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Long-range Coulomb interaction in arrays of self-assembled quantum dots
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An array of 3x 10’ 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=e?/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.

I. INTRODUCTION where, in the two-dimensional case in the absence of long-

In a single quantum daQD) weakly coupled by tunnel- range Coulomb interaction, the exponent1/3 and T,
ing barriers to two leads, the interplay of single-electron=T,,«[g(E£)&3%] 1 (Mott VRH), g(E;) being the density
charging effects and resonant tunneling through quantizegf states in the vicinity of the Fermi levéfr and ¢ the
states leads to conductance oscillations as the electrochenpgealization radius. If the interaction energy of a displaced
cal potential of the dot is tunedThis phenomenon underlies electron and the hole it leaves behind are large compared
the working of nanoscale single-electron transistors whickyith disorder energies, the conductivity is decribed by the
have a.number of practical uses, ranging from metrology tq=frgs-Shklovskii (ES law with x=1/2 and Ty=Tgs
computing. Recently, research focused on double-doke?/(¢ £), wheree, is the relative permittivityg is the elec-
system$ whose behavior is found to be mainly affected by tron charge.
electrostatic coupling between the two dots inside the artifi- |, previous papetwe reported measurements of impu-
cial molecule. The next step is to create and study largjty hopping transport in a modulation-doped Si field-effect
arrays of QD's in close proximity, allowing Coulomb inter- strycture with a layer of Ge QD’s embedded in proximity
action and tunneling between thénuch systems can be yjth the p-type conductive channel. At low temperatures
considered as potential electronic networks for quantumr—g K), a small (~10—20 %) contribution to conductance
computers, and therefore are particularly valuable in future which intriguingly oscillated with gate voltage was detected,
high-power digital processors. The behavior of a multidotynq was ascribed to direct hopping of holes between dots.
structure is expected to be more complicated for several rea- |, this work we describe a set of experiments in which we
sons:(i) the QD’s are inevitably not sufficiently identical in stydied hopping transport in Si metal-oxide-semiconductor
size, which can cause smearing of their atomiclike properfig|g-effect structures containing a two-dimensional array of
ties; (ii) in contrast to a single dot, the interaction of the dotsge self-assembled quantum dots as a conductive channel.
in an ensemble can be significant; affit) transport through  The dots are separated from each other by weakly doped
the system may be dominated by thermally assisted hoppingjicon, and the only conduction mechanism at low tempera-
between the dots rather than by resonant tunneling betweg(lres is the tunneling of holes between them. Pseudomorphic
source and drain electrodes. _ Ge islands grown epitaxially on a(8D1) surface exhibit a

Variable-range hoppingVRH) is a general conduction |arge band discontinuity in the valence band, and can be
mechanism in systems with strongly localized carriers at sufyjewed as doping “artificial atoms.” They provide a system
ficiently low temperatures. In a regime of VRH, the hoppingiy which the number of confined holes, the structure of the
distance increases as temperature is lowered, and the te@hergy levels, the shape of the wave functions, and the

perature dependence of conductivity is given by strength of the interaction can be controlled. First, we discuss
the field effect and the temperature dependence of conduc-
G(T)=Gyexd —(To/T)*], (1) tance of the samples with dots whose occupation with holes
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was changed by varying the potential of a gate electrode. (a)

Second, we discuss the effect of screening in samples in Al gate, 100x100 pm?
which the holes on the dots are supplied by a bafatoping 46 Firi S Ge dots
layer near to the QD layer.

Il. EXPERIMENTAL DETAILS

. . . 0.17 um Si
Samples were fabricated on a silicon-on-insulator wafer

(p-type Si substrate, 400-nm buried Siénd 170-nm top i

or on a semi-insulating-Si substrate with a resistivity of

1000 (2 cm by molecular-beam epitaxy in the Stranskii- Si substrate

Krastanov growth mode. This produces spontaneous forma-

tion (self-assembling of Ge nanoclustergquantum dots

randomly distributed in the plarte/ The growth tempera- ®)

tures were 500 and 700 °C for the cap and bufi€—50 nm

thick) Si layers, respectively, but, during the growth of Ge, 1 2 3

the temperature was lowered to 300°C. The growth rates ﬂ screened ﬂ unscreenedﬂ
~— h Y

