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We report on the impurity-conduction measurements, in the strong-localization regime, for p-
type Zn-doped InP epilayers with low compensation levels. Both Hall-transport and magnetoresis-
tance measurements were carried out. Variable-range hopping was present in all samples below 5
K, where Mott’s full expression for the conductivity was found to give an excellent description of
the data, with consistency between the theoretical predictions for the activation energies and the
corresponding experimental values. Above 5 K, nearest-neighbor hopping was observed in all sam-
ples and was found to be consistent with a model by Efros and Shklovskii, provided that the effects
of an enhancement of the dielectric constant at high doping levels were included. An unusual satu-
ration of the low-temperature conductivity was observed in the purest epilayers. For layers with a
low level of compensation, such an effect has been predicted by Shklovskii and Yanchev. However,
their theory could only provide a qualitative explanation of our results.

I. INTRODUCTION

From a recent review by Mansfield,' it is clear that a
considerable amount of data is presently available on the
subject of hopping transport in n-type III-V compound
semiconductors. The following trends have been extract-
ed from those data for two regimes of the conduction.

A. Variable-range hopping conduction

In lightly doped material, at sufficiently low tempera-
ture (T), electrical transport is by means of variable-
range hopping. The conductivity is generally of the form

o=T,T 2exp[ —(Ty/T)] with s=1, (1)
where

T,=49/(kgDya’) (2)
and

a=h/V2m*E, . (3)

kg is the Boltzmann constant, # is the Planck constant
divided by 27, m* is the effective mass of the light holes
(m*=0.08m, in InP), and E , is the binding energy.

Equation (1) was derived by Mott? by assuming a con-
stant density of states D in the impurity band at the po-
sition of the Fermi level (Ep).

In more heavily doped material, conductivity has
sometimes been observed of the form

o =TT 'exp[ —(T(/T)] withs=1, (4)
where
Ty=10/(kzCla) . (5)
41

Equation (4) was derived by Efros and Shklovskii® by
taking long-range Coulomb interactions into account,
which, if not screened, lead to the presence of a Coulomb
gap in the density of impurity states.

It is general practice to neglect the variation of the
preexponential factors of Egs. (1) or (4) in the analysis of
the experimental data. In the temperature region where
T << T,, Mansfield' has shown that, although it does not
affect the power in the exponential, this is in most cases
inadequate and leads to the too small experimental values
of T, generally observed. The use of Egs. (1) or (4) for
the conductivity is then required to provide adequate
agreement with theory. In addition, when T is close to or
larger than T, the preexponential factors of Egs. (1) and
(4) dominate their temperature dependence. The ex-
ponent s cannot then be accurately determined, even if
the prefactor is taken into account.

B. Nearest-neighbor hopping conduction

At higher temperatures, a range is generally found
where conduction is by nearest-neighbor hopping, with a
conductivity of the form*

=TT 'exp(—T5/T), (6)
where
[,=8;T;a 3Na) % Bexp[—a/(N3a)] @)
and
T,=0.61T . (8)
Tp is the temperature corresponding to the energy of the
Coulomb interaction at the average distance between ma-
jority impurities and is given by
12 582 ©1990 The American Physical Society
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Tp,=(41/3)3¢* N3 /(kgk) . 9)

N , is the majority dopant concentration, 3; a constant, g
the electronic charge, k the low-frequency dielectric con-
stant (k=12.35 for InP), and a=1.73. This value of a is
well established* for impurities with isotropic wave func-
tions.

In Eq. (6), the preexponential temperature variation is
generally neglected, in the determination of T, which is
only justified! if T <<T,;. Under those conditions, the
available experimental data is in good agreement with
theory if the variation of the dielectric constant with car-
rier concentration is taken into account. !

Equation (6) then becomes

o=o.exp(—T53/T) . (10)

In the above models, the contribution of the heavy
holes to the conduction is not taken into account due to
the small overlap of their wave functions.

