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ABSTRACT: We investigate the electronic and optoelectronic properties of quasi-metallic nanotube pn-devices, which
have smaller band gaps than most known bulk semiconductors. These carbon nanotube-based devices deviate
from conventional bulk semiconductor device behavior due to
their low-dimensional nature. We observe rectifying behavior
based on Zener tunneling of ballistic carriers instead of ideal
diode behavior, as limited by the diﬀusive transport of carriers.
We observe substantial photocurrents at room temperature,
suggesting that these quasi-metallic pn-devices may have a
broader impact in optoelectronic devices. A new technique based on photocurrent spectroscopy is presented to identify the
unique chirality of nanotubes in a functional device. This chirality information is crucial in obtaining a theoretical understanding
of the underlying device physics that depends sensitively on nanotube chirality, as is the case for quasi-metallic nanotube devices.
A detailed model is developed to ﬁt the observed I−V characteristics, which enables us to verify the band gap from these
measurements as well as the dimensions of the insulating tunneling barrier region.
KEYWORDS: Quasi-metallic nanotube, band gap, Zener tunneling, photocurrent, exciton transition energy, chirality assignment
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The ability to identify the precise chirality of carbon
nanotubes optically has had a tremendous impact in the ﬁeld
by enabling a direct comparison of theory and experiment.14
However, there is currently no comprehensive technique to
identify the chirality of a nanotube in a functional device (i.e.,
ﬁeld-eﬀect-transistor structures). For metallic nanotubes,
Rayleigh scattering and tunable Raman spectroscopy are the
only optical methods able to unambiguously establish nanotube
chiralities. Tunable Raman spectroscopy is diﬃcult to perform
on individual nanotubes, requiring lasers and notch ﬁlters to be
tuned for each point in the spectrum.15 This technique is also
limited by the range of the tunable laser, which typically only
covers a small portion of the Kataura plot. Rayleigh scattering
requires that the nanotube be suspended over several tens of
micrometers and cannot be performed on a nanotube in a ﬁeldeﬀect-transistor (FET) conﬁguration.16,17 This has greatly
limited our theoretical understanding of nanotube device
physics, particularly for devices that depend sensitively on
nanotube chirality, as is the case in quasi-metallic nanotube
devices. For example, even the eﬀect of electrostatic gating on
the optical transitions in metallic nanotubes (e.g., EM
11) has not
been investigated.
In the work presented here, we measure the electronic and
optoelectronic properties of quasi-metallic nanotube pn-

