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The behavior of a crystalline semiconductor near a metal-insulator electronic phase transition
induced by hydrostatic compression has been studied. Heavily doped, compensated
p-CdSnAs,(Cu) was selected as a model. There is a deep resonance acceptor band at the
edge of the conduction band of this semiconductor. The behavior of interest was extracted from
experimental data on the temperature dependence of the resistivity and the Hall

coefficient in the temperature range 2-300 K, in fields up to 15 kOe, and at pressures up to
1.5 GPa. The results reveal the following behavior as the pressure is increased. (1)

Near atmospheric pressure, p-CdSnAs,(Cu) is in a metallic state. (2) A transition then
occurs from an unactivated conductivity to a hopping conductivity of conduction-band
electrons; i.e., holes of the deep acceptor band also localize in wells of the large-scale
fluctuation potential. This is a resonance-hybridization version of a Mott transition. In the
delocalization direction, this transition is accompanied by a “pulling” of the mobility

of acceptor-band holes toward the mobility of conduction electrons. At the metal-insulator
transition, the critical electron density decreases by several orders of magnitude as a

result of the formation of ion clusters. The condition for a metal-insulator transition in a
heavily doped, compensated semiconductor is refined. (3) The transition from metallic to
hopping conductivity and from a heavily doped, compensated semiconductor to a

heavily doped, completely compensated semiconductor is stretched out over ~10 meV by the
scatter in the density of states of the acceptor band. In this region, delocalized electrons
coexist with localized electrons and with acceptor-band holes. (4) At pressures above 0.15
GPa, a modification of the model of a heavily doped, completely compensated
semiconductor is realized in a semiconductor with an impurity band. (5) Finally, at very
high pressures, the system consisting of the valence and acceptor bands corresponds

to the model of a lightly doped, highly compensated semiconductor.

1. INTRODUCTION

In a lightly doped, lightly compensated semiconductor,
a transition from an activated conductivity to a metallic
conductivity usually occurs when a certain critical impu-
rity concentration N, is reached."? This critical concen-
tration satisfies the condition

NYlap~0.25, (1)

where a z=y#’/mé’ is the effective Bohr radius of an elec-
tron at an isolated donor, y is the dielectric constant of the
crystal, and m and e are the effective mass and the charge
of the electron. Here and below, we assume an n-type semi-
conductor for definiteness. The inverse metal-insulator
transition in a heavily doped semiconductor occurs under
the influence of compensation. A scanning of the Fermi
level below the percolation level, with N,— N p,, where N,
and N, are the concentrations of donors and acceptors,
causes electrons to localize in the wells of the large-scale
fluctuation potential.*~'® The critical electron density cor-
responding to this transition is, according to Ref. 5,

n.=vN"3/ag (2)

(N=N_,4+Np). The value of the numerical coefficient v is
not yet known."? In a heavily doped semiconductor, a
metal-insulator transition may be induced by a magnetic
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field, which compresses the electron wave functions and
thereby promotes a localization of the electrons.”? The
threshold magnetic field is given by

647
HM=7aBND. (3)

Hydrostatic compression reduces the distance between
impurities in a semiconductor and thereby promotes the
onset of a metallic state. The ensuing increase in the im-
purity concentration in the semiconductor does not, how-
ever, exceed 2% per 1 GPa (Ref. 11). The radius of the
carrier state at an impurity changes more significantly as
the pressure is varied. For definiteness we consider the
diamond-like, direct-gap, n-type semiconductors InSb,
InAs, CdSnAs,, and CdGeAs,, with a Kane dispersion
law. For ‘“hydrogen-like” impurities, for the two-band
Kane model, and for the pressure dependence of the di-
electric constant found empirically from existing data
(Ref. 11, for example) for these semiconductors, we have

ap=a3[(1+BP/e, ) (14+06P/g; )]~ ". (4)

