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Employing electrostatic confinement with a dual-gate device we realize periodic arrays of elec-
tron dots on Si widely tunable in diameter and electron number. From far-infrared transmission
studies of dimensional resonances, we deduce dot diameters down to 40 nm for as little as 20 elec-
trons in quantum states spaced by more than 5 meV. Excitation energies as well as mode disper-
sions in finite magnetic fields are found to strongly depend on the strength and the shape of the
lateral confining potential. A detailed analysis of the oscillator strengths indicates a direct effect

of strong quantum confinement.

The high-frequency response of laterally bound electron
layers has been investigated both in classically confined
quasi-two-dimensional (2D) systems' ™3 and, more re-
cently, in quantum confined systems that exhibit either
quasi-one-dimensional** (1D) or quasi-zero-dimensional®
(0D) properties. In particular, 1D inversion channels
realized on GaAs, InSb, and Si have been extensively
studied.*>7 Very recently electrons have been confined to
0D quantum dots on GaAs (Refs. 8-10) and InSb.® Here
we study the high-frequency response of periodic arrays of
dots on Si containing few (20-350) inversion electrons.
Significant quantum confinement on silicon can only be
expected with dot diameters W well below 100 nm. To
meet this requirement we prepare a dual-gate structure
which allows us to electrostatically define a wide range of
dot diameters between 40 and 150 nm. Moreover, the
main advantage of such a device is the continuous and
nearly independent tunability of the depth of the lateral
confining potential, the dot diameter W, and the electron
number No. This enables us to study the high-frequency
response of dot arrays on Si in the transitory regime be-
tween classical and quantum confinement.

Figure 1 shows a schematic cross section of our dual-
gate metal-oxide-silicon device. The bottom gate is a
semitransparent NiCr mesh sandwiched between a
thermal SiO, layer, grown on (100) p-type Si with a
specific resistivity of 20 Qcm at 300 K, and a plasma-
enhanced chemical-vapor deposition (PECVD) SiO; layer
with a thin continuous NiCr layer of R;==1 kQ/0 on top.
The scanning electron micrograph shows a top view of the
bottom gate. The mesh has a periodicity of a=400 nm
with circularly shaped openings of diameter =150 nm.
Different voltages V, and Vg, are applied between a sub-
strate contact and the top and bottom gates, respectively.
In the presence of band-gap radiation electron dots are in-
duced at the Si-SiO; interface underneath the openings of
the bottom gate via V,,. While V, essentially determines
No, Vgb serves to isolate the dots and to continuously vary
the depth of the lateral confining potential from zero to a
value exceeding the band gap of Si. As demonstrated
below at fixed V,, and Vg, the electronic diameter of the
dots W can be further reduced via a substrate-bias voltage
Vsp which is added to ¥V in the dark and does not
significantly change No. This enhances the depletion

4

charge Ngep and thus squeezes the dots, as has been previ-
ously demonstrated for narrow electron wires on Si.!!

The electronic response of the dot array is advanta-
geously studied with far-infrared spectroscopy at 2 K.'*
We measure the relative change in transmission

—AT/T=[T(0) — T(c(w))1/T(0),

where o(w) is the effective high-frequency conductivity of
the electrons in the dot array. In the small signal approxi-
mation appropriate here

—AT/T=[2Re(a(w))/eocl/(1 +Ve+ o,/ €0c)

is proportional to the real part of this conductivity with
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FIG. 1. Schematical cross section of a dual-gate device on Si.
The top gate is a homogeneous 5-nm-thick NiCr layer, whereas
the bottom gate is a NiCr mesh of periodicity a =400 nm em-
bedded between a thermal (d,=50 nm) and a PECVD
(d2=150 nm) SiO,. The scanning electron micrograph with 1-
pm marker shows a top view of the bottom gate indicating circu-
larly mesh opening with diameter 7=150 nm.
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the dielectric constant of Si e=11.5 and an effective sheet
conductivity o, =(1 k@) ~! for both gates. In order to
determine Ny from the experimental line shape we ap-
proximate the high-frequency conductivity by a classical
expression

(@) = 0gass(@) = 00/[1 + (0d/w — ®) *7?]

with o9=(No/a?)(e?t/m*) for electrons confined in a
parabolic potential.® From fits to the line shape a phe-
nomenological scattering time 1==0.2x% 10 ~'? s, nearly in-
dependent of Ny, is obtained. Thus the resonance ampli-
tude —AT/T(w=wy) gives a direct, absolute measure of
the average electron density No/a 2.

Figure 2(a) illustrates the high-frequency response at
zero magnetic field for different ¥, and two different
values of Vsp. The confined electrons yield a strong di-
mensional resonance which shifts weakly to lower energies
for decreasing V, and thus decreasing No. This demon-
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FIG. 2. (a) Dimensional resonances of a periodic array of
electron dots on (100) p-type Si as seen in the relative change in
transmission —AT/T. Parameters are the top gate (Vy), the
bottom gate (¥), and the substrate bias (Vsp) voltage, respec-
tively (solid traces, V'sg=0; dashed traces, Vsg=18 V). (b)
Squared resonance positions at different V'sp and Vg, vs top gate
voltage V. The dashed lines are guides to the eye. The elec-
tron numbers Ny displayed on top are only valid for Vg = —2.25
V (solid circles).
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strates the importance of quantum confinement at least
for small Ny, where the dimensional resonance in a classi-
cally confined system approaches zero frequency.! With
increasing Vsp the resonance frequency increases strong-
ly, indicating an increased confinement. Note that the
number of electrons in a dot varies only marginally with
Vs as judged from the oscillator strength.

