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The temperature and magnetic field dependence of the Hall coefficient of n-InAs have been
measured in static magnetic fields up to 210 kG over the interval 0.5-4.2 K. We have ob-
served magnetic freezeout in three samples with excess donor concentrations (N, —N,)=9.5

%1015, 1,1x10%, and 1.8%x10' cm™3,

A new result of these experiments is the evidence that

Gaussian-like tails are present on the densities of states of the conduction band and impurity

level.

These tails are due to random fluctuations in the impurity density. The extent of this

band tailing was determined from the experimental data and the theory of Dyakonov, Efros,

and Mitchell.

However, to explain the observed activation energy and its temperature de-

pendence it was necessary to develop a model based on the existence of localized states deep

in the conduction-band tail.

I. INTRODUCTION

In n-type InAs all of the electrons in the conduc-
tion band occupy the z =0 Landau level when the
quantum limit is attained, i.e., w,7> 1land 7w, >§,
where w, =eH/m*c is the cyclotron frequency
and §is the energy of a typical electron. Under
these conditions a further increase of the magnetic
field intensity H will affect the equilibrium popula-
tion of the electrons in the conduction band #,. The
intense magnetic field shrinks the electronic wave
function into a volume which is comparable to, or
less than, the average volume occupied by an im-
purity ion. As a result a bound state is formed,
due to the presence of the magnetic field, and the
binding energy ¢, (H) of this state increases as H
becomes greater. Charge carriers will then freeze
out of the =0 level and onto the impurity bound
states if €,(H) >kT. The electrons will become lo-
calized about impurity ions and the ratio n,/N,
becomes less than unity, where Ny=(N,—N,) is the
excess concentration of donor ions. At fixed tem-
perature this magnetic freezeout phenomenon is ob-
served as an increase in the Hall coefficient R (H)
with magnetic field. In particular R (H) has been
found 2 to vary as R (H) < exp|€, (H)/RT] in n-InSb
when 1.5=7T=4, 2 K.

In the present work we report on the temperature
and magnetic field dependence of R (H) in the freeze-
out regime for samples of z-InAs. A new result of
these experiments is the evidence that Gaussian-
like tails are present on the densities of states of
the conduction band and impurity level. These
tails are due to random fluctuations in the impurity
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density. It is found for n-InAs that, whereas the
magnetic field dependence of €, (H) is given by €,
<H'Y® in agreement with the previous experimen-
talwork!2onn-InSb, the magnitude of €, in the pres-
ent work is considerably less than theoretical es-
timates **® of the binding energy. Furthermore, in
the present experiments the ratio €,/kT = 25, there-
by indicating that n,/N,, which varies as exp (-€,/
kT), should be very small; but we observe that dur-
ing freezeout the decrease in n,/N, is less than one
order of magnitude. More significantly, in the
freezeout domain at fixed H, we find that as a func-
tion of temperature n.,/N, decreases initially but
approaches a constant value at the lowest tempera-
tures. These results cannot be understood solely
in terms of a model * ® which assumes an unbroad-
ened impurity level moving away with increasing H
from a sharply defined conduction-band edge. For
example, according to such a model one expects
n,/No—0 as T~ 0, but this is contrary to our ob-
servations.

To explain the data, it is necessary to include
in the theory the effect of spatial fluctuations in
the random distribution of impurity ions. If in
some small region there exists a locally higher-
than-average impurity concentration, there willbe
a local lowering of the potential and vice versa.
The effect of such a fluctuation potential has been
investigated theoretically "~*° for H=0 and it was
found to introduce a tail on the conduction-band
density of states and to broaden the impurity level.
These results have recently been extended by Dya-
konov, Efros, and Mitchell!! (hereafter DEM) to
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TABLE I. Properties of n~InAs samples at 77 K.