Here 6=0.025 ¢V/GPa, gg is the width of the band gap,
B=de,/dP, and the subscript 0 means atmospheric pres-
sure. According to (4), in n-InSb for example, an increase
in the pressure to 1 GPa is accompanied by a 90% decrease
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FIG. 1. Energy diagram of p-CdSnAs,(Cu), a heavily
&(¢) doped, compensated semiconductor with a deep ac-
ceptor band. a: Atmospheric pressure. b: High hydro-
static pressure. Wavy line—curvature of the bottom
of the conduction band; upper solid line—energy of
the bottom of the conduction band in the absence of
an impurity potential; lower solid line in frame
a—coincident Fermi level, percolation level, and level
of a deep acceptor; lower solid line in frame

/ b—coincident Fermi level and level of a deep accep-
LN — —_—t ————— 0 - tor; dashed line—percolation level. Shown at the right
ﬁ 8/ 7‘_ 8(e) are the density of states of the conduction band and
p that of the acceptor band. The regions occupied by

A 7 =D electrons are hatched.

in the effective Bohr radius. It follows then from expres-
sions (1)-(3) that N,, increases by a factor of 7, and #n_ by
a factor of 1.9, if we assume that the coefficient v in (2)
remains constant (see Sec. 3). The value of H), decreases
by a factor of 1.9. In other words, there is a well-expressed
tendency toward localization. This tendency of the elec-
trons to localize at a high pressure has been observed'? in
narrow-gap PbSnSe semiconductors, in which a pro-
nounced increase in the density of states in the conduction
band causes the Fermi level to shift toward the bottom of
this band, from 37 to 2 meV, as the pressure is raised to 3
GPa. However, a metal-insulator transition does not oc-
cur: The Fermi level does not drop below the mobility
threshold.

Another possibility of inducing a metal-insulator tran-
sition at a high pressure arises if there is a defect level near
the edge of the band gap, as there is in the heavily doped,
compensated semiconductor'® p-CdSnAs,(Cu). At a dis-
tance

e4p=6p+aT —BP (5)

from the unperturbed edge of the conduction band
[€%5=—30 meV, a=4.6-10"2 meV/K, and B=120
meV/GPa)], a deep acceptor level of an intrinsic Cd va-
cancy defect is observed in p-CdSnAs,(Cu). Here and be-
low, the energy is reckoned from the unperturbed bottom
of the conduction band, and the positive direction is into
the band. The acceptor band which forms as a result of
concentration broadening effectively overlaps the bottom
of the conduction band, which descends by an amount
Ae,= —£ 5 because of the heavy doping (Fig. 1). A gap-
less state forms. The acceptor band is related in energy to
the valence band. As the pressure is increased, the conduc-
tion band moves away from the acceptor band and from
the valence band at the same rate, deg/dP. Even at 77.6 K,
at pressures above atmospheric, the tail of the density of
states of the conduction band has a noticeable effect on
transport properties (this effect increases with increasing
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pressure). At P> 0.5 GPa, the electrons are below the un-
perturbed edge of the conduction band. Simultaneously,
electrons of the conduction band freeze out into the accep-
tor band, and the states of these bands separate from each
other.

We thus see the value of an experimental study of
electronic transport effects near liquid-helium tempera-
tures when p-CdSnAs,(Cu) is subjected to hydrostatic
pressure. The purpose of such experiments is to obtain new
data on the behavior of crystalline semiconductors near a
metal-insulator electronic phase transition.

2. EXPERIMENTAL RESULTS

Data on the kinetic properties of heavily doped, com-
pensated p-CdSnAs,(Cu) semiconductors at T>77.6 K,
both data obtained previously' and new data, make it pos-
sible to determine the characteristic properties of the car-
riers over a broad range of the concentration of excess
acceptors (N =N, —Np), from 10" to 10'® cm~>. The
concentration of deep acceptor centers (N, p) is on the
order of 10'® cm~>. As N increases, the compensation
coefficient (K=Np/N,) and the population coefficient of
the acceptor band (K,z=I—N_/N,p) decrease, from
0.999 99 to 0.99 and from 0.999 to O, respectively. The
extremely high compensation of p-CdSnAs,(Cu) agrees
with the Reis—Fuller theory, which attributes the high sol-
ubility of diffused copper in cadmium-tin diarsenide to a
donor impurity.'

