. 3 ), after which the
resistivity of the a-GaSb:Cu system decreases sharply
(curves 7and 8 in Fig. 3), and in the region x,, -150 at.% it
stabilizes at a level p z 2 x l o p 3 fl.cm. Then the semiconductor behavior ofp ( T) again gives way to a metallic behavior.
Interestingly, the increase in p as the copper content is
changed is by a factor of lo6, which is about two orders of
magnitude smaller than in the case of the metal-insulator
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FIG. 3. Temperature dependence of the resistivity of a-GaSb:Cu samples
with various compositions x, : I ) x, = 0 (undoped sample,
T,,, > T , * , , ) ; 2 ) 3at.%;3) 11at.%;4) 14at.%;5) 18at.%;6) 27at.%;
7) 31 at.%; 8 ) 47 at.%. The curveofp(T) for an undoped a-GaSb sample
obtained at T,,, < T;, is shown for comparison (curve 9 ) .
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transition occurring in a-GaSb due to a change in Tsyn (see
Fig. 3; curve 9 corresponds to an undoped a-GaSb sample
obtained at Tsyn< T,*,, ).
Thus the changes in x,, in a-GaSb:Cu induce first a
metal-insulator transition and then an insulator-metal transition. To explain the nature of such a transformation of the
electronic properties of a-GaSb:Cu requires examination of
the structural analysis data.
3. STRUCTURE OFTHEa-GaSb:Cu SAMPLES

Let us first analyze the data from x-ray structure measurements. Figure 4 shows the scattering structure factors
a(s) obtained by isolating the coherent part ofthe x-ray scattering intensity curves I(s) for several of a series of
a-GaSb:Cu samples. It is seen that the samples with low copper content (x,, < 15 at. % ), like the undoped a-GaSb, retain a small amount of the crystalline phase of GaSb. An
estimate of the concentration nc of the external phase in
samples of the a-GaSb:Cu system by the correlation technique for analysis of the composition of phase mixtures5 gave
a value n, -115%, in agreement with the data for undoped
a-GaSb. The significant broadening of the peaks corresponding to the GaSb crystal for samples in this range of
concentrations x,, (curves I, lines a in Fig. 4) in comparison with the scattering from an unstressed single crystal indicates that the crystallites are small, 100-300 b;.
Increasing the copper concentration further leads to the
following changes in the structure of the a-GaSb:Cu samples. In the region x,, -110 at.% the crystalline lines of
c-GaSb (the set of a lines in Fig. 4) disappear, and a new line
appears in the neighborhood o f s z 3 b; (curves2 and 3, line b
in Fig. 4), corresponding to inclusions of a new crystalline
phase that is different from c-GaSb.
Increasing x,, in the range x,, > 10 at.% leads to sharp
growth in the amplitude of the new line, and for x,, >20
at.% various ancillary lines begin to appear in addition to
the main intensity peak at s-13 b; (curve 3 in Fig. 4). This
circumstance has permitted identification of the new phase:
this set of lines in the region x,, > 10 at.% corresponds to
inclusions of the intermetallide Ga,Cu, (Ref. 7).
We see from Fig. 4 that in addition to the contribution
from inclusions of Ga,Cu,, the structure factors a (s) exhibit
broad maxima corresponding to the amorphous phase
a-GaSb over the entire investigated range of concentrations
x,,. Let us now discuss how doping with copper influences
the structure of the a-GaSb itself.
For the a ( s ) spectra (Fig. 4) we isolated the contributions corresponding to the amorphous phase a-GaSb, which
were then used to calculate the radial distribution functions
of the atomic density and to estimate the correlation length
L C .The radial distribution functions ofa-GaSb:Cu were calculated by the usual approach for multicomponent systems.'
The coordinate of the first peak of the radial distribution
functions for samples of the system a-GaSb:Cu,
R ,= 3.17 f 0.1 b;, remained unchanged to within the experimental accuracy as the copper content was varied. The
behavior of the coordination number z,(x,, ) calculated
from the radial distribution functions is plotted by curve I in
Fig. 5a. The parameter z,, which corresponds to the number
of nearest neighbors in the structure a-GaSb:Cu, initially
decreases smoothly from 3.71 (x,, = 0 ) to 3.66 (x,, -117

