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Abstract—Carbon nanotube is a promising material to fabri-
cate high-performance nanoscale-optoelectronic devices owing to
its unique 1-D structure. In particular, different types of carbon-
nanotube-infrared detectors have been developed. However, most
previous reported carbon-nanotube-IR detectors showed poor de-
vice characteristics due to limited understanding of their working
principles. In this paper, three types of IR detectors were fabri-
cated using carbon-nanotube field effect transistors (CNTFETs) to
investigate their performance: 1) symmetric Au-CNT-Au CNTFET
IR detector; 2) symmetric Ag-CNT-Ag CNTFET IR detector; and
3) asymmetric Ag-CNT-Au CNTFET IR detector. The theoretical
analyses and experimental results have shown that the IR detector
using an individual single-wall carbon nanotube (SWCNT), with
asymmetric Ag-CNT-Au CNTFET structure, can suppress dark
current and increase photocurrent by electrostatic doping. As a
result, an open-circuit voltage of 0.45 V under IR illumination was
generated, which is the highest value reported to date for an indi-
vidual SWCNT-based photodetector. The results reported in this
paper have demonstrated that the CNTFET can be used to develop
high-performance IR sensors.

Index Terms—Carbon nanotube (CNT), field-effect transistor,
IR detector, optoelectronics.

I. INTRODUCTION

CARBON nanotubes (CNT) have been extensively ex-
plored since the first report in the early 1990s [1]. They

have been widely used as the building blocks for biosensors
[2], [3], gas sensors [4], [5], pressure sensors [6], [7], transis-
tors [8], [9], light emitters [10], and photodetectors [11], [12]
due to their excellent physical, electrical, and mechanical prop-
erties. In particular, the 1-D hollow-cylindrical structure of the
single-wall carbon nanotube (SWCNT) possesses exceptional
optoelectronic properties. The noise of 1-D photodetectors us-
ing SWCNT can be extremely low due to the phonon-scattering
suppression [13] and size shrinkage [14]. This 1-D structure with
high surface-to-volume ratio can inherently increase the SNR
with prolonged photocarrier life time and shortened carrier-
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transit time [15], which may lead to a higher operation tem-
perature that is significant for long wavelength photodetectors.
The peak responsivity of the detectors can be tuned to the de-
sired wavelength by controlling the diameter of CNTs, since
the bandgap energy is inversely proportional to the diameter in
quantum-confined structures [16], and the diameter of CNTs
can be easily tailored by electrical breakdown [17], [18]. The
dominant Fermi level pinning effect in planar contact is triv-
ial in the 1-D structure [19]; thus, the performance of CNT-IR
detectors can be improved by selecting proper metals.

IR detection using CNT thin film were first realized and
reported in [20] and [21]. However, mixture of metallic and
semiconductor CNTs as well as adsorbed oxygen severely de-
graded their photoresponse, thus, IR detectors using individ-
ual CNT were desired. Photoconductivity of a single SWCNT
based p-n junction photodiode was observed by fabricating two
split gates underneath both ends of the nanotube [22]. It was
demonstrated that 1-D Schottky diodes between an individual
SWCNT and metals were responsible for the photocurrent gen-
eration under continuous IR illumination [23], but the perfor-
mance of the CNT Schottky photodiode was constrained by the
work-function variation from technique difficulties in control-
ling CNT growth [24]. Therefore, doping level of nanotubes
needs to be controlled in order to optimize CNT detector’s per-
formance. Carbon-nanotube field-effect transistors (CNTFETs)
were developed to examine the photoconductivity by modulat-
ing the doping level electrostatically through a gate [25]–[27].
However, these CNTFETs focused on exploring the physics of
the nanotubes, no study was primarily concentrated on opti-
mizing CNT photosensor performance. In this paper, how to
improve SWCNT detector’s sensitivity using Schottky barriers
modulated CNTFETs will be introduced. In particular, these
devices are capable of enhancing both photocurrent and open-
circuit voltage by controlling the 1-D Schottky barriers within
nanotubes.