Two crystals, identical in properties (N, =1.6-10"
cm ™3, N~10" cm=3, N, z=3.1-10" cm~3, K=0.999,
K,5=0.92, and Na3B= 100), were selected for the low-
temperature measurements. The resistivity p, the Hall co-
efficient R, and the transverse magnetoresistance Ap/p,
were measured over the temperature range 2-300 K for
hydrostatic pressures up to 1.5 GPa and in magnetic fields
up to 15 kOe.

Kamilov et al. 93



R(2,3), CmS/C 3 P ) cm

.
2400
2200} ///”*“ t
2
-{’M 1
2000(- 4
R(),cm?/ C T .
goof f| a+—" 410’
I g o
40011800} e o 1
o— i O’Q;/ |
F /C/ "_'100
—400}1600} [P ]
-800} | ]
1400L& ¢ . A N , 10—-1
0 10 20 30 40 107-./7-, K—|A

R, cm¥/ C
2500} — e8]

p, () cm
1500 ﬁxo’
4 ]
e+
—_
5 .
1000 —10?
6 1
k_—_———gﬁ'—’_—_—-—— +
/
500 —10'
0 —410°
[ o]
—500+
§
-1000j 1 L s ) 1 1 L L It ! L -
0 0,5 1,0 P,GPa
94 JETP 77 (1), July 1993

FIG. 2. Temperature dependence of the
Hall coefficient R (curves I-3, H=15
kOe) and of the resistivity p (curves 4-6)
for sample 2. P, GPa: curves 1,4—0.02;
curves 2,5 —0.42; curves 3,6—1.14. Scale
R(1) corresponds to curve I, scale R(2,3)
to curves 2,3.

FIG. 3. Pressure dependence of the Hall coefficient R (curves
1-3, H=15 kOe) and the resistivity p (curves 4-6) for sample 2.
1 T, K: curves 1,4—2; curves 2,5—4.2; curves 3,6 —77.6.
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Figures 2-4 and Table I show the data on sample 2.
Control measurements on the other sample yielded essen-
tially the same results. The p(T,P) and R(T,P,H) behav-
ior is typical of a p-type semiconductor with two types of
carrier: electrons and holes. An increase in the pressure
and a lowering of the temperature increase the ratio c=p/n
of the hole density to the electron density, as can be seen
from the P, T, and H dependence of the kinetic coefficients
(Figs. 2-4). A negative Ap/p, was observed; its behavior
was studied as a function of the hydrostatic pressure at 2,
4.2, and 77.6 K.

Measurements were first carried out on sample 1 in the
temperature interval 4.2-77.6 K. The measurements were
then continued, on a broader scale, on sample 2 over the
range 2 K<T'<300 K. We supplemented these measure-
ments with measurements of the field dependence of R, in
an effort to reach a systematic quantitative interpretation.

The effective characteristic properties of the conduc-
tion electrons and the acceptor-band holes—the densities
and p and the mobilities p, and u,—were extracted from
R(T, P, H) and o(T, P). For this purpose we made use of
the existing phenomenological relations of a universal two-
band model in which the contributions of the partial con-
ductivities to the overall conductivity are assumed to be

additive and in which the relaxation time is assumed to be
independent of the energy.l'z'”'13 We used the R(H) de-
pendence near Ry=0 (R, = lim R), where this dependence

. . . .H-0, .

is most obvious, since at this point we have R~H? begin-
ning at H=0. The effect is to improve the reliability of
the estimates. Since R, lim R = (N_e)~! can be

HP~ » .
determined by an approximatepgraphlcal procedure based
directly on the experimental data (Figs. 3 and 4), we used
the following expression for R(H):

(R—R,)~'=(Ro—R.,)~'+Bx(Ro—R,)~'H~. (6)

