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I Nanotube devices

Suspended Carbon Nanotube Quantum Wires

with Two Gates

Jien Cao, Qian Wang, Dunwei Wang, and Hongjie Dai*

Suspended single-walled carbon nanotube devices comprised of high-

quality electrical contacts and two electrostatic gates per device have been
prepared. Compared to nanotubes pinned on substrates, the suspended
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devices exhibit little hysteresis related to environmental factors and act as - electron transport
cleaner Fabry—Perot interferometers or single-electron transistors. The - quantum dots
high-field saturation currents in the suspended nanotubes related to

optical phonon or zone-boundary phonon scattering are significantly

lower due to the lack of efficient heat sinking. The multiple-gate design

may also facilitate future investigations into the electromechanical proper-

ties of nanotube quantum systems.

In recent years, successful fabrication of suspended single-
walled carbon nanotube (SWNT) devices with electrical
wiring has facilitated the investigation of the electrical, me-
chanical, and electromechanical properties of these novel
wires.'*! Here, we report a reliable method for the fabrica-
tion of suspended SWNT devices with improved metal—-
nanotube contacts and a useful double-gate design. These
devices have led to the discovery of some interesting electri-
cal transport properties of nanotubes that are distinct from
those pinned on substrates.

The structure of our suspended SWNT device is shown
in Figure 1. It consists of a nanotube suspended over a
trench by two preformed source (S) and drain (D) metal
electrodes, a metal local gate (V) at the bottom of the
trench and a global Si back gate (V). Device fabrication
started with deposition of a 38 nm-thick Si;N, film on a p-
type SiO,/Si wafer (SiO, thickness=500nm). Electron-
beam lithography (EBL) was used to define the local-gate
pattern, dry-etching and wet-etching were used to open a
window in the EBL resist and Si;N, film and to further etch
~300 nm deep into the SiO, to form a trench with undercut
(Figure 1a). Electron-beam deposition of Pt/W (25 nm Pt;
Snm W as sticking layer) followed by lift-off was then car-
ried out to complete the formation of the trench with a
Pt/W local-gate electrode at the bottom. A second-step EBL
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Figure 1. a) A schematic representation of the device structure;
b) SEM images of a device consisting of a single suspended SWNT
and two gates (local gate V and global back gate V).
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was performed to define the S/D pattern, followed by depo-
sition of Snm W (as the sticking layer) and 25 nm Pt, and
then lift-off. The region across the trench was written into a
continuous stripe in the second EBL step. After metal depo-
sition and lift-off, the stripe gave rise to the S and D electro-
des separated by the trench. The S and D electrodes extend-
ed to the two edges of the trench and were electrically iso-
lated from the local Pt gate due to undercutting in the side-
wall of the trench. Finally, a third EBL step was carried out
to pattern catalyst islands on top of the S and D electrodes.
Chemical vapor deposition (CVD) was then used to grow
SWNTs to bridge the electrode pairs on the wafer chip.**!
Low-yield growth conditions were used (800-825°C) to
afford mostly single tubes bridging the S/D pairs, as con-
firmed by scanning electron microscopy (SEM) after electri-
cal measurements of the devices. The results presented here
were all obtained from individual suspended SWNT devices.

Earlier, we described the CVD growth of SWNTs across
preformed Mo electrodes for electrical and electromechani-
cal devices.! Mo was chosen as the S and D electrode mate-
rial due to its compatibility with SWNT growth and for its
ability to be dry-etched for electrode patterning. In the cur-
rent work, our fabrication process does not involve dry-
etching of metal and thus allows a wider choice of refractory
metals. We succeeded in using refractory metals W and
Pt/W (W as adhesive layer for Pt) as preformed electrodes
and found that the typical resistance of our individual sus-
pended SWNT devices was in the range of 10-50 kQ (Fig-
ures 2 to 4). The contact resistance appeared higher than de-
vices with nanotubes lying on substrates with Pd top-con-
tacts,” ' but lower compared to other suspended SWNT de-
vices including those with preformed Mo electrodes.

