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Evidence for two-dimensional correlated hopping in arrays of GeÕSi quantum dots
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We report an analysis of a two-dimensional variable-range hopping conductance in doped and gated Ge/Si
heterostructures with arrays of Ge quantum dots. We found that the conductivitys versus temperatureT
follows the Efros-Shklovskii behaviors5s0exp@2(T0 /T)1/2# with the temperature-independent prefactors0

;e2/h. A strong reduction of the measured value of the characteristic temperatureT0 from that calculated for
single-particle hopping was observed. The data provide evidence for interaction-driven many-electron excita-
tions in dense arrays of quantum dots.

DOI: 10.1103/PhysRevB.68.205310 PACS number~s!: 73.21.La, 73.40.Gk, 73.63.Kv
ith
a
o
te
er
op

ee
n

-
e

nt
nt

io
ou

cil
t

io
g
o
h
n
g

i

ny-
ny-

th

ros
A
lue
ob-

op-
t
re-
ent
e

to
e
rier
tal-
-
rre-
e

e-
uan-
in
nly
dif-
ator
ob-

e

ant

the
he

s a
he

e-
e
led
e
e-
I. INTRODUCTION

Systems of randomly localized electronic states w
long-range Coulomb interactions between the particles
often referred to as ‘‘Coulomb glasses.’’ A central issue
Coulomb glasses is the influence of electron-electron in
actions on the transport properties. In general, the temp
ture dependence of the conductivity for variable-rangle h
ping ~VRH! is given by

s~T!5s0~T!exp@2~T0 /T!x#. ~1!

VRH conductivity in the presence of long-range Hartr
interactions between localized single-particle excitatio
obeys the Efros-Shklovskii~ES! law1

s~T!5s0exp@2~T0 /T!1/2#, ~2!

where

kBT05Ce2/~kj! ~3!

is the characteristic interaction energy scale,C is a numerical
coefficient that depends on dimensionality,kB is the Boltz-
mann constant,k is the relative permittivity of the host lat
tice, andj is the localization length of electrons. Within th
mechanism of phonon-assisted VRH, the prefactors0 takes
the form s05g/Tm, whereg is a temperature-independe
parameter andm;1.2 The theoretical value of the consta
C for single-particle hopping in two dimensions~2D! is C
.6.2,3

Several authors have argued that under certain condit
dc VRH conduction can be dominated by many-particle C
lomb correlations between electronic transitions.4,5 Sequen-
tial correlations appear when the hops of an electron fa
tates the hopping probability of another electron due
rearrangement of the local potentials and/or site occupat
in the vicinity of the initial and final states for tunnelin
process. There can be also interaction-driven simultane
hopping of several electrons, resulting in a lowering of t
energy configuration of the system. Because the formatio
such many-particle dressed excitation provides screenin
Coulomb interactions at large distances, the characteristic
teraction energy in correlated hopping is reduced relative
its single-particle value.6,7 Pérez-Garrido and co-workers4
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considered continuous paths through the space of ma
charge configurations and showed that, in a regime of ma
particle excitations,s(T) dependence has the ES form wi
numerical constantC50.660.2; i.e., the parameterT0 turns
out to be about one order of magnitude smaller than Ef
and Shklovskii’s prediction for single-electron hopping.
reduction of hopping constants from the single-particle va
in gated 2D GaAs/AlGaAs heterostructures has been
served in Ref. 8. Kozub, Baranovskii, and Shlimak,5 assum-
ing that interaction-assisted fluctuations of energies of h
ping sites have spectral density 1/f , demonstrated tha
sequential Coulomb correlations in a Coulomb glass can
sult in a phononless VRH with a temperature-independ
universal prefactors0'e2/h and a hopping exponent clos
to the ES valuex51/2.