The coefficients Ry, R, and By are determined by the
characteristic properties of the charge carriers. If R is
chosen correctly, the (R—R ) = f(H?) dependence is
linear. It was linear in our case. From p and R(H) near
R,=0, along with expression (6) (with 7=2 and 4.2 K
and P=0.02 GPa, and with T=77.6 K and P=0.41 GPa),
we calculated the characteristic properties of the charge
carriers (Table I and Figs. 5-7). Since we have R;>0 at
T <77.6 K, we have ¢>b*>1 (b=u,/1,). The acceptor-
band components thus satisfy p,~p, Ry=~R_, p=N_,
and py~R o. Hence

TABLE 1. Electrical conductivity, Hall coefficient, and some characteristic properties of the charge carriers

of p-CdSnAs,(Cu) sample 2.

T
T, P, R,' em’/C a, n, Ay s = ¢
K | GPa “{5;)‘ S/cm em=3  lem¥ (V- syem¥ (V- 5) B/Fa | =pin
2 | 0,02 431 4,33-107%2 | 3,6-10'2 2710 106 25,6 686
1 2542 2,15-10~3 3.5
4,2 | 0,02 380 5,39-1072 | 5,6-10'2 2730 131 20,8 441
1 2520 3,13-1073 2,1-10'¢ 140 8 19,0 [1,2-10°
77,6 | 0,02 -718 9,42-10™" 1,2-10'% 2428 852 2,9 3,1
1 2480 1,73-10~2 44,0
300 | 1074 | -203 38,1 1,8-10'6 10450 | 2455 4,3 1,14
1 -1070 4,04 2-10'3 8050 2090 3,9 2,24
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FIG. 7. Electron density n versus the pressure
and the Fermi energy € at 4.2 K for sample 2.
2+ The notation is explained in the text.
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[1+ (uH?)](R,—R)0* 10 to 6(? K in heavily doped, compensateq senpconductors,
n= . (7) depending on N and K (see the papers cited in Refs. 1, 2,

pee
Since u, could be evaluated only near atmospheric pres-
sure, we can work from (7) to estimate n(P), within a
coefficient'® [u,(P)/u,(P=0)]>. At sufficiently low tem-
peratures and at P>0.1 GPa we have (e,,——eF)/kT>1,
where ¢, and ¢ are the percolation energy and the Fermi
energy, respectively. The electron density above the perco-
lation level is thus negligibly low. In addition, the kinetic
energy of the electrons in a droplet and also the size of the
droplet are independent of the temperature; i.e., the elec-
tron gas in the droplet is degenerate."w’17 We can thus
assume that the electron density, on the average over the
sample, is constant at sufficiently low temperatures and at
a fixed pressure. Nevertheless, calculations from (7) in the
approximation u,(P) =u,(P=0) yield a Mott law (Fig. 6)
for both n(7T) and pu,(T). It is natural to ascribe this
behavior to u.(7). We thus write

tea=10 4 exp{— (To,/T)V*}. (8)

Taking this approach, we worked from the calculated
n(T), ignoring the temperature and pressure dependence
of the pre-exponential factor, to determine the pressure
dependence of Ty, and then u,(P)/u.(P=0). In this man-
ner we calculated the u,(T,P) dependences and a refined
n(P) dependence for 4.2 K in a p-CdSnAs,(Cu) single
crystal (Figs. 5-7; Ref. 18).

