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Capacitance enhancement in Coulomb blockade tunnel barriers
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We study the capacitance of tunnel barriers in well-controlled, very small, silicon single-electron transistors.
We observe a decrease of the charging energy of the Coulomb island as the quantum dot is filled from a few
to more than 200 electrons. Since the gate capacitance in our devices is, in average, constant all over this
electron-density range, we can attribute the observed variation to the source and drain capacitances, made of a
doped semiconductor. The capacitance data can be translated into a variation of the electronic polarizability
and localization length, in excellent agreement with an independent and simultaneous estimation based on the

conductance.
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Capacitance spectroscopy of single-electron tunneling
(SET) events has been used from the very beginning of the
studies on semiconducting quantum dots, either to probe
their discrete energy spectrum! or the linewidth of Coulomb
blockade peaks.”* Although this primary goal is still very
active,’ recent measurements of the RC relaxation time in the
frequency domain showed the importance of combined mea-
surements of conductance and capacitance.®’ Most capaci-
tance spectroscopy experiments concentrate on the filling ca-
pacitance of quantum dots, which arises from a finite mean
energy-level spacing.®® However, this quantum correction al-
ways comes in addition to a geometrical capacitance, which
arises from the electrostatic coupling to the sourrounding
electrodes. In this work, we concentrate on these coupling
capacitances which are a property not of the quantum dot but
of its surrounding dielectrics. We investigate the relationship
between static coupling capacitances and tunnel conduc-
tances. Coulomb blockade offers a unique way to measure
simultaneously the capacitance and conductance of a tunnel
dielectrics. Here, we measure both quantities over a very
large range of carrier concentrations in dots, whose surface
area remains fixed. We prove that the size does not change
by observing a constant gate capacitance. Both capacitance
and conductance increase with the carrier’s energy, and we
give a quantitative model for both quantities over a large
range of energy. At high density, cotunneling effects remain
weak, which allows a simple interpretation of the data. The
analysis of the capacitances of the tunnel barriers is also
simplified because our devices have negligible stray capaci-
tances and feature extremely stable electrical characteristics.
These properties are specific to our samples which feature a
single top gate, a size fixed by lithography, and, being made
of silicon, a relatively high density of states. Their design is
derived from silicon-on-insulator (SOI) ultrasmall metal-
oxide-semiconductor field-effect transistors, adapted in terms
of doping to become controlled SET transistors at low
temperature.” The source and drain are highly doped, while
the region below the gate and spacers is lightly doped!® (As,
5% 10? m™3). The quantum dot appears at the overlap be-
tween the etched silicon nanowire and the short polysilicon
gate, isolated with SiO, [Fig. 1(a)]. The surface area of the
dot is thus fixed by lithography and can be as small as
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3000 nm?. Our SET transistor can be modeled as a three-
capacitor network: the capacitances (called hereafter source
and drain capacitances, C, and C,) arising from the two SET
barriers and the gate capacitance C, controlling the electro-
static potential on the island. As explained hereafter, the stray
capacitances are negligible in our device. Measuring the
Coulomb oscillations [Fig. 1(b)] allows one to determine the
three capacitances [Fig. 1(c)]. C, is simply set by the spacing
in gate voltage AV, between subsequent peaks, through the
relation Cg=ﬁ(1 + Cif')ze/ AVg (e is the electron charge,

A, the mean onfa—particle level spacing, and A; <e?/Cs, with

T T T T T T T T T T T T

(c)

il

T T

T
el

I S e

00 850 900 950
Ve (mV)

