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Extensive investigations have been made on the electrical properties of semi-insulating (si) GaAs.
However, most of the measurements were performed under dc conditions, and only very few data on
the ac and high-frequency conductivity are available. Moreover data related to the thermopower of
this material are practically nonexistent. On the other hand, almost all the theories assume implicit-
ly that the semi-insulating crystal is microscopically homogeneous, i.e., free from potential fluctua-
tions. In the case of chromium-doped si-GaAs showing a bipolar conduction, serious inconsistencies
concerning galvanomagnetic data are observed. The most striking of them is the discrepancy be-
tween the theoretical and experimental values of the intrinsic carrier density n;, and the disagree-
ment between the signs of Hall and thermoprobe voltages. In this paper, we proceed to a new exam-
ination of the mixed conduction process, and derive complete expressions of the transport coeffi-
cients by taking into account the existence of long-range potential fluctuations, which play an essen-
tial role in semi-insulating (si) materials. It is shown that dc galvanomagnetic measurements are
inadequate for the evaluation of the total carrier densities n,p in the conduction and in the valence
bands. These densities can be determined only by measuring the high-frequency conductivity limit

a„and the thermoelectric power S versus temperature. Depending on the relative magnitudes of n

and p and of the mobilities p„,p~, the sign of S can be either positive or negative, while RH is nearly
always negative. Original experimental data on the temperature dependence of dc and high-

frequency conductivities crd, and o. , and of S, between 300 and 450 K are reported for six Cr-doped
si-GaAs samples. These samples are n and p type and have mixed conductivity. The results are
discussed on the basis of our model, which allows us to reach a complete and coherent understand-

ing of the observed phenomena. In these samples, mixed conduction is due to the accumulation of
packets of electrons in potential wells separated in space from packets of holes accumulated in po-
tential hills. Therefore, models assuming a microscopically constant potential in the sample cannot
realistically describe the physical state of the sample. On the contrary, by taking into account the
existence of long-range potential fluctuations, all the discrepancies reported in the literature can be
removed. Finally, the effect of annealing of an "n-type" sample is analyzed.

I. INTRODUCTION

For more than twenty years, semi-insulating CiaAs has
been the subject of a large amount of theoretical and ex-
perimental studies. Besides the fundamental interest of
transport phenomena in high-resistivity semiconductors,
the exceptional attention devoted to this material comes
from its increasing importance as a substrate in integrated
electronic devices. However, despite extensive investiga-
tion, many points remain obscure, and no coherent ex-
planation of the transport phenomena in mixed conduc-
tivity regime has yet been achieved. The main incon-
sistencies reported in the literature are the following.

(i) Cxenerally the dc conductivity 0&, and its activation
energy are extending over wide ranges (Look, ' Kitahara
et al. , and Lin et al. ) and the Fermi energy calculated
from these data is often too small in order to correspond
to a mixed conductivity regime.

(ii) The zero-magnetic-field conductivity cro flattens out
at relatively low temperature as reported by Look' and
Inoue and Ohyama; this behavior is generally attributed
to surface conduction, and the data are often simply con-
sidered as incorrect.

(iii) The intrinsic carrier density determined experimen-
tally by galvanomagnetic measurements (Cxooch et al. ,
Bube, and Whelan et al. ) is larger than the theoretical
value deduced from the known band structure of the per-
fect crystal (Blakemore, ' Sell and Casey, " and Panish
and Casey' ). The experimental intrinsic carrier density
increases as the resistivity po at zero magnetic field de-
creases, as shown by Look, ' who considered three possible
explanations: influence of surface conduction, other
mechanisms than mixed conductivity contributing to the
magnetic field dependence of RH and po, and/or possible
effects of long-lived traps. Betko and Merinsky' ' found
n;,„„,=1.5n;,h„„and Hrivnak' proposed to take into
consideration the influence of the anisotropy of the
valence band on the Hall factor, and suggested' that the
high value of n;,„~, can be explained by the narrowing of
band gap caused by various defects.

(iv) Samples showing mixed conductivity have generally
a negative room temperature Hall coefficient RH, while
the sign of the thermoprobe voltage is positive.

In all the papers, the authors make the implicit assump-
tion that the potential is microscopically constant in the
material, though, in their pioneer paper, Cronin and Hais-
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ty' suggested the possible existence of small n-type re-
gions in p-type samples. Shockley and Bardeen' men-
tioned the effect of varying electrostatic potential which
makes the bands move up and down together. The ex-
istence of long-range potential fluctuations (PF) in com-
pensated semiconductors was considered by Keldysh and
Proshko, ' Fritzsche, and Schklowskii and Efros. ' PF
result from the nonuniform distribution of ionized centers
which, in compensated materials, are not screened by free
carriers. Pistoulet et al. ' have shown that PF largely
affect dc conductivity, photoconductivity, thermopower,
ac conductivity, and their temperature dependences. The
analytical expressions of the transport coefficients, de-
rived by these authors in the case of transport in a single
band, allowed a very accurate fit of the experimental data
in various crystalline and amorphous compensated semi-
conductors.

The purpose of the present paper is now to analyze
transport phenomena in the mixed conductivity regime.
In this case, PF of large magnitude introduce new effects,
because electrons and holes become separated in space,
packets of electrons being located in potential wells, and
packets of holes in potential hills. Therefore, the trans-
port properties of the semiconductor are surely very dif-
ferent from those of an homogeneous medium, as we shall
show below.

