PHYSICAL REVIEW B

VOLUME 59, NUMBER 7

15 FEBRUARY 1999-I

Two-dimensional hopping conductivity in a d -doped GaAs/Alx Ga12x As heterostructure
S. I. Khondaker
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom

I. S. Shlimak
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom
and Jack and Pearl Resnick Institute of Advanced Technology, Department of Physics, Bar-Ilan University, Ramat-Gan 52900, Israel

J. T. Nicholls, M. Pepper, and D. A. Ritchie
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom
~Received 23 April 1998; revised manuscript received 24 July 1998!
We present zero magnetic-field resistivity measurements of the variable-range hopping ~VRH! in a twodimensional electron gas created at a d-doped GaAs/Alx Ga12x As heterostructure. When either the temperature
or carrier density are reduced the longitudinal resistivity shows a crossover from two-dimensional Mott VRH,
r (T)5 r M exp (TM /T)1/3 to Efros-Shklovskii ~ES! Coulomb-gap behavior r (T)5 r ES exp (TES /T) 1/2. In both
regimes, near the crossover, the data collapse onto universal curves with a temperature independent prefactor
r M '(1/2)(h/e 2 ) or r ES'h/e 2 . The latter result is in close agreement with measurements of Si metal-oxidesemiconductor field-effect transistors. We discuss the possible implications of our data on the theory of
phonon-assisted VRH. @S0163-1829~99!01108-X#

The temperature dependence of the longitudinal resistivity
in the variable-range hopping ~VRH! regime was shown by
Mott1,2 to be of the form

r ~ T ! 5 r 0 exp ~ T 0 /T ! p ,

~1!

where r 0 is a prefactor, T 0 is a characteristic temperature,
and the exponent p depends on the shape of the density of
states ~DOS! at the Fermi level. In two-dimensional ~2D!
systems, p51/3 for a constant DOS g( e ) 5 g F at the Fermi
level. In this case, called Mott hopping, T 0 [T M
5C M (g F j 2 ) 21 , where j is the localization length and C M
513.8.1,3 Pollak and co-workers4,5 and Efros and Shklovskii6
~ES! showed that electron-electron interactions cause a suppression of the single-particle DOS about the Fermi energy
E F . In two-dimensions the resulting Coulomb gap has the
linear form g( e )5g 0 u e u , where the energy e is measured
from E F , g 0 5(2/p )(e 2 / k ) 22 , and k is the dielectric constant. This linear DOS gives an exponent p51/2 and
T 0 [T ES5C ES~ e 2 / k j ! ,

~2!

where C ES56.2.7
Experimental evidence for a Coulomb gap in twodimensions has been demonstrated by several authors. Previous zero-magnetic-field measurements8 of GaAs/
Alx Ga12x As heterostructures show that the resistivity ~in
logarithmic scale! follows a T 21/2 temperature dependence
characteristic of ES behavior, with a temperatureindependent prefactor. In contrast, other studies reveal T 21/2
behavior with a temperature-dependent prefactor of the form
r 0 5AT m , where m51 in the quantum-Hall regime in
GaAs/Alx Ga12x As ~Ref. 9! and Inx Ga12x As/InP ~Ref. 11!
heterostructures, or m50.8 ~Ref. 10! in GaAs/Alx Ga12x As
0163-1829/99/59~7!/4580~4!/$15.00
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for all magnetic fields including B50. Hence, there is some
uncertainty in the temperature dependence of the prefactor
r0 .
Recently, it has been shown12 that the zero-field 2D VRH
resistivity in Si metal-oxide-semiconductor field-effect transistors ~MOSFET’s! follows T 21/2 behavior, and for electron
densities near the 2D metal-insulator transition the data collapse onto a universal curve with a constant prefactor h/e 2 .
Aleiner et al.13 suggested that the VRH conductivity may
have a prefactor of the form s 0 5(e 2 /h) f (T/T 0 ), where
f (T/T 0 );1 for T;T 0 . There is, however, no theoretical
justification for this choice of prefactor; this is in contrast to
conventional phonon-assisted hopping where the prefactor
s 0 !(e 2 /h) and would be expected to depend upon parameters such as the wave-function decay constant. To resolve
this discrepancy it was suggested13 that rather than the usual
electron-phonon assisted mechanism, the 2D VRH is assisted
by electron-electron interactions as discussed by Fleishman
et al.14
In this paper we show that the VRH in a delta-doped
GaAs/Alx Ga12x As heterostructure in zero magnetic field and
at intermediate carrier density 9.18210.8531010 cm22 has
a temperature-independent prefactor r 0 , which in the Mott
VRH regime is equal to r 0 [ r M 5(1/2)(h/e 2 ), and in the ES
regime r 0 [ r ES 5(h/e 2 ). The latter result is in agreement
with measurements of Si-MOSFET’s.12 The material independence of the prefactor suggests that hopping is assisted
by some mechanism other than phonons.
The samples investigated here were fabricated from the
wafer used in a previous study,8 where full details of the
layer compositions and doping are given. An essential feature of its structure is the presence of a d -doped layer on the
Alx Ga12x As side of the electron gas, 0.6 nm away from the
heterojunction. The samples were patterned into 80
3720 m m Hall bars, and the as-grown 2D carrier density
4580
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FIG. 1. The resistivity r (T) versus T 21/3 for different carrier
densities n. The carrier densities in units of 1010 cm22 from top to
bottom are 8.47, 8.6, 8.73, 8.86, 9.0, 9.18, 9.3, 9.4, 9.52, 9.84, 10.2,
10.54, and 10.85. The dashed lines are least-squares fits to Mott
behavior.

