Impurity conduction in n-type GaAs

0. V. Emel‘yanenko, T. S. Lagunova, D. N. Nasledov,
D. D. Nedeoglo, and I. N. Timchenko

A. F. Ioffe Physicotechnical Institute,

Academy of Sciences of the USSR, Leningrad
(Submitted February 8, 1973)

Fiz, Tekh, Poluprov,, 1, 1919-1924 (October 1973)

Aninvestigation was made of the impurity (hopping) conductionin n-type gallium arsenide at liquid-helium tem-
peratures as a function of the magnetic field intensity and impurity concentration, The experimental data
on the dependences of p, on Ny and H, and of &; on Np were compared with the Shklovskii— Efros theory,
The experimental dependences of p; on Np (e = 1.8) and of p; onH (t » 0,04) were in good agreement with
the theory of hopping conduction between shallow hydrogen-like levels,

At low temperatures, when phonons are no longer capable
of transferring carriers to a conducting band, the conduc-
tion in a semiconductor is due to the motion of carriers
directly between the impurity states. The overlap of the
wave functions of the neighboring donors and the random
potential of charged impurities essentially govern the
magnitude of the impurity conductivity (resistivity) and

the activated nature of its temperature dependence:lr2

P =p3exp [,:—}] (1)

The activation energy &; is primarily governed by the

Coulomb interaction between an acceptor and the nearest

donor ##

e2N

s
1 (K), (2)

eg=C

where % is the permittivity; C is the numerical coeffi-
cient; f(K) is a function which describes the dependence
of & on the degree of compensation K = Np /ND; Np and
Np are the donor and acceptor concentrations. The val-
ue of p; is an exponential function of the donor concen-
tration since it is governed by the probability of a jump
which is proportional to the overlap integral of the wave
functions of impurities:

pa=poexp [{ (NVp)]. 3

In the simplest variant of the theory of this phenomenon,
the wave functions are assumed to be hydrogen-like, i.e.,
it is postulated that they decrease exponentially with the
distance. Even in this case the coefficient C and the func-
tions f(K), f (Np) in Egs. (2) and (3) depend very strongly
on the selected impurity conduction based on the percola-
tion model.i) A detailed analysis of the published experi-
mental data, made by Efros and Shklovskii, supports their
theory. However, it must be stressed that practically all
the hopping conduction investigations were carried out on
Ge or Si, Although these crystals can be obtained in a
homogeneous form and with known impurity concentra-
tions, which are their undoubted advantages, the complex
band structure of these materials gives rise to difficul-
ties in quantitative comparisons of the experimental and
theoretical results,

We investigated the impurity conduction of n-type
GaAs because of its very simple parabolic and spherical
isotropic conduction band. (A similar band is a feature
of n-type InP and a detailed investigation of this material
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is in progress. For the sake of comparison, we s 1
clude some results®for InP,) We can expect the struef
shallow donor centers in GaAs and InP to be close
ideal hydrogen-like model and, therefore, quantital
comparisons of the experimental data on the hoppin
duction between impurity states in these crystals w
theory of Shklovskii and Efros can be made without
justable parameters or additional assumptions,

EXPERIMENTAL RESULTS AND DISCUSSION

We selected the purest and most homogeneous
ples of n-type GaAs, which were either undoped or
tained S or Sn donors. The principal properties o‘
investigated samples are listed in Table 1, We de
mined the electrical resistivity p, magnetoresistani
pH/P, and Hall coefficient at liquid-helium tempera
in magnetic fields up to 30 kOe. The preparation r
did not affect the results of measurements provide
initial high-temperature properties of the crystals:
identical. j

The Shklovskii—Efros theory’s* can be com
our experimental dependences of p; on Np, p3 on H
€3 on Np.

TABLE 1, Principal Properties of Investigated Samples

Sample : n, cm™? at it
NS Impurity 300°K Np, cm
1 — 6.4-1014 8.2-1014
2 — 2.5-1018 2.1-4018
3 Sn 1-4018 2.5-4018
4 - 4.9-1018 5.2-1016
5 S 3.5+1016 7.2-1018
6 Sn 2.3:1018 2.1-10

Fig. 1. Temperature depen
the electrical resistivity in
fields of various intensiti
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"Dependence of log p; on the average distance between impurities
", The experimental points: 1) our results; 2) results taken from
ref, 8; 4) ref, 9; 5) results for InP taken from ref, 5.

