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Single-electron charging and Coulomb interaction in InAs self-assembled quantum dot arrays
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Sequential single-electron charging is observed in InAs self-assembled quantum dots using capacitance
spectroscopy. In this system, the Coulomb energy is smaller than the interlevel energy spacings due to the
quantum confinement and both effects can be separately identified. A theoretical model is proposed for this
system and the capacitance experiments were devised in order to experimentally observe the effects of Cou-
lomb interaction between electrons on the dots. The effects of inter- and intradot Coulomb interaction have
been observed in the capacitance spectra. A good agreement between the proposed model and experiment is
achieved.@S0163-1829~96!04048-9#
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I. INTRODUCTION

Quantum effects and Coulomb effects in zer
dimensional systems have been extensively studied in
past years due mainly to the interesting phenomena th
structures exhibit.1 The degree of importance of each
these effects will depend on the size of the objects that fo
the system, since Coulomb effects should diminish linea
with the inverse of the dimensions of the system wher
quantum effects diminish quadratically. Artificially produce
systems, such as those defined by electron beam lithogra2

and other patterning techniques as well as in structures
split gate geometry,3 are usually constrained by technolog
cal limitations. The ultimate size one obtains with such te
niques is still too large to make quantum energies com
rable to thermal energies beyond the mK range, and as a
Coulomb energies prevail in these systems. Neverthe
systems where the growth kinetics naturally produce sm
structures offer the possibility of decreasing even further
dimensions. As an example, islanding in highly strained h
eroepitaxial coherent III-V systems4 produces structures with
dimensions where quantum effects are routin
observable,5,6 and furthermore, at elevated temperatures7,8

In this work, the InAs self-assembled quantum dots gro
on GaAs~Refs. 7 and 8! are investigated with capacitanc
spectroscopy. Previous works on this system using the
pacitance technique were focused on the magneto-op
properties9 and electronic structure10 of the dots. The focus
on the present work is on the electrostatic interactions in
system, where we analyze the effect of having a finite nu
ber of electrons in a single dot and the adjoining con
quences on the capacitance spectra of having their corres
dent image charges in a nearby electrode and electron
neighboring dots. It is demonstrated that the static charac
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istics show the independent loading of single electrons
arrays of about 109 dots. We successfully predicted an
simulated the effects of the Coulomb interaction betwe
electrons in the dots with the gate and electrons in other d
The structure of this paper is as follows: in the experimen
section the growth and the capacitance experiment will
described, along with the identification of the compone
inherent to each capacitance spectrum. The theoretical m
section describes the model utilized to predict and simu
the capacitance spectra and the electrostatic effects, an
results and analysis section presents the measured data
the simulation results.

II. EXPERIMENT

The samples studied in this work were grown on a Var
GEN-II MBE system on semi-insulating@100# oriented 29
GaAs substrates. The conduction band diagram of a sam
is shown schematically in Fig. 1. The growth procedure w
the same as used in other works,5,9–12consisting on the oxide
desorption under 1025 Torr As4 flux and subsequent growt
of a 1 micrometer undoped GaAs buffer layer at 1 ML/s
620 °C. We also used 40 periods of a 2 nm32 nm AlAs/
GaAs short period superlattice~SPS! to trap defects and
smooth the surface prior to the deposition of a 20–100
GaAs undoped layer, 20–80 nm thick 231018 cm23

n-doped back contact and an undoped GaAs tunneling
rier with thicknessd. The growth temperature is now re
duced to 530 °C~Ref. 12! and InAs is deposited, with the
substrate fixed with the 110̄ direction aligned with the axis
of the In cell. By doing that, we could produce a variation
the deposited thickness of InAs of up to 10%, assuming
ideal point source for the effusion cell. This procedure
lowed us to obtain a dot density ranging from 0 in one s
1568 © 1997 The American Physical Society
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55 1569SINGLE-ELECTRON CHARGING AND COULOMB . . .
of the wafer up to 231010 cm22, as estimated by TEM and
capacitance measurements. The growth was then resume
depositing GaAs at 530 °C with the substrate now rotati
After 5 nm of GaAs thickness, the temperature was increa
to 600 °C remaining at this value for the remaining part
the growth. A 25 nm thick GaAs was then deposited, a
another AlAs/GaAs 3 nm31 nm SPS was grown befor
capping the sample with a 5 nmthick GaAs layer.

