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Long-range Coulomb interaction in arrays of self-assembled quantum dots
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An array of 33107 Ge self-assembled quantum dots is embedded into the active channel of a Si metal-
oxide-field-effect transistor. Conductance oscillations with a gate voltage resulting from a successive loading
of holes into the dots are observed. Based on measurements of the temperature dependence of the conductance
maxima, the charge-transfer mechanism in the channel is identified as being due to variable-range hopping
between the dots, with the typical hopping energy determined by interdot Coulomb interaction. The charac-
teristic spatial dimension of the hole wave functions as well as the charging energies of the dots are determined
from the conductance data. The effect of the proximity of a bulk conductor on hopping transport is studied. We
find that putting a metal plane close to the dot layer causes a crossover from Efros-Shklovskii variable-range
hopping conductance to two-dimensional Mott behavior as the temperature is reduced. At the crossover tem-
perature the hopping activation energy is observed to fall off. The metal plane is shown not to affect the
conductance of samples which show Mott hopping. In the Efros-Shklovskii hopping regime, the conductance
prefactor was found to be.e2/h, and the conductance to scale with the temperature. In the fully screened
limit, the universal behavior of the prefactor is destroyed, and it begins to depend on the localization length.
The experimental results are explained by a screening of long-range Coulomb potentials, and provide evidence
for strong electron-electron interaction between dots in the absence of screening.
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I. INTRODUCTION
In a single quantum dot~QD! weakly coupled by tunnel-

ing barriers to two leads, the interplay of single-electr
charging effects and resonant tunneling through quant
states leads to conductance oscillations as the electroch
cal potential of the dot is tuned.1 This phenomenon underlie
the working of nanoscale single-electron transistors wh
have a number of practical uses, ranging from metrology
computing. Recently, research focused on double-
systems2 whose behavior is found to be mainly affected
electrostatic coupling between the two dots inside the ar
cial molecule. The next step is to create and study la
arrays of QD’s in close proximity, allowing Coulomb inte
action and tunneling between them.3 Such systems can b
considered as potential electronic networks for quant
computers,4 and therefore are particularly valuable in futu
high-power digital processors. The behavior of a multid
structure is expected to be more complicated for several
sons:~i! the QD’s are inevitably not sufficiently identical i
size, which can cause smearing of their atomiclike prop
ties; ~ii ! in contrast to a single dot, the interaction of the do
in an ensemble can be significant; and~iii ! transport through
the system may be dominated by thermally assisted hop
between the dots rather than by resonant tunneling betw
source and drain electrodes.

Variable-range hopping~VRH! is a general conduction
mechanism in systems with strongly localized carriers at s
ficiently low temperatures. In a regime of VRH, the hoppi
distance increases as temperature is lowered, and the
perature dependence of conductivity is given by

G~T!5G0 exp@2~T0 /T!x#, ~1!
PRB 610163-1829/2000/61~16!/10868~9!/$15.00
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where, in the two-dimensional case in the absence of lo
range Coulomb interaction, the exponentx51/3 and T0

[TM}@g(EF)j3#21 ~Mott VRH!, g(EF) being the density
of states in the vicinity of the Fermi levelEF and j the
localization radius. If the interaction energy of a displac
electron and the hole it leaves behind are large compa
with disorder energies, the conductivity is decribed by t
Efros-Shklovskii ~ES! law with x51/2 and T0[TES
}e2/(e rj), wheree r is the relative permittivity,e is the elec-
tron charge.