% 0.4 um Si0,

were 2 MLs ! for Si and 0.2 ML s for Ge. The nominal

thickness of Ge deposited was 10 MLML=1.4 A). From - - AL
scanning tunneling and transmission electron micrographs of 55 7m Si0, ST S0
similarly grown sample8’ we observe the Ge dots to be 2
approximately 15 nm in diameter and 1.5 nm in height. Their 10 nm i-Si Ge dots
dimensions vary within a 20% range. The areal density of the VVV VWV W N
dots is 3x 10 cm™ 2. 5 nm i-Si

For the field-effect measuremeri®ec. lll A), the channel B delta-doping plane
was patterned by photolitography to form a Si island of 100- 50 m i-Si
pm width and 108xm length, etched down to the underly-
ing SiG, [Fig. 1(a)]. The thickness of the Si cap layedd) Si (001) substrate
in this case was 40 nm. Source and drain electrodes were 10 cem®B

made using Al evaporation and annealing at 450°C i,a N
atr_nosphere. A pl_asma-enhanced chemlcal-vapor dgposmon FIG. 1. Schematic diagram of the structure of the samples used
oxide of 60-nm thickness was deposited as the gate insulat@y, ihe field-effect experiment&) and for the experiments with

and, finally, a square-shaped (20000 um") Al gate was screening(b). Screened samples are defined by contacts 1 and 2,

deposited(The distance between the gate and the dot layeyyhereas uscreened samples are measured between contacts 2 and 3.
in this set of samples, 100 nm, was Iarge enough to avoigtach sample is a strip 7 mm long and 5 mm wide.

screening effects in the temperature range investigaiédua
active channel of this type of samples contains about detween the screening plane and the source or drain is much
X10" Ge dots. The drain current) as a function of the |arger than the channel resistance. Samples prepared in a

gate voltage ¥y) was measured in the temperature rangesimilar way, but containing no dots, were not conductive at
from 300 to 4.2 K, with the drain voltage fixed &,=10 |ow temperatures.

mV, which ensured ohmic conduction at all experimental

temperatures. . . : lll. EXPERIMENTAL RESULTS
In the samples used for the experiments with screening
(Sec. Il B), the holes on the dots are supplied by a boron A. Field effect in array of charge-tunable dots

S-doping layer near to the QD laygFig. 1(b)]. The number
of holes per dot was varied frofd=1/2 to 13/2 by varying
the doping. The silicon cap layer has a thicknesslgf 10
nm. Au source and drain electrodes were deposited on top

The channel conductanc&&l 4/V4) of a sample shown
in Fig. 1(a) versus the gate voltage in linear and semiloga-
rithmic plots is depicted in Fig. 2. At room temperature, the
. .~ G-V, characteristic shows a shoulder which evolves into a
thﬁ gtructure and Egated §t2400 (I: to fc:crm rgp roc.juc'bl“af)roz;d conductance peak in the voltage range from 2 to 6 V
Ohmic contacts. A thindsio, =25 nm ayer of anodic SIQ 5546 temperature decreases. In order to analyze the peak’s
was grown to separate the conductive charfaelt laye)  strycture, we subtract the smoothly varying backgro(ses:
from a Au screening electrode00 nm thick which was  pelow). After the background is subtracted, the conductance
deposited over the OXide pal’a”el to the dOt Iayer. The Screenﬂodu|aﬁon can be Very We” described by a sum of four
ing layer was only deposited between contact 1 anéig.  Gaussian peaks. Figure 3 demonstrates the result of decom-
1(b)], and this area (%5 mnT) provides a screened sample position of the several experimental curves into four Gauss-
with a screening lengtd=dg;+dsio,=35 nm. A corre-  jans, labeled as QD6, QD5, QD4, and QBBhe position of
sponding unscreened sample is provided by the area betwe#lose peaks as a function of temperature is displayed in Fig.
contacts 2 and 3 which has no screening layer. Special ca#e Clearly, the fourfold structure with a gate voltage separa-
was taken to check the leakage of the insulator. We madgon AV,~0.7 V between the peaks is well-defined and com-
sure that throughout the range=4.2—300 K the resistance pletely reproducible over the whole temperature rahde.
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FIG. 2. Channel conductance vs gate voltage characteristics in FIG. 4. The position of the peaks in Fig. 3 as a function of
linear(a) and semilogarithmicb) plots. The source-drain voltage is temperature.
10 mV. The temperature decreases from top to bottom.