A review of the fundamentals of nanotube photodiode will be
given first. The basic structure of a CNT photodiode is shown
in Fig. 1(a), with a nanotube bridging two Au electrodes on a
substrate. When a CNT comes into contact with metals, 1-D
Schottky barriers may be formed within the nanotube, which
are responsible for separating photoexcited electron-hole pairs
in order to generate photocurrent. Fig. 1(b) and (c) shows the
IR detection of a SWCNT photodiode by radiating IR photons
on its left and right contacts. One distinct characteristic is the
photocurrent (current difference between laser ON and OFF)
changes direction but keep similar magnitude (1.5× 10−11A)
when the laser illuminated at two different contacts. This is
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Fig. 1. (a) SWCNT photodiode and its corresponding band diagram. (b) and
(c) Photoresponse with IR laser illuminating at left and right Schottky barriers
at zero bias.

caused by the symmetric contacts between Au electrodes and
CNT at both ends, forming two Schottky diodes inversely con-
necting to each other, as indicated in the band diagram in
Fig. 1(a), more detailed discussion can be found in [23]. How-
ever, this photodiode has two primary problems that severely
constrain its sensitivity. First, the Fermi level randomness orig-
inated from the growth techniques may render the detectors
unworkable, since the Schottky barrier is determined by the en-
ergy level alignment between a metal and a nanotube. Second,
the symmetric structure of two reversely connecting Schottky
diodes will significantly suppress photocurrent generation.

In order to overcome the first problem, Fermi level of CNTs
needs to be controlled. CNTFET has been demonstrated as an
effective device to modulate the Schottky barriers by modifying
the Fermi level of the CNTs using a gate [28], [29]. Instead of
two Schottky barriers opposite to each other, one of the Schottky
barriers needs to be alleviated or eliminated in order to enhance
the photocurrent, which can be achieved by using two differ-
ent metals at both ends of a nanotube. In this paper, how to

optimize the detector’s performance using CNTFET and asym-
metric structure will be presented. First, the introduction of how
to improve the performance of symmetric Au-CNT-Au CNT-
FET photodetectors using electrostatic doping by the gates of
transistors will be given. The work function of metal is also
found to play a vital role in determining its performance by
examining the performance of a symmetric Ag-CNT-Ag pho-
todetector. Asymmetric Ag-CNT-Au CNTFET using different
metals as source and drain demonstrated extremely high open-
circuit voltage (0.45 V), the highest value reported for a single
SWCNT-based photodetector to date.

II. CNTFET INFRARED DETECTORS

The theory of planar contact between metals and traditional
semiconductors cannot be applied to the 1-D structures due to
the quantum effects [30], thus, the behavior of nanotube pho-
todetector is different from traditional photovoltaic devices. In
this section, how to improve the performance of 1-D photode-
tectors using CNTFETs will be introduced.

A. CNTFET Design for Infrared Detectors

1-D Schottky barrier between a metal and a CNT is respon-
sible for generating photocurrent in CNT photodetectors. The
properties of the barrier are determined by the energy alignment
at the contact. However, the work function of each individual
nanotube may be different due to the diameter or chirality varia-
tion, accident doping from environment, and synthesis technique
difference [31]–[33]. In other words, the photodetectors using
as-synthesis CNTs may have poor performance due to the work-
function randomness. Therefore, the work function of nanotube
needs to be controlled so as to optimize the Schottky barrier
for absorbing photons. The CNTFET has been demonstrated
as a device that was operated by electrostatically modulating
the Schottky barriers. The CNTFET with back-gate geometry,
howbeit simple, can effectively control the Fermi energy of the
nanotube and is easier to fabricate. In addition, this structure
can be used to tailor the work function of nanotubes through
chemical doping [34].

Fig. 2(a) shows a nanotube-IR detector with back-gate struc-
ture. In this configuration, a semiconductor CNT connects two-
metal electrodes on a heavily doped Si/SiO2 substrate. Two-
metal contacts serve as the source and drain electrodes, while
the conducting substrate is used as a gate terminal.

The fabrication process of this device began with fabricat-
ing source and drain electrodes using photolithography, ther-
mal evaporation, and lift-off on top of a heavily doped silicon
substrate covered with 200 nm SiO2 . The gap between two
electrodes was around 1–2 µm. After that, a droplet of SWC-
NTs suspension (ethanol) was dropped to the gap between elec-
trodes that connects to the dielectrophoresis (DEP)-deposition
system [35]. An individual SWCNT was deposited between
the electrodes assisted by the atomic-force microscope (AFM)-
manipulation system [36]–[38]. A more detailed fabrication pro-
cess was discussed in [39] and [40]. Fig. 2(b) shows an AFM
image of a detector with an SWCNT connecting to the two-metal
electrodes.
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Fig. 2. (a) Symmetric back-gate CNTFET IR detector. (b) Corresponding
AFM image.

