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The effect of a germanium dopant in gallium antimonide on the structure and properties of 
bulk amorphous samples has been studied. The samples were synthesized by solid- 
phase amorphization at high pressure. The structure of the a-GaSb:Ge samples, the 
crystallization temperature and activation energy, and the heat of crystallization have been 
determined. As the germanium concentration is increased to XG, = x;, =; 27 mole %, 
the phase composition of the samples changes sharply. At XG, < x;, there is a mixture of 
phases, including crystalline GaSb and Ge in addition to the tetrahedral amorphous phase. At 
XG, > xE, the samples are a homogeneous disordered tetrahedral a-GaSb:Ge network. 
Upon heating, the amorphous phase a-GaSb:Ge crystallizes into a metastable solid solution 
(GaSb) -,Ge,. A doping level xGe<43 mole % results in an increase in the radius of 
the first coordination sphere of the a-GaSb:Ge amorphous alloys, in contrast with the decrease 
in the mean shortest interatomic distance in crystalline alloys of the corresponding 
composition. In addition to the change in phase composition, the doping results in a substantial 
modification of the characteristics of the a-GaSb amorphous phase. Doping with 
germanium makes it possible to vary the resistivity of the system by a factor of - lo9 at 
T- 100 K. It also makes it possible to vary the characteristics of the samples from those of a 
metastable amorphous superconductor to an amorphous insulator. A joint analysis of 
data on the temperature dependence of the conductivity and that of the thermoelectric power 
shows that the current and energy transport in the a-GaSb system is anomalous. It 
cannot be described satisfactorily by the existing theories for multicomponent media, even 
when the possibility of a polaron transport is also taken into account. A change in 
the conductivity type of a-GaSb:Ge samples as a result of doping has been observed. The 
superconductivity of a-GaSb:Ge can be explained in terms of the presence of a 
nonstoichiometric Ga,,Sb,-, amorphous phase. The data obtained on the critical field Hc2(T)  
show that the observed features of the superconductivity arise from a substantial 
difference between the characteristics of GaySbl-, inclusions with y >  0.8 and y < 0.8. A 
model relating the structural anomalies of the a:GaSb:Ge samples with a relaxation of local 
stressed regions which arise during synthesis under pressure is proposed. 

1. INTRODUCTION 

The doping of amorphous semiconductors remains a 
leading problem in the physics of the noncrystalline 
state.'-' In addition to the obvious practical applications of 
this field of research, which arise from the problem of con- 
trolling the properties of an amorphous material, there is 
the fundamental aspect associated with the introduction of 
impurity atoms in a disordered matrix. Since the concen- 
tration of intrinsic defects in amorphous semiconductors is 
much higher than that in their crystalline analogs, the ef- 
fect of a dopant can be significant at concentrations above 
those which are ordinarily used (and which are sufficient) 
to control the properties of crystalline semiconductors. 

In this situation the dopant may not only alter the 
properties of the amorphous network as it becomes incor- 
porated in the latter, but can also lead to the formation of 
inclusions of phases different from the original material. It 

is the latter mechanism which is responsible for the doping 
of glassy chalcogenide semiconductors,4 which were re- 
garded for a long time as not amenable to doping.',2 The 
doping problem has been studied in most detail for the case 
of amorphous silicon and related materials.' For that class 
of amorphous semiconductors, it has now been established 
that it is possible to change the conductivity type and to 
vary the carrier density over a wide range.5 In addition, a 
fundamental understanding of the doping mechanisms has 
been reached in that case.lv5 

Recent progress in methods of solid-phase amorphiza- 
tion has made it possible to study a new class of amorphous 
semiconductors, those synthesized at high 
The problem of doping these semiconductors was origi- 
nally raised in Ref. 3, where a study was made of the 
changes effected by a copper dopant in the properties of 
a-GaSb synthesized under pressure. It was found that at 
concentrations x,,- 10 mole % a solubility limit of copper 
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in the amorphous matrix of gallium antimonide was 
reached, and inclusions of a crystalline phase of the inter- 
metallic compound Ga4Cu9 f ~ r m e d . ~  This effect seriously 
hindered the efforts to analyze the changes in the charac- 
teristics of the a-GaSb amorphous phase proper. 

Our purpose in the present study was to learn about 
the effect of a dopant on the physical properties of the 
amorphous matrices of amorphous semiconductors synthe- 
sized under high pressure. As the test samples we selected 
bulk samples of amorphous gallium antimonide, for which 
the synthesis procedure has been refined to the greatest 

As the dopant we selected the group-IV element 
germanium. 

There were several motivations for this choice. A Ge 
dopant in a 111-V semiconductor is amphoteric,8 and its 
type of electrical activity depends on which atom is re- 
placed. In the case of 111-V compounds containing gal- 
lium, particularly GaSb, germanium usually replaces gal- 
lium and leads to an n-type conductivity. One can thus use 
the changes in the conductivity type of the system to draw 
conclusions about the microscopic mechanisms of the 
structural changes in a-GaSb:Ge samples. In addition, 
there is the possibility of producing n-type samples of 
amorphous semiconductors synthesized under pressure in 
this system. All the amorphous semiconductors synthe- 
sized under pressure which have been studied to date have 
exhibited exclusively a p-type c o n d u ~ t i v i t ~ , ~ ~ ~ ~ ~  so their po- 
tential practical applications have been seriously limited. 

It also follows from data in the literature'' that syn- 
thesis under pressure can substantially increase the solu- 

FIG. 1. a: Method for synthesizing the metallic and insulating 
samples of a-GaSb:Ge. b, c: Schematic diagram of the structure 
of these samples at x,,=O, for the metal and insulator, respec- 
tively. 14-GaSb;  2-c-GaSb; 3-Ga;jb, ,. Shown for compar- 
ison is a scale of the resistivity of the a-GaSb samples at T=4.2 
K according to the data of Refs. 3 and 6. 

bility limit of the dopant.','' In the case of GaSb, this effect 
should be expected in the case of specifically a germanium 
dopant, since in this case metastable crystalline solid solu- 
tions (GaSb),Gel-, can form over the entire interval 
O(x< I .  In contrast, the equilibrium solubility of germa- 
nium in gallium antimonide is no greater than a fraction of 
a mole % (Ref. 10). 

The effect of a dopant on the properties of a 111-V 
amorphous semiconductor is of interest in its own right, 
since there has been essentially no study of this case, to the 
best of our knowledge. 

2. EXPERIMENTAL PROCEDURE AND METHOD FOR 
SYNTHESIZING THE SAMPLES 

Since the structure and other properties of a-GaSb 
samples depend strongly on the synthesis conditions, we 
need to discuss the procedure for synthesizing the amor- 
phous gallium antimonide before we take up the effect of 
the germanium (Fig. 1 ) . 

