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EFROS-SHKLOVSKII HOPPING IN THE ELECTRONIC
TRANSPORT IN 2D p-GaAs
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We have investigated the resistivity of a 2D hole system in GaAs in the temperature range 200 mK < T < 800 mK
at zero magnetic field and low hole densities when the system is near the metal-insulator transition in the insulat-
ing side. We have found that the resistivity follows the Efros—Shklovskii variable range hopping (ES-VRH) law, this
behaviour is consistent with the existence of a Coulomb gap. The resistivity scales with temperature and the prefactor
has been found independent of temperature and density, thus confirming the dominance of hole-hole interaction.
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1. Introduction

For several decades, condensed matter physicists
have been able to build two-dimensional quantum
systems, such as Si-MOSFETs, or GaAs/GaAlAs
semiconductor heterostructures. In these systems,
the idea is to trap electrons in a very thin potential
well at the interface between two semiconductors
(or between a semiconductor and an insulator), so
that the movement of the carriers becomes strictly
two-dimensional, in the plane of the interface. As
the manufacturing processes are not yet perfect,
impurities and defects are randomly distributed
in the material, hence the presence of a disorder
potential in which the electrons move, correlated
with each other by the Coulomb interaction.

In a highly disordered electronic system, each
electron (trapped by the disorder) is assumed to
be located at a single site, so that overlap between

wave functions can be neglected. This brings us
back to a classic problem, without kinetic ener-
gy. In the absence of interaction, the system has
a constant density of states. On the contrary, in
the presence of interactions, the state density p(E)
close to the Fermi level is decreased according to

Eq. (1):
p(E) ~ (E-E)*. (1)

Here d is the dimension of space. In other words,
interactions deplete the Fermi level. This is called
the Coulomb gap, even if it is not a real gap since
the density of states cancels only at the Fermi level
(E=E).

The Coulomb gap is detrimental to the trans-
port properties of the system. More precisely, Mott’s
law [El] giving the p(T) dependence of resistivity as
a function of temperature in Andersons insulator,



168 S. Dlimi et al. / Lith. . Phys. 60, 167-171 (2020)

without interaction, must be corrected. Whatever
the dimension d, this law becomes

T;] 12
p(T)~ exp(;} : @

where T is the characteristic temperature. Eq. (2) is
known as Efros—Shklovskii’s law.

Finally, taking kinetic energy into account can
lead to the closure of the Coulomb gap if quantum
fluctuations compensate for the effects of inter-
actions. Typically, closure of the Coulomb gap is
expected for a value of the interaction parameter
r~1 [E]. Thus in Anderson’s insulator, the temper-
ature dependence of resistivity is given by Mott’s
law described by

T 1/(d-1)
p(T)~ exp(;“] : (3)

where T is the characteristic temperature.
The typical distance of hopping can be evalu-
ated by

1
T, d+1
era 7 N (4)

E

where a is the localization length and 7, =—2,

B
where E_ is the average energy difference between
neighbouring levels, and k is Bolt21lnann’s constant.

This typical distance varies as 7 9*!, therefore in-
creases as the temperature decreases, just justify-
ing the denomination of variable range hopping
(VRH) for this conduction mechanism.

In this paper, we present the behaviour of hop-
ping resistivity in a strongly localized state near
the metal-insulator transition (MIT) and we
test the VRH conduction models to determine
the dominant hopping mechanism in 2D p-GaAs.
The experimental data which we reanalysed was
obtained in 2D GaAs hole gas by Hamilton and
co-workers [E]. The sample has a peak mobility of
p=25%x10°cm* V's.

2. Results and discussion

Fig. [l shows the evolution of resistivity as a func-
tion of temperature in the insulating state near the
insulator-metal transition for densities 3.2 x 10'°,
3.3x 10", 3.4 x 10" and 3.5 x 10'° cm™. We remark
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Fig. 1. The resistivity versus temperature for the GaAs
heterostructure at different carrier densities.

that the resistivity increases monotonically when

d,
the temperature decreases [ﬁwj, and seems to

tend towards infinity at zero temperature, which is
characteristic of an insulator [H, ].

At low density and for independent electrons,
we are in the limit k! < 1 and a semi-classical
model cannot be applied. The theory of transport
between localized states by variable range hopping
gives precise predictions on the expected tempera-
ture dependence. To test the validity of these mod-
els in our case, the p(T) curves have been fitted by

the law []
T m
p(T)=p, exp(;‘)j , (5)

where p is the prefactor, T, is the characteristic
temperature and m is the characteristic exponent
the value of which distinguishes different hopping
mechanism.

The important parameter of this law is the ex-
ponent m, which makes it possible to determine
the transport mechanism of carriers in the insulat-
ing phase. The curves in Fig. 2 show the resistiv-
ity as a function of T~ without distinguishing be-
tween the both hopping mechanisms (ES-VRH and
Mott-VRH). In this representation, the hopping
law with the exponent m and the temperature-in-
dependent prefactor p, gives a straight line for both
cases (m = 1/2 and m = 1/3) without possibility to
distinguish the best exponent because of a small
range of the resistivity explored. These remarks are
in agreement with measurements carried out on Si
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Fig. 2. Resistivity versus temperature for both cases:
(a) ES-VRH and (b) Mott-VRH.