etallic carbon nanotubes (i.e., (n-m) mod 3 = 0) are
known to exhibit small band gaps on the order of 10−
100 meV.1−3 Early scanning tunneling microscopy (STM)
studies attributed these small band gaps to curvature-induced
eﬀects, which produce band gaps in the range 0−50 meV for
chemical vapor deposition (CVD) grown nanotubes.4,5
However, more recent studies show that suspended quasimetallic nanotubes may exhibit band gaps considerably larger
than those induced by curvature.1 To date, there have been no
published works reporting the use of individual quasi-metallic
nanotubes for optoelectronic devices. The optoelectronic
properties of individual semiconducting carbon nanotube pnjunctions, however, have been studied by several groups.6−8 Lee
et al. reported nearly ideal diode behavior in suspended carbon
nanotube pn-junctions, as well as photocurrent spectroscopy
showing prominent peaks corresponding to E11 and E22
transitions.9,10 Semiconducting pn-devices also exhibit eﬃcient
electron−hole pair generation due to impact ionization.11
Mueller et al. showed eﬃcient narrow-band light emission for
semiconducting nanotubes with similar device structure.12
Optoelectronic devices consisting of individual metallic nanotubes, however, have not been investigated. For most quasimetallic nanotubes on substrate, features associated with the
mini-band gap are largely washed out by the trapped charges in
the underlying substrate.13 Thus, suspended nanotubes that
minimize environmental eﬀects are required in order to build
functional devices that operate in this small energy range.
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devices, which deviate from conventional bulk semiconductor
device behavior due to their low dimensionality. The I−V
characteristics of this pn-region are measured as a function of
electrostatic doping conditions at room temperature and down
to 4 K. The rectifying behavior observed at cryogenic
temperatures is ﬁt to a Zener (i.e., band-to-band) tunneling
model for several diﬀerent nanotubes with a variety of band
gaps. The photocurrent response of these devices is also
explored over a range of electrostatic doping conditions and
laser wavelengths. Photocurrent spectra taken from these
nanotube devices are used to unambiguously identify their
chirality.
Figure 1a shows a schematic diagram of the device geometry
used in this study, where two gate electrodes positioned
beneath an individual, suspended quasi-metallic carbon nanotube creating p- and n-doped regions. The energy band diagram
drawn above the nanotube in this ﬁgure illustrates the Zener
tunneling process, where electrons in the p-type valence band
tunnel across the insulating barrier region to the n-region. The
current−voltage characteristics of this four-terminal device are
plotted in Figure 1b, showing rectifying behavior characteristic
of Zener tunneling, particularly for low gate doping (i.e., Vg1 =
−Vg2 = 1 V). Photocurrent generation at room temperature is
measured as a function of laser energy under diﬀerent pn-gate
potentials (i.e., Vg1 = −Vg2), as shown in Figure 1c. A dominant
peak is observed in these photocurrent spectra corresponding
to the EM
11 optical transition.
The conductance-gate voltage characteristics taken with Vg1
= Vg2 (i.e., three-terminal device conﬁguration) exhibit a
minimum conductance near zero gate voltage at the charge
neutrality point as shown in Figure 2b. This is typical of
suspended quasi-metallic nanotubes and indicates the presence
of a quasi-metallic band gap. Under pn-gating conditions (i.e.,
Vg1 = −Vg2) at room temperature, the nanotube exhibits Ohmic
behavior varying between 450.5.kΩ and 2.5MΩ, as shown in
Figure 2a. Figure 2c shows the current−voltage characteristics
of the same quasi-metallic nanotube gated in the pnconﬁguration at 4 K, which shows rectifying behavior and
reverse breakdown at high negative bias voltages. The diﬀerent
data sets in the plot were taken under diﬀerent electrostatic
gating conditions ranging from Vg1 = −Vg2 = 1−V. In the I−
Vbias curves shown in Figure 2c, the current saturation at high
bias arises from the ﬁnite contact resistance and optical phonon
emission by hot electrons, discussed previously.13 The reverse
breakdown voltage depends strongly on the applied gate
potentials, as plotted in Figure 2d, with the largest reverse
breakdown occurring under the weakest gating conditions.
Under heavy gating, the insulating barrier region becomes
smaller resulting in lower breakdown voltages. The forward bias
breakdown is also plotted in Figure 2d, which follows the same
trend as the reverse breakdown voltage but is approximately 0.1
V lower in magnitude. These reverse breakdown voltages are
much lower than those reported previously on semiconducting
nanotube pn-diodes, which have considerably larger band gaps
(Eg = 0.6 eV).18 Comparing the low bias conductance under pp
and pn gating conditions, we observe a 5 order of magnitude
change from 6 × 10−6 S to 3 × 10−11 S, respectively.
In order to establish the breakdown mechanism, we
measured the I−V characteristics by sweeping the voltage in
the forward and reverse directions, as shown in Figure 3a. Here,
no hysteresis is observed, indicating that this eﬀect is caused by
Zener tunneling in the junction rather than avalanche
breakdown, as observed in semiconducting nanotube pn-

Figure 1. Dual gate device geometry. (a) Schematic diagram of the
device geometry and energy band diagram illustrating Zener tunneling.
(b) Waterfall plot of the tunable rectifying I−Vbias characteristics taken
at 4 K. (c) Photocurrent spectra taken at room temperature showing
the evolution of the EM
11 dominant peak.