The following procedure was used to synthesize the 
amorphous semiconductor a-GaSb under pressure (Fig. 
la) .  An original sample of stoichiometric composition was 
subjected simultaneously to a high pressure p,,, - 90 kbar 
and a temperature T,,, (points A, and A, on the phase 
diagram). For amorphization it is important that the pres- 
sure p,,, exceed the pressure of the GaSbI - GaSbII phase 
transition (Refs. 3, 6, 7). The sample was then quenched 
to room temperature atp,,,=const (Fig. la; point B in the 
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phase diagram). The pressure was then withdrawn, and an 
amorphous bulk sample of a-GaSb was obtained (Fig. la, 
point C) .376 

It was shown in Ref. 6 that during amorphization by 
the A- B- C scheme the synthesis temperature T,,, is a 
parameter which has an important effect on the properties 
of the a-GaSb samples. At T,,, < T,*,, = 800 "C, the a-GaSb 
samples contain residual inclusions of the crystalline phase 
GaSbI (c-GaSb) along with the tetrahedral amorphous 
phase. The bulk fraction of these inclusions is 5-7%, and 
no percolation through the crystallization phase occurs. As 
a result, the transport properties of the system are deter- 
mined by the characteristics of the high-resistivity amor- 
phous a-GaSb matrix, and the resistivity of the samples at 
liquid-helium temperatures reaches p - 10' C! . cm (Ref. 
6).  

The structure of the system and nature of its conduc- 
tivity change substantially at T,,, > T$, . In the first place, 
the volume fraction of the crystalline phase increases to 
- 10-15%. In addition, inclusions of a nonstoichiometric 
amorphous Ga,,!3bl-, phase arise in the interior of the 
sample.6 For y > 0.5 these inclusions exhibit a supercon- 
ductivity with a transition temperature in the interval 1.8 
<T,<10 K, depending on the particular 
The volume fraction of the Ga,,Sbl-, inclusions does not 
exceed 3-5% (Refs. 3 and 6). Nevertheless, they and the 
crystalline inclusions form a subnetwork of low-resistivity 
conducting channels which shunt the high-resistivity 
amorphous matrix. As a result, the conductivity of the 
system increases sharply, and the resistivity at T-  10 K 
becomes p-(2 . 10-~-1) fl .cm (Ref. 6). 

Figure 1, b and c, shows a schematic diagram of the 
structure of the a-GaSb samples for T,,, > T;, and T,,, 
< T,*,,, respectively, according to x-ray diffraction and 
measurements of kinetic 

The physical reason for the formation of the Ga,Sbl-, 
inclusions appears to be a disruption of the congruence of 
the melting of a-GaSb at T > T,*,, . When a molten ma- 
terial containing regions with excess gallium or antimony 
is quenched, nonstoichiometric inclusions form in the in- 
terior of the sample. A reduction of T,,, to values T,,, 
< T;, prevents the dissociation of the components in the 
melt, and Ga,Sbl-, inclusions do not form.396 

The a-GaSb samples synthesized under pressure form 
thus two large groups, depending on the synthesis condi- 
tions: "metallic" samples ( T,,, > 800 "C; Fig. 1 b) and "in- 
sulating" ones ( T,,, < 800 "C; Fig. lc) .  In the present 
study we investigated the effect of a germanium dopant on 
the properties of both metallic and insulating a-GaSb sam- 
ples over a broad range of germanium concentrations 
xGe<50 mole %. As the original samples we used specially 
synthesized alloys of c-GaSb and crystalline germanium in 
which the typical size of the germanium inclusions was - 1 
pm. A special effort was made to monitor the homogeneity 
of the germanium distribution in the GaSb:Ge alloy. To 
synthesize metallic a-GaSb:Ge samples we used an 
A, - B-+ C scheme with T,,,= 1100 "C; the insulating sam- 
ples were synthesized by an A,-B-C scheme with 
T,,, = 400 "C (Fig. 1 a; p,,, = 90 kbar ) . 

The procedure for studying the galvanomagnetic and 
thermoelectric effects is described in detail in Refs. 3 and 6. 
The structure of the samples was studied by x-ray diffrac- 
tion with a Dron-2 diffractometer. To determine the acti- 
vation energy and the heat of crystallization by differential 
thermal analysis, we used a Derivatograph C instrument 
(manufactured in Hungary). 

3. STRUCTURE OF THE a-GaSb:Ge SAMPLES 

The normalized structure factors a (s ) ,  where S=4r 
sin 8 /A  is a structure argument,12 were determined for the 
metallic and insulating a-GaSb:Ge samples from curves of 
the intensity of x-ray scattering, I ( s ) ,  after the necessary 
corrections were made and the instrumental background 
subtracted.12 Figure 2a shows a typical result for the func- 
tion a(s) .  

It was found that in the germanium concentration 
range xGe < 23 mole % there are some crystal lines (the 
dashed lines in Fig. 2a) in addition to the oscillatory a(s )  
curve typical of the tetrahedral amorphous phase a-GaSb. 
The most intense lines (set 1 ) correspond to the c-GaSb 
phase, while line 2 corresponds to crystalline germanium 
c-Ge. Line 2 in Fig. 2a is not unique, but for values of the 
structure argument s(4 A-1 the c-Ge lines fall in a region 
in which the function a(s)  varies sharply. In the interval 
s)4 kl, the signal-to-noise ratio is degraded. As a result, 
line 2, which falls near the second amorphous peak in a (s), 
was used to detect the presence of small amounts of a c-Ge 
impurity in the samples. 

As the germanium concentration is raised, the relative 
height of the c-GaSb crystal line, IJIo (Io=I,+ I,, where 
I, is the height of the first amorphous peak), initially in- 
creases slightly for the first peak in the function a(s) .  At a 
higher concentration, xGe > 8 mole %, this relative height 
begins to decrease; it vanishes at xGe-23 mole % (see the 
inset in Fig. 2a). A further increase in the germanium 
concentration does not give rise to any crystal lines, and 
the function a(s) takes the form shown by the solid line in 
Fig. 2a. The samples remain homogeneous and amorphous 
up to xG,- 80 mole%. 

Similar changes apparently occur in the relative ampli- 
tude of the IJIo line for c-Ge (line 2). For this structural 
feature, however, the error in the determination of this 
parameter was much larger, up to -50-7096. A study of 
the metallic samples ( T,,,= 1 100 "C) and the insulating 
ones ( T,,, = 400 "C) revealed no systematic differences in 
the behavior of the function a(s),  except a slightly greater 
height I, for c-GaSb in the metallic samples at xGe = 0. The 
latter feature agrees with the results of previous6 structural 
studies of a-GaSb. 