In the presence of PF, the densities nf,pf of free elec-
trons and free holes which carry the dc current are usually
lower ' than the total average carrier densities n,p in
the bands. Thus the dc conductivity o d,

——q (nf p, „
+pf pz) is lower than the very-high-frequency conduc-
tivity cr =q (n

p„+phiz

). Generally, the authors are
measuring Hall coefficient and dc resistivity versus mag-
netic field. As shown in Sec. II, these quantities depend
only on nf and pf, and not directly on the total densities
of carriers. Thus, in the absence of other information
concerning n and p, the usual interpretation which ig-
nores the effect of PF may lead to quite erroneous con-
clusions. In particular, the Fermi level position which de-
pends on the total carrier densities n,p and on the magni-
tude of PF cannot be calculated only from the knowledge
of o.d, and RH. It is necessary to measure the conductivi-
ty limit o. at high frequency and the thermopower S,
which both depend on n and p, in order to explain
coherently the experimental data.

In Sec. II the general expressions of the transport coef-
ficients in the presence of PF are derived. The experimen-
tal procedure is described in Sec. III. In Sec. IV, the ex-
perimental data obtained on a series of p- and n-type sam-
ples are reported and discussed.

II. EXPRESSIONS OF TRANSPORT COEFFICIENTS
IN THE PRESENCE OF PF

The derivation of the expression of transport coeffi-
cients of inhomogeneous materials constitutes a very old
problem. Rayleigh, Lichtenecker, and Landauer pro-
posed different laws in order to express the resistivity of
binary systems or metallic mixtures, as a function of the
concentrations and resistivities of the constituents. These
derivations are based on different assumptions concerning

the spatial arrangement of the two species, or the neigh-
borhood of the grains in the mixture. The validity of
various models of conductivity in inhomogeneous systems
has been extensively discussed particularly by
Landauer, "Cohen et al. ,

' ' and Pike. " The situa-
tion is somewhat simpler in the case of a semiconductor
nonuniformly doped because of the spatial continuity of
the bands. The existence of long-range PF in insulators
and compensated semiconductors was predicted indepen-
dently by Wannier ' and by Shockley. ' Such fluctuations
have later been considered by Keldysh and Proshko, '

Fritzsche, and Schklowskii and Efros. These fluctua-
tions are generally superposed to short-range fluctuations,
mainly present in disordered glassy and amorphous semi-
conductors. Contrary to short-range fluctuations which
fundamentally change the density of states, as shown by
Anderson, Mott, and Cohen, Fritzsche, and Ovshin-
sky, long-range PF leave the local band structure un-

changed. ' We show below that, provided some general
conditions on randomness and macroscopic homogeneity
of the PF distribution are fulfilled, expressions of the
transport coefficients at frequencies 0 and oo can be de-
rived without referring to specific topological considera-
tions. The expressions of the transport coefficients de-
rived in previous papers ' must be generalized in order
to take into account (i) the complete distribution function
of PF, including wells and hills of maximum magnitude;
(ii) the existence of both types of carriers.

A. Model

Let us first review the major features of the model of
PF, which was proposed in previous papers, and dis-
cuss to what extent this model describes satisfactorily the
physical situation in compensated semiconductors and in
semi-insulating materials. The present paper concerns
bulk materials, or films, grown in such experimental con-
ditions that they are expected to be macroscopically
homogeneous and isotropic; that means that the transport
coefficients measured on any tiny measurable sample cut
in the material are independent of the location and of the
orientation of the sample. Long-range PF are produced
by the nonuniform distribution of ionized impurities or
defects randomly distributed in space, and therefore
specific spatia1 arrangements such as heterostructures or
superlattices are excluded in the present analysis. Due to
the existence of PF, the material may be considered as a
three-dimensional (3D) mosaic of domains, each one being
characterized by a given value of the electrostatic poten-
tial, and therefore of the carrier density. We consider
only long-range PF (i.e., the size of the domains is as-
sumed larger than the mean free path) resulting likely
from slow variations of the local thermodynamic or ther-
mocinetic conditions during growth. ' On the other
hand, the size of the domains is assumed much smaller
than the size of any workable specimen, in agreement with
various experimental observations so that any
measurable sample consists of a random assembly of a
large number of elementary domains with different carrier
densities. Thus measurable transport coefficients are not
local quantities, but average values over the sample. The
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energy distribution of PF is assumed Gaussian, with a
maximum probability at some energy E,p for the
conduction-band edge, and a standard deviation I"/v'2.
In compensated materials PF are not appreciably screened
by free carriers due to their very low total density. How-
ever the few existing electrons in the band accumulate at
the bottom of the deepest wells, and the few holes at the
top of the highest hills. This results in a local screening
and a truncation of the Gaussian distribution at energies
E,p

—g, I and E,p+g, t, where g, and g, are numbers
generally smaller than 3. In the case of single-band con-
duction, in n-type materials for instance, the knowledge
of the maximum height g, I of hills is unimportant be-
cause the electron density at E,p+g, I is negligible when

g, I /kT~)1. So, in previous papers g,
sidered equal to g, and this common value was called g.
In the case of mixed conductivity, electrons accumulate in
potential wells and holes in potential hills, so it is neces-
sary to use in the calculation of the carrier densities the
right values of both the maximum depth g, I of wells,
and the maximum height g, I of hills. Since, in general,
n &p, g, and g, are different and have different tempera-
ture dependences. In the chromium doped GaAs crystals
considered in Sec. IV, and more generally in semi-
insulating materials g, r & E p

—Ep and g, I & Ep —E p,
so that the electron and hole populations are nondegen-
erate, even in wells and hills of maximum magnitude, and
therefore classical statistics can be used. In high-quality
crystals, energy-gap fluctuations are unlikely, so only co-
variant fluctuations of the band edges E„E, are con-
sidered here: E, —E„=Ez ——const and also
E p

—E„p=EG. In the low-field stationary regime, the lo-
cal majority carrier densities are not changed by the field,
and no noticeable injection of minority carriers from p:o
n regions, or vice versa, can occur because the existence of
continuous barriers across the sample is excluded in the
case of randomly distributed PF. Therefore the local dis-
tribution of electrons and holes remains the same as in
equilibrium, and the current through the sample is in-
dependent of recombination and diffusion processes.
Electrons in the conduction band and holes in the valence
band move independently and their local densities remain
the same as in equilibrium. Moreover, tunneling of elec-
trons through potential hills and of holes through poten-
tials wells is negligible because, in the case of long-range
PF, the spatial extent of wells and hills is too large in or-
der to allow noticeable tunneling.