In a previous paper,5 we reported measurements of imp
rity hopping transport in a modulation-doped Si field-effe
structure with a layer of Ge QD’s embedded in proxim
with the p-type conductive channel. At low temperatur
(T.6 K!, a small (;10– 20 %) contribution to conductanc
which intriguingly oscillated with gate voltage was detecte
and was ascribed to direct hopping of holes between do

In this work we describe a set of experiments in which
studied hopping transport in Si metal-oxide-semiconduc
field-effect structures containing a two-dimensional array
Ge self-assembled quantum dots as a conductive chan
The dots are separated from each other by weakly do
silicon, and the only conduction mechanism at low tempe
tures is the tunneling of holes between them. Pseudomor
Ge islands grown epitaxially on a Si~001! surface exhibit a
large band discontinuity in the valence band, and can
viewed as doping ‘‘artificial atoms.’’ They provide a syste
in which the number of confined holes, the structure of
energy levels, the shape of the wave functions, and
strength of the interaction can be controlled. First, we disc
the field effect and the temperature dependence of con
tance of the samples with dots whose occupation with ho
10 868 ©2000 The American Physical Society
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was changed by varying the potential of a gate electro
Second, we discuss the effect of screening in sample
which the holes on the dots are supplied by a borond-doping
layer near to the QD layer.

II. EXPERIMENTAL DETAILS

Samples were fabricated on a silicon-on-insulator wa
(p-type Si substrate, 400-nm buried SiO2 and 170-nm top Si!
or on a semi-insulatingp-Si substrate with a resistivity o
1000 V cm by molecular-beam epitaxy in the Stransk
Krastanov growth mode. This produces spontaneous for
tion ~self-assembling! of Ge nanoclusters~quantum dots!
randomly distributed in the plane.5–7 The growth tempera-
tures were 500 and 700 °C for the cap and buffer~10–50 nm
thick! Si layers, respectively, but, during the growth of G
the temperature was lowered to 300 °C. The growth ra
were 2 ML s21 for Si and 0.2 ML s21 for Ge. The nominal
thickness of Ge deposited was 10 ML~1 ML51.4 Å!. From
scanning tunneling and transmission electron micrograph
similarly grown samples,6,7 we observe the Ge dots to b
approximately 15 nm in diameter and 1.5 nm in height. Th
dimensions vary within a 20% range. The areal density of
dots is 331011 cm22.

For the field-effect measurements~Sec. III A!, the channel
was patterned by photolitography to form a Si island of 10
mm width and 108-mm length, etched down to the underly
ing SiO2 @Fig. 1~a!#. The thickness of the Si cap layer (dSi)
in this case was 40 nm. Source and drain electrodes w
made using Al evaporation and annealing at 450 °C in a2
atmosphere. A plasma-enhanced chemical-vapor depos
oxide of 60-nm thickness was deposited as the gate insu
and, finally, a square-shaped (1003100 mm2) Al gate was
deposited.~The distance between the gate and the dot la
in this set of samples, 100 nm, was large enough to av
screening effects in the temperature range investigated.! The
active channel of this type of samples contains abou
3107 Ge dots. The drain current (I d) as a function of the
gate voltage (Vg) was measured in the temperature ran
from 300 to 4.2 K, with the drain voltage fixed atVd510
mV, which ensured ohmic conduction at all experimen
temperatures.

In the samples used for the experiments with screen
~Sec. III B!, the holes on the dots are supplied by a bor
d-doping layer near to the QD layer@Fig. 1~b!#. The number
of holes per dot was varied fromN51/2 to 13/2 by varying
the doping. The silicon cap layer has a thickness ofdSi510
nm. Au source and drain electrodes were deposited on to
the structure and heated at 400 °C to form reproduc
Ohmic contacts. A thin (dSiO2

525 nm! layer of anodic SiO2
was grown to separate the conductive channel~dot layer!
from a Au screening electrode~100 nm thick! which was
deposited over the oxide parallel to the dot layer. The scre
ing layer was only deposited between contact 1 and 2@Fig.
1~b!#, and this area (735 mm2) provides a screened samp
with a screening lengthd5dSi1dSiO2

535 nm. A corre-
sponding unscreened sample is provided by the area betw
contacts 2 and 3 which has no screening layer. Special
was taken to check the leakage of the insulator. We m
sure that throughout the rangeT54.2–300 K the resistanc
e.
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between the screening plane and the source or drain is m
larger than the channel resistance. Samples prepared
similar way, but containing no dots, were not conductive
low temperatures.