3. DISCUSSION

The p, 4(T) dependence can be described satisfactorily
by expression (8) at temperatures from 2 K to 7T .(P). As
the pressure is varied from atmospheric to 1.15 GPa, the
high-temperature boundary of the interval increases to
40-50 K in both cases (Fig. 6; Ref. 18). According to the
theory of Refs. 1, 6, 19, and 20, the transition to a hopping
conductivity with a monotonically decreasing activation
energy of the type in (8) should occur at temperatures
below 4.2 K. Nevertheless, the temperature T, varies from
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and 6). Furthermore, in all cases the p(7") dependence is
anomalously weak, to some extent or other, and estimates
of the density of states at the Fermi level from the exper-
imental value of T, yield results which are too high. This
situation was discussed in Refs. 1, 2, 6, 8, and 9. It was
attributed to either a correlation in the positions of impu-
rities or the presence of highly conducting channels or lo-
cal inhomogeneities which give rise to a significant scatter
in the energy levels of the localized states. These particu-
larities are also probable in p-CdSnAs,(Cu) and can ap-
parently be explained on the basis of the pronounced inh-
omogeneity of the crystals, which stems from the synthesis
process itself:'* The concentration of intrinsic structural
defects in cadmium-tin diarsenide is greater than 10
cm 3, In addition, doping with copper atoms by diffusion
leads to the formation of complexes with a concentration
on the order of 1017 cm ™3 (Ref. 14); i.e., there is a specific
correlation. For this reason, we will make use of only qual-
itative data on the pressure dependence of the parameters
Tq, 4, Which characterize the activation energy.?!

With increasing pressure, the properties T'g, 4 increase
from zero levels, but in different ways (Fig. 5). An extrap-
olation from the measured pressure range to P— oo at 4.2
K yields T, 4— o0, u,—0, and To4— Ty py—pg (Ref.
18), in agreement with the pressure dependence of the
density of states of conduction electrons at the Fermi level,
g.(¢r) =0, and that of acceptor-band holes, g,(ef). An
increase in T 4 from zero with increasing magnetic field
above the critical level has also been observed!” in n-InSb.
At the point T, =0, near atmospheric pressure, i.e., at
the point of the metal-insulator transition, we find the fol-
lowing results for sample 2 by extrapolating from 2-5 K to
absolute zero: n,~10" cm™3, u,=2750 cm?/(V-s),
pe=230 Q-cm and p=2.45-10" cm~3, p,=155
cm?/V -s), and p4=16.5 Q- cm. The pressure dependence
of b=u./u 4 is not monotonic: There is a maximum near
0.1 GPa (Fig. 5). The increase in b with increasing pres-
sure in the initial region is a consequence of the difference

Kamilov et al. 97



n,om-3
10l9 L

10!5.

10“»

1013_ ° )

FIG. 8. Electron density near the metal-insulator
transition in a heavily doped, compensated semi-
conductor and the energy Ae,, by which the bot-
tom of the conduction band is lowered by the
heavy doping, versus the donor concentration.
v—InAs, theoretical;* X —InSb, theoretical.??
Open and filled circles, triangles, and squares—
InSb, experimental; filled circles—Ref. 8; inverted
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Ref. 10; filled circles—Ref. 18. Open
symbols—n > n... The value §=1 was used in (11)
in the calculation of n(Np), since we have®!°
6> (g,—¢€p)/7=0.940.99.
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between the localization dynamics for conduction electrons
and for holes of the acceptor band. It results from a pulling
of u toward u, (Ref. 18). The further decrease in b results
from the decrease u,—0.

The pressure dependence of n and, correspondingly
8.(¢r) at 4.2 K is characterized by two exponential re-
gions, which can be approximated satisfactorily by

n=A exp(e,p/Ex), )

ge(EF) =n/€ka

where A4 and ¢, are constants. For pressures between 0.1
MPa and 0.15 GPa we have 4=6.84-10"° cm™ and
£,=4.6 meV. From 0.15 GPa to 1.15 GPa we have
A=10" cm~? and £,=43.5 meV (Fig. 3 in Ref. 18). The
relation g,(er) =n/¢; has been derived for a heavily doped,
compensated semiconductor and for a p(7T’) dependence in
(8) (Ref. 6); here £k=£0(NaB)4/9 is the kinetic energy of
the electrons in the droplet, and gy=¢?/(yap). According
to the ideas which have been developed, the value found
experimentally for the constant &, is the kinetic energy of
the electrons in the droplet only near atmospheric pressure.
This conclusion is supported by estimates below. At pres-
sures above 0.1 GPa, where there is a state of a heavily
doped, fully compensated semiconductor, the constant &
should apparently be treated as an adjustable parameter.
Let us examine the behavior of the carriers and their
energy spectrum near the metal-insulator transition in-
duced by pressure, at 4.2 K in p-CdSnAs,(Cu) according
to the data on sample 2. In the energy interval from the
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19 -3
10 Np, cm