-
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FIG. 4. Structure factor for x-ray scattering (CuK, line,
/i = 1.5418 A ) for a-GaSb samples with various Cu contents: I )
x,, = 7 at.%; 2 ) 11 at.%; 3) 27 at.%; s = (4n-//i)sinO. a: the crystalline lines of c-GaSb; b: the lines of Ga,Cu,.

at.%), and then at xcu > 17 at.% it falls to 3.61 and stabilizes
near this value for copper concentrations xcu 220 at.%. In
calculating the radial distribution functions we used the densities of the a-GaSb:Cu samples given in Fig. 5c. It is seen
that the region of smooth decrease in the coordination number corresponds to concentrations xcu < 20 at.%, where the
pycnometric density of the samples remained unchanged
(pz5.56 g/cm3).
Note that this anomaly in z, (xcu ) is evidently not due
to the appearance of Ga,Cu, inclusions in the volume of the
sample, since the decrease in the relative amplitude I ( s ) for
the first amorphous peak, due to inclusions, in the structure

4 0

10

20

30k- 1 4
0

"cu at.OO/

10

20

30

xCu.
at.%

FIG. 5. Concentration dependence of: a ) the coordination number z , ( I )
and the amplitude of the first peak for a-GaSb:Cu (2); b ) the correlation
length L C ;c) the pycnometric density p,; d ) the microhardness u of
a-GaSb:Cu samples (the dark triangle corresponds to a sample obtained
at T,,, < T;,, having the minimum content of the crystalline phase).
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factor a ( s ) begins at x, ,-- 10 at. % (curve 2 in Fig. 5a) and
not at xcu z 17 at.%, as in the case of z, (xcu ) (curve I in
Fig. 5a).
Another important characteristic of the amorphous
phase of a-GaSb:Cu is the correlation length L C ,which characterizes the spatial dimensions of the regions in which the
short-range order of the structure is preserved. The parameter LC was calculated by the formula9
L,=0,9h/A (20)cos Oo,