junctions.18 A schematic diagram of the Zener tunneling
process is illustrated in the energy band diagram in Figure 1a,
where electrons from the p-type valence band tunnel across the
insulating region to the n-type conduction band. Electrons
tunneling across the i-region see a potential barrier ∼Egap in
height. This mechanism is similar to the tunneling observed in
tunnel diodes, except that Zener tunneling occurs at higher bias
voltages due to larger barrier widths.19 The electric ﬁeld in the
junction is calculated according to
B
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Figure 2. Electron transport of quasi-metallic nanotube pn-device. Current-bias voltage characteristics taken at (a) room temperature and (c) 4 K
with the device gated in a pn conﬁguration (i.e., Vg1 = −Vg2). Here, no rectifying behavior is observed at room temperure because of the small band
gap. Rectifying behavior is observed at 4 K with tunable forward and reverse breakdown voltages. (b) Current-gate voltage characteristics at 300 K
showing a minimum near 0 V. This dip in the conductance arises from the existence of a band gap. (d) Forward and reverse bias breakdown voltages
observed under diﬀerent doping conditions, demonstrating tunability between 1 and 0.2 V.

ε=

Vbi + Vreverse
L(Vg1 , Vg2)

ingly, increases with increasing gating. It should be noted that
these ﬁts agree well with the experimental data under high
electrostatic doping conditions (i.e., |Vg| >1 V) but not very
well under low doping conditions (i.e., |Vg| = 1 V, see Figure S3
in the Supporting Information), most likely due the Schottky
barriers at the electrical contacts, which can signiﬁcantly aﬀect
the transport at low doping.21,22
Another interesting aspect of these quasi-metallic nanotube
pn-devices is their ability to produce a ﬁnite photocurrent at
room temperature, even though they do not exhibit rectifying
behavior in this temperature range. Figure 4a shows the
photocurrent map taken under all possible electrostatic gating
conditions. Maximum photocurrent is observed when the
nanotube is doped in either a pn or np conﬁguration (i.e., Vg1 =
−Vg2). Here, the photocurrent changes sign with pn/np
polarity and increases linearly with laser power indicating the
existence of a charge separation region. Spatially mapped
photocurrent shows a peak photocurrent in the center of the
nanotube, which further demonstrates that the photocurrent
originates from the pn-junction rather than at the contacts
(inset of Figure S4a in the Supporting Information). By tuning
the incident laser energy, we collect photocurrent spectra, as
shown in Figures 1c and 4b, under various pn-gating conditions
(i.e., Vg1 = −Vg2). A dominant peak is observed at 2.14 eV
corresponding to the EM
11 optical transition of the nanotube.
This nanotube also exhibited a radial breathing mode (RBM) in
its Raman spectrum at 215.7 cm−1, which corresponds to a
diameter of 1.05 nm by the relation ωRBM = 227/dt.23 Together,
the nanotube diameter and the EM
11 optical transition enable
unambiguous identiﬁcation of this nanotube chirality to be
(13,1), as shown in Figure 4c.24 As the pn-gate potentials (Vg1
= −g2) are increased, the EM
11 peak shifts upward in energy and

(1)

where Vbi is the built-in voltage of the junction, Vreverse is the
applied reverse bias voltage, and L is the width of the insulating
region. Here, the width L and built-in voltage Vbi are strongly
dependent on the electrostatic doping (Vg1 and Vg2). The
tunneling probability can be estimated using the Wentzel−
Kramer−Brillouin (WKB) approximation given by18,20
⎡ −4E 2 ⎤
gap
⎥
T = exp⎢
⎢⎣ 3 2 ℏνFε ⎥⎦

(2)

where Egap is the band gap energy, νF is the Fermi velocity (8.4
× 105 m/s), and ε is the electric ﬁeld in the junction, given by
eq 1. The total tunneling current can be calculated as18,20
Itunnel =

4e 2
h

∞

∫−∞ T[Fv(E − eV ) − Fc(E)]dE

(3)

where V is the applied bias voltage, and Fv and Fc are the Fermi
Dirac distributions in the valence and conduction bands,
respectively.
Figure 3b shows a ﬁt using this Zener model to data taken
under Vg1 = −Vg2 = 3.5 V gating conditions showing excellent
agreement with the experimental data. In our ﬁts, the barrier
height (or band gap), L, and Vbi are used as ﬁtting parameters.
The tunnel barrier width and built-in potential from these ﬁts
for each of the I−Vbias characteristics shown in Figure 2c are
plotted in Figure 3c using the curvature induced band gap of
Egap = 53.4 meV obtained from the identiﬁed chirality, as
discussed below. Here, the barrier width decreases with
increasing gate voltage while the built-in potential, correspondC
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where c is 60 meV·nm2.5 The results described above
demonstrate that these mini band gaps can produce
electron−hole pair separation at room temperature, which
can be utilized in optoelectronic devices. The eﬀective band
gaps of the nanotubes measured in this study can also be
determined by ﬁtting the I−Vgate of each sample to a Landauer
transport model,13 in which the conductance of the nanotube is
given by
GCNT =

