
VOLUME 80, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 23 FEBRUARY 1998

razil

170
Electron Concentration Dependence of the Coulomb Gap in AlGaAs:Si
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The Efros-Shklovskii (ES)T1y2 and Mott T1y4 parameters and the width of the soft Coulomb gap
in Al 0.3Ga0.7As:Si have been determined for electron concentrationn ranging from 1.2 3 1016 to
14 3 1016 cm23. The gap width presents a maximum at ann value corresponding to a compensation
ratio K between 0.94 and 0.97. TheT1y2 and T1y4 parameters decrease exponentially withn and
provide the simple relatione2g0j2yk ~ n, between the localization lengthj and the dielectric
constantk. This is compatible with scaling theory. Our data also suggest that the validity limits
for the Mott and ES regimes should be estimated, respectively, by2.5sT1y2d2yT1y4 and sT1y2d2yT1y4.
[S0031-9007(98)05315-0]

PACS numbers: 71.30.+h, 71.20.–b, 71.55.Jv, 72.20.– i
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A doped semiconductor is an insulator when its do
ing concentration is lower than a critical valuenc. When
the majority dopants (supposed here to be donors)
not compensated,nc is determined approximately from
Mott’s criterion a0n

1y3
Mott  q, where a0 is the dopant’s

Bohr radius andq ø 0.26 [1,2]. For highly compensated
samplesnc is larger thannMott and can be found from
Mott’s criterion with 0.36 , q , 0.40 [3]. In the insu-
lator regime and at low enough temperatures, electri
conduction is achieved by variable range hopping, wi
a conductivity s ø expfs2TpyT dpg [1,4]. The most
widely accepted values forp are 1y4 and 1y2, proposed
by Mott and by Efros and Shklovskii (ES), respectively
However, other values forp have been reported [5–8].
The exponentp is related to the behavior of the densit
of statesgsEd close to the Fermi levelEF . Mott’s model
assumes a constant valueg0 for the density of states,
whereas Efros and Shklovskii found that the Coulom
bic interaction between the carriers forcesgsEd to go
smoothly to zero, withsE 2 EFd2 in 3D systems. When
gsEd behaves the same asjE 2 EFjm it is said to have
a soft gap atEF , and it givesp  sm 1 1dysm 1 4d
[9,10]. The Mott sT1y4d and ES sT1y2d parameters are
given by

kBT1y4  byj3g0, kBT1y2  2.8e2ykj , (1)

where j is the localization radius of the electrons,k

is the dielectric constant,kB is the Boltzmann constant,
e is the electron charge, andb is a constant whose
value is not precisely known [1], but 18 and 21 are th
most used values [2,4,11]. The mean hopping energ
in Mott sT1y4d and in ES sT1y2d regimes are given,
respectively, byDMott  kBT sT1y4yT d1y4y4 and DES 
kBT sT1y2yT d1y2y2, and the half-widthDCG of the soft
Coulomb gap can be estimated by [4]

DCG  e3
q

g0yk3 ø kBT1y2

q
T1y2yT1y4 . (2)

Several experimental results have been interpreted
the grounds of the above-described models [4,10,1
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However, some interpretations have been questioned
cause the Efros-Shklovskii regime was ascribed to e
perimental results obtained at temperatures wherekT is
higher than the Coulomb gap obtained from the sam
results [11]. This regime is expected to appear at te
peratures lower than some characteristic limitTpp, such
that the thermal effects are not able to shadow the s
gap. At higher temperatures, one expects a crossove
the Mott regime that would become fully applicable a
temperatures higher than another limitT p. These limits
have been estimated [11] by the criteriaDES  DCG and
DMott  2DCG, which turn into T pp  4sT1y2d2yT1y4 
4DCG

p
T1y2yT1y4 andTp  4T pp. The temperature range

Tpp , T , T p defines the crossover regime, where ne
ther Mott’s nor ES’s rule is expected to apply. Aharon
et al. [12] have proposed a universal formula to fit th
resistivity in this crossover range. Another challengin
point has been stressed by Pollak and co-workers [1
who argue that the gap in the density of states, rath
than soft, could be a hard gap, meaning thatgsEd goes to
zero atEF more sharply thanjE 2 EF jm. This would be
caused by multielectron effects. Recent studies, howev
predict that these effects are consistent with theT1y2 be-
havior, with a smaller value for theT1y2 parameter [14] ,
or with the Aharony formula [15]. The hard gap hypoth
esis would lead to a conductivity with a simple thermall
activated behavior or even with a power law dependen
on temperature.