unperturbed edge of the conduction band to a depth of
40-50 meV, i.e., up to P=1.5 GPa, the values of n and
g.(er) decrease dramatically, by four or five orders of mag-
nitude, according to (9). The bottom of the conduction
band, deformed by the random potential of the charged
impurities, descends because of the heavy doping to a
depth e, = €45 = €, = —30 meV. The value Ae,=30 meV
agrees satisfactorily with theoretical estimates.**?

At the point of the metal-insulator transition in a
heavily doped, compensated semiconductor, the coefficient
v in (2), which determines 7., is on the order of unity.5
However, when we substitute 7, and N into (2) for sample
2at 4.2 K, we find'® v~10~>. According to the data?>?** on
an n-InSb sample (Fig. 8), the value is v=~0.01<1. The
condition for a disruption of the metallic conductivity in a
heavily doped, compensated semiconductor was found
from the equality y=¢ in Ref. 5, where ¥ is the amplitude
of the fluctuation potential. It was assumed at the outset
that the density of states at the critical point is unper-
turbed. It follows that we have €z>0 at the point of the
metal-insulator transition. However, the exact condition
for a metal-insulator transition in a semiconductor of this
sort is p=¢,<0, as was pointed out, in particular, in Ref.
2. As the condition for a disruption of the metallic con-
ductivity in a semiconductor of this sort we should use

g,=—Ae,=gp=—8y= —8NY3(ynl) 1, (10)

where 6 is a numerical factor. Hence
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n.= (A_E;) 73— .

The coefficient v= (8¢;/ AEC)3 in (2) is thus not a constant.

Figure 8 shows calculated curves of Ae, (Ref. 22) and
of n, from (11) for the n-type semiconductors InSb and
InAs, along with curves of the electron density near the
metal-insulator transition in the heavily doped, compen-
sated semiconductor n-InSb, according to experimental
data #101723.24 1¢ follows from Fig. 8 that in n-InSb, with
Np>10® cm™3, we have n.=0.17N p, and v varies from
1.7 (Np=10" cm™3) to 0.2. In n-InAs, with N >4 - 10
cm~3, we have n,=0.22Np, and v varies from 0.9
(Np=10" cm~3) to 0.2. According to experimental data
on n-InSb (Fig. 8), as N, decreases from 10' to 10'
cm ™3, approaching N,, (N%>*-ap decreases from 1.5 to
0.3), the coefficient v decreases to a few hundredths, pos-
sibly because electrons have begun to be frozen out. This
behavior is evidence that the band and impurity states sep-
arate from each other over a finite interval along the N
scale.

Since the characteristics of CdSnAs, (Ref. 11) occupy
an intermediate position between those of InSb and InAs,
we worked from the curves of Ae.(Np) (Fig. 8) and the
value Ag,= —% 3=230 meV for p-CdSnAs,(Cu) sample 2
to find Np; the result is Np~2-10'® cm~>. This value
agrees with the self-doping level (see the Experimental Re-
sults). Working from refined condition (11), substituting
in n.= 10® cm™3 for 42 K and Ae,, we find
82N 5~1.6-10" cm~ and v=6.5 10~*5. The parameter
5*N £~10" cm™> has also been determined from the
dependences of n~'/3 on &5 and P on the insulator side of
the metal-insulator transition (see Fig. 7 and the discus-
sion below). A direct estimate of N can be found from
the value of ¢, at the critical point. The parameter ¢; ap-
pears as an adjustable parameter in the approximation (9).
As a result we find Ng=5.7- 10" cm~> and a coefficient
v=3-10"% The parameters N, v, and s, thus turn out to
be smaller than expected, by two, three, and four orders of
magnitude, respectively. On the other hand, the value of
Np found from Ae,=—¢Y%p (Fig. 8) agrees with the ex-
perimental data, as was mentioned above.

