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ue to their exceptional electronic
D properties including very high mo-

bility, near ballistic conductance,
and resistance against electromigration,
single-walled carbon nanotubes (SWNTs) are
considered to be a promising building block
for future digital and analog electronics.'?
Devices fabricated from arrays of SWNTs
can be advantageous as they average out
device-to-device inhomogeneity of indivi-
dual SWNTs and cover large areas. In addi-
tion, devices fabricated with nanotube
arrays contain hundreds of parallel SWNTs
contributing to charge transport, which can
increase current outputs up to hundreds of
microamperes. The degree of alignment
and the density of SWNT in the array are
expected to have a great influence on de-
vice performance.>~"® For these reasons,
there is a significant research effort to fab-
ricate devices with massively parallel arrays
of SWNTs for field effect transistors
(FETs),>~7"* RF applications,”'%"* plastic
electronics,'®'” display technologies,'® elec-
trodes,'*?° and sensors?'

The aligned arrays of SWNTs have been
achieved using either direct growth via
chemical vapor deposition (CVD)>®'1022~2¢
or post-growth from solution-processed as-
sembly techniques.>*'87202728 However,
such arrays contain a mixture of both semi-
conducting nanotubes (s-SWNT, 67%) and
metallic nanotubes (m-SWNT, 33%), and the
electric transport property of the arrays is
dominated by the metallic pathways. In
order to obtain better transistor properties,
it is essential to selectively remove metallic
nanotubes from the arrays via electrical
breakdown.?>~>2%2° Using this method, im-
proved FET performance has been demon-
strated; however, the device mobility was
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ABSTRACT We demonstrate assembly of solution-processed semiconducting enriched (99%)
single-walled carbon nanotubes (s-SWNTs) in an array with varying linear density via ac
dielectrophoresis (DEP) and investigate detailed electronic transport properties of the fabricated
devices. We show that (i) the quality of the alignment varies with frequency of the applied voltage
and that (ji) by varying the frequency and concentration of the solution, we can control the linear
density of the s-SWNTs in the array from 1/s¢m to 25/.m. The DEP assembled s-SWNT devices provide
the opportunity to investigate the transport property of the arrays in the direct transport regime.
Room temperature electron transport measurements of the fabricated devices show that with
increasing nanotube density the device mobility increases while the current on—off ratio decreases
dramatically. For the dense array, the device current density was 16 ..A/um, on-conductance was
390 uS, and sheet resistance was 30 k€2/C1. These values are the best reported so far for any
semiconducting nanotube array.
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dielectrophoresis - transistors

calculated without examining the number
of nanotubes remaining in the device after
electrical breakdown. In addition, in this
method, it is assumed that individual me-
tallic nanotubes can be removed selectively
without affecting the neighboring nano-
tubes. Recent investigations reveal that re-
moval of such a large number of nanotubes
via electrical breakdown may have a detri-
mental effect on the remaining nanotubes
in the array. For example, Wang et al. have
shown that although the on—off ratio of FET
was improved by electrical breakdown, the
on-current was decreased more (around
90%) than what was expected (33%) from
breaking of metallic nanotubes.?® Recently,
we have shown that in a high-density
nanotube array, the electrical breakdown of
one nanotube affects adjacent nanotubes
due to the formation of dipole fields at the
tip of the broken nanotube. This leads to a
highly correlated breakdown of neighboring
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Figure 1. (a) Diameter distribution of the s-SWNT in the solution. The average diameter is 1.6 nm. (b) Length distribution of
the s-SWNT. The average length is 1.8 um. (c) Schematic of dielectrophoretic assembly of s-SWNT. A 3 uL of liquid droplet of
s-SWNT solution was dispersed, and an ac voltage of 5 V with varying frequency is applied between source and drain
electrodes. (d) Schematic of nanotube alignment between palladium source and drain electrodes.

nanotubes, and semiconducting nanotubes are not
immune to correlated breakdown.*® Therefore, the
removal of a large number of metallic nanotubes
through electrical breakdown is a challenging and
imperfect approach.’>3%3! In this respect, it is impor-
tant to fabricate devices consisting mostly of semicon-
ducting nanotubes by minimizing or eliminating the
metallic transport pathways where semiconducting
enriched nanotubes hold the key.