If the material of both electrodes contacting the nanotube is
the same, it is denoted as a symmetric CNTFET. This struc-
ture can not only be used to explore the role of work functions
of both metal and nanotube, but also improve detector perfor-
mance. However, two Schottky barriers will be symmetrically
modulated by a gate in this structure, which will degrade the
detector response. The asymmetric CNTFET can improve its
photoresponse by using two metals with high/low work func-
tion as the source and drain electrodes. More discussion of these
CNTFETs will be given in the following sections.

B. Symmetric Au-CNT-Au and Ag-CNT-Ag CNTFET Infrared
Detectors

A symmetric Au-CNT-Au CNTFET IR detector using a 1.4-
nm SWCNT was fabricated, its electrical characteristics with
five different gate voltages are shown in Fig. 3(a). A quasi-
metallic I–V characteristic (weak parabolic) was observed at
zero gate voltage, which is resulted from two small Schottky
barriers reversely connecting between the source and drain. The
work function of Au is close to the Fermi energy of SWCNTs
(∼5.0 eV) [41], thus, small built-in potential was formed without
gate voltage, leading to the weak Schottky barriers [42].

This transistor showed p-FET characteristic: negative gate
voltage increased the conductance, while positive gate voltage
decreased the conductance, as shown in Fig. 3. An exceptional
characteristic is that the negative gate voltage resulted in linear
I–V relationship, while positive gate voltage led to a current
rectifying effect as a diode. Thermally assist tunneling through
the barriers dominates the current injection in 1-D structure [43],
therefore, the linear I–V at negative gate voltage indicated an
extreme thin or zero barrier, whereas the barriers were enlarged
by the positive gate voltage [44].

The photoresponse was measured by focusing an IR laser on
one of the electrodes. The IR laser used has 830 nm wavelength

Fig. 3. (a) I–V characteristics of the CNTFET. (b) Transfer characteristics at
Vds = 50 mV.

and a maximum power of 50 mW. A more detailed introduction
of the testing system can be found in [39]. Fig. 4(a) shows the
transfer characteristics of the symmetric Au-CNTFET with IR
laser OFF and ON at zero bias. It was observed that the dark
current (IR = 0) increased with negative gate voltage, while de-
creased with positive gate voltage, corresponding to the change
of conductance in Fig. 3(b). However, the transistor possessed
drastically different transfer characteristics when IR laser was
turned on. This indicated that IR-laser illumination generated
excess carriers that contributed to the current flow. The current
difference between IR = 50 mW and IR = 0 was denoted as
photocurrent (Iphoto) in the following discussion.

The relationship between gate voltage and photocurrent at
zero bias for this symmetric CNTFET is shown in Fig. 4(b).
One important feature observed is the photocurrent was negative
and enhanced by increasing positive gate voltage, while became
positive when negative gate voltage was applied. This can be
understood by the schematic band diagram shown in Fig. 4(b).
If positive gate voltage was applied, the Fermi energy of the
nanotube was lower than the work function of Au, since positive
gate voltage decreased the Fermi energy of the SWCNT. In
contrast, sufficient negative gate voltage would make the Fermi
energy of nanotube higher than the work function of Au. As a
result, the direction of the Schottky barrier changed, causing the
photocurrent direction change. The photocurrent polar change
was also observed in silicon-nanowire transistor owing to the
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Fig. 4. (a) Transfer characteristic of the Au-CNT-Au CNTFET with IR source
OFF (IR = 0) and ON (IR = 50 mW) at zero bias. (b) Relationship between
gate voltage and photocurrent and corresponding band diagrams at negative and
positive gate voltages.

modification of energy alignment [45]. In addition, the result in
Fig. 4(b) verified that the work functions of Au and SWCNT
were very close, since the photocurrent at zero gate voltage was
approximately −17.5 pA, and a very small negative gate voltage
(∼-0.2 V) was able to change the direction of the photocurrent
(2.35 pA, not shown in Fig. 4).

