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Coulomb-blockade oscillations in the conductance of a silicon
metal-oxide-semiconductor field-effect-transistor point contact
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The low-temperature conductance of a point contact in a Si metal-oxide-semiconductor field-effect
transistor shows periodic oscillations just above pinchoff. The experimental results on the oscillations
quantitatively agree well with the model of the Coulomb blockade of resonant tunneling.

Recent experiments on one-dimensional silicon metal-
oxide-semiconductor field-effect transistors’? (1D Si-
MOSFET’s) and 1D channels in GaAs devices>* just
above threshold and at low temperatures revealed oscilla-
tions of the conductance periodic in gate voltage. Not
only the periodicity distinguishes the periodic conduc-
tance oscillations (PCO) from universal conductance fluc-
tuations (UCF), but also the fact that they are absent in
the magnetoconductance. Two models have subsequent-
ly been proposed to explain the PCO: the Wigner crystal
or charge-density-wave (CDW) model"? and the model of
the Coulomb blockade (CB) of resonant tunneling.*>®
Common to both models is that a small segment is par-
tially isolated in a narrow channel and that electron
transport through the segment cannot be described by
noninteracting electrons. The segment can be formed ac-
cidentally by two charged sites along the channel or in-
tentionally by barriers defined using, for instance, a split-
gate technique.”® The accidental charges or intentional
barriers act either as pinning centers for a CDW or as
tunnel barriers with resistance R, (CB model). Oscilla-
tions in the conductance as a function of gate voltage
then arise from sequential charging of the segment by one
electron per oscillation. For a CDW, the conductance
has a minimum if the segment length L, (the distance
between the charges) equals an integral number of
periods of the density wave, i.e., if the number of elec-
trons in the segment is integral. In the CB model the os-
cillations are explained by the fact that the Coulomb in-
teraction between electrons prevents an electron to tunnel
into the segment, unless that electron has enough extra
energy to overcome the charging energy E.=e?/2C,. C,
is the total capacitance of the segment, including self-
capacitance. If E, >>AFE (AE is the level spacing in the
segment) and if for both barriers R, >R, =h /4e? (the
quantum resistance), then the conductance will be
governed by the Coulomb blockade and will, upon chang-
ing gate voltage, oscillate with a period determined by
the capacitance between segment and gate (Coulomb-
blockade oscillations).

In this Brief Report we present experimental data on
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periodic oscillations in the conductance of a Si-MOSFET
point contact. Our data for these point contacts largely
confirm those reported for long channels. Thus, also here
the PCO must arise from transport through an isolated
segment. This is striking in view of the short channel
length of the point contact and the corresponding small
number of charges available to delimit a segment. In ad-
dition, we found that the period of the oscillations
periodic in the upper gate voltage (defined below) de-
pends on the pinchoff voltage, i.e., on the electrical width
of the point contact. We will show that our experimental
results quantitatively agree well with the Coulomb-
blockade model.

The devices used in the experiments are dual gate, n-
channel Si-MOSFET’s in which a point contact, i.e., a
short and narrow constriction in the two-dimensional
electron gas (2DEG), can be defined electrostatically.
They are the MOSFET counterpart of the ballistic
GaAs-Al;_,Ga,As point contact which is well known
for its quantized conductance as a function of width.’
The electrical properties of the MOSFET point contact,
however, are completely different since the transport in
the metallic regime is diffusive. We fabricated the point
contacts on the same wafer as the multiple quantum wire
devices described before.!” Figure 1 shows a schematic
view of the device with the relevant layers. Both the
lithographic width Wy, and length L, of the gap in the
lower gate are about 100 nm. Outside this 100X 100 nm?
area Wy, increases quickly. The mobility of the devices
at 4.2 K, when a homogeneous 2DEG is formed by ap-
plying the appropriate gate voltage ratio, is 5X10°
cm?/Vs.

All measurements have been performed in a dilution
refrigerator equipped with a superconducting magnet.
We used a conventional ac lockin technique to determine
the conductance of the point contacts as a function of
upper gate voltage Vg, lower gate voltage Vg, and
magnetic field B (oriented perpendicular to the 2DEG).
The source-drain voltage V,s was kept below kT /e.
Measurements of the derivative dIj /dVps of the drain
current I, as a function of V¢ were also performed.
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FIG. 1. Schematic drawing of the MOSFET point contact.

We measured the two terminal conductance G of
fifteen point contacts as a function of Vgy (at constant
Vsi) and Vg (at constant Vgy). For constant Vgy
above the threshold voltage Vgy r of the remote 2DEG
leads, the G-V curves have a kink at the threshold
voltage Vg r of the lower gate. Below Vg, r the point-
contact is defined. Both types of point contact conduc-
tance traces have a clear pinchoff voltage Vgy p > Vgu r
and Vg p < Vg, 1, respectively, below which the point
contact does not conduct. In an ideal point contact the
bottom of the conduction band has a smooth saddle
shape, the saddle point lying eV, above the bottom of the
conduction band in the wide 2DEG leads. In a real de-
vice, however, potential variations are superimposed on
the saddle shape due to randomly distributed charges in
the gate oxide and at the Si-SiO, interface.
For Vgy>Vgup and Vg p<Vgp <Vgr,r the Fermi
energy Ep exceeds eV, the point contact conducts and
the electrical width W < W, of the point contact is
defined. W and eV, are influenced by both gate voltages,
while only Vg determines Ep.

