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as a carbon nanotube is a thermodynamic quantity that

contains fundamental information about the ground state'.
It is composed of an electrostatic component describing the
interactions between electrons and their correlations, and a
kinetic term given by the electronic density of states. Here, we
use a field-effect transistor geometry to obtain the first direct
capacitance measurement of individual carbon nanotubes, as a
function of the carrier density. Our measurements detect the
electrostatic part of the capacitance as well as the quantum
corrections arising from the electronic density of states. We
identify the van-Hove singularities that correspond to the one-
dimensional electron and hole sub-bands and show that the
measured capacitance exhibits clear electron—hole symmetry.
Finally, our measurements suggest the existence of a negative
capacitance, which has recently been predicted to exist in one
dimension as a result of interactions between electrons™™.

The capacitance of a classical conductor is determined solely
by its geometry. When charged, the electrons distribute in space
in a manner that minimizes their electrostatic energy. Quantum
mechanics introduces extra energies that add new contributions
to the capacitance. As the energies simply add and capacitance
is inversely proportional to energy, these contributions add in
series with the classical geometric capacitance (C,) to yield the
total capacitance, C,| = C.' + Cy + C'. The first contribution
is caused by the kinetic energy of the electrons. Adding electrons to
a conductor requires finite kinetic energy and therefore adds a term
(Caos) that reduces the total capacitance. The second contribution
results from the correlated motion of electrons, which generally
leads to reduction of their total electrostatic energy">°. This adds a
negative capacitance term (C,.) that increases the total capacitance.
The density dependence of these terms captures the fundamental
properties of the quantum ground state and their measurements in
two-dimensional systems”™! established the role of interactions in
the ground state.

In one dimension, the capacitance plays a special role as it also
determines the properties of the excitations. Described within the
Luttinger model'?, the fundamental excitations are collective waves
of spin or charge. Electronic interactions lift the degeneracy of
these modes by enhancing the velocity of the charge excitations

The electronic capacitance of a one-dimensional system such
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by a factor ¢, the inverse Luttinger parameter. This electrostatic
effect is captured by the compressibility of the electronic gas', or
equivalently by its capacitance*'. Thus, the central parameter of
the Luttinger liquid theory is directly related to the capacitance
by the simple relation g = \/Ciot/ Caos- So far, g has been inferred
mostly from transport measurements'>2° that probe the electronic
excitations. Capacitance allows an independent thermodynamic
determination of this parameter and its density dependence.

In this work we present the first direct capacitance
measurements of carbon nanotubes (NT). A NT strongly coupled
to a metallic gate forms a capacitor with a rigid geometry whose
geometric and quantum capacitances are comparable, allowing
us to extract both quantitatively. The measured geometrical
capacitances are consistent with the classical expression for the
capacitance between a gate and a wire. The observed quantum
corrections demonstrate a symmetric one-dimensional sub-band
structure of electrons and holes and yield g in the NT. Deviations of
the measured capacitance from a theory that includes interactions
only at Hartree mean-field level points to the importance of
electron correlations.

We use top-gated semiconducting single-wall NT devices
(Fig. 1a,b) in which the capacitor is formed between the top gate
and the NT segment beneath it. The two side NT segments act as its
leads. Figure 2 shows the measured transport of a top-gated device
(T =77 K in all measurements reported in this paper). The source—
drain conductivity, G=dI/dV, is plotted as a function of top-gate
voltage, V., which controls the density in the central NT segment,
and back-gate voltage, V., which tunes the density in the NT leads.
The four corners in this plot are marked nnn, npn, pnp and ppp to
reflect the carrier polarity in the NT leads and the central segment.
Good conductivity is observed whenever the leads have the same
polarity as the central segment (ppp and nnn corners). Therefore,
to measure the capacitance in the n and p sides we tune the leads to
be n or p type respectively to ensure that the contact resistance does
not limit the charging of the NT (R <« 100 G2).