In order to discuss dc transport, let us consider a plane
(xOy) parallel to the applied dc field. The conduction-
band-edge energy E, varies from one point to another,
and the surface E, (x,y) reflects the location and the mag-
nitude of PF. This surface consists inevitably of a plateau
corresponding to the most probable energy E,p, with ran-
domly distributed wells and hills. ' The probability
P(E, E,o) of these PF, and c—onsequently their spatial
extent, decrease rapidly as

~
E, E,o

~

increases. A—s a
consequence of the assumption of macroscopic homo-
geneity, there are no potential barriers, channels, or fila-
ments in the sample, so the regions corresponding to the
wells (E, &E,o) cannot extend continuously to infinity.
In order to move through the material, electrons of the

conduction band must have an energy equal or larger than
the height of the barriers between separate wells. This
limit is the energy E,p of the plateau, which plays the role
of a threshold or of a percolation energy. The probability
of finding domains in which electrons of energy E & E p

exist increases rapidly with E —E,p, so that these elec-
trons are free to move continuously in a connex region ex-
tending to infinity, provided that they avoid the top of
hills where E, ~ E, like does the sea between islands. The
mobility of these free electrons is only slightly reduced by
the extra scattering by potential hills, which is low if the
mean free path is smaller than the extent of PF. The
average density n~ of electrons carrying dc current is
directly related to the average current density through any
physically attainable cross section of the sample: there-
fore n& is equal to the average density of conduction-band
electrons of energy larger than E,o. When g, I IkT&& 1,
n~ is much smaller than the total average electron density
n in the band. As the frequency of the external field in-
creases to infinity, the amplitude of the electron motion
tends to zero, so that the high frequency limit o.„„ofthe
conductivity is proportional to the total density n. Simi-
larly, the threshold energy of holes carrying dc current is
the most probable energy E,p

——E,p
—EG of the valence-

band edge. The ratio p~/p of the free to total hole densi-
ties is equal to ny/n, in the absence of band-gap fluctua-
tions, only if g, =g, .

In previous papers, two methods have been proposed in
order to derive the dc conductivity expression. The first
one, ' based on the consideration of the carrier densities
n~,py defined above, is unaware of the topological ar-
rangement of wells and hills. In the second one, ' in or-
der to get the expression of ac conductivity, a model of
spatial arrangement of wells and hills was proposed, and a
coefficient a, equal to the relative proportion of wells in
the sample, was introduced in order to adjust the ac con-
ductivity to the right value. The two methods lead to
similar values and temperature dependences of the ratios
n~/n and p~/p, with little relative discrepancy. Howev-
er, the absolute values found for n~ and p~ by the two
methods can differ by a factor of few units. In the
present paper, only transport coefficients measured in dc
or very-high-frequency conditions are considered. So it is
unnecessary to introduce topological assumptions, and in
the following we refer it to be the basic model of Refs. 22
and 23. This model is generalized by taking into account
the densities of band carriers in the potential wells and
hills of maximum magnitude: the relative importance of
these wells, compared to that of the Gaussian distribution
of PF, increases rapidly as g, and g, become smaller than
unity. The complete distribution function P(E, ) consists
therefore of a Gaussian truncated at E,p

—g, r and
E p+g, I, and of two 5 functions representing the total
probabilities P(g, ) at E,o g, I, and P(g„) a—t E,o+g„I .
Introducing the reduced amplitude of the local potential
fluctuation:

E —E p

the expressions of P(g, ) and P(g„) are
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1
P(g, )= exp( —u )du,

&c

P(g„)= exp( —u )du .
1

(2)

B. Conductivity

The total average carrier densities n,p, in the bands are
related to the average densities Nd;, ¹~of ionized donors
and acceptors by the average neutrality equation:

n —p = QNd+; —gN J. .

The calculation of the average densities N+~, N,J would re-
quire the knowledge of the local densities Nd;(u), N,J(u),
which are obviously unknown. It will be assumed, as in
Refs. 22 and 24, that the distribution of deep centers is
nearly uniform. Taking into account the total distribution
function P (E, ), the average ionization probability of deep
donors becomes

&v

N~+i~Ndi = ~ f exp( —u )du

EF—E,p+Ed, —u I
1+gd; exp kT 1+gd; exp

exp —u du
Cc

EF—E 0+Ed;+g
kT

1+gd; exp

exp —u du

EF—E p+Ed —g r
kT

(4)

and a similar expression holds for X,J /X,J.
The high frequency limit cr of the conductivity is the

sum of the average conductivities o„and o~ due to the
entire populations of electrons and holes:

kT exp exp Go(c)dc .
kT

~n oo +Can ~ ~poo PQPp~ ~oo ~n oo +~P gp

The contribution to o.„of the electrons of energy
comprised between E and E+dE, in a domain of band
edge E„may be written as do„(c, ) = exp

kT
EF—E,p

kT p
EC

(ii) By summing first over E, the contribution of a
domain of band-edge energy E, is

dcr„(E,E, ) =A„(E E, )
" — —dE, a„+3/2 ~ —~c

X f (c—c, )
" exp — dc (10)

~c kT
where 3„ is independent of E, and a„ is the exponent of
the energy dependence of the relaxation time. Here we
shall consider only nondegenerate semiconductors. The
expression of o„can be obtained, in the following two
ways.

