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Evidence for two-dimensional correlated hopping in arrays of G£Si 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 conduetiwirsus temperatur@
follows the Efros-Shklovskii behaviar= oqexd —(To/T)¥?] with the temperature-independent prefaaigr
~e?/h. A strong reduction of the measured value of the characteristic tempefattirem 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.
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I. INTRODUCTION considered continuous paths through the space of many-
charge configurations and showed that, in a regime of many-
Systems of randomly localized electronic states withparticle excitationsg(T) dependence has the ES form with
long-range Coulomb interactions between the particles araumerical constan€=0.6+0.2; i.e., the parametdi, turns
often referred to as “Coulomb glasses.” A central issue ofout to be about one order of magnitude smaller than Efros
Coulomb glasses is the influence of electron-electron interand Shklovskii's prediction for single-electron hopping. A
actions on the transport properties. In general, the temperaeduction of hopping constants from the single-particle value
ture dependence of the conductivity for variable-rangle hopin gated 2D GaAs/AlGaAs heterostructures has been ob-

ping (VRH) is given by served in Ref. 8. Kozub, Baranovskii, and Shlimassum-
. ing that interaction-assisted fluctuations of energies of hop-
o(T)=oo(T)exd —(To/T)*]. (1) ping sites have spectral densityfl/demonstrated that

o sequential Coulomb correlations in a Coulomb glass can re-
VRH conductivity in the presence of long-range Hartreeg it in 4 phononless VRH with a temperature-independent

interactions between localized single-particle excitations,iyersal prefactor.~e?/h and a hopping exponent close
obeys the Efros-ShklovskiES) law! 0 1o £S value— 1 PRIng exp

Usually, gated doped semiconductors are exploited to

o(T)=aoexif —(To/T)™, @ ook for many-particle correlations in 2D VRH. To drive the
where conductivity of the system, one is forced to change carrier
concentration, thereby approaching inevitably the metal-

kgTo=Ce€?/(k&) ©) insulator transition(MIT). However, since localization de-

grades the screening of electron-electron interactions, corre-
is the characteristic interaction energy scélés a numerical |ation effects should be particularly important far from the
coefficient that depends on dimensionality, is the Boltz-  MIT on the insulator side. From this point of view, we be-
mann constantx is the relative permittivity of the host lat- |ieve that it is more reasonable to use dense arrays of quan-
tice, andé is the localization length of electrons. Within the tum dots(QD’s) for studying correlated hopping because, in
mechanism of phonon-assisted VRH, the prefaotptakes  such a case, it is possible to fix the QD density and vary only
the form oy=y/T™, wherey is a temperature-independent carrier wave functions by successive loading holes into dif-
parameter andn~ 1.2 The theoretical value of the constant ferent quantum states of the dots, being deep in the insulator
C for single-particle hopping in two dimensiorigD) is C  phase. Furthermore, Ge/Si QD’s are best suitable as the ob-
=6.23 ject of investigation, becaug® it is possible to obtain dense

Several authors have argued that under certain conditionsrrays with a QD density up to ¥bcm™2 (Ref. 9, in which

dc VRH conduction can be dominated by many-particle Couthe hopping transport of holes between QD’s is a dominant
lomb correlations between electronic transitiéisSequen- mechanism of charge transfer at low temperatufiésself-
tial correlations appear when the hops of an electron faciliassembled QD’s are all located at the same position in the
tates the hopping probability of another electron due togrowth direction—i.e., there is no disorder factor along the
rearrangement of the local potentials and/or site occupationgrowth direction;(iii) as distinct from the majority of impu-
in the vicinity of the initial and final states for tunneling rities in semiconductors, ensembles of QD’s can serve as a
process. There can be also interaction-driven simultaneousystem of multicharged localization centers, in which the
hopping of several electrons, resulting in a lowering of therole of Coulomb potential is especially important.
energy configuration of the system. Because the formation of Previously, using an artificial screening provided by a me-
such many-particle dressed excitation provides screening aéllic plane, parallel to a layer of Ge QD’s in Si, we have
Coulomb interactions at large distances, the characteristic irproved that the VRH transport in arrays of self-assembled
teraction energy in correlated hopping is reduced relative t@Ge/S{001) QD’s is strongly affected by long-range
its single-particle valu&’ Paez-Garrido and co-workets interactions® In this paper, we examine in detail measure-
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ments of 2D variable-range hopping conductance in Ge/Si
heterostructures with a layer of Ge nanometer-scale QD’s.
The work spans a wide range of samples characterized by
different QD densities, sizes, dot occupation with holes, and
layer composition. The results obtained demonstrate the
many-electron nature of dc transport in arrays of coupled
QD’s.

II. EXPERIMENT

We studied four series of Ge/Si heterostructures with self-
assembled Ge quantum dots of pyramidal shape fabricated
by molecular-beam epitaxy in the Stranskii-Krastanov

Conductance (&/h)

growth mode't All samples were grown ofD01)-oriented Si 107 , , N
substrates. Since the preparation details have been already 0.30 0.35 0.40 045 0.50
published elsewher€:*?>we will make only a short descrip- T2 (K"

tion here.