for the separation of successive peaks, and supposing the

very similar fine-structure consistent with four maxima haselectrostatic fields are one dimensional, we fiGg=4.7
been observed by us in the admittance spectra of Si-based10 4 Fm ? and An~2.1x10'"® m 2. The latter value is
Schottky diodes with Ge quantum ddfsand ascribed to the ~consistent with the density of quantum datgp~3x 10°
individual charging of the fourfold-degenerate first excitedm™2, strongly supporting the interpretation that each con-
state in the Ge nanoclusters. The average energy splittingtituent conductance peak originates from loadingon&
due to hole correlation or charging energy was found to béole into each dot. The maximum conductivity occurs when
AE=29+16 meV® the given level is half-filled, as this maximizes the product of

To demonstrate that the observed conductance peaksssible initial and final states for a tunneling process that
come from a charging of the quantum dots, we first estimatavoids increasing on-site correlation energy.
the charge density induced by the change in the gate voltage The above analysis can be checked by usiAgy mea-
AV, and compare this quantity with the density of QD’s. A surements to verify the electrostatics necessary for charging
change of gate potentialV, induces a changén in the  of the dots. We measured the capacitance between the source
two-dimensional carrier density given bfn=CjAV /e,  and drain connected together and the gate. Remember that
whereCg is the capacitance per unit area between the gatthe source and drain contact the underlying Si. The 100-kHz
and the dot layer. Taking the geometrical parameters of th€-V, characteristics af =300 and 4.2 K are shown in Fig.
gate, relative permittivitye=3.9 for SiG;,, andAVy=0.7 V. 5. The capacitance falls with increasikfg corresponding to
the increasing depletion layer thickness in the Si below the
gate oxide. At 4.2 K, we see, superimposed on the falling
capacitance, a structure in the 3—6-V range associated with a
filling of the excited state, and also a structure in the 8—9.5-V
range which we attribute to a filling of the twofold-
degenerate ground state. We may use values afogether
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Gate Voltage (V) FIG. 5. Capacitance-voltage characteristics. The capacitance

was measured between the source and drain joined together and the
FIG. 3. Dot conductance vs gate potential for four temperaturesgate. Values have been corrected for an estimated stray capacitance
Circles show the experimental data with the background subtracteaf about 0.7 pF. Inset: Temperature dependence of the FWHM of
and solid lines give the result of decomposition into Gaussians. the QD3 peak in Fig. 3 with a linear fit to the data.
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with the background acceptor concentration in the N,
=7x107? m~3 (determined by Hall measurements esti-
mate the electrostatic configuration at various value¥ of
At Vg=9.5V, just before filling of the ground-state levels,
Cy~3.4 pF, which corresponds to the depletion layer ex-
tending to some 88 nm below the dot layer. The correspond-
ing band bending between the deep Si and the dot layer is
414 mV. Just before the extended states start to @}, "
~3.7 pF, and the depletion thickness below the dot layer is 10°F T~
62 nm with a corresponding band bending of 220 mV. These 10
simplistic results are compatible with the known Si-Ge

valence-band offset and the expected energies of the hole (K
bound state$! After the excited states are filleGy~4.7 pF
implying that the effective boundary of the depletion region

Peak conductance (Ohm™)

~
™

11 1 1 L
0.00 0.05 0.10 0.15 0.20 0.25

FIG. 6. Temperature dependence of the conductance maxima

. . - (symbols. Dotted lines are the best fit of the experimental data to
is now at the dot layer. The depletion layer thicknégshen Eq.(1). Broken and solid lines represent the tempeature dependence

continues to fall a_S/g is decreasec_i. A\t'g=0 Vv, dg=23 nm_’ of conductance in the test samples A and B, respectifgdg the
and the dot layer is about 17 nm into the unperturbed Si. Th?ext).

