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ABSTRACT

We have measured the thermoelectric power (TEP) and Coulomb charging characteristics of an individual p-type semiconducting single-wall
carbon nanotube (SWNT) in the quantum dot regime. The TEP measured as a function of gate voltage oscillates around a baseline value that
is first positive and becomes more negative as the SWNT is depleted. When the device behaves as a single quantum dot, the TEP oscillation
period and amplitude agree with theory. We ascribe the positive baseline level to p-type Schottky barriers at the SWNT−metal contacts, and
the negative baseline to n-type barrier regions that cause multidot behavior as carriers are removed from the system. Near depletion, large
TEP oscillations are observed even though Coulomb oscillations of the conductance are immeasurably small.

Several reasons motivate careful investigation of the ther-
moelectric power (TEP;S) -∆V/∆T) of individual single-
wall carbon nanotubes (SWNTs). First, TEP is a basic
electronic response function of a material: its sign reflects
that of the majority carriers and the temperature dependence
can be used to elucidate the conduction mechanism1 and
interaction with lattice vibrations.2 Despite intense interest
in electrical and thermal transport in nanotubes, measurement
of the TEP of individual SWNTs has not yet been reported.
Second, TEP of bulk SWNT material3 shows marked
response to chemical doping,4 pressure,5 and gas exposure.6,7

The data remain poorly understood, especially the relative
contributions of semiconducting tubes, metallic tubes, and
junctions between tubes. Therefore, measurement of the TEP
of individual nanotubes will inform the development of
proposed SWNT-based gas detectors, where both conduc-
tance and thermopower are used as signals. Third, one-
dimensional (1-D) materials are thought to be ideal for
thermoelectric applications,8 so tools for direct measurement
of individual 1-D nanostructures are highly desirable. Finally,
nanotubes can be used as a model system to study thermo-
electric effects in low-dimensional systems such as quantum
dots. Here we report first results from our work in this

direction: the TEP of an individual semiconducting SWNT
quantum dot. Along with addressing the important issues
listed above, we also find that the TEP oscillations are a
highly sensitive probe of on-tube defects.

Several basic properties of the TEP are important for the
discussion of the experiment. For a semiconductor, the TEP
diverges asS(T) ∼ (Eg - µ)/2eT, whereEg is the energy of
the band edge, andµ the chemical potential. In the Coulomb
blockade regime, theory predicts9 that the charging energy
plays a role similar to the semiconductor band gap. The TEP
of a metallic quantum dot with total capacitance C oscillates
about zero in a sawtooth fashion as a function of gate voltage
with a peak-to-peak amplitude ofEC/2eT, whereEC ) e2/C
is the charging energy. The period of the TEP oscillations
is predicted to be equal to that of the Coulomb oscillations
in the conductance.

The thermopower of quantum dots has been studied
experimentally10,11 in quantum dots defined from two-
dimensional electron gas, but comparison to theory is
complicated since the temperature gradient applied to the
buried electron gas is inferred rather than measured directly.
The temperature gradient across a SWNT quantum dot, on
the other hand, can be measured directly, because a SWNT
QD can be quite long (∼1 µm) and enters the Coulomb* Corresponding author. E-mail: cjohnson@physics.upenn.edu
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blockade regime at relatively high temperature (5-50 K, as
opposed to less than 1 K for typical 2DEG quantum dots)
where electrons are still thermally well-coupled to the lattice.
The temperature dependence of the TEP of a single multiwall
nanotube has been reported, but the device did not exhibit
the quantum dot behavior that is the focus of this work.12

Figure 1a shows the sample geometry used for this
experiment. SWNTs are grown by chemical vapor deposition
(CVD)13-15 on a free-standing silicon nitride membrane for
enhanced thermal isolation.16 Electron-beam lithography is
used to define two voltage probes attached to the ends of
the tube, two thin-film thermometers in a four-probe con-
figuration, and a large heater wire at one side of the device.
The sample used for this experiment had radiusr ) 1 nm as
measured by atomic force microscopy (AFM). The distance
between the contacts wasL ) 4.4 µm. From the AFM-
measured diameter, we estimate the SWNT band gap to be
400 meV.17 Measurements are conducted at 6 K in avacuum
in a liquid helium cryostat. To calibrate the thin-film
thermometers, their 4-probe resistance is measured as the
cryostat is cooled slowly to its base temperature.

