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In compensated semiconductors, the occurrence of potential fluctuations which affect the local
probability of ionization of deep levels cannot be ignored. These fluctuations strongly change the
frequency and temperature dependence of the conductivity due to carriers in the bands. The expres-
sions of ac and dc conductivity and of permittivity are derived in the case of a Gaussian distribu-
tion of fluctuations. It is shown that, starting from the densities and energies of impurities in the
sample, the theory leads to a very accurate description of the observed conductivity in quite different
cases: semi-insulating GaAs (our data), crystalline silicon (data of Pollak and Geballe). It is demon-
strated that the carriers in the band are solely responsible for the observed phenomena, provided
that potential fluctuations are taken into account. Band carrier conduction completely hides hop-
ping conduction. Similar conclusions are obtained from the interpretation of data of the literature
as well as our data, on amorphous semiconductors. It is inferred that the phenomena observed on a
large variety of semiconductors merely reflect the same general effect of potential fluctuations on
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band carriers, rather than specific processes characteristic of the material.

I. INTRODUCTION

In the present paper, we analyze ac conductivity due to
band carriers in compensated and semi-insulating semi-
conductors exhibiting potential fluctuations, in the crys-
talline or in the amorphous state. It has been recognized
for a long time that, in compensated materials, potential
fluctuations must result from the nonuniform distribution
of impurities and the absence of screening by free carriers.
Potential fluctuations were first considered by Shockley
and Bardeen! and later by Keldysh and Proshko.?
Schklowskii and Efros® analyzed the effect of the random
potential due to impurities on the activation energies of dc
impurity conductivity, in strongly compensated semicon-
ductors. Redfield* proposed a band tail model for the
study of dc transport properties in disordered semicon-
ductors. Potential fluctuations have also been considered
by Fritzsche® in the case of amorphous semiconductors.
However, these papers did not end in an explicit formula-
tion of transport coefficients in the presence of potential
fluctuations. Expressions of dc transport coefficients in
the presence of a Gaussian distribution of medium- or
long-range potential fluctuations were derived by Pistoulet
et al.® It has been shown by Girard’ that the Fermi level,
the dc conductivity activation energy, the lifetimes, and
the photoconductivity are strongly dependent of both the
magnitude of fluctuations and the degree of compensation
of deep levels. Except in particular cases, dc transport
properties of compensated semiconductors cannot be ac-
counted for by reference to a hypothetical equivalent
homogeneous material.

Extensive measurements of ac conductivity in crystal-
line, glassy, and amorphous semiconductors have been
performed in many laboratories during the last decades.
Since the famous paper of Pollak and Geballe® (hereafter
known as PG) who attributed to a hopping process the
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0, < o* law observed on the ac conductivity of silicon sin-
gle crystals at low temperature, a large amount of litera-
ture was published on the subject. Surprisingly, little in-
terest has been devoted to the contribution of band car-
riers located in potential wells to the ac conductivity of
high-resistivity materials, and no formulation has been
developed in order to take this effect into account until
now.

In this paper, we propose a suitable model for quantita-
tive evaluation of dc and ac conduction by band carriers,
in high-resistivity semiconductors in which potential fluc-
tuations play an essential part and cannot be ignored. It is
shown that, in crystalline materials, the available data are
completely explained by this process, and are not relevant
to hopping. The same process is also significant in amor-
phous semiconductors, and likely overcomes other effects.

In Sec. II original expressions of ac and dc conductivi-
ties 0,:(@,T), 04.(T) and ac permittivity €,.(w,T) are de-
rived. The temperature and frequency dependences are
drastically changed by the existence of potential fluctua-
tions, as shown by numerical calculations; in particular,
0, due to band carriers starts from o4, grows as »° in a
fairly large range of frequency, then saturates as w— .

Section III deals with the distribution of carriers be-
tween impurities and bands in the presence of fluctua-
tions. The nonuniform ionization of deep levels is taken
into account in the derivation of carrier density.

In Sec. IV, we report conductivity data on semi-
insulating GaAs single crystals versus temperature, be-
tween dc and 200 MHz. These data, which are not ex-
plained by existing models, confirm quite accurately the
predictions of the theory. The combined effect of poten-
tial fluctuations and deep centers is clearly proved, and a
self-consistent explanation based on the knowledge of
deep levels density and energy is obtained.

In Sec. V, the data of Pollak and Geballe on Si single
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crystals at low temperature are discussed, taking into ac-
count the role of band carriers provided by the impurities,
in the presence of potential fluctuations. It is demonstrat-
ed that, in the whole temperature and frequency ranges
considered by PG, the band carriers, which were disre-
garded by the authors, are entirely responsible for the ob-
served behavior. The contribution of high-mobility band
carriers is likely predominant and completely overcomes
hopping conduction.

In Sec. VI, we analyze data on ac conductivities in
amorphous silicon and germanium films in light of the
above theory. It is shown that, in these materials too,
band carriers in potential wells contribute significantly to
ac and dc conductivities.

II. DERIVATION OF ac COMPLEX CONDUCTIVITY
DUE TO BAND CARRIERS

We consider n-type compensated semiconductors in
which the band carrier density is small compared to the
total density of ionized impurities; therefore potential
fluctuations due to the nonuniform distribution of impuri-
ties are not noticeably screened by free carriers. More-
over, it is assumed that, at temperatures of interest, the
density of deep ionized centers remains small compared to
the density of fully ionized shallow impurities which are
thus mainly responsible for potential fluctuations. The
spatial extent of the fluctuations is assumed larger than
the carrier mean-free path and the Debye screening
length.