Samples of series No. A were formed in Si substrates with FIG. 1. The conductance(T) vs T2 of samples No. A for
a resistivity of 10002cm doped with boron up to a concen- different dot occupation. Symbols correspond to experimental
tration of 103 cm3. A Ge layer eight monolayers thick points; solid lines are approximations of the experimental data us-
(~10 A) was introduced into the middle of the 90-nm epi- inbgl equationttr(T):y/Tmexq_(Torr)ﬂZ]_ To. v, andm are vari-
taxial Si layer. The average size of the dot base length j§0'e parameters.
arour_1d 10 nm; the height is 1 nm. _The a_real density_ of the IIl. RESULTS AND DISCUSSION
dots isngp~4x 10** cm™2. Their dimensions vary within a _
20% range. In the samples of the next families Nos. B, C, An example of experimental temperature dependences
and D, the thickness of the deposited Ge layer was ten mongz(T) for samples Nos. A, C, and D is shown in Figs. 1 and
layers, yielding Ge dots approximately 15 nm in diameter2- Cpnduptance is given in units _ef‘/h. In order to obtain
and 1.5 nm in height witmgp~3x 10 cm 218 The se- detailed information on the functional foren(T), we used
quence of the bottom layers in series Nos. B and C walhe differential method for an analysis of the temperature
similar to that in samples No. A. In No. B, the thickness of 4ePendence of the reduced activation enefgyy(T)

the Si cap layer was 40 nm. In samples Nos. C, the array of ¢INo(M/dIn T=m+x(To/T)*. In this approach, ifm

Ge nanoislands was capped with a 10-nm Si layer and theﬁX(TO/T)X' then Inw(D=A—xInT, and A.=X In T0+In>§.
lotting Inw as a function of IfT, one can find the hopping

by a top 25-nm-thick anodic SiQ the latter was fabricated
to reduce permittivity of the media and thereby to change th
long-range interactions.

To supply holes on the dots, a borédadoping Si layer
inserted 5 nm below the Ge QD layer was grown. Because
the ionization energy of boron impurities in Si is 45 meV and
the energies of the first ten hole levels in Ge QD'’s of this size
are 200—400 me¥# holes at low temperatures leave impu-
rities and fill levels in QD’s. After spatial transfer, the aver-
age number of holes per dot was varied frodp=0.5 to
N,=6.5 by varying the doping.

Samples No. D were silicon metal-oxide-semiconductor
field-effect transistor§MOSFET’S fabricated on a silicon-
on-insulator wafef p-type S(001) substrate, 400 nm buried
SiO, and 170 nm top Siand containing about 810" Ge
dots in a buried active channel. The average filling factor of
the QD array was varied by the gate potential and can be
determined from oscillations of the drain current as a func-
tion of gate voltagé®

Source and drain electrodes were made using Al evapora-
tion and annealing at 450°C in a,Natmosphere. In all
samples, the resistance along the QD layers was measured by
a two-terminal method with a Keithley 6514 electrometer.
The data were taken in the Ohmic regime and in the tem- FIG. 2. Temperature dependence of VRH conductance of fami-
perature range where conditidn< Ty, is fulfilled. lies Nos. C and D.

exponenix from the slope of the straight line. The parameter
% can be found by the intersection point of the straight line
with the ordinate axis, which gives the characteristic tem-

Conductance (€%h)
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FIG. 3. Typical temperature dependence of the logarithmic de- Number of hole per dot N,
rivative w(T)=4dIno(T)/dInT (shown for samples No. A only
with different QD filling factor. The solid lines are least-squares fits ~ FIG. 4. Dependence ofa) the exponenim characterizing the
to the linear dependence. temperature dependence of the conductivity prefaotprshown
for samples No. A onlyand (b) the prefactoroy (shown for all
sample familieson the dot occupation with holés;, .

peratureT o= (10%/x)Y*. Typical plots of Inw(T) versus IAT

for several samples in series No. A are given in Fig. 3. At2D arrays of coupled Ge/Si quantum dots were obtained by
T<10 K, a linear relationship is observed betweenv(@ computer modeling. The simulation was performed on a
and InT, implying thatm<x(T,/T)* at these temperatures. square lattice of 1815 sites with the lattice constangé’2
The best fit of all the data gave values of the hopping expo- dr, wheredr is a random value with a normal distribution.

nentx=0.51+0.05. Similar behavior was found in samples Only overlapping between nearest neighbors was included.