III. EXPERIMENTAL RESULTS

A. Field effect in array of charge-tunable dots

The channel conductance (G[I d /Vd) of a sample shown
in Fig. 1~a! versus the gate voltage in linear and semilog
rithmic plots is depicted in Fig. 2. At room temperature, t
G-Vg characteristic shows a shoulder which evolves into
broad conductance peak in the voltage range from 2 to
as the temperature decreases. In order to analyze the p
structure, we subtract the smoothly varying background~see
below!. After the background is subtracted, the conducta
modulation can be very well described by a sum of fo
Gaussian peaks. Figure 3 demonstrates the result of dec
position of the several experimental curves into four Gau
ians, labeled as QD6, QD5, QD4, and QD3.8 The position of
those peaks as a function of temperature is displayed in
4. Clearly, the fourfold structure with a gate voltage sepa
tion DVg'0.7 V between the peaks is well-defined and co
pletely reproducible over the whole temperature range.9 A

FIG. 1. Schematic diagram of the structure of the samples u
for the field-effect experiments~a! and for the experiments with
screening~b!. Screened samples are defined by contacts 1 an
whereas uscreened samples are measured between contacts 2
Each sample is a strip 7 mm long and 5 mm wide.
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very similar fine-structure consistent with four maxima h
been observed by us in the admittance spectra of Si-b
Schottky diodes with Ge quantum dots,10 and ascribed to the
individual charging of the fourfold-degenerate first excit
state in the Ge nanoclusters. The average energy spli
due to hole correlation or charging energy was found to
DE529616 meV.10

To demonstrate that the observed conductance p
come from a charging of the quantum dots, we first estim
the charge density induced by the change in the gate vol
DVg and compare this quantity with the density of QD’s.
change of gate potentialDVg induces a changeDn in the
two-dimensional carrier density given byDn5CgDVg /e,
whereCg is the capacitance per unit area between the g
and the dot layer. Taking the geometrical parameters of
gate, relative permittivitye53.9 for SiO2, andDVg50.7 V

FIG. 2. Channel conductance vs gate voltage characteristic
linear ~a! and semilogarithmic~b! plots. The source-drain voltage i
10 mV. The temperature decreases from top to bottom.

FIG. 3. Dot conductance vs gate potential for four temperatu
Circles show the experimental data with the background subtrac
and solid lines give the result of decomposition into Gaussians
s
ed

ng
e

ks
te
ge

te
e

for the separation of successive peaks, and supposing
electrostatic fields are one dimensional, we findCg54.7
31024 F m22 and Dn'2.131015 m22. The latter value is
consistent with the density of quantum dots,nQD'331015

m22, strongly supporting the interpretation that each co
stituent conductance peak originates from loading ofone
hole into each dot. The maximum conductivity occurs wh
the given level is half-filled, as this maximizes the product
possible initial and final states for a tunneling process t
avoids increasing on-site correlation energy.

The above analysis can be checked by usingC-Vg mea-
surements to verify the electrostatics necessary for char
of the dots. We measured the capacitance between the so
and drain connected together and the gate. Remember
the source and drain contact the underlying Si. The 100-k
C-Vg characteristics atT5300 and 4.2 K are shown in Fig
5. The capacitance falls with increasingVg corresponding to
the increasing depletion layer thickness in the Si below
gate oxide. At 4.2 K, we see, superimposed on the fall
capacitance, a structure in the 3–6-V range associated w
filling of the excited state, and also a structure in the 8–9.5
range which we attribute to a filling of the twofold
degenerate ground state. We may use values ofCg together

in

s.
d,

FIG. 4. The position of the peaks in Fig. 3 as a function
temperature.