and low-temperature mobility were n54.6531011 cm22
and m 54.53104 cm2 /Vs. The carrier density n was varied
by application of a negative gate voltage V g to a surface gate
that is d590 nm above the heterojunction, and at low temperatures the electron gas is fully depleted at V g 520.70 V.
The resistivity ~the resistance per square! at different temperatures and carrier densities was measured from the Ohmic
part of the DC four-terminal I2V characteristics. At lowcarrier concentrations the I2V characteristics were strongly
nonlinear and the resistance was obtained from dV/dI in the
zero current limit. Four-terminal AC measurements ~with a
0.1 nA current at a frequency of 2.1 Hz! were also performed
at some carrier densities, and were found to be in agreement
with the DC measurements. In the carrier-density regime investigated, the ratio of Coulomb interaction energy to the
Fermi energy is r s 51.6521.87.
Figure 1 shows the resistivity r in units of h/e 2 at several
carrier densities plotted versus T 21/3; the symbols are the
experimental points and the dashed lines are the least-squares
fits to the T 21/3 behavior with a temperature-independent
prefactor.15 At the highest carrier densities, n59.84210.85
31010 cm22 , the traces follow T 21/3 behavior for T50.2–4
K. The characteristic temperature T M for these curves varies
from 1.82 to 12.25 K. At carrier densities 9.1829.52
31010 cm22 the data follow T 21/3 behavior only above 1 K
and the deviations to higher resistance at low temperatures
~below 1 K! are due to a crossover to the ES Coulomb-gap
regime. This crossover with lowering temperatures occurs
when the hopping energy becomes smaller than the
Coulomb-gap energy. In order to show the temperatureinduced crossover we have measured r (T) up to 27 K at n
59.231010cm22 , and in Fig. 2 the data is plotted on a loglog scale. The Fig. 2 inset shows ln W versus ln T, where
W52 ] (ln R)/](ln T)5p(T0 /T)p. The exponent p is measured
from the slope of the curve; this method of analysis was used
in the investigation of the crossover phenomenon in threedimensional samples.18 Around 1 K there is a change of
slope of ln W as p changes from 0.5560.05 to 0.3460.03.
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FIG. 2. The resistivity r (T) at 9.231010 cm22 . The inset
shows the same data plotted as ln W versus ln T; the slope gives the
exponent p. Around 1 K there is a change of slope of ln W as p
changes from 0.5560.05 to 0.3460.03. The arrows indicate the
crossover temperature.

The crossover to the ES regime with decreasing T shows that
the observed T 21/3 behavior is a high-temperature noninteracting Mott regime, rather than the low temperature screened
Mott regime reported in Ref. 10.
Figure 3 shows the resistivity plotted versus T 21/2 for the
same carrier densities presented in Fig. 1. At carrier densities
9.1829.5231010cm22 the data follow T 21/2 behavior only
from 0.28 to 1 K, and small deviations can be seen above 1
K due to a crossover to T 21/3 behavior as discussed above.
For
carrier
densities
between
8.4729.0
31010 cm22 , T 21/2 behavior is observed from 0.28 to 4 K.
For temperatures below 0.28 K, the resistivity in the ES
regime deviates from T 21/2 behavior towards a lower value.

FIG. 3. The resistivity versus T 21/2 for the same carrier densities
presented in Fig. 1. The dashed lines are least-squares fits to ES
behavior, with parameters given in Table I.
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TABLE I. Fitting parameters for the data in the ES regime in
Fig. 3. The localization lengths j are calculated using Eq. ~2!. According to the findings of Ref. 17, the localization length is expected to be an order of magnitude smaller.
n (10 10cm22 )
8.47
8.60
8.73
8.86
9.0
9.18
9.3
9.4
9.52

r 0 (h/e 2 )

T ES ~K!

j ( m m!