It was also observed that the magnitude of photocurrent was
enhanced with increasing magnitude of both positive and neg-
ative gate voltages. However, the photocurrent to dark current
ratio (denoted as ON/OFF ratio in the following discussion) at
positive gate voltage are much higher than that at negative gate
voltage, as explained in the following.

For negative gate voltage, increasing gate voltage will result
in higher built-in potential and p-doping level. The additional
p-doping may turn the SWCNT into a degenerated doped semi-
conductor because CNT is a p-type material in the air [46].
The bias-dependent photocurrent at Vg = −0.5 V was mea-
sured and shown in Fig. 5(a). One distinct feature was that the
conductance decreased with excess carrier generation under IR
illumination, which is caused by the contradiction of the sepa-
rated photogenerated and injection carriers. In addition, higher
bias resulted in higher photocurrent because the bias decreased
the carrier-transit time that achieved photoconductive gain.

For positive gate voltage, larger voltage will result in higher
built-in potential but lower p-doping level. It has shown that de-
pletion width varied exponentially with inverse doping [30] and
built-in potential [47]. Therefore, the photocurrent at positive
gate voltage was increased by the widened depletion region,

Fig. 5. Bias dependent measurement of the Au-CNT-Au CNTFET with IR =
0 and IR = 50 mW at (a) Vg = −0.5 V and (b) Vg = 2 V.

which enlarged the effective absorption area. As a result, the
ON/OFF ratio at positive gate voltage was highly improved due
to the suppression of dark current and enhancement of photocur-
rent. The bias dependent measurement at Vg = 2 V is shown
in Fig. 5(b), which showed clearly photovoltaic characteristics:
negative bias increased the photocurrent, while positive bias de-
creased the photocurrent. At Vds = 0.12 V, the photocurrent was
equal to the current produced by the bias, resulting in zero net
current. This bias is the open-circuit voltage, denoted as Voc.

A CNTFET using Ag electrodes was also fabricated to inves-
tigate the role of metal-work function. It has similar electrical
characteristics (p-FET) to the Au-CNT-Au transistor. However,
the conductance of the Ag-CNT-Ag CNTFET was ∼1–2 order
magnitude smaller than the Au-based transistor. This can be
understood by suppressed tunneling probability through higher
and wider Schottky barriers between Ag and SWCNT [48],
since Ag has lower work function (Ag = 4.2–4.5 eV) [49] that
will result in a higher built-in potential.

The relation between gate voltage and photocurrent was mea-
sured and shown in Fig. 6(a). It was observed that the positive
gate voltage not only suppressed dark current (in p-FET), but
also increased the photocurrent. As a result, the ON/OFF ra-
tio was highly improved. The open-circuit voltage at zero gate
voltage was small, however, a 0.3 V open-circuit voltage was
observed when a gate voltage of 3 V was applied to the silicon
substrate and illuminated by an IR laser with 50 mW output
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Fig. 6. (a) Relation between gate voltage and photocurrent of the Ag-CNT-Ag
CNTFET at zero bias. (b) Bias dependent measurement with IR at five different
output powers at Vg = 3 V.

power, as shown in Fig. 6(b) that conducted bias dependent
measurement with five different power output.

It was noticed that the photocurrent of the Ag-CNT-Ag pho-
todetector at IR = 50 mW and zero bias (5×10−11 A) was
smaller than the Au-CNT-Au CNTFET (1×10−10 A) in the
bias-dependent measurements, but the open-circuit voltage was
higher. This is caused by the symmetric structure, a higher built-
in potential in Ag-nanotube contacts resulted in wider absorption
width (depletion width) and lower dark current, but the sepa-
rated electron-hole at one barrier also needed to tunnel through
a wider barrier in order to contribute to photocurrent flow, which
is supported by the experimental results of illuminating photons
at different positions of the detectors [23].

C. Asymmetric Ag-CNT-Au CNTFET Infrared Detector

The symmetric structure severely depressed the generation
of photocurrent, since photogenerated electrons and holes need
to tunnel a wide barrier before being collected. An asymmetric
CNTFET can solve this problem by using Au electrode as source
and Ag electrode as drain, resulting in two unbalanced barriers.