C. Hopping conduction in p-type material

Detailed experimental data on the hopping conduction
of p-type semiconductors is still relatively rare. The early
work of Fritzsche and Lark-Horowitz>® on p-type Ge
provided evidence for nearest-neighbor hopping. Also in
p-type Ge, Shlimak and Nikulin’ found Eq. (1) in agree-
ment with their purest sample, while a more heavily
doped sample showed a behavior consistent with Eq. (4).
More recently, Kuznetsov et al.® studied the impurity
conduction of InP:Mn for samples falling well below the
corresponding Mott transition. They found Eq. (10) in
excellent agreement with their experimental data, with
values of T'; very close to those theoretically predicted.
In addition, at lower temperature, Mott’s law was verified
from 4 to 39 K, with T << T and a variation of the con-
ductivity of seven decades, leaving little doubt about the
accuracy of their result. The value of T, extracted was in
excellent agreement with Mott’s theory.

In this article, we present the results of impurity-
conduction measurements on a series of p-type Zn-doped
InP epilayers, grown by metalorganic chemical vapor-
deposition (MOCVD) on semi-insulating Fe-doped InP
substrates. Both Hall transport and magnetoresistance
measurements were carried out. In previous articles, we
presented experimental details pertaining to the MOCVD
system,’ characterization of the dopant profiles by
secondary-ion mass spectroscopy (SIMS),!® preparation
of samples for electrical transport measurements!! and
the execution of those measurements. '!
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II. RESULTS AND DISCUSSION

A. Extended-states Hall data

In this section we summarize extended-states Hall re-
sults reported earlier'® for samples 1, 2, and 4. Relevant
data, including nomenclature of the samples as used in
Ref. 10, are presented in Table I. [Zn] is the Zn concen-
tration as determined by secondary-ion mass spectrosco-
py, N4 and N, are the acceptor and donor concentra-
tion, respectively, pp is the total hole concentration at
room temperature, K the compensation ratio defined as
Np /N4, and a is given by Eq. 3). E, was extracted
from freeze-out statistics between 35 and 100 K for sam-
ples 1 and 2, and between 70 and 140 K for samples 3 and
4. E , decreased with increasing doping level, as expect-
ed when the Mott transition is approached. Strong exci-
tation to the valence band was still evident, at room tem-
perature, in the more heavily doped samples.

The temperature variation of the total hole concentra-
tion p is given by the expression'?

p=1{—(Np+N,)+[(Ny+N,)?+4N,(N,—Np)]'?} ,
(11)
where
N,=2Q2mm*kpyT/h**Bexp(—E , /kpT) .

B is the degeneracy factor of the acceptor level, kg the
Boltzmann constant, 4 the Planck constant, and m * the
density of states effective mass. Equation (11) was fitted
to our experimental data with the appropriate values of
E,, B, and m* with N, and N} as adjustable parame-
ters.’° A good simultaneous fit of the hole concentration
and the mobility was obtained for samples 1, 2, and 4, of
which the results are quoted in Table I. The values of
N, were in excellent agreement with the SIMS data'®
(Table I). The value of N, quoted for sample 3, which is
the most heavily doped of the set, is about a factor 2
larger than [Zn]. This discrepancy is attributed to a de-
crease of the Hall factor-which was found close to 1 for
the other samples'—at higher doping levels.

B. Conductivity at low doping levels

Figure 1 shows a linear plot of the conductivity o of
samples 1 and 2 in the temperature range of 3 to 30 K.
For the sake of clarify, only a fraction of the available ex-
perimental points is shown. Below approximately 7=11
K, o exhibits an activated behavior which saturates at

TABLE I. Parameters extracted from the high-temperature data for all samples.

Sample [Zn] N, Np E, Py a
no. (cm™3) (cm™3) (cm™3) (meV) (cm™?) K (A)
1 (“B313”) 1.5x 10" 1.42x 10" 1.51x10'° 41.0 1.13x 10" 0.106 34.08
2 (“B316”) 7.0X 106 6.94 < 10'¢ 1.12x10'¢ 42.7 5.45X% 10 0.161 33.40
3 (“B274”) 1.2x 10" 2.74X 10" 2.10x 10" 25.9 1.23x10'? 0.076 42.88
4 (“B276”) 9.0 10" 1.15x 10" 1.20x 10" 26.2 7.46 X 10" 0.104 42.63
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FIG. 1. Conductivity as a function of temperature for sam-
ples 1 and 2. The continuous lines correspond to nearest-

neighbor hopping as given by Eq. (10) with the parameters quot-
ed in Table II.

higher temperatures. Above 26 K, the beginning of a
large increase of ¢ with temperature is shown, which ex-
tends over many decades at higher temperature.