According to the model of long-range potential fluctua-
tions described in Ref. 6, the energy E.(T) of the
J
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conduction-band edge fluctuates in the sample according
to a Gaussian distribution P(E,) reaching its maximum at
E,q, with a standard deviation I'/v'2. This distribution
must be truncated at E.o+gTI', where g is a number rang-
ing between 1 and 3 because unlikely deep wells (or hills)
become screened, even by few carriers, when I' /kT >>1.
The possible temperature dependence of g is discussed in
Sec. III. Moreover, the spatial probability of finding wells
and hills is not necessarily the same, as illustrated in Fig.
1 in a particular case. Introducing the spatial probability
a of wells, the total probability becomes aP(E.) if
E.<E,y, and (1—a)P(E,) if E,> E_.;. In order to sim-
plify, a is assumed independent of the depth of the wells
and characteristic of the specimen. Considering the re-
duced fluctuation amplitude

u=[Ec~—Eco|/F, (1)

and the probability P(u)=a exp(—u?), the normalization
constant q is given by

0
af_ge_“zdu+(l—a)foge‘“2du=1/a . (2)

We shall neglect the small variation of the norm due to
the truncation of the Gaussian function, and so a~2/V7.
We write

noo=N.exp[(Er—E_o)/kT], (3)

and the carrier density in a well of depth u (with u >0) is
nooexp(uT'/kT), and the density in a hill of the same
height is noexp(—uI'/kT). Therefore the average carrier
density ng in the sample can be written as

no=2nem "2 fog[(a exp(uT /kT)+(1 —a)exp( —u T /KT )expl —u2)du . @)

The conductivity of an inhomogeneous medium may be
calculated by referring to a network of random valued
conductances, as was shown by Kirkpatrick.” In particu-
lar, several models of random resistor networks were pro-
posed for calculation of percolation thresholds and proba-
bilities. However, this method is not very suitable for
deriving an analytical expression of the conductivity and
permittivity of the medium, which is our purpose in the
present paper. In order to express the macroscopic ac
complex conductivity of the sample, some general as-
sumptions on the spatial arrangement of wells and hills
must be introduced. :

Let us consider that the conductivity of the sample as
the sum of the conductivities of minute elements, each
element consisting of a well and a hill of same height, and
of relative length « and (1 —a) in series (Fig. 1). The con-
ductivity o,.(u) and the permittivity €,.(u) of one element
may be expressed as functions of the conductivity o in

the hill and oy+0; in the well

oolao+0i(1—a)]+w’e
[oo+01(1—a) P+ o€

(5)

o, (u)=0¢+aoy

|
a(l-a)a%

1 s (6)
T lootol—a P’

Eac(tl) =6

where €, is the lattice semiconductor permittivity and o
the angular frequency. Introducing the band carrier con-
ductivity ogo=ngqu, at E.q, the expressions of o, and
og+0; are

ogo=0gexp(—ul' /kT) ,
go+or=oxexp(ul’ /kT) .

Ec - @ ote 1-a e

FIG. 1. Sketch of wells and hills of same magnitude in series.
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The average complex conductivity o,.+iwe,, of the sam-
ple is the sum of the contributions of the different ele-
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x =aexp(—ul/kT)+(1—a)exp(uT /kT) (8)

ments, weighted by their probability: and

O tio€= f [oaltt) +iwea(u)1P(u)du . 7 T00=€5c/ 000 » 9)
We write then

|
2 g ’ ' x exp(—ul /kT)+ w73, ) .
Oac/T0="177 fo 1+afexp(2uT /kT)—1] FENCES exp(—u?—ul/kT)du , (10)
. 8a(l—a) (& sinh?uT/kT 2
€x/€c=1+ Y 0 itaii exp(—u®)du . (11)

These expressions are valid in the whole range of frequency including dc and high-frequency limits. The dc conductivity
and permittivity are obtained from Egs. (10) and (11) when 0 —0:

g
O g/ Oo=2m"12 fo x lexp(—u?du ,

cac/ee=1+87"a(l—a) [*x~ZsinhX(uT /KT )exp(—

u?)du .

(12)
(13)

As the frequency tends to infinity, the conductivity tends towards the high-frequency limit o, =nogu, given by

0w /000=21""" [*[a exp(uT /kT)+(1—aexp(—uT/KT)]exp( —u?)du

and €, tends to €. Equations (10), (12), and (14) give g,
and o4, when T, g, a, and o, are known. Results of nu-
merical calculations are discussed in following sections.
They indicate that, as @ increases, o, starting from o4,
increases as ®° in rather wide ranges of frequency and
temperature, then, tends towards a high-frequency limit
0,. The exponent s remains smaller than unity, and its
variations are plotted, in Fig. 2, versus I' /kT for «=0.23
in two cases: The full line corresponds to g=2.5, the dot-
ted line to g=bT (as explained later) with b =6.7X 1073,
This shows that the occurrence of a o,. o« ®® law may re-
sult from the influence of potential fluctuations on band
conduction, and is not necessarily associated with a hop-
ping process. It is the same for the T'~!/* dependence of
o4:: When o, is independent of temperature, o4, calculat-
ed from Eq. (12) may follow this law in significant tem-
perature ranges. In order to decide which process is in-
volved, the first step consists of calculating the total car-
rier density ng in the band, starting from the knowledge
of the density of impurities and their ionization energy. It
is then possible to compare the conductivity o,.(w,T) due
to band carriers to the measured one, and to decide if
another process is predominant or not.