Usually, gated doped semiconductors are exploited
look for many-particle correlations in 2D VRH. To drive th
conductivity of the system, one is forced to change car
concentration, thereby approaching inevitably the me
insulator transition~MIT !. However, since localization de
grades the screening of electron-electron interactions, co
lation effects should be particularly important far from th
MIT on the insulator side. From this point of view, we b
lieve that it is more reasonable to use dense arrays of q
tum dots~QD’s! for studying correlated hopping because,
such a case, it is possible to fix the QD density and vary o
carrier wave functions by successive loading holes into
ferent quantum states of the dots, being deep in the insul
phase. Furthermore, Ge/Si QD’s are best suitable as the
ject of investigation, because~i! it is possible to obtain dens
arrays with a QD density up to 1012 cm22 ~Ref. 9!, in which
the hopping transport of holes between QD’s is a domin
mechanism of charge transfer at low temperatures;~ii ! self-
assembled QD’s are all located at the same position in
growth direction—i.e., there is no disorder factor along t
growth direction;~iii ! as distinct from the majority of impu-
rities in semiconductors, ensembles of QD’s can serve a
system of multicharged localization centers, in which t
role of Coulomb potential is especially important.

Previously, using an artificial screening provided by a m
tallic plane, parallel to a layer of Ge QD’s in Si, we hav
proved that the VRH transport in arrays of self-assemb
Ge/Si~001! QD’s is strongly affected by long-rang
interactions.10 In this paper, we examine in detail measur
©2003 The American Physical Society10-1
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ments of 2D variable-range hopping conductance in Ge
heterostructures with a layer of Ge nanometer-scale Q
The work spans a wide range of samples characterized
different QD densities, sizes, dot occupation with holes, a
layer composition. The results obtained demonstrate
many-electron nature of dc transport in arrays of coup
QD’s.

II. EXPERIMENT

We studied four series of Ge/Si heterostructures with s
assembled Ge quantum dots of pyramidal shape fabric
by molecular-beam epitaxy in the Stranskii-Krastan
growth mode.11 All samples were grown on~001!-oriented Si
substrates. Since the preparation details have been alr
published elsewhere,10,12 we will make only a short descrip
tion here.

Samples of series No. A were formed in Si substrates w
a resistivity of 1000Vcm doped with boron up to a concen
tration of 1013 cm23. A Ge layer eight monolayers thic
(;10 Å) was introduced into the middle of the 90-nm ep
taxial Si layer. The average size of the dot base length
around 10 nm; the height is;1 nm. The areal density of th
dots isnQD'431011 cm22. Their dimensions vary within a
20% range. In the samples of the next families Nos. B,
and D, the thickness of the deposited Ge layer was ten mo
layers, yielding Ge dots approximately 15 nm in diame
and 1.5 nm in height withnQD'331011 cm22.13 The se-
quence of the bottom layers in series Nos. B and C w
similar to that in samples No. A. In No. B, the thickness
the Si cap layer was 40 nm. In samples Nos. C, the arra
Ge nanoislands was capped with a 10-nm Si layer and
by a top 25-nm-thick anodic SiO2; the latter was fabricated
to reduce permittivity of the media and thereby to change
long-range interactions.

To supply holes on the dots, a borond-doping Si layer
inserted 5 nm below the Ge QD layer was grown. Beca
the ionization energy of boron impurities in Si is 45 meV a
the energies of the first ten hole levels in Ge QD’s of this s
are 200–400 meV,14 holes at low temperatures leave imp
rities and fill levels in QD’s. After spatial transfer, the ave
age number of holes per dot was varied fromNh50.5 to
Nh56.5 by varying the doping.