Figure 2 shows the variation of the Hall coefficient Ry
of sample 1 with temperature in the range of 4-50 K.
The sign of Ry remains the same in the whole tempera-
ture range. A peak is observed in Ry at a temperature
Tp=31 K. A similar result was first observed by Hung
in Ge! and is due to conduction by two decoupled
bands.'*!> The peak occurs at the temperature where
the contribution of each of the bands to the conduction is
of equal importance. In our case, for T > Tp, the valence
band dominates the conduction. As the free hole concen-
tration rises exponentially, with a simultaneous increase

2 SAMPLE 1 o

T (10 KO

FIG. 2. Ry as a function of temperature for sample 1. The
flat region between 11 and 25 K corresponds to the saturation of
the nearest-neighbor-hopping regime. The increase of Ry
below 11 K is linked to hopping conduction. The peak at
Tp»=~31 K is due to two-band conduction.
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of the corresponding mobility, the conductivity under-
goes an extremely fast increase. This corresponds to the
behavior partly shown in Fig. 1 above 26 K. Using a
two-band model, it can be shown that the importance of
one band relative to the other, for the conduction, de-
creases rapidly as T moves away from T, and becomes
negligible!® at the basis of the peak of Ry. Consequently,
in the case of Fig. 2, the onset of pure extended states
conduction is at about 45 K, and pure hopping conduc-
tion occurs below 26 K. The relatively flat behavior of
Ry observed between 11 and 26 K is very unusual and
corresponds to the saturation of the activated behavior
shown in Fig. 1. It could indicate an approximately con-
stant mobile carrier concentration. Below 11 K, Ry un-
dergoes an extremely large increase, which extends over
several orders of magnitude as T is decreased (not fully
shown). This behavior has previously been observed in
the strong localization regime of n-type InP, 417 and is
consistent with a decrease of the concentration of hop-
ping carriers with decrease temperature. However, in the
case of n-type InP, no flat region was observed between
the two-band peak and the increase of Ry at low temper-
ature.

Figure 3 shows the Hall mobility py of sample 1 be-
tween approximately 11 and 26 K. A relatively flat re-
gion is observed from 15 to 23 K, roughly corresponding
to the flat region of both o and Ry. Below 11 K, uy
could not be accurately measured due to the high noise
level.

Figure 4 shows the low-field transverse magnetoresis-
tance of sample 1 as a function of temperature. The mag-
netic induction was 4 kG. Two temperature regions of
distinct behavior are again observed. For T<11 K, cor-
responding to the activated region of Fig. 1, the negative
magnetoresistance is relatively large and increases with
decreasing temperature. A similar trend has been ob-
served!® in the strong localization regime of n-type GaAs
and found in fair agreement with a model proposed by
Fukuyama and Yosida.!® According to this model, the
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FIG. 3. Hall mobility of sample 1 as a function of tempera-

ture.
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FIG. 4. Transverse magnetoresistance of sample 1 as a func-
tion of temperature at B=4 kG. A significant decrease of the
magnetoresistance is observed below 11 K, corresponding to the
hopping regime. The flat behavior from 11 to 30 K corresponds
to its saturation. The magnetoresistance becomes positive
above T=33 K, where the valence bands dominate electrical
transport.

magnetic field causes a Zeeman splitting of the impurity
states, with a majority of carriers in the upper state,
which offers a better overlap of the electronic wave func-
tions and leads to a significant increase of the conductivi-
ty. In the temperature region of 11-30 K, the negative
magnetoresistance is considerably smaller and relatively
flat. This region corresponds to the saturation region of
Fig. 1. However, we point out that the uniformity of our
samples is estimated to be of the order of 2%. Because of
the presence of the Hall voltage, the contacts used for the
measurement of the magnetoresistance have to be con-
sidered independent, for the purpose of the error calcula-
tion of the experimental magnetoresistance. Consequent-
ly, the error bar, in Fig. 4, is of the order of 2%, i.e., four
times as large as the value of the magnetoresistance in
this region. Therefore, the data above 10 K are only indi-
cative of a possible behavior. Above approximately 31 K
(corresonding to Tp in Fig. 2), the magnetoresistance be-
comes positive, as expected when extended-states conduc-
tion is dominant.