where il is the wavelength of the x rays and 8, and A (28) are
the coordinate and half-width (at the half amplitude level)
of the first amorphous peak. The estimates thus obtained
indicate that the average size of the coherent-scattering regions of the amorphous matrix for the a-GaSb:Cu phase falls
off linearly with increasing xcu over the entire range of investigated concentrations (Fig. 3b). We note that
LC(xCu= 0) ~ 6 . A,
1 which is close to twice the lattice constant of gallium antimonide.
Thus the x-ray structure data suggest the following picture of phase transformations in the a-GaSb:Cu system and
the resulting morphological changes in the samples. Initially
(xCu< 10 at.%) the introduction of copper causes the crystalline inclusions in the a-GaSb matrix to disappear. It can
be assumed that in this stage the copper, being incorporated
into the GaSb lattice, plays the role of an "amorphizer," i.e.,
an agent that facilitates the disordering of the gallium antimonide structure. Indeed, if the copper atoms are regarded
as defects of the disordered a-GaSb lattice, one would expect
that they will cause additional distortion of the bond lengths
and angles, i.e., additional disordering of the system. Such
behavior can be manifested in changes in the short-range
order (in the average coordination number z,) and in the
intermediate order (the correlation length LC), as is indeed
observed experimentally (Fig. 5a,b).
In the region xcu > 10 at. % a qualitative rearrangement
of the phase state of the a-GaSb:Cu samples occurs: the
Brazhkin eta/.
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c-GaSb inclusions vanish and inclusions of the intermetallide Ga4Cu9appear in their place. Most likely the "solubility
limit" of copper in the amorphous phase a-GaSb is reached
at x,, =: 10 at.%, and the excess copper begins to bind gallium and to precipitate in the form of Ga4Cu9inclusions. As
x,, further increases the fraction of the sample volume occupied by the Ga4Cu9phase increases, but no other qualitative morphological changes occur in the system, according
to the x-ray structure data.
It must be emphasized that changes in the characteristics of the amorphous phase a-GaSb:Cu itself occur over the
entire range of x,, investigated (Fig. 5a,b), although these
changes should apparently be qualitatively different above
the "solubility limit" than in the case x,, (10 at.%. While
for x,, (10 at.% the copper is incorporated into the disordered lattice of a-GaSb, for x,, > 10 at.% the formation of
inclusions of the Ga4Cu9phase begins to dominate. From
the standpoint of the amorphous matrix, the removal from it
of the gallium atoms used in the formation of Ga4Cu9will
give rise to vacancies in the gallium sublattice while the concentration of copper atoms in the amorphous phase
a-GaSb:Cu remains constant. It is natural to suppose that
this mechanism of defect formation will give rise to a large
number of broken bonds, and this is manifested in the decreasing trend of the coordination numberz,. We note that if
the vacancy concentration exceeds a certain limit, then one
would expect relaxation of the short-range structure of the
disordered lattice, with a sharp increase in the first coordination number. We assume that it is just such a process that is
responsible for the sharp change in z, at x,, =: 17 at.%
(curve I in Fig. 5a).
The above picture of the phase transformations in the
a-GaSb:Cu samples is also confirmed by a study of the concentration dependence of the microhardness u(x,, ) (Fig.
5d). It is seen that ~ ( x , , ) has a jump at x,, z 10 at.% and
then increases monotonically. In the region x,, > 10 at.%
the growth of the microhardness is naturally attributed to
the appearance of harder and denser metallic inclusions in
the volume of the sample. We note that the region of smooth
growth of u(x,, ) correlates well with the region in which
the density of the a-GaSb:Cu samples grows (Fig. 5c).
The jump in u(x,, at x,, =: 10 at.% can be attributed
to the vanishing of the crystalline inclusions c-GaSb and the
associated interphase boundaries, which can play the role of
"weak links" that limit the strength characteristics of multiphase systems.lo
If this hypothesis is correct, the amplitude of the jump
in u in the system a-GaSb:Cu should correspond to the
change in microhardness as the crystalline gallium antimonide content varies in the case x,, = 0. It is seen from Fig. 5d
that the value of u for an a-GaSb sample with x,, = 0 that
was obtained at T,,, < T ; , and contains the minimum crystalline phase content, on the order of a few percent (the solid
triangle in Fig. 5d), lies practically on the extrapolation of
the curve of u(x,, > 10 at.%) tox,, = 0 (the dashed line in
Fig. 5d). We note that the initial crystalline fraction in the
a-GaSb:Cu samples is z 15%.
Thus the set of experimental data in Fig. 5 confirms the
above model of the change in the structure and phase composition of a-GaSb:Cu samples on doping with copper. However, these data give no information about the effect of impurity copper on the nonstoichiometric amorphous phase
1024
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FIG. 6 . Differential thermal analysis (DTA) data for samples of a-GaSb
and a-GaSb:Cu. The AT(7') curves for: I ) a-GaSb, T,,, > TG,; 2)
a-GaSb, T,,, < T$,; 3 ) a-GaSb:Cu, x,, = 31 at.% (T,,, > T:, ). The
temperature scanning rate was 10 deg/min.

