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Statistics of the Coulomb-blockade peak spacings of a silicon quantum dot
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We present an experimental study of the fluctuations of Coulomb-blockade peak positions of a quantum dot.
The dot is defined by patterning the two-dimensional electron gas of a silicon metal-oxide-semiconductor
field-effect transistor structure using stacked gates. This permits variation of the number of electrons on the
guantum dot without significant shape distortion. The ratio of charging energy to single-particle energy is
considerably larger than in comparable GaAs@4, _,As quantum dots. The statistical distribution of the
conductance peak spacings in the Coulomb-blockade regime was found to be unimodal and does not follow the
Wigner surmise. The fluctuations of the spacings are much larger than the typical single-particle level spacing
and thus clearly contradict the expectation of constant interaction—random matrix theory.
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The spectral properties of many quantum-mechanical sys- The deviations from the RMT predictions have been fre-
tems whose classical behavior is known to be chaotic argquently interpreted as fluctuations in the charging energy. As
remarkably well described by the theory of random matriceshe charging energy reflects the Coulomb interactions both
(RMT).* This has been experimentally confirmed, for ex-petween the electrons on the dot as well as between the dot
ample, in measurements of slow neutron resonances @ind its environment, the dependence of the fluctuations on
nuclef and in microwave reflection spectra of billiard shapedihe interaction strength is of fundamental interest. Numerical
cavities® Electron-transport experiments performed on semisydies suggest that the fluctuations are proportional to the
conductor quantum dots in the Coulomb-blocka®B)  charging energy rather than to the single-particle level

r_egimé‘ provide a further_ possibility to ch(_ack RMT predic- spacingi®*®1This is also found theoretically for the classi-
tions. The classical motion of electrons in these structureg | imit of a Coulomb glass islant}.In RPA calculations
can be assumed to be c.haotu.:'due to an wregulgr pOteF‘“ﬂfe fluctuations have been related to fluctuations of the
landscape p_roduced by impurities, an a_symme’_[rlc Comclneéigenfunctions of the ddf Another approach based on
ment potentiaf, and/or electron-electron interactiohd.he i

transport properties of quantum dots are inherently related t ensity-functional theory emphasizes the role of the Cou-

their energy spectra and electronic wave functions and thuf mi matrix eleme_nts of scarre_d wave functléﬁﬁz_e cently,
the connection with RMT is readily madé. also a noninteracting explanation for the Gaussian shape of

Indeed, experiments on the distribution of conductancd® Peak spacing distribution has been given in terms of level
peak heights of quantum dots in the Coulomb-blockade redynamics due to shape deformation of the quantumlijo_t.
gime have shown good agreement with the predictions of Here we present an experimental study of the statistics of
RMT.®° On the other hand, the distribution of the CB peak Coulomb-blockade peak positions of a quantum dot. The dot
spacings have been found to deviate from the expectations &f defined by patterning the two-dimensional electron gas of
RMT.19-22The results suggest that the peak spacings are né silicon metal-oxide-semiconductor field-effect transistor
distributed according to the famous Wigner surmise. FurthertMOSFET) structure using stacked gates. These experiments
more, there is no indication of spin degeneracy that wouldliffer significantly in two major ways from prior experi-
result in a bimodal peak spacing distributitnin Refs. 10  ments on quantum dots defined in GaAs/@4 _,As hetero-
and 11 the fluctuations of the peak spacings are considerab$fructures: first and foremost, due to the different electron
larger than expected from RMT, whereas the experimentgensity and material properties of silicon, the ratio of the
presented in Ref. 12 yield smaller peak spacing fluctuations;harging energ¥c to the single-particle energy level spac-
which, however, are still larger than those predicted bying Ae is considerably larger; likewise the dimensionless
RMT. parameterr ¢, which characterizes the strength of the Cou-
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lomb interactions, is larger than in previous studies. Second,
the number of electrons is varied by the application of a
voltage to a top gate instead of by squeezing the quantum dot
with a plunger gate. We find that the distribution of the peak
spacings is unimodal and roughly Gaussian. The magnitude

(@) upper gate
I

of the fluctuations is 15 times larger than that predicted by / '\ s

RMT. lower oxide layer 2DEG silicon
Conduction through a small electron island coupled to

leads via tunnel barriers is normally suppressedkgdfl (b)

