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Abstract—P-N junction diodes are formed by electrostatic
doping using two gate electrodes positioned beneath individual,
suspended single-walled carbon nanotubes (CNTs). These devices
exhibit nearly ideal diode behavior within a small bias voltage
range near 0V. At higher bias (> |0.2V|), non-ideal diode behavior
is observed arising from Schottky contacts formed between the
nanotube and its metal contact electrodes and the presence of
electron tunneling between the N- and P-doped regions. We
introduce a back-to-back diode model to explain the observed
current versus voltage (I-V) characteristics. The reverse saturation
current, parallel resistance, and open circuit voltage dependence
on gate voltage provide quantitative evidence for the theoretically
predicted doping-induced band gap shrinkage in carbon
nanotubes. The minority carrier lifetimes are also estimated from
this model.
Index Terms—Band gap renormalization, Carbon nanotube,
Minority carrier lifetime, p-n junction, Photodiode, Schottky
diode

The ability to fabricate ultra-clean, nearly defect-free,
suspended carbon nanotubes (CNTs) has enabled several
interesting phenomena to be observed, including non-adiabatic
behavior (i.e., breakdown of the Born-Oppenheimer
approximation)[1], mode selective electron-phonon coupling
(leading to negative differential resistance and non-equilibrium
phonon populations)[2], gate-controllable modulation of
Raman intensity[3, 4], and a possible structural phase
transition[3, 5, 6]. These effects are not seen in substratesupported nanotubes, and the elimination of substrate
interactions, defects, and surface contaminants is essential to
their observation[7]. While diode-like rectification has been
achieved in CNT P-N junctions formed by chemical doping[8,
9], polymer coating[10], impurities[11], asymmetric
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contacts[12, 13], and intramolecular junctions[14], P-N
junctions can also be formed by electrostatic gating[15-19] that
enables doping of nanotubes without introducing defects,
impurities, or surface contaminants. These imperfections can
scatter electrons, increase electron-hole recombination, create
sub-band gap states, and ultimately lead to non-ideal diode
behavior.
Several studies have focused on CNTs lying on a substrate
and/or on densely-packed CNT films[10, 20, 21]. Residue from
lithographic processing and imperfections induced at the
nanotube-substrate interface perturb the one-dimensional
conducting carbon nanotube as the electrons experience random
fluctuations in potential along the tube length[7].
Electrostatically doped P-N junctions in suspended CNTs have
shown ideality factors, n≈1, suggesting the near absence of
charge recombination during transport [16, 19]. Current
annealing has been shown to remove adsorbates, further
improving the ideality factor[22]. However, most of these
studies have been limited to fixed gate voltages and relatively
small bias voltages across the nanotube (< |0.2V|). Many-body
theory has predicted that the band gaps and exciton binding
energies in semiconducting CNTs will significantly decrease
with doping due to dynamic screening by acoustic
plasmons[23]. This band gap reduction is approximately ten
times larger than in bulk semiconductors at the same doping
level (~800 meV for densities of ρ = 0.6 holes or electrons per
nm), however, this phenomenon has up to this point gone
largely unstudied.
In this work, we study CNT P-N junction diodes under
relatively large applied bias voltages over a broad range of
electrostatic doping conditions imposed by two isolated gate
electrodes, as illustrated in Fig. 1a. A two-diode model is
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V) behavior observed at high bias. This model includes band
gap renormalization which is particularly important under high
electrostatic doping. I-V characteristics are also taken under
illumination to further elucidate the charge-carrier dynamics at
the P-N junction.
Samples are fabricated by etching a 4 μm wide, 500 nm deep
trench in a Si/SiO2/Si3N4 substrate, as described previously[24].
Two 1 μm-wide and 35 nm-thick Pt/W gate electrodes (30 nm
Pt/5 nm W adhesion layer) separated by 2 μm are deposited on
the bottom of the trench, as shown schematically in Fig. 1a.
Source and drain electrodes with the same Pt/W thicknesses are
patterned lithographically on each side of the trench. The CNTs
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CNTs based on the empirical Imax rule[25] for our measurement.
The I-V characteristics are taken both in the dark and under
illumination using a variable output power, λ = 532 nm
wavelength diode-pumped solid-state laser. The laser is focused
to an approximately 0.5 μm-diameter spot, and the power of the
laser spot incident on the nanotube ranged from 20 µW to 200
µW. Complete photovoltage and photocurrent maps are
provided in the Supplemental Materials in Fig. S5.
Fig. 2 shows the dark I-V characteristics of the device taken
at various gate voltages. In the weak gating regime (Fig. 2a), an
“S” shape curve is observed, indicating two back-to-back
diodes. At larger applied gate voltages (Figs. 2b and 2c), nearlyideal diode behavior is observed at low bias voltages as
previously reported, however, non-ideal diode behavior can be
seen at bias voltages > 0.2V. A two-diode model (described
below) is used to fit the experimental data, as shown by the solid
lines in Figs. 2a, 2b, and 2c.
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Figure 1: (a) Schematic diagram of the dual-gate device geometry.
(b) Equilibrium diode band diagram where the gate voltages are Vg1
> 0V and Vg2 < 0V, and the device equivalent circuit represented by
two diodes in opposite directions. Here, EF is the Fermi energy and
cnt
Rcon
P and R P are the shunt resistances of the Schottky and P-N
junctions, respectively. (c) Colorized SEM image of the dual-gate
device geometry.

