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ABSTRACT

We have fabricated a type of unique single-walled carbon nanotube field-effect transistor, in which the channel length is only 90 nm and
aluminum and gold are used as its drain and source electrodes, respectively. The channel conductance oscillations caused by single-electron
tunneling through the asymmetric barriers at the drain and source contacts are observed up to 100 K. Above 100 K, the tunneling fades away,
and thermionic emission dominates the conductance at sufficiently negative gate voltages. At room temperature, the device shows diode-like
characteristics with a maximum current rectification ratio of ∼104.

Single-walled carbon nanotubes (SWNTs) are of great
interest from fundamental physics and nanoelectronic ap-
plication points of view because of their unique electronic
properties and quasi-one-dimensionality.1,2 Since the first
demonstration of carbon nanotube (CNT) field-effect transis-
tors (FETs) by Tans et al. and Martel et al. in 1998,3 a variety
of interesting CNT-based devices have been developed with
FET geometry, including CNT-based chemical and biological
sensors,4,5 nonvolatile memory cells,6,7 diodes,8-10 single
electron/hole transistors (SETs/SHTs),11-14 and so forth.
Among them, CNT-based SETs/SHTs have attracted a lot
of attention. Single-electron charging in a short SWNT
bundle (∼200 nm in length) was first reported by Bockrath
et al. in 1997.12 Later on, Postma et al. demonstrated a room-
temperature SET using a metallic SWNT with a short kink
(∼25 nm) created by mechanically bending the SWNT using
an atomic force microscope (AFM).13 Cui et al. reported a
room-temperature SET by local chemical modification (∼10
nm in length) of a SWNT bundle.14 However, almost all
reported studies have focused on SETs/SHTs with similar
capacitive couplings to the drain (D) and source (S)
electrodes, i.e., symmetric D-S contacts.

In this paper, we report on a type of short-SWNT-channel
FET with asymmetric D and S electrodes (channel length∼
90 nm). The asymmetric barriers result in unequal conduc-
tance oscillations at low temperatures. Moreover, the devices

exhibit remarkable current rectification characteristics at
room temperature.

Raman spectrum and transmission electron microscopy
images show that SWNTs used in this work have uniform
diameter (D ≈ 1.4 nm), from which the band gap of the
semiconducting one can be estimated asEg ≈ 0.9/D ≈ 0.6
eV.1 A self-alignment technique (shadow electron-beam
evaporation) was employed to define a very short SWNT
channel.15 A schematic structure and an AFM image of a
device with a channel length of∼90 nm are shown in Figure
1a,b, respectively. The left portion of the SWNT-channel is
sandwiched between SiO2 and an Al pad (low work function,
ΦAl ≈ 4.3 eV),16 and hence the electrical properties of the
contact are determined by Al/SWNT coupling. In contrast,
the right portion of the SWNT attaches to the sidewall of a
Au electrode (high work function,ΦAu ≈ 5.2 eV) so that
the contact properties depend on Au/SWNT coupling. The
results reported here were obtained using the Al electrode
as the drain and the Au electrode as the source. The height
of the SWNT channel is 5 nm from the AFM measurements.
The back-gate dielectric is 0.5-µm-thick thermally grown
SiO2.

At 25 K, strong oscillations in the SWNT-channel current
(IDS) as a function of gate voltages (VGS) are observed, as
shown in Figure 2a. The temperature-dependent transfer
curves atVDS ) +30 mV are shown in the inset. The linear
scale plots of the oscillations with both positive and negative
VDS are presented in Figure 2b, where the curves at equal
|VDS| are plotted with the same color. Owing to a largeIon/
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Ioff ratio (∼107), some oscillation peaks could not be reflected
in this linear plot, where only the peaks nearVGS ∼ -10 V
are clearly presented. Figure 2c shows the contour plot of
log|IDS| in the VDS-VGS plane. Three “diamond”-shaped
current suppression regions are seen. These observations
could be interpreted by the Coulomb blockade effect17 in an
SET12,18(see the inset of Figure 2b for the equivalent circuit),
in which the barriers at the two metal/SWNT contacts19 serve
as tunneling capacitors (C1 andC2). Due to its small volume,
the short SWNT-channel could be viewed as an “island” with
discrete energy levels (Ei). Whenever the Fermi levels of
the S and D electrodes line up with one ofEi, a conductance
peak due to single-electron tunneling occurs. With increasing
temperature, the thermal energy (kBT) becomes comparable
to or even larger than the Coulomb charging energy (e2/CΣ,
wheree ) -1.6× 10-19 C is the electron charge, andCΣ is
the total capacitance to the SWNT “island”).12 As a result,
the oscillation peaks broaden and fade away whenT is above
100 K, as shown in the inset of Figure 2a.