capacitance measurements are thus consistent with our inter-

pre;\?tllgp gf tggit?:evucg\gtééietzlﬁz onlv decreases weak state levels which is expected to be smaller as a result of the
9e p g» Cap y Yreduced localization length of the wave functions.

with increasing gate voltage in contrast to the conductance A useful way to identify the mechanism of carrier trans-
which shov_vs a strong .”Sésee Fig. 7 Separate measure- ort is to study the temperature dependence of the conduc-
_ments confirm that in this region I_eakage current th_rough th ance. In the regime of resonant tunneling through discrete
insulator becomes comparable with the sou_rce-dram curren nergy levels, conductivity depends weakly on temperature.
Tpoeurs{jorgér\:\éistggggdgvﬂ?é tf{;a zpzarfen;ull?cg?aﬁazg beac "he current peak height should increase as the temperature is
'?hro h the gate Si 9 9€  reduced due to a diminished thermal broadening of the reso-
Tl;g 9 | Ilp tion f the diff t ch nance. In contrast, hopping conduction is thermally activated
tat e_ent(;rg)(/j- ?Ve sept))ara '(?[_ Ez ?j b € dirteren Z\}elrge (see Sec.)l Figure 6 shows the temperature dependence of
states in the dots can be estimated by uskig=7eAV,, the four conductance peaks QD3-QD6. For all maxima

where the gate modulat.ion. coefficiemrelaf[es the ggte volt- symbolg we see a temperature-dependent activation energy
age to Fhe hple energy inside the d.Ot' This coefficient can b eminiscent of variable-range hopping. A best fit to these
determined in two ways. One way is to calculatérom the curves(dotted line$ indicates that below 100 K the tempera-

temperature dependence of the full width at half maximum[ d d be d ibed b ith x=0.5
(FWHM) of the conductance peaks, which, for a single dot;ggToipSSSEggeS ﬁ?geeeTaSISec)rLI ed by €. with x=0.

showing Coulomb blockade oscillations, should be broad-
ened withT as 3.%zT/(7e) (Ref. 12 (kg is Boltzmann’s
constant By measuring the FWHM of the peak QD3 as a
function of temperaturéFig. 5, we obtainp=3.4x10"% | '+ _ o2 13 o i -

) . 72 sTo=6.26%/ (4 7€ €0€) ,* the spatial dimension of the wave
with a residual FWHM of about 0.37 V which is a result of functions is found to beé=15-21 nm (Table ). For

Stat'St'C‘_”‘l fluctuation in the d_0t ensemble. Another way Ofvariable-range tunneling to occur, the temperature-dependent
calculating » was proposed in Ref. 5. When most of the

. , optimum hop distanc®,y,=0.254(T,/T)¥? must be larger
charge induced t?y a ch.ange of gate volta§¥,, is cap- than both the localization length and interdot distat®e4
tured by the QD’s as discussed above, then the change mn) At T=10 K and withTy=395-565 K, we have}

. . R _ . - - - Il Opt
Eoéer;u\r;xl/ of éhe d?]t 'é g.'ve;' dbyA(’;’f_ €An/Cop  _59_34 nm. Therefore these conditions are satisfied.
;h 9 —gA(n?ADVQE),CW/ ere é?D IS tTﬁ ot Ise -(;épacfltance. To obtain further evidence to support a hopping mecha-
hus #=A¢/AVy=Cq/(ngpCqp). The value ofCqp fora  higny i the metal-oxide-semiconductor field-effect transister
disk-shaped dot with diamet& in classical electrostatics is (MOSFET), we have fabricated two test samples without any
given by Cop=4€,€,D. For D=15 nm ande, = e5=11.7, '
is yi =5, =3.5x102 i
this yleldSCQD 5.5 aF andy=3.5<10 ~. Obviously, the TABLE |. Fitting parameters for variable-range-hopping con-

agreement between the two above estimates of the gatSDction through the charge-tunable quantum dots in the field-effect

voltage—dot-energy modulation coefficient is very satisfac- .