Excess donor

Sample No. concentration Hall mobility
Ny=(Np—N,) em™) py (em?/V sec)
915 9.5x10% 7.1x10%
116 1.1x10' 6.0%x10%
216 1.8x10' 4.4x10%

the case of a highly compensated semiconductor
subject to magnetic fields corresponding to those
necessary for carrier freezeout. We discuss the
temperature and magnetic field dependence of the
Hall coefficient by making use of the densities of
states as calculated by DEM, and deduce quanti-
tative estimates of the extent of band tailing in n-
InAs. Furthermore, level broadening causes over-
lap of the conduction band and impurity level at all
experimental magnetic field intensities. This sit-
uation would normally exclude the possibility of an
activation energy, contrary to our observations.
We have therefore developed amodel which accounts
in a consistent manner for the experimentally mea-
sured activation energy in the freezeout regime.

II. EXPERIMENT

Measurements of the temperature and magnetic
field variation of the Hall coefficient were made
in samples of # -type InAs over the range 0. 5-4.2
K in static magnetic fields up to 210 kG. The
bridge—Shaped single-crystal samples were ob-
tained from the Bell and Howell Company and are
of good quality, as evidenced by their mobility.
The electrical properties of these samples at 77 K
are listed in Table I. They possess the smallest
charge carrier concentration of any samples we
have obtained. The samples were not intentionally
counterdoped during synthesis and, whereas their
compensation ratio K= N,/Np is not known, it is
reasonable to expect a value onthe order of K= 0. 5.
Electrical contacts to the samples were made with
pure indium and were checked for Ohmic behav-
ior. The measurements were performed with a
dc technique and great care was taken to limit the
current through the sample to avoid self-heating
effects.

Temperatures below 1 K were achieved and main-
tained with a recirculating refrigerator by pumping
over a liquid He® bath. The temperature of the
samples at T'<1.2 K was determined from the va-
por pressure of He® condensed in a separate bulb
to which the sample was thermally anchored. The
vapor pressure of a He* bath was used to determine
the temperature when operating above 1.2 K.

1. RESULTS

Representative experimental results of the Hall

MAGNETIC FREEZEOUT AND BAND TAILING IN z-InAs

1841

coefficient for sample No. 116 are shown in Fig. 1,
where R(H) is plotted semilogarithmically as a
function of H3 At low and moderate fields, R(H)
is practically independent of the magnetic field.

At these field values, the electronic wave functions
on adjacent impurities overlap sufficiently to cause
the impurity level to merge with the conduction
band. As the magnetic field is increased the elec-
tronic wave functions are reduced in size, thus re-
ducing the amount of wave-function overlap. Wave-
function overlap is relatively unimportant once the
magnetic field shrinks the electronic wave-function
volume to a value on the order of, or less than, the
average impurity volume Nj ', The donor ionsare
then de-ionized and R (H) increases, as evidenced
by the linear portions of the curves in Fig. 1. For
magnetic fields within the €, < H '/® domain, we also
observe 2 an increase of the transverse magneto-
resistance p,(H) with increasing H or decreasing
temperature. Both the magnetoresistance and
Hall coefficient measurements indicate that the
conduction band becomes progressively depopulated
and that there exists an activation energy which
increases as H increases. Details concerning the
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FIG. 1. Magnetic field dependence of the Hall coef-
ficient of n-type InAs at several temperatures, (Np—N,)
=1.1x10% cm™3,
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magnetoresistance measurements on these sam-
ples will appear in a forthcoming paper.

Experimental values of €, deduced from the
slopes of InR(H )-versus-HY? curves at various
fixed temperatures are shown in Fig. 2. It should
be noted that these results have been obtained with-
in the framework of a single-band conduction mod-
el. ‘We have no evidence that multiband conduction
is important in these samples. In fact, we found
that p.(H) is independent of magnetic field at the
highest magnetic fields and lowest temperatures,
where impurity level conduction would be expected
to dominate. If impurity conduction were im-
portant, p,(H) should increase rapidly with in-
creasing H due to the reduction of the impurity
band mobility. This is not observed, and it is
concluded that single-band conduction is a proper
description of the experimental results in the
freezeout regime. The solid line in Fig. 2 is the
theoretical curve derived from a variational cal-
culation of the binding energy due to Larsen.?®
This calculation does not include the effect of level
broadening arising from impurity density fluctua-
tions. The experimental data obey an €, < H'/®
relationship, but the magnitude of €, is signifi-
cantly less than predicted by the theory. In addi-
tion, €, is seen to be temperature dependent, de-
creasing as the temperature decreases.