With increasing xGe the a-GaSb samples thus evolve 
from the complex polyphase structure shown schemati- 
cally in Fig. 1 into a spatially homogeneous disordered 
a-GaSb:Ge network. The situation here is quite different 
from that in the case of doping with copper, since for 
a-GaSb:Cu samples there is a copper solubility limit in the 
amorphous m a t r i ~ . ~  In the case of a germanium dopant the 
situation is just the opposite: the system becomes more 
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FIG. 2. a: Structure factor. b: Radial profile for a sample 
with xGe= 36.7 mole % ( Ts,,=400 "C). The dashed lines are 
"crystal" lines for x,,= 14.4 mole 5%. I-c-GaSb; 2--c-Ge. 
The inset shows the behavior of the relative amplitude of the 
crystal lines as a result of the doping, for metallic samples 
(filled circles) and insulating samples (open circles). 

nearly homogeneous as X G ~  increases. This behavior per- 
sists up to at least xG,-80 mole %. 

In addition to the changes in the structure of the 
a-GaSb samples, we observe a change in the shape of a(s) 
curves. To analyze these changes, we worked from the a(s) 
curves to calculate the correlation length Lc(xGe) (Ref. 
13 ) and the radial profile 

where p,(R) is the atomic density. The procedure used to 
calculate @(R) was the standard procedure, the same as 
that described in Ref. 12. Figure 2b shows a representative 
radial profile for the structure factor a(s)  in Fig. 2a. The 
data on the first and second coordination spheres [the first 
and second peaks in @(R)] are the most reliable. As a 
result, we found the concentration dependence of the radii 
of the first and second coordination spheres, R1 and R2 [the 
positions of the first and second peaks in @(R)], and also 

the concentration dependence of the corresponding coor- 
dination numbers nl and n2 [the area under the first and 
second peaks in @(R)]. 

For a-GaSb:Ge samples with xGe < 50 mole %, the 
coordination number n 1 z 4  and the radius of the second 
coordination sphere, R2z4.22*0.01 A, are essentially in- 
dependent of the germanium concentration. The value 
nl z 4  corresponds to tetrahedral bonds in the amorphous 
a-GaSb:Ge network. The parameters R1, n2, and LC, on 
the other hand, depend strongly on the doping level (Fig. 
3).  The radius of the first coordination sphere, R, , in- 
creases with XG~,  from R1=2.61 h0.01 A (xGe=O) to 
R1 =2.65 h0.01 (xGe-42 mole %) (Fig. 3a). At the same 
time (Fig. 3b), the ratio n2/nl changes from n2/nl z 2.7 to 
n2/n1 z 3 (the latter value is characteristic of an ideal or- 
dered tetrahedral network which contains no defects, and 
for which we would have nl =4  and n2= 12). In this con- 
centration range the correlation length LC decreases by 
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FIG. 3. Concentration dependence of structural properties. Open 
circles-insulating samples (TSy,=400 "C) ;  filled circles-metallic sam- 
ples (T,,,= 1100 "C). 

-30%, and we have L,(xGe=O) -20 b;, in agreement 
with data found previously.6 

The typical germanium concentration XGe 23 mole 
% which we introduced above as the boundary separating 
the region of polyphase samples from the region of single- 
phase samples (Fig. 2) correlates with structural features 
on the R (x,,), n2(xGe), and Lc(xGe) curves (Fig. 3 ) . In 
the region 15 mole % < X G ~  < xEe we see a region of a 
sharp growth of Rl(xGe) and n2(xGe), while at x ~ ,  
> xge the R1 (x,,) curve shows a tendency toward satura- 
tion, while the ratio n2/n1 approaches a steady-state 
n2/nl=3 (Fig. 3, a and b) .  In the case of the correlation 
length at XG, > x;, there is an increase of the slope of 
Lc(xGe) curve in comparison with that in the region xGe 
< xge (Fig. 3c). According to the data in Fig. 3, there are 

no systematic differences between the insulating and me- 
tallic samples. 

The increase in R1(xGe) in the concentration range 
studied, xGe<43 mole %, is anomalous. It cannot be ex- 
plained by the standard arguments regarding the doping of 
semiconductors. The covalent radii for the Ga, Sb, and Ge 
atoms are R? = 1.26 A, R: = 1.36 A, and R? = 1.22 A, 
r e ~ ~ e c t i v e l ~ . ~ " ~ " ~  Since the inequalities R: < R?, R? 
hold for a-GaSb:Ge system, the interatomic distances 
should decrease on the average when germanium is added. 
This is indeed what is observed in familiar semiconductors 
when a dopant with a smaller covalent radius is added.15 
On the other hand, the experiments show that the value of 
R1(xGe) of a-GaSb:Ge does not decrease; it in fact in- 
creases (Fig. 3a). 

Note also that the value of R l  in the region XGe < 15 
mole % is approximately equal to half the sum of covalent 
radii R? + R: = 2.62 b; (Fig. 3).  This approximation of 
the bond length turns out to be rather crude in the case 
c-GaSb. For the gallium antimonide crystal we have 
R1 =av3/4=2.64 b;, where a=6.096 b; is the length of a 
side of the elementary cube. l6 Amorphous gallium antimo- 
nide samples are thus denser than the unstressed defect- 
free crystal network. 

These results suggest the following mechanism for the 
anomalous change in the structure of a-GaSb samples with 
increasing germanium concentration. The original 
(xGe =0) a-GaSb samples contain a fair number of locally 
stressed regions in which the bond length is smaller than 
the equilibrium value. As a result, the inequality 

holds. We might expect that these structural deviations 
would be associated with boundary regions between amor- 
phous and crystalline phases, which are characterized by 
sharp changes in the order parameter and in which the 
residual stress is most likely to be concentrated. We might 
note that it is in the boundary region that the metallic 
phase GaySbl-, is found in the case of metallic 

The addition of germanium apparently leads to an ef- 
fective stress relaxation in the amorphous GaSb network. 
As a result, R1 increases to values close to the equilibrium 
value R1 -aG/4. This change in structure is accompanied 
by a redistribution of atomic density between the first and 
second coordination spheres (a  change in the ratio nl/n2). 
At the same time, the stress relaxation in the amorphous 
network leads to an "added amorphization" of the inclu- 
sions of the crystalline phase. An additional disordering of 
the amorphous structure of this sort has been observed 
previously17 in Cu-Sn and Cu-A1 alloys subjected to me- 
chanical effects. 