III. DISTRIBUTION OF CARRIERS
BETWEEN IMPURITIES AND BANDS

(14)
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As has been pointed out in Ref. 7, local neutrality does

not exist in the presence of potential fluctuations. If the
semiconductor is macroscopically homogeneous, an aver-
age neutrality equation may be written by averaging the
carrier density and the impurity density over the sample.
These average densities are physically observable quanti-
ties, whereas local densities are not, because any measur-

FIG. 2. Exponent s of the o, < @® law versus I" /kT with fre-
quency as parameter, for band conduction in presence of poten-
tial fluctuations (a=0.23, solid line g=2.5, dotted line
g=6.7x10737.
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able sample contains a large number of elements. The lo-
cal ionization probability N J(T)/Ngq of deep donors, or
N3(T)/Ng, of deep acceptors, depends on the local po-
tential E,(T), so that it is strongly affected by the ampli-
tude of potential fluctuations:

-1
NH(®) Ep—E,(¥)+Egq
e 1
N, 1+gaqexp T ) (15)
— — -1
Na_d(l‘)_~ ) 1 | E.(¥)—Eg+Ez—Er
Nu = |14+84a €Xp kT ’
(16)
1
2l—a) & mng
N;&:V fO Ndd 1+gdd N exp[(Edd~uF/kT]
c

1/2 f Ndd [[1+gdd N

- 2l—a) r&
Na= Ll fo Ve ‘1+ dammno

exp[(Edd+uF)/kT]

N,
g——exp[(Eda —Eg+ul)/kT]
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where g4q (g4a) is the ratio of the degeneracy of the occu-
pied and unoccupied donor (acceptor) state, and E 4 (Eg,)
is the ionization energy of the donor (acceptor) in the con-
duction. (valence) band. We shall restrict our purpose to
the consideration of one species of deep donor, and one of
deep acceptor; moreover shallow donors and acceptors of
respective densities Ny, Ny, are assumed to remain fully
ionized at every point of the material in the whole tem-
perature range of experiments. Using Eq. (4), and writing

no/ng=m , 17
the average neutrality equation is
nO_P0=Nsd"‘Nsa+N;;1“'Nd—a ’ (18)

where

-1

exp(—u?)du ,

-1
exp(—u?)du , (19)

-1 ,
exp(—u?)du

-1

exp[(Eda—EG ul)/kT]| exp(—u?)du . (20)

1/2 f Ng, |1

The densities Ngg,Ng4, appearing in the integrals are unknown functions of u. It is assumed that the potential fluctua-
tions result mainly from the nonuniform distribution of shallow impurities, so that Ngg and Ny, do not depend very
strongly on u, and they may be replaced by constants. Then the integrals in Egs. (19) and (20) may be computed, and the
average carrier density n is given by Eq. (18). In this equation p,, if not negligible, must be replaced by

po=21""%n?/mny) fog [aexp(—uT /kT)+(1—

Before comparing with experiment, let us examine the
temperature dependence of the maximum depth of the
wells. At very low temperature, g /kT tends to become
very large, so the ng carriers per unit volume accumulate
in the few deepest wells; as a consequence, the deepest
wells are partly screened even if ng is small. On the other
hand, the Fermi level must be very close to the bottom of
these wells in order to account for the population of the
band; so the Fermi level is pinned at some kT of the bot-
tom of the deepest wells. The depth gI'" must adjust to a
value such that n, calculated by Eq. (4), with

—Ep~gI in Eq. (3), is equal to the net density
Ny —N,, of exhausted shallow levels. In high-resistivity
materials, such as those considered below, gI"/kT at low
temperature is of the order of 20 or more, so that ng in
Eq. (4) is approximately a function of gI"'/kT only. Thus,
as long as n( remains constant g is nearly proportional to
T. At very low temperature 04./0 , is also nearly a func-
tion of gI"/kT only; therefore, o4, must be approximately
independent of 7. The increase of g with temperature
leads to more and more improbable deepest wells with a
reduced size. The maximum depth of wells is necessarily
limited above a given temperature, depending on the sam-
ple, to some value g,,T", due to the increase of the Debye

a)exp(ul /kT)]exp(—u?)du . 2n

[
screening length. Above this temperature, the Fermi level

moves away from the bottom of the wells and g is expect-
ed to remain constant until ionization of deep levels starts.
The ionization of deep donors occurs in the highest poten-
tial energy hills of height g,,I", when that of deep accep-
tors occurs in the deepest wells of depth g, . Thus fixed
positive (or negative) charges appear at the places where
the electrostatic potential is minimum (or maximum), and
this tends to locally neutralize the shallow impurity
charges responsible for large fluctuations of low probabili-
ty. This effect clearly results in a reduction of g as T in-
creases; this decrease must be limited by the increase of
the probability of wells of reduced depth. It must be not-
ed that, as long as the density of ionized deep impurities
remains small, compared to the total density of shallow
impurities, no significant variation of I' may happen so
that, in the cases examined below, I" is considered as a
constant in the whole range of temperature in which mea-
surements are made.