1
R CNT

⎛ 4q2 ⎞
⎟
=⎜
⎝ h ⎠

∞⎛

λeff (E , T ) ⎞⎛ ∂f ⎞
⎟⎜ ⎟d E
⎝ ⎠
eff (E , T ) + L ⎠ ∂E

∫−∞ ⎜⎝ λ

(5)

Here λeff is the eﬀective mean free path for a scattered electron
in the system given by Mathiessen’s rule.27,28 The mean free
path for the acoustic phonon scattering length and the optical
phonon scattering length depend on the nanotube’s diameter
(dt), as discussed previously.29−31 For the nanotube in Figure
3b, the diameter is 1.05 nm as measured by the RBM peak. L is
the nanotube channel length, which is 2.5 μm, and f is the
Fermi-Dirac distribution. The integral is taken over the density
of states, which is given by
N

D(E) =

∑
J=1

dEj(k)

−1

dk

where the derivative is taken over a hyperbolic dispersion
relation with a small band gap. Using this Landauer transport
model to ﬁt the I−Vgate data in Figure 2b, gives a band gap of
180 meV, which is considerably larger than the value predicted
from curvature-induced eﬀects (i.e., 53.4 meV). This
discrepancy between the transport band gap extracted from
the conductance-gate voltage curve and the curvature-induced
band gap could be related to recent work indicating the
existence of Mott insulating states.32−34 In this interpretation,
the band gap extracted from transport data is caused by a
transition to an insulating state, which causes the large
modulation observed in the conductance around the charge
neutrality point, and the actual energy separation between the
conduction and valence bands is considerably smaller (i.e., 53.4
meV). For the I−Vbias data in Figures 2c and 3b, we were
unable to obtain a reasonable ﬁt using the Zener tunneling
model with the large band gap value (i.e., 180 meV), providing
further evidence that the actual energy separation between the
conduction and valence bands is on the order of the curvature
induced band gap.
In summary, the mini band gaps in ultraclean, quasi-metallic
nanotubes enable the creation of pn devices using dual
electrostatic gate structures. While these pn junctions show
Ohmic behavior at room temperature, rectifying behavior is
observed at cryogenic temperatures with a tunable breakdown
voltage. This breakdown is attributed to band to band (or
Zener) tunneling inside the junction and can be controlled by
varying the electrostatic doping. These pn-devices produce a
ﬁnite photocurrent at room temperature enabling the precise
identiﬁcation of nanotube chirality in a functional device. A
dominant E−11 peak is observed in the photocurrent spectra
while the E+11 peak is absent, consistent with previous optical
studies. The electrostatic doping dependence of these photocurrent spectra show an increase in the photocurrent intensity
and a slight upshift of the E−11 optical transition energy under
heavily doped conditions. These results demonstrate that quasi-

Figure 3. Zener tunneling in quasi-metallic nanotube pn diodes. (a)
Forward and reverse sweeps for a quasi-metallic pn diode, showing no
hysteresis. (b) A ﬁt of the measured rectifying behavior (black circles)
to the Zener model (red curve). (c) The extracted barrier width and
the built-in voltage used to ﬁt the measured rectifying I−Vbias curves.