Ga,Sb, -,(see Fig. l a ) , since the concentration of this
phase is too small to be detected by the x-ray structural analysis techniques at our disposal.'
To elucidate this question we performed differential
thermal analysis (DTA) on a-GaSb:Cu samples and also on
samples of a-GaSb with x,, = 0, obtained at T,,, > T,*,,
and T,,, < T;, . The experimental data on AT( T) are
shown in Fig. 6.
Let us first discuss the substantial difference in the
shapes of the DTA curves for the undoped samples of
a-GaSb obtained at T,,, > T;,
(curve I in Fig. 6) and
T,,, < T;, (curve 2). When the synthesis temperature exceeds the critical value T$, there is not only a broadening of
the main heat-release peak, with a shift to lower temperatures, but also an additional maximum appearing in the vicinity of T z 300 "C. Since the only qualitative difference in
the structure of the a-GaSb samples obtained at T,,, > T,*,,
and T,,, < T ,*, is the presence of a nonstoichiometric phase
Ga, Sb, - ,(see Ref. 5 and also Fig. I ) , these features of the
DTA curves can be used to identify the presence of this
phase in a-GaSb samples.
Interestingly, the nonstoichiometric inclusions give
contributions in two different temperature intervals. This is
an indicator of the presence of dispersion of the structural
properties of the Ga, Sb, - ,phase, whose properties can be
different for x > 0.5 (excess gallium) and x < 0.5 (excess antimony), for example.
Let us now discuss the effect of impurity copper on the
DTA data. It was found that the introduction of even small
amounts of copper (x,, =;3 at. % ) leads to a decrease in the
width of the main heat-release peak. In this same range of
concentrations the feature in ATat T=. 300 "C is completely
suppressed.
Brazhkin et a/.
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The evolution of the DTA curves as the concentration
xcu is increased further consists in a shift in the absolute
maximum of the heat release to higher temperatures at a rate
of about 0.4 deg/at.% relative to the initial value
T(x = 0 ) ~ 2 0 "C.
0 The width of the heat-release zone
(AT=:60 "C) and the heat of crystallization (AH=: 12.5
kJ/mole) remain unchanged.
Consequently, the nonstoichiometric phase Ga, Sbl - ,
does not form even in the region xcu >3 at.%; this is exhibited in an effective suppression of superconductivity in the
a-GaSb:Cu system (Fig. 3).
The microscopic mechanism of this suppression remains unclear. Possibly it is a manifestation of processes in
which the copper binds excess gallium (inclusions of
Ga,Sb, _,
with x > 0.5), similar to those discussed above
for the region xcu > 10 at.% and which led to the formation
of intermetallic phases. However, it cannot be concluded
that the introduction of copper in the synthesis stage has a
radical effect on the structure of the GaSb melt, so that the
congruent nature of the melting (without dissociation of the
components) is maintained up to T,,, z 1100 "C, and nonstoichiometric inclusions of Ga,Sb, -,do not form as the
melt is quenched. The detailed investigation of this problem
is a subject for further studies.
4. EFFECT OF A COPPER IMPURITY ON THE
GALVANOMAGNETIC AND THERMOELECTRICPROPERTIES
OFa-GaSb

Using the data on the structure of the a-GaSb:Cu samples obtained in the preceding section, we can now turn to an
analysis of the effect of impurity copper on the electrophysical, galvanomagnetic, and thermoelectric phenomena, including identification of the causes of the metal-insulator
and insulator-metal transitions in this system. With this
goal, let us consider the concentration dependence of the
resistivity p (xcu ), Hall coefficient R , (xcu ), Hall mobility
pH (xCu), and Seebeck coefficient S(xcu ) (Fig. 7).
First of all let us delineate the characteristic intervals of
the parameter xcu in which the structure or physical properties of a-GaSb:Cu samples change: region I (O<xcu <10
at.%), region I1 (lOgxcu g32 at.%), and region I11
(xCu232 at.%) (see Fig. 7). The transition from region I to
region I1 is characterized by a change in the structure of the
samples: the two-phase mixture of amorphous and crystalline phases GaSb I goes over to a different two-component
mixture in which inclusions of the intermetallide Ga4Cu9
exist in an a-GaSb:Cu matrix.
The boundary between regions I1 and I11 is identified by
the sharp change in the resistivity (Fig. 7a), corresponding
to an insulator-metal transition. The structure of the samples in regions I1 and I11 is not qualitatively different (see
Sec. 3).
Since the fraction of the sample volume that is occupied
by the metallic phase Ga4Cu9in regions I1 and I11 increases
with increasing xcu , it is natural to attribute the insulatormetal transition to the onset of percolation via the system of
metallic inclusions of Ga4Cu9, whose resistivity p, is substantially smaller than the resistivity p, of the amorphous
matrix of a-GaSb:Cu.
It is also easy to interpret the metal-insulator transition
(the transition from region I to region 11), at which the in1025
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FIG. 7. Concentration dependence of: a ) the resistivity p ( T , x c , )
( T = 4.2 K, curve I; T = 300 K , curve 2);b) the Hall coefficient R, (x,, ,
300 K ) ; c ) the Hall mobility p, (x,, ,300 K ) ; d ) the Seebeck coefficient
S ( x c , , 300 K ) for a-GaSb:Cu samples. In part b the solid curve is a model
calculation by formula ( 3 ) in the framework of the Shklovskii theory, and
the dashed curve is the change in R, as a result of doping of the amorphous matrix.