The temperature variation of — In(r,/N,) at fixed
magnetic field is shown in Fig. 3 for sample Nos.
915 and 116. The magnetic fields at which these
data are plotted lie well within the domain where
€, HY® Hence, anytemperature variation of

—In (n,/N,) must be attributed to depopulation of
the conduction-band states. The data in Fig. 3
exhibit a feature which has not been observed here-
tofore in experiments on magnetic freezeout. One
would expect that these curves should be straight
lines with slope €,/k as the temperature is pro-
gressively lowered at fixed H and »n, decreases
due to carrier freezeout effects. Instead, there
is observed an approach to a constant value at the
lowest temperatures, which indicates that the
Fermi level remains in, or very near to, the
conduction band at these lowest temperatures.

IV. ANALYSIS

The measurements of the Hall coefficient as a
function of temperature and magnetic field have
revealed (i) that the concentration n, approaches
a constant value as T -0, (ii) a significant differ-
ence between the experimental binding energy and
the value calculated from Larsen’s theory, and
(iii) a temperature variation of the binding energy,
the binding energy decreasing with decreasing
temperature. These results can be explained
within a framework wherein the effect of spatial
fluctuations in the impurity density are taken into
account.

A. Density-Fluctuation Model

In the model which describes the fluctuation ef-
fects, one considers a volume %m"; , Where 7 is a
screening length. A particular volume will contain
some number of impurity ions. Due to the random
distribution of ions in the crystal, there will be a fi-
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FIG. 3. Temperature dependence of conduction-band
carrier concentration, at fixed H in the freezeout regime,
for two samples of n-type InAs with(NWp— Ny)=9.5x1015
em™ and 1.1x10%% cm™3,

nite probability that within one such volume the
number of ions may be more or less than the aver-
age number. Since the crystal is comprised of
many such volumes, spatial density fluctuations
will exist. These spatial fluctuations cause fluc-
tuations in the potential energy of the electrons.

If the average number of impurity ions within one
volume is large enough, then the potential is slow-
ly varying and can be taken as approximately con-
stant within this volume. A local density of states
can then be defined for this volume, and this local
density of states changes from volume to volume,
reflecting the fluctuations in the spatial density of
impurity ions. The full density of states is derived
by taking the average of the local density over a po-
tential distribution function. A Gaussian distribu-
tion function is found for the fluctuating potential
provided the average number of ions within the
volume is very large. This results, after averag-
ing, in a Gaussian-like broadening of the full den-
sity of states of the conduction band and impurity
level. The parameter which characterizes the
magnitude of this broadening corresponds physi-
cally to the average value of the fluctuation poten-
tial and is given by !

[=21Y2(e?/kr ) (N#3) V2 (1)

where N=(Np+N4) and k is the static dielectric
constant.

The density of states g(x) is plotted in the quan-
tum limit in Fig. 4 for a semiconductor containing

donor impurities. In this figure the energy € is
normalized to the value of I'. Figure 4(a) is a dia-
gram of the unbroadened densities of states of n-
InAs calculated at H=145 kG. The zero of energy
is taken at the bottom of the unbroadened z =0
Landau level. The binding energy €, predicted by
the theory® which neglects fluctuation effects cor-
responds in Fig. 4(a) to the energy difference be-
tween the well-defined impurity level and the sharp
conduction-band edge. In contrast to this situation,
Fig. 4(b) displays the conduction-band and impurity-
level densities of states as calculated from the DEM
model using the expressions