increases by a factor of 5 in intensity, as shown in Figure 4d.
This relatively small shift could either be due to electrostatic
force-induced strain25 or band renormalization.26 Tight binding
predicts two EM
11 transitions in nonarmchair metallic nanotubes
−
+
(i.e., E11
and E11
), corresponding to diﬀerent quantized
circumferential momenta in the zone folding scheme of carbon
nanotubes. Here, however, we only observe one peak at 2.14 eV
in the photocurrent spectrum, corresponding to E−11. The
absence of the corresponding E+11 peak at 2.58 eV from the
photocurrent spectrum is interesting. In previous tunable
Raman studies, the E+11 feature was also missing for small
diameter nanotubes dt < 1.3 nm24 and was attributed to the
nodal nature of exciton−phonon coupling.24
On the basis of the (13,1) nanotube chirality, which gives a
diameter of dt = 1.05 nm and a chiral angle of θ = 3.7°, we
calculate the curvature-induced band gap to be 53.4 meV based
on the formula
c
Egap = 2 cos 3θ = 53.4 meV
dt
(4)
D
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Figure 4. Photocurrent generation and exciton dynamics in quasi-metallic nanotubes. (a) Measured photocurrent map for diﬀerent Vg1 and Vg2
conﬁgurations. The maximum photocurrent is observed when the device is gated in either a pn and np conﬁguration. (b) Photocurrent spectra taken
under diﬀerent pn gating conditions showing the evolution of a prominent excitonic peak corresponding to the EM
11 metallic transition. (c) Kataura
plot showing unique chiral identiﬁcation based on the nanotube’s RBM at 215.7 cm−1 and the EM
11 energy at 2.14 eV. The intercept identiﬁes a
nanotube chirality of (13,1). (d) The EM
11 optical transition energy (red) and photocurrent magnitude (blue) plotted at various electrostatic doping
conditions.

were carried out under vacuum using a continuous ﬂow liquid
helium optical cryostat.

metallic pn-devices may have a broader impact in optoelectronic devices.
Methods. Fabrication. Devices are fabricated by ﬁrst
etching a 500 nm deep trench in pregrown silicon oxide (1
μm thick) and silicon nitride (100 nm thick) on silicon, as
illustrated in Figure 1a. Pt electrodes are deposited on top of
the silicon nitride, which act as the source and drain electrodes,
and 1 μm wide gate electrodes are deposited in the trench with
200 nm separation. Mo catalyst is deposited on top of the
source and drain electrodes to initiate the nanotube growth at
875 °C for 10 min, as described previously.13,35−37 The
nanotube growth is the ﬁnal step in this sample fabrication
process, which ensures that these nanotubes are not
contaminated by any chemical residues from the lithographic
fabrication processes.
Characterization. We characterize the devices by measuring
I−Vbias of each device. Devices that show Imax ∼ 10/L, where L
is the trench width in micrometers and Imax is the maximum
current attained in the nanotube in microamperes, indicate
individual nanotubes and are selected for further study.37
Raman spectra are collected using 532 nm and 633 nm lasers to
identify the nanotube’s RBM frequency and diameter.38,39
Photocurrent spectra were collected with a Fianium supercontinuum white light laser used in conjunction with a
Princeton Instruments double monochromator. The power
spectral density was measured and compared with the
measured photocurrent in order to distinguish the nanotube’s
peaks from the laser peaks. Low-temperature measurements
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1- Additional Information on the Device Structure:
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Figure S1. Quasi-Metallic nanotube device structure. (a) Schematic diagram showing the final
device structure. (b) SEM image of the suspended nanotube device. (c) Vg1 sweeps at different Vg2
sweeps. The charge neutrality points shift with different electrostatic doping. This effect will cause
the insulating region position to slightly vary along the length of the nanotube. The inset shows the
G-band Raman active mode exhibiting Kohn anomaly, indicative of a metallic nanotube.

2- Energy band diagram of each region in the measured rectifying I-Vbias:
The band diagram of the rectifying I-Vbias when the quasi-metallic nanotube is doped in a pn
configuration is shown in figure S2 for each different highlighted regime.
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Figure S2. Energy band diagram of forward and reverse biases for a pn gated metallic
nanotube. The band diagram of each highlighted region on the IVbias curve drawn for illustrative
purposes for the case of (a) positive Vbias, (b) Vbias, = 0 V, (c) negative Vbias, and (d) high negative
Vbias.

3- Additional Zener model fits for different electrostatic doping conditions:
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Figure S3. Zener model and measured rectifying I-Vbias. Zener model fits for different
electrostatic doping conditions (Vg1=-Vg2). (a) 1.5V, (b) 2V, (c) 4V, and (d)5V. The fitting parameters
used to generate these fits are plotted in figure 3c. As discussed in the main paper, the fits agree well
for high electrostatic doping conditions as compared to lower doping conditions.