In the conductance traces two transport regimes can be
distinguished. If we combine Vgy and Vg in such a
way that E >>eV, the point contact operates in the me-
tallic regime and the conductance shows UCF (Ref. 11)
and plateaulike features'! reminiscent of the quantized
conductance of ballistic point contacts. The second re-
gime is defined by Ep=~eV,, where the point contact is
close to pinchoff. Here the influence of the potential vari-
ations on G is of the same order as G itself. Indeed in this
strongly localized regime all measured point contacts
have large reproducible conductance peaks of magnitude
G ax S0.5¢2/h. For most of our devices these peaks are
randomly spaced in gate voltage.

For two point contacts arranged in one MOSFET,
however, we find periodic conductance oscillations just
above pinchoff. This is shown in Fig. 2 for point contact
PC2, to which we restrict ourselves since the results for
PC1 are very comparable. The positions of the pro-
nounced peaks in the Fourier spectra of the data [see the
insets of Figs. 2(a) and 2(b)] give oscillation periods
AVs. =9 mV and AVgy=13 mV. We studied the tem-
perature dependence of the PCO in the G — Vg traces in
detail between 100 and 900 mK. In this range the ampli-
tude of the PCO decreases gradually with increasing tem-
perature. At 900 mK the oscillations were small, but still
visible. Extrapolation to zero amplitude gives the temper-
ature Tp,=1.1 K at which the oscillations are completely
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smeared. From the temperature dependence of fifteen
successive oscillations we found that G is thermally ac-
tivated in the oscillation minima with activation energy
E 4 in=0.131£0.05 meV. Also in the maxima G seems
to follow an activated behavior, although with a much
smaller activation energy E 4 ,,=15+£6 ueV. For each
temperature the full width at half maximum of the oscil-
lations is equated to 3.5 kT. This gives the relation be-
tween Vgy and Ep—eV in the leads directly outside the
segment: d(Ep—eV)/dVgy;=31.4 meV/V. Due to the
decrease of eV, with Vy, this value is much larger than
dEy/dVsy=1.7 meV/V in the 2DEG leads, indicating
that the segment lies well inside the point contact. Be-
tween successive oscillations the increase of E. outside
the segment with respect to eV, is A(Ep—eV,)
=[d(Erp—eVy)/dVgy]AVgy=0.41 meV.

Figure 3 shows a selection of G —V gy curves mea-
sured at various fields B. Here again the oscillations are
roughly periodic, with a mean period that remains con-
stant up to 10 T. By carefully comparing all measured
G (B)—Vgy curves, each individual oscillation can be
traced from O to 10 T. The amplitude and background of
the oscillations, however, depend strongly on B. These
results qualitatively confirm those reported by Staring
et al.* We also measured G as a function of B at several
Vsu. The overall behavior of a conductance peak was to
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FIG. 2. Periodic conductance oscillations as a function of (a)
Vse and (b) Vgy at T=0.1 K and B =0. Insets: Fourier spec-
tra of the data.
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FIG. 3. Evolution of the PCO at T=0.1 K as B is increased
from 0 to 10 T. V5 =—4.0 V. The curves are offset for clari-

ty.

increase with B, while G in the minima reached a max-
imum between 5 and 7 T, but decreased again for higher
fields. This makes the PCO hardly observable around 6 T
(see Fig. 3).

The data presented so far were obtained with small
Vps, so that I, was proportional to Vjg. At higher Vg,
however, the I,-V g characteristic was highly nonlinear.
Figure 4 shows this effect in the differential conductance
dI, /dVps near a maximum and a minimum of the PCO.
A threshold for conduction (Vr=0.2 mV) and an
overshoot in dIp/dVy,g are characteristic for a
minimum. The asymptotic slope of the I,-Vg curves
yields the approximate point-contact resistance R, ~ 100
kQ in the gate voltage regime where PCO occur.