clusions of the low-resistivity nonstoichiometric amorphous
phase Ga,Sb, -,with x > 0 . 5 first vanish and then, for
x,, =: 10 at.%, the crystalline inclusions also vanish as the
copper concentration increases. As a result, the low-resistivity channels that shunt the conductivity of the amorphous
matrix in samples obtained at T,,, > T,*,, (Ref. 5) do not
form, the resistivity increases, and the p ( T) curves take on
the semiconductor behavior that is characteristic of conduction through the amorphous phase a-GaSb (Fig. 3). The
superconducting properties of the samples are suppressed
even at extremely low concentrations xcu in region I. It is
clear from Fig. 7a that the boundary between regions I and
11, which corresponds to a change in the structure of the
system, exactly coincides with the metal-insulator transition point (see curves I and 2 ) .
The most complex behavior of the a-GaSb:Cu samples
occurs in region 11, where percolation via the Ga4Cu9phase
Brazhkin et a/.
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is absent and there exists a rather wide interval of concentra0 in which the shunting effect of the
tions 10<xcu ~ 2 at.%
metallic inclusions is small and the change of the physical
properties of the system is determined mainly by the properties of the amorphous phase a-GaSb:Cu itself. The situation
here is complicated by the fact that these properties change
in region 11, i.e., it is necessary to take into account jointly
the effect of the metallic inclusions and of the change in the
properties of the insulating amorphous matrix.
It follows from Fig. 7a that p(x,, ) grows strongly (by
four orders of magnitude at liquid helium temperature and
by two orders of magnitude at room temperature) in region
11. We note that if the resistance of the amorphous phasep,
remained constant, then the resistivity in this region would
not increase with increasingx,, but would fall off because of
the shunting effect of the metallic inclusions withp, gp, .
Let us consider the behavior of the Hall coefficient R,
in this system (Fig. 7b). Studies made for T = 300 K in the
field interval H< 150 kOe have shown that the field dependence of the Hall voltage is linear in the accessible range of
magnetic fields. It was found that the sign of R, corresponds
to p-type conductivity throughout the investigated concentration range x,, >0, in agreement with the data obtained
previously5~" for undoped samples of a-GaSb.
Note that the concentration dependence R, (x,, ) has a
complicated nonmonotonic form: R, (x,, ) initially decreases in the region x,, ~ 2 at.%,
0
and then it begins to
increase, reaching a maximum at the boundary between regions I1 and I11 (the point of the insulator-metal transition,
the threshold for percolation via the metallic phase
Ga4Cu,). As x,, increases further the Hall coefficient
R, (x,, ) decreases (Fig. 7b).
The data on p(x,, ) and R, (x,, ) (Fig. 7a,b) for
T = 300 K can be used to calculate the values of the Hall
mobility p, (Fig. 7c). We see that p, decreases by more
than four orders of magnitude in the region OGX,, ~ 2 at.0 %,
reaching a minimum pH=: 10 - 4 cm2/V.s at x,, =:20 at.%,
and then it increases to a value p, =: 10 cm2/V-s.
The concentration dependence of the Seebeck coefficient S(x,, ) is shown in Fig. 7d. The S(x,, ) curve practically reiterates the behavior of the resistivity curve p(x,, ),
except that the Seebeck coefficient changes in region I1 by a
factor of two, S(x,, = 25 at.%)/S(x,, = 0 ) = 2, rather
than two orders of magnitude as in the case of the conductivity of the system. The sign of S(x,, ) is that of ap-type material.
Let us now consider the experimental results, including
the anomalous behavior of the Hall coefficient and the data
on the thermo-emf, from the standpoint of the existing theoretical ideas. It is clear that for x,, > 10 at.% (regions I1 and
111) the problem must be treated in a model of an insulating
medium containing metallic inclusions. Here, by virtue of
the condition p, ,p,, which follows from the data in Fig.
7a, the metallic inclusions can to first approximation be
treated as ideally conducting.
The conductivity and the Hall coefficient of such a twocomponent medium were considered by Shklovskii,I2 and
the behavior of the thermo-emf was studied by SkalI3 and
Balagurov.I4 Let us assume that the fraction of the volume
occupied by the metallic phase, n,, for a-GaSb:Cu is proportional to x,, : n, = ax,, . Then, following Refs. 12-14,
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we write the expressions for the effective resistivity and Hall
coefficient as
pzpd~~.

