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Collective behavior of single electron effects in a single layer
Si quantum dot array at room temperature
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In this paper, we report direct experimental evidence of collective single electron effects in a single layer Si
qguantum do{(Si-QD) array at room temperature. The unique peak structure, observed in bdtvtaed the
capacitance-voltageC-V) 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 tfidafter subtracting the background curneand
the C-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 spectrum in arrays of coupled QDs in the Coulomb blockade

Single electron tunneling and charging effects in quantunf€dime has been studied theoretically by Stafferal ® Itis
dots (QD9'2 and their potential applications in single elec- Shown that in a weak interdot coupling regime, the collective
tron devices(SED94—14 have been extensive'y studied for Coulomb blockade still remained. More recently, the tunnel-
more than a decade, not only as physical phenomena g current through the coupled QD array have been studied
nanostructures, but also as operating principles for future inby Kou et al,'® the formation of subbands due to the interdot
tegrated circuit. coupling is discussed in a mixed Hubbard and Anderson

To date, many approaches have been employed to fabrinodel. However, the experimental study of the transport
cate ultrasmall QDs in different materials for applications inthrough a coupled Si-QD array has not been reported yet.
devices’ 815 Previously, SEDs fabricated by electron-beam In this paper, we demonstrate the collective single elec-
lithography(EBL), called as one of the “top-down” methods, tron effects in the single layer Si-QD array at room tempera-
have been reportétiHowever, low throughput and high cost ture. The Coulomb blockade and quantum confinement
make it impracticable for mass production. On the otherenergies deduced from tHeV and the capacitance-voltage
hand, self-assembled Si-QD, as a “bottom-up” approach, areC-V) curves agree well with that predicted by an orthodox
considered one of the most promising candidates for the fuquantum model. Meanwhile, the interdot coupling in the
ture applications, which could be exploited for inexpensivesj-QD array gives rise to the formation of a subband and
mass production of well-defined QDs with high density. manifests itself in the unique peak structure in both lthe
Moreover, to make the nanodevices work at room temperaand theC-V characteristics, which differ remarkably from
ture, the size of the dots has to be scaled down to severghose of individual QD. Furthermore, the number of states
nanometers to guarantee the Coulomb block&®) energy  (NOS) within each subband, estimated from the number of
and quantum confineme(@C) energy to be larger than the coupled QDs under the electrotfeis found to be equal to
thermal vibration energy. the number of injected electrons for each peak, calculated

Recently, for the study of the electronic properties of self-from the underlying area of the peaks both in thé and the
assembled Si-QDs, Barat al!> have reported single elec- C-V characteristics. This agreement directly proves that col-
tron effects of individual Si-QD measured by using scanningective single electron effects can be observed in the Si-QD
tunneling microscopy(STM). Another report on resonant array at room temperature.
tunneling through individual Si-QD obtained by conductive
cantilever of atomic force microscor@\FM), has also been SAMPLE FABRICATION AND MEASUREMENT
presented by Fukudeat all® Though the utilization of STM
or AFM tips provides a selective and precise study on the The SiG/Si-QD array/SiQ structure is fabricated on the
electronic properties of the individual quantum dot from thesubstrates ofi*-type (0.005—0.0072 cm) crystalline silicon
Si-QD array, however, from the application point of view, it (100 in plasma enhanced chemical vapor deposition
is particularly important and necessary to understand th€PECVD) system at 250 °C. A tunneling SjQayer (2 nm)
electronic properties of the Si-QD array at room temperatureis formed at first by plasma oxidation on silicon substrates.
due to its better noise immunity against background ch&rge. Subsequently, a layer of the Si-QD array is made from

Meanwhile, the properties arising from the interdot cou-hydrogen-diluted silane by layer-by-layer deposition tech-
pling have become a hot topt€-22 The electron addition nique. Finally, a gate SiQlayer is maden situ by plasma
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FIG. 1. A plane-view AFM image of the Si-QD array after the 00 02 04 06 03 1.0
gate SiQ layer having been removed by diluted HF solution. Voltage (V)
1.5x10° )
oxidation again under the same condition as that of the tun- ol
neling SiQ layer. The details on sample fabrication were & 1.2x107F FES (6) |
reported in our previous work After that, the samples are o 10
: ) 2 9.0x10™
annealed in N ambient at a temperature of 900 °C for = I
30 min, which is essential to finally form the well-defined fg 6.0x10™ -
Si-QD24 and reduce the interface states and defects in the 2 ol
structure. Al electrodes with an area of 88073 cn? on the 2 30107
topside and backside are made by the vacuum evaporation — 0.0 i
method. The reference samples are also prepared in similar 1 . . . . ®)
procedures except the annealing step, where there is no 00 02 04 06 08 10
Si-QD in the structures. Voltage (V)