Now we turn to the capacitance measurements and
demonstrate how the NT capacitance is accurately differentiated
from the background stray capacitance, C,. To this end, we exploit
the tunability of the NT leads to carry out two independent
capacitance measurements, one with and one without the NT
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Figure 1 NT capacitor and its measurement circuit. a, lllustration of the NT capacitor device. The capacitance is measured between the top gate and the NT with both
source and drain electrodes shorted. b, AFM image of an actual device. The NT is visible under the top gate, allowing accurate determination of the effective capacitor length.
¢, Schematic diagram of the capacitance bridge measurement circuit. d, Theoretical density of states of a semiconducting NT as a function of the Fermi energy at zero
temperature. The first two electron and hole sub-bands are shown. Each sub-band gives a van-Hove singularity followed by a slow decrease of the density of states.

central segment electrically connected to the measurement circuit.
This is done by back-gating the NT leads into their semiconducting
gap to increase their resistance to immeasurably large values.
Consequently, the RC time to charge the central segment becomes
too large and its capacitance drops from the measurement. In the
inset of Fig. 3, we plot the capacitance measured as a function of
Vi, at a fixed Vi,. The capacitance is constant at high V,,, drops
sharply around V,, &% —4 V and remains constant at lower voltages.
Comparing this with the transport measured on the same device
(Fig. 2), the drop is associated with the leads becoming resistive
(R > 100GS2). Thus, at low voltages the stray capacitance is
measured. The NT capacitance, Cyr, is then accurately determined
from the measured capacitance step.

In Fig. 3 we show Cyr measured in this manner for eight NT
devices, plotted against the length of the NT extracted from the
atomic force microscopy (AFM) images. We also plot the classical
expression for the capacitance between a metallic wire and a
metallic plane:

C — ZLL
" In(4h/d)

where d and L are the wire diameter and length, h is the separation
and the dielectric permittivity ¢ = 3.9¢, for SiO,. Two curves
are shown, corresponding to d = 1nm and 4nm, spanning the
diameter range of our devices. We can see that the simple geometric
formula describes the measured capacitances reasonably well.

Now we turn to the main result of this paper—the dependence
of the NT capacitance on the carrier density, n. Figure 4a shows
the measured capacitance as a function of V,,. The cyan curve (NT

(1)

leads pinched-off, Vi, = 0) gives the baseline stray capacitance,
which is independent of V.. In contrast, with n- or p-type leads
(Vg =4+7V/ =7V red/blue curves respectively) the capacitance
has a well-pronounced structure—a large dip in the centre
followed by symmetric structures at its positive and negative sides.
Comparing this with the transport measured on the same device
(Fig. 4b), the large dip is associated with the semiconducting gap.
Outside the gap, the capacitance decreases slowly on both sides of
the gap and then rises rapidly at symmetric locations with respect
to the gap centre (V,, & +0.2V,—3.6 V). At positive voltages we
observe a second slow decrease following the sharp rise.

Notably, there is a strong similarity between the voltage
dependence of the capacitance on the electron and hole sides.
To demonstrate this further, in Fig. 5 we overlay the measured
capacitance in the electron side (red) with that of the hole side,
reflected around the centre of the gap (blue). The two curves show
an excellent agreement to within our measurement accuracy. This
symmetry is notable if we realize that there is no inherent symmetry
in the actual device parameters—at zero V, the device is strongly n
type and therefore significantly different top-gate voltages are used
to access the electron and hole sides.

The observed voltage dependence reflects the density of states
of the one-dimensional sub-bands in the NT (Fig. 1d). Each sub-
band gives rise to a sharp van-Hove singularity followed by a slow
decrease of the density of states. These are manifested as sharp
rises and slow decreases in the capacitance, where electron and
hole sub-bands appear at opposite sides of the bandgap (qualitative
evidence for sub-bands was recently seen” in the local capacitance
measured by AFM). The observed electron—hole symmetry of the
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Figure 2 The measured transport across a top-gated semiconducting NT
device. The conductance, G=d//dV/ is plotted against top-gate voltage, V4, and
back-gate voltage, 44, on a logarithmic scale. The top gate tunes the density of the
NT segment beneath it, whereas the back gate controls the density of the two side
segments, referred to as NT leads. The corners are labelled ppp, pnp, npn and nnn
to reflect the polarities of the charge carriers in the NT leads and the central
segment. The dashed blue lines mark the turn-on of conductivity due to the NT
leads, which depends on the electron density in the leads, set solely by . At large
electron (V4 > 4V) or hole (\,, < —4V) densities the leads are conductive. The
dashed red lines mark the turn-on of the conductivity due to the central NT segment.
This turn-on depends only on the electron density in the central segment. This
density is predominantly determined by the voltage on the near top gate (10 nm),
however, it is also slightly influenced by the distant back gate (200 nm). The ratio of
the top- and back-gate couplings is determined from the slopes of the dashed red
lines, both yielding d V4, /d Vo = 0.04.

capacitance reflects the underlying electron-hole symmetry in the
band structure of the NT** and demonstrates that it persists even in
the presence of disorder.