1.22
1.35
1.27
1.18
1.16
1.01
1.03
1.04
1.0

7.07
5.49
4.98
4.57
3.96
3.86
3.27
2.78
2.65

1.11
1.44
1.58
1.72
1.99
2.04
2.41
2.83
2.97

This could be due to the screening of the Coulomb interaction by the metallic gate and has been experimentally studied
in Refs. 10 and 12. It was theoretically shown16 that when
the average hopping length r; 41 j (T ES /T) 1/2 is greater than
2d, where d is the distance between the metallic gate and the
2D electron gas ~2DEG!, then the Coulomb interaction will
be screened by the gate and T 21/3 rather than T 21/2 behavior
will be observed. Assuming k is not a function of carrier
density n,10 the localization length j can be calculated from
Eq. ~2! using T ES measured from the slope of the traces in
Fig. 1. Table I lists T ES and j for the different carrier densities in the ES regime shown in Fig. 1. For these traces the
maximum hopping length obtained at 0.28 K was r
52.2 m m, which is approximately 12 times larger than 2d.
This discrepancy in the different length scales is similar to
that observed by Mason et al.,12 suggesting that the value
C ES56.2 for single-electron hopping is too large. Recent numerical calculations17 of a Coulomb glass with multielectron
hopping have given a lower value of C ES'0.62. We note
that an experimental lower limit of C ES50.64 was also obtained in Ref. 10.
We now discuss the measured hopping prefactor r 0 . In
the Mott hopping regime, all the traces collapse onto a single
curve when r (T) is plotted against the dimensionless parameter (T/T M ) 21/3, as shown in Fig. 4. A least-squares fit to the
universal curve gives a temperature independent prefactor
r M 'h/2e 2 . In the ES hopping regime, the least-squares fits
to the data from 1 to 0.28 K for n59.1829.52
31010 cm22 in Fig. 3 have a common intercept r ES
'h/e 2 . This is more clearly seen in the plot of r (T)/(h/e 2 )
versus (T/T ES) 21/2 shown in Fig. 5, where all the traces collapse onto a universal curve. This observation is similar to
that found12 for Si-MOSFET’s. As the sample becomes more
insulating, the prefactor r 0 in our sample becomes larger
than h/e 2 , as can be seen from Fig. 3. A constant conductivity preexponential factor s min'0.6e 2 /h in the activated
hopping regime was previously measured19 in n-type GaAs,
where two dimensionality was achieved by decreasing the
thickness of the conducting layer.
Recent measurements10 of GaAs/Alx Ga12x As heterostructures have shown that to fit to ES and Mott behavior it is
necessary to divide the data by T 0.8. This result is consistent
with phonon-assisted hopping, and may be different to our

FIG. 4. The resistivity r (T) versus (T/T M ) 21/3 in the Mott regime, at densities n59.84210.8531010 cm22 taken from Fig. 1.
The dashed line is a least-squares fit to the data with an intercept
r M 5(0.4960.02)h/e 2 .

results because of the type of disorder. The samples in Ref.
10 are a conventional heterostructure without a spacer layer
where the donors are randomly distributed over a large distance. This amounts to disorder in the 2DEG due to the impurity distribution and the depth of the potential. In our
sample, there is a d -doped layer very close to the interface
and the depth of the impurity potential in the 2DEG is uniform, and disorder comes from the randomness in the lateral
distribution of the dopants.
In phonon-assisted VRH the resistivity prefactor r 0
@h/e 2 , and is expected to depend upon temperature and
material properties. The universality of the prefactor in both
d -doped GaAs/Alx Ga12x As heterostructure and Si-MOSFET
in the not strongly insulating regime suggests that the VRH
in this regime is not assisted by phonons. Other mechanisms
such as electron-electron interaction-assisted hopping are
possible.

FIG. 5. Plots of the resistivity r (T) versus (T/T ES) 21/2 for carrier densities 9.1829.5231010 cm22 taken from Fig. 3. The
dashed line is a least-squares fit to the data from 0.28 to 1 K, with
an intercept r ES5(1.0460.05)h/e 2 .
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Significantly, the prefactor in the ES regime is twice that
in the Mott regime. In the conventional theory, the conductivity prefactor is proportional to the density of states at the
Fermi energy, and this change by a factor of 2 in the prefactor suggests that the density of states has altered by a lifting
of the spin degeneracy. This conclusion is backed up by the
fact that in the regime in which interactions dominate the
transport, the spin degeneracy of the states should be removed by the interactions as, for example, the spin degeneracy is lifted in a quantum dot when interactions dominate.
In conclusion, we have presented zero-field VRH resistivity measurements of a disordered two-dimensional electron
gas created in a d -doped GaAs/Alx Ga12x As heterostructure.
We show that when either the carrier density or the temperature is reduced the longitudinal resistivity shows a crossover
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