IV. SEMI-INSULATING GaAs

In this section, we report complex permittivity mea-
surements between 0.1 Hz and 200 MHz, performed on a
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Cr-doped GaAs single crystal provided by LEP. Accord-
ing to the manufacturer’s specifications, the Cr content is
between 1 and 310 cm™3. The sample has been an-
nealed at 850°C for 15 min. Measurements are made on
disks 0.3 mm thick and of 4 mm in diameter, with Au-Ge
ohmic contacts on both sides. Complex permittivity mea-
surements are performed with a frequency response
analyzer from 0.1 Hz to 1 MHz. Between 1 and 200
MHz, the sample is inserted in a coaxial line, and the
transmission and reflection coefficients are determined by
a standard reflectometry. method. The line is arranged in
a cryostat enabling us to vary the temperature of the sam-
ple between 240 and 410 K. Some complementary room-
temperature measurements were made at 10 GHz in a
high-Q cavity on samples without contacts.

Full points on Figs. 3 and 4 show experimental values
of 04, T.l®), and €,(w), with T as a parameter. The
general shape of the curves reflects the expected variations
of conductivity due to band carriers, as they are described
by Egs. (10)—(14). However, small bumps on the o,
curves, associated with large increases of €,. above €, are
relevant to the charge and discharge of deep centers with
finite-time constant. This effect, which was extensively
studied in the case of p-n junctions and Schottky bar-
riers,!%!! is particularly significant in semi-insulating
semiconductors, owing to the large number of barriers be-
tween domains, in which deep levels are able to cross the
Fermi level. Thus, before analyzing the frequency and
temperature dependence of complex conductivity due to
band carriers, the first step consists in properly evaluating
the contribution of charging and discharging these
centers. Using the results of Zohta,!! the contributions of
center i to 0,. and €, are

6027' i

(aac)izm(eLF_GHF)i ’ (22)

glQ cm) ')

FIG. 3. (@) Experimental o,(w,T) data on semi-insulating
GaAs sample. Solid lines: o, calculated by Egs. (10) and (25).
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FIG. 4. (@) Experimental €,(w,T) data on semi-insulating
GaAs sample. Solid lines: €, calculated by Eqgs. (11) and (26).

(éLr—€nr);

R (23)

(eac'_ eHF)i =

where (e y—eyr); is the dielectric permittivity variation
when o goes from values much smaller to values much
larger than 1/7;. The values of (e p—eyp); are deter-
mined from ¢, data (Fig. 4). The value of 1/7; is the an-
gular frequency at which the experimental curve (0,.); /®
plotted versus w, at constant temperature, goes through a
maximum. As 7; is proportional to the reverse of the
electron emission rate of the center, it is characterized by
an activation energy E; and a high-temperature limit 7;,
which are determined by extrapolating the experimental
data (Fig. 5):

T (sec)
10° |
102
, EL-2
-
104
EL-12
10¥T (K)
e e 1
24 2.6 2.8 3

FIG. 5. 7; versus 10°/T in semi-insulating GaAs sample.
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T,-=T,-oexp(E,~/kT) . (24)

Four deep levels are noticed on the curves, and their ioni-
zation energy is calculated from 7; versus T-! plots by
Eq. (24). Two of these levels are identified as EL2 and
|

E;(EL2)=0.752—2.37X107*T(K) eV ,
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HL1, a third one possibly as EL12. The last one appear-
ing at low frequency and high temperature is named X.
In the numerical calculation of permittivity we take into
accoulrzlt the known temperature dependence of EL2 and
HL1:

E;(HL1)=Eg—{0.81—3X 10~ *[T(K)]*/[ T(K)+204 (K)]+kT1n0.93} .

In a similar way we assume for EL12
E;(EL12)=0.67—3.2X 107*T(K) eV .

In the absence of other information, the energy of the last
level is assumed equal to

E;(X)=0.78—2.7X107*T(K) eV .

The values of (€ g—e€nr);,;, are listed in Table I. The to-

tal contribution of charging and discharging the centers at
a given temperature is the sum of the individual contribu-
tions:

(oac)center‘—‘ 2 (aaé)i ’ (25)

(eac'_EHF)center= 2 (eac_EHF )i . (26)
i

The total calculated permittivity €, (€,c—€HF)center 1S
shown in Fig. 4. Agreement with the data is good at all
temperatures and frequencies.

- Let us now come back to the effect of band carriers. It
is obvious in Fig. 3 that, at high frequency, o, tends to a
limit which is reached around 100 MHz. This conclusion
has been confirmed by 10-GHz room-temperature mea-
surements. From the experimental values of o, and oy
plotted versus 1/T in Fig. 6 it is possible to compute I"
using Egs. (12) and (14), for given values of the parame-
ters a and g. Below 280 K, no appreciable ionization of
deep centers is observed, so g must stay roughly constant.
Starting from an arbitrary value of a, one tries to find
suitable I' and g values, by successive approximations.
The cycle is repeated until a good fit of experimental data
is reached. Figure 3 shows the results obtained with
a=0.47, =120 meV, g(T) given by Fig. 7; this varia-
tion of g is quite in agreement with the expected one at
low temperature, as well as at high temperature where
ionization of deep levels occurs. Moreover ny(T) may be
calculated by Eq. (18) and the corresponding values of
0 ,(T) compared to the experimental ones. At low tem-
perature, (cr,w)e,q,=8><10—7 (Q@cm)~! so with p,=3200

TABLE 1. Values of (e r—e€nr);, and 7o corresponding to
the four observed deep levels.