(i) By summing dcr„(E,E, ) weighted by the probabili-
ty P (E, ) over all values of E, & E, and by introducing the
variable c=E —E p, we have

which, after integration, becomes

Q exp
EF Ep

kT exp

dcr (c„„)=, " [(a„+—,
' )!](kT) "+

noo c T

kT

A„
dcr„„(c)= exp

EF—E p

kT exp — Go(c)d c,kT
The expression of cr„ is obtained by summing
P(c, )do.„(c,):

where

1 '""~ ' a +3m
2

Go(c) = —g, r (c—c )" exp — ', dc,r'

+(c+g, f') "+ P(g, )+(c—g, I )
" P(g„) .

gr
~n~ =~npp r exp

g, I
+P(g, ) exp kT

2
EC ~C

I 2

+P (g, ) exp kT
(12)

Integrating over c we obtain where
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n 3 a„+5/2 EF Ec0o.„oo—— [(a„+—, )!](kT) " exp
kT

(13) „exp — Go g

O-„00——qP„X, exP
EI: —E 0

kT
(14)

Equating the two expressions (9) and (12) of o„„,the fol-
lowing identity, which will be used below, is obtained:

In the absence of PF, i.e., when I tends to zero, the quan-
tity between the brackets in Eq. (12) tends to unity. So
o.„o0 is the conductivity of a semiconductor free from PF:

=[(~,+ —', )!](kT) " 0„„/O„oo . (15)

When the sample is submitted to a dc field, the current is
carried by free electrons of energy larger than E,o. The
dc conductivity cr„d, is the sum of the following two
terms. (i) In the domains where E, &E,o all the electrons
are free, so according to Eq. (7), the corresponding con-
ductivity is equal to

An
~ndc=

kkT
E~—E 0

kT
minI E,g F I

(e —E, )
" expkT

2
Cc

dFcdcr'

00 a„+3/2+P(g„) (c.—g, l )
" exp — dEU kT

(ii) In the domains where E, & E,o, the free electrons are those with energy E & E,o, and this corresponds to a conduc-
tivity

An
~ndc = eXPkT

E~—E 0

kT

2
min(c 0] a +3/2 &c

kT
(c,—s, )

" exp — de, de
p2

00 a„+3/2 E+P(g, ) (E+g, I )
" exp — ds

0 kT (17)

Therefore
rr

~ndc ndc+ ~ndc .

Similar expressions are obtained for the dc conductivity
o~d, of holes, by interchanging the suffixes n or c with p
or v, and EF—E 0 by E,p

—EF. Then the total dc con-
ductivity in the mixed conduction regime is

Odc ~ndc+ ~pdc . (19)

C. Hall coefficient

It is still assumed that PF are randomly distributed in
space, and that their size is small enough so that an aver-
age conductivity of the material, independent of the size
of the sample cross section and of its orientation, can be
defined.

When RH is measured with a dc current and a constant
magnetic field, only the free carriers carry the current and
are submitted to the Laplace force giving rise to the Hall
voltage, so that the classical expression of RH remains
valid provided that the densities nf and pf of free carriers
are used. The expression of the zero-field Hall coefficient
measured under dc conditions is therefore

with R„H ———r/nf q, RpH: r/pf q, and bdc: ondc/~pdc.
The Hall coefficient remains negative as long as
pf /nf & (p„/p~ ) . The Hall mobility, equal to

&dcgn +Pp
bd, +1 (21)

D. Thermopower

reduces nearly to p, „when nf/pf is large compared to
(p~ /p„) . Hall effect measurements can also be per-
formed by using an ac current of angular frequency co

flowing through the sample. The conductivity is then a
complex quantity o„(co)+icos„(ro). The component of
the Hall voltage in phase with the externally applied volt-
age is due to the Laplace force acting on the electron and
holes carrying the in phase current. Therefore the real
part of the Hall coefficient can be written as

p~ cd„(co) p„cr„„(co—)
RH(co) =

[o~„(~)+o„„(co)]'
where cr~„(co) and cr„„(co) are the real parts of the hole
and electron conductivities.

RH ——
2 2 2

nH ndc+ pH pdc dc nH + pH

(a.„d,+o~d, ) (bd, + 1)

Fritzsche ' derived, in the case of microscopically
homogeneous semiconductors, a general expression for the
thermopower without reference to a specific conduction
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process. The thermopower is related to the Peltier coeffi-
cient H by the classical relation

nS=—
T (23)

where H is the energy relative to EF carried by the elec-
trons per unit charge. For electrons in the interval
(E, E+dE) the weighting factor ' is o(E)dE. /o, where o.
is the total conductivity

o.= o. EdE. (24)

The expression of the thermopower derived by Fritzsche
is thus

k E EF cr(E)S=—— dE .
q kT o. (25)

According to the definition of H, the free energy of all the
carriers of the bands must be taken into account. This
remains true in the presence of PF, and is related to the
fact that S is defined as the ratio of the variations of ther-
moelectric voltage and of temperature, at zero current.
So, in a domain of band-edge energy E, the contribution

k Ec0 EF
dS„(E)= —— +

q kT kT
do„„(E)

on~
(27)

where der„(E) is given by Eq. (7). Then integrating over
c and using Eqs. (7) and (9) S„ is expressed as

to the conductivity of electrons in the energy range
(E, E+dE) is do„(E,E, )+daz (E,E, ) and the total
conductivity o. at the denominator of the weighting factor
is the total average conductivity of any workable sample,
i.e., o. =o.

