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T
he prospects of modern semiconduc-
tor device physics rely on the control
of carrier types, carrier concentration,

and mobility. However, in order to perform
desired complex circuitry operation, unipo-
lar p-type and n-type and p�n junction
devices are required. Furthermore, high
carrier mobility is a prior condition for high-
speed devices operated in a wide range of
frequency signal processing. Single-walled
carbon nanotubes (SWCNTs) are a one-di-
mensional (1D) class of material for building
electronic devices due to their extraordinary
electronic properties such as high mobility
(∼105 cm2/(V s)),1 on�off current ratio
(>105),2 and current carrying capacity
(>109 A/cm2).3,4 A variety of devices, based
on the integration of individual SWCNTs,
have been demonstrated, including field
effect transistors (FETs),2 diodes,5�9 logic
circuitelements,10opticalemissiondevices,11,12

and chemical sensors.13 However, a SWCNT
rectifier operated in a wide range of frequen-
cies is yet to be demonstrated.
The semiconducting SWCNTs in general

show unipolar p-type behavior under ambi-
ent conditions.2,4,10 Various chemical and
nonchemical doping strategies have been
applied to convert from p-type to n-type
SWCNTs.14�17 The p�n junction SWCNT
diode using type conversion mechanism
has been reported previously.5�9 High leak-
age current and low diode rectification have
often been observed under reverse bias
conditions due to the poor doping ability
of the previously used dopants.6,8,9 A more
effective doping control is required to have
better diode characteristics. The key issue
behind fabricating a high-performance rec-
tifier device with a high-frequency input
signal process using a SWCNT p�n junction
diode is to have an efficient and stable
doping strategy of SWCNT-type conversion.

In order to achieve a high-performance
rectifier device operated in a wide range
of frequency input signals, both polarities
of the SWCNT (p-type and n-type) should
have high carriermobilities and comparable
on�off ratios.18 Recent investigations show
a stable n-type chemical dopant without
degrading its semiconductor properties
using electron-donating viologen and NADH
molecules.19,20 This provides an opportun-
ity to develop a realistic high-performance
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ABSTRACT

Semiconductors with higher carrier mobility and carrier density are required to fabricate a

p�n junction diode for high-speed device operation and high-frequency signal processing.

Here, we use a chemically doped semiconducting single-walled carbon nanotube (SWCNT)

random network for a field effect transistor (FET) and demonstrate a rectifier operated at a

wide range of frequencies by fabricating a p�n junction diode. The p�n diode was fabricated

by using a pristine p-type SWCNT-FET where half was covered by SiO2 and the other half was

chemically doped by using benzyl viologen molecules, which was converted into an n-type

channel. The half-wave rectifier of the random network SWCNT p�n junction diode clearly

highlights the device operation under high input signal frequencies up to 10 MHz with very low

output distortion, which a commercial silicon p�n junction diode cannot access. These results

indicate that the random network SWCNT p�n junction diodes can be used as building blocks

of complex circuits in a range of applications in microelectronics, optoelectronics, sensors, and

other systems.

KEYWORDS: carbon nanotube . chemical doping . p�n junction . diode .
rectifier
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rectifier device. Although an individual CNT was used to
demonstrate a diode,5,6 random network CNTs are pre-
ferred due to the facile fabrication process. The latter
involves metallic channels that degrade the device
performance.9 Therefore, separated semiconducting
channels are preferred for high-performance device
operation. To our knowledge, there has been no report
that uses exclusively a semiconducting SWCNT random
network channel in fabricating diodes.
In this report, the separated semiconducting

SWCNTs (96% purity) were used as a channel material
for FET devices. The FET performance of the doped
n-type semiconducting SWCNT network was not de-
graded due to the use of benzyl viologen (BV) as a
stable and efficient chemical dopant. Half of the pris-
tine p-type SWCNT random network channel was
converted into n-type channel to form the SWCNT
p�n junction diode. The combination of the semicon-
ducting SWCNTs and stable BV dopant facilitated a
high on�off ratio and similar current levels between
p-channel and n-channel in the diode, which is a
critical condition for minimizing leakage current and
high rectifying efficiency in the rectifier. We demon-
strate that the fabricated SWCNT rectifier shows a wide
range of input frequency response up to 10 MHz, in
good contrast with the commercial Si diode.