Level (ELF —EHF )i/€o Tio (s)
EL2 (9.25—-1)% 10° 5% 10~ 12
HLI1 (3.4—0.62)x 10* 8.6x 10~ 13
EL12 (1.2—0.25)x 102 1.9x 10712
b ¢ (2—0.07)x 10* 8.7x 10~

T

cm?/Vs, we find Nyy—Ng,=1.56X10° cm™>. Taking
Ng(HL1)=1.44x10" cm~% (in the range of

manufacturer  specification) and N4 (EL2)=5x10'6
cm ™3 which is of the usual order of magnitude, we obtain
the fit shown in Fig. 6. The Fermi-level position at
T=381 K is shown in Fig. 8 where energy is in ordinate,
and probability P(E,) in abscissa. The local energy of
deep levels is represented by curves shifted by a quantity
E; from E,. The average degree of ionization of a level
can thus be deduced from the abscissa at which the corre-
sponding curve intersects the Fermi level. It is clear that,
due to the existence of potential fluctuations, many deep
levels cross the Fermi level, and this explains the magni-
tude of previously mentioned effects of charging and
discharging these centers. The position of the Fermi level
as T varies is compared to that of the bottom of deepest
wells in Fig. 9. In summary, a complete self-consistent
explanation of the experimental data is obtained from the
knowledge of the densities and ionization energies of im-
purities, and of the magnitude of potential fluctuations,
leaving no doubt on the actual conduction process. On
the contrary, the data may not be explained by band con-
duction when ignoring fluctuations, and hopping theories
are unable to predict accurately the variations of o4, and
0, in the large frequency and temperature ranges covered
by experiment.

o, (Q'cm")

101 (K1)

s 1 4 A i A A 't '\ A I

2 3 4 5

FIG. 6. o4, 0, versus 10°/T in semi-insulating GaAs sam-
ple.
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FIG. 7. g(T) in semi-insulating GaAs sample.

V. INTERPRETATION OF DATA
OF POLLAK AND GEBALLE

Pollak and Geballe® reported experimental data on par-
tially compensated Si single crystals at low temperature,
and analyzed these results on the basis of a hopping
theory. A limited set of frequencies was covered by mea-
surements: 0, 102, 10, 10% and 10° Hz, and attention was
mainly devoted to the o, <’ law, which was observed
between 10% and 10° Hz, with s~0.8. In the interpreta-
tion of data, there has been no attempt to take into ac-
count the contribution of band carriers, nor the influence
of potential fluctuations. In this section, we shall analyze
PG data in the light of our theory, particularly those con-
cerning samples numbers 13 and 8 for which 0,(T)
characteristics between dc and 10° Hz are given by the au-
thors.

400

600

min max min

FIG. 8. Respective locations of Fermi level, and deep levels,
in semi-insulating GaAs sample.
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i

FIG. 9. Fermi level, and bottom of deepest wells, versus T in
semi-insulating GaAs sample.

A. Sample number 13

The characteristics - of the sample are N,(boron)
=0.8% 10" cm™3 and N, (phosphorus)=2.7x 107 cm 3.
The experimental dc and ac conductivities (Fig. 5 of the
original paper of PG) are reproduced in Fig. 10. In the

a[(Qecm)
b

1610

1o—12l

10"

10/T (K)

1 2 3 P 5 6

FIG. 10. (@) Experimental o,.,04. data of Pollak and Geballe
on c¢-Si (sample number 13). Solid lines: Conductivities calcul-
lated according to Egs. (10) and (12).
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case of a partly compensated donor level, the neutrality
equation in an n-type material is

n0=Nd+ "‘"Na . (27)

At low temperature, when N exp(—E;/kT) <<g;N,, the ‘

solution of this equation may be approximated, neglecting
potential fluctuations, by the classical expression

T | (28)

no=~N,(N;j—N,)(gzN,) 'exp

where E; is the ionization energy of the donors. In the
"case of phosphorus E;=0.045 eV, so with the values of
N,,N, given by PG this leads to ny~1.7x 108 cm ™3 at 20
K; this value is far too small to account for the experi-
mental dc conductivity of 10~° (Q cm)~! at this tempera-
ture. The discrepancy is still getting worse as 7" decreases.
This is possibly why the authors did not consider the con-
ductivity due to electrons in the conduction band. But a
careful examination of the experimental o4 (7T) curve re-
veals a sharp change of slope at about 7; =20.65 K, near
the upper left corner of the figure. This kink is very like-
ly due to the ionization of a donor which, according to the
doping of the sample, may only be phosphorus. There-
fore, below T}, band conduction electrons are not provid-
ed by phosphorus but by an unspecified shallow donor;
this donor is possibly nitrogen whose maximum solubility
in silicon is 4.5 10" cm ™~ (Ref. 13) and ionization ener-
gy E3=0.017 eV, or a center of lower binding energy.
This shallow donor, of density N is exhausted and part-
ly compensated by boron of density N, with
Ns/Ng < 1, and the phosphorus level is uncompensated.
With ny =Ny — Ng,, the neutrality equation becomes

no=ny+N; . 29)

The low-temperature density ng is much smaller than N,,
as calculations will show. Then, near T;, Nj /N <<]1,
the Fermi level is well above the donor 1level, so
N exp(—E4/kT) <<n;. On the other hand, due to the
fact that ng << Ny,

N exp(—Eg/kT) >>gqnl /4Ny +ny)

and, as is well known, the solution of Eq. (29) then
reduces to

noz[Nc(Nd—i—ns)/gd]Vzexp( —Ed/ZkT) . (30)

In writing that 7; is the temperature at which

N (T;)=n, we obtain
1y =[N,(Ng+ny) /281" *exp(—E, /2kT;) . (31)

In the case of phosphorus, E;=45 meV, and this equa-
tion leads to n;=5.4x 10! cm 3. As the experimental dc
conductivity o4(T;)=1.07X 1073 (Q cm)~!, the mobility
would be roughly equal to 60 cm?/V s.