The structures of the a-GaSb:Ge samples at xGe 
< xEe and XG, > xEe are thus quite different. The range 

XG, < xE, is characterized by a highly stressed tetrahedral 
amorphous network, in which the bond lengths are sub- 
stantially distorted. At XG, > x:,, a significant fraction of 
the "built-in" local stress has relaxed, and the tetrahedral 
amorphous network has become "more nearly perfect" as a 
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FIG. 4. Heat of crystallization ( I )  and activation energy for crystalliza- 
tion (2) for a-GaSb samples. 3-Data on Q'(xGe) for the metastable 
solution ( GaSb) -,Ge,. 

result. Interestingly, the correlation length decreases in the 
process, and the stress relaxation leads to an addition dis- 
ordering in the a-GaSb:Ge system. 

Further evidence in favor of this model comes from the 
concentration dependence of the heat of crystallization, Q, 
and the crystallization activation energy ECr (Fig. 4). An 
energy associated with disordering, including energy stored 
in the form of various local stresses in the amorphous 
phase, evidently is released in the course of crystallization. 
A decrease in the volume fraction of stressed regions 
should lead to a decrease in Q, and this is what we see 
experimentally: Q(xGe) decreases with increasing X G ~  

(curve 1 in Fig. 4). 
This is not the only cause of a decrease in Q. A special 

structural study revealed that a metastable solid solution 
(GaSb)l-xGex forms when a-GaSb:Ge is crystallized in 
the region 180< T( 390 "C, which is the region of the main 
peak in the heat evol~tion. '~ Since the thermodynamic po- 
tential of a metastable solid solution is higher than the 
thermodynamic potential of c-GaSb, its increase in xGe 
may lead to a decrease in Q. 

To study this question we measured the heat Q' which 
corresponds to the decomposition of (GaSb),-,Ge, at 
T2400 "C (curve 3 in Fig. 4). We see that Q' increases 
linearly with XG~, but it is lower, over the entire studied 
concentration range xG,< 50 mole %, than the amplitude 
of the change in Q in the interval xGe<43 mole % (curve 
1 in Fig. 4). The predominant cause of the decrease in the 
heat of crystallization of the tetrahedral amorphous phase 
in a-GaSb:Ge samples is thus apparently a relaxation of 
local stress due to the doping with germanium. A stress 
relaxation in an amorphous network should also lead to an 
increase in the stability of the amorphous structure. As a 
result, the height of the barrier in configuration space 
which separates stable and metastable states increases. 

FIG. 5. Temperature dependence of the resistivity in the a-GaSb:Ge 
system. a) Insulating samples (TSy,=400 "C) 1 -xGe=O; 2-7.5 mole %; 
3-19; 4 -23 ;  5-37 mole %. b) Metallic samples ( Tsy,= 1100 "C) 
I-x,,=O; 2-7.5 mole %; 3-14; 4-19 mole %. Shown for comparison 
are data on p( T )  for the original crystalline alloys: 5-xG,=23 mole %; 
6 3 7  mole %. 

Consequently, the crystallization activation energy E,, in- 
creases with increasing germanium concentration. Experi- 
ments also confirm this conclusion (curve 2 in Fig. 4). 

We would naturally expect that the structural transi- 
tion (in the sense of an evolution of the phase composi- 
tion) observed here in the disordered semiconductor 
a-GaSb:Ge would lead to structural features in the kinetic 
characteristics of this system. 

4. ELECTRICAL CONDUCTIVITY OF aGaSb:Ge SAMPLES; 
CHANGES IN SUPERCONDUCTING PROPERTIES AS 
THE RESULT OF DOPING 

Figure 5 shows the temperature dependence of the re- 
sistivity, p (T) ,  for a-GaSb:Ge samples. For insulating 
samples (Fig. 5a), the behavior is an activation law 
p = poexp(E,/k,T) with an activation energy E,- 200 
meV (curves 3-5 in Fig. 5a). The value of p for samples 
with xGe > 19 mole % is much larger than p for the sample 
with xGe=O, produced under the same synthesis conditions 

470 JETP 77 (3), September 1993 Brazhkin et a/. 470 



( Tsyn = 400 "C; curve 1 in Fig. 5a). The decrease in the 
resistivity of the samples at xGe- 7 mole % in comparison 
with that at xGe=O (curve 2 in Fig. 5a) is attributed to a 
shunting effect of the c-GaSb and c-Ge crystalline phases, 
whose relative volume increases slightly in this concentra- 
tion interval (see the inset in Fig. 2a). 

The metallic samples (Fig. 5b) have at TalO K a 
quasimetallic behavior p ( T )  zconst, with p in the interval 
2 . 1 R cm. The resistivity of the metallic sam- 
ples is much lower than that of the insulating ones: At 
T- 100 K, the range over which p varies as a result of 
variations in the synthesis conditions and the doping is 
2 10-~-10' R acm. In other words, the resistivity 
changes by a factor of 5 - 10'. Shown for comparison in 
Fig. 5b are data on p ( T )  for the original crystalline alloys 
c-GaSb+c-Ge (curves 5 and 6). As a result of the disor- 
dering of the crystal structure, the resistivity of the 
a-GaSb:Ge samples increases noticeably. 

The concentration dependence p(xGe) for the metallic 
samples at T) 10 K is qualitatively the same as for the 
insulators: There is a tendency for p to increase with XG~,  
except in the region xGe- 7 mole %. This behavior persists 
up to xGe- 20 mole %. At X G ~  =: xEe there is a sharp in- 
crease in p to p ( T =  100 K )  - lo6 R - cm, accompanied 
by a change in the shape of the p ( T )  curve from a quasi- 
metallic p ( T )  -- const to an activation law 

p - exp ( Ea/ksT). 

A possible explanation of this effect will be discussed in the 
following section of this paper. 

At TglO K, the metallic a-GaSb:Ge samples 
( Tsyn.= 1100 "C) exhibit a drawn-out superconducting 
transition (Fig. 5b). This transition results from the pres- 
ence of the nonstoichiometric amorphous phase Ga,,Sbl -, 
in the interior of the sample.6918 At xGe=O, the a-GaSb 
samples reach a value p=O at T - 1.8 K; as X G ~  is in- 
creased, we do not observe a complete resistance transition, 
and the conductivity remains finite over the entire temper- 
ature interval studied. This behavior can be linked in a 
natural way with a decrease in the volume fraction of the 
superconducting inclusions as a result of the doping. 