We observed several interesting properties for suspend-
ed SWNTs that are distinct from nanotubes pinned on sub-
strates. The first is that the suspended SWNT devices are
“hysteresis-free” for all samples that we have measured
(more than 100 devices): they show a small amount of hyste-
resis in current versus gate (I versus V) sweeps measured
immediately after CVD growth, but the hysteresis complete-
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Figure 2. a) / 4 versus V, (current versus local gate) characteristics
for a suspended small bandgap SWNT device (with the back gate
grounded) recorded from room temperature to 1.5 K (curve with dras-
tic oscillations) using V,;=1 mV bias. Inset: Hysteresis-free double-
sweep data for /.4 versus Vg recorded at room temperature. The two
arrows correspond to back-and-forth gate sweeps. The / 4 versus Vg,
curves recorded under the two sweep-directions overlap with each
other; b) a 2D plot of conductance d/,4/dV,4 versus Vg and bias V.4
(Vg fixed at —3.0 V) for the p-channel of the SWNT. The color scale
bar for the conductance at the right of the graph is in units of e?/h;
) a close up of (a) in a smaller gate range (V) of 2-5V

(bias=1 mV) for the n-channel of the SWNT. Inset: A 2D plot of d/,4/
dV,4 versus Vg and V.4 (Vg set at 3.5 V). The two lines were drawn to
highlight discrete electronic states due to quantum confinement
along the tube length. Dark to bright colors correspond to conduc-
tance in the range of 0 to 0.2¢€?/h.

ly disappears soon after (in a few seconds) the devices are
placed in Ar, dry air, or vacuum (Figure 2a inset). This dif-
fers from nanotubes resting on SiO, substrates and is attrib-
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uted to the lack of water molecules adsorbed on nanotubes
in a dry environment, and that suspended nanotubes are
free from intimate contact with water molecules adsorbed
on an SiO, substrate.®

The second interesting property of the suspended nano-
tube devices is that they appear to be “cleaner” quantum
systems than nanotubes on substrates. At low temperatures,
the devices (length of suspension (L) investigated here
~400-700 nm) exhibited characteristics corresponding to
single quantum dots or interference resonators, without the
complex dots-in-series behavior often observed for tubes on
substrates. A representative small-bandgap semiconducting
(SGS) SWNTM device is shown in Figure 2. The tempera-
ture dependence of the dip in the [, versus Vg plot in Fig-
ure 2a shows activated transport. A small bandgap of E,~
70 meV is obtained by fitting the conductance (G) at the
dip to exp(—E,/2KyT). Transport through the p- and n-
channels of the SWNT appear asymmetric, with higher con-
ductance for the p-channel. At T=100 K, the subthreshold
swings are S~150 mV/decade and 1.2 V/decade for the p-
and n-subthreshold regions, respectively (Figure 2a). At this
temperature, the expected value for S"! is [(kT/e)ln10]/
agL~ 130 mV/decade if the Schottky barrier (SB) height is
~0, where ag. ~0.14 is the local-gate efficiency factor
(that is, the shift in Fermi level for a change in the gate volt-
age of AV =1 V) as deduced later. Comparison of the sub-
threshold swings of the p- and n-channels to the theory-pre-
dicted value suggests near zero and appreciable positive
SBs"!!! to the valence and conduction bands, respectively,
between the SGS tube and the S and D electrodes. This is
also consistent with a higher p-channel conductance than
for the n-channel.

A lock-in technique (503 Hz, 50 uV S/D bias) was used
to perform dI,/dV; measurements for the p-channel of our
suspended SWNT devices. When the local gate was set at a
constant of V5, =-3.0V, dl,/dV versus Vi and V4 exhib-
its an interference pattern with conductance peaks (=45 puS,
1.4¢€%h) and valleys (=15 pS, 0.5¢%h; Figure 2b). The con-
ductance peaks at V=2.8 mV corresponds to the length of
the nanotube L~620nm very well through V. =hvi/2 L~
1.67 meV/L (um), which suggests that the p-channel of the
SGS tube behaves as a well-defined Fabry—Perot interfer-
ence wave guide or resonator.!'*¥

The n-channel of the device exhibits clear Coulomb
blockade (CB) behavior (Figure2c), as probed by fixing
Ver=3.5V and sweeping Vgp. The positive SBs to the con-
duction band gives rise to two contact barriers that confine
the nanotube quantum dot (QD). Clean periodic CB fea-
tures corresponding to a single QD were observed with a
charging energy of E .~13 meV. Since the length of the
nanotube is 620 nm, a charging energy of ~13meV is
higher than E.~5meV/L (um), that is, approximately
8 meV, which would be typical for nanotube QDs on SiO,
substrates.'! This variation is due to the low dielectric con-
stant of the medium (air/vacuum) surrounding the suspend-
ed nanotube (compared to SiO, for tubes on a substrate),
which gives rise to a lower total capacitance and thus a
higher charging energy for the suspended nanotube. We find
that E.~8 meV/L (um) describes the charging energies of
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suspended SWNTs well. The local-gate efficiency is estimat-
ed to be ag.=E/AVs =0.15 where AVg ~87 mV is the
period of Coulomb oscillation in Figure 2c. We also ob-
served extra lines outside the CB diamonds (Figure 2c,
inset), which correspond to discrete excited quantum con-
fined states along the length of the tube. The energy scale
of the lines is ~2 meV, which matches the discrete level
spacing™! of AE~1 meV/L (um) in the nanotube.