. . . transistor.
tory. Based on these calculations, the estimated charging en-
ergy is about 23 meV. Again, this value is consistent with

our previous admittance experimens.

We can check the hopping model for our structure and
extract a value of localization radiusby making a quanti-
tative comparison with the theoretical prediction. With

Conductance maximum X To (K) & (nm)

We may ask why we do not observe conductance maxim@D6 0.49-0.11 565-58  15.4-1.6
associated with a filling of the hole ground sta(@D1 and QD5 0.49-0.14 39548 21.4+3.1
QD2 maxima as we did with our earlier structurésThe QD4 0.51-0.14 405-49 21.1+x2.2
probable explanation is that the gate leakage curreMjat QD3 0.510.10 536:52 16.2£1.5
~9 V, where the capacitance measurements show thgample A 0.56:0.01 1176-36 7.6:0.2
ground states to be filling, prevents sufficient accuracy in &ample B 0.5%0.01 58137 15.0-0.9

measurement of hopping conductivity through the ground
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oxides or gate. Both samples contain a remotely doped layavas obtained by Adkins and Astrakharchik in experiments
of Ge QD’s grown on a semi-insulating(801) substrate. In  with ultrathin bismuth films® The explantion put forward
sample A the doping level is such that only the ground statevas that in those systems the screened hopping was to near-
contains holes, there being 3/2 holes per dot taken from imest neighbors with the observed activation energy simply a
purities, while in sample B, the ground state is full and thecharacteristic disorder energy. Only Van Keuaisal® re-

first excited state is partially occupied with a total of 5/2 ported the observation of a universal crossover from ES to
holes per dot. The results &(T) measurements for the two Mott hopping, driven by a variation of temperature, magnetic
samples are shown in Fig. 6 by solid and broken lines, refield, and electron density in GaAs/&a _,As MOSFET’s.
spectively. For both samples, best fits again give0.5, It should be pointed out that, in the Mott regime of a
with To=1176 K for sample A*andT,=581 K for sample  screened system, the effecti@@nstant density of states is

B. The latter is close to the value found for the correspondnot that which would be present in the absence of interaction.
ing state (QD3J) in the MOSFET structurgsee Table )l It is only the low-energy interactions, those corresponding to
Moreover, the actual values &(T) for sample B match the long distances, that are screened and they are the interactions
temperature dependence of conductance maximum QD3esponsible for the suppression of the density of states at low
These results provide strong support for the assertion that thenergies, close td&g. At higher energies, the density of
observed conductance oscillations originate from the hopstates still falls off similarly to the unscreened ES situation.
ping of holes through the discrete energy levels of the firsfThus the constant density of states at low energies when

excited state. there is screening is not equal to some background density of
states, but is given by the ES density of states at the energy
B. Screening of long-range Coulomb interaction corresponding to charges separated by the effective screen-
in arrays of quantum dots ing length (~2d). The density of states at low energies with
B screening thus depends only drand the local relative per-
1. Crossover from Efros-Shklovskii to Mott VRH mittivity. One obtain®
It should be remarked that the ES form®{T) does not )
necessarily result from intersite correlations. It only requires 9(0)=a(4meeo/ed), ©)

a density of states having an appropriate dependence on
ergy in the vicinity of the Fermi leveéf In this section we
demonstrate that the hopping conductance of an array

fQD'S Emsai//é’a ?nklc/larlﬁ;dRiubs_ttﬁrgially, and sthow a ci[rossgver In this section we present results of low-temperature con-
rom 0 Vot With decreasing temperature by q,,ctance studies in two types of samples. The samples of the
putting the dot layer in proximity with a metal plane. The first type (to be referred to as screened samptesve a pla-

results provide strong evidence of the dominant role playeqlar metallic gate close to the dot layéThe distance be-

by Ic_mg-range Cpulomb interaction b’etween the dots in elecfween the channel of QD’s and the gateds35 nm)
tronic transport in ensembles of QD’s.

