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In this paper, we report direct experimental evidence of collective single electron effects in a single layer Si
quantum dotsSi-QDd array at room temperature. The unique peak structure, observed in both theI-V and the
capacitance-voltagesC-Vd characteristics, differs remarkably from the peaks and the staircase structures re-
ported for the case of an individual quantum dot and reveals the collective Coulomb blockade and the quantum
confinement effects in the weakly coupled Si-QD array. Simple theoretical estimations have been made to
interpret the origin of the unique peak structure. Moreover, the number of charged electrons for each peak
calculated from the underlying area of the peaks both in theI-V safter subtracting the background currentd and
theC-V characteristics is found to be consistent with the number of coupled quantum dots under the electrode.
This good agreement supports the assumption that each peak in the characteristics corresponds to a collective
charging process of single electron into a subband in the Si-QD array arising from the weakly interdot
coupling. This collective single electron effect in Si-QD array is important for its future application in the
nanoelectronic devices.
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INTRODUCTION

Single electron tunneling and charging effects in quantum
dots sQDsd1–3 and their potential applications in single elec-
tron devicessSEDsd4–14 have been extensively studied for
more than a decade, not only as physical phenomena in
nanostructures, but also as operating principles for future in-
tegrated circuit.

To date, many approaches have been employed to fabri-
cate ultrasmall QDs in different materials for applications in
devices.7,8,15 Previously, SEDs fabricated by electron-beam
lithographysEBLd, called as one of the “top-down” methods,
have been reported.8 However, low throughput and high cost
make it impracticable for mass production. On the other
hand, self-assembled Si-QD, as a “bottom-up” approach, are
considered one of the most promising candidates for the fu-
ture applications, which could be exploited for inexpensive
mass production of well-defined QDs with high density.
Moreover, to make the nanodevices work at room tempera-
ture, the size of the dots has to be scaled down to several
nanometers to guarantee the Coulomb blockadesCBd energy
and quantum confinementsQCd energy to be larger than the
thermal vibration energy.

Recently, for the study of the electronic properties of self-
assembled Si-QDs, Baronet al.15 have reported single elec-
tron effects of individual Si-QD measured by using scanning
tunneling microscopysSTMd. Another report on resonant
tunneling through individual Si-QD obtained by conductive
cantilever of atomic force microscopysAFMd, has also been
presented by Fukudaet al.16 Though the utilization of STM
or AFM tips provides a selective and precise study on the
electronic properties of the individual quantum dot from the
Si-QD array, however, from the application point of view, it
is particularly important and necessary to understand the
electronic properties of the Si-QD array at room temperature,
due to its better noise immunity against background charge.17

Meanwhile, the properties arising from the interdot cou-
pling have become a hot topic.18–22 The electron addition

spectrum in arrays of coupled QDs in the Coulomb blockade
regime has been studied theoretically by Staffordet al.18 It is
shown that in a weak interdot coupling regime, the collective
Coulomb blockade still remained. More recently, the tunnel-
ing current through the coupled QD array have been studied
by Kou et al.,19 the formation of subbands due to the interdot
coupling is discussed in a mixed Hubbard and Anderson
model. However, the experimental study of the transport
through a coupled Si-QD array has not been reported yet.

In this paper, we demonstrate the collective single elec-
tron effects in the single layer Si-QD array at room tempera-
ture. The Coulomb blockade and quantum confinement
energies deduced from theI-V and the capacitance-voltage
sC-Vd curves agree well with that predicted by an orthodox
quantum model.1 Meanwhile, the interdot coupling in the
Si-QD array gives rise to the formation of a subband and
manifests itself in the unique peak structure in both theI-V
and theC-V characteristics, which differ remarkably from
those of individual QD. Furthermore, the number of states
sNOSd within each subband, estimated from the number of
coupled QDs under the electrode,22 is found to be equal to
the number of injected electrons for each peak, calculated
from the underlying area of the peaks both in theI-V and the
C-V characteristics. This agreement directly proves that col-
lective single electron effects can be observed in the Si-QD
array at room temperature.