FIG. 5. Capacitance-voltage characteristics. The capacita
was measured between the source and drain joined together an
gate. Values have been corrected for an estimated stray capaci
of about 0.7 pF. Inset: Temperature dependence of the FWHM
the QD3 peak in Fig. 3 with a linear fit to the data.
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with the background acceptor concentration in the Si,NB
5731022 m23 ~determined by Hall measurements! to esti-
mate the electrostatic configuration at various values ofVg .
At Vg59.5 V, just before filling of the ground-state level
Cg'3.4 pF, which corresponds to the depletion layer
tending to some 88 nm below the dot layer. The correspo
ing band bending between the deep Si and the dot laye
414 mV. Just before the extended states start to fill,Cg
'3.7 pF, and the depletion thickness below the dot laye
62 nm with a corresponding band bending of 220 mV. Th
simplistic results are compatible with the known Si-G
valence-band offset and the expected energies of the
bound states.11 After the excited states are filled,Cg'4.7 pF
implying that the effective boundary of the depletion regi
is now at the dot layer. The depletion layer thicknessdd then
continues to fall asVg is decreased. AtVg50 V, dd523 nm,
and the dot layer is about 17 nm into the unperturbed Si.
capacitance measurements are thus consistent with our i
pretation of the conductivity results.

At large positiveVg , capacitance only decreases weak
with increasing gate voltage in contrast to the conducta
which shows a strong rise~see Fig. 2!. Separate measure
ments confirm that in this region leakage current through
insulator becomes comparable with the source-drain curr
Therefore, we conclude that the apparent increase of b
ground conductance atVg.6 V is a result of leakage
through the gate SiO2.

The energy-level separation (DE) of the different charge
states in the dots can be estimated by usingDE5heDVg ,
where the gate modulation coefficienth relates the gate volt
age to the hole energy inside the dot. This coefficient can
determined in two ways. One way is to calculateh from the
temperature dependence of the full width at half maxim
~FWHM! of the conductance peaks, which, for a single d
showing Coulomb blockade oscillations, should be bro
ened withT as 3.5kBT/(he) ~Ref. 12! (kB is Boltzmann’s
constant!. By measuring the FWHM of the peak QD3 as
function of temperature~Fig. 5!, we obtainh53.431022,
with a residual FWHM of about 0.37 V which is a result
statistical fluctuation in the dot ensemble. Another way
calculatingh was proposed in Ref. 5. When most of th
charge induced by a change of gate voltage,DVg , is cap-
tured by the QD’s as discussed above, then the chang
potential of the dot is given by Df5eDn/CQD
5CgDVg /(nQDCQD), whereCQD is the dot self-capacitance
Thush5Df/DVg5Cg /(nQDCQD). The value ofCQD for a
disk-shaped dot with diameterD in classical electrostatics i
given by CQD54e re0D. For D515 nm ande r5eSi511.7,
this yieldsCQD55.5 aF andh53.531022. Obviously, the
agreement between the two above estimates of the g
voltage–dot-energy modulation coefficient is very satisf
tory. Based on these calculations, the estimated charging
ergy is about 23 meV. Again, this value is consistent w
our previous admittance experiments.10

We may ask why we do not observe conductance max
associated with a filling of the hole ground states~QD1 and
QD2 maxima! as we did with our earlier structures.5 The
probable explanation is that the gate leakage current aVg
'9 V, where the capacitance measurements show
ground states to be filling, prevents sufficient accuracy i
measurement of hopping conductivity through the grou
-
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state levels which is expected to be smaller as a result of
reduced localization length of the wave functions.

A useful way to identify the mechanism of carrier tran
port is to study the temperature dependence of the con
tance. In the regime of resonant tunneling through discr
energy levels, conductivity depends weakly on temperat
The current peak height should increase as the temperatu
reduced due to a diminished thermal broadening of the re
nance. In contrast, hopping conduction is thermally activa
~see Sec. I!. Figure 6 shows the temperature dependence
the four conductance peaks QD3–QD6. For all maxi
~symbols! we see a temperature-dependent activation ene
reminiscent of variable-range hopping. A best fit to the
curves~dotted lines! indicates that below 100 K the temper
ture dependence can be described by Eq.~1!, with x.0.5
andT05395–565 K~see Table I!.