G (107%e?/h)
0@ = N W R

Cs,Gs Ca,Ga

FIG. 1. (Color online) (a) Transmission electron micrograph of a
transistor along the source-drain axis. The nanowire is the dark line
running below the gate (g) and spacers. In the parts of the wire
beyond the spacers and, at positive gate voltage, below the gate, the
electron concentration is high enough for the wire to become me-
tallic. These parts form the source (s), dot, and drain (d). (b)
Equivalent electrostatic circuit of our samples with the gate capaci-
tance C,, and the tunnel barriers (boxes) between the Coulomb
island (central node) and the source (s) and drain (g). These barriers
have tunnel conductances (G, and G,), but also capacitances (C,
and C,). The displacement charge is spread over the three internal
capacitor plates. (c) Drain-source conductance G versus gate volt-
age V, at 400 mK (bottom curve) and 4.2 K (top curve). (d) Two
ways how Coulomb diamonds can fluctuate. Left: variable peak
spacing AV, and constant slopes, i.e., constant coupling capaci-
tances and fluctuating filling capacitance e’/A;. Right: constant
peak spacing and variable slopes, i.e., fluctuating C, and C,, con-
stant C,, and negligible A; (see text).
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FIG. 2. (Color online) Left and upper right: Coulomb blockade spectroscopy in a W=60 nm, L,=30 nm gated nanowire, with the same
V, and V, scales but different (nonlinear) color scales. Lower right: close-up on a few diamonds showing the fits (lines) allowing one to
extract the source and drain capacitances, once the gate capacitance is known.

C3=C+Cy+C,). C; and C, can be determined by studying
nonlinear transport through the device. Adding a dc bias to
the small ac signal used to probe the source-drain current and
plotting this current versus gate and bias voltages result in
characteristic diamond-shaped patterns. When the source is
grounded and bias is applied to the drain, the positive slope
of the diamonds is 1+C,/C, and the negative slope is
-C,/C, (see Fig. 2). In the literature, however, this scheme
has not been used for capacitance spectroscopy over a large
range of electron numbers. Our quantum dot design is ideal
for that goal because it has negligible stray capacitances (see
inset of Fig. 3), which would dominate the capacitance of the
source and drain barriers. Unlike other experiments where
stray capacitances can be ten times larger than the capaci-
tances under investigation, here they are at least ten times
smaller. For instance, stray capacitances are large in quantum
dots formed by depletion gates or for nanotubes or nanowires
attached to large metallic pads. Our situation is more similar
to vertical quantum dots,!" where the dot-lead capacitance is
dominated by the epitaxially grown tunnel barriers. In our
samples, the direct capacitance between dot and ground, in
particular, is very reduced (roughly 1 order of magnitude
below most GaAs quantum dots) because of the thick buried
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FIG. 3. (Color online) Gate (4 ), source (A), and drain (V)
capacitances extracted from the Coulomb blockade diamonds
shown in Fig. 2. The gate capacitance is constant because the size
of the dot is fixed. The right scale indicates the dielectric constant in
the source and drain capacitors. The inset illustrates the main con-
tributions to the capacitances: The border effects in the source-dot
capacitor (dotted horizontal electric field lines) can be neglected
despite its long aspect ratio because €= €5i0,» €SiN,- This fact
is confirmed by the good agreement between €,,pier and €g; at V,
=0V, where the contribution of the donors to the dielectric con-
stant is weak.

oxide of the SOI technology combined with small sizes. Un-
like when barriers are defined by split gates, here the direct
capacitance between the dot and leads is not screened by the
large direct capacitive coupling to the gates.®

As our devices are cooled down below approximately
20 K, the smooth transistorlike characteristics are replaced
by periodic and reproducible oscillations [Fig. 1(b)]. The pe-
riod is set only by the geometry of the overlap between the
nanowire and the gate.>!'? Fluctuations around the mean pe-
riod are very small, of the order of the mean energy-level
spacing A;. A, and the quantum correction to the capacitance
are small (except for the first electrons).'>!* Coulomb dia-
monds measured at 400 mK are shown in Fig. 2. Such time-
consuming recording is possible and relevant only in devices
with very high immunity to environmental charge noise. Al-
though Coulomb diamonds have already been analyzed thor-
oughly, typically for the first tens of electrons,'"! to our
knowledge, clear Coulomb blockade diamonds have not yet
been shown over a range of more than N=200 electrons.