Experimental works have shown the presence
the Coulomb gap in three- [16], two- [17], and one
dimensional [18] systems. The presence of a soft gap
also been detected by the resistivity behavior at tempe
tures corresponding to the crossover from the Mott to t
ES regime [5,12,19–21] and by tunneling spectrosco
[22]. The presence of a hard gap has also been repo
at temperatures lower than those of the variable ran
hopping, which is created by magnetic correlations due
exchange [23,24] or simply by electrical interactions [25

The dependence of the Coulomb gap widthDCG on
the electron concentration and on the compensation ra
© 1998 The American Physical Society
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K , as far as we know, has not yet been experimenta
established. One can predict from Eq. (2) thatDCG will
decrease to zero atK  1, where the density of statesg0

is also zero. This would also be true forK  0, if the
two Hubbard subbands are split.

We have obtained the dependence of the width of t
Coulomb gapDCG on the electron concentrationn and on
the compensation ratioK, in a wide range of these param
eters, from then dependence of the hopping conductivity
A simple relation betweenT1y2 and T1y4 was found, and
the validity limits for Mott and ES regimes were analyzed
We used the persistent photoconductivity (PPC) prope
ties of theDX centers in Al0.3Ga0.7As:Si to change the
carrier concentration, instead of using different sample
This method has ingeniously been employed by Katsumo
et al. [8] in order to determine the exponent of the depe
dence of the conductivity onsn 2 ncd, close to the metal-
insulator transition. TheDX center, according to Chadi
and Chang [26], is a deep level state of the dopant Si ato
with an extra electron. Therefore it corresponds to a sta
of the second Hubbard subband which is lowered, by la
tice deformation, to a deep position in the crystal energ
gap [26,27]. The shallow donor state is metastable wi
a lifetime as long as months or years at temperatures
low 100 K. The formation of aDX center requires one
dopant atom (with its own electron) and one more ele
tron taken from another atom. Then the first atom will n
longer be a shallow donor, and it works as a compens
ing center for the second one, which will be an ionize
donor with an empty state in the shallow impurity band
So, the creation ofDX centers leads to a decrease in th
shallow donor concentrationsNdd and, simultaneously, to
an increase in its ionized part. Therefore, theDX cen-
ter plays two roles in controlling the electron concentra
tion: It changes the donor concentration and also beha
as a compensating defect. Hence, disregarding any
intentional acceptor dopants, one hasNd  sNSi 1 ndy2,
NDX  sNSi 2 ndy2, K  NdyNDX , whereNSi is the sili-
con concentration andNDX is the DX center concentra-
tion. A DX center can be converted into a shallow dono
by shining light on the sample and this can be used to va
n, Nd, andK.

Our sample consisted of a3.8 mm thick Al0.3Ga0.7As
layer grown by molecular-beam epitaxy, at620 ±C, on
the top of GaAs. It was processed by photolithograph
techniques in a Hall bridge pattern with a300 mm width
central channel and800 mm distance between successiv
arms. The sample was slowly cooled down to 0.32
in order to get a high concentration ofDX centers. The
temperature was varied from 0.32 to 60 K. The electro
concentration was varied by incidence of successive do
of light-emitting diode radiation with an energy quan
tum smaller than the forbidden band gap of the samp
From the light doses, always applied at the same te
perature, the electron concentrations were obtained [2
Figure 1 shows the temperature dependence of the re
tivity for several consecutive light doses correspondin
lly
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to n values between1.2 3 1016 and 16.6 3 1016 cm23

and to compensation ratios from 0.6 to 0.97, respective
The donor concentration, however, varies only betwe
34 3 1016 and42.4 3 1016 cm23. This gives an almost
constant mean separation between donors,rd ø sNdd21y3,
which, by chance, is approximately equal to twice th
Bohr radiusa0 ø 70 Å. At the highestn value,16.6 3