The observed Coulomb oscillations possess two notable
characteristics. First of all, the peak-to-valley ratio can be
as high as 1 order of magnitude, and the peaks are situated
at differentIDS levels. In other words,IDS could be viewed
as the Coulomb oscillations superimposed upon a transfer
curve of a CNTFET. Thus, the roles ofVGS are twofold
here: (1) to manipulate the positions of discrete energy
levels,Ei, and (2) to control the carrier density in the SWNT
channel (through the SWNT-bulk and/or contact barrier
modulation).19,20Second, the amplitude of the current under
negativeVDS are larger than the corresponding one under
positiveVDS, as shown in Figure 2b, where the dashed line
indicatesVDS ) 0. As a result, the “diamond”-shaped regions
confined by a pair of oscillation peaks (with equal|VDS|)
shift downward as delineated by the dashed arrow. We
attribute the asymmetric current oscillations to the difference
between the Al/SWNT and Au/SWNT contacts (C1 > C2).

Evidence of the asymmetric contacts can be obtained from
the Coulomb “diamonds” shown in Figure 2c. Assuming that
a single electron is involved in each tunneling event,21 we
can give a quantitative description using the SET circuit.
As the average gate modulation period of the three Coulomb
“diamonds” is∆VGS ≈ 7 V, the gate capacitance should be
CGS ) (|e|)/(∆VGS) ≈ 0.02 aF. From the slopes of the
boundaries of the Coulomb “diamonds”, the coupling

Figure 1. Short-SWNT-channel FET. (a) A schematic diagram of
the device structure. (b) An AFM image of an∼90-nm-channel
CNTFET. The arrow indicates the SWNT.

Figure 2. Low-temperature n-type characteristics of the SWNT
FET. (a)IDS-VGS curves (logarithmic scale) atT ) 25 K with VDS

ranging from+20 to+100 mV in steps of 20 mV. Inset:IDS-VGS

curves (logarithmic scale) atVDS ) +30 mV and temperatures
ranging from 25 up to 300 K. (b)IDS-VGS curves (linear scale) at
T ) 25 K for VGS ) -20 to 0 V with VDS ranging from-100 to
+100 mV in steps of 20 mV (IDS with equal|VDS| are plotted in
the same color.). Inset: a schematic conduction band alignment
and equivalent SET circuit. Extra barriers besides SB are inserted
between metals and SWNT. (c) The contour plot of log|IDS| in the
VDS-VGS plane. log|IDS| is color-coded, as shown by the color bar.
The innermost contour line represents|IDS| ∼ 100 fA.
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capacitances at Al/SWNT and Au/SWNT contacts can be
estimated asC1 ≈ 2.5 aF andC2 ≈ 1.3 aF, respectively.22

This indicates that the coupling at the Al/SWNT contact is
stronger than that at the Au/SWNT contact. The total
capacitance isC∑ ) CGS + C1 + C2 ≈ 3.8 aF. Comparing
this with another simple estimation,C∑ ≈ ε0εrl,23 wherel is
the length of SWNT “island” andεr ≈ 4 for SiO2, we obtain
l ∼ 110 nm, and this value is reasonably consistent with the
90 nm measured by an AFM. Such a smallC∑ causes a
charging energy ofEC ) e2/C∑ ≈ 42 meV, which is much
larger thankBT (T < 100 K), indicating satisfaction of the
necessary condition for observing single-electron tunneling.
The conversion factor from the gate voltage to the electro-
static potential of the SWNT-channel isEC/|e∆VGS| ≈ 0.006.
The small conversion factor could be attributed to the short
SWNT-channel length and relatively thick back-gate oxide
(0.5 µm). The discrete energy level spacing for electrons
confined to a one-dimensional box is estimated as∆E )
(dE/dk)(∆k/2) ) pVF(π/2l) ≈ 0.8/l (meV), wherel is the

length of the box inµm, VF ≈ 8 × 105 m/s is the Fermi
velocity of graphite, and the factor of 1/2 accounts for the
nondegeneracy of the two one-dimensional subbands.∆E
≈ 9 meV is obtained withl ) 90 nm, and it is comparable
to kBT for 25 < T < 100 K. Therefore, one or more discrete
energy levels may be involved in a tunneling event.