We can check the hopping model for our structure a
extract a value of localization radiusj by making a quanti-
tative comparison with the theoretical prediction. Wi
kBT056.2e2/(4pe re0j),13 the spatial dimension of the wav
functions is found to bej515–21 nm ~Table I!. For
variable-range tunneling to occur, the temperature-depen
optimum hop distanceRopt50.25j(T0 /T)1/2 must be larger
than both the localization length and interdot distance~3–4
nm!. At T510 K and withT05395–565 K, we haveRopt
529–34 nm. Therefore these conditions are satisfied.

To obtain further evidence to support a hopping mec
nism in the metal-oxide-semiconductor field-effect transis
~MOSFET!, we have fabricated two test samples without a

FIG. 6. Temperature dependence of the conductance max
~symbols!. Dotted lines are the best fit of the experimental data
Eq. ~1!. Broken and solid lines represent the tempeature depend
of conductance in the test samples A and B, respectively~see the
text!.

TABLE I. Fitting parameters for variable-range-hopping co
duction through the charge-tunable quantum dots in the field-ef
transistor.

Conductance maximum x T0 ~K! j ~nm!

QD6 0.4960.11 565658 15.461.6
QD5 0.4960.14 395648 21.463.1
QD4 0.5160.14 405649 21.162.2
QD3 0.5160.10 536652 16.261.5
Sample A 0.5060.01 1176636 7.660.2
Sample B 0.5160.01 581637 15.060.9
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10 872 PRB 61A. I. YAKIMOV et al.
oxides or gate. Both samples contain a remotely doped la
of Ge QD’s grown on a semi-insulating Si~001! substrate. In
sample A the doping level is such that only the ground s
contains holes, there being 3/2 holes per dot taken from
purities, while in sample B, the ground state is full and t
first excited state is partially occupied with a total of 5
holes per dot. The results ofG(T) measurements for the tw
samples are shown in Fig. 6 by solid and broken lines,
spectively. For both samples, best fits again givex.0.5,
with T051176 K for sample A,14 andT05581 K for sample
B. The latter is close to the value found for the correspo
ing state ~QD3! in the MOSFET structure~see Table I!.
Moreover, the actual values ofG(T) for sample B match the
temperature dependence of conductance maximum Q
These results provide strong support for the assertion tha
observed conductance oscillations originate from the h
ping of holes through the discrete energy levels of the fi
excited state.

B. Screening of long-range Coulomb interaction
in arrays of quantum dots

1. Crossover from Efros-Shklovskii to Mott VRH

It should be remarked that the ES form ofG(T) does not
necessarily result from intersite correlations. It only requi
a density of states having an appropriate dependence on
ergy in the vicinity of the Fermi level.15 In this section we
demonstrate that the hopping conductance of an arra
QD’s may be enhanced substantially, and show a cross
from ES VRH to Mott VRH with decreasing temperature
putting the dot layer in proximity with a metal plane. Th
results provide strong evidence of the dominant role pla
by long-range Coulomb interaction between the dots in e
tronic transport in ensembles of QD’s.

The large spatial scale of intersite correlations allows o
to examine the role of Coulomb interaction experimenta
by making use of intentionally introduced screening. If o
places a metal plane parallel to the conductive channel
distanced, the interaction may be described by includin
images of the real charges in the screening electrode. If
separation of initial and final states in a hop is small co
pared with the distance between a charge and its im
(52d), the screening electrode makes little difference, a
the interaction remains monopolar. At large distances, h
ever, a charge and its image behave as a dipole and inte
tions fall off more rapidly with distance. The general expre
sion for the interaction potential is16

U~r !5
e2

4pe re0
S 1

r
2

1

Ar 214d2D . ~2!

Thus distanced plays the role of a screening length. Th
means that, at low temperatures, when the hopping dista
becomes longer than about 2d, initial and final states becom
electrostatically independent and one should observ
breakdown of ES VRH and a crossover to a Mott regi
with x51/3 in two dimensions. One would expect th
screened conductance to be larger than that in the unscre
regime. However, Entin-Wohlman and Ovadyahu17 found a
reduction of hopping conductivity and transition to a simp
activated law in a screened InxOy film. A similar behavior
er
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was obtained by Adkins and Astrakharchik in experime
with ultrathin bismuth films.18 The explantion put forward
was that in those systems the screened hopping was to n
est neighbors with the observed activation energy simpl
characteristic disorder energy. Only Van Keulset al.19 re-
ported the observation of a universal crossover from ES
Mott hopping, driven by a variation of temperature, magne
field, and electron density in GaAs/AlxGa12xAs MOSFET’s.