RESULTS AND DISCUSSION

Carbon nanotube FETs were fabricated using ran-
dom network semiconducting SWCNTs. A separated

semiconducting SWCNT solution was spin-coated on
top of a Si/Al2O3 substrate (Figure 1a).10 The semicon-
ducting SWCNTs over metallic SWCNTs in the random
network were characterized by absorption and Raman
spectroscopy. The SWCNT lengths of several hundred
nanometers were uniformly and randomly distributed
on the channel area, as shown in Figure 1b. The van
Hove singularity transition associated with semicon-
ducting S22 peaks was clearly visible with a negligible
metallic M11 peak (Figure 1c) similar to the previous
investigations.21 The semiconducting properties of the
SWCNT network were also verified with Raman spec-
troscopy (Figure 1d). Clearly distinguishable G0, G, and
D bands were observed near 2685, 1592, and
1345 cm�1, respectively. A significantly low D/G inten-
sity ratio verifies good quality of the SWCNT with fewer
defects. The radial breathing mode (RBM) near
150�200 cm�1 (inset of Figure 1d) was observed,
which is a characteristic of semiconducting SWCNTs.22

Figure 2a represents the transfer characteristics of
the random network SWCNT FET devices. Among 300
FETs, all the devices showed high on�off ratios greater
than 103, which is ascribed to the use of semiconduct-
ing SWCNTs and mobilities greater than 2 cm2/(V s).10

This highmobility is better than thin film amorphous Si
devices (<0.1 cm2/(V s)).23 Figure 2a is a typical FET
device, which was obtained from high CNT density in
solution,10 revealing clear semiconducting p-type be-
havior with an on�off ratio of >103 and hole mobility
of 7.2 cm2/(V s). The threshold voltage was observed

Figure 1. (a) Scanning electron micrograph of the SWCNT FET device. The figure inset represents the cross sectional
schematic of the device. (b) High-resolution SEM micrograph of uniform SWCNT random network used for the FET devices.
(c) Absorption spectroscopy of the separated semiconducting SWCNTs. Broadmetallic and semiconducting bands are shown
by shaded areas. (d) Raman spectroscopy of the SWCNT used for the FET devices. Figure inset shows the RBM mode in a
magnified scale. Excitation energy of 2.41 eV was used.
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near a gate voltage of 4 V. Lowering the source�drain
voltage decreases the drain current level without
reducing the on�off ratio. BV is an efficient charge
dopant molecule that can effectively donate negative
charges to SWCNT upon attachment on the surface
and induces type conversion of SWCNTs fromp-type to
n-type by dropping a BV solution on the surface of the
SWCNT, where viologenmolecules donate electrons to
compensate hole current and further to the empty
conduction band of S11 and S22 of semiconducting
SWCNTs to increase electron current in the FET
device.19,24 The pristine p-type SWCNTs were con-
verted into n-type, as shown in Figure 2b. The thresh-
old voltage in this case was downshifted. As the BV
doping concentration increased from 1mM to 100mM
(Figure 2c), the on current (electron) level increased
and the threshold voltage was consistently down-
shifted. The electron mobility with BV doping of
1 mM was 5.1 cm2/(V s) and increased to 6.3 cm2/(V s)
at 100 mM. These values (n-type, electron mobilities)
are comparable with p-type (hole) mobilities, which
verifies no degradation of carrier mobilities due to
chemical doping. As the BV concentration increased,
the threshold voltage was shifted to higher nega-
tive gate voltage and the on�off ratio increased
initially and was saturated at high BV concentration
(Figure 2c). It is noted that the on current level of the
n-type transistor is similar to that of the pristine p-type
transistor. This demonstrates the efficiency of the BV
dopant for type conversion to n-type.