Another evidence of the asymmetric contacts comes from
the contact barrier heights. As pointed out by Appenzeller
et al.,24 the channel conductance of CNTFETs depends on
both tunneling and thermionic emission. The barrier height
(activation energyEa) can be estimated from the thermionic
emission current (in the temperature range above 100 K, as
shown in the inset of Figure 3a).24 From theEa-VGS plot
shown in Figure 3a, one can see thatEa increases drastically
from 20 to 80 meV forVDS ) +30 mV whenVGS < -10 V,
implying that the tunneling current is fading away. In other
words, the majority of electrons are thermionically injected
into the SWNT channel whenVGS < -10 V, while tunneling
is a dominant process whenVGS > -10 V. It is noted that

Figure 3. (a) Ea versusVGS at VDS ) +30, +150, and+ 1000 mV, respectively. Error bars are introduced as a result of the linear fit of
the Arrhenius plot forEa estimation. Inset: logIDS versus 1000/T plot at VDS ) +150 mV for VGS ) -20, -10, 0, +10, and+20 V,
respectively. (b)Ea versusVDS at VGS ) -10, 0,+10, and+20 V (from top to bottom), respectively. Inset:Ea versusVDS at VGS ) -20
V (The large error bars are caused by the poor signal-to-noise ratio since the device is in the “OFF” state withVGS ) -20 V). (c) IDS-VGS

curves atVDS ) ( 20 mV with VGS ranging from-10 to -2 V (the innermost curves in Figure 2b).I tuS1 and ItuD2 mark the oscillation
height (single-electron tunneling current) for positive and negativeVDS, respectively, andIthS1andIthD2 label the background current (thermionic
emission current) for positive and negativeVDS, respectively. (d) Schematic energy band diagrams for (1) positive and (2) negativeVDS. Ith

and Itu indicate thermionic emission and single-electron tunneling current components, respectively. Blue color representsEi involved in
single-electron tunneling, and gray color delineatesEi that are not involved in electron transport. The cyan regions represent the extra
barriers besides SB.
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the extracted activation energies are very small. Chen et al.
also reported smallEa and attributed their observations to
the p-type chemical doping due to air.25 However, their
explanations do not account for our case, since our device
shows strong n-type characteristics. We suggest that the small
Ea is caused by imperfect contacts since the devices were
fabricated using ac dielectrophoresis technique, and a thin
layer of Triton X 100 between SWNT and metals could be
introduced. In addition to the Schottky barrier (SB), an extra
tunneling barrier (cyan regions in the inset of Figure 2b)
could be formed at the metal/SWNT interfaces. As a result,
some of the electrons have to tunnel through the extra barrier
before being thermionically emitted over the SB. Thus,Ea

becomes an effective barrier height, which could be smaller
than the barrier height estimated from pure thermionic
emission over a SB. Interestingly, one can see that the values
of Ea at positiveVDS (right branches) are larger than those
at the corresponding negativeVDS (left branches) by a factor
of >2 for all VGS (see Figure 3b). Since the Al and Au pads
are connected as the D and S electrodes, respectively,
electrons feel the SB at the Al/SWNT (Au/SWNT) contact
when VDS is negative (positive). Thus, the SB height is
expected to be larger whenVDS is positive because the Fermi
level of Au is closer to the valence band of SWNTs (ΦSWNT

∼ 4.8 eV) in comparison with Al. However, the work
functions used for Al and Au are for the materials in vacuum,
and they can be affected by the adsorbed molecules. As a
result, the observed SB height should be influenced in
different chemical environments.

The transfer curves forVDS ) ( 20 mV are selected from
Figure 2b and replotted in Figure 3c.IDS consists of two
components: (1) oscillation current probably caused by a
single-electron tunneling process,I tuS1 and I tuD2, and (2)
background current likely resulting from thermionic emis-
sion,I thS1andI thD2, as indicated in Figure 3c. The subscripts
“tu” and “th” stand for tunneling and thermionic emission,
respectively, “1” and “2” represent positive (Case 1) and
negative (Case 2)VDS bias, respectively, and “S” and “D”
mean the source and drain, respectively. The electron
transport mechanisms are illustrated in Figure 3d. For
simplicity, the discrete energy levelsEi are assumed to be
stationary with respective to the Fermi level of the Au
electrodeEfAu (common) whenVGS is fixed. For a positive
VDS (Case 1), the energy levelE2 is situated betweenEfAl