The lowering of N=N.4, v, and n_ is due to formation
of complexes as a consequence of the doping with copper
atoms by diffusion. According to the estimates in Ref. 14,
the concentration of these copper atoms approaches 108
cm™3 , .., the initial self-doping level. The extent to which
the edge of the conduction band lowers, A, is determined
by the self-doping condition Np=10" cm~3, while the
value of y is determined by the residual concentration of
charged centers which have not taken part of complex for-
mation. The linear dependence of n~'3 on & (see Fig. 7
and the discussion below) is evidence that the formation of
complexes does not completely erase the large-scale fluc-
tuations of the potential. It merely reduces the fraction of
impurities which participate in the formation of the fluc-
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tuation potential, to a value N4 (Ref. 1). The experimen-
tal data thus provide evidence that correlation has a strong
effect on the amplitude of the fluctuation potential, while it
has a negligible effect on ¢,= —Ae,. The percolation en-
ergy also depends weakly on the compensation,®!® the
magnetic field,>!” and (apparently) the hydrostatic pres-
sure.

The pressure interval from 0.1 MPa to 0.15 GPa
(10-15 meV) is a region of transition for the conduction
electrons, from a metallic conductivity to a hopping con-
ductivity and from a heavily doped compensated semicon-
ductor to a heavily doped fully compensated
semiconductor?® with an impurity band. The behavior of
er as a function of n~ '/ in this region (Fig. 7) is affected
by the scatter in the density of states in the acceptor
band.?’ Delocalized electrons with E>Ep, acceptor-band
holes, and electrons localized at wells of the fluctuation
potential participate in the conductivity.

Above 0.1 GPa, the behavior of n~'/3 as a function of
Pand epis linear (Fig. 7). Since £z < g, at P>0.1 MPa, the
electron density should be zero near absolute zero and un-
der the condition (g,—&r) > A (A is the width of the ac-
ceptor band) in the absence of an impurity potential. How-
ever, fluctuations of the impurity concentration bend the
edge of the conduction band to the point that it intersects
the Fermi level (which is frozen into the acceptor band)
repeatedly, by an amount on the order of €,5. As a result,
electrons appear. The electrons collect in droplets which
screen the fluctuation potential. Here we have a version of
the model of a heavily doped, fully compensated
semiconductor?® in a semiconductor with an impurity
band. In contrast with ordinary heavily doped, compen-
sated semiconductors with NN, the smallest dimen-
sion (R,) of a typical fluctuation which bends the band by
an amount y(R,) in the model of a heavily doped, fully
compensated semiconductor is on the order of the width of
the band gap, and the carrier density is determined not by
the degree of compensation but by the value of £, (Refs. 1
and 25):

Y(Rg) =€, Rg=(gx)*/(Ne*), )
n=(N%®)/(e*).-

In the case at hand, ¢, is to be understood as &,p=¢p,

g
where, according to (12), we have
N3
_ — _Bn-\3
Ep= 5W Bn (13)
Expression (13) can be rewritten as
B _ €5
—173_F p_ ~4B
n _BP B’
0 1 (14)
€ - B
—|,-13 4B} _ 7 p1
S= (n + B ) B P

The plots of n~13(P) (Fig. 7) and S(P~') (Ref. 18) for
P>0.1 GPa are linear, in agreement with the theory. In the
limit P— o« we have S—0. From these curves we have
€%5=(—30+7) meV and N 46*>=10' cm>. The values
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of €% found for 7>77.6 K (Ref. 13) and 4.2 K, from
(14), are thus the same. This agreement is evidence that
the models used here correspond to the actual situation.
The value of N4, two orders of magnitude lower than N,
is due to the formation of complexes as a result of the
doping with copper atoms by diffusion, as was mentioned
above.