Figure 3a is the schematic model of a SWCNT p�n
junction diode device based on random network
SWCNTs. Half of the SWCNT-FET channel was encap-
sulated with a 300 nm thick SiO2 layer, which preserves
the pristine p-carrier-type SWCNT, while the other half
was doped with BV to form a p�n junction diode.
Figure 3b is the SEMmicrograph of the top view of the
diode device in which the encapsulated SiO2 layer is
visible, covering half of the channel length. Figure 3c
represents the I�V characteristics of the diode device
that operates at (2 V, where the current flows at
forward bias and no current was allowed to flow in
the reverse bias condition in both p-type and n-type
biasing polarities. This is a clear demonstration of the
diode operation of the SWCNT p�n junction device.25

The variation in the output characteristics of the ran-
dom network SWCNT diode under different BV doping
concentrations was investigated. With increasing BV
concentration, the on current level increased slightly
with a well-defined off current, while threshold voltage
was not altered appreciably, as shown in Figure 3d.
The device-to-device variation in on�off current levels
with changing BV doping concentrations is presented
in Figure S1. The on current level increased in all the
devices as the BV doping concentration increased,
whereas the off current level remained constant in-
dependent of doping concentration. Increasing BV
concentration alters the n-type depletion region
to modify the electric field gradient at the junction.
As a consequence, the on current level was altered.
Since the p-type region is fixed at constant doping

Figure 2. Electrical characterizations of p-type and n-type SWCNT-FET devices: (a) Transfer characteristics of the pristine
p-type SWCNT-FET device. Figure inset represents the schematic diagram of the device. (b) Transfer characteristics of
chemically doped n-type SWCNT-FET device with different BV doping concentrations. Different source�drain voltages were
also used for comparison. (c) Threshold voltage shift and on�off ratio of doped n-type CNT FETs with different BV
concentrations. The inset is a photograph of the BV solutions at different concentrations as designated.

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn203391h&iName=master.img-002.jpg&w=300&h=239


BISWAS ET AL . VOL. 5 ’ NO. 12 ’ 9817–9823 ’ 2011

www.acsnano.org

9820

concentration, the balance of the majority current on
both sides plays a role inmaximizing the diode current.
Crucial device parameters can be evaluated by

comparing the asymmetric nonlinear current�voltage
relationship of the p�n junction diode. In order to
investigate our random network SWCNT p�n junction
diode operation, we have plotted the output I�V

characteristics in absolute semilogarithmic current
scale and fitted with the conventional p�n junction
diode equation as follows (Figure 4a).25

IDS ¼ IS(e
VDS=nkBT � 1) (1)

where IDS is the collected current from the diode under
applied voltage VDS, IS is the reverse bias saturated
leakage current, n is the ideality factor of the diode,
kB is the Boltzmann constant, and T is the temperature.
For an ideal diode, the ideality factor becomes unity.
However, in reality, the ideality factor value is larger26,27

than 1 and could take a value between 1 and 2 for the
case of silicon diodes.25 Our random network SWCNT
diode I�V characteristics fit with the diode equation
(eq 1) with an IS value near 4.7� 1012 A and an ideality
factor of 4.8 (Figure 4a). Under reverse bias conditions,
the diffusion potential barrier height between the
p-type and n-type side becomes too high to flow a
significant current through the device. However, under
forward bias conditions (VDS > 0) the diffusion potential

barrier is lowered, which causes a large gradient
of carriers to diffuse as from one side to the other side
of the diode, as illustrated in the band diagram of
the inset. At the higher forward bias region, the ex-
perimental curve deviates from theoretical values
(Figure 4b). This is a common phenomenon in planar
diodes, as significant voltages are dropped near to
contact of the metal electrodes and semiconducting
SWCNTs. Increasing the contact resistance between
electrodes and SWCNTs increases the diode series
resistance, due towhich the experimented current level
deviates from the diode equation. Further investigation
reveals the experimental random network SWCNT
diode I�V output current matches with an ideal diode
equation (n = 1) only up to very small forward bias
voltages (Figure 4b). The forward biased I�V character-
istics of real p�n diodes are diminished at the higher
voltage region by a high injection of carriers followed
by the series resistance of the diode. These effects were
illustrated by the schematic I�V characteristics of a
silicon p�n diode in Figure 4c.25 The I�V characteristics
are sketched on a semilogarithmic current scale, and
four different regions can be distinguished. At the initial
stage of the forward bias, the current is dominated by
the trap-assisted recombination in the depletion re-
gion, designated as “depletion region recombination”,
in which the curve has an ideality factor more than 1 in

