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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 exhibit remarkable current rectification characteristics at
interest from fundamental physics and nanoelectronic ap-room temperature.

plication points of view because of their unique electronic  Raman spectrum and transmission electron microscopy
properties and quasi-one-dimensionatitySince the first  jmages show that SWNTSs used in this work have uniform
demonstration of carbon nanotube (CNT) field-effect transis- diameter D ~ 1.4 nm), from which the band gap of the

tors (FETs) by Tans et al. and Martel et al. in 19%8yariety semiconducting one can be estimatecEgs< 0.9D ~ 0.6
of interesting CNT-based devices have been developed withgy/ 1 A self-alignment technique (shadow electron-beam
FET geometry, including CNT-based chemical and biological gyaporation) was employed to define a very short SWNT

sensors;> nonvolatile memory cell$ diodes?™*° single channel® A schematic structure and an AFM image of a
electron/hole transistors (SETs/SHT5)* and so forth. device with a channel length 6f90 nm are shown in Figure
Among them, CNT-based SETs/SHTs have attracted a loty 4 ) respectively. The left portion of the SWNT-channel is

of attention. Single-electron charging in a short SWNT ;nqwiched between si@nd an Al pad (low work function,
bundlle 200 nm in length) was first reported by Bockrath ®x ~ 4.3 V)16 and hence the electrical properties of the
etal. in 19972 Later on, Postma et al. demonstrated a room- .,ntact are determined by AI/SWNT coupling. In contrast,
temperature SET using a metallic SWNT with & short kink 4 ight portion of the SWNT attaches to the sidewall of a
(~25 nm) created by mechanically bending the SWNT using Au electrode (high work function®a, ~ 5.2 eV) so that

an atomic force microsct:)ople (AlF'ﬁ'C_Ui Iet al(.j.rgpolrted & the contact properties depend on Au/SWNT coupling. The
room-temperature SET by local chemical modificatiori0 results reported here were obtained using the Al electrode

nmn Iength)_ of a SWNT bundI¥. However, almpst "?‘” . as the drain and the Au electrode as the source. The height
reported studies have focused on SETs/SHTs with similar of the SWNT channel is 5 nm from the AEM measurements

capacitive couplings to the drain (D) and source (S) The back-gate dielectric is 0/m-thick thermally grown
electrodes, i.e., symmetric-E5 contacts. Sio,

In this paper, we report on a type of short-SWNT-channel _ ,
At 25 K, strong oscillations in the SWNT-channel current

FET with asymmetric D and S electrodes (channel length )
90 nm). The asymmetric barriers result in unequal conduc- (Ips) s @ function of gate voltage¥ds) are observed, as

tance oscillations at low temperatures. Moreover, the devicesShOWn in Figure 2a. The temperature-dependent transfer
curves alvps = +30 mV are shown in the inset. The linear

c * C_?rrggponding a#thor@ Tel.:+d65 67905061. Fax:+65 67920415. scale plots of the oscillations with both positive and negative
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t Nanyang Technological University. Vps are presented_ln Figure 2b, where the curves at equal
EMIT. [Vog| are plotted with the same color. Owing to a lafgg
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Figure 1. Short-SWNT-channel FET. (a) A schematic diagram of
the device structure. (b) An AFM image of ar90-nm-channel
CNTFET. The arrow indicates the SWNT.

- - -

loff ratio (~107), some oscillation peaks could not be reflected
in this linear plot, where only the peaks né&s~ —10 V
are clearly presented. Figure 2c shows the contour plot of
log|lps| in the Vps—Vgs plane. Three “diamond”-shaped
current suppression regions are seen. These observations
could be interpreted by the Coulomb blockade effdatan :
SET218(see the inset of Figure 2b for the equivalent circuit), , - -10.5
in which the barriers at the two metal/SWNT contitserve ' '
as tunneling capacitor€({ andCy,). Due to its small volume,
the short SWNT-channel could be viewed as an “island” with
discrete energy levelsE(). Whenever the Fermi levels of
the S and D electrodes line up with oneffa conductance /M o WA ]
peak due to single-electron tunneling occurs. With increasing 7 -13
temperature, the thermal enerdg 1) becomes comparable | ’ 4 loglfos(A)|
to or even larger than the Coulomb charging enegiCk,
wheree = —1.6 x 1071°C is the electron charge, afizt is
the total capacitance to the SWNT “island?)As a result,
the oscillation peaks broaden and fade away whisrabove Figure 2. Low-temperature n-type characteristics of the SWNT
100 K, as shown in the inset of Figure 2a. FET. (a)los—Ves curves (logarithmic scale) &= 25 K with Vps

The observed Coulomb oscillations possess two notableanging from+20 to+100 mV in steps of 20 mV. Insetips—Ves
char_acteristics. First of all, .the peak-to-valley ratio can be f:;;?ﬁg(}?fgrgg'ﬂ'g tf,cg(')eo) é\! [()Eb_s_t/ig cTr\\//easn((ilirfg;nrpsecr;g)ri
as high as 1 order of magnitude, and the peaks are situatedr =25 k for Vs = —20 to 0 V with Vps ranging from—100 to
at differentlps levels. In other wordslps could be viewed +100 mV in steps of 20 mVIfs with equal|Vpg| are plotted in
as the Coulomb oscillations superimposed upon a transferthe same color.). Inset: a schematic conduction band alignment

curve of a CNTFET. Thus, the roles dfss are twofold and equivalent SET circuit. Extra barriers besides SB are inserted
here: (1) to manipulate the positions of discrete energy PStVeen metals and SWNT. (c) The contour plot ofleg in the