1016 cm23, the sample resistivity shows a diffusive be
havior [1], r21 , s0 1 s1Tm. At the next lower value,
13.6 3 1016 cm23, it already shows hopping conductiv
ity, following perfectly theT1y4 rule up to 10 K (see inset
in Fig. 1). Therefore, the critical concentrationnc lies
between these values ofn and is much higher thannMott,
which for this material is approximately5 3 1016 cm23.
These limits fornc give a value fora0n1y3

c between 0.38
and 0.40, confirming the compensating character of t
DX center [3] and so its negative charge. This concl
sion reinforces the assumption of the Chadi-Chang mo
for theDX center, which, some years ago, was a big ch
lenge [27]. All of the other data seem to present cha
acteristics of bothT1y4 andT1y2 regimes and, apparently,
have no signature of a hard gap. Figure 1 also sho

FIG. 1. Log of resistivity versus21y4 for several carrier
concentrations, whose values are indicated next to each cu
in units of 1016 cm23. The lines namedT p

exp (solid for group
A and dotted for group B) andT pp

exp define the limits of validity
for Mott and ES regimes, respectively. The inset shows t
data corresponding to the three highest values ofn (16.6, 13.6,
and 12) fitted with the formula for metallic, Mott, and Mott
plus ES regimes, respectively. Its axes labels are the same
in the main figure.
1707



VOLUME 80, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 23 FEBRUARY 1998

e
an

ed
s
te

e
for
p
.

nd

vel

on

en
ng
tor
en
ed
an

t
w

e

the fitting curves of the data to Mott’s regime (straigh
solid lines at higher temperatures) and to ES’s regim
(dotted parabolic lines at lower temperatures). The o
tainedT1y4 andT1y2 values are plotted in Fig. 2 for differ-
ent electron concentrations. The validity limits for thes
regimes are shown by the bold lines, namedTp

exp andTpp
exp,

drawn at the ends of their respective fitting curves. T
estimatedT p

exp and Tpp
exp limit values are shown in Fig. 3

for eachn. From these limits, one can see that the da
shown in Fig. 1 can be divided into two distinct groups
Group A, with Tp

exp . T pp
exp, is characterized by the ex-

istence of a crossover betweenT1y4 and T1y2 regimes,
in a temperature range where the data do not follow
ther of them. This occurs forn ranging from1.7 3 1016

to 7.1 3 1016 cm23 (the region where theTp
exp and Tpp

exp
lines in Fig. 1 are solid). For this group, one can doub
less rely on the experimental values of the validity lim
its for the Mott sTp

expd and ESsTpp
expd regimes. Group B

is formed by data withn within the ranges1.2 3 1016

to 1.9 3 1016 cm23 and 8.0 3 1016 to 12 3 1016 cm23.
They apparently have coincident values forTp

exp andT pp
exp.

Good fits are obtained, with theT1y2 formula, up toT p
exp

or even at temperatures above this limit. TheT p
exp line

in Fig. 1 is dotted in the regions of group B. We hav
tried to use the universal formula proposed by Aharon

FIG. 2. Plot ofT1y4 and T1y2 versusn. The solid lines is an
exponential fit to theT1y2 data. The region between the two
vertical dotted lines corresponds to data in group A. The ins
shows a fit which describes the relation betweenT1y4 andT1y2.
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et al. [12]. However, it does not fit the data in group A
at all and, although at low temperatures it fits well th
data in group B, at high temperatures it is worse th
Mott’s law. Additionally, Aharony’s equation predicts
T1y4 values which are much lower than those obtain
from Mott’s law, and they do not agree with the value
obtained for the data in group A. So a more appropria
model for this kind of crossover is still lacking and w
cannot be very confident on the parameters obtained
the data in group B. However the fits of the data in grou
A are reliable and we will focus our analysis on them
TheT1y2 andT1y4 parameters follow the relation