The gate, source, and drain capacitances extracted from
our data are shown in Fig. 3. The fact that C, (obtained from
the peak spacing) does not change with gate voltage is not
surprising, since the size of the dot is set by lithography.
However, this unique property is crucial for interpreting the
general behavior of Fig. 2. As expected, the charging energy
(height of the diamonds) decreases as N increases. In most
experiments, C, varies but the slopes are roughly the same
from one diamond to the other.!""!> Our data exhibit a differ-
ent behavior: the slopes of the diamonds vary significantly
with V,, whereas the peak spacing (C,) remains constant
[Fig. 1(d)]. This necessarily implies a variation of C, and C,.
As shown in Fig. 3, we observe a net increase of C,; and C
by a factor of 30. Both the initial value at V,~0 and the
enhancement with V, can be understood by taking into ac-
count the microscopic properties of our tunnel barriers.

Our measurement probes the two capacitors between the
channel of the transistor and the highly doped, metalliclike,
source and drain. The dielectrics are short sections of low-
doped silicon, below the spacers. In undoped Si, the dielec-
tric constant €g; and the associated geometric capacitance are
set by the band gap.'® In doped silicon, there is a finite den-
sity of localized states at the Fermi level, whose polarizabil-
ity € can be large (=107 F m? for dilute As donors'’) and is
known to diverge as the Fermi energy approaches the mobil-
ity edge from the bottom.'®!° Indeed, Imry et al.'® suggested
that
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FIG. 4. (Color online) Localization length versus gate voltage
obtained from source capacitance (A), drain capacitance (V), and
conductance (@), supposing equal source and drain transparencies.
The fitting parameters, go=5¢%/h and BA~2=0.05 nm™2, are global
for all samples with the same doping and spacer widths. The value
of ¢ is comparable to the Bohr radius at low gate voltage and to the
thickness of the barrier (35 nm) at high gate voltage.

2
€= e+ Be’N(Ep) & = 50651"‘/3%, (1)
where €g;=11.9 is the static dielectric constant, far in the
insulating regime, and A is the Thomas-Fermi screening
length. B is a model-dependent numeric constant of order
unity.? In bulk doped silicon, the localization length &,
which characterizes the spatial extension of the carrier wave
functions, diverges at a critical doping concentration (6.4
% 10** m~3 for Si:As).!® In our nanoscopic capacitor, the di-
vergence of £ is limited by the capacitor length L at large V.
& not only determines the polarizabity but also the transpar-
ency of the dielectrics. In fact, the tunnel conductance g in

2
units of % of a disordered dielectric is given by

(ing)==" +In g, @)
valid for é<L (i.e., g<<1).2"22 £ is of the order of the Bohr
radius (3.3 nm) for energies well below the mobility edge, in
the limit of diluted, isolated donors, and increases with en-
ergy when wave functions on separate donors begin to over-
lap. g, is close to unity. ¢£<L means that (i) the conductance
is smaller than the quantum, a prerequisite for observing
Coulomb blockade accross the dielectrics, and (ii) the con-
ductance is an exponential function of the length.

These remarkably simple results [Egs. (1) and (2)] are
obtained after averaging over disorder configurations despite
the complexity brought by disorder and interactions. Due to
their small volume and thanks to Coulomb blockade, our
samples provide a way of measuring simultaneously the dc
conductance and capacitance of a coherent doped semicon-
ductor, and testing if a single parameter (§) is enough to
explain the mean behavior of both polarizability and trans-
parency.