. L Vps—Vgs plane. loglpg| is color-coded, as shown by the color bar.
levels,E;, and (2) to control the carrier density in the SWNT  The mﬁ;'ﬁ’most co?rt%slljr line represeitss| ~ 100 fp?,l

channel (through the SWNibulk and/or contact barrier

modulation)}*?°Second, the amplitude of the current under Evidence of the asymmetric contacts can be obtained from
negativeVps are larger than the corresponding one under the Coulomb “diamonds” shown in Figure 2c. Assuming that
positive Vps, as shown in Figure 2b, where the dashed line a single electron is involved in each tunneling evénie
indicatesVps = 0. As a result, the “diamond”-shaped regions can give a quantitative description using the SET circuit.
confined by a pair of oscillation peaks (with eqUabs|) As the average gate modulation period of the three Coulomb
shift downward as delineated by the dashed arrow. We “diamonds” isAVgs~ 7 V, the gate capacitance should be
attribute the asymmetric current oscillations to the difference Css = (]€])/(AVes) ~ 0.02 aF. From the slopes of the
between the AI/ISWNT and Au/SWNT contacts; (> Cy). boundaries of the Coulomb “diamonds”, the coupling
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Figure 3. (a) E, versusVgs at Vps = +30, +150, and+ 1000 mV, respectively. Error bars are introduced as a result of the linear fit of
the Arrhenius plot forE, estimation. Inset: lodps versus 10007 plot at Vps = +150 mV for Vgs = —20, —10, 0,+10, and+20 V,
respectively. (b, versusVps at Vgs = —10, 0,410, and+20 V (from top to bottom), respectively. InseE, versusVps at Vgs = —20

V (The large error bars are caused by the poor signal-to-noise ratio since the device is in the “OFF” stdtg with20 V). (¢) lps—Ves
curves atVps = + 20 mV with Vgs ranging from—10 to —2 V (the innermost curves in Figure 2B),s; and ly,p> mark the oscillation
height (single-electron tunneling current) for positive and negatigerespectively, antlns; andlip, label the background current (thermionic
emission current) for positive and negatNVgs, respectively. (d) Schematic energy band diagrams for (1) positive and (2) neggéive,

and |y, indicate thermionic emission and single-electron tunneling current components, respectively. Blue color refprésesiteed in
single-electron tunneling, and gray color delinedigeshat are not involved in electron transport. The cyan regions represent the extra
barriers besides SB.

capacitances at AI/SWNT and Au/SWNT contacts can be length of the box inum, v ~ 8 x 10° m/s is the Fermi
estimated a€; ~ 2.5 aF andC; ~ 1.3 aF, respectiveli? velocity of graphite, and the factor of 1/2 accounts for the
This indicates that the coupling at the AI/SWNT contact is nondegeneracy of the two one-dimensional subbands.
stronger than that at the Au/SWNT contact. The total ~ 9 meV is obtained with = 90 nm, and it is comparable
capacitance i€s = Cgs + C; + C, ~ 3.8 aF. Comparing  to kgT for 25 < T < 100 K. Therefore, one or more discrete
this with another simple estimatioB; ~ e, 2 wherel is energy levels may be involved in a tunneling event.

the length of SWNT “island” and, ~ 4 for Si0,, we obtain Another evidence of the asymmetric contacts comes from
| ~ 110 nm, and this value is reasonably consistent with the the contact barrier heights. As pointed out by Appenzeller
90 nm measured by an AFM. Such a sm@}l causes a et al.?* the channel conductance of CNTFETs depends on
charging energy oEc = €%/Cs ~ 42 meV, which is much both tunneling and thermionic emission. The barrier height
larger thankgT (T < 100 K), indicating satisfaction of the (activation energye,) can be estimated from the thermionic
necessary condition for observing single-electron tunneling. emission current (in the temperature range above 100 K, as
The conversion factor from the gate voltage to the electro- shown in the inset of Figure 3&).From theE,—Vgs plot
static potential of the SWNT-channelks/|eAVsg &~ 0.006. shown in Figure 3a, one can see tBaincreases drastically
The small conversion factor could be attributed to the short from 20 to 80 meV folps = +30 mV whenVgs < =10V,
SWNT-channel length and relatively thick back-gate oxide implying that the tunneling current is fading away. In other
(0.5 um). The discrete energy level spacing for electrons words, the majority of electrons are thermionically injected
confined to a one-dimensional box is estimatedA&s = into the SWNT channel whe¥iss < —10 V, while tunneling
(dE/dK)(AKI2) = Ave(a/2) ~ 0.81 (meV), wherel is the is a dominant process whéfgs > —10 V. It is noted that
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the extracted activation energies are very small. Chen et al.
also reported smaklE, and attributed their observations to
the p-type chemical doping due to &irHowever, their
explanations do not account for our case, since our device
shows strong n-type characteristics. We suggest that the small
E. 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 08 04 00
before being thermionically emitted over the SB. This, )
becomes an effective barrier height, which could be smaller ps
than the barrier height estimated from pure thermionic Figure 4. The diode-like characteristics at room temperatlye-
emission over a SB. Interestingly, one can see that the values/ps curves at differen¥gs (from —20 to+20 V in step of 10 V)
of E, at positiveVps (right branches) are larger than those at room temperature in air. Inset: CRRsvag = —20, —10, and
at the corresponding negativies (left branches) by a factor ~ 720 V: respectively.