When analyzing the experimental data, one should t
into account that the potential in the dot planeV is not equal
to the voltage on the gateVg . If the dots are located at
distanced from the back gate and the distance between
front and back gates ist then

Vg

V
5L[

t

d
. ~1!

We call the ratioL a lever-arm coefficient; it varies from 6 to
7 in different samples. We kept values ofL similar for all
samples with differentd by varying the thickness of the to
AlAs/GaAs SPS.

Samples with tunneling barriers thinner than 20 nm w
not used since the strain field produced by the dots exte
into the substrate for approximately this amount, as qua
tively inferred by changes in contrast in cross-section TE
micrographs. The thickness of the back contact had als
be increased so that the strain field would not deplete
regions beneath the dots and therefore producing effecti
differentd values.

Metallic disks were evaporated after contacting the b
contact layer using standard procedures for making Oh
contacts inn-doped GaAs. The photolithographically define
disks consisted of a thin layer of Cr~5–10 nm! followed by
a 200 nm thick Au layer, with diameter from 150mm to
350 mm. The diodes were bonded and their capacitance
measured at 4.2 K in a liquid He immersion cryostat.
obtain the capacitance voltage characteristics of the dev
we used a lock-in amplifier at frequencies varying from
Hz to 30 kHz. The ac amplitude was kept smaller than
meV, after conversion into energy by the lever-arm coe
cient. Depending on the thickness of the tunneling barried
we used higher or lower frequencies, choosing the appro
ate value to have the loading and unloading of the d

FIG. 1. Sketch of the band diagram of the quantum-dot ar
sample in the direction perpendicular to the dot and gate plane
by
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within one period of the ac frequency, i.e.,f,2pRC, where
R is the tunneling resistance andC is the capacitance deter
mined by the area of each dot and the distanced from the
back contact.

In Fig. 2 we show the measured capacitance-voltage c
acteristics of the sampleA with d5450 Å. One can see the
two peaks, corresponding to the loading of the ground a
first excited states of the dots. The first peak is split into tw
this splitting results from the Coulomb interaction of th
electron in the same dot. In this paper we analyze only
split peak, related to the ground state in the dots.

The following problem complicates a direct comparis
of the experimental results with theoretical capacitances:
experimentally measured capacitanceCexp contains a large
background capacitanceCb , to which the capacitance of th
dotsCdot is a small correction:

Cexp5Cb1Cdot.

We resolve this problem by assuming a linear backgrou
capacitanceCb and extrapolating it using the low-voltag
part of theCV curve. For the sampleA we have also mea
sured the capacitance at high frequency of the ac voltage
this case the electrons do not have the time to tunnel to
from the dots during one period of the ac voltage, and
dots essentially do not contribute to the capacitance, whe
the background capacitance has no intrinsic slow proces
and does not depend on the frequency in a wide freque
range. Thus measured background capacitance shows a
ear voltage dependence for the voltages where at low
quencies the dot capacitance is observed. We have also
a background capacitance in the form of the capacitance
depletion layer, which is formed in the doped back conta

Cb85
SVd

~V2V0!d
FA11

V2V0

2pVd
21G ,

whereVd5e2Nd /k, Nd is the density of the positive charg
in the depletion layer,k is the dielectric constant,V0 is the
voltage of flat bands, andS is the area of the sample. In th
range ofV where the capacitance peak is observed~and for
smaller voltages!, this function can be considered as a line

y FIG. 2. Dot capacitance vs gate voltage for the samples with
distanced5450 Å between dot and gate planes. Circles show
experimental data, the solid line gives the fit by the sum of
linear background and two Gaussian peaks~shown by dashed lines!.
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1570 55MEDEIROS-RIBEIRO, PIKUS, PETROFF, AND EFROS
one. All three ways of extracting the background capacita
lead to practically the same results.

After the background is subtracted, the capacitance
rection due to quantum dotsCdot can be very well described
by a sum of two Gaussian peaks with centers at volta
V1 andV2 and widthss1 ands2, respectively:

Cdot5
Q0

A2p
F 1s1

e2[ ~V2V1!2/2s1
2]1

1

s2
e2[ ~V2V2!2/2s2

2] G .
~2!