We now consider the effect of potential fluctuations,
and use the values of «, I, g found below by fitting the
data. . At temperatures lower than T;, o =n,qu,
remains constant, if we neglect the temperature depen-

EcBE’ gl (meV) g
5 2
o]l [f X777 IR
15 1
20 -—=-- 0, a 15 .5

O, = Const

(o]

o 4 8 12 16 T (K)

FIG. 11. g(T), gT', E.o—EFr in c¢-Si sample number 13 (of
Pollak and Geballe). ' ~

dence of mobility, and equal to 6.5X 10> (Q2cm)~!. On
the other hand, N; (T;) must be calculated by Eq. (19) in
place of Eq. (31), so n,=2.2810'2 cm~3, leading to a
mobility u, =178 cm?/V's, which is of the expected order

“of magnitude for this doping.

Above T;, T'/kT <2.5, so potential fluctuations have
minor consequences. On the contrary, at low tempera-
ture, i.e., in nearly all the range of PG measurements,
gI'/kT is large, of the order of 29.6 at 2.5 K. In this
range, o, >>0q4, and potential fluctuations drastically
change dc and ac conductivities. This is demonstrated by
fitting the experimental conductivity data by means of
Egs. (10), (12), and (14). We first neglect the temperature
dependence of mobility so, at low temperature
0,=6.5X1073 (Qcm)~!. Again the search for the right
values of a, ', g(T) is done by successive approximations,
starting from given trial values of @ and T, and trying to
fit the o, /04. and o,./0y4. variations. The cycle is re-
peated by adjusting the parameters until a good agreement
with the experimental data of PG is reached. Below 2 K
the o4, curve has been extrapolated. The best fit shown in
Fig. 10 is obtained with @=0.12, '=4.06 meV, and g(T)
as given by Fig. 11. As expected, g(7T) is proportional to
T at low temperature, and tends to a limit equal to 1.9 for
5 K<T<T;. If we take into account a temperature
dependence u, < T3/2 of the mobility due to impurity
scattering, the same fit is obtained by slightly modifying
g(T) (Fig. 11) and keeping the same a and I". In any
case, a striking agreement between computed and experi-
mental data is obtained in the whole temperature and fre-
quency ranges. This fact leaves little doubt on the origin
of observed phenomena.

B. Sample number 8

The characteristics given for this sample are N, small;
N, (phosphorus)=1.5Xx10'® cm~3. PG data are repro-
duced in Fig. 12. The temperature range in which oy



data are available extends only from 10 to 20 K. The plot
of o4 versus 10/ T shows an increase of activation energy
at 12.5 K. This is likely the temperature 7; above which
electrons are mainly supplied by ionization of phosphorus
donors. Below Tj, electrons come from exhausted shallow
levels, as in sample number 13, and consequently the
phosphorus centers are uncompensated. If we first
neglect the effect of potential fluctuations, the density of
ionized P centers calculated by Eq. (31) is equal to
N (T;)=2.5x10" cm~? [whereas it would be negligible
if P centers were compensated, according to Eq. (28)]. As
0a{T;)=1.62X 10712 (Q cm) ™!, this leads to a far too low
mobility 04./q(n;+Nj)~0.4 cm?/Vs, in a crystal where
the total doping is of the order of 10'® cm~3. Let us now
consider the existence of potential fluctuations. Experi-
mental data may be accurately fitted (Fig. 12) by choosing
a=0.10, I'=7.85 meV, and g(T) given by Fig. 13. With
these  characteristics of  potential  fluctuations,
ng=Nj (T;) obtained by Eq. (19) is equal to 1.130% 108
em ™3 o(T;) /04 (T;)=6X10° therefore, o (T;)=1.18
X107% (Qcem)~!. This gives u,=0o (T;)/2gNj(T;)
=106 cm?/V's which is of the right order of magnitude.
It should be noticed that the only adjusted parameters
concern the amplitude of potential fluctuations; the calcu-
lation of total carrier density is only based on impurity
density and energy.

g l(Qem)™]

10°¢

108

10—10

1 0—12

I (K)
4 8 12 16

1 1 1

FIG. 12. (®) Experimental 0,04, data of Pollak and Geballe
on ¢-Si (sample number 8). Solid lines: Conductivities calculat-
ed according to Eqgs. (10) and (12).
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FIG. 13. g(T) in c-Si sample number 8 of Pollak and

Geballe.

In conclusion, in both samples, numbers 13 and 8 of
PG, there is a non-negligible electron density in the con-
duction band; this is proved by calculating Nj (T;), and
this corresponds to a quite normal value of mobility.
Band electrons are entirely responsible for the observed
conductivity data which reflect only the influence of po-
tential fluctuations on these carriers. Hopping conduc-
tivity is probably orders of magnitude lower, and this is
not very surprising if one considers the high mobility of
carriers in the band. Therefore the PG data are similar to
our data on semi-insulating GaAs and does not support a
hopping mechanism.