For the devices studied here, the flat band voltage as
determined from the quasiaccumulation threshold for the
bottom gate is Vg =—2V. At Vp < —1Vand V,, = 10
V electron dots are induced in the presence of a pulse of
band-gap radiation via V¥, whereas the depth of the
confining potential can be adjusted with ¥V, between —1
and —2.25 V from nearly zero to a value exceeding the
band gap of Si. At Vg = —2.25 V, free holes are induced
at the Si-SiO; interface underneath the bottom gate, sur-
rounding the electron dots and forming a lateral ‘“‘nipi”
structure. For the latter case fringing field effects strongly
reduce the dot diameter.'? This is reflected in the mea-
sured resonance frequencies. The squared resonance fre-
quencies are displayed versus V¥V, for two different
bottom-gate and substrate-bias voltages in Fig. 2(b). For
Vep™=—225 V (solid circles) the approximate electron
number N, as extracted from the oscillator strength at
zero magnetic field, is entered in the top of Fig. 2(b) in a
nonlinear scale. For Vg = —1.5 V (open circles) N de-
pends linearly on ¥, and is, for No=17(V, —10 V), typ-
ically a factor of 3 higher than for Vg, = —2.25 V. Vary-
ing Vg and Vsp, the resonance frequency of the dimen-
sional resonance can easily be tuned by a factor of 2 even
at constant V. The dashed lines are guides to the eye
and indicate a linear dependence of the squared resonance
energies on V. Extrapolating the squared resonance en-
ergies to the conductivity threshold at ¥, =10 V we ob-
tain finite offsets. This is in contrast to the behavior ex-
pected for a classically confined disk with depolarization
frequency wj o< No/W?3.! Our resonances represent tran-
sitions between quantum confined electron states with
transition energy hwo=Hh (wdp+@d2)'/2, where hwop is
the separation between 0D quantum states and Ad a col-
lective shift. In principle, coupling between adjacent dots
will affect the transition energies.'? Previously, we have
demonstrated in a study of arrays of narrow electron
channels using a qualitatively similar dual-gate device
that the influence of coupling between adjacent electron
systems is small, in particular, if the confining potential is
sufficiently deep.® This gives us confidence that such cou-
pling can also be neglected here.

We obtain 0D quantum energy state separations at van-
ishing N between about 5 and 9 meV, comparable to re-
cent experiments on InSb.® Since electrons on Si(100)
have effective masses m™* =0.19m, more than 1 order of
magnitude larger than on InSb our dot diameters at the
same Ny are considerably smaller. From studies on InSb
(Ref. 6) and theoretical calculations'* one can expect that
the separation of quantum states depends little on Ny for
small Nog. Assuming a parabolic lateral confining poten-
tial, we thus calculate with the above energy separations
at No==20, equivalent to /N =4 occupied 0D states, elec-
tronic dot diameters W=2(2AN/ m*wop) /2 between 37
and 50 nm. Using the classical approximation for the
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highest Ny values in Fig. 2, we estimate W =100 nm for
Ve» ™= —2.25 V, about a factor of 1.5 smaller than the
geometrical value £ =150 nm.

In Fig. 3 we display the development of the dimensional
resonances in a magnetic field B applied perpendicularly
to the sample surface. Figure 3(a) shows resonances of
dots with No==350 electrons in a shallow lateral confining
potential, whereas Fig. 3(b) shows spectra for dots with
No==140 and a strong lateral confinement. Previously,
such spectra have been investigated in periodic arrays of
classical disks on GaAs (Ref. 1) with Ng=3x10* and of
quantum dots on InSb (Ref. 6) with No=3-20, respec-
tively. These experiments revealed two resonances with a
mode dispersion for a parabolic confined electron system,

namely
B
2

Here w4 describes a bulklike resonance, approaching the
cyclotron frequency w.=eB/m* of the unbound quasi-
two-dimensional system in the high magnetic field limit,
whereas o - is an edgelike mode decreasing in energy with
increasing B. At vanishing magnetic field strength both
resonances combine to form a single dimensional reso-
nance dominated by depolarization in the classical ex-
treme' and by quantum confinement in the quantum dot
case. Comparing our experimental resonance positions
with the mode dispersions of Eq. (1), we find deviations
from the prediction @+ —® - =w,. This is shown, for ex-
ample, in Fig. 4 for dots with 80 < Ny < 350 at Vsg=0
and Vsg=18 V. At Vgp==0 the experimental points of
the upper mode are almost independent of Ny, whereas
the lower mode frequencies decrease in energy with de-
creasing No. The dashed line in Fig. 4 is calculated for