Recently, it has been shown that a solution-based
sorting technique such as density gradient ultracen-
trifugation can provide highly enriched (99%) s-SWNTs
in aqueous solution. A few studies have been reported
on the FET fabrication using a random network of such
enriched s-SWNTs where transport occurs through the
percolative pathways.>?~3* Compared to random net-
works where tube—tube junction limits charge trans-
port, a perfectly aligned 2D array is expected to exhibit
electronic properties that approached intrinsic proper-
ties of the individual nanotubes. Engel et al. have used
evaporation-driven self-assembly to obtain a 2D
aligned s-SWNT array with a nanotube density of
~10—20 s-SWNT/um, which have shown a sheet resis-
tance of ~200 kQ/C and on-conductance of ~25 uS.>
It is generally believed that the device property can be
further improved if the density of the nanotube in the
arrays can be increased further. In addition, it is also of
great importance to investigate the electrical proper-
ties in the direct transport regime with varying density
of s-SWNT for many practical applications.

In this paper, we demonstrate controlled assembly
of semiconducting single-walled carbon nanotube
arrays of tunable density from a high-quality semicon-
ducting enriched (99%) aqueous solution using ac
dielectrophoresis (DEP). We show that the quality of
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the alignment of the s-SWNT varies with frequency of
the applied voltage. By varying the frequency and
s-SWNT solution concentration, we can control the
linear density of the nanotubes in the array from 1
s-SWNT/um to 25 s-SWNT/um. The room temperature
electron transport measurements of the fabricated
FETs using the aligned array show that, with increasing
nanotube density, the device mobility increases while
the current on—off ratio dramatically decreases. For
the device with a dense array, the current density is
16 uA/um, on-conductance is 390 S, and sheet resis-
tance is 30 kQ/O. These values are the best reported so
far for any semiconducting nanotube array. We also
discuss possible reasons for low current on—off ratio at
high linear density.

RESULTS AND DISCUSSION

The nanotube assembly was done using dielectro-
phoresis (DEP) from a high-purity (99%) s-SWNT aqu-
eous solution purchased from Nanolntegris.3® The
diameter of the nanotubes varied from 0.5 to 3.9 nm
with an average of 1.6 nm, and the length of the
nanotubes varied from 0.7 to 4.0 um with an average
value of 1.8 um as measured by atomic force micro-
scopy (AFM) (Figure 1a,b) (also see Supporting Infor-
mation Figure S1). Figure 1c shows a schematic of the
DEP assembly setup. The assembly was performed in a
probe station between prefabricated palladium (Pd)
source and drain electrodes of channel length L =2 um
and channel width W= 25 um. The original solution has
a s-SWNT concentration of 10 ug/mL and was further
diluted to a desired concentration using deionized (DI)
water (see details in Materials and Methods section).
For the assembly, a small (3 uL) drop of the s-SWNT solu-
tion was cast onto the chip containing electrode pairs.
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Figure 2. SEM image showing frequency dependence of s-SWNT assembly for a fixed solution concentration of 100 ng/mL at
(a) 50 kHz, (b) 300 kHz, (c) 1 MHz, (f) 2.5 MHz, and (g) 5 MHz. Scale bars: 2 um. (d,e) Magnified image of (b) and (c). Scale bars:
1 um. The corresponding linear densities of the s-SWNTs in the array are (a) 3 s-SWNT/um, (b) 12 s-SWNT/um, (c) 25 s-SWNT/um,

(f) 7 s-SWNT/um, and (g) 6 s-SWNT/um.