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 AI/SWNT (Au/SWNT) contact
when Vps is negative (positive). Thus, the SB height is
expected to be larger whéfys is positive because the Fermi
level of Au is closer to the valence band of SWNs(ynt

Elnécliines\esgcli f(; ??F:;'S()Anu \;\C;hfoflt.hgr%gtee\;iearl,s E:?/avt\:lﬁlzlfn At room temperature in air, striking current rectification
' characteristic®?” are observed and shown in Figure 4. The

and they can be affected by the adsorbed molecules. As a e : ) .
result, the observed SB height should be influenced in current rectification ratios (CRRs), defined as the relative

i ) ; change inlps when Vps is reversed?® i.e., Ips(—|Vps|)/
different chemical environments. g (~[Vos|)

Ips(|Vog|), are shown in the inset. As discussed abdyeis
The transfer curves fo¥ps = & 20 mV are selected from

) S = _ dominated by thermionic emission ¥¢s < —10 V andT

cpmponents: (1) osci!lation current probably caused by a | o o/lpsrs A exp[(E(Ears — Earg)/(keT)], where the sub-
single-electron tunneling proceskys: and lupz, and (2)  scripts “FB” and “RB” stand for forward and reverse-13
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3¢, i.e., the thermionic emission current for a negaliye

is much more significant than that for a positMgs. 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.

background current likely resulting from thermionic emis-
sion, lis: andlipy, @s indicated in Figure 3c. The subscripts
“tu” and “th” stand for tunneling and thermionic emission,
respectively, “1” and “2” represent positive (Case 1) and

bias, respectively. At 300 K andss = —10 V, a maximum
CRR is~ 7000 atVps ~ 0.5 V (see green triangles in the
inset of Figure 4), and hence, the barrier height difference,
Ears — Ears ~ [(KsT)/€] IN(lps/lpsee) = —0.23 eV. However,

negative (Case 2Yps bias, respectively, and “S” and “D”  thjs difference could be caused not only by SB differences,
mean the source and drain, respectively. The electronpyt also by imperfect contacts, environmental influertées,
transport mechanisms are illustrated in Figure 3d. For dipole effect® and so forth.

simplicity, the discrete energy level§ are assumed to be The n-type conduction in our devices could be attributed
stationary with respective to the Fermi level of the Au to the stronger coupling of AISWNT compared to that of
electrodeEq, (common) wherVgs is fixed. For a positive  Au/SWNT. The barrier at a metal/SWNT contact depends
Vps (Case 1), the energy levé&; is situated betweetia on the work functions of the two materials and the metal/
andEay so that electrons from the S sided) could tunnel  SWNT interfacial structures. Shan et al. showed that the
throughE; to the D barrier kup1), as shown in Figure 3d  Fermi level alignment at the metal/nanotube contact could
(1). lns1in Figure 3c is negligible, thusps ~ ls1could be depend on the interfacial distan®eMore recently, Moon
obtained. In contrast, whe¥ls is negatively biased (Case et al. experimentally and theoretically observed n-type
2), the energy leveks; is situated betweeB andEsay, SO CNTFETs with large-work-function metal electrodes, such
that electrons could tunnel through the D barrigpf) and as Co and Au. They attributed the conduction type of
thenEz to the S barrierlsy). Moreover, since the barrierat CNTFETs to the microscopic differences of the contdtts.
the AI/SWNT contact is small, some electrons could be In our case, one end of the SWNT is covered by an Al
thermionically injected over the barriel6z). Thus,lps ~ electrode, while the other end is attached to the sidewall of
lwo2 + linp2 is obtained in this case. As shown in Figure 3c, a Au electrode. Thus, it is likely to have a stronger AI/SWNT
lws1~ lwp i-€., the single-electron tunneling currents in both coupling than Au/SWNT coupling. Moreover, our previous
cases are comparable. This observation indicates that electromvork showed that Triton X 100 (as surfactant) could change
tunneling rates are not significantly influenced by changing CNTFETs with Au electrodes from p-type to ambipolar,
the polarity ofVps. In contrast])mp2 > lins1iS seen in Figure  suggesting that the SB for holes at AuU/SWNT is increased
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by Triton X 10032 Therefore, the effects of stronger
AlI/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 negativé/ps, 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 AI/SWNT contact by a factor ef2 for all Vgs.

In an atmosphere environment, the device shows significant
diode-like effects with a maximum CRR of10".
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