1,2 H x i —_n2
gelx)= 21/27:5/2 ;ac T2 3!’ dy{?;{li_(y')%})' (2)
and T
&)= (Np/7 V) exp[- (x +,)?], 3)

where g.(x) and g;(x) are the conduction-band and

impurity-level state densities, respectively, m is
an effective mass, taken here to be the cyclotron

mass m*=0.022m,, and x,=¢€,/I. The densities
of states depend explicitly on H and I, and the

(a)

g(x)

g(x)

x=€/T

FIG. 4. Plot of the densities of states in the quantum
limit for n~type InAs, with shallow donor impurities.
In (a) the idealized case of no broadening is depicted.
The broadened density of states derived from the DEM
theory with I'=3 meV is shown in (b). Both cases are
shown for H=145 kG.
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curves in Fig. 4(b) are calculated for H =145 kG
and I'=3 meV. It should be noted that at fixed H
and T', the asymptotic expression for g (x), valid
for x <0 and |x|>1, is given by

g.(x) = (const) |x| 2 exp(~x?). (4)

Equations (3) and (4) exhibit the Gaussian-like
properties of g;(x) and g.(x), and show that I" is a
measure of the broadening of the impurity level and
the extent of the tail on the conduction band.

Using the densities of states as given by Egs. (2)
and (3) it is now possible to discuss within this mod-
el the temperature and magnetic field dependence
of n, in the freezeout regime. DEM have shown®?
that

o [ & _xT <,_1“_>2 ]
Me=No EXP~pr "R *\2kT/) J°
where ng= (2m)2eH(m T)/?/h% and x is a constant
which is zero for samples in which K= 0.5. Even
though y is finite for K >0.5, it is still small com-

pared to other terms in Eq. (5a). For the present
experiments, therefore, we may write

i} & (LY
e noeo 5 () . o

Equation (5b) is strictly valid in the limit of non-
degenerate electron statistics. An analysis of the
transverse magnetoresistance data!? for these sam-
ples indicates that the electrons are in or near the
nondegenerate limit at low temperatures. This
analysis supports the argument that at intense mag-
netic fields, H~150 kG, all of the conduction-band
electrons can be accommodated in the tail (x <0) of
the conduction band. The number of available
states in the tail is given approximately by
(2m)V2eHT V2 /n2c ~ 3% 10 cm ™ which is greater
than N, for these samples. In addition, magneti-
cally bound states exist and are occupied at this
field intensity. Therefore, the Fermi level is lo-
cated deep in the tail of the conduction band and
will correspond to a nondegenerate distribution as
will be shown in our discussion of the binding en-

ergy.

(5a)

B. Extent of Level Broadening

We now discuss the extent of the level broadening
as measured by the parameter I'. Our objective
is to deduce experimental values of I" and to com-
pare them with the predictions of Eq. (1). The ex-
perimental values of I' are derived in the freezeout
regime from Eq. (5b) at various temperatures for
fixed H. These values are listed in the third col-
umn of Table II. When calculating I" from Eq. (1),
one is faced with the problem of the choice of an
appropriate screening radius »,. In the work of
DEM it was assumed that 7, is an ionic screening
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radius corresponding to a Debye-Huckel correla-
tion length'* which is frozen in when the crystal
solidifies. The temperature at which this screen-
ing length 7 is calculated corresponds approxi-
mately to the crystallization temperature. This
screening length is the important one provided

the electronic screening radius A¢>7¢. This is not
the case in the present experiments because A <7,.
One should also be aware that, in practice, there
are difficulties in calculating an electronic screen-
ing radius, as has been pointed out.!® To be con-
sistent with the previous discussion on carrier
statistics, we take A% = kkT/4me%, which is the
nondegenerate screening length. The carrier con-
centration used in this formula must reflect the
fact that A depends on the magnetic field and tem-
perature since 7, is changing during the freezeout
process. The values of I" predicted by Eq. (1),
and listed in the last column of Table II, were cal-
culated using A, thenondegenerate screening length
given above. As a result, T should become tem-
perature and magnetic field dependent through 7'/,
although in practice it is found that the magnetic
field dependence is weak.