A fixed ac voltage (V) of 5V was applied between
source and drain electrodes for 40 s. The frequency was
varied from 50 kHz to 5 MHz to study the quality of
the assembled s-SWNT array. The ac field gives rise to
a time-averaged DEP force, making the nanotubes
move in a translational motion along the electric field
gradient and align the nanotubes in the direction of
the electric field lines (Figure 1d). We demonstrated in
the past that DEP assembly technique is an effective
approach to fabricate devices using 2D, 1D, and 0D
nanomaterials.>*3’~%" DEP can be advantageous
over other solution-processed techniques because it
allows the materials to be directly integrated to pre-
fabricated electrodes at the selected positions of the
circuits and does not require postetching or transfer
printing.

After the DEP assembly, scanning electron micro-
scopy (SEM) was used to characterize the arrays. Figure
2 shows SEM images of s-SWNT assemblies at different
frequencies for a fixed solution concentration of 100
ng/mL. It can be clearly seen from these images that
the number of assembled nanotubes between the
electrodes and the quality of the assembly strongly
depends on the frequency of the applied voltage. At
50 kHz, a large number of short nanotubes are anchored
to the electrode bases without bridging the electrode
gap (Figure 2a). Although there are a few nanotubes
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that completely bridged the electrodes, however, the
alignment quality is poor. In addition, some aggrega-
tion can also be seen. The quality of the assembly and
their orientation is improved significantly when the
frequency is increased to 300 kHz. This is shown in
Figure 2b. In this assembly, a large number of indivi-
dual nanotubes bridged the electrodes. This can be
more clearly seen from the magnified images in
Figure 2d. A majority of the nanotubes are reasonably
aligned along with a few misaligned nanotubes.
Although the nanotubes' lengths vary from 0.7 to
4 um in the solution, it is seen from the images that
most of the bridged nanotubes' lengths are equal to
the electrode gap. This suggests that the DEP process
favors the alignment of nanotubes of length compar-
able to the electrode gap. One major drawback of the
assembly at 300 kHz is that the distribution of the
nanotube along the channel width is not uniform and
some voids are seen. The more uniform distribution of
nanotubes along with increased number of nanotubes
in the assembly was achieved when the frequency was
increased to 1 MHz (Figure 2c). A magnified view of this
assembly is presented in Figure 2e. Although a majority
of the nanotubes are aligned within +15° of the long-
itudinal axis, some nanotubes were misaligned and
went over the aligned nanotubes. Further increase in
frequency to 2.5 and 5 MHz (Figure 2f,g) resulted in a

VOL.5 = NO.8 = 6297-6305 = 2011 A@MNK)

WWww.acsnhano.org

J1D]Le

6299



12.5 ng/ml

© 6s-SWNT/pm

Figure 3. Solution concentration dependence of s-SWNT
assembly at a fixed frequency of 1 MHz. SEM images show
assembled nanotubes for solution concentrations of (a)
12.5 ng/mL, (b) 25 ng/mL, (c) 50 ng/mL, (d) 100 ng/mL. Scale
bar: 2 um. The corresponding s-SWNT densities are 1 s-SWNT/
um, 6 s-SWNT/um, 18 s-SWNT/um, and 25 s-SWNT/um.

better alignment; however, the number of nanotubes
bridging the electrodes decreased. In addition, some
short nanotubes can be seen at the electrodes' bases
due to the electric field line alternation near nanotube—
electrode junctions.?

From these SEM images, we counted the total
number of individual nanotubes that completely
bridged the source and drain electrodes and divided
the total by channel width to calculate the average
linear density (D) of s-SWNT arrays. For the solution
concentration of 100 ng/mL, the value of D at 50 kHz,
300 kHz, 1 MHz, 2.5 MHz, and 5 MHz are 3 s-SWNT/um,
12 s-SWNT/um, 25 s-SWNT/um, 7 s-SWNT/um, and
6 s-SWNT/um, respectively. From these images, it is
clear that with increasing frequency the quality of the
alignment improves; however, the density of nano-
tubes initially increases with frequency and then de-
creases. We have done similar frequency-dependent
studies at other solution concentrations of 12.5, 25, 50,
and 100 ng/mL.