It was shown in Refs. 6 and 18 that the superconduct- 
ing transition of a-GaSb is percolative, because the super- 
conducting inclusions have different transition tempera- 
tures T,. At T = T,= T, , those superconducting 
inclusions which have the highest transition temperature 
go superconducting. As the temperature is lowered, the 
volume v,, occupied by the superconducting phase in- 
creases, since the inclusions with T g  T,g T, go supercon- 
ducting. As a result, at T =  T, the volume v, may reach a 
critical value corresponding to the percolation threshold, 
us= up, and the resistivity may vanish. In the case vs < v 
the value p=O is not rea~hed.~," It has been suggested6'' 
that the physical cause of the dispersion of T, is a disper- 
sion of the concentration y for the Ga,Sbl -, inclusions." 

To test that hypothesis and also to study the effect of 
the germanium dopant on the superconductivity of the 
Ga$bl -, inclusions, we studied the temperature and field 
dependence of the resistivity, p(H,T),  at temperatures 

T<  10 K in magnetic fields Hg60 kOe. The mobility of the 
a-GaSb samples is extremely low, p < l  cm2/(v as), so we 
can ignore an effect of the standard magnetoresistance 
mechanisms on the data on p(H,T) in comparison with 
the effect stemming from a disruption of the superconduc- 
tivity of  inclusion^.^ 

Figure 6 shows data on p(H,T)  for a sample with 
X G ~ =  14 mole %. The initial increase in p(H) ,  due to the 
disruption of the superconductivity of the inclusions, gives 
way to an onset of saturation at Hm=HC2, where HC2 cor- 
responds to the clusters with the highest transition temper- 
ature, T,= T,. For T g 4  K, two regions appear on the 
p ( H )  curve for H < H,. For T =  1.9 K, for example 
(curve 8 in Fig. 6) ,  the initial region of a rapid increase in 
p gives way to a transition to a weaker dependence at 
H = HI, - 10 kOe, and the superconductivity is com- 
pletely destroyed at H= H, - 30 kOe. 

The anomalous p(H,T) behavior (Fig. 6)  suggests 
that the Ga;ibl-, inclusions are inhomogeneous in terms 
of superconducting properties and that phase I with 
Hc2 = H, and T,= T, is accompanied by a superconduct- 
ingphase I1 with HC2 = HI, < H, and T, = TI, < T, . Using 
the data on p(H,T)  and the values found above for the 
parameters H, and H h ,  we can reconstruct the Hc2(T) 
dependence for the first and second superconducting 
phases (see the inset in Fig. 6). 

Using this procedure for the a-GaSb:Ge samples with 
various germanium concentrations, and extrapolating the 

i 
data on HC2 ( T )  to the values T = 0 and Hc2 = 0, we found 
the values of the parameters T,, HC2(T=O), and 
dHc2/dT( T -. T,) . We determined their concentration de- 
pendence for phases I and I1 (Fig. 7). We found that the 
characteristics of the superconductivity in phases I and I1 
do not vary in the same way when germanium is added. 

While tht  transition temperature decreases with xGe in 
phase I, from T,ZZ 8 K (xGe=O) to Tcz5.5 K (xGe=20 
mole %), in phase I1 it increases from T , z 4  K to 4.8 K as 
X G ~  varies over the same interval (Fig. 7a). The difference 
between the behavior of phase I and that of phase I1 can 
also be seen in the data on H,,(O) = f (xGe). While we have 
HC2(0) z 18 kOe=const .for phase 11, in phase I the max- 
imum critical field decr$se$by a factor of about 2 in the 
concentration range stf&ie&: -.from HC2(0) ~ 8 0  kOe at 
xGe=O to -4045  k0eZt ~ ~ ~ 2 . 1 5  mole % (Fig. 7b). 

The parameter whia-  andergoes the greatest change 
for superconducting phase I1 is dHc2/dT. It decreases lin- 
early in absolute value by a factor of 3 at concentrations 
X G ~  < xEe . For phase I, the dHc2/dT = f (xGe) dependence 
is more complicated: Initially, at xGeg 10 mole %, there is 
a sharp decrease in dHc2/dT, while at xGe> 10 mole % 
there is a plateau, dHc2/dTzconst (Fig. 7c). 

Several important conclusions follow from Fig. 7. 
First, the substantially different behavior of the supercon- 
ductivity characteristics in phases I and I1 as a function of 
the concentration confirms that these are indeed two dis- 
tinct superconducting phases. Second, the fact that T,, 
Hc2(0), and dHC2/dT, which are determined by character- 
istics of the energy spectrum of the superconductor, the 
carrier density, and the mean free path,19 depend on the 
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FIG. 6. Disruption of the superconductivity of a 
metallic sample with x,,= 14 mole % by a mag- 
netic field. The inset shows data on H,,( T )  in the 
field H,,,(l) and in the field Hf,(2). The p ( H )  
curves correspond to the following temperatures: 
1 - 4 . 2  K; 2-3.7; 3-3.3; 4-2.9; 5-2.7; 6 2 . 4 ;  
7-2.2; 8-1.9 K. 

concentration indicates that there is a germanium doping 
of structural phases responsible for the superconductivity 
of a-GaSb. Third, the superconductivity of the metallic 
samples persists to the point of the structural transition, 
xGe=xZe. 

We now consider a possible explanation for the anom- 
aly in the superconducting properties of a-GaSb as mani- 
fested in the existence of two distinct superconducting 
phases. We note first that the values Tc-8 K and 
Hc2(0) - 80 kOe in phase I agree with previous  result^.^"^ 
Since these values are approximately the same as those for 
amorphous gallium, Tcz8.4 K and Hc2(0)-100 kOe 
(Ref. 20), one might suggest that phase I corresponds to 
Ga,,Sbl -, with y - 1. On the other hand, the highest tran- 
sition temperature of phase I1 is T , z4  K, and this figure 
may correspond to a high-pressure GaSb or Sb phase.21922 
In view of the procedure used to prepare the a-GaSb sam- 
ple (Fig. 1) and in view of data on the structure of 
a-GaSb:Ge samples (Sec. 3), we might expect inclusions of 
these structural phases in locally stressed regions of a sam- 
ple. 

However, this interpretation seems to be refuted by the 
high values Hc2 - 17 kOe in phase 11. Data in the literature 
show that the metastable high-pressure superconducting 
phases of GaSb and Sb have critical fields Hc2 no greater 
than 4-5 kOe (Refs. 21 and 22), much lower than those 
observed in phase I1 (Fig. 7). 

Let us examine the Tc(y) dependence for the Ga,,Sbl-, 
phase in more detail. Comparison of the experimental data 
on Tc(y) found in Ref. 11 with the values found in the 

present study (Fig. 7) shows that the composition interval 
0.8(y( 1, for which we have 6.5(Tc(8 K, may correspond 
to phase I, while the range y ~ 0 . 8  (TC<4 K )  may corre- 
spond to phase 11. Since the value of T, in phase I is quite 
different from T, in phase 11, to explain this feature we 
must assume that Tc(y) decreases abruptly at yz0 .8  from 
Tcz6.5 to z 4  K as y decreases and that the Tc(y) depen- 
dence is as shown by the dashed line in Fig. 7a. 