3

, Dependence of p3 on Np. Allthe samples
fan exponential dependence of p on 1/T at T < 5°K
). The value of p rises strongly when the donor
tration is reduced (by a factor of 10* when Ny is

d from 10'® to 10'5 cm™), The values of p3 can be
° from the experimental data by linear extrapola-

_ he low-temperature dependence to 1/T = 0,

ow donor concentrations, when (N¥{*a)™! > 1, the
ation method gives

(Vo) = (4)

b

ective Bohr radius « for a simple hydrogen-like

3 %

g a=ag ”?, (5)
m* is the effective mass of carriers andapg = 0.55
» Bohr radius.

...percolation method gives only the order of mag-

] po and, therefore, a comparison with the theory
first of all using the dependence of p; on (Nifa)~".
2 shows our data for GaAs and InP, including those
more heavily doped crystals taken from earlier in-
jons® and some of the published results’»? included
pleteness, In the case of donor impurities in

e assumed that a = 97 1°&, which corresponded to

07m, and » = 12.5; in the case of InP, we assumed
77 A, m* = 0,085m,, and » = 14,

ints for the samples with p € 10! @ .cm are of
v'portance in the comparison with the theory be-
high values of p the resistivity is strongly af-
2duced) by any random high-conductivity channel,
ular, in the case of the purest epitaxial crystals,
tivity is always reduced by even a slight layer

‘ eity because of the strong dependence of p on

: other hand, if (N¥*a)™! < 4, the hopping conduc-
ty is no longer applicable (the Mott transition®

co.

ing this point in mind, we can see that in the

v'ues of (N;)/3a)'1 and p considered here (sam-
10" em=* < Npy € 10! cm™?) the experimental

> scattered somewhat (probably because of inac-
ues of Np) but they do lie along a straight line
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with a slope of 1.8 (points 1 in Fig, 2), in accordance with
Eq. (4). The extrapolation of the straight line to the or-
dinate gives about —3.5 for log pPo. At low values of
(Ng3a)_1, the experimental values lie above the extrap-
olated line, The location of the deviation from linearity
is in approximate agreement with the location of the Mott
transition, characterizedby Aoy = (4/ 37Np)-"3a~! =
0.62N;Pa™! » 3,

2. Dependence of p, on the magnetic
field. Figure 3 shows the experimental results of an
Mgation of the dependence of the change in the re-
sistivity pgy /p and p3(H) /p3(0) on the magnetic field in the
hopping conduction region of three samples of n-type GaAs.
In the case of pure samples, an analysis of pH/p is equiv-
alent to an analysis of p3(H)/p3(0) because the slope of
the dependence p(T) is practically unaffected by the
application of a magnetic field (Fig. 1) and the ratio of
the extrapolated values ofps is equal to the ratiopg/po at any
temperature. Beginning from a certain value of H, we
find that the resistivity rises exponentially with increasing
magnetic field.?) The purer the sample, the greater is the
increase in the resistivity, In fields H > 20 kOe the rise
slows down for sample 2; the same slowing down is ob-
served for the more heavily doped crystal 4 near 28 kOe.

The rise of the resistivity in a magnetic field is
primarily due to the fact that the wave functions of donor
impurities contract in a magnetic field so that their over-
lap becomes less. In the case of hydrogen-like functions,
this results in an exponential rise of p.

In the case of lightly doped semiconductors, the ap-
plication of a moderately strong field [z, > a/(Npa®)"¢,
where ), = (ic/ eH)i/ % is the magnetic length] gives rise,
according to Mikoshiba'® and Shklovskii,'! to the following
expression for ps(H):

o (1) =1 (0) exp (777 ) (®)

where t is a numerical coefficient,

Itisclear from Eq. (6) that the quantity log[ps(H) /p3(0)]
is proportional to H? and inversely proportional to Np.
The slope of the line in Fig, 3 drawn to through the points
log [p3(H)/p3(0)11/2 = £ (H?) yields the coefficient t whichoc-
curs in Eq. (6). The values of t found in this way (for a =
97 10\) are 0,046 and 0.036, respectively, for samples 2 and
5. These values are in good agreement with the theoreti-
cal prediction®’ of t = 0,04, It should be noted that the

103:
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Fig. 5. Dependence of & on the donor concentration Np. The designations
of the experimental points are the same as in Fig. 2. Lines 1 and 1' rep-
resent the Shklovskii— Efros theory for K =0 and K = 0,2 (refs, 3 and 4);
curve 2 is plotted for K = 0.4 (ref, 12); curve 3 represents the Miller—
Abrahams' theory for K = 0,

value of t found experimentally'? for p-type Ge differs by
about 50% from the theoretical value; this discrepancy
is not explained.