are then grown by chemical vapor deposition (CVD) at 850 °C
with Fe and Mo catalysts using argon bubbled through ethanol
for 10 minutes. Figure 1c is an SEM image of our device with
a dashed line indicating where the CNT typically grows. The
diameters of the CNTs are typically 1.2 ± 0.1 nm. Currentannealing is performed in argon at Vbias = ±1.5V. Typical I-V
transport properties are shown in Figs. S1 and S2 in
Supplemental Materials. We only select single suspended

Figure 2: Typical I-Vbias characteristics of an electrostatically
doped P-N junction CNT taken at various gate voltages showing
non-ideal behavior at high bias (>0.2 V). The fits to the data (red
lines) follow the theory outline in the text.

To understand the device behavior, we assume a model
comprising two back-to-back diodes, as illustrated in the band

diagram of Fig. 1b. Our approach is similar to previous study of
semiconductor, which includes two Schottky barriers
connected back to back and a series resistor in between these
barriers[26]. Here, the diode labeled “con” corresponds to the
Pt-contact Schottky barrier diode, and “cnt” represents the
electrostatically doped P-N junction. These two diodes have
different turn-on voltages under forward bias, thereby limiting
the current at high voltage. We represent the tunneling current
cnt
in the device with a pair of shunt resistances, Rcon
P and RP ,
also shown in Fig. 1c. Thus, the current through the device can
be written as:
I  I 0con (exp(

 qV con
V con
 qV cnt
V cnt
)  1)  ( con )  I 0cnt (exp(
)  1)  ( cnt ),
kT
kT
Rp
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(1)
where Vcon and Vcnt are the voltages dropped across the reverseand forward-biased diodes, respectively, and 𝐼0𝑐𝑜𝑛 and 𝐼0𝑐𝑛𝑡 are
their respective reverse saturation currents. Hence, the total
voltage is 𝑉 = 𝑉 𝑐𝑜𝑛 + 𝑉 𝑐𝑛𝑡 . We solve (1) for V, to obtain:

decreases exponentially with the square root of the gate voltage,
and hence band gap, as shown in Fig. 3b. Interestingly, the
reverse saturation current increases with doping, which is the
opposite of expectations for conventional diffusion-limited
diodes[29]. This is due to band gap renormalization (BGR),
which results in a decrease in band gap with increased doping
due to dynamical screening mediated by acoustic plasmons[23].
This effect is considerably stronger in CNTs than in
conventional semiconductors due to the 1D confinement of
carriers.
To relate the reverse saturation current to doping, we start
with the CNT conduction band density of states[19, 30]:
E
E > Ec
D( E, E ) = D
c

0

,
(3)
where Ec is the energy of the conduction band minimum and D0
is the effective density of states at the conduction band
minimum. From the density of states, we calculate the minority
carrier density in the doped regions[31]:
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The thermal voltage is 𝑉𝑡ℎ = kT/q, where k is Boltzmann’s
constant, T is the temperature, q is the electron charge, and W is
the Lambert W-function[27, 28] defined as the solution to y =

E 2 - Ec2

∞
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(4)

where Ea is equal to the energy difference between the
conduction band minimum and the Fermi energy in the P-doped
region (Ec - EF,p). The integral is solved for a conduction band
minimum energy of 300 meV. The reverse saturation current is
expressed as[32]:
𝐼0 = 𝑞𝐷𝑖𝑓𝑓 (𝑛𝑝 + 𝑝𝑛 )/√𝐷𝑖𝑓𝑓 𝜏 ,
(5)
where Diff is the diffusion coefficient and τ is the minority

Figure 3: Dependence of (a) the reverse saturation current and (b) the parallel resistance on doping (Vg1= -Vg2). Lines
are added as guides to the eye.

x𝑒 𝑥 . The W-function is introduced to allow for exact analytical
solutions of (2). Typical values for 𝐼0 and 𝑅𝑃 are 0.5 nA and
0.7 GΩ, respectively. For a complete list of values see Table S1
in the Supplemental Materials.
Fig. 3 shows the reverse saturation currents (𝐼0𝑐𝑜𝑛 and 𝐼0𝑐𝑛𝑡 )
and equivalent tunneling resistances ( RP ) plotted vs. gate
voltage for the Schottky and P-N diodes, respectively. Here, RP,

carrier lifetime. Substituting Eq. (4) into Eq. (5) gives:
𝐷𝑖𝑓𝑓
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where the factor of 0.12 eV is obtained from the numerical
solution of (4). By measuring the temperature dependence of
I0, it is possible to extract both Ea and τ. The diffusion
coefficient Diff is calculated from the Einstein relation using a
mobility of 2 × 104 cm2/V·s[33]. We find that τ = 0.10 ± 0.02

ns, assuming that Diff, D0, and τ are doping-independent. This
value is similar to recent observations of time-resolved
photoluminescence[34]. Here, Ea is doping-dependent and
spans a range from 0.25 – 0.18eV, as shown in Fig. 4.
Spataru and Leonard used many-body simulations to
understand the shift in band gap due to BGR, determining that
the change of the band gap, ΔEgap, ∝ √𝜌[23]. Assuming that the