We have also investigated how the concentration of
the s-SWNT solution affects the assembly. Figure 3
shows SEM images for the DEP assembled s-SWNT
array for solution concentrations of 12.5, 25, 50, and
and 100 ng/mL at a fixed frequency of 1 MHz. When the
solution concentration is 12.5 ng/mL (Figure 3a), the
average density is 1 s-SWNT/um. Figure 3b,c shows
SEM images of the array with solution concentrations
of 25 and 50 ng/mL, respectively. It is seen from these
images that the number of assembled nanotubes
is increased with solution concentration. The average
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densities are 6 s-SWNT/um and ~18 s-SWNT/um for a
concentration of 25 and 50 ng/mL, respectively. As the
solution concentration is increased to 100 ng/mL
(Figure 3c), we found that the linear density of nano-
tubes increased to ~25 s-SWNT/ um. We have studied
similar concentration-dependent DEP assemblies at
other frequencies of 50 kHz, 300 kHz, 2.5 MHz, and
5 MHz, and the corresponding nanotube densities
were recorded from their respective SEM images (not
shown here).

Figure 4 summarizes the DEP assembly of s-SWNT at
different solution concentrations and different fre-
quencies. Figure 4a shows how the density varies with
solution concentrations. For a fixed frequency, the
number of nanotubes increases with solution concen-
trations. Figure 4b shows the histogram of nanotube
density with frequency at different solution concentra-
tions. The maximum density of nanotubes is found at
1 MHz for all solution concentrations, and it decreases
both at lower and at higher frequencies. From here,
it can be seen that, by tuning the frequency and
solution concentration, we can vary the linear density
of the s-SWNTs in the array from 1 s-SWNT/um to
25 s-SWNT/um.

The variation of the linear density of s-SWNT with
frequency can be explained by DEP theory. Consider-
ing the nanotubes are cylindrical shape, the DEP force
(Foep) exerted on a nanotube is given by*? Fogp o<
emRel(e® — e)/eX]VE?, where Enm = Enm — IOnm/®
with &, and ¢, as the dielectric constants of s-SWNT
and medium, respectively, o, and o, are the conduc-
tivity of s-SWNT and medium, respectively, and E is the
electric field. Figure 4c shows a plot of Fpgp versus
frequency where we have used o, = 0.35 S/m,*® 6, =
4% 107*S/m,* e, =25 and ¢, = 78.%° We note that,
although our s-SWNT solution is ionic surfactant based,
we have used the conductivity of DI water as a medium
conductivity as the original s-SWNT solution was di-
luted by at least 100 times with DI water for the
assembly. From this plot, we see that the Fpgp de-
creases with frequency >0.2 MHz, whereas our experi-
ment shows that the linear density decreases above
1 MHz. The small variation could be due to a small
uncertainty of the values of different parameters used
in the calculation. Although the Fpgp versus frequency
plot shows fairly good agreement with our experimen-
tal observation at high frequency range, it does not
explain our observation in low frequency range as it
shows that Fpep is constant at low frequency. This is
because, at low frequency range, the Fpgp is screened
by electric double layers of ions on the electrode
surface, and this needs to be taken into account to
get the effective DEP force.*” —>° When nanotube solu-
tion is placed onto the electrode surface and ac voltage
is applied, the electrodes get polarized and electric
double layers are formed at electrode/solution inter-
face due to two parallel layers of charge separation.