. . : : Samples of the second tygeeference or unscreened struc-
The large spatial scale of intersite correlations allows Onefures) contain no gate electrode. The top oxide layer is
to examine the rol_e of _Coulom_b interaction expe_rlmentallypresem in both cases, however. In all structures the holes on
by making use of intentionally introduced screening. It ON€ihe dots are supplied by boron impurities. The temperature
places a metal plane parallel to the conductive channel at 3ependence of the conductan@€T) of screened and un-
distanced, the interaction may be described by including screened samples is shown in Fig. 7 as Arrhenius plots. In

images of the real charges in the screening electrode. If th@ontrast with the experimenté18 the low-temperature con-

separatiqn of initi".il and final states in a hop is sm_all COMyyctance of the screened QD systems is found to be larger
pared with the distance between a charge and its ima an that of unscreened samples except for Mhe 1/2

(=2d), the screening electrode makes little difference, an ample, whereG(T) does not change significantly with

the interaction remains monopolar. At large distances, howécreening(in the range of temperature studied

ever, a charge and its image behave as a dipole and interac- To analyze the characteristic behavioiG(T), we exam-
g%nns f?r”tgg m?gfagiz'glygggtgfgnce' The general EXPreS%ine the temperature dependence of the reduced activation en-
P ergy w(T)=dIn G/dIn T.2° For an exponential hopping de-

&here a is a numerical constant estimated in unpublished
0(l%alculations by Mogilyanskii and Raikh as~0.1 (see Ref.
6

o2 1 1 pendence of5, w(T)=x(T,/T)*, and
U(r=-———/|-—-——|. 2
L 47T€r60(r \/r2+4d2) @ log;oW(T)=A—xlog;oT, A=xl0g;oTo+l0g;pX. 4

Thus distanced plays the role of a screening length. This Thus a plot of logow(T) against logy T yields the values of
means that, at low temperatures, when the hopping distandbe exponenk from the slope and of the characteristic tem-
becomes longer than about Zinitial and final states become peratureT, from they interceptA: To=(10%x)*. Figure 8
electrostatically independent and one should observe eontainsw(T) data obtained by numerical differentiation of
breakdown of ES VRH and a crossover to a Mott regimethe G(T) curves. Linear regression was used to determine
with x=1/3 in two dimensions. One would expect the the best slopes and the best intercep#sfor both high- and
screened conductance to be larger than that in the unscreenlesv-temperature intervalésolid lines in Fig. 8.

regime. However, Entin-Wohiman and Ovady&hfound a The fitting results are summarized in Table Il. In un-
reduction of hopping conductivity and transition to a simply screened samples with™> 1/2, the slope of thev plots yields
activated law in a screened,d, film. A similar behavior ~x~0.5, consistent with ES VRH over the whole temperature
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T (K) TABLE II. Fitting parameters for variable-range-hopping con-
1072210 5 duction through the quantum dots in screened and unscreened re-
gimes.
10% N=1/2
. > -unscreened N Data atT>Tgss  Data atT <Toss
10 -screened e To=Tes To=Tu  Teross
—.’E‘ 1o 5 N  Screened X (K) X (K) (K)
< [o)]
e . = 12 no 038 4.&10
g0 & 12 yes 035 5410
Z = 3/2 no 052 1260
i O 32 yes 053 1392 033 4Q0 65
3 5/2 no 0.54 900
10°F 5/2 yes 0.52 890 0.32 1010 6.7
13/2 no 0.52 1044
107 132 yes 054 1072 035 260 87
107
0570 15 20 25 05 10 15 20 25 ke Tes=6.26%/4m € €0, )
T (10/K) KTy = 14e?d/4me, epia. ©6)