n +o.
p . Therefore,

E EF—der„„(E,E, )+do& (E,E, )
dS(E,E, ) = ——

q kT on~+op~

(26)

The total contribution of electrons of the interval
( E, E +dE) in all domains is obtained by summing the
expression (26), weighted by the probability P (E, ) or
P(E„),over all the values of E, or E, . It is convenient to
consider first the thermopower Sn which would result
from the conduction-band electrons alone. From Eq. (26)
we obtain

E,o —EF
Sn= ——

q kT
QO 00

+ E exp( —s/kT)Go(E)dE f „exp( —ElkT)Go(r)dckT —g, r (28)

The numerator of the second term in parentheses is equal to the partial derivative, relative to p= 1/kT, of the denomina-
tor, with I, g„and g, being kept constant. Using the identity (15), Eq. (28) finally takes the form

k Eo—EFS = ——
q kT

on~+a„+—, —p ln
onoo

(29)

The quantity U„=p(B/Bp)[ln(cr„ /o. „oo)) which reflects the influence of PF on thermopower, is a function of I, g„
and g„; from Eq. (12) we obtain

on~
ap

21 2

I exp
4

2~II
g +PI /2 pr

'
PI exp( —u )du +exp —g„+—g, +pr/2 2

I—exp — —g +C

2

+ g, I P(g, ) exp(pg, I ) —g, I P(g, ) exp( —pg, I ) . (30)

Therefore the general expression of U„ is easily calculated. Now, when g, and g, are large enough so that the terms con-
taining P(g, ) and P(g, ) are negligible in Eqs. (12) and (30), U„reduces to the simple expression

onm
ln

Bp cr„oo

p2+ 2

2
pl exp[ —( —g, +pl /2)'] —exp[ —(g„+pI /2)']
2 g +Pr/2

f '
exp( —u )du

C

Similarly, we have for the valence band

k EF EU0 5 8 poo
pap'" ., (32)

leads to the following expression of the thermopower:

Sn o n oo +SpopS=
onm+op~

(33)

When both bands are populated, integration of Eq. (26)
which shows that S depends on the average total densities
of both types of carriers.
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E. Possible situations in si-GaAs crystals

It results from the previous analysis that the transport
coefficients of a semiconductor with potential fluctuations
depend essentially on the respective values of the carrier
densities n, p, nf, and pf. The following four different
situations may therefore be encountered.

(i) n &p and nf &pf. then Rrr &0, and it is easy to ver-
ify that also S &0. This case corresponds, according to
the usual criterions, to a purely n-type material even if at
the top of some potential hills the local hole density may
exceed the local electron density.

(ii) n &p and nf &pf. Of course this situation could
not be found in a material free from PF. But in a real
crystal this case is not improbable, and may be found
when g, is sufficiently small compared to g„: then most
of the holes are in the potential hills while a significant
proportion of the electrons are free. The Hall coefficient
R& is negative since nf ~pf. The sign of the thermo-
power S [Eq. (33)] is negative if

~
S„~ /S~ & oz„/o„„,or

positive if
~
S„~ /S~ &rr~„/o„. In the first case, the

semiconductor is considered as n type; this situation is
likely found in the data of Philadelpheus and Euthy-
miou. In the second case, the semiconductor has a posi-
tive thermopower but a negative Hall coefficient. Most of
the authors conclude that such samples with positive
room temperature thermopower are p type. For this
reason Look has rejected possible solutions where

pf &nf because S was positive.
(iii) n &p and nf &pf. except when pf/nf &(p„/p~),

Rrr &0, however as in (ii) S can be either positive or nega-
tive (Cronin and Haysty' ). These samples are commonly
considered as p type but, as shown in (ii), situations with
S & 0 and R& &0 can also be found in "n-type" samples
where nf &pf. Therefore if the existence of PF is neglect-
ed, the terms p- and n-type do not have a clear meaning.

(iv) n &p and nf &pf. This situation is just the reverse
of case (ii) and would happen when g, is sufficiently
larger than g„. Such samples could hardly have a positive
Hall coefficient, while the thermopower is negative. To
our knowledge, this situation has never been experimental-
ly met before in si-CiaAs although this "anomaly" be-
tween the signs of RJr and S has been reported in the case
of amorphous materials.

In summary, the necessary condition for mixed conduc-
tivity [cases (ii) and (iii)] is that the total hole density p
exceeds the total electron density n, due to the large value
of p„/pz. The most striking fact resulting from the ex-
istence of PF is that not only "p-type, " but also "n-type"
samples can exhibit mixed conduction. In order to deter-
mine the total carrier densities and the magnitude of PF,
it is therefore necessary to measure at the same time o.d,
but also and especially S and u versus T, up to high
temperature. The terms "p type, " and "n type" are gen-
erally not well defined in the literature since three possible
criteria can be chosen: the sign of thermopower, the sign
of Hall coefficient, or the value of the ratio c of free car-
rier densities. In what follows, we shall adopt the third
point of view. The material is said p type if, at least at
room temperature, pf & nf, and it is said n type if nf )pf.
Of course this classification is somewhat arbitrary since in

some cases a material can change from p to n type when
the temperature varies.