This fit reflects the fact that the areas of both peaksQ0
should be equal, since they give the total charge of all d
with one electron per dot. The fitting was done by weigh
explicit orthogonal distance regression using the softw
packageODRPACK.16 The resulting decomposition of the ex
perimental curve into linear background and two Gauss
peaks is shown in Fig. 2.

III. THEORETICAL MODEL

We now present a theoretical description of the quantu
dot array in the framework of the following Hamiltonian:

H5(
i
niw i1

e2

k (
i

ni~ni21!

2Ci
2
e2

k (
i

ni
2

4d

1
e

k (
i, j

ninjV~r i j !2eV(
i
ni . ~3!

Here the indicesi , j number the quantum dots.ni is the
occupation number of the doti ; in this paper we only con-
sider the ground state on the dot, soni can be 0, 1, and 2
The first term represents the non-Coulomb disorder due
fluctuations of size quantization energiesw i in the dots. We
assume here a Gaussian distribution forw:

v~w!5
1

A2psw

e2w2/2sw
2
. ~4!

The width sw describes the magnitude of disorder. It is
fitting parameter in our model. The second term in t
Hamiltonian Eq.~3! is the charging energy of the dot~this
term is responsible for Coulomb blockadelike effects!. Ci is
the capacitance of the dot, defined so that

W5
e2

kC

is the energy of Coulomb interaction of two electrons in t
dot.13 The productni(ni21) takes into account that electro
does not interact with itself. In our model, we takeCi5C to
be the same for all dots, and use it as another fitt
parameter.14 The third term in the Hamiltonian is the attra
tion energy between the charge of the dot and its imag
the metallic electrode at a distanced from the dot plane. We
have considered only the attraction to the closest meta
electrode, which is the back gate in our samples. The fr
gate is much further away from the dots, and has no sign
cant effect on the electrostatics near the dots. The last t
introduces the effect of the gate biasV @scaled by the lever-
arm ratio Eq.~1!#.
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The fourth term of the Hamiltonian Eq.~3! takes into
account the interaction between the charges ondifferentdots.
The interaction potentialV(r ) includes the screening of th
Coulomb interaction by the gate and has the form:

V~r !5
e

k F1r 2
1

Ar 214d2
G . ~5!

Here we again neglect the effects of the second, remote g
We should also mention that we have assumed the p
charge Coulomb interaction of the dots with the gate a
with each other. The latter assumption is well justified wh
the dot size is much smaller than the distance between
dots, which is the case in all of our samples. For the dot-g
interaction, a trivial calculation shows that the interaction
an electron wave function in a disk of sizea with the gate at
a distanced differs negligibly from that of a point charge
whend>a. This condition also holds for all of samples fo
which we present the results here.

The thermodynamic properties of the many-electron s
tem with the Hamiltonian Eq.~3! in the regime when the
Coulomb interactions are essential are rather complex, a
comprehensive solution is possible only by means of num
cal modeling. The modeling consists of the following step

~1! Generation of dot positions and energies. The giv
number of dotsN are placed inside a square of the sizeL.
The dot densityN dot5N/L2 for our samples is about 1010

cm22, and we can simulate systems ofN52500210 000
dots. The positions of the dots are random, with one rest
tion: no two dots can be closer to each other than the m
mum dot separationrmin . The results weakly depend o
r min ; we can deduce its approximate valuermin5250 Å
from the TEM data for our samples. Also at this step w
generate Gaussian random energiesw i .

~2! Monte Carlo step. On this step we use the Metropo
type Monte Carlo algorithm to calculate an average den
of electrons on the dotsn5^ni& for a given gate voltage
Vg and temperatureT. In this paper we have not studied th
temperature dependence of the capacitance, and the tem
ture was maintained atT54.2 K. We employ the paralle
version of Metropolis algorithm for Coulomb systems.15 The
gate voltage is being slowly varied across the desired in
val, so that the system has enough time to reach equilibr
for each value ofVg .

~3! Calculations of capacitance. In order to find the c
pacitanceCdot of the dots as a function of gate voltage, w
compute the derivativee(dn/dV). It is easy to show that the
correction to the capacitance per unit area can be calcul
from the equation

Cdot~V!5
edn

dV

d

t S 12
d

t D . ~6!