To analyse our data quantitatively we begin with a simple
Hartree model that consists of the density of states capacitance, a
constant geometric capacitance and no electronic correlations:

Cot =Cin +C, " )

The density of states capacitance at a given chemical potential, u,
and temperature, T, is given by:

Can (1. T) = / du’ f’(“k_T“ )CSOSZU—(E]-/M’)Z)*”,

j=—2
Bt co -4 (3)
=NV , =

’ F3d dos J'l:hV}:

where we included the first two electron and hole sub-bands, #
is the reduced Planck’s constant, vy = 8 x 10° ms™' is the Fermi
velocity and f' is the derivative of the Fermi function. In the
experiment, the total capacitance is measured as a function of
gate voltage rather than the Fermi energy. We note that the
conversion ratio between these two quantities is fully determined
by the capacitances:

du/dn  Cq
dV,/dn  Cuy’

Combining equations (2)—(4), we get an expression for the

d“’/dvtg =

(4)
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Figure 3 NT capacitance and its dependence on capacitor length. The NT
capacitance, Cyr versus capacitor length, L, for eight devices (blue circles). The
capacitor length is extracted from the AFM images. The red lines are the calculated
classical geometric capacitance between a conducting plane and wire separated by
10 nm of Si0,, for diameters d=1nm and 4 nm. Top inset: Capacitance of the NT
device measured as function of back-gate voltage 4, at a fixed top-gate voltage. At
low negative I, the NT capacitor is effectively disconnected from the
measurement circuit (bottom right illustration) and the background capacitance, Gy,
is measured. Cyr, is determined from the capacitance step (see the text).

gate dependence of the total capacitance at finite temperatures,
Cit(Vig, T), which is plotted for T = 77K in Figs4a and 5
(dashed black line). By matching the theory and data at a single
point (bottom of second sub-band step), we exhaust the free
parameters of the theory, C, and d, and the entire functional
dependence is then fully determined. The overall structure of
the measured capacitance is reproduced very well within the
Hartree theory. The extracted parameters, d = 2.35nm and
C,=61.5aFum™', compare favourably with the AFM-measured
diameter d = 2.5+ 0.5nm and the capacitance C =76.5aF um™"
calculated with equation (1).

Near the semiconducting gap (—2.4V < V,, < —1V) the
measured capacitance deviates significantly from the theory. The
reason becomes apparent when we compare it with the transport
measured on the same device (Fig. 4b). The deviations are observed
whenever the device is resistive (R > 100 G2) and consequently the
capacitor does not charge completely. From comparison to theory,
the capacitance roll-off happens at a finite density, n° ~ 200 e um ™",
corresponding to a Fermi energy of E;~ 30mV. By comparing
this with the transport data we conclude that the NT transistor
turns off not when the tube is fully depleted of carriers, but
when the barriers associated with disorder lead to an exponentially
decreasing conductivity.

A fundamental quantity that can be readily determined
from the capacitance measurement is g. In previous transport
experiments'>™? this parameter has been deduced through its
effects on the electronic excitations. Here we use the imprint of
g on a thermodynamic property, the capacitance, to determine
this parameter and its density dependence in a semiconducting
NT. In the inset of Fig. 5 we plot the derived g = 1/ Cy1/Cyos as a
function of the density of electrons (red) and holes (blue) in the
first sub-band. The observed g changes continuously with density
over a large range: g = 0.26-0.34. These values are consistent

©2006 Nature Publishing Group



LETTERS

b | 1 x10-6

& 05 \

© \ x100
¥
0 —
E Holes Electrons
Second First First Second
200 [-------zzazzdzases T g«’g .............

Cyr (aF)

NT disconnected

Figure 4 NT capacitance and conductance as a function of the top-gate
voltage. The top gate controls the carrier density of the NT segment in the capacitor
(bottom left illustration). a, Cyr measured as a function of Vg at three different states
of the NT leads: 1, = 0V, pinched off leads (cyan); W, = +7V, n-type leads (red);
and W,y = —7V, p-type leads (blue). We corrected for the back-gate-induced carrier
density change in the central NT segment by shifting the red/blue curves by
AVy==£7Vx0.04==0.28V, where we used the ratio of top and back-gate
coupling extracted from transport (dashed red lines in Fig. 2). We note that after this
parameter-free shift, the large capacitance dips in the electron and hole curves
overlap. The dashed black curve corresponds to the theoretical Hartree prediction
with T= 77 K and no disorder. b, The conductance, G, measured on the same
device using the same gate voltages as in a, n-type contacts, \4, =+7V (red) and
p-type contacts, ;= —7V (blue).

15-18 and

with those deduced from transport experiments in NTs
predicted theoretically**.