This can be understood by the band diagram of the asym-
metric Ag-CNT-Au CNTFET as shown in Fig. 7. This detector
will behave like a Schottky diode, and its optoelectronic proper-
ties will be dominated by the Schottky barrier between Ag and
CNT [50]. When IR-laser spot was focused on the Ag-nanotube
contact, photoresponse can be improved since the separated
electrons and holes do not need to pass through a strong barrier
(Ag-nanotube) as in the Ag-CNT-Ag structure.

Fig. 7. Band diagram of the asymmetric CNTFET photodetector.

This design was based on the results of Section II-B, but the
SWCNTs used for those measurements were different. Although
they have similar diameter, their properties may vary due to the
chirality difference or defects. In order to verify the concept of
this asymmetric IR detector, a fabrication process was designed
that allowed to measure the electrical properties of both Au-
CNT-Au and Ag-CNT-Au FETs using an individual SWCNT.

The cross section of the device is shown in Fig. 8(a). At the
beginning, two Au electrodes with a gap of 1.2 µm will be
developed using ebeam lithography and deposited on top of a
heavily doped Si/SiO2 substrate. It was followed by deposit-
ing an individual SWCNT bridging these two electrodes using
the DEP and AFM manipulation system. The I–V characteris-
tics were measured denoted as Au-CNT-Au in Fig. 8(c). After
that, another ebeam lithography was done to pattern and de-
posit an Ag electrode that covered one of the Au electrodes and
extend 0.2 µm into the gap, making the device structured as
Ag-CNT-Au with a gap of 1.0 µm, as shown in Fig. 8(b). Its
electrical characteristics were measured and shown in Fig. 8(c)
denoted as Ag-CNT-Au. The Au-CNT-Au showed symmetric
and quasi-metallic electrical characteristics (weak parabolic I–
V characteristics with higher bias), while typical diode electrical
characteristics were observed in the Ag-CNT-Au structure. The
electrical properties and conductance of the device were varied
significantly due to the replacement of an Au electrode using an
Ag electrode. Therefore, there must be a higher barrier between
Ag and nanotube that dominates the optoelectronics properties
of the detector [51].

This asymmetric detector fabrication can be simplified using
a similar process as the symmetric CNTFET. The difference
was fabricating only one Au electrode first, and was followed
by making an Ag electrode with a gap of around 1 µm to the Au
electrode after precise alignment using photolithography.

The transfer characteristics of an asymmetric CNTFET pho-
todetector using an individual SWCNT at zero bias are shown
in Fig. 9(a) with IR illumination power of 0 and 50 mW, respec-
tively. The dark current showed p-FET characteristics. One par-
ticular characteristic was the improvement of the photocurrent.
The photocurrent in Fig. 9(b) did not show obvious improvement
due to the hysteresis effect [52]. The temporal photoresponse
is shown in Fig. 9(b), which shows that the photocurrent was
improved from 2×10−11 A (Vg = 0 V) to 1.2×10−9 A (Vg =
8 V). The highest photocurrent, obtained at positive gate voltage
with a value of around 1 nA, was an order magnitude higher than
the highest photocurrent of symmetric detectors. It is also ob-
served that the ON/OFF ratio of this asymmetric detector at Vg

= 8 V is more than 1000, which is two-order magnitude higher
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Fig. 8. (a) Cross section of the device that used to measure the electrical char-
acteristics of Au-CNT-Au and Ag-CNT-Au detectors. (b) Fabrication process.
(c) Electrical characteristics of Au-CNT-Au and Ag-CNT-Au detectors.

than the symmetric photodiode shown in Fig. 1. As a result,
the open-circuit voltage was expected to be improved. The bias-
dependent measurement with five different output powers at Vg

= 5 V is shown in Fig. 10. This is a typical photovoltaic photore-
sponse electrical characteristics. The open-circuit voltage with
50 mW IR illumination was around 0.45 V, which is the highest
open-circuit voltage reported for an individual nanotube-based
photodetector to date. In contrast to the photocurrent that ex-
ceptionally depends on the absorbed number of photons, the
open-circuit voltage is determined by the ON/OFF ratio, which
can be high even absorbing small amount of photons because
the dark current can be extremely low due to its nanoscale size
and phonon-scattering suppression in 1-D structure.