Samples No. D were silicon metal-oxide-semiconduc
field-effect transistors~MOSFET’s! fabricated on a silicon-
on-insulator wafer@p-type Si~001! substrate, 400 nm burie
SiO2 and 170 nm top Si# and containing about 33107 Ge
dots in a buried active channel. The average filling factor
the QD array was varied by the gate potential and can
determined from oscillations of the drain current as a fu
tion of gate voltage.10

Source and drain electrodes were made using Al evap
tion and annealing at 450°C in a N2 atmosphere. In all
samples, the resistance along the QD layers was measur
a two-terminal method with a Keithley 6514 electromet
The data were taken in the Ohmic regime and in the te
perature range where conditionT!T0 is fulfilled.
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III. RESULTS AND DISCUSSION

An example of experimental temperature dependen
s(T) for samples Nos. A, C, and D is shown in Figs. 1 a
2. Conductance is given in units ofe2/h. In order to obtain
detailed information on the functional forms(T), we used
the differential method for an analysis of the temperat
dependence of the reduced activation energy,15 w(T)
5] ln s(T)/] ln T5m1x(T0 /T)x. In this approach, if m
!x(T0 /T)x, then lnw(T)5A2x ln T, and A5x ln T01ln x.
Plotting lnw as a function of lnT, one can find the hopping
exponentx from the slope of the straight line. The parame
A can be found by the intersection point of the straight li
with the ordinate axis, which gives the characteristic te

FIG. 1. The conductances(T) vs T21/2 of samples No. A for
different dot occupation. Symbols correspond to experimen
points; solid lines are approximations of the experimental data
ing equations(T)5g/Tmexp@2(T0 /T)1/2#. T0 , g, andm are vari-
able parameters.

FIG. 2. Temperature dependence of VRH conductance of fa
lies Nos. C and D.
0-2
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peratureT05(10A/x)1/x. Typical plots of lnw(T) versus lnT
for several samples in series No. A are given in Fig. 3.
T,10 K, a linear relationship is observed between lnw(T)
and lnT, implying thatm!x(T0 /T)x at these temperatures
The best fit of all the data gave values of the hopping ex
nentx50.5160.05. Similar behavior was found in sampl
Nos. B, C, and D.

Because it was already established thatx.0.5, the
method of nonlinear regression can be used for further de
mining the exponentm in the region of low temperatures
With this aim, the experimental datas(T) at T,10 K were
approximated by the equations(T)5g/Tmexp@2(T0 /T)1/2#,
and the parametersg, m, andT0 were varied to obtain the
best fit. In Fig. 1, the symbols are the experimental poi
and the solid lines are the least-squares fits to the ES e
tion. We found thatm lies in the region 0.1660.09 @Fig.
4~a!#. Parameterm appears to be much less than the va
predicted for phonon-assisted VRH (m51). This means tha
the conductivity prefactors0 depends weakly on tempera
ture at lowT and signals against the conventional phono
assisted hopping mechanism.

The s0 data are presented in Fig. 4~b!. An impressive
feature is that the prefactor has a value close toe2/h, the
conductance quantum. Following the ideas of Ref. 5,
consider the universality of the prefactor as a manifesta
of the 2D VRH conduction stimulated by the sequential Co
lomb correlations.

To obtain further evidence for correlated VRH in arrays
Ge/Si QD’s, it is necessary to measure the ES character
temperatureT0 and compare it with the theoretical predi
tions. In fact, sinceT0 depends on the localization lengthj
and hence on the electronic configuration of the occup
hole state in the dots, it is more convenient to find the u
versal constantC whose value is inversely proportional t
intensity of the many-particle effects. It may be done tak
into account the values ofT0 andj.

Asymptotic values of the hole localization length alo

FIG. 3. Typical temperature dependence of the logarithmic
rivative w(T)5] ln s(T)/] ln T ~shown for samples No. A only!
with different QD filling factor. The solid lines are least-squares
to the linear dependence.
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2D arrays of coupled Ge/Si quantum dots were obtained
computer modeling. The simulation was performed on
square lattice of 15315 sites with the lattice constantnQD

21/2

1dr , wheredr is a random value with a normal distribution
Only overlapping between nearest neighbors was includ
We use the Hamiltonian

Ĥ5(
i ,a

Ei ,aâi ,a
† âi ,a1 (

i , j ,a,b
Ji , j ,a,bâ j ,b

† âi ,a , ~4!

where indexi counts the dots, indexa denotes the hole
bound-state number in QD’s~we consider only nine bound
states in each dot!; âi ,a

† c (âi ,a) the creation~annihilation!
operator for a hole in statea of the i th QD, Ei ,a is the hole
energy in this state, andJi , j ,a,b is the integral of overlapping
between theath state in thei th QD andbth state in thej th
QD ~elastic tunneling energy!.