Although the Hartree theory gives a reasonable account of
the data, quantitative deviations can be seen when we compare
them in detail (Fig. 5). In both sub-bands, the measured voltage
dependence of the capacitance, dC/dV,, is significantly steeper.
In addition, the measured capacitance step at the opening of the
second sub-band is significantly higher (~40%). These deviations
are much larger than our measurement uncertainty or any
detectable deviations between electrons and holes. Adding disorder
to the Hartree theory will decrease its predicted step height
and will only increase the discrepancy between the theory and
the measurement.

A possible explanation for the observed deviations is given
by electronic exchange and correlations. These add a third term
to the capacitance, C,., which is predicted® to be negative at
low densities. Consequently, whenever a new sub-band opens,
it adds a new negative C, term to the capacitance. As this
term adds in series, it will increase the total capacitance just
after the opening of the sub-band, producing an upward step
of the capacitance concurrent with the sub-band opening. This
correlation-induced step should therefore increase the capacitance
step beyond the Hartree prediction. This is exactly what we see
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Figure 5 Detailed view of the top-gate dependence of NT capacitance and its
comparison with theories. The measured top-gate dependence of Cy; in the
electron side (red) overlaid with the measured hole-side dependence reflected
around the centre of the large gap (V4 = —1.70V) (blue). The error bars represent
the accuracy determined from the averaging time. The Hartree (dashed black) and
Hartree—Fock (dashed green) curves both calculated at 7= 77 K with no disorder
are also shown. Inset: The Luttinger parameter, g =/ Gt/ Cuss as a function of
carrier density, n, in the first sub-band deduced from the measured capacitance of
electrons (red) and holes (blue).

in the opening of the second sub-band. It is also predicted®’
that C_' decreases with increasing density and smoothly crosses
over to positive values at high densities. This effect will decrease
the total capacitance with density faster than expected from the
Hartree theory, also in accordance with the data. To make a
quantitative comparison, we add the leading correction to our
theory by accounting for exchange effects (see Supplementary
Information, note 1) and plot the resulting Hartree—Fock curve
(green dashed line) in Fig. 5. Indeed, both the predicted C step
and its derivative dC/dV,, become larger. However, although
the Hartree—Fock approximation correctly captures the density
dependence in the first sub-band, the predicted effect in the
second sub-band is exaggerated compared with the measurement.
Including the effect of disorder in the Hartree—Fock theory, which
in contrast to the Hartree case will improve its agreement with the
measurement, as well as a more complete treatment of electron
correlations (Hartree—Fock is known to overestimate correlations)
will be needed to explain our observations.

METHODS

DEVICE FABRICATION

The devices used in this study use a metallic top-gate separated from a NT by a
thin layer of oxide to form a capacitor (Fig. 1a). The NTs were grown using
chemical vapour deposition from patterned pads of evaporated Fe on
degenerately doped silicon with a 200 nm SiO, top layer. We used a C;H, /H,
growth recipe, which we found to produce predominantly single-walled NTs
with small diameters (1-4 nm). After growth, the N'Ts were contacted with
source and drain electrodes made of 50 nm of palladium, followed by aligned
deposition of 10 nm SiOy dielectric and 50 nm aluminium top gate. This
geometry enables us to carry out transport as well as capacitance measurements
on the same device. All devices were imaged with AFM before their
capacitance/transport measurements to ensure that only a single tube passes
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under the top gate. Figure 1b shows a typical image after the full fabrication
sequence. All the measurements reported in this paper were done on
semiconducting NTs at T =77 K.

CAPACITANCE MEASUREMENTS

The NT capacitances are measured using a capacitance bridge (Fig. 1¢). The NT
capacitor is embedded in the measurement arm of the bridge. A fixed a.c.
voltage excitation (8 V.. = 25-100 mV) along this arm is balanced against a

second excitation along the reference arm (§V ;) to null the voltage oscillations
at the balance point B. Under these conditions, the measured capacitance is
Crneas = Cref8 V i/ 8V s and the large stray capacitances between the leads of
the NT capacitor and ground (Cs,, Cs,) are cancelled out. Direct capacitive
coupling between the wiring is eliminated using shielded wires and by
encapsulating the device in a Faraday cage. The direct capacitance between the
on-chip gate and contact electrodes is shielded by a nearby back gate. After
these steps, we are left with only a few hundred aF of fixed background
capacitance. The measurements reported in this paper are done at 1 kHz. With
a bridge sensitivity of 50 ¢/+/Hz and long averaging times we achieve a noise
level smaller than 1 aF in these measurements.
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