Low-temperature conductivity of epitaxial ZnSe in the impurity band regime
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Low-temperature conductivity of several samples of ZnSe grown by molecular-beam epitaxy has
been measured. The data indicate that for samples with carrier concentration below bl near
metal insulator transition, the conductivity obeys o exd —(To/T)®] at low temperatures with
s=1/2. This behavior is a characteristic of variable-range hopping conduction in the presence of a
Coulomb gap. ©1994 American Institute of Physics.

Impurity conduction is a phenomenon normally expectedwere estimated to be between 80% and 90%. The electron
to occur in compensated semiconducting materials with dopeoncentrations of these samples are smaller than the critical
ing concentration below metal-nonmetal transition at lowelectron concentrationN:~3.7x10'" cm™3, reported for
temperatures. The phonon-assisted tunneling, hopping, is ZnSe® All measurements were performed on the samples
dominant form of conduction in this process. Mattas first ~ with van der Pauw configuration. Two calibrated thermom-
to point out that the most frequent hopping would not be aeters, one adjacent to the sample and the other mounted in-
nearest neighbor hopping. As a result, the average hopping side a copper block for controlling the temperature, were
activation energy will be temperature dependent. This formused to measure the temperatures very accurately.
of conduction is called variable-range hoppit\RH) and It is well known that the temperature dependence of re-
the conductivity in this regime obeys the relation: sistivity and the Hall coefficient provide useful information
about the conduction mechanism in semiconducting materi-

o=00 exf —(To/T)?], (D) ais. Figure 1 shows semilog plot of the resistivity zfnd Hall
When s=1/4, Eq. (1) is known as Mott's Law. Efros and coefficient for three representative samples. As is clear from
Shklovsk? have shown that the Coulomb interactions be-this figure, the Hall coefficient possesses a clear maximum
tween localized electron states produce a so-called Coulom@d the resistivity data show two activation energies. This
gap in the density of states. In this case the conductivityype of behavior has been observed in many crystalline semi-
obeys Eq(1) with s=1/2. In the presence of a Coulomb gap conductors and is characteristic of the change in conduction

mechanism from thermally activated to impurity band

keTo~2.8¢’/ ea, (2)  conduction®® It is also similar to results reported by Mar-

6 . .

in which e is the dielectric constant aralis the localization ~Shall etal’ A rough estimate of the slope in the low-
length. Since VRH occurs in samples with an impurity Con_temperature portion of the re5|st|v!ty Qata provides an acti-
centration very close to the critical concentration, the analyYation energy about 1-3 meV which is much smaller than
sis of the experimental data, using E8), usually gives very phonon energy in thls_ material and is an indication of the
large values for localization length and dielectric constant, Phonon-assisted hopping conduction.
In addition, if T, is large in comparison to the temperature in ' ©rder to determine an accurate value for the exponent
which hopping conduction takes place, then the exponentia? in Eqg. (1), it is essential to measure the temperature of the
is the dominant factor and the slight temperature dependen&@MPI€ Very accurately over a wide range of temperatures.
of o in Eq. (1) is insignificant. To fulfill such consideration the conductivity of each sample

Variable-range hopping has been observed in large numvas remeasured in a different cryostat that allows us to ex-
bers of crystalline and amorphous semiconduct8rso far  tend the temperature range down to 2.0 K and keep the
no such study has been reported on epitaxial ZnSe systers@MPlI€ in direct contact with the cryogen. _
except the work reported by Marshall al® In their study it In Fig. 2 the co_nductlwty of one reergsentatlve sample is
was found that at low temperaturé)—20 K) the resistivity ~ Plottéd as a function of temperaturg, =, for s=1/2 and
in the impurity band regime obeys Mott's Law wigh=1/4. 5= 1/4. It is clear from this figure thas=1/2 will describe
However, their measurements span only over a small rang@@t@ over a wider range of temperatures in the impurity band
of temperatures. In this work we span our measurement&gime. If we disregard data points below 10 K, the1/4
over a wider temperature range, and we show that indeed in
the impurity band regime the conductivity is governed bYTABLE I. ¢y, T,, ands are the results of fitting Eq1) top the experimen-
variable-range hopping wite=1/2 rather thars=1/4. tal data. The room-temperature electron concentrations, mobility, and the