AFM is used to characterize the size and the distribution
of the Si-QD array in the sample. Figure 1 is a plane-view FIG. 2. (a) A typical I-V curve with sharp-edged platformlike
AFM image of the Si-QD array after the gate Siayer  peaks, which are divided into two regions according to their posi-
having been removed by diluted HF solution. As shown intions in voltage. The schematic band diagram is shown in the top-
the image the shape of Si-QD is roughly spherical and théeft inset.(b) The accumulative injected charges as a function of the
mean diameter is 6 nm with the deviation less than 10%. Theoltage ramping.
density of the Si-QD is estimated to be<a0'/cn?. _ _

The I-V characteristics are measured by using HP4156C In comparison, we found that the typidal/ curve of the
precision semiconductor parameter analyzer, whileGhé refgrence sample shows no peak structure,,wh|ch leads us to
characteristics by using HP4294A precision impedance amfgttrlbute the peak structure to the electrons’ resonant tunnel-

lyzer. Both are carried out at room temperature. ing Into the_ We”"?'ef".‘ed S-QD array. .
Further investigations of the unique peak structure dis-

close another two noticeable featurén: The peak’s area
RESULTS AND DISCUSSIONS Spear Obtained by integrating each peak after subtracting the
base line, keeps nearly constant especially for those in the
A typical current-voltage characteristic is shown in Fig. same region andli) the conductance incremeaG for each

2(a). At a glance, the most remarkable feature is the “sharppeak, associated with an extra charging current, shows to be
edged platformlike” peak structure, which is superposed ojuantized. The related data are listed in Table. I.
the background currenfindicated as a dashed base Jine  The energy band diagram is shown schematically in the
According to the peaks’ positions in voltage, they could betop-left inset of Fig. 2a), corresponding to the situation of
divided into two regions, with the first two peaks as region 1positive bias. It is worth to note that, due to the different
[ground statdGS)], and the last six peaks as regiorifst  oxidation rates of-Si and nc-Si, as mentioned in our fabri-
excited statFES]. Apparently, the characteristic is differ- cation procedure, the gate barrier’s thickness is not uniform
ent from the staircases and the peaks observed if-Whe and the effective thickness is much thinner than that of the
characteristics of single quantum dot caSe$.The spacing tunneling barrier. This situation leads to a situation that the
between the peak$AVie,) in the same region is about applied voltage bias is mainly dropped on the tunneling bar-
60 mV, while the spacing between the regidds/,q4ior) iS  rier and the QDs.
about 140 mV. Like the peak structure observed in Ithé To analyze the above experimental results, we first esti-
characteristic from a single Q;!®we also consider that it mate the effect of weakly interdot coupling among the Si-QD
results from the CB and QC effects in the QD array, andarray. The dominant effect is to introduce a tunneling matrix
assign the spacingVyeac and AV g4ion in voltage to the CB  element t, between equivalent single-particle states in
and QC energies, respectively, which will be discussed latenearest-neighbor QD$.This is the usual tight-binding ap-
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TABLE I. The list of experiment data of the platformlike peaks: the onset positigg,, the spacing
between peaks in the same regidiV,.,cthe spacing between the two regiodd/ g0 the current jump at
the onset of each pealkl;,, and calculated results, the injected charge for each @gkged and the
conductance increment at the onset of each p&&k,ge

] GS(2 FES(6)
Confinement levels
Peak no. 1 2 1 2 3 4 5 6
Vpeak (V) 0.38 0.43 0.64 0.70 0.76 0.81 0.87 0.93
AVpeak (V) 0.05 0.06 0.06 0.05 0.06 0.06
AVregion (V) 0.14
Qcharged (10711 C) 4.1 5.6 20 23.7 22.5 22.5 20 12.5
Aljymp (10720 A) 2.0 2.3 3.1 36 3.7 7.9 8.5 9.0
AGgharge (1072 mhos/cm 5.3 5.3 4.8 4.9 4.7 9.5 9.8 9.8

proximation and justified whehis not too large. The matrix ticle states in individual QDs give rise to a series of corre-

elementt between nearest-neighboring QDs is estimated bgponding subband§;1®22 with the NOS of each subband

t=~#%/m'd? with d as the averaged distance between theequal to the number of the QDs involved in the coupffg.