In the limit P— «, the states of the conduction band
and those of the acceptor band are completely separated.
The system consisting of the valence band and the deep
acceptor band, separated by an energy interval
£=Eg— |e%5| ~0.25 eV (Ref. 11), corresponds to the
model of a lightly doped, highly compensated
semiconductor.'®? Actually we have N za3,=4-10"3<1
[y = %/ y2m,k; is the length scale over which the wave
function of the impurity state of an isolated acceptor de-
cays, and m;=0.027m, (Ref. 11) is the effective mass of a
light hole]. The compensation coefficient (the population
coefficient serves as the compensation coefficient in this
case) is 0.92 (see the discussion above). Using the results
of numerical calculations,”® we can estimate the character-
istics of the acceptor band. The Fermi level e18 reckoned
from the energy of an isolated acceptor in the direction of
the conduction band, is 15 meV, and the density of states at
the Fermi level is g ,(£) =3.2- 10! eV~! cm 3. The value
of g4(er) has been used to calculate the hopping length
and the activation energy €, (Ref. 21) at T=7T,~40K, at
the transition to a conductivity of the type in (8), and also
at 4.2 K. It was found that near 40 K the values of ¢, and
R, are close to £4p ~ e’}B and N73. At 42 K, we have
ey =5 meV < gffand Ry, = 52-107% cm > N>

As the pressure is lowered, as states of the acceptor
band reach a resonance with states of the conduction band,
and as the distance between the edge of the conduction
band and ¢ decreases, the distances from & to the perco-
lation levels of the conduction band and of the acceptor
band also decrease, falling to zero near atmospheric pres-
sure. At the same time, the parameters T, , decrease to
zero (Fig. 5). The quantity Ty, decreases from an infinitely
high value, while T, decreases from a finite value. A
metal-insulator transition begins. In terms of the acceptor
band, the transition sets in at N,p=3.1-10'¢
cm3¢N,=10" cm~3. It results from the superposition
of acceptor-band states on the band continuum and is a
version of the Mott model. This version of the metal-
insulator transition was called a “‘resonance-hybridization
version of the Mott transition” in Ref. 18. This resonance-
hybridization transition in the delocalization direction is
accompanied by a pulling of pu, toward p,. The limiting
case (b=p,/u,=1I) is realized when band states are su-
perimposed on impurities previously split off from the
same band by the defect potential, as is observed in (for
example) n-InSb. In p-CdSnAs,(Cu), the value of b de-
creases to 3—4 (Ref. 13). This effect probably explains the
anomalously high mobility of the carriers of the resonance
impurity band in PbSnSe (Ref. 12).

The Ge(Sb,Au), InSb(Cr), and apparently InAs (Ref.
26) systems and also gapless semiconductors look promis-
ing for a study of these effects at high pressures.>'?
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4. CONCLUSION

Metal-insulator transitions have been induced by hy-
drostatic pressure in a heavily doped, compensated semi-
conductor through a localization of electrons in the large-
scale fluctuation potential and in the impurity band as the
result of a separation of states of the band continuum from
impurity states. The compound p-CdSnAs,(Cu) was used
as a model. The resonance-hybridization version of the
Mott transition is accompanied by a pulling of the mobility
of the impurity carriers toward the mobility of the band
carriers. A modification of the state of a heavily doped,
fully compensated semiconductor has been observed in a
semiconductor with an impurity band. The model of a
heavily doped, fully compensated semiconductor has been
compared with experimental data for the first time, and a
satisfactory quantitative agreement has been found. This
model has been used previously for a qualitative descrip-
tion of the temperature dependence of the resistivity of
n-Ge compensated by fast neutrons.” The condition for a
metal-insulator transition in a heavily doped, compensated
semiconductor has been refined, and the influence of com-
plex formation on the nature of the localization has been
identified. A material like p-CdSnAs,(Cu) is a model
amorphous semiconductor which can be effectively con-
trolled by high pressure. The high pressure makes it pos-
sible to scan the Fermi level under the percolation level of
the heavily doped, compensated semiconductor, by an
amount one or two orders of magnitude greater than the
values which can be reached by compensation or a quan-
tizing magnetic field.%!%1727
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