T1y2 ø s0.524rdd3nT1y4  0.144snyNddT1y4 , (3)

as can be seen in the inset of Fig. 2. From Eqs. (1) a
(3), one has

e2g0j2yk ø nyNd  1 2 K . (4)

This means that the number of states at the Fermi le
(not considering the Coulomb gap), in a volumej3

and in an energy interval equal to the electron-electr
interaction at a distancej, is equal tonyNd . This number
is closely related to the characteristic overlap betwe
neighbor states [1]. Equation (4) represents a striki
result because, if it is also valid near the metal-insula
transition, where scaling arguments can be applied, th
j2 andk will have the same scale behavior, as expect
[1]. Therefore, Eq. (3) seems to be more appropriate th
the T1y2 , sT1y4d2y3 relation found by Zhanget al. [19].
The dependence ofT1y2 upon n can be described by the
equation

T1y2  s550 Kd exps2ny2 3 1016 cm23d , (5)

which fits well the data of both groups A and B. In
the limit of very low concentration, one expects tha
the localization length is the Bohr radius for a shallo

FIG. 3. (a) The dependence onn of the Coulumb gap,
of the experimental crossover limits, and of2.5sT1y2d2yT1y4

and sT1y2d2yT1y4. (b) The Coulomb gap dependence on th
compensation ratio.
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impurity (70 Å) and the dielectric constant is close t
the value 12.2, characteristic of the pure material (witho
free electron screening). These values and Eq. (1) giv
low n limit for T1y2 which agrees very well with Eq. (5).
This suggests that the parameters obtained for theT1y2

regime may be reliable even for the B group of dat
mainly at lown values.

The Coulomb gap was estimated by Eq. (2), and
Fig. 3 TCG ø DCGykB is plotted versusn and versus the
compensation ratioK. These plots show a very sharp
maximum atn ø 2 3 1016 cm23 sK ø 0.94d due to the
rapid increase ofT1y4 at lown values, not followed byT1y2.
As these parameters may have not been well estimated
low n values, we also used Eqs. (2), (3), and (5) to find th
following n dependence of the Coulomb gap:

TCG  s209 Kd snyNdd1y2 exps2ny2 3 1016 cm23d .

(6)

This relation predicts a maximum for the gap width a
n ø 1 3 1016 cm23 (or K ø 0.97). Therefore, our ex-
periments indicate a maximum inTCG at a compensation
ratioK0 between 0.94 and 0.97. As the gap width increas
for K above 0.6 (the lowestK value), it should present a
maximum atK , 1, because atK  1 the gap has to dis-
appear. Then the existence of the maximum is compatib
with the behavior of the whole data. The dependence
the gap width onK was studied by Pollak and Ortuño [13]
who predicted a maximum atK  0.5. This result con-
siders a fixed ratio between the characteristic Coulomb
and disorder energies and so is not expected to apply
our results. AtK  0.5 our sample is already conduct-
ing. In order to estimate the correct behavior of the ga
width, one has to be able to predict the dependence of t
energy ratio on the electron concentration.

In Fig. 3 we show also the experimental estimates f
the validity limits of the Mott and ES regimessTp

exp, T pp
expd.

They indicate that, as far as group A is concerned, t
lower limit for the Mott regime and the upper limit for the
ES regime are much lower thanTCG. The figure shows
that these limits compare well with2.5sT1y2d2yT1y4 and
sT1y2d2yT1y4, respectively. These formulas correspond t
DMott ø DCGy2 andDES ø DCGy2. Therefore, our data
suggest that these could be better criteria for estimati
T p andT pp than those usually adopted.
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