<E., whereE¢ is the charging energy of the island. This
effect is known as the Coulomb blockati&@he blockade is
lifted when the conditionug<uqo<us IS satisfied, where
Ms, Mg, anduge are the chemical potentials of the source,
drain, and dot, respectively. In the linear response regime,
where these experiments have been performag— u|
<Ae,kgT. The chemical potential of the dot is defined as
Kaot(N+1)=E(N+1)—E(N) whereE(N) is the total en-
ergy of the dot occupied biX electrons. In the case where
the blockade is lifted an electron can tunnel from the source

onto the dot, changing the dot's occupation frdnto N FIG. 1. Schematic representation of the device design. A cross
+1, and sequentially tunnel off the dot to the drain leavingsection of the device is shown {g). Two oxide and two gate layers
the dot in its original state. The resulting fluctuation of theare formed on top of-type silicon substrate. The lower oxide layer
electron number on the dot leads to a finite conductanceas a thickness of roughly 20 nm, while the upper oxide is approxi-
Experimentally this can be achieved by appropriately tuningnately 80 nm thick. The voltage on the upper gate is used to vary
Mdot With an external gate. Sweeping the gate voltage the electron density in the 2DEG induced at the interface of the
results in the well-known conductance oscillations indicatinglower oxide and the silicon. A top view of the device is shown in
successive filling of the dot with single electrons. The differ-(b). The pattern in the lower gates defines a quantum dot in the
ence ofuy,; between two adjacent conductance maxima ignduced electrons; note that the upper gate covers all of the area
thus given byAuy=E(N+1)—2E(N)+E(N—1), which  show in (b) and overlaps the source and drain. The lithographic
can be viewed as the discrete second derivative of the quaflimensions of the quantum dot are 250°A270 nm.
tum dot energy with respect to particle number, i.e., the in-
verse compressibility u/JN.*> dot defined in a silicon MOSFET structure. We have utilized
In the constant interactio(Cl) modef the energy of the a stacked gate structure to pattern the electron gas as shown
dot is approximated aE(N)=(Ne)2/2CE+EiN=1ei, where in Fig. 1. First, a gate oxide is grown onpatype silicon
the electrostatic interactions are treated using a simple caubstrate(lower oxide, and then a lower metal gate is de-
pacitive charging model with a total dot capacita@e, and  posited and patterned using electron-beam lithography and
the gquantum-mechanical terms are taken into account d#t-off techniques. Above the lower gate a second layer of
single-particle energies;. In this model the difference of silicon dioxide is depositefupper oxidg¢, and finally an up-
the chemical potentials for successive occupation numberper gate is formed; the upper oxide layer serves to insulate
the so-called addition energy, iSuy=Ec+Aey with the  the lower gate from the upper gate. Application of positive
charging energyEc=e?/Cy, and the level spacingiey  Voltages to the upper gate leads to the formation of a two-
=ens1—€n. This is mapped to gate voltages via dimensional electron ga@DEG) at the Si/SiQ interface;
e(Cqy/Cs)AVy=Ec+Aey WhereCy is the capacitance of n™ implanted regions serve as Ohmic contacts to the 2DEG.
the dot to the gate andV, the difference between the gate Further details about this device may be found
voltages at which adjacent conductance maxima occur. elsewheré®?° The lower gates locally screen the electric
This final expression motivated the original investigationsfield created by the upper gate, and a quantum dot is formed
of the peak spacings in the light of random matrix theory.by applying appropriate negative voltages to the lower gates.
RMT shows that the normalized spacin§¢(S)=1) be- The size of the dot is estimated from the capacitance to be
tween adjacent eigenvalues of a generic time-reversal invarA~200 nmx 200 nm, which agrees well with the litho-
ant Hamiltonian are distributed according to the Wigner sur-graphic dimensions of 250 n#r270 nm when electrostatic
mise depletion at the edge is considered. The electron density can
be varied by changing the upper gate voltage, whereas the
_ ity 2 lower gate voltage controls the tunnel barriers and the elec-
Pw(S)= ESe : @ trostatic confinement potential of the quantum dot. This tech-
nique allows the definition of very small structures that
The fluctuations of these spacings aréS®)—(S)?)Y2  therefore have low capacitances and high charging energies.
~0.52S). However, experiments have shown that the com+or the quantum dot discussed here these valuesCare
bined CI-RMT model is not capable of describing the ob-~85 aF ancEc~1.9 meV as obtained from temperature de-
served peak spacing distribution correcfly*? pendence measurements of the conductance resorfinces.
The Coulomb-blockade measurements on which the fol- In contrast to previous experiments on quantum dots in
lowing analysis is based have been performed on a quantuf@aAs/ALGa _,As heterostructures the electron density is

lower gate
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0.2 — - - - - - - peak is obtained by fitting the peak by a thermally broadened
o1l .. . IR s W ] line shapex c<_)sh*2(ea(v—Vo)/2kBT)4 where « and V,
. .,\ .b./.. o, '/'\. . o lll%, s serve as the fit parameters. The gate voltage spadings
0.0F / o‘d'\/' P \/.\./g'\ o%el K i /\0 ./ \@L}I are calculated from the peak positions.
,’ /VO * ¢ o ‘.[.h ) .\/ The mean valu¢AV,) of the spacings as a function g,
o 017 o Al‘~5 £ 8] is obtained from a linear fit as\Vy(Vy)~[12.2-(3.5
0.2 ¢ £ 10 ] X107 2/V(V4—12.5 V)] mV. The smallness of the slope of
© 05 this fit shows that the influence of the upper gate on the
0.3F 5 f\ }\ M ‘ T capacitance and therefore on the size of the dot is rather
04l 0 1555 1260 12.65 | weak. Accordingly, the shape deformation that has been pos-
! ! ! ! VM) ! tulated to explain the distribution afV,'® plays no signifi-
122 124 126 V%f) 13.0 132 134 cant role in this experiment. The normalized peak spacings
? AVy—(AV,)
FIG. 2. The normalized peak spacing®btained from an upper = W )