This interpretation-a jump in Tc and Hc2 between the 
regions with y < 0.8 and y > 0.8 in the nonstoichiometric 
amorphous Ga$bl-, phase-may seem rather arbitrary. 
However, further arguments can be cited as support. At 
y-0.5 the short-range structure of GaySbl-, should evi- 
dently be approximately the tetrahedral GaSb structure, 
while at y- 1 the structure of Ga,,Sbl-, should be approx- 
imately that of a typical metal: amorphous gallium. We 
might expect that the transition between these two types of 
short-range structure would be a sharp one along the scale 
of the parameter y. At some y=y*, there would then be a 
structural transition in Ga$b, -, associated with a change 
in the short-range structure. This structural transition may 
be accompanied by a sharp change in the superconducting 
properties of Ga$bl-,. On the basis of the data in Fig. 7 
we should assume that the value y*z0.8 corresponds to 
the transition point. Further evidence in favor of this 
mechanism comes from the jump observed in Ref. 11 in the 
conductivity of Ga,,Sb, -, at y=0.8. 

We carried out a special study of the effect of annealing 
on the structure and other properties of metastable phases, 
in particular, Ga$bl-,. This study provided further sup- 
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FIG. 7. Concentration dependence of superconductivity characteristics of 
a-GaSb:Ge. Open circles-Phase I (y>0.8); filled circles-phase I1 (y 
< 0.8). a)  T,(xG,); b) Hc2(0); c)  -dHc2/dT(T= T,). The triangles are 
T,(y) data from Ref. 11. 

port for the interpretation offered above. This question will 
be the subject of a separate study. 

We thus suggest that the anomalies observed in the 
superconducting properties of a-GaSb can be explained by 
differences in the structural and other physical character- 
istics of Ga,,Sbl -, at y < y* and y > y* (y* ~ 0 . 8 ) .  Phase I 
corresponds to the region with the highest gallium content, 
while phase I1 corresponds to a region with y<y*, in 
which the short-range structure corresponds to the tetra- 
hedral network of GaSb. The dispersion of the transition 
temperature can then be explained in a natural way: As y 

varies over the interval 1 2 ~ 2 0 . 8  in phase I, the transition 
temperature T ,  varies over the interval T,= 8 2  Tc>6 K. 
In phase 11, according to Ref. 11, a reduction of y from 
y-0.8 to y-0.55 reduces T ,  from TI, =: 4 K to T,( 1 K. 
Since phases I and I1 are structurally different, the doping 
with germanium should have different effects on the super- 
conductivity of phases I and 11, and this is what is observed 
experimentally (Fig. 7 ) .  Unfortunately, we have so far no 
data on the critical field of Ga,,Sbl-,, so that it is difficult 
to offer an unambiguous interpretation of the anomalies in 
the superconducting properties of a-GaSb:Ge. A direct de- 
termination of Hc2= f (y) for Ga,,Sb,-, will be the subject 
of a further study. 

5. FEATURES OF THE CONCENTRATION DEPENDENCE OF 
THE KINETIC CHARACTERISTICS OF a-GaSkGe 

The structural transition of a-GaSb:Ge at X G ~  = x;, 
can be seen clearly on the concentration dependence of the 
kinetic coefficients of the test samples (Fig. 8).  

The resistivity of the metallic samples increases 
abruptly at xGe = x;,, by six orders of magnitude at 
T= 100 K. Thereafter, the conductivities of the metallic 
and insulating samples are essentially the same (Fig. 8a). 
The minimum on the p(xGe) curves results from the 
shunting effect of the low-resistivity crystalline phases 
c-GaSb and c-Ge, as we mentioned above. 

The concentration dependence of the thermoelectric 
power S(xGe) also has a structural feature at X G ~  = x;,. 
For the metallic samples (curve I in Fig. 8b) there is a 
jump at the transition point: S increases by a factor of 
about 100. For the insulating samples (curve 2 in Fig. 8b), 
the thermoelectric power increases smoothly with xGe, and 
the point XG, = x;, corresponds to an inflection point on 
the S(xGe) curve. For all the samples studied, the sign of 
the thermal emf corresponds to a p-type material. 

One reason for this behavior of p(xGe) and S(xGe) is 
the disappearance at XG, > xE, of a subnetwork of conduct- 
ing channels which is characteristic of metallic samples 
(Fig. 1 ). This subnetwork consists of inclusions of c-GaSb, 
c-Ge, and GaySbl-,. However, it follows from the data in 
Fig. 8, a and b, that the amplitudes of the jumps in p and 
S at xce = xEe are greater than the differences between the 
values of p and S for the metallic and insulating samples at 
xGe=O. This indicates that the doping with germanium 
causes not only a change in the phase composition of the 
samples but also changes in the kinetic characteristics of 
the a-GaSb tetrahedral amorphous phase. 

Interestingly, while the p(xGe) curve for the insulating 
samples has a minimum at xGe-7 mole %, there is no 
corresponding feature on the concentration dependence of 
the thermoelectric power (Fig. 8, a and b). At xGe 
< x;, = 23 mole % the a-GaSb:Ge samples should be 
thought of as a polyphase medium. As a first approxima- 
tion we could consider a two-component medium consist- 
ing of a mixture of an "insulator" (the germanium-doped 
a-GaSb tetrahedral amorphous phase) and a "metal" (in- 
clusions of the crystalline phases c-GaSb and c-Ge). A 
two-component medium of this sort was examined theoret- 
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same as those of p for the This case was observed 
experimentally in a-GaSb:Cu (Ref. 3),  where the role of 
the metal was played by inclusions of the intermetallic 
compound Ga,Cu, . 

If kM< kD, the thermoelectric power of the two-phase 
medium is determined by the thermal emf of the insulator 
up to the threshold for percolation through the metal. In 
this range of concentrations of the metallic inclusions, the 
thermoelectric power is independent of the volume fraction 
of these  inclusion^.^^ Comparison of the p(xGe) and 
S(xGe) curves (Fig. 8, a and b) shows that this is precisely 
the case for the a-GaSb:Ge samples. In the case of the 
insulating samples ( T,,, = 400 "C), there is no percolation 
through the low-resistivity crystalline phases. The shunting 
effect of these phases is seen in the case of p(xGe) but not 
S(xGe). AS a result, the thermoelectric power of the insu- 
lating a-GaSb:Ge samples is determined by that of the tet- 
rahedral amorphous phase over the entire range of germa- 
nium concentrations studied. 