Shklovskii and Yanchev® considered the possibility of
saturation of the nearest-neighbor hopping regime in the
case of low compensation. At sufficiently low tempera-
ture, this corresponds to a nearly full impurity band. For
p-type material, the majority of localized impurity states
are occupied by holes, with the compensating impurities
binding N, electrons. As the temperature increases, the
electrons start to thermally break away from their loca-
tion and become available for the hopping process. This
mechanism reaches saturation when the concentration of
the electrons allowed to hop reaches Nj. Further growth
of the break-away electrons then becomes impossible.
Such an effect should exist for all levels of compensation
at sufficiently high temperature. Nevertheless, its direct
observation is likely to be hidden by the onset of
extended-states conduction. In fact, when activated con-

12 585

duction is observed at low temperature and electrical
transport in the conduction band is precisely modeled,
the low-temperature peak of Ry, which is usually ob-
served, cannot generally be reproduced by extrapolation
to higher temperature of the observed electrical behavior
of the impurity carriers.?! Even when not directly ob-
served, saturation of the activated behavior should take
place in a temperature range where extended-states con-
duction is dominant. The temperature T, at which this
effect occurs depends both on compensation and on the
width of the band. Shklovskii and Yanchev* give the fol-
lowing estimate:

T,=T%/In(N ,/Np) . (12)

Their quantitative model is based on the calculation of
the position of E at finite temperature and leads to the
following equation:

Npexp(—X3)=7.14X107*X N, + N sexp[— T, /(TX)],
(13)
where

X =kpTp/Ep . (14)

The determination of X in Eq. (14) leads to the following
expression for the conductivity:

o=o;exp[—Tp/(TX)] (15)
which, at sufficiently low temperature is equivalent to Eq.
(10) with T, given by Eq. (8).*

This model does not take into account the temperature
dependence of the prefactor of the nearest-neighbor hop-
ping conductivity. Consequently, for comparison pur-
poses, we plot in Figs. 5 and 6 In(¢) as a function of 1/7,
for samples 1 and 2, respectively, between approximately
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FIG. 5. In(o) as function of 1/T for sample 1. The continu-
ous line is the fit of Eq. (10) to the data. The dashed line was ob-
tained from Eq. (13) and the parameters quoted in Tables I and
II. The dashed-dotted line shows the effect of an increase in
compensation. All three lines merge at T<2 K.
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FIG. 6. In(o) as function of 1/T for sample 2. The continu-
ous line is the fit of Eq. (10) to the data. The dashed line was ob-
tained from Eq. (13) and the parameters quoted in Tables I and
II. The dashed-dotted line corresponds to an increase in com-
pensation. All three lines merge at T<2 K.

6 and 26 K. The continuous lines are the fits of Eq. (10)
to the data in the range of approximately 6 to 11 K. The
values of 03 and T; obtained experimentally are quoted
in Table II along with T, [Eq. (12)] and the theoretical
values of T3 [Eq. (9)]. For both samples, T, falls in the
observed saturation region and is reasonably close to its
onset (11-12 K). However, the theoretical values of T,
are almost a factor 2 larger than the experimental ones.
Two reasons can explain this discrepancy. On the one
hand, the experimental values of T are not very much
larger than the temperatures of the range under con-
sideration. The prefactor of Eq. (6) should then be con-
sidered and would increase the experimental T';. On the
other hand, Eq. (9) shows that T is inversely proportion-
al to the dielectric constant, for which an enhancement is
likely at the doping levels of our samples. This should
decrease the theoretical value of T;. As expected for
nearest-neighbor hopping, the activation energy de-
creases with decreasing doping level. With the values of
o3 quoted above, T, follows immediately from Eq. (8)
and is also quoted in Table II. With N, and N, given in
Table I, Eq. (13) can be solved numerically for X as a
function of temperature. The theoretical conductivity is
then obtained with Eq. (15). It is shown as a dashed line
in Figs. 5 and 6. The dashed-dotted lines were obtained
with N, =5X10'® cm 3 for sample 1 and N, =2.5X 10'®
cm 3 for sample 2, with all other parameters remaining
unchanged. This gives an indication of the sensitivity of
the model, for fixed T,, with respect to compensation.
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FIG. 7. In(oT'"?) as a function of T~'/* for samples 1 and 2.
Mott’s law is well verified at sufficiently low temperature. The
continuous lines are the fits of Eq. (1) to the data.