Figure 3. Device structure and electrical characterization of random network SWCNT p�n junction diode: (a) schematic
model of SWCNT p�n junction diode based on a random network of SWCNTs. Half of the SWCNT FET channel was
encapsulated with a SiO2 layer (see SEMmicrograph in (b)), whereas the rest of the channel was chemically doped with BV to
formap�n junctionbetween the source anddrain electrodes. (c) I�V characteristics of randomnetwork SWCNTp�n junction
diode in which half of the p-type CNT was converted into n-type with a BV doping of 30 mM concentration. (d) I�V
characteristics of random network SWCNT p�n junction diode with different n-type dopant concentrations.
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the case of the Si diode. After this region, the current of

the diode increases exponentially with increasingmag-

nitude of the applied voltage. This region is referred to

as the “ideal diode” region with the value of n = 1.

Interestingly, the depletion regionwas not visible in our

random network SWCNT diode. This implies that the

depletion region is negligibly narrow or no recombina-
tion occurs for carrier injection. Because of this fact, the
injection of the carrier is more severely restricted at
higher voltage due to the limited diffusion, giving rise
to a higher ideality factor of 4.8. Minimizing the series
resistance including contact resistance could signifi-
cantly improve the performance of the random net-
work SWCNT p�n junction diode. We emphasize here
that our molecular doping using BV is quite stable
under ambient conditions.19 Our p�n diode fabricated
with BV showed good environmental stability with
similar diode characteristics with a negligible current
level after 12 days, in good corroboration with the
previous report (see Supporting Information (SI) S2).
The most primary and important application of a

diode is its rectification performance. The basic use of a
rectifier is to transform an alternating current (ac)
signal to a direct current (dc) signal. Figure 5 illustrates
the rectification performance and frequency response
of the random network SWCNT diode. The perfor-
mance of a basic half-wave rectifier constructed using
a single random network SWCNT diode was compared
with a commercial silicon p�n junction rectifier diode
(1N4005). Both rectifiers were operated with identical
input signal at a frequency of 100 Hzwith an amplitude
of 3 V (Figure 5a). Both SWCNT and silicon diodes show
good rectification behavior by carrying the positive ac
signal with low signal distortion, while demonstrating
zero bias at negative ac signals. The rectified amplitude
is relatively small in the case of the random network

Figure 4. (a) I�V curve of the CNT p�n junction diode plotted in absolute magnitude of the current and fitted with eq 1
with an ideality factor (n) of 4.8. The inset shows the band diagram during forward and reverse bias near the vicinity of the
p�n junction. (b) I�V curve of the randomnetwork SWCNTp�n junction diode fittedwith ideal diode equation and eq 1 (with
n = 4.8) at different voltage ranges. (c) Schematic I�V plot of a typical silicon p�n junction diode fitted with different ideality
factors representing different conduction regions. The x-axis arrow represents the direction of increasing source drain bias.