SAMPLE FABRICATION AND MEASUREMENT

The SiO2/Si-QD array/SiO2 structure is fabricated on the
substrates ofn+-type s0.005–0.007V cmd crystalline silicon
s100d in plasma enhanced chemical vapor deposition
sPECVDd system at 250 °C. A tunneling SiO2 layer s2 nmd
is formed at first by plasma oxidation on silicon substrates.
Subsequently, a layer of the Si-QD array is made from
hydrogen-diluted silane by layer-by-layer deposition tech-
nique. Finally, a gate SiO2 layer is madein situ by plasma

PHYSICAL REVIEW B 71, 245305s2005d

1098-0121/2005/71s24d/245305s5d/$23.00 ©2005 The American Physical Society245305-1



oxidation again under the same condition as that of the tun-
neling SiO2 layer. The details on sample fabrication were
reported in our previous work.23 After that, the samples are
annealed in N2 ambient at a temperature of 900 °C for
30 min, which is essential to finally form the well-defined
Si-QD,24 and reduce the interface states and defects in the
structure. Al electrodes with an area of 0.8310−3 cm2 on the
topside and backside are made by the vacuum evaporation
method. The reference samples are also prepared in similar
procedures except the annealing step, where there is no
Si-QD in the structures.

AFM is used to characterize the size and the distribution
of the Si-QD array in the sample. Figure 1 is a plane-view
AFM image of the Si-QD array after the gate SiO2 layer
having been removed by diluted HF solution. As shown in
the image the shape of Si-QD is roughly spherical and the
mean diameter is 6 nm with the deviation less than 10%. The
density of the Si-QD is estimated to be 531011/cm2.

The I-V characteristics are measured by using HP4156C
precision semiconductor parameter analyzer, while theC-V
characteristics by using HP4294A precision impedance ana-
lyzer. Both are carried out at room temperature.

RESULTS AND DISCUSSIONS

A typical current-voltage characteristic is shown in Fig.
2sad. At a glance, the most remarkable feature is the “sharp-
edged platformlike” peak structure, which is superposed on
the background currentsindicated as a dashed base lined.
According to the peaks’ positions in voltage, they could be
divided into two regions, with the first two peaks as region 1
fground statesGSdg, and the last six peaks as region 2ffirst
excited statesFESdg. Apparently, the characteristic is differ-
ent from the staircases and the peaks observed in theI-V
characteristics of single quantum dot cases.15,16 The spacing
between the peakssDVpeakd in the same region is about
60 mV, while the spacing between the regionssDVregiond is
about 140 mV. Like the peak structure observed in theI-V
characteristic from a single QD,15,16 we also consider that it
results from the CB and QC effects in the QD array, and
assign the spacingDVpeak andDVregion in voltage to the CB
and QC energies, respectively, which will be discussed later.

In comparison, we found that the typicalI-V curve of the
reference sample shows no peak structure, which leads us to
attribute the peak structure to the electrons’ resonant tunnel-
ing into the well-defined Si-QD array.

Further investigations of the unique peak structure dis-
close another two noticeable features:sid The peak’s area
Speak, obtained by integrating each peak after subtracting the
base line, keeps nearly constant especially for those in the
same region andsii d the conductance incrementDG for each
peak, associated with an extra charging current, shows to be
quantized. The related data are listed in Table. I.

The energy band diagram is shown schematically in the
top-left inset of Fig. 2sad, corresponding to the situation of
positive bias. It is worth to note that, due to the different
oxidation rates ofa-Si and nc-Si, as mentioned in our fabri-
cation procedure, the gate barrier’s thickness is not uniform
and the effective thickness is much thinner than that of the
tunneling barrier. This situation leads to a situation that the
applied voltage bias is mainly dropped on the tunneling bar-
rier and the QDs.

To analyze the above experimental results, we first esti-
mate the effect of weakly interdot coupling among the Si-QD
array. The dominant effect is to introduce a tunneling matrix
element t, between equivalent single-particle states in
nearest-neighbor QDs.18 This is the usual tight-binding ap-

FIG. 1. A plane-view AFM image of the Si-QD array after the
gate SiO2 layer having been removed by diluted HF solution.

FIG. 2. sad A typical I-V curve with sharp-edged platformlike
peaks, which are divided into two regions according to their posi-
tions in voltage. The schematic band diagram is shown in the top-
left inset.sbd The accumulative injected charges as a function of the
voltage ramping.
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proximation and justified whent is not too large. The matrix
elementt between nearest-neighboring QDs is estimated by
t<"2/m*d2, with d as the averaged distance between the
QDs andm* as the effective mass of electron. In our case, the
averaged distanced is about 10 nm, thus thet is estimated to
be about 3 meV, which is much less than the CB and QC
energies in QDs. So, the single particle spectrum in indi-
vidual Si-QDs can still remain because the interdot coupling
is weak compared with energy level separations. Thus, the
CB and QC energies can be directly extracted from the peak
structure.