At temperatures lower than those shown in Figs. 5 and 6
(between 1 and 2 K), the lines generated with the above
model merge with the continuous line, which corresponds
to unsaturated nearest-neighbor hopping. Although
theory qualitatively describes the deviation from the con-
tinuous line which is experimentally observed, a
significant discrepancy remains. The onset of saturation
occurs at a temperature much higher (7=11 K) than
predicted by the model (7 =2 K), and the observed devi-
ation from the unsaturated region is more abrupt (Figs. 5
and 6). The variation of both R (Fig. 2) and the magne-
toresistance (Fig. 4) with temperature at the onset of sat-
uration (11-12 K) is also abrupt. Part of the discrepancy
may be due to the fact that the temperature dependence
of the prefactor of the nearest-neighbor hopping conduc-
tivity was neglected in the derivation of the model
presented above. Nevertheless, we point out that from
approximately 11 to 25 K, all the experimental quantities
shown in Figs. 1 to 6 exhibit the behavior expected for a
metal, while strong localization is evident below 11 K.
This could be consistent with a temperature-induced
metal-insulator transition of the Mott kind. Because of
screening by the mobile carriers, the overlap of their
wave functions is expected to increase with increasing
temperature. In addition, for samples with low compen-
sation as in the present work, the disorder in the impurity
distribution should also be low. An indication of this is
that the experimental values of T'; are found to be lower
than the theoretical predictions. A combination of those
two effects could lead to the formation of a percolation
path at a given temperature.

TABLE II. Parameters of samples 1 and 2 corresponding to Egs. (8), (9), (10), and (12).

Sample o, T(expt.) T(theor.) T, Tp
no. (Q 'em™) (K) (K) (K) (K)
1 7.15x107* 35.81 69.51 15.96 58.70
1.35%X 1074 32.25 54.75 17.71 52.87
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TABLE III. Parameters corresponding to Mott’s variable-range hopping for all samples.

Sample I To(expt.) D, Ty(theor.) T range
no. (Q7'em™'K!'7?) (K) s (ergs 'em™3) (K) (K)

2 1.03X10° 1.98 X 10° 0.253 3.73Xx10%° 2.55%10° 47-7.3

1 5.69X10° 9.97 X 10° 0.248 7.17X 10%° 1.25x10° 3.9-5.7

4 4.37X10° 6.69 X 10* 0.345 428X 10 1.07X10° 3.14.8

3 4.97x10’ 6.32X10° 0.283 9.72 X 10* 4.63x10* 4.8-6.8
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At the lowest temperatures investigated, a clear devia-
tion from the nearest-neighbor hopping regime is ob-
served for samples 1 and 2, and the corresponding data
for o is shown in Fig. 7. Equation (1) was fitted to the
data in the temperature range indicated in Table III, with
L'y, Ty, and s as free parameters. The continuous lines of
3 were generated with the values of those-parameters,
quoted in Table ITI. Mott’s law is in excellent agreement
with the data. Although the temperature range where it
is observed is limited due to the large resistance of the
samples, the number of experimental points is high, and
the corresponding variation of ¢ is of the order of two
decades for both samples. The average relative error of
both fits is below 5X 1073, The results are therefore ac-
curate.

C. Conductivity at higher doping levels

As shown in Table I, samples 3 and 4 are more heavily
doped than the previous ones, but have similar low com-
pensation. For both samples, the behavior of Ry for
T>22 K is similar to that shown in Fig. 2 for sample 1,
indicating two-band conduction. However, the two-band
peak is much larger and extends up to 100 K. Such a
feature is consistent, for those more heavily doped sam-
ples, with the larger impurity conduction expected.'* No
flat behavior is observed below 22 K, and R undergoes a
fast increase with decreasing temperature in this region.
This indicates that any saturation of hopping conduction

-2 4
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8 SAMPLE 4

In € T (2 'em™ K>3

FIG. 8. In(oT) as a function of 1/T for samples 3 and 4.
Nearest-neighbor hopping is observed with a variation of the
conductivity of the order of 5 decades. The continuous lines are
the fits of Eq. (6) to the data.

will probably be hidden by extended-states conduction
and not experimentally detected.