VI.. AMORPHOUS SEMICONDUCTORS

It is well known that some amorphous semiconductors
are generally compensated, owing to their density of
donor and acceptor states in the gap. On the other hand,
it is now recognized that, in good quality materials, elec-
trical conduction by carriers above the mobility edge is
significant. Thus, in amorphous semiconductors, the
presence of band carriers and the existence of potential
fluctuations may contribute significantly to dc and ac
conduction. In the following, this contribution will be
evaluated using Eqgs. (10)—(14). Contrary to the case of
crystalline materials, available experimental data are often
incomplete. The dc conductivity versus temperature
and/or the high-frequency limit o (7T) are generally un-
known. On the other hand, little or uncertain information
is available on the density of states in the gap. Therefore,
some assumptions are needed in order to fit the data, but
it is shown below how it is possible to greatly reduce the
degree of uncertainty by considering various pieces of in-
formation such as location of the Fermi level, dependence
of g versus T, and ionization of deep levels.
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A. Data of Abkowitz et al. (Ref. 14)
on glow discharge a-Si

The main features which are observed on the reported
0.(0,T) curves (Fig. 14) are (i) the value of the exponent
s which is nearly equal to unity, but slightly smaller, (ii)
the spacing of isotherms, (iii) the existence of a deep
center whose charge and discharge produces a large hump
in the low-frequency range at high temperature, (iv) no in-
dications on 04.(T) nor o (7).

We first observe that low-temperature o,.(w) curves are
very similar to those found by Pollak and Geballe in c-Si.
In order to evaluate the contribution of band carriers, we
use Egs. (10)—(14) for calculating o, (w,T), for various
values of a, o, I', and g. At low temperature o, is con-
sidered as due to exhaustion of shallow levels. The choice
of suitable value of o, is made by fitting o, at high fre-
quency, in the whole temperature range; this fit may only
be obtained in a limited range of o, values, of the order
of one decade. Besides, o, must lead to a value of band-
carrier mobility of a reasonable order of magnitude. By
successive approximations, the most suitable o, is found
equal to 1073 (Qem)~ !, with @=0.23. Then, at each
temperature o, is calculated by Eq. (10), compared to ex-
perimental data; I" and g are varied until an agreement is
reached. We thus obtain couples of T and g values; in or-
der to find the right couple, g is plotted versus T with @
as a parameter. It is found that all the curves intersect at
the same point which sets the values of " and g(7T). As
T is varied, a unique solution is found for I" which

Ol Qem) -]
-8
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10°
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eee ABKOWITZ Data
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1(—)12 | 1 1
102 108 10? 10°
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FIG. 14. (@) Experimental o, data of Abkowitz in glow
discharge a-Si. Solid lines: Conductivities calculated according
to Egs. (10) and (22).
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remains constant and equal to 320 meV, while g varies
linearly with T as expected. Up to 240 K the Fermi level
at low temperature must be about kT below the bottom of
the deepest wells as previously explained; thus, consider-
ing an equivalent density of states N, in the conduction
band close to that of crystalline silicon, E.o— Ef is calcu-
lated by the equation

E.o—Er=kT In(qu,N./mo ), (32)

where pu, is the mobility, and m =oy/0, is given by Eq.
(14). In the absence of mobility data and of o, or o4
data, some assumption must be made. Mobility values of
the order of 0.1 cm?/V s have been reported, so we assume
p,=0.3 cm?/Vs at all temperatures, in order that Er be
located at kT below the bottom of deepest wells at low
temperatures. However we must notice that a higher
value of mobility could be chosen. If o is considered as
temperature independent, the Fermi level crosses the bot-
tom of the wells around 280 K and goes slightly above
E.,—gT at 340 K. However, the large hump observed in
o..(@) curves at low frequency and high temperature is
relevant from the charge and discharge of a deep level
whose characteristics, obtained by fitting the data using
Eq. (22), are

€ p—€ur=38¢p,

7','0=3>< 10_16 S,

O[(Qcem)]
I I I | I I | | [ |
162 - -—
- \ Uoo
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230 K
154 - a-Si ]
- evmovo ... ABKOWITZ Data -
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¥ Qo ° L ]
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FIG. 15. (@VM...) Experimental o,  data versus 10°/T of
Abkowitz for glow discharge a-Si. Solid lines: Conductivities
calculated according to Egs. (10), (14), and (22).
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FIG. 16. gI'(T) corresponding to a-Si sample of Abkowitz.

E;=0.796 eV .

This level starts to ionize around 230 K, so that o, must
increase above this temperature; the temperature depen-
dence of o, shown in Fig. 15 is obtained by considering
that Ep is staying at kT below the bottom of the wells
and that u, remains constant. This variation of o re-
sults in a slower variation of g with T, as previously an-
ticipated; gI' is plotted versus T in Fig. 16. The fit of
04 taking all these effects into account, is shown in Fig.
14. As observed, the agreement is very good at all fre-
quencies and temperatures. The progressive ionization of
the deep level as T increases is depicted by Fig. 17 where
the abscissa is the probability P(E,) multiplied by a or
(1—a). The fact that s~1 results from the large value of
g’ /kT~30 (see Fig. 2). In conclusion the consideration
of band carriers and of large potential fluctuations leads
to a complete and consistent explanation of the data.