QDs andm’ as the effective mass of electron. In our case, thdn our case, it is roughly the coupled QDs underlying the

averaged distanagis about 10 nm, thus thieis estimated to  electrode. Each “platformlike” peak in tHeV characteristic

be about 3 meV, which is much less than the CB and Q@riginates from a collective single electron charging process,

energies in QDs. So, the single particle spectrum in indiin which electrons are injected into the subband until it is

vidual Si-QDs can still remain because the interdot couplindully filled, thus the amount of injected char@@argeq for

is weak compared with energy level separations. Thus, theach peak can be readily related to the NOS of each subband

CB and QC energies can be directly extracted from the peaBy Qcparged=d- NOS.

structure. To examine the assumption, we first calculate the injected
The CB energy is estimated according to a semiclassicathargesQcpargeqfor €ach peak in thé-V characteristic from

constant-interactiofCl) theory! For Si-QDs(average diam- the peak’s underlying ared,qo, With the relations as

eter of 6 mm) floating above the silicon substrate, their mu-

tual capacitance with the substrate is estimated to be dt dv
P Qcharged: f Icharge' dt= f Icharge' dv- d_V = Speal((

20, R at
2d-R " ad(2d- R’ ®
=2.10%8F, (1) with lnarge defined as the charging current for each peak,
. . . . Ichar(:]ezlmer:xsured'Ibaseline (dV/dt)const as the VOItage ramping
with R as the radius of the Si-QD andl as the distance rate, which is fixed to 80 mV/s during thieV measure-
between the center of the dot and the substrate surface, thatrifents. The injected chargéQcnargd deduced fromS,eqx
the oxide thickness of tunneling barrier pI&s The corre-  for each peak are of the order of $HC, and are listed in

H

const

CQDS: 47 - &p- SSiOZR '

sponding CB energy reads Table I.
2 On the other hand, the injected charg@gaigeqCan also
ECB:q— =80 meV, (2)  be deduced directly from the number of the coupled QDs
Cqps underlying the electrode, that is, from the density of QDs
with g as the elementary charge. array and electrode area
For the quantum confinement, an infinite spherical square _ _
d b N Qcharged_ q- NOS =q - Ndensity' Selectrode (4)

well model is employed to approximately estimate the en-
ergy spacing of GS and FES, with the effective mass ofwith the density of QD$Ngensiny=5% 10t/ cn?, and electrode
electron in silicon 0.28y, wherem, is the electron rest areaSyecyoq0-8X 1073 ¢, thus theQgnargeqiS estimated
mass. The formula reaclaﬂ:ﬁz/(z-mSi-RéDS)-XﬁJ, where  to be 6x 10" C. Compared with th&gparge deduced from
xn, is thenth zero point of the spherical Bessel functipfi).  Syeq (in the order of 10 C), they are found to be of the
Then, the energy interval between GS and FES is estimateshme order of magnitude, especially for the first two peaks in
to be AEqc=E; o—E; c=160 meV. From the above calcula- GS. This agreement directly indicates that each peak in the
tions, the theoretical results are in good agreement with the-V characteristics corresponds to a collective single electron
experimental resultéAEcg, 60 meV andAEqc, 140 meV, charging process of large numbers of Si-QDs into subband
which are listed in Table I. structure in the Si-QD array.

Based on the discussion above, we further investigate the To give a more straightforward view of the amount of
influences of the interdot coupling. As predicted theoreti-total injected charges, the accumulative injected charges
cally, the weak coupling between the equivalent single parQgnarge @s @ function of the ramping voltage is illustrated in
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FIG. 3. The details of the peak structu¢a), for the two peaks in
region | and(b) for last three peaks in region Il. Each peak has an
abrupt current jumgAlj,m, listed in Table ) at the “onset” and a
sustaining charging current until an abrupt current drop at the
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Fig. 2(b), showing obvious staircases corresponding to the ge () .
onset of peaks. FIG. 4. Frequency-dependei@-V characteristics of(a) the
In addition, we also study the current jumps at each Onseﬁample(annealeﬁjwith well-defined Si-QDs measured at different
of the platforr,nlike peaks as shown in Fig. 3. From the pointac frequencies, in which discrete capacitance peaks are observed,
of view of conductance, when the Ferrﬁi .energy level in(b) the. refgrenc'.a samplenannealelimeasured at different ac fre-
emitter (substratgis leveled with the one of the subbands in quencies, in which no peaks but a shoulder are observed.