4- Photocurrent Power Dependence and Photocurrent Spectra of Additional QuasiMetallic Samples with Different Mini-Band Gaps:
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Figure S4. Photocurrent power dependence and photocurrent spectra at room temperature.
(a) pn and np power dependence of the nanotube showing a linear dependence which rolls out the
effect of the thermally generated current. A 633nm laser is used with the laser spot centered in the
middle of the nanotube as illustrated in the graphical inset. The laser output power was measured
using a silicon photodiode while neutral density filters are used to vary the output power. The inset
figure shows the spatial photocurrent scan along the length of a 4µm long nanotube when biased in
a pn configuration. The photocurrent peaks in the middle section of the nanotube indicating of a
charge separation region. (b) Photocurrent spectra map of the sample in figure 1c with additional
doping conditions showing a peak occurring at 2.14eV (c,d) Photocurrent spectra of 2 different
quasi-metallic samples taken at different gating conditions. The spectra show the evolution of
prominent peaks which are attributed to Eii in accordance with the photocurrent peak observed in
figure 1c and S1b.
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5- Switching Between Ohmic Behavior and Rectifying Behavior, and Tunable
Rectifying Behavior of Additional Quasi-Metallic Samples with narrower mini-band
gaps:

160 180 200 220 240 260

T=4K

-1

Raman Shift (cm )

0

-1

Vg1=Vg2= -1V

-0.5

0.0

0.5

Vg1= -Vg2= -8
Vg1= Vg2= -8

2
0

T=4K
0.6

-2
-4

Vg1=-Vg2= -1V

-1.0

4

Current (µA)

1

Current (µA)

(b)

2
Intensity (a.u.)

Current (µA)

(a)

1.0

-0.3

-0.2

Bias Voltage (V)
(d)

Vg1=-Vg2=0V

Current (µA)

Vg1=-Vg2=-3V
Vg1=-Vg2=-4V

0.0

Vg1=-Vg2=-5V

T=4K

Current (µA)

Current (µA)

Vg1=-Vg2=-2V

0.2

-0.2

-0.4
-0.2

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

-6 -4 -2 0

2

4

Vg1= Vg2 (V)

-0.1

0.0

0.1

Bias Voltage (V)

0.2
0.0

0.2

-5

0

5

Vg1=Vg2 (V)

0.1

10

0.2

0.3

Vg1=-Vg2= 0.5 V
Vg1=-Vg2= 1.5 V
Vg1=-Vg2= 3 V
Vg1=-Vg2= 5 V
Vg1=-Vg2= 7 V
Vg1=-Vg2= 9 V

T=4K

-0.2
-0.4

6

0.0
-10

Bias Voltage (V)

Vg1=-Vg2= 0 V
Vg1=-Vg2= 1 V
Vg1=-Vg2= 2 V
Vg1=-Vg2= 4 V
Vg1=-Vg2= 6 V
Vg1=-Vg2= 8 V

0.4

Vg1=-Vg2=-1V

0.2

0.0

Current (A)

(c) 0.4

-0.1

0.4

-0.10

-0.05

0.00

12
10
8
6
4
2
0

-4

-2

0

2

Vg1=Vg2 (V)

0.05

4

0.10

Bias Voltage (V)

Figure S5. Current-Voltage characteristics at 4K of additional samples. (a) I-Vbias at 4K of the
sample in figure 2 showing a pronounced rectifying behavior when gated in a pn configuration
while ohmic behavior is observed when gated in pp configuration. The inset shows the Raman
RBM peak which gives us the advantage of identifying the chirality of the nanotube along with
the photocurrent spectra in figure 1c (b) another sample showing the tunability between ohmic
behavior and rectifying behavior at 4K. The inset shows the Current- Gate Voltage characteristics
at room temperature. (c,d) tunable rectifying behavior with doping conditions of 2 different quasimetallic samples at 4K. These samples exhibit narrower band gaps than the samples in figures
S3(a,b) (see insets for I-Vgate taken at room temperature) further cooperating the strong
dependence of Zener tunneling with the quasi-metallic nanotube’s mini-band gap.