The random hole energiesEi ,a were taken as the size
quantization energies in quantum dots whose dimensions
characterized by a Gaussian distribution with a mean-squ
deviation of 20%. The dependence of the energy levels
dot size has been calculated previously using thesp3 tight-
binding model with inclusion of the spin-orbit interactio
and deformation effects.14

The following procedure was used to determine the ov
lap integrals. We calculated the energies of hole states
model structure containing Ge quantum dots inside a Si p
allelepiped. Periodic boundary conditions

c~2d/2,y,z!5c~d/2,y,z! ~5a!

or

c~2d/2,y,z!52c~d/2,y,z!, ~5b!

where d is the parallelepiped size in thex direction and
c(x,y,z) the hole wave function, were considered. The sa
boundary conditions were used for they and z directions.

-

FIG. 4. Dependence of~a! the exponentm characterizing the
temperature dependence of the conductivity prefactors0 ~shown
for samples No. A only! and ~b! the prefactors0 ~shown for all
sample families! on the dot occupation with holesNh .
0-3
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The overlap integral in the plane of the QD array in thex
direction was defined asJ(d)5uE12E2u/4, whereE1 and
E2 are the hole energies corresponding to the boundary
ditions ~5!. The obtained dependenceJ(d) can be rewritten
in the form

J~d!5Aaexp~2Bad!, ~6!

where coefficientsAa and Ba depend on the energy leve
numbera, andBa equals to the inverse localization leng
of a hole ina state of isolated QD’s. IntegralsJi , j ,a,b were
determined as the geometrical mean of overlap integrals
tweena andb states:

Ji , j ,a,b5AAaAbexpS 2
Ba1Bb

2
di j D , ~7!

wheredi , j is the distance between QD’s. The simulation w
carried out using 5000 random realizations of the QD ar
with filling factor 1/2 for the ground state or for the first tw
excited states in the dots. For each realization, we calcul
probability pi of holes to occupy the corresponding state
each dot. The probability value was then approximated
the equationpi5a exp(22di /jr), where di is the distance
between thei th QD and dot with maximum local hole wav
function amplitude. The localization lengthj was obtained
by averagingj r through all array realizations and is listed
Table I.

It now remains to determine the magnitude ofC using the
equationC5kBT0 /(e2/kj) and experimental values ofT0.
These results are presented in Fig. 5. The value of the h
ping constant turns out to beC50.960.4. This implies that
the characteristic interaction temperatureT0 is considerably
smaller than the value from simulations of single-electr
transport, which provides an additional argument in favor
correlated hopping in 2D arrays of Ge/Si quantum dots.

TABLE I. Asymptotic values of the localization length~in na-
nometer units! of holes confined in array of Ge/Si QD’s in th
ground, first, and second excited states.

Sample family Ground state First excited
state

Second excited
state

A 2.4 2.8 –
B, C, and D 2.1 2.2 2.3
v.

m
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IV. SUMMARY

In summary, we have analyzed the variable-range hopp
transport of holes in Ge/Si self-assembled quantum dots.
conductivity prefactor has the temperature-independent v
of around the conductance quantume2/h. The hopping con-
stant is found to be 0.960.4. These features are inconsiste
with a model of single-particle hopping and provide expe
mental evidence for many-electron correlations in the
transport of two-dimensional arrays of coupled quant
dots.
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FIG. 5. Dependence of the numerical parameterC associated
with variable-range hopping in arrays of Ge/Si quantum dots on
average number of holes in QD’s. A crosshatched region co
sponds to the prediction of the many-electron model~Ref. 4!. The
dashed line gives the value ofC for single-particle hopping~Ref. 3!.
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