D. CNTFET IR Detector Performances and Analysis

The performance of two-symmetric and one-asymmetric IR
detectors using CNTFET had been investigated in previous
sections. The typical performance of four types of nanotube
photodetectors at zero bias are summarized in Table I. The
Au-CNT-Au photodiode introduced in this paper has dark cur-
rent of 1.5×10−12 A and Iphoto of 1.5×10−11 A, with an

Fig. 9. (a) Transfer characteristic of the asymmetric CNTFET with and with-
out IR illumination. (b) Temporal photoresponse with three different gate volt-
ages at IR = 50 mW.

Fig. 10. Bias dependent measurement with IR at five different output powers
at Vg = 5 V.

TABLE I
PERFORMANCE OF FOUR SWCNT DETECTORS

ON/OFF ratio of ∼10. It was found that the dark current and
photocurrent were varying significantly in more than 20 Au-
CNT-Au photodiodes due to the nanotube variation (work func-
tion, diameter, and chirality), but no open-circuit voltage has
been observed in as-made photodiodes because of the small
ON/OFF ratio. The Au-CNT-Au CNTFET was able to improve
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TABLE II
DARK CURRENT OF THREE DIFFERENT DETECTORS

photodiodes’ performance by capacitively electrostatic doping.
It was demonstrated that positive gate voltage can not only sup-
press dark current, but also increase photocurrent, and as a result
an open-circuit voltage of 0.12 V was observed. Compared to the
Au-CNT-Au CNTFET, the Ag-CNT-Ag CNTFET, albeit with
larger Schottky barriers, did not generate higher photocurrent,
since the separated electrons and holes from one Ag-nanotube
barrier need to tunnel through another Ag-nanotube barrier be-
fore being collected in this symmetric structure. However, it
highly decreased dark current due to a higher built-in potential
and barrier height, and hence, increased the open-circuit volt-
age. A highest open-circuit voltage observed in the Ag-CNT-Ag
CNTFET-based detector was 0.3 V with an applied-gate voltage.
The problems associated with the symmetric photodetectors can
be overcome by using asymmetric Ag-CNT-Au CNTFET. In
this structure, the photogenerated electrons and holes from the
Ag-nanotube contacts can mostly contribute to the photocurrent
generation, because they only need to pass a small or no barrier
between Au and nanotube. Consequently, photocurrent as well
as open-circuit voltage were highly enhanced.

Both photocurrent and open-circuit voltage of CNT photo-
sensors can be used to detect and quantify incident-IR signals.
However, the photocurrent of nanotube photodetector is fairly
small (<2 nA) compared to other bulk photodetectors due to the
small absorption area of nanotube. However, the open-circuit
voltage is of the same order as other bulk photodetectors [53]
by taking advantage of the low dark current, since the open-
circuit voltage depends on ON/OFF ratio [22]. Therefore, the
1-D photodetector has the potential to outperform traditional
photodetectors, but with much smaller size, which is highly
demanded in various fields.

A high open-circuit voltage can be obtained in these nanoscale
photodetectors is owing to the extremely low dark current orig-
inated from the quantum confined 1-D structure of CNTs. Ta-
ble II lists the dark currents of a quantum-well (QW) detector,
quantum-dot (QD) detector, and asymmetric CNTFET detector.
The QW photodetectors had attracted extensive attention and
showed wide spectrum detection by utilizing intersubband ab-
sorption instead of interband absorption mechanism [54]. How-
ever, there are some problems associated with the QW structure,
and one primary problem is their high dark currents [55] even
in cryogenic temperature, as shown in Table II. QD photode-
tectors have the potential to produce lower dark current due to
a lower activation energy [55] and 3-D phonon-scattering sup-
pression [56]. Table II shows the QD photodetector has 5-order
magnitude lower dark current than the QW photodetector. How-

ever, most QW and QD photodetectors need to operate in cryo-
genic temperature. CNT photodetectors has much smaller size
than those detectors, and its 1-D structure will suppress phonon
scattering within the nanotube, thus, they have much lower dark
current at room temperature. In addition, the photogenerated
carriers in 1-D photodetectors have longer life time and lower
transit time [15], which can potentially improve the operating
temperature. It was demonstrated that the CNT photodetectors
were capable to sense both near-IR and midIR signals at room
temperature [17]. CNTFET shows great promise to make minia-
ture photosensors with high sensitivity.