Figure 5. Input and output characteristics of a SWCNT
rectifier device: (a, b) Input and output characteristics of a
SWCNThalf-wave rectifier operated at a frequencyof (a) 100Hz
and (b) 10 MHz input ac signals and compared with a com-
mercial Si rectifier diode (1N4005). Input signal amplitude
was maintained constant at 3 V. (c) Output peak amplitude
variations of the SWCNT rectifier with different input signal
frequencies (at 3 V input signal amplitude).
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SWCNT diode. The situation becomes different at a
high input frequency signal of 10 MHz (Figure 5b). The
output signal of the rectifier silicon diode was dis-
torted, and the rectification amplitude was reduced
with respect to the high-frequency sinusoidal inputs
due to the low carrier mobility of silicon.28,29 However,
very high carrier mobilities of SWCNT1 enables fast
carrier conduction, resulting in good rectifier perfor-
mance with very low distortion even under high-frequ-
ency input signals. Thus, p�n junction diode materials
with high carrier mobility are required for high-
frequency operations. The rectifier performance of
other types of nonrectifier planar silicon diodes (such
as high-frequency diodes, band switching diodes, small
signal diodes) was investigated and compared (see SI S3).
The output peak amplitude also improves under high-
frequency input signal up to 1.8 V. The input signal
frequency response on the output peak amplitude of
the SWCNT rectifier is plotted in Figure 5c. At low
input signal frequency, the SWCNT rectifier showed a
low output peak amplitude due to presumably high
contact resistance between SWCNTs and the metal
electrode and SWCNT�SWCNT network junction re-
sistance. Nevertheless, the distortion of the waveform
is much smaller than those of Si diodes shown in S3.
The output peak amplitude increased smoothly at the
low-frequency region, was saturated near 1 kHz, and
remained almost constant up to 1 MHz. The peak
amplitude increased rapidly after 1 MHz, reaching
maximum amplitude at 10 MHz, followed by a fast

decay at higher frequency. This high-frequency cut
provides another opportunity for the SWCNT rectifier
to be used as a frequency limiter.

CONCLUSION

The fabrication and performance characterization of
a chemically doped SWCNT random network based
p�n junction diode has been demonstrated here. The
semiconducting SWCNTs were exclusively used to
fabricate a random network channel with high yield
of fabrication and high on�off ratio. While the pristine
p-type SWCNTs were used, half of the device was
converted to n-type SWCNT by chemical doping with
BV dopant to form a p�n junction diode. Similar levels
of on�off ratio and on current to p-type SWCNT
channels were obtained in the n-type SWCNT channel
with high mobilities of 5�8 cm2/(V s). Fitting the I�V

characterization with the ideal diode equation reveals
a negligibly narrow depletion region, resulting in large
carrier injection. The half-wave rectifier device con-
structedwith randomnetwork SWCNT diodes operates
at higher input signal frequencies up to 10 MHz with
low input�output signal distortion in which commer-
cial silicon diodes fail. These results highlight the
application opportunity of the random network semi-
conducting SWCNT p�n junction diodes to be used in
high-frequency signal processing, high-speed micro-
electronics circuitry, optoelectronics, sensors, and
other systems such as frequency limiters and fre-
quency band-pass filters.

METHODS
The semiconducting SWCNTs separated from metallic

SWCNTs by a density gradient ultracentrifugation method
were purchased from NanoIntegris Inc. The separated
SWCNTs were then dispersed in N-methylpyrrolidinone by
a three-hour sonication (120 W, 35 kHz) followed by a
centrifugation at 10 000 rpm for two hours. An insulating
layer of 50 nm alumina was deposited on a bare silicon wafer
by atomic layer deposition. The 100 μL SWCNT solution was
spin-coated on top of the alumina to have uniform high
density SWCNT network formation. The source and drain
electrodes (5 nm Cr followed by 50 nm gold) were then
deposited by an electron beam evaporator under a conven-
tional photolithography mask pattern. The 1,10-dibenzyl-
4,40-bipyridinium dichloride (benzyl viologen) powder
(0.04 mg) with a purity of 96.0% (purchased from Fluka) was
dissolved in 10 mL of water followed by an addition of 10 mL of
toluene, resulting in a biphasic solution. The reducing agent of
200mMsodiumborohydridewas added to the solution andkept
for 24 h, and the reduced BV was segregated to toluene from
water. The concentration of the BV in toluene can be altered by
changing the initial BV concentration in water. This BV solution
dispersed in toluene was used as the n-type dopant of SWCNTs.
In order to convert p-type SWCNTs into n-type SWCNTs, one
drop of 5 μL of BV solution was used with different concen-
trations. ac/dc measurements were conducted using a semi-
conductor characterization system (model 4200, Keithley
Instruments Inc.).
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