the Si-QD array, a “resonant tunneling channel” opens and . : .
contributes an increment of conductance by ally result from a collective behavior of single electron ef-

fects in the Si-QD array. So, the charging currégt,ge

Alg, which is limited by the conductance quantum, has to last for
AGcharge= Cvar g ©) a momentAt [reflected asAV of the width of the peaks,

AV=At-(dV/dt)onsl to supply enough electrons for all the
where AG¢parge= Gmeasured Gbase line According to the con-  QDs involved in the formation of this subband, that is the
figurations of our sample, the conductance quantum is estNOS of the subbands.
mated to be AGyeoreticar T 26°/h=10"1" mhos/cm, in More experiment evidence is the results of &/ mea-
which T stands for the transmission probability for electronssurement of a similar structur@xcept that the substrate is
to tunnel through the Sibarrier(2 nm) and is estimated to  p-Si), which is investigated with different frequencies at
be the order of 17 according to WKB approximation. The room temperature. As shown in Fig(a} three remarkable
AGiheoretical 2grees with theAGep,,qe Obtained from the ex- capacitance peaks are observed in @¥ characteristics at
periments as listed in Table | at least in the order of magnilow frequencies. Thus, according to the analysis in our pre-
tude. Note that the averageGgp,.qe for the first five plat-  vious reports? the first two capacitance peaks correspond to
forms is 5.0< 1071 mhos/cm, while that of the last three is the resonance response with the GS in QDs, while the third
9.7X 107 mhos/cm. peak corresponds to the FES, respectively. The energy spac-
On the basis of the analysis above, why we get this uniquéng AEcg can be estimated to be 57 meV from the voltage
[-V characteristic instead of other types reported in the casespacing (AV, ,) between the first two capacitance peaks,
of single QD lies that: the platformlike peak structure actu-while the energy spacingEqc between the GS and FES in
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QDs, is estimated to be 143 meV. They are in good agreesnly one electron. The results show that they agree well. So,

ment with that obtained from the peak structure in thé  the C-V results support again that collective single electron

characteristics. effects can be observed in the Si-QD array at room tempera-
We also perform the measurements of the frequencytyre.

dependenC-V characteristics of the reference sample, which

is shown in Fig. 4b). We found that there is no peak struc-

ture observed in the curves, but a capacitance shoulder, CONCLUSION

which is related to the interface states in the structure and

discussed in our pervious wofR.Compared with the an-

nealed sample with well-defined Si-QDs, as shown in Fig

In summary, collective single electron effects in the single

layer Si-QD array are demonstrated at room temperature,

4(a), it is clear that the capacitance shoulder is greatly re.With direct ob§ervation of collective.Coqumb blOCkad(? and

duced while the peak structure appears. Therefore, we cdf@ntum confinement effects both in th&/ characteristics

again attribute this peak structure observed in@R¥ char- and in theC-V charact_erlstlcs, which differ remarkably from _

acteristics to the quantum confinement levels in the Si-QDsthe peaks and the staircases structures reported for the case in
Meanwhile, we can also see that the capacitance peak8dividual QDs. Moreover, the experimental results verify

tend to decrease with the increase of ac frequencies. ThRUr hypothesis that the unique peak structure observed in the

phenomenon has been discussed in detail in our previougaracteristics are attributed to the subband structure among

work,23in brief, it can be attributed to the fact that for higher the coupled QD array induced by the weak interdot coupling.

ac frequencies, electrons in an inversion layer cannot follow hus, the important theoretical and experimental basis has

the ac modulation to tunnel through the tunneling Sigyer ~ been laid for the single layer QD array’s potential applica-

into the Si-QD array; while for lower frequencies, electronstions in the fabrication of nanoelectronic devices.

can follow the ac modulation and tunnel through the layer,

thus gﬁving rise to the capacitance pgaks. Moreover, from the ACKNOWLEDGMENTS
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