The CB energy is estimated according to a semiclassical
constant-interactionsCId theory.1 For Si-QDssaverage diam-
eter of 6 mmd floating above the silicon substrate, their mu-
tual capacitance with the substrate is estimated to be

CQDs= 4p · «0 · «SiO2
R ·F 2d

2d − R
+

R4

4d2s2d − Rd2G
= 2 · 10−18F, s1d

with R as the radius of the Si-QD andd as the distance
between the center of the dot and the substrate surface, that is
the oxide thickness of tunneling barrier plusR. The corre-
sponding CB energy reads

ECB =
q2

CQDs
= 80 meV, s2d

with q as the elementary charge.
For the quantum confinement, an infinite spherical square

well model is employed to approximately estimate the en-
ergy spacing of GS and FES, with the effective mass of
electron in silicon 0.26m0, where m0 is the electron rest
mass. The formula readsEn,l ="2/ s2·mSi·RQDs

2 d ·xn,l
2 , where

xn,l is thenth zero point of the spherical Bessel functionj lsrd.
Then, the energy interval between GS and FES is estimated
to be DEQC=E2,0−E1,0=160 meV. From the above calcula-
tions, the theoretical results are in good agreement with the
experimental resultssDECB, 60 meV andDEQC, 140 meVd,
which are listed in Table I.

Based on the discussion above, we further investigate the
influences of the interdot coupling. As predicted theoreti-
cally, the weak coupling between the equivalent single par-

ticle states in individual QDs give rise to a series of corre-
sponding subbands,18,19,22 with the NOS of each subband
equal to the number of the QDs involved in the coupling.22

In our case, it is roughly the coupled QDs underlying the
electrode. Each “platformlike” peak in theI-V characteristic
originates from a collective single electron charging process,
in which electrons are injected into the subband until it is
fully filled, thus the amount of injected chargeQcharged for
each peak can be readily related to the NOS of each subband
by Qcharged=q·NOS.

To examine the assumption, we first calculate the injected
chargesQcharged for each peak in theI-V characteristic from
the peak’s underlying areaSpeak, with the relations as

Qcharged=E Icharge·dt =E Icharge·dV ·
dt

dV
= Speak/SdV

dt
D

const
,

s3d

with Icharge defined as the charging current for each peak,
Icharge= Imeasured− Ibaseline, sdV/dtdconst as the voltage ramping
rate, which is fixed to 80 mV/s during theI-V measure-
ments. The injected chargessQcharged deduced fromSpeak

for each peak are of the order of 10−11 C, and are listed in
Table I.

On the other hand, the injected chargesQcharged can also
be deduced directly from the number of the coupled QDs
underlying the electrode, that is, from the density of QDs
array and electrode area

Qcharged= q · NOS =q ·Ndensity·Selectrode, s4d

with the density of QDsNdensity=531011/cm2, and electrode
areaSelectrode=0.8310−3 cm2, thus theQcharged is estimated
to be 6310−11 C. Compared with theQcharge deduced from
Speak sin the order of 10−11 Cd, they are found to be of the
same order of magnitude, especially for the first two peaks in
GS. This agreement directly indicates that each peak in the
I-V characteristics corresponds to a collective single electron
charging process of large numbers of Si-QDs into subband
structure in the Si-QD array.

To give a more straightforward view of the amount of
total injected charges, the accumulative injected charges
Qcharge as a function of the ramping voltage is illustrated in

TABLE I. The list of experiment data of the platformlike peaks: the onset position,Vpeak; the spacing
between peaks in the same region,DVpeak the spacing between the two regions,DVregion; the current jump at
the onset of each peak,DI jump; and calculated results, the injected charge for each peak,Qcharged; and the
conductance increment at the onset of each peak,DGcharge.

Confinement levels
Peak no.

GS s2d FES s6d

1 2 1 2 3 4 5 6

Vpeak sVd 0.38 0.43 0.64 0.70 0.76 0.81 0.87 0.93

DVpeak sVd 0.05 0.06 0.06 0.05 0.06 0.06

DVregion sVd 0.14

Qchargeds10−11 Cd 4.1 5.6 20 23.7 22.5 22.5 20 12.5

DI jump s10−10 Ad 2.0 2.3 3.1 3.6 3.7 7.9 8.5 9.0

DGcharge s10−10 mhos/cmd 5.3 5.3 4.8 4.9 4.7 9.5 9.8 9.8

COLLECTIVE BEHAVIOR OF SINGLE ELECTRON… PHYSICAL REVIEW B 71, 245305s2005d

245305-3



Fig. 2sbd, showing obvious staircases corresponding to the
onset of peaks.