III. EXPERIMENTAL PROCEDURE

All the samples considered in this work were cut, as
parallelepipeds 0.3 mm thick, in chromium-doped si-
GaAs singe crystals. After chemically etching the sur-
faces, Ohmic contacts are made at the ends of the samples
by evaporation of Au:Ge and annealing at 430'C in an
Argon-Hydrogen atmosphere for one minute. During the
measurements, which are performed in the temperature
range extending from 300 to 450 K, the samples are main-
tained in vacuum, with a residual pressure lower than
10 Torr. For dc conductivity measurements, current is
supplied by a Keithley 220 programmable current source,
and the voltage is measured by a fully guarded digital
electrometer Keithley 616, of input resistance larger than
10' 0, controlled by a microcomputer. The current
versus voltage data are recorded in both current direc-
tions, at fields low enough to avoid field enhanced con-
ductivity which has been observed in si-CxaAs by Pistoulet
and Abdalla. In therrnopower measurements, the tem-
perature difference hT between the ends of the sample, is
measured by a differential chromel-alumel thermocouple,
and the emf 5V across the sample is automatically plotted
versus 6T every 0.05 K. The thermoelectric power
S =d (6V)/d (b, T) is calculated by a least-squares
method. The sample is short circuited after each mea-
surement. Before starting the cycle, each sample is
preheated up to 420 K to insure equilibrium between
centers and bands, and to eliminate possible surface films
of water rnolecules.

The high-frequency measurements of o. were per-
formed in a coaxial line arranged in a special cryostat, at
frequencies larger than 10 MHz. The dc conductivity is
also measured in this system, and the ratio o.d, /o. „ is
determined at each temperature.

We have studied six samples, three "p type" and three
"n type. " The numbers by which the samples are desig-
nated, and their origins are as follows.

(i) "p type:" S-1 (Sumitomo); MR-22 (Metals research),
and L-UA (LEP) unannealed.

(ii) "n type:" S-F2 (Sumitomo), RTC-UA (RTC) unan-
nealed, and RTC-A (RTC) annealed.

Sample RTC-A was cut from the same crystal as sample
RTC-UA, but was annealed at 900'C for 20 min.

IV. RESULTS AND DISCUSSION

Among the eight quantities I, g„g„E,0 EF p,
p„, and pz appearing in the four independent Eqs. (5), (9),
(19), and (33), only the first four are really unknown.
Above 300 K, phonon scattering is the most effective dif-
fusion process, so both a„and o~ can be considered equal
to ——,, and p„and pz proportional to T, except
when specifically mentioned. According to the data of
the literature p„can be assumed equal to 4000 cm /V s at
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TABLE I. Characteristics of p-type samples at 298 and 420 K.

Sample I (eV)

O.d, /0.
298 K 420 K

E,p
—EF (eV)

298 K 420 K
Activation energy of o.d, (eV)

298 K 420 K

MR-22
S-l
L-UA

0.193
0.193
0.198

5.87X10-
6.67 X 10-'
4.11X10-'

0.250
0.244
0.160

0.769
0.763
0.765

0.712
0.707
0.704

0.530
0.540
0.540

0.820
0.820
0.820

room temperature (except in sample S-F2 where the best
fit is obtained with p„=2600 cm /Vs) and the ratio
p„/p~ is assumed equal to 10. The uncertainty on the
values of the mobilities is likely smaller than 50%, and
the corresponding errors on the carrier densities do not af-
fect appreciably the calculated Fermi energy. Numerical
calculations have shown that changing the values of a„,
ez, p„, and pz in reasonable limits does not change signi-
ficantly the conclusions of our analysis.

The three quantities o. , o-d„and S are measured versus
temperature between 300 and 450 K. The unknown quan-
tity I must be independent of temperature, and we have
found that, for each sample, only a narrow range of I
values allows a coherent fitting of the data. Once I is ob-
tained, then the quantities g„g„, E,o —Ez, and Ez —E,o
which are determined by fitting od„o.„,and S are plotted
versus temperature.

A. p-type samples

The experimental data for o. , ad„and S, concerning
the three p-type samples are plotted versus 10 /T in Figs.
1, 2, and 3. It is observed that the total conductivity o.„
remains constant, roughly up to 400 K; this corresponds
to the exhaustion of shallow and moderately deep centers.
Above 400 K, the ionization of deep centers becomes
predominant, and the total carrier density increases rapid-
ly. The ratio od, /o „,which is only of the order of 10

at room temperature, increases with T, and would tend to
unity only at very high temperature. Consequently, large
errors could result if the carrier densities were deduced (as
usually done in the literature) from od, or RH only. The
magnitude of I calculated from o „,od„and S, is of the
order of 0.2 eV (Table I). This is larger than the values
found in the case of crystals showing unipolar conduc-
tion. 22 The slope of od, (1/T) is varying continuously
and the flattening starts at relatively high temperature,
below 400 K. This behavior has been previously report-
ed. ' and was attributed to a surface conductance shunt-
ing the very high bulk resistance. However, this effect is
often observed for different surface treatments, and with
different geometrical configurations, so that it is doubtful
that surface effects alone be responsible for this flattening.
It has been shown in the case of conduction in a single
band ' that in the presence of PF the "activation ener-
gy" of od, decreases continuously from a value close to
the ionization energy of deep centers at high temperature,
to a very small value at low temperature. In the case of
mixed conductivity, similar conclusions are reached by
fitting the experimental data: the continuous flattening of
the curves od, (l/T) at low temperature, which was unex-
plained in the literature, would result from the combined
variations of g, I /kT, g, I /kT (where g, and g, vary
with T), and of E,o EF. Howev—er, for the purpose of
comparison with data from literature, the experimental
values of activation energy of o.d, at 298 and 420 K are
listed in Table I. The Fermi level obtained from the fit-
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FIG. 1. p-type sample MR-22: (0) o.d„o.„, and S (experi-
ment). FIG. 2. p-type sample S-1: ( ) od„o „,and S (experiment).
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FIG. 5. Calculated n Ip, nf /pf, and RH for MR-22.