RH ( L C , , ) = R , T ~ ~ + R(ax,)-v.
,
(TP+72)-%,/2

(2)

w h e r e r = l - x , - , / x , , a = R , ( ~ , ) / R , ( 0 ) , a n d x , isthe
threshold for percolation via the metallic phase. The parameter y determines the size of the critical region A around x,
(the "smearing" region) : A = x, / y . The quantities R, ( 0 )
and R, (x, ) are expressed in terms of the Hall coefficients
R, and R, of the metal and insulator and the constant a :

As far as we know, the critical exponents q and v3 have not
been determined experimentally and are not known exactly;
a theoretical estimate'' for the three-dimensional case gives
q=: 1, ~ ~ ~ 0 . 8 .
The critical behavior of the Seebeck coefficient depends
on the ratio between the thermal conductivities x, and x, of
the metal and insulator, respectively. If x, $x,, then
S(x,, ) coincides with S, almost all the way to x,, and in a
narrow neighborhood of x, it decreases discontinuously to
Sm(Smand S, are the thermo-emf of the metal and insulator, respectively). In the case x,
x,, the Seebeck coefficient exhibits critical behavior analogous to that of the electrical conductivity: l 3 ? l 4

-

It follows from Eq. ( 3 ) that under certain conditions
R, (x,, ) can have a maximum in the neighborhood of the
mobility threshold. However, when comparing Eqs. (2)( 4 ) with experiment it is necessary to keep in mind that in
the case of a-GaSb:Cu the parameters pd, R,, and S, will
also depend on x,, . For simple estimates we can assume that
R, = const and S, = const. In addition, it follows from
Fig. 7d that S, %S, holds for a-GaSb:Cu.
It is seen from formulas (2)-(4) that the dependence of
the properties of the amorphous matrix a-GaSb:Cu on the
copper content has different effects on the behavior of each
of the physical quantities describing the system as a whole.
The effect is most important in the case of the resistivity p
and the Seebeck coefficient S, while in the expression for the
Hall coefficient the term containing R, falls off rapidly (as
72q ) as the mobility threshold is approached, and in the percolation region the Hall effect is determined by R, [see Eq.
( 3 ) 1. Therefore, in modeling the concentration dependence
of R, (x,, ) one can to first approximation set R, =:const.
One aspect of the calculation in this approximation is that it
takes into account only the effect of the inclusions, and
therefore the effect of doping of the amorphous phase aGaSb:Cu can be inferred from the deviation of the experimental points from the theoretical dependence (3).
In order to approximate the experimental data by the
formula ( 3 ) in the light of these assumptions, it is necessary
to know two parameters, a and y, and the first of these can be
estimated directly from the amplitude of the maximum in
R,; for a-GaSb:Cu we get a =:2.5. Therefore, the only adjusBrazhkin et a/.
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table parameter is y, and the best agreement between the
model and experiment is achieved for y~ 10 ( A zO. lx, ). It
is seen from Fig. 6b (the solid line is the calculation, the
points are experimental) that the Shklovskii model12 correctly conveys the shape of the RH(x, ) curve over the entire
investigated range of copper concentrations, including the
presence of a maximum in the Hall coefficient at the percolation threshold.
At the same time, it must be noted that the Hall coefficient falls off more strongly in the region xcu (20 at.% than
is implied by the approximation (3). This behavior agrees
with the model of defect formation in a-GaSb:Cu that was