It should be pointed out that, in the Mott regime of
screened system, the effective~constant! density of states is
not that which would be present in the absence of interact
It is only the low-energy interactions, those corresponding
long distances, that are screened and they are the interac
responsible for the suppression of the density of states at
energies, close toEF . At higher energies, the density o
states still falls off similarly to the unscreened ES situatio
Thus the constant density of states at low energies w
there is screening is not equal to some background densi
states, but is given by the ES density of states at the en
corresponding to charges separated by the effective scr
ing length (;2d). The density of states at low energies wi
screening thus depends only ond and the local relative per
mittivity. One obtains16

g~0!5a~4pe re0 /e2d!, ~3!

where a is a numerical constant estimated in unpublish
calculations by Mogilyanskii and Raikh asa'0.1 ~see Ref.
16!.

In this section we present results of low-temperature c
ductance studies in two types of samples. The samples o
first type~to be referred to as screened samples! have a pla-
nar metallic gate close to the dot layer.~The distance be-
tween the channel of QD’s and the gate isd535 nm.!
Samples of the second type~reference or unscreened stru
tures! contain no gate electrode. The top oxide layer
present in both cases, however. In all structures the hole
the dots are supplied by boron impurities. The temperat
dependence of the conductanceG(T) of screened and un
screened samples is shown in Fig. 7 as Arrhenius plots
contrast with the experiments,17,18 the low-temperature con
ductance of the screened QD systems is found to be la
than that of unscreened samples except for theN51/2
sample, whereG(T) does not change significantly wit
screening~in the range of temperature studied!.

To analyze the characteristic behavior ofG(T), we exam-
ine the temperature dependence of the reduced activation
ergy w(T)5d ln G/d ln T.20 For an exponential hopping de
pendence ofG, w(T)5x(T0 /T)x, and

log10w~T!5A2x log10T, A5x log10T01 log10x. ~4!

Thus a plot of log10w(T) against log10T yields the values of
the exponentx from the slope and of the characteristic tem
peratureT0 from they interceptA: T05(10A/x)1/x. Figure 8
containsw(T) data obtained by numerical differentiation o
the G(T) curves. Linear regression was used to determ
the best slopesx and the best interceptsA for both high- and
low-temperature intervals~solid lines in Fig. 8!.

The fitting results are summarized in Table II. In u
screened samples withN.1/2, the slope of thew plots yields
x'0.5, consistent with ES VRH over the whole temperatu
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range. Screened samples withN.1/2, however, exhibit a
crossover from ES VRH at high temperatures to Mott VR
with x'1/3, at low temperatures. As explained above
expect this to occur when the optimum hop distance,Ropt,
becomes greater than the screening length.

To check this interpretation of the results, we first calc
late the localization lengthj. This may be done in severa
ways. First,j may be obtained directly fromTES and TM
using the relations16

FIG. 7. Temperature dependence of conductance for various
occupations.

FIG. 8. Plot of log10 of the dimensionless activation energyw
against log10 T. The solid lines are least-square fits to linear dep
dencies. The slopes of the solid lines yield the hopping exponenx
and the characteristic hopping temperatureT0 is found from they
intercepts. The fitting parameters of all the curves are listed in Ta
II.
,
e

-

kBTES56.2e2/4pe re0j, ~5!

kBTM514e2d/4pe re0j2a. ~6!

We estimate the effective relative permittivity in our stru
tures ase r'9.21 Alternatively, the permittivity can be elimi-
nated between 5 and 6 to give

jES/M5~2.26/a!d~TES/TM !. ~7!