III. CONCLUSION

In summary, three types of CNTFETs were fabricated to in-
vestigate and improve the performance of the nanoscale IR de-
tectors using an individual SWCNT. In the Au-CNT-Au CNT-
FET, the sensor performance was improved by applying gate
voltage to widen the 1-D Schottky barriers through modifying
the doping level of nanotube electrostatically. The Ag-CNT-
Ag CNTFET had higher open-circuit voltage when illuminated
by IR laser, since the built-in potential in the Ag-nanotube in-
terface is higher than that of the Au-nanotube, showing the
importance of metal-work function. However, in the symmetric
CNTFETs, separated electrons and holes need to tunnel through
another Schottky barrier, severely constraining their sensitivity.
In the asymmetric Ag-CNT-Au CNTFET-based detector, both
photocurrent and open-circuit voltages were highly improved,
since the electrons and holes from the Ag-nanotube interface
only need to pass through a small barrier between Au and nan-
otube before being collected, showing a highest open-circuit
voltage (0.45 V) reported to date. The theoretical analyses as
well as experimental results have shown that the CNT can be-
come important building blocks for nanoscale IR sensors.
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[30] F. m. c. Léonard and J. Tersoff, “Novel length scales in nanotube devices,”
Phys. Rev. Lett., vol. 83, no. 24, pp. 5174–5177, 1999.

[31] X. Cui, M. Freitag, R. Martel, L. Brus, and P. Avouris, “Controlling
energy-level alignments at carbon nanotube/au contacts,” Nano Lett.,
vol. 3, pp. 783–787, 2003.

[32] J. Zhao, J. Han, and J. P. Lu, “Work functions of pristine and alkali-metal
intercalated carbon nanotubes and bundles,” Phys. Rev. B, vol. 65, no. 19,
pp. 193401-1–193401-4, 2002.

[33] R. Gao, Z. Pan, and Z. L. Wang, “Work function at the tips of multiwalled
carbon nanotubes,” Appl. Phys. Lett., vol. 78, no. 12, pp. 1757–1759,
2001.

[34] Y.-M. Lin, J. Appenzeller, J. Knoch, and P. Avouris, “High-performance
carbon nanotube field-effect transistor with tunable polarities,” IEEE
Trans. Nanotechnol., vol. 4, no. 5, pp. 481–489, Sep. 2005.

[35] K. W. C. Lai, N. Xi, and U. C. Wejinya, “Automated process for selec-
tion of carbon nanotube by electronic property using dielectrophoretic
manipulation,” J. Micro-Nano Mechatron., vol. 4, no. 1–2, pp. 37–48,
2008.

[36] G. Y. Li, N. Xi, and M. Yu, “Development of augmented reality system for
afm based nanomanipulation,” IEEE/ASME Trans. Mechatronics, vol. 9,
no. 2, pp. 358–365, Jun. 2004.

[37] J. Zhang, N. Xi, G. Li, H. Y. Chan, and U. C. Weijinya, “Adaptable end
effector for atomic force microscopy based nanomanipulation,” IEEE
Trans. Nanotechnol., vol. 5, no. 6, pp. 628–642, Nov. 2006.

[38] J. Zhang, N. Xi, L. Liu, H. Chen, K. Lai, and G. Li, “Atomic force yields a
master nanomanipulator,” IEEE Nanotechnol. Mag., vol. 2, no. 2, pp. 13–
17, Jun. 2008.

[39] J. Zhang, N. Xi, H. Chen, K. Lai, G. Li, and U. Wejinya, “Design, manu-
facturing, and testing of single-carbon-nanotube-based infrared sensors,”
IEEE Trans. Nanotechnol., vol. 8, no. 2, pp. 245–251, Mar. 2009.

[40] K. W. C. Lai, N. Xi, C. K. M. Fung, J. Zhang, H. Chen, Y. Luo, and
U. C. Wejinya, “Automated nanomanufacturing system to assemble carbon
nanotube based devices,” Int. J. Robot. Res., vol. 28, no. 4, pp. 523–536,
2009.

[41] M. Shiraishi and M. Ata, “Work function of carbon nanotubes,” Carbon,
vol. 39, no. 12, pp. 1913–1917, 2001.

[42] X. Cui, M. Freitag, R. Martel, L. Brus, and P. Avouris, “Controlling energy-
level alignments at carbon nanotube/Au contacts,” Nano Lett., vol. 3, no. 6,
pp. 783–787, 2003.
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