Figure 8 shows a plot of In(oT) as a function of 1/T
for samples 3 and 4. The behavior is well described by
Eq. (6), which corresponds to nearest-neighbor hopping.
For sample 3, Eq. (6) was fitted to o; between 7.5 and 21
K, and for sample 4 between 6 and 20 K. In both cases
I'; and T; were unconstrained. The resulting values of
I'; and T; are quoted in Table IV. Equation (6) was also
fitted to o for samples 1 and 2 in the appropriate temper-
ature range. Those results are also reported in Table IV.
By comparing the new values of T; with the ones ob-
tained without the prefactor, we observe a significant in-
crease, which brings them closer to the theoretically pre-
dicted values. The discrepancy for samples 3 and 4 is
much larger, but this was expected for heavily doped
samples, as discussed above, because of the enhancement
of the dielectric constant which is not taken into account
in the theoretical model.! Equation (10), when fitted to
the data, gives a slightly lower relative average error than
Eq. (6). Using T, instead of T; (Table IV, experimental
value) in Eq. (12), with the values of N, and N, in Table
I, we obtain T, =24.2 K for sample 3 and T;=26.2 for
sample 4. This result further explains the fact that no
saturation of the nearest-neighbor hopping regime is ob-
served: the onset appears to occur in a temperature
range where the effect of the valence bands is important
or even dominant. In the temperature range indicated in
Table III, samples 3 and 4 both show Mott’s variable-

|
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FIG. 9. In(a T'/?) as a function of T ~'/* for samples 3 and 4
at very low temperature. Mott’s law is observed in a narrow
temperature range, with a variation of o of 2 decades. The con-
tinuous lines are the fits of Eq. (1) to the data.
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TABLE IV. Parameters corresponding to nearest-neighbor hopping for all samples.

Sample I T, (expt.) T,(theor.) Tp Y
no. (@ 'em™'K) (K) (K) 1/(N3a) (K) (07 'em?)
2 3.271X1073 41.07 54.75 7.286 67.33 2.202Xx107 %
1 1.519X 1072 43.67 69.51 5.624 71.59 1.063X 1072
4 1.958 59.32 139.59 2.239 97.25 2.268X1072!
3 7.582 62.33 186.44 1.667 102.18 8.881 10~

range hopping. The data are shown in Fig. 9, with the
corresponding fits of Eq. (1) to o. The values of 'y, T,
and s, obtained with an iterative least-squares-fit tech-
nique, are reported in Table III. Equation (3) gives the
theoretical prediction for T,,. There, a is known and is
quoted in Table I. A rough estimate of the density of
states D, at E can be obtained as follows. T in Eq. (8)
corresponds to the half-width of the impurity band.* If a
constant density of states is assumed and if spin degenera-
cy is neglected, Dy=N , /(2kzTj) can be calculated and
is reported in Table IV for all samples. The correspond-
ing theoretical values of T, are given in Table IIIL
Theory is in good agreement with experiment, as predict-
ed by Mansfield,! when the prefactor of the variable-
range hopping expression is taken into account. The
largest discrepancy, observed for sample 3, corresponds
to 1 order of magnitude. This is small compared to the
much larger discrepancies previously reported! and can
be attributed to the inconsistency, mentioned above, be-
tween the Hall analysis and the SIMS data of this sample.
The value of N, 50% lower suggested by SIMS gives
much better agreement.

The theoretical value of a=1.73, in Eq. (7), can be ex-
perimentally verified using the data extracted from the
nearest-neighbor hopping regime of all samples. If we
define

Y =T3a%N a)*%/T, , (16)

a plot of In(Y) as a function of X =1/(NY/?a) should, ac-

-45 - -
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In LY (™! en))

-S5 1 -

4
N;l/3 /a

FIG. 10. In(Y), as given by Eq. (16), as a function of N3 /a.
The straight line, which represents the best fit to the data, has a
slope —a= —1.488.

cording to theory, yield a straight line with slope —a.
The values of X and Y obtained for each sample are quot-
ed in Table IV. Figure 10 shows the corresponding plot.
The continuous line is the best fit to the data and gives
a=1.488, in fair agreement with theory. A discrepancy
is expected when some anisotropy of the carrier wave
function is present,4 which could be the case for our sam-
ples.