FIG. 7. Temperature dependence of conductance for various dat/e estimate the effective relative permittivity in our struc-

occupations. tures ase,~9.2! Alternatively, the permittivity can be elimi-

range. Screened samples wii>1/2, however, exhibit a hated between 5 and 6 to give

crossover from ES VRH at high temperatures to Mott VRH, Eesm=(2.26/)d(Tes/Ty)- (7)

with x~1/3, at low temperatures. As explained above we )

expect this to occur when the optimum hop distarRg,, ~ Fourth,& may be estimated fromi;s, the temperature of

becomes greater than the screening length. crossover ] from ES to Mott behavior. Aleiner and
To check this interpretation of the results, we first calcu-Shklovskii® took this to occur when the ES and Mott VRH

late the localization lengtl§. This may be done in several tunneling exponenets are equal. This gives

ways. First,§é may be obtained directly fromigg and T,

2
using the relation$ _ ( 0.822) 47eend
Cross

o 2 B ! cross (8)
T (K) @ €

5 10 20

These various estimates &f calculated usinge=0.1, are

. screened given in the first part of Table Ill. We note that values in-
B . _unscreened crease from left to right and thgt,.ssbecomes unreasonably
0.8; large. We suggest that the value @f(0.1) obtained Mogi-
lyanskii and Raikh is too small. If we take= 0.4, we obtain
TABLE lIl. Localization length¢ calculated as described in the
text.
CB» 0.6}
2 10 &es &m esm Ecross
N Screened (nm) (nm) (nm) (nm)
Taking «=0.1
3/2 no 9.1
0.8y 32 yes 8.3 15 26 350
5/2 no 13
5/2 yes 13 30 70 360
0.6l B 13/2 no 11
06 08 TOTZ T4 06 08 T0 Ts 197 132 yes 1 19 33 470
SoRE Y e b BB B e Taking «=0.4
log(T. K) 3/2 no 9.1
FIG. 8. Plot of log, of the dimensionless activation energy /2 yes 8.3 73 6.4 22
against log, T. The solid lines are least-square fits to linear depen-5/2 no 13
dencies. The slopes of the solid lines yield the hopping exponents 5/2 yes 13 15 18 23
and the characteristic hopping temperattigeis found from they 13/2 no 11

intercepts. The fitting parameters of all the curves are listed in Tabla 3/2 yes 11 9.3 8.2 30
1.
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TABLE IV. Calculated optimum hop distance &, ss.

e N=3/2 v QD3(N=5/2)
Tho o 5/2 x QD4(7/2)
& RoptEs Roptm Gt 132 = QD5(92)
N (nm) (nm) (nm) NN o QD6(11/2)
—~ 12k AR
32 7.8 29 48 g AR
5/2 14 40 53 z .
13/2 10 28 48 S . . 2
s 10 10
(24 —
> =
© Ny 4t
S 310
the values of given in the second half of Table Ill. The first © Lotk .
three estimates of are now in much better general agree- 10 -
ment. The values calculated froffi,.ss however, remain |- (TES:;’ . .
generally large. To explain this we suggest that it is not 10-80 0T 02 03 o7 os
sufficiently accurate to také,ssto occur when the ES and : ' : ’ ’ :

Mott exponenets are equalas did by Aleiner and T#(K™)

Shklovskii. Fitting VRH equations to the two regions gives

different preexponential factors, and these should be in

cluded when equating the conductivities. This would intro-

duce a logarithmic corrections when calculatéig.s. While

the last point deserves further investigation, we believe our

analysis give a consistent interpretation of the data. ) . )
It now remains to check that the optimum hop distance An important observation is that the crossover, wieis

Ropt is Of orderd at Teoss We use the standard theoretical discontinuous, is characterized byleop of w at Teoss, COI-
results for two dimensions: responding to a reduction of the hopping activation energy as

a result of the screening. This behavior is direct evidence of
1 the suppression of long-range correlations between initial
Ropt,EE(TcrosQ: (E18)(Tes/T crosd ™ ) and final hole sites on the dots.