The Hall concentration is another parameter which is 
sensitive to a germanium dopant in a-GaSb. Unfortunately, 
the low mobilities and high resistivity of the insulating and 
metallic samples with xGe z xZe prevented us from obtain- 
ing reliable data for this case. The results for the metallic 
samples ( T = 300 K )  are shown in Table I. 

Note that the type of conductivity of the metallic 
a-GaSb:Ge samples changes in the interval 0 < xGe < 7.5 
mole %. To the best of our knowledge, this is the first 
experimental indication of a possible change in the conduc- 
tivity type of an amorphous semiconductor synthesized at 
high pressure. This observation opens up some new oppor- 
tunities for studying materials of this class and for practical 
applications of them. 

There is also a tendency for the Hall mobility pH to 
decrease with xGe (Table I ) .  This result agrees with the 
decrease in the correlation length LC (Fig. 3) with increas- 
ing doping level. The parameter LC, which determines the 
length scale of the fluctuations in the arrangement of atoms 

FIG. 8. Concentration dependence of (a) the resistivity at T= 100 K, 
(b) the thermoelectric power at T=300 K, and (c) the activation energy in the disordered network, also determines the length scale 
in the a-GaSb:Ge system. In parts a and b: l-Metallic of the random potential in which the charge carriers are 

- .  

2-insulating. In part c: Open circles-Insulating samples; filled circle- moving. AS L, decreases, this random ~otential becomes - 
metallic sample. The triangle shows the value of & for ;he conductivity in 'bchoppier," aid the sca;tering intensifiks in the system. 
the case xGc=O I )  Eo according to the conductivity data; 2) E, according 
to the data on the thermoelectric power. Another possible cause of a decrease in pH would be an 

increase in the scattering by the short-range potential 
which arises because of the discrepancy between the cova- 

ically in Ref. 23. It was shown that the behavior of the lent radii of the germanium atoms and the atoms making 
thermoelectric power is determined by the relation between up the tetrahedral network of GaSb. 
the thermal conductivities of the metal, k,, and the insu- The Hall concentration nH (Table I )  is a complicated 
lator, kD . function of x,,. It appears that the germanium initially 

In the case kM- kD, the critical behavior and thus the compensates for the intrinsicp-type defects which are char- 
concentration dependence of p should be qualitatively the acteristic of a-GaSb. The germanium should replace pri- 

TABLE I. The Hall effect in the a-GaSb:Ge samples. 
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marily gallium, since in this case it would behave as an 
n-type impurity.' In the case of the metallic a-GaSb sam- 
ples, this doping mechanism is the most probable one, since 
in samples containing Ga$b,-, inclusions with an excess 
gallium content we would expect a substantial number of 
vacancies in the gallium subnetwork of the tetrahedral 
amorphous or crystalline phase of gallium antimonide. 
With a further increase in xGe, the number of gallium 
vacancies would be exhausted, and there would be the pos- 
sibility that antimony as well as gallium atoms would be 
replaced. In this situation we would expect a sort of self- 
compensation, manifested in a decrease in n ~ .  This effect 
apparently agrees with the experimental data (Table I),  
but a detailed check of the proposed doping mechanism 
and the determination of the nH(xGe) behavior constitute a 
separate problem, outside the scope of the present study. 

Comparison of data on the thermal emf and Hall effect 
of the metallic a-GaSb:Ge samples shows that at xGe > 7.5 
mole % there is an anomaly in signs, as is characteristic of 
many noncrystalline  material^.^ As a rule, however, this 
effect is observed for insulating samples with an activation- 
law or hopping c o n d u ~ t i v i t ~ . ~  

In the case of a-GaSb:Ge, the sign anomaly seems to be 
associated with the polyphase nature of the samples. One 
might suggest that the conductivity and the Hall effect are 
determined by low-resistivity inclusions near the threshold 
for percolation through the metallic phase,24 while the 
thermal emf is determined by insulating regions.25 From 
this point of view, the change in the Hall concentration 
results from a change in the type of conductivity of the 
subnetwork of conducting channels as a result of doping. 
Here we must assume that a percolation does not occur 
through the subnetwork of conducting channels at 
xGe > 7.5 mole %, but the system remains near the thresh- 
old for mobility through the metallic phase (c-GaSb, c-Ge, 
and Ga$bl-,). This assumption is supported (Fig. 5) by 
the decrease in the volume fraction of superconducting 
inclusions. As a result of this decrease, a percolation 
through the superconducting regions does not occur at 
xGe>7.4 mole % (Sec. 4).  As a result, the shunting effect 
of the high-conductivity phases is weaker in the case of the 
thermal emf of the metallic a-GaSb:Ge samples. The effect 
is probably insufficient to change the sign, although it does 
reduce the integral value of S for the metallic samples in 
comparison with that of the insulating samples (Fig. 8b). 

It follows from this discussion that the most conve- 
nient way to study the effect of a germanium dopant on the 
kinetic characteristics and conductivity mechanisms of 
specifically the a-GaSb tetrahedral amorphous phase is to 
work from the concentration dependence of the thermal 
emf of the insulating samples. Over the entire range of 
germanium concentrations studied, this behavior is deter- 
mined by the thermoelectric power of the amorphous 
phase and is independent of the shunting effect of the crys- 
talline inclusions. We have accordingly studied the temper- 
ature dependence of the Seebeck coefficient of the insulat- 
ing a-GaSb:Ge samples (Fig. 9). 

We found that both at xGe < xE, and in the interval 
x:, < xGe < 37 mole % the value of S increases with tem- 

perature in the interval l og  T<300 K. The S (  T )  depen- 
dence for the metallic sample with xGe =: x;, is similar to 
S ( T )  for the insulating samples (Fig. 9) .  

This result calls for a detailed discussion, since the 
insulating a-GaSb:Ge samples are characterized by an 
activation-law conductivity. In the case of amorphous 
semiconductors, such a behavior is usually linked with 
thermal excitation of carriers from the tail of band states to 
the mobility threshold, or thermal excitation of carriers out 
of a band of localized states into the conduction band (or 
into the valence In this case the thermal emf 
would be proportional to the 

and the value of S should increase, not decrease, as the 
temperature is lowered. 

Only at the highest germanium concentrations studied 
here, xG,>37 mole %, do the S ( T )  curves have a rising 
region with decreasing temperature (curves 4 and 5 in Fig. 
9).  A replotting of the data on S (  T )  at xGe>37 mole % in 
the coordinates S= f ( l /T )  makes it possible to evaluate 
the activation energy Ea (see the inset in Fig. 9): 

Ea(xGe= 37 mole % ) z 4 0  meV, 

Ea(xGe= 43 mole % ) z 60 meV. 