The voltageV is connected to the gate voltageVg by Eq.~1!.
This capacitance has a lot of ‘‘noise’’ unless the temperat
is very high or the number of dotsN is large, and we get a
smooth curve by convoluting it with a Gaussian filter wi
small width. The results of these computations are then c
pared with the experiment.

The computations were done on the Intel Paragon us
128 nodes. It takes about 6 h to compute oneC-V curve.
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IV. RESULTS AND ANALYSIS

We begin by comparing the experimentalCV curves with
the results of our modeling~Fig. 3!. First of all, we subtract
the background capacitance from the experimental dat
described above. Since the areas of the real and simu
devices are different, the two capacitances cannot be dire
compared. We therefore normalize the calculated cap
tance so that the areas under the curve, which give the
charge accumulated on the dots at large voltages, are
same. We have checked that the area of the experime
capacitance peak corresponds to two electrons per dot fo
sample sizes and dot densityNdot'1010 cm22, which is in
good agreement with the TEM measurements ofNdot. We
also convert the gate voltages to the potentials in the
plane using the lever-arm coefficient Eq.~1!.

Figure 3 shows the measured~circles! and computed
~lines! dot capacitances for two samples with different dot
gate distancesd5450 Å andd5200 Å. The parameters o
the modeling were chosen to get a best fit for the samplA
with d5450 Å @Fig. 3~a!#: dot charging energy
W5e2/kC523 meV and non-Coulomb disorder magnitu
sw58.5 meV. We then computed the capacitance for
second sample,B with d5200 Å, using the same paramete
One can see from Fig. 3~b! that the theoretical and exper
mental capacitances agree quite well. Since both sam
were grown under similar conditions and differ only in th

FIG. 3. Dot capacitance vs potential in the dot plane for t
samples with different distancesd between dot and gate planes:~a!
A, d5450 Å, ~b! B, d5200 Å. Circles show the experimental da
with the background capacitance subtracted, solid lines give
results of our modeling with non-Coulomb disorders58.5 meV
and dot charging energyW5e2/kC523 meV.
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thickness of the tunneling layers, it is reasonable to assu
that the sizes of the dots and their fluctuations should be
same for both samples. Therefore, the ability of our mode
reproduce the effect of the change ofd on the capacitance
which is quite substantial, without any additional paramet
should be considered as evidence in favor of the model.

We now turn to discussing the effects of the Coulom
interaction on the dot capacitance. First of all, the Coulo
interaction of two electrons in one dot is responsible for
structure of the capacitance peaks. In the absence of diso
the capacitance would exhibit twod-function peaks sepa
rated by the dot charging energy. These peaks are locate
those values of gate voltageVg1 andVg2 at which first and
second electrons, respectively, enter the dot. The corresp
ing potentials in the dot plane areV15Vg1 /L and
V25Vg2 /L. The disorder broadens the peaks; however, t
are still observable in our samples. The charging energy
pends first and foremost on the dot shape. It has, howev
correction, which comes from the interaction of the charg
in the dot with their electrostatic images in the metallic ga
It is easy to show that this correction reduces the volta
between the capacitance peaksdV5V22V1 by

dVgate52
e

2kd
. ~7!

This correction leads to the observed dependence of the
splitting on the distanced between the dots and the gate.

This picture is further complicated by the interaction
electrons on different dots. This interaction gives rise to t
effects. First, in order to load an electron into a dot, one
to overcome the repulsion of all charges already on the d
This effect shifts the position of capacitance peaks to hig
voltages. The second peak is shifted much more than the
one, since the shift is proportional to the charge density
ready on the dots. Therefore, the dot-dot interaction
creases the splitting between capacitance peaksdV. This cor-
rection todV, which we calldVint , is alsod dependent: the
smaller isd the weaker is the screened Coulomb interact
and the smaller is the correction. One can see that thd
dependence ofdVint anddVgateare the same—the peak spli
ting increases at larged due to both corrections. A very
rough estimate ofdV int can be obtained by calculating th
average potential created by a random set of singly char
dots ~with minimal distance between nearest dotsrmin):

dVint5NdotE V~r !d2r5
2pe

k
Ndot~A4d21rmin

2 2rmin!.