Fourth,j may be estimated fromTcross, the temperature of
crossover from ES to Mott behavior. Aleiner an
Shklovskii16 took this to occur when the ES and Mott VR
tunneling exponenets are equal. This gives

jcross5S 0.822

a2 D 4pe re0d2

e2
kBTcross. ~8!

These various estimates ofj, calculated usinga50.1, are
given in the first part of Table III. We note that values i
crease from left to right and thatjcrossbecomes unreasonabl
large. We suggest that the value ofa ~0.1! obtained Mogi-
lyanskii and Raikh is too small. If we takea50.4, we obtain

ot

-
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TABLE II. Fitting parameters for variable-range-hopping co
duction through the quantum dots in screened and unscreene
gimes.

Data atT.Tcross Data atT,Tcross

T05TES T05TM Tcross

N Screened x ~K! x ~K! ~K!

1/2 no 0.38 4.83104

1/2 yes 0.35 5.43104

3/2 no 0.52 1260
3/2 yes 0.53 1392 0.33 4.33104 6.5
5/2 no 0.54 900
5/2 yes 0.52 890 0.32 1.03104 6.7
13/2 no 0.52 1044
13/2 yes 0.54 1072 0.35 2.63104 8.7

TABLE III. Localization lengthj calculated as described in th
text.

jES jM jES/M jcross

N Screened ~nm! ~nm! ~nm! ~nm!

Taking a50.1
3/2 no 9.1
3/2 yes 8.3 15 26 350
5/2 no 13
5/2 yes 13 30 70 360
13/2 no 11
13/2 yes 11 19 33 470
Taking a50.4
3/2 no 9.1
3/2 yes 8.3 7.3 6.4 22
5/2 no 13
5/2 yes 13 15 18 23
13/2 no 11
13/2 yes 11 9.3 8.2 30
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the values ofj given in the second half of Table III. The firs
three estimates ofj are now in much better general agre
ment. The values calculated fromTcross, however, remain
generally large. To explain this we suggest that it is n
sufficiently accurate to takeTcrossto occur when the ES an
Mott exponenets are equal~as did by Aleiner and
Shklovskii!. Fitting VRH equations to the two regions give
different preexponential factors, and these should be
cluded when equating the conductivities. This would int
duce a logarithmic corrections when calculatingjcross. While
the last point deserves further investigation, we believe
analysis give a consistent interpretation of the data.

It now remains to check that the optimum hop distan
Ropt is of orderd at Tcross. We use the standard theoretic
results for two dimensions:

Ropt,ES~Tcross!5~j/4!~TES/T cross!
1/2, ~9!

Ropt,M~Tcross!5~j/3!~TM /Tcross!
1/3. ~10!

These values, calculated using the mean ofjES andjM , are
given in Table IV, and are satisfactory.

We return to theN51/2 results. Here screening only pro
duces a very small reduction inx from 0.38 to 0.35, and no
crossover is seen. The absence of ES VRH for this sam
can be understood as follows. AtN!1, most of the dots
contain neither holes nor nearby impurities and are neu
A dot is charged only when it contains a carrier~hole! sup-
plied by the rare impurities. Since a displaced hole lea
behind the neutral state, the correlation between initial
final sites in most of the hops becomes unimportant; relev
energies are dominated by disorder, and one observes
conduction. In fact, one should remember that not all tran
tions are from singly charged sites to neutral sites, so co
lation energies are not entirely absent. This is probably w
the hopping exponent in theN51/2 sample is slightly large
than 1/3 predicted for the ‘‘pure’’ Mott hopping.

An interesting feature of our results is the form of t
transition as seen in the temperature dependence ofw shown
in Fig. 8. First, the transition is extraordinarily sharp. If
simply resulted from a situation in which two different pr
cesses were present, with the transition occurring as one
comes more dominant than the other, then one would ex
it to be much more spread out. Second, with larger value
N, we see an actual discontinuity ofw at the transition. There
is a certain resemblance to second-~3/2! and first-order (N
55/2 and 13/2! thermodynamic phase transitions. One wo
ders whether there may not be a cooperative aspect to
transition from the Mott to the ES regime as correlation e
ergies become greater.