_ FIG. 9. The conductanc&(T) vs T~ Y2 for different dot occu-
pationN in unscreened samples. Data from Fig. 6 are also included.
The inset shows the same data plotted Vgs(T)Y2

Roptm (Terosd = (€/3)(Ta I Terosd ™2 (10) 2. Universal prefactor in unscreened regime of VRH

Notice that the data obtained in Sec. IlIB1 imply a

These values, calculated using the meag@fand &y, are  temperature-independent prefac®g. Figure 9 shows the
given in Table IV, and are satisfactory. conductance in units @®/h, the quantum of conductance, of

We return to theN=1/2 results. Here screening only pro- unscreened samples with different dot occupabibplottted
duces a very small reduction infrom 0.38 to 0.35, and no versusT ~ V2 the symbols are the experimental points and the
crossover is seen. The absence of ES VRH for this sampleroken lines are the least-squares fits toThé’> ES depen-
can be understood as follows. At<1, most of the dots dence. Here we also plot the amplitude of conductance
contain neither holes nor nearby impurities and are neutramaxima taken from Fig. 62 An impressive feature is that all
A dot is charged only when it contains a carriéiple) sup-  the curves extrapolate to the same prefaGgr=e?/h. This
plied by the rare impurities. Since a displaced hole leavess more evident wheG(T) is plotted against the dimension-
behind the neutral state, the correlation between initial antess parameterTs/T)? (see the inset of Fig.)9In this
final sites in most of the hops becomes unimportant; relevarplot, the data collapse onto a single universal curve with
energies are dominated by disorder, and one observes MatiterceptG,= (1.05+ 0.05)e?/h. This observation is similar
conduction. In fact, one should remember that not all transito that found for the two-dimensional impurity hopping con-
tions are from singly charged sites to neutral sites, so correductance in both ES and Mott unscreened regimes in Si
lation energies are not entirely absent. This is probably whyMOSFET's (Ref. 23 and in § doped GaAs/AlGa _,As
the hopping exponent in tHe=1/2 sample is slightly larger heterostructure¥’ The universality of the prefactor signals
than 1/3 predicted for the “pure” Mott hopping. against the conventional phonon-assisted hopping mecha-

An interesting feature of our results is the form of the nism, where the prefactor would depend on material param-
transition as seen in the temperature dependeneesbiown  eters such as the localization length. To resolve this discrep-
in Fig. 8. First, the transition is extraordinarily sharp. If it ancy, it was suggested by Baranovskii and Shlifi#kat the
simply resulted from a situation in which two different pro- phononless hopping is assisted by electron-electron interac-
cesses were present, with the transition occurring as one b&en. According to this model the current-carrying single
comes more dominant than the other, then one would expeeiectron moves via quantum resonant tunneling between lo-
it to be much more spread out. Second, with larger values ofalized states brought into resonance by a time-dependent
N, we see an actual discontinuity wfat the transition. There random Coulomb potential created by fast electron transi-
is a certain resemblance to secorf@f?) and first-order N tions in their environment. The dependence of the fluctuation
=5/2 and 13/2 thermodynamic phase transitions. One won-amplitude of energies of hopping sites on temperature gives
ders whether there may not be a cooperative aspect to thise to the temperature dependence of the conductince.
transition from the Mott to the ES regime as correlation en- If the universal prefactor does result from interaction, its
ergies become greater. universality would be destroyed in the presence of screening.
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FIG. 10. Plots of the conductand8(T) vs (Ty/T)Y® for
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IV. SUMMARY

We have described a set of experiments in which we stud-
ied hopping transport in field-effect structures containing
from 3x 10" to 1 quantum dots. We demonstrate that be-
low ~100 K this system is able to show conductance oscil-
lations associated with a filling of the dots by successive
single holes. From the temperature dependence of the con-
ductance maxima, we identify the conduction mechanism as
variable-range hopping in a density of states determined by
Coulomb interaction between the dots. In samples with
screening, we observe a crossover from Efros-Shklovskii
VRH with In 0T 2 to Mott VRH with InooT 12 as the
temperature is reduced. The data in the ES regime collapses
onto a universal curve with a prefactGp=e? h, while all
traces in the screened regime do not show the universal be-
havior. The results demonstrate the important role of long-
range interdot Coulomb interaction in dense ensembles of
quantum dots, and they raise interesting issues relating to the

screened samples & T, The inset shows the dependence of mechanisms of the hopping processes.

the prefactor on the localization length.

The ratioG(T)/(e?/h) is plotted againstTy,/T)Y® in Fig.
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