andEfAu so that electrons from the S side (I tuS1) could tunnel
throughE2 to the D barrier (I tuD1), as shown in Figure 3d
(1). I thS1 in Figure 3c is negligible, thus,IDS ∼ I tuS1 could be
obtained. In contrast, whenVDS is negatively biased (Case
2), the energy levelE3 is situated betweenEfAl andEfAu, so
that electrons could tunnel through the D barrier (I tuD2) and
thenE3 to the S barrier (I tuS2). Moreover, since the barrier at
the Al/SWNT contact is small, some electrons could be
thermionically injected over the barrier (I thD2). Thus,IDS ∼
I tuD2 + I thD2 is obtained in this case. As shown in Figure 3c,
ItuS1∼ ItuD2, i.e., the single-electron tunneling currents in both
cases are comparable. This observation indicates that electron
tunneling rates are not significantly influenced by changing
the polarity ofVDS. In contrast,I thD2 . I thS1 is seen in Figure

3c, i.e., the thermionic emission current for a negativeVDS

is much more significant than that for a positiveVDS. In other
words, the unequal current amplitude is mainly caused by
difference between the thermionic emission current over the
uneven contact barriers, instead of single-electron tunneling
current.

At room temperature in air, striking current rectification
characteristics26,27 are observed and shown in Figure 4. The
current rectification ratios (CRRs), defined as the relative
change in IDS when VDS is reversed,28 i.e., IDS(-|VDS|)/
IDS(|VDS|), are shown in the inset. As discussed above,IDS is
dominated by thermionic emission atVGS < -10 V andT
> 100 K. From the thermionic emission model, CRR)
IDSFB/IDSRB ≈ exp[(e(EaFB - EaRB))/(kBT)], where the sub-
scripts “FB” and “RB” stand for forward and reverse D-S
bias, respectively. At 300 K andVGS ) -10 V, a maximum
CRR is≈ 7000 atVDS ≈ 0.5 V (see green triangles in the
inset of Figure 4), and hence, the barrier height difference,
EaFB - EaRB≈ [(kBT)/e] ln(IDSFB/IDSRB) ≈ -0.23 eV. However,
this difference could be caused not only by SB differences,
but also by imperfect contacts, environmental influences,25

dipole effects,29 and so forth.
The n-type conduction in our devices could be attributed

to the stronger coupling of Al/SWNT compared to that of
Au/SWNT. The barrier at a metal/SWNT contact depends
on the work functions of the two materials and the metal/
SWNT interfacial structures. Shan et al. showed that the
Fermi level alignment at the metal/nanotube contact could
depend on the interfacial distance.30 More recently, Moon
et al. experimentally and theoretically observed n-type
CNTFETs with large-work-function metal electrodes, such
as Co and Au. They attributed the conduction type of
CNTFETs to the microscopic differences of the contacts.31

In our case, one end of the SWNT is covered by an Al
electrode, while the other end is attached to the sidewall of
a Au electrode. Thus, it is likely to have a stronger Al/SWNT
coupling than Au/SWNT coupling. Moreover, our previous
work showed that Triton X 100 (as surfactant) could change
CNTFETs with Au electrodes from p-type to ambipolar,
suggesting that the SB for holes at Au/SWNT is increased

Figure 4. The diode-like characteristics at room temperature.IDS-
VDS curves at differentVGS (from -20 to +20 V in step of 10 V)
at room temperature in air. Inset: CRRs atVGS ) -20, -10, and
+20 V, respectively.
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by Triton X 100.32 Therefore, the effects of stronger
Al/SWNT coupling and influences of Triton X 100 could
result in lower effective barriers to the conduction band,
leading to n-type conduction.

In conclusion, short-SWNT-channel FETs with asym-
metric source and drain electrodes are fabricated. Coulomb
oscillation peaks superimposed on the transfer curves of the
n-type FETs are observed up to 100 K. The oscillation
current amplitudes are found to be asymmetric under positive
and negativeVDS, and the asymmetric current amplitude is
mainly caused by an unequal thermionic emission current
over the different barrier heights at the drain/source contacts.
The barrier height at the Au/SWNT contact is larger than
that at the Al/SWNT contact by a factor of>2 for all VGS.
In an atmosphere environment, the device shows significant
diode-like effects with a maximum CRR of∼104.
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