An interesting feature of the conductivity of samples 3
and 4 is shown in Fig. 11. For sample 3, Eq. (2), which
corresponds to variable-range hopping conduction in the
presence of a Coulomb gap in the impurity-band density
of states, also provides a good description of the data be-
tween 5 and 16 K. The same is true for sample 4 between
3.2 and 12 K. There is no evidence for such an effect in
samples 1 and 2. This shows that a combination of Eq.
(1) at low temperatures and Eq. (6) at higher tempera-
tures can give a relationship similar to that given by Eq.
(2). It also shows that a temperature range can be found
where Eq. (6) alone can yield values of the conductivity
extremely close to those obtained with Eq. (2) and an ap-
propriate choice of the respective parameters. The best
fit of Eq. (2) to the data of sample 3, shown in Fig. 11,
gave [)=1.78X10° @ 'cm™ 'K, T =1.29%X10* K, and
5=0.507. For sample 4, the corresponding results were
ry=1.36x10* Q 'em 'K, T{=5.64X10* K, and
s=0.579. In Eq. (5), C, is linked to the density of states
near Ey by the expression'

g(E)=C,E?,

where g(E) is the density of states and E the energy.

“lem™ 'k 1
|
o
L
T

In [sT
I
o
1
T

o SAMPLE 3
= SAMPLE 4
=154 -

4
T-172 (1o~ K~173

FIG. 11. In(oT) as function of T~ !/2 for samples 3 and 4.
The continuous lines are the fits of Eq. (2) to the data.
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This expression describes a Coulomb gap in the density of
states. The determination of T, in Eq. (5) requires an es-
timate of C,, which can be obtained as follows. The
width of the impurity band is approximately 2k T, with
N 4 energy states. If we assume that g(E) is constant
everywhere except at the Coulomb gap, for which we
take a width of k5T, it is easily verified that this leads
approximately to

C,=8N,/(3k3T3)
by substituting this value in Eq. (5):
T,=1.21T,/(NY3a) .

For sample 3, the last expression gives Tp=1.23 X 10* K,
which is extremely close to the experimental value. This
number would be increased by 25% if N, had been
determined from the SIMS data. For sample 4, we calcu-
lated T5=1.57X 10> K, which is an order of magnitude
larger than the experimental result.

The analysis presented above shows the difficulty in-
volved in distinguishing between Egs. (1), (2), and even (6)
for samples with a relatively high doping level. This
difficulty is further increased by the fact that in such
cases the parameters of all the corresponding theories are
in fair agreement with experiment.

III. CONCLUSIONS

In conclusion, we have presented impurity conduction
data for Zn-doped epitaxial layers of InP growth by
MOCVD, with doping levels ranging from 7X10'® to
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1.2X 10" cm™3. All of the epilayers showed Mott’s
variable-range hopping at very low temperatures, with
values of the activation energy which were in fair agree-
ment with the corresponding model, in which the temper-
ature dependence of the prefactor of the expression
describing the conductivity was taken into account.

At higher temperatures, the results were consistent
with nearest-neighbor hopping for all samples. Satura-
tion of the conductivity with increasing temperature was
observed in the case of the more lightly doped samples.
A model by Shklovskii and Yanchev was found to be in
qualitative agreement with the data, and could explain
why saturation was not observed for more heavily doped
samples. The activation energy of the nearest-neighbor
hopping regime is consistent with theory if an enhance-
ment of the dielectric constant at high doping levels is
taken into account. The exponential dependence of the
hopping conductivity on the acceptor concentration is
also in good agreement with theory.

The conductivity of the more heavily doped samples
could also be interpreted as a result of variable-range
hopping in the presence of a Coulomb gap, followed, at
higher temperatures, by nearest-neighbor hopping. This
effect is consistent with several other observations in
semiconductors close to the Mott transition.! However,
an interpretation on the basis of a Coulomb gap is incon-
sistent with the fact that the vast majority of existing
data for lightly doped samples unequivocally supports
Mott’s law’? in crystalline semiconductors. Moreover,
an unscreened Coulomb interaction would be expected ei-
ther for lightly doped samples or at very low tempera-
tures. No support for this is provided by our data.
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