All samples being used in this study were doped withthickness of each sample are also given.
gallium and were grown on semi—insulg'ting GaAs by mo- Thickness ngp (G 00 . T,
lecular beam epitaxy. The growth conditions have been desample  (um) (X10")  (emPVs) ©Q7'ecmY) (K) s
scribed elsewheréThe carrier concentrations deducted from 1 o1 T3 p— 013 50 052
Hall measurements as well as the room-temperature mobili- 26 18 300 0.37 119 050
ties are given in Table I. Using a transport model proposed 3 25 15 395 166 383 040
for ZnSe by Rudéthe compensation ratios for these samples
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FIG. 1. Temperature dependence of the resistit@yand the Hall coeffi-
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FIG. 2. Plot of the conductivity data VB~ 2 and T~ 4, In the impurity
band regimel ~/2 provides an excellent fit to the experimental data.

Samples 1 and 2 are more compensated and provide a better
fit with s=1/2. A large value ofl; for sample 3 is a result of

a smaller exponens=0.4, for this sample. If one fit the
data for this sample wits=0.5, thevalue of T, for sample

3 would be almost the same as sample 2. This conclusion can
be obtained from Fig. 3. The slope of each line in this figure
gives (T0)1’2 for each sample. It is clear from this figure that
samples 2 and 3 have almost identical slopes. So one cannot
conclude that there is a large variation Tf with compen-
sation. Using values of; from Table | and Eq(2), one can
estimate values ofa. These estimates are an order of mag-
nitude higher than values @& calculated for ZnSée=static
dielectric constant9.2 anda~18 A). This discrepancy can

be removed if one includes enhancement factors in the di-

cients(b) for the three representative samples. The peak in the Hall coeffi€l€Ctric constant and the localization length of ZnSe in the

cient and the smaller slope at low-temperature part of the resistivity data ar
characteristics of the impurity band conduction.

¥RH regime® A much larger discrepancy has been reported
for n-type CdSé!
The magnetoresistances of these samples were also mea-

will also be a reasonable fit to the data and it agrees with the
results reported in Ref. 6. Therefore, extending the tempera-

ture range below 10 K will allow us to identify clearly an
accurate value for the exponestin the Eq.(1). Figure 3

101
%ﬁ .
.. . 02
shows a plot of conductivity of three representative samples " 4 03
%c

as a function of temperatur&, ®, with s=1/2. Again, this
clearly indicates that in the impurity band regime the con-
ductivity exponent is 1/2 rather than 1/4 for ZnSe epitaxial
layers. It should be pointed out that similar temperature de
pendence, witts=1/2, for theconductivity of ZnSe layers
was observed by Walskt al® at low temperatures. Their

data were interpreted in terms of electron accumulation on 103
the ZnSe side of the interface. However, such interpretation
does not agree with the current understanding of ZnSe/GaAs  1o+1

102

Conductivity (@ ey

interface.
In order to determine values sfandT, in Eg. (1) more 0.0 02 0.4 06 08
accurately, the conductivity data were analyzed in a similar TR

way as described in Ref. 10. The results of the fitting are

given in the Table 1. It is clear from the table that the valuesgig 3. piot of the conductivity data VB~ /2 for the three representative

obtained for the exponerg are closer to 1/2 than 1/4. samples.
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In summary, we have shown that in the impurity band

10 . o . .
T=4.2 K regime the conduction is by variable-range hopping and

.l obeys Eq(1) with the exponens=1/2. This can be an indi-

o, cation that the long-range Coulomb interactions between the
~ 0% a ® 3 localized electron states produces a Coulomb gap in density
e A A of states near the Fermi energy for this material.
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FIG. 4. Magnetoresistances of the three representative samflesda® K.
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