In addition, we also study the current jumps at each onset
of the platformlike peaks as shown in Fig. 3. From the point
of view of conductance, when the Fermi energy level in
emitterssubstrated is leveled with the one of the subbands in
the Si-QD array, a “resonant tunneling channel” opens and
contributes an increment of conductance by

DGcharge=
DIcharge

V
, s5d

where DGcharge=Gmeasured−Gbase line. According to the con-
figurations of our sample, the conductance quantum is esti-
mated to be DGtheoretical=T·2e2/h<10−10 mhos/cm, in
which T stands for the transmission probability for electrons
to tunnel through the SiO2 barriers2 nmd and is estimated to
be the order of 10−5 according to WKB approximation. The
DGtheoretical agrees with theDGcharge obtained from the ex-
periments as listed in Table I at least in the order of magni-
tude. Note that the averageDGcharge for the first five plat-
forms is 5.0310−10 mhos/cm, while that of the last three is
9.7310−10 mhos/cm.

On the basis of the analysis above, why we get this unique
I-V characteristic instead of other types reported in the cases
of single QD lies that: the platformlike peak structure actu-

ally result from a collective behavior of single electron ef-
fects in the Si-QD array. So, the charging currentIcharge,
which is limited by the conductance quantum, has to last for
a momentDt freflected asDV of the width of the peaks,
DV=Dt ·sdV/dtdconstg to supply enough electrons for all the
QDs involved in the formation of this subband, that is the
NOS of the subbands.

More experiment evidence is the results of theC-V mea-
surement of a similar structuresexcept that the substrate is
p-Sid, which is investigated with different frequencies at
room temperature. As shown in Fig. 4sad, three remarkable
capacitance peaks are observed in theC-V characteristics at
low frequencies. Thus, according to the analysis in our pre-
vious reports,23 the first two capacitance peaks correspond to
the resonance response with the GS in QDs, while the third
peak corresponds to the FES, respectively. The energy spac-
ing DECB can be estimated to be 57 meV from the voltage
spacing sDV1,2d between the first two capacitance peaks,
while the energy spacingDEQC between the GS and FES in

FIG. 3. The details of the peak structure,sad for the two peaks in
region I andsbd for last three peaks in region II. Each peak has an
abrupt current jumpsDI jump, listed in Table Id at the “onset” and a
sustaining charging current until an abrupt current drop at the
“end.”

FIG. 4. Frequency-dependentC-V characteristics ofsad the
samplesannealedd with well-defined Si-QDs measured at different
ac frequencies, in which discrete capacitance peaks are observed;
sbd the reference samplesunannealedd measured at different ac fre-
quencies, in which no peaks but a shoulder are observed.
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QDs, is estimated to be 143 meV. They are in good agree-
ment with that obtained from the peak structure in theI-V
characteristics.

We also perform the measurements of the frequency-
dependentC-V characteristics of the reference sample, which
is shown in Fig. 4sbd. We found that there is no peak struc-
ture observed in the curves, but a capacitance shoulder,
which is related to the interface states in the structure and
discussed in our pervious work.23 Compared with the an-
nealed sample with well-defined Si-QDs, as shown in Fig.
4sad, it is clear that the capacitance shoulder is greatly re-
duced while the peak structure appears. Therefore, we can
again attribute this peak structure observed in theC-V char-
acteristics to the quantum confinement levels in the Si-QDs.

Meanwhile, we can also see that the capacitance peaks
tend to decrease with the increase of ac frequencies. This
phenomenon has been discussed in detail in our previous
work,23 in brief, it can be attributed to the fact that for higher
ac frequencies, electrons in an inversion layer cannot follow
the ac modulation to tunnel through the tunneling SiO2 layer
into the Si-QD array; while for lower frequencies, electrons
can follow the ac modulation and tunnel through the layer,
thus giving rise to the capacitance peaks. Moreover, from the
capacitance peaksat lowest frequenciesd we can also calcu-
late the injected charges for each peak,25 on the other hand
the charged electrons can also be deduced from the density
of the Si-QDss531011 obtained directly from the AFMd and
the electrode area, given that each Si-QD is charged with

only one electron. The results show that they agree well. So,
the C-V results support again that collective single electron
effects can be observed in the Si-QD array at room tempera-
ture.

CONCLUSION

In summary, collective single electron effects in the single
layer Si-QD array are demonstrated at room temperature,
with direct observation of collective Coulomb blockade and
quantum confinement effects both in theI-V characteristics
and in theC-V characteristics, which differ remarkably from
the peaks and the staircases structures reported for the case in
individual QDs. Moreover, the experimental results verify
our hypothesis that the unique peak structure observed in the
characteristics are attributed to the subband structure among
the coupled QD array induced by the weak interdot coupling.
Thus, the important theoretical and experimental basis has
been laid for the single layer QD array’s potential applica-
tions in the fabrication of nanoelectronic devices.
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