A comparison between the experimental values
of T and the theoretical values estimated from Eq.
(1) is given in Table II at the highest and lowest
temperatures studied for each sample. It is found
that for a given sample I' (expt) decreases mono-
tonically as the temperature is lowered. In rela-
tively uncompensated samples, for which A <7,
this is just the type of behavior expected because
T 7\§/2 and A decreases as T decreases. Itis
significant that on this basis I' would be indepen-
dent of temperature for a strongly degenerate elec-
tronic distribution. Hence, the temperature de-
pendence of I is taken as further evidence of the
electronic distribution being near to, or in, the
nongenerate limit. From the results in Table II,
one may be tempted to draw the additional conclu-
sion that I (expt) is an increasing function of the
impurity concentration. Although this conclusion
is consistent with Eq. (1), the differences of T"
among the samples are not judged to be significant
in light of the various approximations which were

made. There is good agreement between thevalues
TABLE II. Values of I' in the nondegenerate limit.
Sample No. T T'(expt) T'(theor)
(K) (meV) (meV)
915 4.2 3.5 3.0
0.63 1.4 2.1
116 4.2 3.6 3.5
0.58 1.4 3.0
216 4.2 3.8 3.9
1.55 2.3 3.0
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of I' in Table II at the higher temperatures, but a
discrepancy is evident at the lower temperatures.
A possible origin of this discrepancy can be traced
to our incomplete knowledge of the correct screen-
ing length when calculating I" (theor). At the low-
est temperatures where a majority of the conduc-
tion electrons are frozen out, screening contribu-
tions from the bound electrons become important.
Kane has indicated® that the screening length due
to the bound electrons at H=0 is approximately
one-half of the effective Bohr radius for the bound
electron. A quantitative estimate of this effect is
difficult because of the complications introduced
by the fluctuation broadening of the bound electron
states. Nevertheless, if the contribution to the
screening by the bound electrons is included, it
will reduce the value of I' (theor) at the lowest
temperature and would improve agreement with
experiment.

Preliminary results on carrier freezeout experi-
ments in #-InSb indicate that densities-of-states
broadening also plays a role in this material. The
experimental value of I" in InSb is about 0.7 meV at
0.8 K for a sample with Ny=2X10" cm™. The ef-
fect of broadening on the thermal activation energy
of this sample was not observed above 1 K because
€,/kT >T?%/(2kT)? at these temperatures.

C. Activation Energy

In the preceding sections we have discussed a
distinctive feature of these experiments, namely,
the presence of band tailing and broadening. This
feature will modify the characteristics of the mag-
netic freezeout. In particular, overlap of the con-
duction-band tail and impurity level exists at all
values of the magnetic field and temperature in-
vestigated. This overlap would normally exclude
the possibility of an activation energy whereas,
in fact, we observe one. Moreover, the observed
values of €, are appreciably smaller than pre-
dicted by the currently available theories® ¢ and
€, decreases as T is lowered. These experimen-
tal observations necessitate a discussion of the
origin of the activation energy.

Referring to Fig. 5, where g;(x) and g.(x) are
plotted versus x, one notices that the Fermi distri-
bution function edge is sharp relative to x since in
our experiments kT= 3x10™ eV. Because the
samples are compensated, the Fermi level is lo-
cated on the impurity level and its exact position
is governed by the degree of compensation K. Due
to the compensation and to the sharpness of the
distribution, the Fermi level represents the de-
marcation between filled and empty states in the
impurity level. I K=0.5, then at low tempera-
tures, the reduced Fermi level n =E;/T will be lo-
cated approximately as shown in Fig. 5 where the

T
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|
|
g(x) !
|
|

FIG. 5. Broadened density of states for n-type InAs
at H=145 kG, I'=3 meV. The experimental activation
energy according to our model is denoted by €,, where
6~0.2 and K< 0.5. The shaded portions under the
densities-of-states curves represent electronic states
which do not contribute to the conduction process.

filled impurity states lying below n are shaded.