proposed in the preceding section. Indeed, in this region xcu
the concentration of Ga4Cu9inclusions is low, their presence
does not have a noticeable shunting effect on the characteristics of the system, and the concentration dependence
R, (x,, ) reflects the change in the carrier concentration.
According to the assumptions made, the formation of the
Ga,Cu9 phase is accompanied by the generation of defects of
the vacancy type. It is knownI5that in GaSb, vacancies act as
a source ofp-type carriers, with the result that the hole concentration grows and R, (x,, ) decreases as xcu increases.
Consequently, the experimental points of R, (xcu ) for
xcu (20 at.% lie below the theoretical curve (Fig. 7b).
Let us now return to discussion of the concentration
dependence p(xcu ) in region 11. Our analysis shows that
p(x,, ) increases in spite of the increase in the carrier concentration and the shunting effect of inclusions with metallic
conductivity. To explain the reasons for this increase in the
resistivity, let us examine the behavior of the mobility
P f f (XCU 1.
As expected, in region 11, up to xcu ~ 2 at.%,
0 the Hall
mobility decreases strongly (by three orders of magnitude).
Since the shunting effect of the metallic inclusions is not very
large, we hypothesize that this decrease reflects a change in
the nature of the scattering in the amorphous phase
a-GaSb:Cu. In the percolation region xcu 220 at.% the effective mobility increases on account of the gradual transition to conduction via the intermetallic phase Ga4Cu9.We
note that for xcu > x, , after an infinite cluster of crystalline
inclusions of Ga4Cu9has already formed, the values of the
mobility pHz 10 cm2/V.s remain rather low, apparently indicating that the Ga4Cu9 phase is strongly saturated with
defects.
Let us consider the causes of the decrease in mobility
and growth ofp. The x-ray structure data (Fig. 4a,b) imply
that the following changes in the structural properties of the
amorphous phase a-GaSb:Cu occur in region 11: the coordination number z, and the correlation length LC decrease.
The change in z, can be interpreted as a change in the number of defects of the amorphous lattice, i.e., in the number of
scattering centers for current carriers, and a decrease in z,
corresponds to an increase in the number of scatterers. At
the same time, the correlation length LC characterizes not
only the spatial position of the atoms but also determines the
spatial scale of the fluctuations of various physical properties in the amorphous medium, particularly of the random
potential in which the charge carriers move. Therefore, the
decrease in LC means that the random potential becomes
"choppier," and this also enhances the scattering.
Thus the scattering on both localized defects and poten1027
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tial fluctuations should become stronger as xcu increases;
this apparently accounts for the growth in the resistivity of
the amorphous matrix. Unfortunately, the data obtained in
the present study are insufficient to identify which of the
mobility-limiting mechanisms is dominant in a-GaSb:Cu.
This question will be the subject of further study.
We conclude this section with an analysis of the relationship between the function p (xcu ) and S(x,, ). According to Ref. 16, if the mobility of the amorphous semiconductor is governed by activation to the mobility threshold, the
quantitiesp, and S, are connected by the relation

where e is the electron charge, k is Boltzmann's constant,
amin
= 0.026 e2/W is the minimum metallic conductivity,