MOSFETs [E, ], in p-SiGe [] and p-GaAs
[] heterostructures which have shown that, at low
carrier density, the law described in Eq. (5) is well
followed with the exponent m = 1/2 (for T < T /4),
[H]). The exponent is therefore the one expected
for variable range hopping (VRH) in the presence
of a gap due to electron interactions. However,
this behaviour is not specific to systems exhibiting
the metal-insulator transition since it has been ob-
served in heterostructures that do not exhibit me-
tallic behaviour [].

The values of the prefactor deduced from the fit-
ting of resistivity curves are shown in Fig. H, and
these values are found almost constant. This be-
haviour is similar to what has been observed in Si
MOSFETs [H, ], where a universal prefactor
independent of temperature and density has been
obtained, which is in agreement with the variable
range hopping theory. The prefactor is generally
temperature dependent. We found in a previous
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Fig. 3. Prefactor p, versus density .

work a value of the prefactor close to the universal
value 1 h/é? [@].

The prefactor p obtained in Si MOSFETs [H, @,
] is close to h/e* and independent of tempera-
ture and density. In the p-SiGe [] and p-GaAs
[@] heterostructures, p, = 0.5 h/e* is independent
of density. These observations are inconsistent with
a mechanism where the hopping is generated by
the electron-phonon interaction, for which the de-
pendence of p, on temperature and density is ex-
pected, and can be attributed to another hopping
mechanism related to the electron interaction, con-
firming once again the important role of interac-
tions in the studied systems.

In order to establish the dominant hopping
mechanism, we used the method of percentage
deviation Dev{%}. This method is widely used in
statistics to evaluate the difference between the es-
timated values (p,) and the value of linear fits (p)

IENE
Dev{%) =\/li{@(p—pi)}2, (6)

i=1 i

n being the number of experimental points.

As shown in Figs. H and H, we have obtained val-
ues of the exponent m close to 1/2 and far from 1/3
which allows us, on the one hand, to exclude the Mott
hopping mechanism where the hopping is assisted
by phonons [, ] and, on the other hand, to
confirm the existence of the Efros—Shklovskii hop-
ping where the hopping is assisted by electrons.
The exponent m depends on the density, in fact, the
more the density approaches the critical density of
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Fig. 4. Percentage deviation versus the exponent m
for the density n = 3.3 x 10" cm™.

the insulator-metal transition which is estimated at
n.= 4.6 x 10 cm™ [H, ], the more the exponent
m increases and tends towards the value m = 1 that
is characteristic of a hopping mechanism of the ac-

tivated type [@].
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Fig. 5. Percentage deviation versus the exponent m
for different densities.

3. Conclusions

We have shown that it is possible to adjust the re-
sistivity curves p(T) with an exponent m = 1/2 or
m = 1/3, without being able to differentiate the most
exact mechanism. Using the deviation method, we
were able to determine the most accurate hopping
mechanism.

The results presented in this paper are consist-
ent with the existence of the 2D Coulomb gap
where the resistivity follows the Efros-Shklovs-

1/2
kii law p(T)=p, exp(% , with a prefactor inde-
pendent of temperature and density. The resistiv-
ity scales with temperature and the prefactor was
found to be independent of temperature and den-
sity, which confirms the dominance of hole-hole
interaction. In brief, the transport in the 2D GaAs
hole system is most consistent with the forms for
VRH with a Coulomb gap.

Acknowledgements

We are grateful to Professor A.R. Hamilton who
has allowed us to use his experimental results on a
dilute 2D GaAs hole system sample.

References

[1] A.L. Efros and B.I. Shklovskii, Coulomb gap and
low temperature conductivity of disordered sys-
tems, J. Phys. C 8, 149 (1975).

[2] N.E. Mott and E.A. Davis, Electronic Processes in
Non-crystalline Materials, 2nd ed. (Clarendon
Press, Oxford, 1979).

[3] AR. Hamilton, M.Y. Simmons, M. Pepper,
E.H. Linfield, and D.A. Ritchie, Localisation and
the metal-insulator transition in two dimensions,
Physica B 296, 21-31 (2001).

[4] S.V. Kravchenko, WE. Mason, G.E. Bowker,
J.E. Furneaux, V.M. Pudalov, and M. D’Iorio,
Scaling of an anomalous metal-insulator transi-
tion in a two-dimensional system in silicon at
B=0, Phys. Rev. B 51, 7038-7045 (1996).

[5] Y. Hanein, U. Meirav, D. Shahar, C.C. Li, D.C. Tsu,
and H. Shtrikman, The metallic-like conductiv-
ity of a two-dimensional hole system, Phys. Rev.
Lett. 80, 1288 (1998).