We found that Vgy p changes randomly with time.
The period AV gy, on the other hand, shows a clear trend
to increase with increasing Vg p (see Fig. 5). To explain
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FIG. 4. Left: dI,/dVps vs Vps near a conductance max-
imum and minimum at 7 =100 mK. Right: expanded plots ex-
actly in the maximum and minimum.
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this effect we first discuss the charges forming the isolat-
ed segment. An estimate!? for the width W of the point
contact is 30 nm. Then, the estimated length L of the
point contact is L =Ly, +2(Wyy, —W)/2=170 nm.
The densities of fixed oxide charge and interface traps,
derived from C-V measurements on MOS capacitors
from the device wafer, are Nf:zl.7><1011 cm ™2 and
D, ~8X10'"° cm 2V ! (midgap). Fixed charges are pos-
itive,!> whereas for a MOS structure biased in inversion
the number of neutral and negative interface traps is ap-
proximately equal.’® Thus, statistically, for a uniform D,,
the estimated number of charges in the point contact is
11. Taking into account the U shape of D;, this number
will be several times higher and in principle high enough
to isolate a segment. From our experimental observation,
however, that only two out of 15 point contacts show
PCO we conclude that only a fraction of the charges is
effective in delimiting an isolated segment. Both in the
CB model and the CDW model the oscillation period de-
pends on L. A change of L, (i.e., formation of a
new set of tunnel barriers or pinning centers) can occur
due to trapping or detrapping of charges. This could lead
to a change in Vgy, p, but such changes would not neces-
sarily correlate with changes of L. Also, for the very
short channel in our device it is likely that occasionally
no pair of tunnel barriers or pinning centers would be
available, which is contrary to our observation that the
PCO never disappeared (as long as the device was not
warmed up to room temperature). Consequently, LSegm
must be constant. In our opinion a change of Vgy, p is
due to an overall change of trapped charge close to the
point contact, which has an effect similar to a change of
VgrL. Other measurements (not on PC1 or PC2) show
that a more negative Vg gives a higher ¥y p and a less
steep G-Vgy curve, ie., higher eV, and stronger
confinement (approximately 5% width decrease per volt
increase of Vgy p). Figure 5 can now be understood
qualitatively from AVgy < (WLgy,) . For the CB
model this follows from AVgy < Cgl, while for the
CDW model this follows from the property that an oscil-
lation minimum occurs if an integral number of periods
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FIG. 5. Period AVgy of the conductance oscillations vs
pinchoff voltage Vgy,p at Vg, =—4 V. The dashed line is a
linear fit to the data.
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of the wave fits in the segment.

We now proceed with the quantitative analysis of the
experimental results. Our data 2E 4 ,;;,=0.261+0.1 meV,
2eV;=~0.4 meV, A(Ep—eV,)=0.41 meV, and
3.5kT;=0.33 meV are approximately equal. The
Coulomb-blockade model applied to our point contacts
indeed predicts®!* the following relation between the
charging energy and the measured quantities:
2E,=2E 4 nin=2eV=A(Ep—eV,)=3.5kT,. The high
point-contact resistance R,>>h /4e? also suggests
Coulomb-blockade-induced conductance oscillations.
Thus, in the remainder of this paper we will speak in
terms of the Coulomb-blockade model.

Using 2E,=e?/C,=0.35 meV we find the total seg-
ment capacitance C,=4.5X 107 !¢ F. An estimate for the
level spacing AE in the segment, using L =170 nm as the
length of an infinitely high square-well potential, is 50
ueV. As the barriers of the segment are much less
hard than this, we have AE <<50 peV. Consequent-
ly, the “classical” Coulomb-blockade regime, where
E.>>AE, applies here. The capacitance formula
AQ =e=CygrAVucLey gives the capacitances
Coy=1.2X10"" F and Cg =1.8X107'7 F between
the segment and the upper and lower gate, respectively.
From the parallel plate capacitor formula, Cgy; and the
insulator thickness!® we can calculate an area
A ~4.2X10* nm?. This area is much too large for an
isolated segment situated in the nearly pinched off point
contact. However, the parallel plate capacitance is great-
ly enhanced above €4/t when the insulator thickness
t >V A and when other conductors are close. So, 4 will
be much smaller.

The fact that the period of the PCO does not depend
on B up to 10 T agrees with the CB model, under the
condition that AE (B)<<e?/C, holds in this magnetic-
field range. Amplitude and background of the oscilla-
tions are determined by the tunnel rates through the bar-
riers forming the isolated segment and by boundary
scattering. Usually, both are highly influenced by a mag-
netic field. Inclusion of these effects in the CB model
may possibly explain the observed large amplitude and
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background variations as a function of B.

Changing V)¢ is an alternative way to sweep E along
the levels in the isolated segment. The CB model predicts
a threshold ¥V and steps in the I,-V,¢ characteristic.
The abruptness of the steps in the “Coulomb staircase”
depends on the dissimilarity of the two barriers.!* For
equal barriers the steps are completely smoothed. But,
by iterating the semiclassical master equation,!* we found
that even in the case of equal barriers at 7~ 100 mK the
first few “‘steps” should be observable as small peaks in
dI, /dVps. Numerical simulations,!”> however, show
that in low-dimensional systems the energy relaxation
rate of electrons is reduced. So, a possible reason why we
do not observe the small peaks is heating of electrons in
the segment high above 100 mK.!'® But, our measured
dI, /dVyg curves for the minima are very similar to
curves measured below the pinchoff voltage of point con-
tacts not showing PCO. In that case only one, electros-
tatically induced, barrier is active. From this we con-
clude that bias-induced weakness of one of the barriers
prevents observation of the Coulomb staircase.

In conclusion, we observed periodic oscillations in the
conductance of a Si-MOSFET point-contact device. We
analyzed the experimental data in the framework of the
Coulomb-blockade model, and found good agreement be-
tween experiment and theory. In addition, we showed
that the observed oscillation period variations are due to
a change of the segment width and not to a change of the
segment length. The magnetic-field dependence of the os-
cillation amplitude and the background of the conduc-
tance traces remains to be clarified.
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