TABLE IV. Calculated optimum hop distance atTcross.

^j& Ropt,ES Ropt,M

N ~nm! ~nm! ~nm!

3/2 7.8 29 48
5/2 14 40 53
13/2 10 28 48
t

-
-

r

e

le

l.

s
d
nt
ott
i-
e-
y

e-
ct

of

-
he
-

An important observation is that the crossover, whenw is
discontinuous, is characterized by adrop of w at Tcross, cor-
responding to a reduction of the hopping activation energy
a result of the screening. This behavior is direct evidence
the suppression of long-range correlations between in
and final hole sites on the dots.

2. Universal prefactor in unscreened regime of VRH

Notice that the data obtained in Sec. III B 1 imply
temperature-independent prefactorG0. Figure 9 shows the
conductance in units ofe2/h, the quantum of conductance, o
unscreened samples with different dot occupationN plottted
versusT21/2; the symbols are the experimental points and
broken lines are the least-squares fits to theT21/2 ES depen-
dence. Here we also plot the amplitude of conducta
maxima taken from Fig. 6.22 An impressive feature is that a
the curves extrapolate to the same prefactorG0.e2/h. This
is more evident whenG(T) is plotted against the dimension
less parameter (TES/T)1/2 ~see the inset of Fig. 9!. In this
plot, the data collapse onto a single universal curve w
interceptG05(1.0560.05)e2/h. This observation is similar
to that found for the two-dimensional impurity hopping co
ductance in both ES and Mott unscreened regimes in
MOSFET’s ~Ref. 23! and in d doped GaAs/AlxGa12xAs
heterostructures.24 The universality of the prefactor signa
against the conventional phonon-assisted hopping me
nism, where the prefactor would depend on material para
eters such as the localization length. To resolve this disc
ancy, it was suggested by Baranovskii and Shlimak25 that the
phononless hopping is assisted by electron-electron inte
tion. According to this model the current-carrying sing
electron moves via quantum resonant tunneling between
calized states brought into resonance by a time-depen
random Coulomb potential created by fast electron tran
tions in their environment. The dependence of the fluctuat
amplitude of energies of hopping sites on temperature g
rise to the temperature dependence of the conductance.26

If the universal prefactor does result from interaction,
universality would be destroyed in the presence of screen

FIG. 9. The conductanceG(T) vs T21/2 for different dot occu-
pationN in unscreened samples. Data from Fig. 6 are also includ
The inset shows the same data plotted vs (TES/T)1/2.
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The ratioG(T)/(e2/h) is plotted against (TM /T)1/3 in Fig.
10 for data from screened samples at temperatures b
Tcross. In contrast to the unscreened regime, the data do
collapse onto a single curve. The best-fit value ofG0[GM
as a function of localization lengtĥj& ~taken from Table IV!
is shown in the inset of Fig. 10. Obviously, in the ful
screened limit, there is a strong dependence of the prefa
on the localization radius.

FIG. 10. Plots of the conductanceG(T) vs (TM /T)1/3 for
screened samples atT,Tcross. The inset shows the dependence
the prefactor on the localization length.
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IV. SUMMARY

We have described a set of experiments in which we st
ied hopping transport in field-effect structures containi
from 33107 to 109 quantum dots. We demonstrate that b
low ;100 K this system is able to show conductance os
lations associated with a filling of the dots by success
single holes. From the temperature dependence of the
ductance maxima, we identify the conduction mechanism
variable-range hopping in a density of states determined
Coulomb interaction between the dots. In samples w
screening, we observe a crossover from Efros-Shklov
VRH with ln s}T21/2 to Mott VRH with lns}T21/3 as the
temperature is reduced. The data in the ES regime colla
onto a universal curve with a prefactorG0.e2/h, while all
traces in the screened regime do not show the universa
havior. The results demonstrate the important role of lo
range interdot Coulomb interaction in dense ensembles
quantum dots, and they raise interesting issues relating to
mechanisms of the hopping processes.
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