Figure 8c shows data on the activation energy for the 
conductivity and the thermoelectric power of the 
a-GaSb:Ge samples. We see that the activation energy for 
the conductivity in the region X G ~  > x;, is more than three 
times the maximum value of Ea for the thermal emf. 

We note also that in the case of the conductivity we 
have Eaz 220 meV = const over the entire range of germa- 
nium concentrations studied (there are some deviations at 
7.5 mole % ( xGe < xE,, which stem from the shunting 
effect of the impurity crystalline phases and the error in the 
determination of Ea in this region). 

Two alternative models are usually invoked to explain 
thermoelectric-power anomalies similar to those described 
above.25 In the first, the difference between the activation 
energies for the conductivity and thermoelectric power is 
due to large-scale fluctuations of the potential.2 The acti- 
vation energy for the conductivity should be higher than 
that for the thermal emf by an amount AEa=: y/6, where y 
is the characteristic distance between the minimum of the 
conduction band and the maximum of the valence band. It 
follows from the data in Fig. 8c that we have AEa- 180 
meV and that for a-GaSb:Ge we should have y> 1.08 eV. 
This value is more than 0.4 eV greater than the gap width 
E, of a-GaSb (E,z0.6 eV at T=300 K in gallium 
a n t i m ~ n i d e ~ ~ ) .  Accordingly, that interpretation of the 
structural features in the thermoelectric power looks un- 
likely to us. 

The second model used to explain the difference be- 
tween the activation energies for the conductivity and the 
thermoelectric power is based on small-radius polarons.2.25 
In this model, small-radius polarons are the quasiparticles 
which mediate the current and energy transport in 
a-GaSb:Ge over the entire range of germanium concentra- 
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tions. Evidence for this interpretation comes from the fact 
that the activation energy for the conductivity remains 
constant (Fig. 8b). The value of Ea in this case depends on 
only the average distance between atoms and the dielectric 
con~ tan t ,~  and the latter apparently depends only weakly 
on the fine details of the energy spectrum. Values close to 
the experimental values found for Ea (Fig. 8b) have been 
found for samples of the a-GaSb:Cu system.3 

In the region xG,(37 mole %, however, we have aS/ 
a T  > 0, and the temperature dependence of the thermoelec- 
tric power is quasimetallic (Fig. 9).  One might suggest 
that the absence of an asymptotic behavior S -  Ea/T stems 
from phonon drag  effect^,^' which may also be important 
in the case of amorphous semicond~ctors .~~ Unfortunately, 
an experimental test of that hypothesis would require ex- 
tending the S ( T )  measurements into a temperature region 
in which irreversible changes in the properties of the sam- 
ples due to a structural relaxation and a crystallization 
become important. A correct combination of the phonon- 
drag and polaron-transport effects would appear to be an 
interesting theoretical problem. 

It is interesting to note that the data on Ea= f (xGe) 
found from the measurements of the Seebeck coefficient 
can be extrapolated to the value Ea=O for X G ~  = x;, (Fig. 
8c). One might thus suggest that the point of the structural 
transition corresponds to a structural feature in the kinetic 
characteristics of polarons analogous to the metal-insulator 
transition in doped semiconductors.2 However, there has 

FIG. 9. Temperature dependence of the thermo- 
electric power of a-GaSb:Ge samples 
(T,,=40OoC). I-xG,=7.5 mole %; 2-18.7; 
3-30; 4-37; 5 4 3  mole %. Shown for compar- 
ison, by curve 6,  are data on a metallic sample 
(T,,=110O0C) with xG,=7.5 mole %. The 
S ( T )  curves in the inset correspond to concentra- 
tions of 43 mole % ( I )  and 37 mole % ( 2 ) .  

been no detailed theoretical analysis of this possibility, to 
the best of our knowledge. 

6. CONCLUSION 

We have shown here that the amorphous semiconduc- 
tors a-GaSb:Ge synthesized at high pressure exhibit several 
anomalies in their structural and kinetic characteristics. 

A germanium doping level xGe<43 mole % leads not 
to a decrease in the mean shortest interatomic distance, as 
might be expected on the basis of the chemical- 
compression effect,I5 but to an increase in this distance. At 
X G ~  = xEe - 27 mole %, the phase composition of the 
a-GaSb:Ge samples changes, with the result that the resid- 
ual impurity of the crystalline phases c-GaSb and c-Ge 
disappears. 

With further increase in XG,, the a-GaSb:Ge alloy re- 
mains spatially homogeneous, up to xGe-80 mole %, in 
contrast with (for example) the a-GaSb:Cu system,3 in 
which there is a copper solubility limit. The crystallization 
of the amorphous a-GaSb:Ge alloys is accompanied by a 
transition to a metastable crystalline solution 
( GaSb 1, -.Ge,. 

The change in phase composition at X G ~  = xEe is also 
manifested by changes in the kinetic characteristics. In ad- 
dition to the changes in the phase composition, variation of 
the sample properties is due to doping of the a-GaSb:Ge 
tetrahedral amorphous phase and the nonstoichiometric 
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Ga,,!Sb,-, amorphous phase. In addition, the a-GaSb:Ge 
system demonstrates that an amorphous semiconductor 
synthesized under high pressure can undergo a change in 
conductivity type as a result of doping. 

However, a joint analysis of data on the temperature 
dependence of the resistivity, on that of the thermal emf, 
and on the Hall effect shows that these results cannot be 
described completely satisfactorily by the existing 

which are ordinarily invoked to describe the 
properties of amorphous materials. The anomalies seen in 
the present study require some corresponding theoretical 
work. 

We have shown that one of the most prominent phys- 
ical effects in the amorphous semiconductor a-GaSb syn- 
thesized under pressure-the metastable superconductivity- 
can be described by a model which links the 
superconducting properties with inclusions of a nonstoichi- 
ometric amorphous phase Ga$bl-,. When the complex 
structure of Ga$bl_, is taken into account, it becomes 
possible to describe all the features observed in the super- 
conducting properties of a-GaSb:Ge. Fluctuations in the 
parameter y over the volume of the sample and, appar- 
ently, a change in the short-range structure of the 
Ga$bl-, phase at yz0.8  are the physical causes of the 
characteristic features of the superconducting properties 
and the dispersion of these properties. 

We are indebted to I. P. Zvyagin for useful discussions 
of certain aspects of this study and also A. G. Mil'vidskaya 
and G. P. Kolchina for furnishing the high-quality 
GaSb:Ge alloys. 
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