[6] S. Dlimi, A. El kaaouachi, R. Abdia, A. Narjis,
G. Biskupski, J. Hemine, L. Limouny, and A. Sy-
bous, Low temperature electrical transport prop-
erties in dilute 2D GaAs hole systems with mag-
netic field, AIP Conf. Proc. 1435, 385 (2012).

[7] N.E Mott, Conduction in glasses containing tran-
sition metal ions, J. Non-Cryst. Solids 1, 1 (1968).

[8] T. Ferrus, R. George, C.H.W. Barnes, N. Lump-
kin, D.J. Paul, and M. Pepper, Evidence for
multiple impurity bands in sodium-doped sili-
con MOSFETs, Phys. Rev. B 73(4), 041304(R)
(2006).



171 S. Dlimi et al. / Lith. . Phys. 60, 167-171 (2020)

[9] H. Liu, A. Pourret, and P. Guyot-Sionnest, Mott
and Efros-Shklovskii variable range hopping in
CdSe quantum dots films, ACS Nano 4, 5211-
5216 (2010).

[10]S. Dlimi, A. El kaaouachi, A. Narjis, L. Limouny,
A. Sybous, and M. Errai, Hopping energy and
percolation-type transport in p-GaAs low den-
sities near the 2D metal-insulator transition at
zero magnetic field, J. Phys. Chem. Solids 74,
1349-1354 (2013).

[I1]W. Mason, S.V. Kravchenko, G.E. Bowker,
and J.E. Furneaux, Experimental evidence for
a Coulomb gap in two dimensions, Phys. Rev.
B 52,7857 (1995).

[12]W. Mason, S.V. Kravchenko, and J.E. Furneaux,
Experimental evidence of the Coulomb gap in
a high-mobility 2D electron system in silicon,
Surf. Sci. 361/362, 953 (1996).

[I3]JK.M. Mertes, D. Simonian, M.P. Sarachik,
S.V. Kravchenko, and M. Klapwijk, Response to
parallel magnetic field of a dilute two-dimen-
sional electron system across the metal-insulator
transition, Phys. Rev. B 60, R5093 (1999).

[14]PT. Coleridge, R.L. Williams, Y. Feng, and
P. Zawadzki, Metal-insulator transition at B=0 in
p-type SiGe, Phys, Rev. B 56, R12764 (1997).

[15]M.Y. Simmons, A.R. Hamilton, M. Pepper,
E.H. Linfield, PD. Rose, D.A. Ritchie, A.K. Sav-

chenko, and T.G. Griffiths, Metal-insulator tran-
sition at B=0 in a dilute two dimensional GaAs-
AlGaAs hole gas, Phys. Rev. Lett. 80, 1292 (1998).

[16]S.I. Khondaker, I.S. Shlimak, ].T. Nicholls,
M. Pepper, and D.A. Ritchie, Two-dimensional
hopping conductivity in a J-doped GaAs/
Al Ga,_As heterostructure, Phys. Rev. B 59, 4580
(1999).

[17]A. Narjis, A. El kaaouachi, L. Limouny, S. Dlimi,
A. Sybous, . Hemine, R. Abdia, and G. Biskupski,
Study of insulating electrical conductivity in hy-
drogenated amorphous silicon-nickel alloys at
very low temperature, Physica B 406, 4155-4158
(2011).

[18]L. Limouny, A. El kaaouachi, R. Abdia, A. Narjis,
G. Biskupski, J. Hemine, A. Sybous, and S. Dlimi,
Study of electrical resistivity in 2D Si-MOSFETS
at very low temperature, AIP Conf. Proc. 1435,
401-408 (2012).

[19]S. Dlimi, A. El kaaouachi, and A. Narjis, Density
inhomogeneity driven metal-insulator transition
in 2D p-GaAs, Physica E 54, 181-184 (2013).

[20]S. Dlimi, A. El kaaouachi, A. Narjis, L. Limouny,
A. Sybous, M. Errai, and G. Biskupski, Evidence
for the correlated hopping mechanism in p-GaAs
near the 2D MIT at B = 0T, J. Optoelectron. Adv.
Mater. 15(11-12), 1222-1227 (2013).

EFROSO IR SKLOVSKIO SOKAVIMAS ELEKTRONU PERNASOJE
DVIMACIAME p-GaAs

S.Dlimi % L. Limouny %, J. Hemine ®, A. Echchelh®, A. El Kaaouachi *

*Ibn Zohr universitetas, Agadyras, Marokas

® Ibn Tofail universitetas, Kenitra, Marokas


https://link.aps.org/doi/10.1103/PhysRevB.52.7857
https://link.aps.org/doi/10.1103/PhysRevB.52.7857
https://link.aps.org/doi/10.1103/PhysRevB.56.R12764
https://link.aps.org/doi/10.1103/PhysRevB.56.R12764

	_GoBack