VOL.5 = NO.8 = 6297-6305 = 2011 A@M&)

WWww.acsnhano.org

J1O1LdV

6300



25 10° 00

o sz |© s

2 201 -wung{:/'m -20x10
g Z 15 5 102 -4.0x10° 3
E é s =
E 10 & -6.0x10° &
n @ u° o)
3 & —Fpep 12

a o 5 ; ——Zeta Potential -8.0x10°

10
0 3 + -+1.0x10*
125 25 50 100 50K 300K 1M 25M 5M 10° 10° 10° 10

Solution concentration (ng/ml)

Frequency (Hz)

Frequency (Hz)

Figure 4. (a) Variation of linear density of s-SWNTs in the array with solution concentrations at frequency of 50 kHz, 300 kHz,
1 MHz, 2.5 MHz, and 5 MHz. (b) Histogram shows variation linear density of s-SWNT with frequency at solution concentrations
of 12.5, 25, 50, and 100 ng/mL. Maximum linear density is about 25 s-SWNT/um in the frequency range of 300 kHz to 1 MHz.
Linear density of s-SWNT is decreased both at high and at low frequencies. (c) Plot of DEP force (left axis) versus frequency for
s-SWNT (red solid line). Plot of zeta-potential (right axis) versus frequency (blue solid line) that opposes the DEP force.
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Figure 5. (a) Output characteristics (I4—Vy) of the best FET device with linear density of 1s-SWNT/umat Vy=0to —30Vwitha
—5 Vinterval. (b) Transfer characteristics (I4—V,) of the same device at V4= —0.2 to —1V with a —0.2 Vinterval. (c) Is—V, curves
at V4 = —1V of the aligned array FET devices with nanotube densities of 1, 5, 10, 20, and 25 s-SWNT/um. (d) Variation of the
normalized on-current with nanotube densities. (e) Plot of on-conductance of the devices versus nanotube density in the
array. (f) Plot of mobility versus density of nanotubes in the device.

The first layer is the surface charges of the electrodes,
and the second layer is composed of the ions attracted
to surface charge. As a result, a potential (known as
zeta-potential) is formed between the electrode/
solution interface. The zeta-potential is proportional
to electric double layer impedance (2) and is modeled
as Z = 1/C4(iw)", where Cq is capacitance between the
solution and electrodes and p is the power factor.””
Figure 4c (blue curve) shows a plot of the zeta-potential
as a function of frequency where we have taken the
reported Cy4 and p value for DI water as 50 nF and
0.8, respectively.*” This plot clearly shows that at low
frequency the electric double layer strongly opposes
the DEP force and at about 1 MHz the zeta-potential
diminishes. This is in agreement with our experimental
observation.

To evaluate the electrical performance of the fabri-
cated s-SWNT arrays with different nanotube densities,
we have measured room temperature electronic
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transport properties in back-gated FET configuration.
Figure 5a is a plot of drain current (/) as a function of
source—drain voltage (V) of the best device with 1
s-SWNT/um at gate voltages Vg = 0 to —30 V with a
—5 Vinterval. The curve shows linear behavior of Iy
with Vg, consistent with other short channel SWNT FET
devices.* In addition, the linear behavior of the Iy—V,
curves at small V4 bias indicates that the Ohmic contact
is formed between s-SWNTs and Pd electrodes.
Figure 5b shows transfer characteristics (4 versus Vg
plot) of the same device at V4 = —0.2 to —1 V, with
a —0.2 interval. The device shows p-type field effect
behavior with a well modulation with V. All of the
measured devices with different nanotube densities
have shown similar output and transfer characteristics;
however, the gate modulations as well as magnitude of
their current values were different. Figure 5c exhibits
the transfer characteristics of our best devices with
nanotube densities of 1, 5, 10, 20, and 25 s-SWNT/um.
2011
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Figure 6. (a) On-current (red circle) and off-current (black
star) variation as a function of number of SWNTs/um in the
array. (b) Plot of current on/off ratio versus number of
SWNTs/um.