We note that clean and homogeneous quantum interfer-
ometers and QDs are reliably observed with large numbers
of our suspended SWNT devices, and at much higher fre-
quency than tubes on substrates with similar lengths be-
tween the S and D electrodes. This suggests that few defects
exist in our SWNTs at the submicrometer length scale and
that the lack of substrate—nanotube interactions can prevent
the break up of nanotubes into segments due to local chemi-
cal effects or mechanical strains.

A third interesting feature of our suspended nanotube
devices is the two-gate configuration. We have measured
the conductance of the sample versus both gates, as shown
in Figure 3. Conductance features (for example, peaks and

—=-1.4

[-1.¢

-0.0

Figure 3. A 2D plot of conductance G versus Vg and Vg with
V,¢=1 mV. The bright color corresponds to high conductance of
1.4€’/h and dark corresponds to zero conductance.

valleys) appear as parallel lines in the 2D plot, which indi-
cates that the two gates are independent and additive. The
slopes of the bright lines in G versus Vi and Vg can be
used to deduce the ratio between the efficiencies of the two
gates (0 /0gg~30). This means that the local gate is
~30 times more efficient than the back gate, or the local-
gate capacitance Cg~30Cgp The low efficiency of the
back gate can be understood due to screening by the local
gate (Figure 1). Note that the local-gate capacitance can be
predicted by Cgp ~2mee, L/n(2 hir)=5x10"* F, where ¢ =
1, the nanotube radius r~1 nm, and the distance between
the local gate and the nanotube (depth of trench) h=
300 nm. This suggests that Cqp~ Cg;/30~1.7x 10"’ F, which
is in reasonable agreement with C55~0.9x107" F as mea-
sured from the CB data in the inset of Figure 2c. A poten-
tially powerful aspect of the two-gate configuration is that
under appropriate conditions, the local-gate electrostatic
coupling could become sufficiently strong to induce appreci-
able mechanical strain in the nanotube. The less-effective
global back gate could then be used as a sweeping gate to
characterize the electromechanical effects to the suspended
nanotube quantum dot. We are currently pursuing this inter-
esting possibility, especially for electromechanical measure-
ments at low temperatures.
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The fourth interesting result obtained with our suspend-
ed SWNT devices is concerned with the high-bias transport
properties of nanotubes when they are not resting on under-
lying substrates. This can shed light into the properties of
nanotubes in their intrinsic state without significant roles
played by the environment. For all of the suspended nano-
tubes that we have measured (L~400-700 nm, resistance
~40-60 kQ), we have consistently observed current satura-
tion at the I,,~8 pA level, which is significantly lower than
the saturation currents for nanotubes with a similar resist-
ance that lie on substrates (15-20 pA). Since current satura-
tion at high fields in SWNTs is caused by the scattering of
energetic (~0.2 eV) optical or zone-boundary phonons,!'" ")
the lower saturation current in a suspended nanotube can
be understood by the lack of a proximal thermally conduc-
tive SiO, substrate for “heat sinking”. Electrical heating is
rapid in suspended nanotubes and the heat cannot be effi-
ciently conducted away to the surroundings. This leads to in-
creased acoustic phonon scattering, which is responsible for
the observed current decrease under increasing bias (seen
as a slight negative differential conductance feature in
Figure 4).
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Figure 4. I,4 versus V.4 curve recorded for a suspended SWNT up to a
high bias of V,;=2 V. The dashed line was drawn to highlight the
slight negative differential conductance behavior.

In summary, a reliable method has been developed to
obtain suspended SWNT devices with relatively good elec-
trical contacts. Compared to nanotubes lying on substrates,
the suspended devices exhibit little hysteresis behavior and
manifest as well-defined single quantum dots or resonators.

small

The high-field saturation current caused by optical phonon
scattering in suspended nanotubes is low. The multiple-gate
design may facilitate future investigation of the electrome-
chanical properties of nanotubes.
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