Care is taken to ensure that the temperature gradient
between the heater and the low-temperature bath on the
opposite side of the membrane is uniform so the temperature
difference across the SWNT can be estimated reliably. The
heater wire is wide (50µm) compared to the SWNT
diameter, and it is located far (20µm) from the SWNT device
compared to the SWNT length, so heat flows uniformly as
it nears the device region. Although SWNT thermal con-
ductivity is very high at room temperature (> 1000 W/m-
K), it decreases roughly linearly with temperature. At the
measurement temperature of 6 K, it is roughly 20 W/m-K,18

close to that of the SiN membrane (1-3 W/m-K).19 Since
the membrane is much thicker than the SWNT cross section
(100 nm compared to 0.3 nm), the thermal conductance of

the membrane directly beneath the SWNT is comparable to
or greater than that of the SWNT itself. The heat flow in
the device region thus is uniform and not strongly perturbed
by the SWNT. This conclusion holds for any gate voltage,
since the thermal conduction of SWNTs is dominated by
phonons. At 6 K weexpect strong thermal coupling between
the SWNT and the substrate beneath it as well as between
the SWNT electrons and phonons.

The TEP of the nanotube is measured as follows. First,
the temperature difference between the thin film thermom-
eters is measured as a function of heater power (Figure 1b).
The temperature difference∆T across the SWNT is then
inferred from the measured temperature difference between
the thermometers: as justified above, the temperature gradi-
ent is uniform. To measure the TEP, the voltage∆V across
the tube is measured as a function of∆T. The raw data show
the expected linear relationship (Figure 1c). The TEP is
measured as a function of gate voltageVg by repeating the
∆V vs ∆T measurement asVg is stepped. We omit the very
small (<1 µV/K) correction for the TEP of the gold leads at
6 K. Coulomb and TEP oscillations are measured during
separate gate voltage sweeps.

Figure 2 shows the current,I, carried by the device as a
function of gate voltage in the range 0< Vg < 5 V. Overall,
I decreases with increasingVg and becomes negligible (less
than 10 pA) aboveVg ) 4 V. This is consistent with the
well-studied behavior of the semiconducting nanotube field
effect transistor (TubeFET), with p-type behavior due to
exposure to atmosphere. Superimposed on this behavior are
Coulomb oscillations of the current that reflect single-electron
charging (Coulomb blockade) effects. The period of the
Coulomb oscillations is not constant, as would be expected
for an ideal metallic quantum dot, but changes withVg. The
Coulomb oscillation behavior falls roughly into three cat-
egories for different gate voltage ranges; each range ofVg

shows a distinct behavior in the measured TEP as well. As
discussed in detail below, there is a single quantum dot
regime forVg < 0.65 V, a regime with multiple quantum
dots along the SWNT length at intermediateVg (0.8< Vg <
1 V), and finally a very low conduction (below the

Figure 1. (a) Device schematic. A heater is near one end of the
tube and extends across the entire membrane to provide a uniform
temperature gradient. (b) Measured temperature difference across
the sample as a function of heater power. (c) The measured TEP is
proportional to the temperature difference.

Figure 2. Current through the device as a function of the backgate
voltage. The bias voltage is 10 mV and the temperature is 6 K.
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measurement sensitivity of 1nS) regime forVg > 4.3 V as
the sample approaches depletion.

Figure 3a shows the charging spectrum of the nanotube
in the range 0.6< Vg < 0.65 V. The presence of a regular
charging diamond structure in this region (gate voltage period
near 6 mV) indicates that the nanotube acts as a single
quantum dot in the Coulomb blockade regime. Figure 3b
shows that the TEP oscillates as a function of gate voltage
with a nearly identical period, exactly as predicted by theory
for TEP in the Coulomb blockade regime. Both data sets
are reproducible but since Coulomb and TEP oscillations
are taken in separateVg sweeps (see above), random motion
of trapped charge near the nanotube leads to slight deviations
in the oscillation period and phase. The TEP oscillations are
small (∼150 µV/K peak-to-peak) and centered on+100
µV/K for Vg < 0.68 V.