gate voltage sweep. The fluctuations around the mean value O are
much larger than expected from the CI-RMT model. The insetare displayed in Fig. 2. The fluctuations ®&re computed to
shows Coulomb-blockade conductance oscillations as a function dfe ( §2)1/2~0.06. The fluctuations in the addition energy are,
the upper gate voltage. therefore, roughly 11%eV, which is 7.5 times the mean
level spacingA e, and thus 15 times larger than the fluctua-
considerably highemg~2.5x 10'® m~2. The mobility of the ~ tions expected from RMT. This supports the view that the
two-dimensional electron gas j8=0.56 nf/V's, and the fluctuations of the addition energy scale with the Coulomb
mean free path~100 nm is comparable to the system size.energy rather than with the kinetic energy. However, the pro-
The Single_partic'e energy level Spacing can be Obtaine@ortiona”ty factor 0.06 is smaller than that Suggested by nu-
from the estimated dot are via Weyl's formuld: asAe ~ merical calculationg0.1-0.2.* It should be noted that in
=2mh2gnm*A=15 ueV, whereg is the degeneracy of these experimentde~kgT. We expect that the effect of
electronic states in the two-dimensional electron gaspahd  thermal broadening would be to reduce the fluctuations in
is the effective mass of the electrons. In a 2DEG in a silicorPeak spacing. A simple mod&ipredicts that the fluctuations
MOS systemm* =0.2m,, and atB=0 both the spin and €xpected within RMT would be reduced by a factor of 2—3.
valley degeneracies must be considered and therefer¢.  |f we incorporate this correction into RMT then the fluctua-
While these quantum dots are smaller than many of thdions we find in our experiment are 30 to 45 times larger than
GaAs/ALGa _,As quantum dots studie;*2 Ae is of the ~ those predicted by RMT. _ ,
same order due to the larger effective mass, and to the valley 1he distribution of the peak spacings normalized to an
degeneracy. area of unity is shown in Fig. 3. The dls_trlbutlon |s_un|moda!
The strength of the electronic interactions characterize@nd roughly has the shape of a Gaussian. In the inset of Fig.
by the dimensionless parameter=g/(2 \/w_nsag)zz.l con- 3 Fhe experlmental distribution is dgplcted together with the
siderably exceeds the values obtained in recent experimenf¥igner surmiséEq. (1)]; for comparison to> we have res- -
(where r~1):19-12 here a% is the effective Bohr radius. caled the predictions of RMT taking into account the experi-

Similarly, the ratio of charging energy to single-particle en_menta_l values.oEc and Ae'.AS In previous experiments
ergy level spacingEc/Ae~125, another measure of the there is no evidence of a bimodal addition spectrum as is

relative importance of electron-electron interactions, is larger

than in the experiments performed on GaAs@é4 _,As 12 ' " 100p -

guantum dots. 10k 75 ‘ /
The measurements were performed ifHe refrigerator & 50 l

at a temperature of =320 mK using standard lock-in tech- 8t 5 | .

niques at low frequencies and bias. The conductance oscilla- @< e

0
-0.2 -0.1 0.0 0.1 0.2
3

tions were measured as a function of the upper gate voltage. & 6
Consequently, the electron density was varied without dras-

tically changing other system parameters such as charging 4

energy, single-particle energy, and dot shape. This also con- 5

trasts with former experiments on the statistics of conduc-

tance oscillations where the shape of the quantum dot was 0

distorted by plunger gatés:? 02  -01 0.0 0.1 0.2 0.3
The following analysis is based on a series of more than 5

100 conductance peaks occurring in the upper gate voltage g 3. Histogram showing the distribution of the normalized
range from 12.1 V to 13.5 Vsee Fig. 2 |nse)£ 'nfg's rang€  peak spacings from Fig. 2. The area of the histogram is normalized
the electron density changes from 220"°m™2 to 2.6 unity. A Gaussian fit with standard deviation @f0.06 is also

X10'* m~2. The quantum point contacts connecting thegisplayed. The inset shows the same histogram alongside the
quantum dot to the leads are tuned into the tunneling regimgyigner surmise, the distribution predicted by RMT, fdre

by applying voltages of-4.5 V and—8.0 V to the left and =15 peV. The experimental distribution is much broader than ex-
right pair of lower gates, respectively. The position of eachpected from RMT.
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predicted by the CI-RMT model. This is in agreement with dicts the predictions of CI-RMT and indicates that the fluc-
the theoretical prediction that the influence of spin degentuations are dominated by electron-electron interactions in
eracy on the addition spectrum is washed out for strongethis system.
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