2
+wd

1/2
(o2

o+r=+t—+
- 2

(1

No=350 with Eq. (1) and describes the experiment well.
However, for No< 250 we find a larger separation of
@0+ — o - than predicted. This becomes most obvious as
0+ —®-—w:;>0, as shown in the inset of Fig. 4. The
resonance position for the zero-field value is also lower
than expected by the dashed curve. The closed symbols in
Fig. 4 are obtained under an applied substrate-bias volt-
age which shrinks the dots and enhances the confinement.
The solid lines are calculated for No=80 and 350 with the
experimentally observed @ and we obtain excellent agree-
ment with the experiment. The mode behavior shown in
Fig. 4 does not depend in a sensitive manner on the depth
of the confining potential and is also qualitatively found
for Vg = —2.25 V. We attribute the observed mode be-
havior to reflect a softening of the walls of the confining
potential resulting in a stronger effect on the edge reso-
nance. For the same reason we believe the bulklike mode
to deviate from the prediction of Eq. (1) as B approaches
zero. However, this effect is of a classical nature and has
been predicted in a similar form. '’

The dashed lines in Fig. 3 are calculated values of
—AT/T with a high-frequency magnetoconductivity
given for classical electron disks in Ref. 16 and a phenom-
enological scattering time 7=0.2%10 ~'2s. In the classi-
cal ansatz a single 7 rules both modes which has the
meaning of a momentum relaxation time. The ratio of os-
cillator strengths S+/S - in the limit t— oo is predicted
to vary as S+/S - =w+/w—- with an amplitude ratio of
A+/A-=1 but B-dependent half-width Aw+/Aw-
=w+/w—. This classical prediction for S+/S — is identi-
cal with the quantum-mechanical one for noninteracting
electrons in a parabolic confinement assuming equal
scattering mechanisms for both modes, whereas the
quantum-mechanical model predicts Aw+/Aw-=1."7
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FIG. 3. Relative change in transmission —AT/ T of an array of electron dots on Si at ¥'sg=18 V in magnetic ficlds B applied per-
pendicularly to the sample surface. The dotted lines are calculated as discussed in the text. (a) Dots containing No==350 electrons at

different Band Vg = —1.5 V. (b) No=140 and Vg = —2.25 V.
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FIG. 4. Resonance positions for electron dots on Si vs mag-
netic field B at different No=17(V, —10 V) and Vsg. Dashed
and solid lines are calculated with Eq. (1). The separation of
the resonance positions vs N as discussed in the text is shown in
the inset for B=7.5T.

Experimentally, we observe significant deviations from
both expectations, as shown in Figs. 3(a) and 3(b) for two
regimes. Generally, for many electrons No= 250
confined in a shallow potential where we expect a classical
behavior [Fig. 3(a)] we find a larger oscillator strength of
the lower mode and 4+/4 - <1. This behavior is found
to persist up to the highest magnetic fields studied here
and is also found for electron disks with quite high elec-
tron numbers (Ng> 2500).'" In contrast, for dots with
few electrons 20 < No < 140 confined in a deep potential
[Fig. 3(b)] and for a medium magnetic field strength S —
is smaller than expected from above models, i.e., $+/S -

increases for decreasing electron number from S4+/S -
=13(w+/w-) at Ng=140 to S+/S-=1.5(w+/0-) at
No=50. This becomes obvious in Fig. 3(b) with 4 _
< A+. Since we lack a theory of the dynamic response of
our system in the transition regime between classical and
quantum confinement, we fit the individual modes with
Lorentzian line shapes thus obtaining reliable relative os-
cillator strengths. The decrease of the amplitude 4 — with
respect to A + is expected for a quantum confined dot with
noninteracting electrons. However, as B is increased
S +/S - approaches w+/w- and A+/A - =1 as shown in
Fig. 3(b) at B=12.5 T. This happens in a magnetic field
regime where the dot diameter W becomes larger than the
cyclotron orbit diameter

2R, =2[(2n+1)h/eB1'?=2(Q2xNs) ' ?h/eB ,

where Ng=No/z(W/2)? is the equivalent 2D density.
Therefore, we conclude that the enhanced ratio of oscilla-
tor strengths S +/S - as well as the enhanced ratio of am-
plitudes A4+/A4 - reflects the stronger quantum con-
finement.

In conclusion, we demonstrate that with a dual-gate de-
vice on Si one can create and electrostatically tune quan-
tum dots with low electron numbers and electronic diame-
ters that can be much smaller than the geometrical diame-
ter defined by lithographic techniques. The structure en-
ables us to carefully study the transition from the classical
to the quantum regime and its effect on the oscillator
strength and the resonance positions in a magnetic field.
The latter show that a refined theoretical description is
necessary for the dynamic response in such quantum
structures.
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FIG. 1. Schematical cross section of a dual-gate device on Si.
The top gate is a homogeneous 5-nm-thick NiCr layer, whereas
the bottom gate is a NiCr mesh of periodicity a =400 nm em-
bedded between a thermal (d,=50 nm) and a PECVD
(d;=150 nm) SiO;. The scanning electron micrograph with 1-
pm marker shows a top view of the bottom gate indicating circu-
larly mesh opening with diameter =150 nm.