The reported slowing down of the rise pH/p of sam-
ple 2 subjected to magnetic fields in excess of 20 kOe is
due to the considerable change in the form of the wave
functions at distances important in carrier jumps, which
occurs when strong magnetic fields are applied. Conse-
quently, changes in the percolation paths begin to play an
important role and this results in a weaker dependence of
the hopping resistivity on H (in the limit we approach the
law py/p = exp H'?), The magnetic field H, in which this
transition should occur can be found theoretically? from

_ the condition Ay = (a/2)(Npa®)¥¢. In our case, this gives

H, = 0.258N}{’ and hence we find that H, = 32.5 kOe for

sample 2; this is in good agreement with the experimental
results if the finite width of the transition is taken into
account,

Finally, it is reported in ref, 4 that although a mag-
netic field causes contraction of the wave functions main-
ly in a plane perpendicular to the field (so that the jump
probability becomes anisotropic), the Brownian nature of
the percolation paths ensures that p3(H) depends weakly
on the relative orientations of the current and the field,
This theoretical conclusion is typical of the percolation
model and is supported by a study of changes in the re-
sistivity of n-type GaAs (sample 2, Fig. 4) in longitudi-
nal and transverse magnetic fields: In H = 15 kOe we
find that p*(H)/p" (H) = 1.08, which is in good agreement
with the change in the effective Bohr radius of impurities
a(0)/a(H) = 1,1, deduced from the corresponding change
in the ionization energy. The almost complete lack of
dependence of the resistivity on the orientation in a mag-
netic field convineingly supports the percolation theory;
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according to other models, a strong anisotropy o\,
would have been unavoidable, :

-3. Dependence of €5 on Np. Itis cle
Fig. 1 that the slope of the dependence of log p on
tained for n-type GaAs in the 4.2 to 2°K range, hai
nite finite value, as expected for hopping conductic
values of &3 calculated from this slope are plotted
5, where they can be seen to vary regularly with
purity concentration., However, an exact quantita
comparison of the results obtained with the theory
difficult. :

First of all, the numerical values of the eners
be calculated on the basis of the available theory \
the impurity compensation is very weak or very sf
Shklovskii and Efros obtained the following expres

Z]Vl/: b
e3=0.99 e_x_D (1—0.3k") for K<0.2,

2N &
;3=vﬂ(1~x) " for K>05,
%

where v must be found experimentally.

The theory suitable for the calculation of &; i
subject to an even more rigorous restriction as o
rity concentration than in the calculation® of py: fi
striction is* (N%a)™! > 9, which is at the limit of #
vestigated range of impurity concentrations,

Since the degree of compensation of impuri: B
our samples ranged from ~ 0,1 to ~ 0.6, we comp
results with the theory using Eq. (7) with K = 0 an
0.2 (lines 1 and 1' for Fig. 5) and using Eq. (8) ]
0.6 (line 2), obtained experimentally'? for p-type G
K = 0.4. Figure 5 includes also line 3 for &(Np),

cordance with the Miller —Abrahams theory for K
We can see that the extreme experimental points [
10 em=3, (N]153a)"1 > 7] approach the Shklovskii=§
curves and lie closest to line 2. The experimental
of &3 decrease with increasing donor concentration
decrease of ¢; can be explained qualitatively by th
fluence of the partial overlap of the impurity wa e
tions,™ but rigorous calculations have not yet beer
in this range of impurity concentrations, A com
overlap of the impurity states between themselves
the conduction band occurs at Npy 5 10" em™: In
range the energy &; tends to zero. This occurs in
region of the Mott transition, which has already ;
sidered in the analysis of p;. '

We shall conclude by pointing out that, on he
the experimental results are in good agreement w
ern theoretical ideas on hopping conduction.! Mor
the donor impurities in GaAs can be described by
simplest hydrogen-like model,

The authors are grateful to B, I. Shklovskii ;
cussing the results of this investigation.

DA critical analysis of the errors in the theoretical models and e:
of Miller and Abrahams' and of Mott and Twose* can be found, ¢
ple, in the review in ref, 4, i
The magnetoresistance in weak magnetic fields (H < 2-5 kOe) it
for all samples with Np > 10%5 cm™, i
%), 1, Shklovskii kindly informs us that this more exact value is g
allowance is made for slight changes by the percolation, '
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