Nos. B, C, and D. We use the Hamiltonian

Because it was already established thet0.5, the
method of nonlinear regression can be used for further deter- A :E Ei,aaiT,aai,af E Ji,j,a,ﬂair,ﬁai,a, (4)
mining the exponentn in the region of low temperatures. ia ij,ap

With this aim, the experimental dats(T) at T<10 K were
approximated by the equatian(T) = y/T™exd —(T,/T)*?],
and the parameterg, m, and T, were varied to obtain the . ~y - . S
best fit. In Fig. 1, the symbols are the experimental point?t"’ltes in each dnta; ,C (8;,q) the creation(annihilatior)

and the solid lines are the least-squares fits to the ES equgPerator for a hole in state of theith QD, E; , is the hole
tion. We found thatm lies in the region 0.160.09 [Fig. ~ €neray in this state, andj ; , » is the integral of overlapping

4(a)]. Parametem appears to be much less than the valugP€ween thexth state in theth QD andpth state in thgth

predicted for phonon-assisted VRIFhE 1). This means that QD (elastic tunneling energ_.y :

the conductivity prefactorr, depends weakly on tempera-  1he random hole energies; , were taken as the size-

ture at lowT and signals against the conventional phonon-duantization energies in quantum dots whose dimensions are

assisted hopping mechanism. cha_ra(_:tenzed by a Gaussian distribution with a mean-square
The o, data are presented in Fig(b}. An impressive deviation of 20%. The dependence of the energy levels on

feature is that the prefactor has a value close#h, the dot size has been calculated previously usingsthetight-

conductance quantum. Following the ideas of Ref. 5 Wé)inding model with inclusion of the spin-orbit interaction

consider the universality of the prefactor as a manifestatiorz?‘n(_jl_r?eior”mat,ion effecfj‘. dtod ine th

of the 2D VRH conduction stimulated by the sequential Cou- °. € following procedure was use tp etermine the over

lomb correlations. lap integrals. We calc_ul_ated the energies of hol_e states in a
To obtain further evidence for correlated VRH in arrays of MOd€l structure containing Ge quantum dots inside a Si par-

GelSi QD's, it is necessary to measure the ES characteristf|€/€PiPed. Periodic boundary conditions

tf—:-mperatureTO gnd compare it with the the.ore.tical predic- H(—dI2y,z)= y(dI2y,2) GE)

tions. In fact, sincely depends on the localization leng¢h

and hence on the electronic configuration of the occupie®’

hole state in the dots, it is more convenient to find the uni- _

versal constan€ whose value is inversely proportional to Y(=dizy.z)==y(d2y.2), (5b)

intensity of the many-particle effects. It may be done takingwhere d is the parallelepiped size in the direction and

into account the values af, and¢. ¥(X,Y,2) the hole wave function, were considered. The same
Asymptotic values of the hole localization length along boundary conditions were used for tlgeand z directions.

where indexi counts the dots, index: denotes the hole
bound-state number in QD%&ve consider only nine bound
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TABLE I. Asymptotic values of the localization lengtin na- 10— —
nometer units of holes confined in array of Ge/Si QD's in the __su_rlglg_-v_al_e_c_t[qu_tr_eiqs_lt_lgg_si_C=6_._ #L
ground, first, and second excited states. - B
. . . . o —w— #C
Sample family ~ Ground state  First excitedSecond excited bt o \ LA 4D
state state g 1 VMR ge————
c \ A
A 2.4 2.8 - 8 W
B, C, and D 2.1 2.2 2.3 g T
many-electron correlations:
C=0.610.2
The overlap integral in the plane of the QD array in the 0.1 e
direction was defined a¥d)=|E. —E_|/4, whereE, and o 1t 2 3 4 5 6 7 8
E_ are the hole energies corresponding to the boundary con- N,
ditions (5). The obtained dependendéd) can be rewritten
in the form FIG. 5. Dependence of the numerical parameleassociated
with variable-range hopping in arrays of Ge/Si quantum dots on the
J(d)=A_exp—B,d), (6) average number of holes in QD’s. A crosshatched region corre-

o sponds to the prediction of the many-electron md@af. 4. The
where coefficientsA, and B, depend on the energy level dashed line gives the value Gffor single-particle hoppingRef. 3.
number«, andB, equals to the inverse localization length

of a hole ina state of isolated QD’s. Integralg ; , s were
determined as the geometrical mean of overlap integrals be-

tweena and g states: IV. SUMMARY
B,+B . i .
3jap= mexr{ _ ﬁdij) ' 7) In summary, we have a_nalyzed the variable-range hopping
2 transport of holes in Ge/Si self-assembled quantum dots. The

whered, ; is the distance between QD's. The simulation Wasconductivity prefactor has the temperature—indepgndent value
carried out using 5000 random realizations of the QD array’ @round the conductance quantefth. The hopping con-
with filling factor 1/2 for the ground state or for the first two Stant is found to be 0:50.4. These features are inconsistent
excited states in the dots. For each realization, we calculatedfith @ model of single-particle hopping and provide experi-
probability p; of holes to occupy the corresponding state inMental evidence for many-electron correlations in the dc
each dot. The probability value was then approximated byransport of two-dimensional arrays of coupled quantum
the equationp;=a exp(—2d;/&), whered; is the distance dots.

between thath QD and dot with maximum local hole wave

function amplitude. The localization lengthwas obtained

by averagingg, through all array realizations and is listed in ACKNOWLEDGMENTS
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