In the intermediate range (Figures 4a,b), the Coulomb
oscillation period increases to approximately 10 mV, and
the charging spectrum shows a periodic modulation, reflect-
ing the formation of multiple quantum dots in series.20 The
TEP oscillations display the same period and modulation as
the Coulomb oscillations of the current (Figure 4b), are large
(∼ 500-700 µV/K peak-to-peak), and are centered on a
negative value (roughly-500µV/K). At high gate voltages
(Vg > 4.3 V), the device current is immeasurably small at

low-bias (Figure 5). The TEP, however, oscillates very
sharply (∼ 2000-4000µmV/K peak-to-peak) around sizable
negative values (∼ -3000µV/K) with a large and irregular
period.

The TEP data described above show two distinct features.
First, the TEP oscillates; the oscillation period matches that
of the Coulomb oscillations of the current (when the latter
are observable), and its amplitude increases with increasing
gate voltage. Second, the TEP oscillations are not centered
on zero, but instead around a baseline value whose sign and
magnitude change withVg. We attribute the TEP oscillations
to single electron charging and the baseline TEP level to
barriers associated with energy band fluctuations within the
device. ForVg < 0.65 V, the baseline is positive and ascribed
to Schottky barriers known to form at metal contacts to
semiconducting SWNTs.15 For Vg > 0.65 V, the baseline
becomes negative. We suggest a model where n-type
semiconducting barrier regions form along the length of the
SWNT as the valence band is depleted (see Figure 6).20 These

Figure 3. (a) Color scale representation of the differential
conductance (dI/dVb) as a function of source-drain bias voltage
(Vb) and gate voltage (Vg) in the single quantum dot regime. dI/
dVb increases as the color ranges black to blue to red to white. (b)
Current and TEP as a function of gate voltage. The TEP oscillates
around a small positive baseline level with the same periodicity as
the Coulomb oscillations of the current. For the conductance
measurement, the bias voltage is 2 mV. All data were taken atT )
6 K.

Figure 4. (a) dI/dVb plotted in a color scale as a function of (Vg,
Vb). dI/dVb increases as the color evolves from black to blue to red
to white. Modulation of the diamond heights indicates multidot
behavior. (b) Device current and TEP as a function of gate voltage.
For the current measurement, the bias voltage is 10 mV. The TEP
oscillations are much larger than in Figure 3 and the baseline level
is negative. All data were taken atT ) 6 K.

Figure 5. Device current and TEP as a function of gate voltage in
the near-depletion regime. For the conductance measurement, the
bias voltage is 20 mV. The TEP oscillations are very large and the
baseline level is large and negative. All data were taken atT ) 6
K.
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barrier regions, presumably associated with defects and/or
absorbates,21 break the tube into separate conducting regions,
resulting in the observed multidot behavior. We first consider
the oscillatory component of the TEP, then turn to the
background level in the following paragraph.

In the first two regimes described above, the measured
TEP oscillations have the same period as Coulomb oscilla-
tions of the current, as predicted by theory for TEP in the
charging regime.9 The amplitude of the TEP oscillations also
agrees well with theoretical predictions. ForVg < 0.65 V
(Figure 3a), the size of the diamonds in the charging spectrum
data giveEC ) 2 meV. This is in reasonable agreement with
the value of 1 meV calculated taking the capacitance of the
cylindrical SWNT to the backgate to be C) 2πεL/ln(2h/r),
where ε ) 4 is the average dielectric constant of silicon
nitride and vacuum,L ) 4.4 µm the nanotube length,h )
100 nm the gate dielectric thickness, andr ) 1 nm the
nanotube radius. Theory predicts a peak-to-peak TEP oscil-
lation amplitude ofEC/2(6 K) ∼ 170 µV/K, close to the
observed value of 150µV/K. In the intermediate range (0.8
< Vg < 1 V, Figure 4a), the measuredEC increases to about
10 meV. This is consistent with the formation of two
quantum dots in series along the tube; the measuredEC is
the sum of the dot charging energies. The expected peak-
to-peak variation in the TEP is now 0.8-1.1 mV/K, slightly
larger than the 500-700µV/K observed. This is consistent
with multiple dot formation, because each quantum dot
within the nanotube will experience only a fraction of the
total temperature drop between the contacts.