The second effect of the interdot interaction also has to
with the potential created by the charges on the dots. S
the dots are placed randomly in the plane, the potential
ated by them is also random. For each dot, this potentia
added to the ground state energy, resulting in effectively
creasing the total disorder in the system. This addition
‘‘Coulomb disorder,’’ is alsod dependent. Its order-of
magnitude estimate is provided by the dispersion of
screened Coulomb potential of randomly placed dots:

e
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ds int
2 5NdotE V~r !2d2r

5
2pe2

k2 NdotlnH @rmin1A4d21rmin
2 #2

4rminA4d21rmin
2 J .

This ‘‘Coulomb disorder’’ will add to the disorder caused b
fluctuations of the size quantization energies in the dots,
sulting in wider capacitance peaks.

One can easily see the above interaction effects in
modeling. For example, the theoretical curve in Fig. 3~a! is
obtained for charging energyW523 meV and disorder mag
nitudes58.5 meV, while the distance between the peaks
dV'24.5 meV and peak widths ares1's2'9.5 meV.
However, experimentally all of the effects of the Coulom
interaction are best studied using their sensitivity to
screening by the metallic gate. All of these effects are qu
tatively evident already in Fig. 3, where one can see that
the sampleA with largerd5450 Å the peaks are wider an
further apart than for the sampleB with smallerd5200 Å.

For a quantitative analysis, in Fig. 4 we compare the m
sured and computed values of peak splittingdV and widths
s1, s2 for a set of samples with different dot-gate distanc
d. Again, the dot capacitanceC and the non-Coulomb disor
der s were chosen from best fit for one sample w
d5450 Å, and then the results were computed for other v
ues ofd without any additional adjustable parameters. O

FIG. 4. Capacitance peaks splittingdV ~a! and peak widthss1

ands2 ~b! vs the reciprocal dot-gate distance 1/d. The experimental
values ofdV and s1 are shown by circles, those ofs2—by tri-
angles. The results of the modeling are shown by solid squares.
modeling gives very close values ofs1 and s2, so only s1 are
shown. The dashed line is a guide for the eye. The solid line sh
the slope of the correctiondV gate, Eq. ~7!.
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can clearly see that the peak splitting increases withd, and
that this increase is faster than the correctiondVgate@Eq. ~7!#
alone would give. This shows that the dot-dot Coulomb
teraction, which is responsible for the second correct
dVint , is very important in the arrays of self-assembled qu
tum dots. The modeling includes both of those correctio
and it provides very good description of the experimen
data. The peak widths also increase withd as a result of the
Coulomb interaction@see Fig. 4~b!#, again with modeling
providing a reasonably good description of the experime

Since the screened Coulomb interaction depends on
ratio of the average distance between the dots to the dot-
distance, increasing the dot densityNdot should have qualita-
tively the same effect as decreasingd. Experimentally, how-
ever,Ndot is much harder to control accurately. Our data f
samples with differentNdot show the correct qualitative
trends, but determiningNdot for each sample with accurac
small enough for a quantitative analysis to be possible
quires a nontrivial effort, and is a subject of future wor
Incidentally, we believe that the fluctuations of the dot de
sity are responsible for the discrepancies between the t
retical and experimental results shown in Fig. 4.

V. CONCLUSIONS

We have presented a capacitance spectroscopy stud
InAs self-assembled quantum dots grown on GaAs and c
pared the experimental results with the computer simu
tions. By doing such a comparison for a series of devi
with different distances between the dot and gate planes
have shown the effect of the Coulomb interactions, both
side one dot and between the dots, on the capacitance s
tra.

We have found out that the Coulomb interaction provid
two capacitance peaks which correspond to sequential lo
ing of two electrons in one dot. The distance between
peaks and the width of the peaks contain information ab
interactions inside one dot and between the dots. In our
periments the interdot interaction was weaker than the ex
nal ~non-Coulomb! disorder. Interesting physics could be o
served in an ordered dot array with weak disorder: then
interaction controls the distribution of electrons on the do
This may change the sign of the derivativeedn/dV as was
predicted by Efros17 and was observed by Eisenstein, Pf
iffer, and West18 in clean two-dimensional systems.
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