ting is also indicated. We notice that it lies deep in the
gap and is closer to the valence band than to the conduc-
tion band. The calculated values of E,O

—E~, E,o —g, I,
and E,o —EG+g„I, are plotted versus T in Fig. 4 for
sample MR-22. With regard to the low values of
EF—E„p it is clear that, in the absence of PF, these sam-
ples would be purely p type in contradiction with the
mixed conduction behavior indicated by the experimental
thermopower. At room temperature, the maximum depth
g, I of the potential wells is larger than the height g, I of
potential hills, but, as the temperature rises, g, decreases
from 2.9 to 1 and g, from 1.35 to 0.29. According to Fig.
5, p is larger than n by a factor of 11 at room tempera-
ture, so holes accumulated at the top of the highest hills
are screening more efficiently the hills than electrons are
screening the potential wells. The decrease of g, and g„
when T is raised results from the increase of the Debye
length, and the ionization of deep centers and, when T in-
creases, the Fermi level moves slightly in the gap. In spite

of its apparent complexity, the combined effect of the
shift of the Fermi level and of the decrease of g, and g,
can be simply represented by showing in Fig. 6, E„EF,
E„, and the Cr energy level at two temperatures: 303 and
432 K. The abscissae represent the probability P(E, ),
and the average degree of ionization of the Cr centers can
be easily deduced from the abscissa at which the energy
line of the center crosses the Fermi level.

In Figs. 1, 2, and 3 we can easily observe that S remains
positive in the whole temperature range for samples MR-
22 and L-UA, while it becomes slightly negative above
400 K for sample S-1; this behavior explains why these
samples are said p type. However the absolute value of S
remains very low, and this can be explained only if the si-
GaAs sample is in the mixed conductivity regime. On the
other hand, the continuous variation of the slope of S(T)
cannot be accounted for in the case of unipolar conduc-
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FIG. 6. Respective local positions of conduction and valence
band edges, deep chromium, and Fermi levels for MR-22 at two
temperatures.
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TABLE II. Characteristics of n-type samples at 298 and 420 K.

Sample r (eV)
CTd~ /C7

298 K 420 K
E p

—EF (eV)
298 K 420 K

Activation energy of o.d, (eV)
298 K 420 K

RTC-A
RTC-UA
S-F2

0.195
0.232
0.192

8.5 X10—4

6.23 X 10
2-49 X 10

0.230
0.410
0.272

0.631
0.632
0.651

0.626
0.618
0.638

0.592
0.600
0.545

0.730
0.775
0.815

1/2 1 /2
iexP& (nf Pf) & (nOOPOO) =ni theor ~ (34)

At room temperature we find n;, pt 1.3n;,h„, for the
three p-type samples. As T is raised, I /kT decreases and
therefore n;,„p,/n;, ~„,decreases also and tends to unity at
very high temperature. This behavior of n;,„p, has been
observed by many authors, ' ' '" but the origin of the
discrepancy between n;,„p, and n;,h„, remained unsatis-
factorily explained.

tion. Therefore, there is no doubt on the existence of
mixed conduction in the samples considered here. Fur-
thermore, it must be noticed that it would be impossible
to fit simultaneously od, (T) and S(T) data if PF were
disregarded. In order to study the behavior of the Hall
coefficient RH ( T) we have calculated its variations versus
10 /T. The RH curves being similar for the three sam-
ples, we have plotted RH(1/T) for MR-22 in Fig. 5. It is
interesting to notice that RH is positive below room tem-
perature, but becomes slightly negative above 360 K,
where pf /nf is smaller [Eq. (20)] than (p„/p~) =10, and
where the ratio p/n does not vary significantly. A similar
behavior for RH was found by Look in some Cr-doped
si-GaAs samples.

The "experimental intrinsic density" n;,„„,used in the
literature is the square root of the product of the free car-
rier densities nf and pf. According to Eqs. (16) and (17),
nf is larger than noo ——N, exp(EF —E,o)/kT and pf is
larger than poo N, exp(E,——o —EF)/kT except for very
small values of g, and g, . Therefore

In summary, the three samples have nearly identical
o.d, (1/T) characteristics, and in the absence of PF these
samples should show similar values of the thermopower.
This is not the case and, as it was indicated by the high
value of the ratio o /od„ this is a new indication of the
existence of PF.

B. n-type samples

od„ ir and S are plotted versus (10 /T) in Figs. 7 and
11, for three n-type samples. The thermopower is nega-
tive in the whole temperature range for sample S-F2,
while it is positive below 340 K in sample RTC-A, and
below 305 K in sample RTC-UA. S tends to saturate at
low and high temperature, and the magnitude as well as
the shape of S(T) indicate that they result from mixed
conduction. The procedure for determining the charac-
teristics of the samples is the same as above except that
for the samples RTC-UA and S-F2, temperature indepen-
dent values of the mobilities were assumed in order to lead
to a good fit. The values of I, of E,o —EF, and of the
"activation energy" of od, at 298 and 420 K are listed in
Table II.

Let us examine first the samples RTC-UA and RTC-A.
Figure 7 shows that o. as well as O.d, are slightly reduced
by annealing but the reduction of

~

S
~

is much more pro-
nounced. In the two samples (Fig. 8), nf is larger than pf
at all temperatures but the total density n is smaller than
p. We observe that annealing produces an increase of the
ratio p/n, and a decrease of I from 0.232 to 0.195 eV.

10 .