Figure 4 shows & obtained from capacitance and conduc-
tance as a function of gate voltage. In order to determine &
from the source or drain capacitances, we first identify the
increase of the capacitance as an increase of the dielectric
constant for a fixed geometry. Then we apply Eq. (1) with
BN\2=0.05 nm™2, the first fitting parameter. With 8 from
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Ref. 20, this corresponds to A=14 nm, a value close to the
average distance between As donors!® implanted at 5
X 102 m=3. In order to extract the dielectric constant from
the source and drain capacitances, we consider the planar
capacitor formed by the dot on one side and the reservoirs on
the other. The surface of the plates is the cross section of the
wire, 40X 17 nm?. The distance between the plates is L
=35 nm, the distance between the heavily doped source
(drain) and the accumulation dot (see inset of Fig. 3). It is
defined by the width of the spacers. We neglect the border
effect because eg5;=11.9 is much larger than in surrounding
silica (65102=3.9). The heavily doped source electrode is not
modified by the gate voltage. We can also neglect the lateral
increase of the dot size (which would result in a decrease of
L) because the gate capacitance is constant. The extension of
the dot as a function of V, could only change perpendicularly
to the wire. We suppose the dot to occupy the full wire cross
section. In other words, we suppose the density of carriers to
be constant over the thickness. With this hypothesis, we ob-
tain a very good agreement with the dielectric constant for
pure silicon at low gate voltage (see right scale of Fig. 3).

In order to determine £ from the conductance, we suppose
that the source and drain tunnel conductances are equal g
=g, which is valid in average. Within the orthodox model
for Coulomb blockade, i.e., for A;<<kpT, the drain-source
conductance on top of the Coulomb resonances is then given
by

1 884 _ &

=-——==". 3
gmax 2 gs + gd 4 ( )
£ is then calculated via Eq. (2) for g,=g, with g0=5%2, a
second fitting parameter. The two fitting parameters are not
chosen individually for each sample but adjusted globally for
all samples with the same doping profile but different wire
cross sections.

Figure 4 shows the excellent agreement for the values of &
obtained from conductance and capacitance, even though &
varies by a factor of more than 5. Such a variation corre-
sponds to an increase by a factor of 30 in capacitance and an
increase by 2 orders of magnitude in the tunnel current. Note
that Eq. (2) does not contain the density of states explicitly,
which reflects the dominance of a single channel on the con-
ductance of a disordered dielectrics.

The large fluctuations around the mean monotonic in-
crease on Fig. 4 reflect the fluctuations of the measured con-
ductance and capacitance of our doped dielectrics. As usual
in mesoscopic quantum physics, the microscopic or macro-
scopic parameters (density of states, diffusion constant,
shape, and dimensionality), which are summarized in a
single quantity &, are not enough to determine the actual
conductance and capacitance of a particular sample. Log-
normal fluctuations of the conductance are expected in a me-
soscopic disordered dielectrics whether it is quantum
coherent® or not,?? and especially in a lightly doped semi-
conductor nanowire. Again, these fluctuations (comparable
to the mean value) reflect the dominance of a single conduct-
ing channel, which changes with energy or gate voltage.?* In
our study, mesoscopic fluctuations of the dielectric constant
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are observed (see Fig. 3). Unfortunately, there exists no the-
oretical estimation for these capacitance fluctuations for a
quantum coherent dielectrics, unlike for the conductance.
Nevertheless, the observed fluctuations of the capacitance are
found to be comparable in amplitude with the observed fluc-
tuations of conductance, once translated in terms of localiza-
tion length variation with Egs. (1) and (2). In our very small
doped dielectrics, mesoscopic fluctuations of the dielectric
constant are comparable to the mean value. Such large fluc-
tuations are expected in classical Coulomb glass, where the
wave-function overlap between localized states is
neglected.”> More studies are required to distinguish between
classical and quantum effects.

A measurement of both the polarizability and the conduc-
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tance of a mesoscopic insulator has been performed on the
same system. Coulomb blockade in an original single-
electron transistor design with very low stray capacitances
and well-defined geometry has allowed one to access both
quantities. We have found that, despite strong interactions, a
single parameter, the localization length &, can accurately
describe both the evolution of the polarizability and the con-
ductance. The good agreement as well as the strong fluctua-
tions indicate that not only the conductance but also the po-
larizability is dominated by one or few localized states.
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