Near full depletion (Vg > 4.3 V), TEP provides us with
information about the device that isnot available from the
measured conductance. No visible Coulomb oscillations
appear in the conductance but the TEP continues to oscillate,
indicating that sections of the nanotube continue to conduct
and add single electrons (i.e., they are not fully depleted of
carriers) but large barriers suppress electron transport below
the measurement sensitivity. The TEP oscillation is very large
(∼3000 µV/K), as expected since the quantum dot (non-
depleted) portion of the nanotube is short, with a large
associated charging energy. This TEP oscillation size cor-
responds to conducting nanotube segments about 100 nm
long. Thus the TEP is a useful probe of localized states that
carry negligible transport current.

We now consider the observed variation in the baseline
TEP, around which the TEP oscillations occur. ForVg <

0.65 V, this value is about+100µV/K. Schottky barriers at
the tube-metal contact have been measured to have a height
of ∆ ) 150 meV15,22 and should have a TEP of∆/2eT,
appropriate for a p-type semiconductor. The temperature
difference across the Schottky barriers will be proportional
to their lengthL, resulting in a TEP given byS ) (∆/2eT)
(L/L). The measured TEP baseline of 100µV/K thus
corresponds to combined length of 35 nm for the two
Schottky barriers. This value is reasonable given the mea-
sured barrier transmission in this range ofVg, T ) Gh/4e2 ∼
0.002.

As the gate voltage increases, the TEP baseline becomes
progressively more negative. We associate this with the
formation of n-type barriers along the length of the semi-
conducting nanotube as it becomes depleted. At first these
barriers break the tube into multiple quantum dots (forVg >
0.7 V), and eventually they suppress conduction completely.
If we consider the tube as a bulk semiconductor, we can
estimate an average energy difference between the Fermi
level µ and the conduction band edgeEg when the nanotube
is significantly depleted (Vg > 4.6 V). We use the formula
for the TEP of a bulk semiconductor,S ) -(Eg - µ)/2eT,
and the measured TEP baseline of approximately-5 meV/K
to find an average valueEg - µ ∼ 30 meV. This is
reasonable given the estimated band gap of 400 meV for
the sample, which requires the energy difference to be less
than 200 meV. If we assume that this averaged energy band
offset is also characteristic of the barriers present in the
intermediate regime (0.8< Vg < 1 V), the measured TEP
offset of roughly-500 µV/K implies that roughly 10% of
the tube length, or 400 nm, consists of barrier regions.

In summary, we have developed a device for measuring
the thermopower of individual carbon nanotubes and have
measuredS(Vg) of a semiconducting nanotube in the
Coulomb blockade regime. The TEP shows distinct oscil-
lations around a nonzero baseline value that becomes more
negative as the nanotube is depleted. In the regime where
the nanotube acts as a single quantum dot, both the TEP
oscillation period and peak-to-peak oscillation size are in
semiquantitative agreement with theory. The measured TEP
is used to infer properties of defects and localized states along
the SWNT as it is depleted. TEP oscillations reveal the
presence of single charge depletion even at gate voltages
where Coulomb oscillations are immeasurably small and are
used to estimate the length of residual conducting regions
within the nanotube. We use the measured positive TEP
baseline to determine that p-type Schottky barriers at the
nanotube contacts have a total length of 35 nm when the
nanotube is in the single quantum dot regime. A negative
TEP offset appears when the nanotube enters the multi-
quantum dot regime due to the formation of n-type barrier
regions along the tube length. These results, along with the
outcome of further experiments of this type, will benefit
understanding and eventual engineering of SWNT-based
devices and sensors.

Note: During the preparation of this manuscript, we
became aware of related work with similar conclusions from
Joshua P. Small et al.

Figure 6. Schematic of the proposed SWNT energy band structure
in the multidot regime. Barriers that form along the nanotube length
are n-type and contribute a negative thermopower.
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