B. Our data on P-doped a-Si:H

The films provided by Kaplan and co-workers at
Thomson-CSF were deposited by chemical-vapor-
deposition (CVD) on single-crystal silicon substrates held
at 600°C, from mixtures of pure silane, hydrogen, and
phosphine in the gas phase.!>!® The doping ratio
[PH;]/[SiH,] of the sample considered in this paper is
103, Samples in sandwich configuration were obtained

by evaporating (after etching) a titaniym film 100-A

thick, covered by an Al electrode of 1000 A.
Measurements of o,; and €,. were performed between
60 and 1000 Hz in the temperature range 4.2 to 24.5 K.
The o, data alone are correctly fitted by choosing the fol-
lowing values of the parameters: a=0.09, o, =8X 102
(Qcm)~!, T'=20 ‘meV, g proportional to T, with
(gT/kT)=18.2 up to 32 K; above g remains constant.
However, in order to fit both €,. and o,. plotted versus
/2 in Fig. 18 it is necessary to add another contribu-
tion corresponding to a'=0.12, o', =10"% (Qcm)~},
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FIG. 17. Respective local positions of band edge, deep level

(E4=E;=0.796 eV), and Fermi level in a-Si sample of Ab-
kowitz at 165, 255, and 295 K, with probability as abscissa.

I'"=15.6 meV, and g'T''/kT=71. This could be ex-
plained by some filamentary or columnar structure of the
sample. However, the effect of the second contribution on
0, is very weak, so it is possible that the variation of ¢,
could also be accounted for by the charge and discharge
of a deep center. The temperature dependence of the
depth gTI" of deepest wells is shown in Fig. 19; the position
of the Fermi level obtained from Eq. (32) for
Up=3X%X10"2 cm?/Vs, and p,=1.5X10"% cm?/Vs is
also plotted. It is interesting to note the low value of T
(20 meV) found for this sample.

C. Data of Long and Balkan (Ref. 17) on a-Ge films
obtained by thermal evaporation or RF sputtering

The conductance of the samples has been measured be-
tween 10 Hz and 100 KHz in the temperature range 1.3 to
102 K, as shown in Fig. 20. In order to evaluate the band
conductivity we assume that the ratio of the area to the
thickness of the sample is equal to 2X 10* cm. The fit of
the data is obtained by choosing a=0.136, o, =5X 10"’
(Q cm)~!, T'=42.1 meV, and I'g/kT=18.6 up to 68 K;
above 68 K, g remains constant. The contribution of
charge and discharge of a deep level is clear above 77 K.
The characteristics of this level used in the fit are
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€ac
80 T 1 I T
P doped a-Si:H (a)
8.8 L -
T(K)
8.6 | .

| l !
0 200 400 600 800 1000
f (Hz)
FIG. 18. (@) Our 0,,€, data on chemical-vapor-deposition

P-doped a-Si:H. Solid lines: Calculated curves according to
Egs. (10) and (11). €, tends to a limit €,,=8.03 €.

ecr—€ur=1.2¢€0
Ti0=3.43>< 10_7 s,
E;=51 meV .

A second level which appears on the isotherms 77, 82.5,
and 88.5 K has not been taken into account in the fit. No
attempt to calculate the temperature dependence of o,
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FIG. 19. Our a-Si:H sample. Dotted line: gI' versus T.
Ep—E, (solid lines): (a) u,=3Xx10"! cm?/Vs; (b) u,=1.5
X 10~ ! cm?/Vs.

G (Q™1)
163 T T T
a-Ge

eee LONG Data
- Calculated

f (Hz)

FIG. 20. (®) Experimental o,. data of Long on a-Ge. Solid
lines: Calculated curves according to Egs. (10) and (22).

when the ionization of this level is beginning, has been
made. Using this constant value of o, we find u, =102
cm?/V's, and this corresponds to a total carrier density in
the band no=3X%10" cm™3. Calculated curves are in
quite good agreement with experiment at all temperatures
from 4.2 to 102 K. At 1.3 K the calculated conductance
is lower than the measured one.

In summary, the o,. data on various amorphous semi-
conductors obtained by different techniques may be well
explained by considering only the conduction due to band
carriers, the existence of potential fluctuations, and the
presence of deep levels. Although some experimental data

‘are lacking, the similarity of the phenomena with that ob-

served in crystalline semiconductors likely results from
similar conduction processes, and this is confirmed by the
fact that the g(7T') dependence has exactly the expected
behavior. Another interesting point is that the magnitude
of potential fluctuations may greatly vary depending on
the nature of the sample and the deposition process. The
knowledge of I is certainly of prime importance in order
to improve or compare manufacturing methods of amor-
phous films.

VIII. CONCLUSION

In compensated semiconductors potential fluctuations
acting on band carriers result in a nonclassical frequency
and temperature dependence of conductivity. The total
carrier density in the band is fixed by an averaged neutral-
ity equation which takes into account the fact that the
average degree of ionization of deep centers is a function
of the magnitude of fluctuations. This theory provides a
self-consistent explanation of our data on semi-insulating
GaAs, and of the ones reported by Pollak and Geballe on
crystalline silicon; similar conclusions are proposed in the
case of various amorphous semiconductors. In all these
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samples, of quite different nature, the same general con-
duction process by band carriers in the presence of poten-
tial fluctuations is responsible for the observed conductivi-
ty. Contrary to a common opinion, it is unlikely that
these data reflect the effect of hopping: This process is
very likely hidden by the conduction due to high-mobility
band carriers. It should be noted that the theory leads in
all cases to a very accurate fit of the data, in very wide
ranges of temperature and frequency including both dc
and very high frequency. Such an agreement had not
been previously approached by other models. In the case
of amorphous semiconductors a better knowledge of o,
and of the density of states in the gap would be desirable.
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If transport processes are involved in this determination,
the effect of potential fluctuations must obviously be tak-
en into account in order to reach the real density of states.
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