and L is the characteristic length over which the "memory"
of the phase of the wave function of the charge carrier is lost.
It is clear that this conductivity mechanism can occur in
samples with the minimum values of the mobility, when the
p ( T ) curves exhibit distinct activational segments. To be
specific, let us consider a sample with xcu = 27 at.%, for
which p( 300 K ) z 100 a - c m . Using Eq. ( 2 ) , we easily find
0
that in this casep, ~ 6 4 fl-cm.
If the value ofS, is known, then we can easily obtain an
estimate of amin
using Eq. (5). Since the relation between S
and S, depends on the relationship between the thermal conductivities x, and x,, let us examine the existing possibilities. If x, <x, and S z S , , Eq. (5) gives amin
z 2x
(fl.cm)-', which corresponds to lengths L z 3 x 10 - 3 cm,
which are scarcely possible in an amorphous semiconductor
at the mobility edge. In the limit x, -x, Eq. (4) can be used
to calculate S, . For S, )S, and SZ 120pV/deg (Fig. 7d),
this gives S, ~ 7 7 0
pV/deg. Using this value, we find
amin
~ 4 . (3n . c m ) -' and L z 140 A. The latter estimate of
amin
agrees with the value of the pre-exponential factor in
the activation law for the resistivity p =p,exp(E, /kT) : according to the data of Fig. 3, in the investigated region of
concentrations we have p, ' -amin 2.3-5.5 (fl.cm) - '.
Thus we see that the effect of the metallic inclusions in
a-GaSb:Cu is described by the same percolation law for p
and S, the situation corresponding to the case x, x, . This
circumstance, together with relation (5), which is in good
agreement with the experimental data, is responsible for the
similarity in the behavior of the concentrations p(xcu ) and
S(xcu1.

-

-

5. CONCLUSION

We have thus determined the sequence of phase transformations arising in bulk samples of amorphous gallium
antimonide as a result of the introduction of a copper impurity. If the copper concentration is not too high (x,, (10
at. % ) a sort of "preamorphization" of a-GaSb occurs, culminating in the disappearance of crystalline inclusions and
inclusions of the amorphous nonstoichiometric phase
Ga,Sb, - ,in the volume of the sample. The solubility limit
of copper in the amorphous matrix a-GaSb is reached at
concentrations x,, ,--10 at. %, and the excess copper begins
to form inclusions of the intermetallide Ga4Cu9,which have
a substantially higher conductivity than a-GaSb:Cu. As x,,
increases, the concentration of these inclusions increases,
Brazhkin eta1
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and at x,
32 at. % the inclusions form an infinite cluster.
This sequence of structural changes in the samples determines the nature of the changes in the electrophysical,
galvanomagnetic, and thermoelectric properties as x, increases. In particular, increasing x, induces a metal-insulator transition at x, =: 10 at.%, which is due to the vanishing of shunting channels formed by the crystalline phase and
inclusions of Ga, Sb, - ,. Further increase in x,, brings on
an insulator-metal transition, which is due to the formation
of a percolation chain of Ga,Cu, inclusions. We note that
this mechanism of doping of noncrystalline materials,
wherein the changes in the physical properties occur as a
result of changes in the phase composition of the samples, is
characteristic for glassy chalcogenide semicond~ctors.'~
However, the effect of impurity copper on the properties of a-GaSb:Cu does not reduce solely to a change in the
phase composition of the samples. It can be shown that doping leads to changes in the properties of the amorphous matrix. The proposed model, which links the formation of
Ga,Cu, inclusions with an increase in the number of defects
in the gallium sublattice of the amorphous phase a-GaSb,
permits a qualitative description of the whole body of experimental data, although it remains controversial. It can be expected that further studies involving the introduction of impurities with other valences (e.g., Si and Ge) l 8 in a-GaSb
will make it possible to establish more precisely the microscopic mechanisms of doping of the amorphous matrix.
In analyzing complex multicomponent systems, of
which a-GaSb:Cu is an example, it is important to use models based on percolation theory. We have found that percolation theory can describe not only the behavior in the electrical conductivity but also that of the thermo-emf and the Hall
coefficient in the neighborhood of the insulator-metal transition. In particular, we have obtained experimental confirmation of the Shklovskii theory, which predicts a peak of the
resonance type for the Hall coefficient at the percolation
threshold.
As we have seen for the example of amorphous gallium
antimonide, doping of new noncrystalline materials synthe-
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sized by quenching of the melt at high pressure opens up new
possibilities for controlling the physical properties of materials of this class.
In closing, we will take this opportunity to thank A. A.
Abrikosov and E. G. Ponyatovskii for helpful discussions
and S. V. Popova for numerous discussions and methodological support.
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