We now examine the electronic states in the con-
duction-band tail. The states in this tail corres-
pond to electrons in real space localized within a
volume of the order of A> . The theory ! describes
the random potential in terms of a single A .
Smaller volumes A3 give rise to larger statistical
fluctuations in the potential. Hence, the smaller
values of A are increasingly important to the de-
termination of g (x) for states deep in the tail. As
a result, the deeper one proceeds into the conduc-
tion-band tail, the more localized the electrons
become in real space. According to this model
there should exist an energy E, which corresponds
to the transition between the localized and nonlocal-
ized states. In fact, Mott'®'!” has suggested that
the Anderson!® criterion for localization is appli-
cable to states in the conduction-band tail arising
from density fluctuations. For states deep in the
tail, localization occurs in the sense that these
states donot contribute to conduction. The reduced
energy x.=E,/T is shown in Fig. 5 and the local-
ized conduction-band states lying below x, are
shaded. We can locate the position of x, approxi-
mately if we follow Mott’s suggestion 7 that local-
ized states occur when the ratio 6 of the perturbed
(due to density fluctuations) density of states to the
unperturbed value falls to = 0. 2-0. 5. Thisis shown
in Fig. 5 where x, occurs at a value corresponding
to 0.2 of the unperturbed g (x) value.

We are now in a position to understand the vari-
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ous details of the activation energies. We denote,
in Fig. 5, the experimentally observed activation
energy by €, and the unbroadened theoretical 3~®
value by €,, as in Fig. 4(a). Within this model the
observed activation energy €, corresponds to the
minimum energy required to excite an electron from
the Fermi level at 17 to the nonlocalized states
above x,. It is seen that the activation energies ¢,
deduced from this model are approximately one-
half, or smaller, than those expected when level
broadening and tailing are absent. This is, in fact,
observed to occur as may be seen in Fig. 2. The
position of x, in Fig. 5, suggested by Mott’s theory,
leads to values of €, in agreement with those in Fig.
2. The reduced Fermi level 17 in this model lies
deep in the conduction-band tail within the localized
electronic levels. Thus, the Fermi level may be
in the conduction-band tail, even though the car-
riers above x, are nondegenerate. This is consis-
tent with our earlier interpretation that the conduc-
tion electrons can be treated by nondegenerate sta-
tistics.

The temperature dependence of the experimentally
observed activation energy is explained in the fol-
lowing manner. As the temperature is reduced in
the freezeout regime, for fixed H, electrons fall in-
to the impurity states. The Fermi level which is
the demarcation between empty and full states in the
impurity level shifts toward higher energies as the
impurity level fills with electrons. Thus ¢,/T
= (x,~n) will decrease as T is lowered. This is the
behavior that is observed experimentally, as is
seen in Fig. 2,

We now consider the low-temperature behavior
of -In(n./N,) in Fig. 8. The experimental values
for €, satisfy the condition I' > €,. As a direct
consequence of this condition and because of the

L. A. KAUFMAN AND L. J. NEURINGER 2

presence of overlap, the Fermi level will remain
sufficiently close to the nonlocalized states to al-
low for thermally activated carriers at the lowest
temperatures. Thus, the magnitude of », will be
comparable to Ny and —1n(z./N,) will approach a

a constant value at low temperatures, as in Fig. 3.
The calculations of DEM carried out under the
above conditions support this conclusion, namely,
that —1n(z./N,) approaches a constant value at low
temperatures.

V. CONCLUSIONS

The results of our magnetic-freezeout experi-
ments in #n-InAs have indicated the presence of
band tailing in the densities of states of the con-
duction band and impurity level. The extent of the
band tailing is determined from the experimental
data and the theory of DEM. A consistent inter-
pretation of the results on the binding energy and
its temperature dependence requires the hypothesis
that electron states deep in the conduction-band
tail do not contribute to the conduction. These
electrons in the conduction-band-tail states repre-
sent electrons localized in real space in regions of
the order of the screening length.
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