10—
00

10

I

v $0—
- —0.4 E

lh n /p

10—
- -0.6

10-

2 ~ 0 2.5
I I

3.0
10/ T(K )

-0-8
3.5

10
2.0 2.5

I

3.0

10iT(K)
3.5

FIG. 7. n-type samples RTC: o.d„o. , and S (experiment).
(0 ) Unannealed; (~ ) annealed.

FIG. 8. Calculated n /p and nf /pf for samples RTC:
( ———) unannealed; ( ) annealed.
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FIG. 10. Sample RTC-A: n;,h and n;, p$ (nf/pf)'

The variations of the energies E,o —EF, and E,o —g, I at
the bottom of the wells, E,o EG+g„l a—t the top of the
hills are given in Fig. 9. Here, also, we observe that the
Fermi level is close to the conduction band, so that a
mixed conductivity would not be possible in the absence
of PF. Moreover, although I' is reduced by annealing,
g, I and g, I are increased. We notice that in these n-

type samples g„&g„while for the p-type samples g, & g, .
The experimental intrinsic density n;,„~, calculated for
sample RTC-A is shown in Fig. 10. It remains always
larger than the theoretical value to which it tends at high
temperature for the reasons explained above.

For sample SF-2, the experimental curves o (1/T),
hard, (l/T) are similar to those of sample RTC-UA, but
lower by a factor close to 1.8 for o and 2 for crd„while
the magnitude of S is smaller by a factor of 3 at high
temperature (Fig. 11). The main difference is caused by a
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FIG. 11. n-type sample S-F2: (0) o.d„o. , and S (experi-
ment).
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FIG. 13. Calculated n /p, nf /pf, and RH for sample S-F2.
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itive as long as S„o.„+Spo.p„~0, but, due to the tem-
perature dependence of g, and g„ this inequality may be
reversed. Thus a measurement of the sign of S by the hot
probe method is quite insufficient in order to determine
the type of the sample. As an illustration let us assume
that the values of o.nd, and opd, are determined by gal-
vanornagnetic measurements for sample RTC-A, and that
Ez and the corresponding apparent thermopowers S„d,
and Spd, are calculated from these values by neglecting in
Eqs. (29) and (31) the terms corresponding to PF. We
should obtain a total thermopower

ndcndc+ pdcpdcSl
~n dc +~p dc

(35)
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1 2

FIG. 14. nf /n ( n-type samples) and pf /p (p-type samples)
vs g, I /kT and g, I /kT, respectively. (+ ) p type; (0) RTC-A;
(4) SF-2; ( ) RTC-UA.

which is plotted in Fig. 15 together with the experimental
data. The difference between the two behaviors is evident
and consequently conclusive. Therefore, measurements of
S, o. , and o.d, versus T above room temperature allow us
to determine all the parameters which characterize the
transport properties of the crystal.
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FIG. 15. Sample RTC-A: (~ ) S, p$ (

PF are neglected [Eq. (35)].
) S' calculated if

larger value of g, in sample SF 2. In this sample,
E,o —Ez also remains nearly unchanged when T is raised
and EF crosses the Cr level near the maximum probability
(Fig. 12). The Hall coefficient RH calculated for this
sample (Fig. 13) is nearly identical to that of a pure n-type
sample because when nf )pf, the contribution of holes to
RH is negligible due to the large value of p„/p~. Thus it
is clear that Hall effect measurements are inadequate for a
complete analysis of the mixed conduction situation. The
ratio nfln for the n-type samples and pf/p for p-type
samples is plotted versus g, I /kT and g, I /kT, respec-
tively, in Fig. 14. It is observed that this ratio varies ex-
actly as exp (g;1 /~2kT) for—p-type samples and for the
RTC-A sample; it does not depart significantly from this
law for the other samples. The quantity which reflects
the fact that p ~ n is the thermopower which remains pos-

V. CONCLUSION

The transport properties of si-GaAs:Cr are drastically
changed by the existence of potential fluctuations which
must necessarily be taken into account in order to obtain a
coherent explanation of the experimental data in the case
of mixed conduction. The dc conductivity, magnetoresis-
tance, and Hall coefficient depend exclusively on the free
carrier densities and do not give any information about
the total carrier densities in the bands. We have systemat-
ically measured, for the first time, the thermoelectric
power and the conductivity at high frequency in a large
range of temperature above 300 K. These quantities
which depend directly on the average total densities of
electrons and holes allow us to determine the magnitude
of the potential fluctuations, the Fermi energy, and the to-
tal carrier densities. It is found that in the six samples
which were studied, I is of the order of 0.2 eV. On the
other hand, the maximum magnitudes g, I and g, I of the
fluctuations vary with T from about 0.21 to 3I depend-
ing on each case. Packets of electrons accumulate in deep
wells and packets of holes in high hills, and this situation
gives rise to a mixed conduction regime. It follows that
the usual appellations of n and p type have no more a
clear meaning and also that it is impossible to imagine a
perfectly homogeneous semiconductor having the same
transport coefficients as a microscopically disordered one.
The reality is more subtle, especially in the case of mixed
conduction.

By considering the existence of PF, the inconsistencies
reported in the literature are removed. The disagreement
between the sign of the Hall and the thermoprobe volt-
ages, between the theoretical and "experimental" values of
n;, and also the reasons for the low values of the Fermi
energies and the flattening of the trd, (1/T) curves are easi-
ly explained. All the parameters I, g„g„n, and p
should be taken into account, in order to get a realistic
description of the properties of the semi-insulating materi-
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al. This is the only way allowing reconciliation of experi-
ment and theory. Moreover, our method can likely help
to relate quantitatively the parameters responsible for the
electronic properties to the changes in crystal-growth con-
ditions and to the annealing processes.
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