In conclusion, we have found that suspended carbon
nanotube P-N junction diodes exhibit nearly ideal behavior for
small bias voltages. At higher bias, the metal-semiconductor
contacts limit current injection, resulting in a back-to-back
diode characteristic with the P-doped side having an ohmic
contact and the N-doped side having a Schottky contact with the
underlying Pt electrodes. The parallel tunneling resistance also
significantly influences current at high bias. Our model of the
doping dependence of the reverse saturation current, parallel
resistance, and open circuit voltage provide evidence for the
theoretically predicted band gap renormalization by dynamic
screening by acoustic plasmons in carbon nanotubes.
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Figure S1: (a) Typical dark current-voltage (I-V) curve of a suspended SWNT diode at
T=300K with Vg1= -Vg2= +9V fitted to Eg. (1). The inset shows the log plot of the same
data. (b) Device conductance plotted as a function of gate voltage with Vg1= Vg2 and
Vbias=0.2V in air at T=300K.
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Figures 5a and 5b show the short circuit photocurrent and open circuit photovoltage plotted
as functions of the two gate voltages, Vg1 and Vg2. These data were taken under = 532 nm
wavelength illumination in ambient at T = 300 K, and represent 1089 (33×33) different gate
voltage conditions. The four quadrants in these photoresponse maps correspond to P-N, N-P, P-P,
and N-N regions, as indicated in Fig. 5a. In the P-N and N-P regions, the photocurrents and
photovoltages are typical of conventional P-N junction behavior in semiconductor devices. In the
P-doped quadrant, however, large photocurrents are observed when one of the gates is at zero bias.
Interestingly, we see no corresponding photovoltage in this region due to the Schottky contact
formed between the CNT and the Pt electrode.

Vg1/Vg2(V)

I01(A)

I02(A)

RP1(Ω)

RP2(Ω)

VOC(V)

ISC(A)

(-8,8)

2.34E-10

1.70E-09

1.52E+09

1.85E+07

4.70E-02

-1.25E-09

(-7,7)

2.09E-10

1.48E-09

1.62E+09

4.02E+07

5.30E-02

-1.46E-09

(-6,6)
(-5,5)
(-4,4)
(-3,3)
(-2,2)
(-1,1)
(1,-1)
(2,-2)
(3,-3)
(4,-4)
(5,-5)
(6,-6)
(7,-7)
(8,-8)

1.71E-10
1.41E-10
1.25E-10
1.06E-10
8.58E-11
9.22E-11
1.03E-10
1.72E-10
3.46E-10
5.77E-10
7.8E-10
9.58E-10
1.15E-09
1.35E-09

1.49E-09
1.31E-09
9.97E-10
6.37E-10
2.73E-10
1.2E-10
7.96E-11
9.02E-11
1.12E-10
1.29E-10
1.47E-10
1.7E-10
1.75E-10
2.16E-10

1.62E+09
1.55E+09
1.65E+09
1.83E+09
1.87E+09
2.29E+09
1.55E+09
1.29E+09
1.01E+09
8.98E+08
8.51E+08
8.49E+08
5.21E+08
88959419

7.46E+07
2.04E+08
3.21E+08
4.83E+08
1.08E+09
1.77E+09
1.82E+09
1.73E+09
1.52E+09
1.42E+09
1.35E+09
1.26E+09
7.48E+08
4.41E+08

6.10E-02
0.068
0.075
0.081
0.083
0.068
-0.071
-0.078
-0.073
-0.068
-0.064
-0.059
-0.056
-0.049

-1.80E-09
-2E-09
-2.2E-09
-2.2E-09
-1.7E-09
-1.1E-09
8.88E-10
1.29E-09
1.46E-09
1.56E-09
1.55E-09
1.51E-09
1.48E-09
1.15E-09

Table S1: Open circuit voltage (VOC), short circuit current (ISC) observed under illumination
with a 532 nm wavelength laser, and fitting parameters for the dark I-V characteristics taken
at various split-gate voltages. Vg1/Vg2 are the gate voltages; 1 refers to the Schottky diode and
2 refers to the P-N diode; I01 and I02 are the reverse saturation currents from diode 1 and diode
2, respectively; RP1 and RP2 are the parallel shunt resistances from diode 1 and diode 2,
respectively.
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