All of the devices were measured at a fixed Vg=—1V.
We see from this figure that the /4 of the device with
1 s-SWNT/um is changed by several orders of magni-
tude with V, with a current on—off ratio of 1.5 x 10°.
However, as the nanotube density is increased in the
devices, the current on—off ratio decreased. This will
be discussed in more detail in Figure 6.

Another important observation in Figure 5c is that
the on-current /,, (at Vg = —30 V) increases with
nanotube density. This can be more clearly seen in
Figure 5d, where we plot normalized on-current (I,,/W)
versus nanotube density, where /,, was measured
at Vg = —1Vand Vy = —30 V. The maximum /o,/W =
15.6 uA/um reported here is the highest reported for
any semiconducting nanotube network and is a man-
ifestation of remarkable properties of our dense
s-SWNT array (25 s-SWNT/um). The on-state conduc-
tance (Gon = lon/Vy) versus nanotube density plot
(Figure 5e) shows the G, also increases with nanotube
density. In addition, it can be seen from this figure that
the device with 25 s-SWNTs/um has a maximum G,,, of
390 uS with a corresponding sheet resistance (Rs) of 30
kQ/0. The maximum G,, of our device is 16 times
higher and the minimum R values are 6 times lower
than that of previous reported values of semiconduct-
ing nanotube array devices with comparable device
geometry (L = 4 um).>* The highest G, highest Ion/W,
and lowest Ry for our most dense array device are
expected because our devices were fabricated with a
higher nanotube density in the array (25 s-SWNT/um)
and with shorter channel length. In addition, the
electronic transport occurs directly through individual
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s-SWNTs without any percolation through nanotube
junctions.

Figure 5f shows the measured linear mobility («) of
all of the devices as a function of nanotube density. The
linear mobility is calculated using the standard formula
u = (L/WCVg)(dlg/dV,), where dig/dVy is the transcon-
ductance extracted from the slope of the transfer curve
(see also Supporting Information Figure S2), G;= D/[Cq"
+ (1/27wege)In[sinh(27tt D) /7Dr]] is the specific capaci-
tance per unit area of aligned array,*> where Cq, is the
quantum capacitance of the nanotube (=4 x 10~ '° F/m),
tox IS the oxide thickness (=250 nm), ¢ is the dielectric
constant of SiO, (3.9), & is the permittivity in the free
space (8.85 x 10”2 F/m), and r is the averages radius
of the nanotubes. It can be seen from Figure 5e that
the mobility increases with nanotube density, similar
to what has been reported for random network of
s-SWNTs.>* The maximum mobility of our devices
(16 cm?/V-s) is slightly lower than the previous re-
ported maximum mobility (20 cm?/V-s) of s-SWNT
aligned array devices of comparable channel length.**
This is small variation could be attributed to several
factors: (a) our device channel length (2 um) is smaller
than the device channel length (4 um) of ref 35, and it
has been reported that higher channel length gives
higher mobility.>* (b) In our device, we have used a
bottom gate with a high t,, (250 nm), while in ref 35,
the devices were fabricated in top gate configuration
with thin t., (15 nm).

In order to further investigate the effect of nanotube
density on the device performance, the current on/off
ratio lon/lofr, the on-current I,,,, and off-current /¢ of all
the measured devices are plotted as a function of
nanotube density in Figure 6. The plot of /., and /o
with nanotube density (Figure 6a) shows that /,, (red
circle) increases with the nanotube density. On the
other hand, I (black star) is also increased with
nanotube density. In addition, a large variation of
Io# is seen for the device with lower nanotube den-
sity. The plot of on/off ratio versus nanotube density
(Figure 6b) demonstrates that devices with low density
(~1 s-SWNTs/um) exhibit a on/off ratio as high as ~10*,
although a large device-to-device variation from 7 to
10* can be seen. However, the on—off ratio and their
variations decrease significantly with increasing nano-
tube density. This may be due to several reasons. One
possible reason could be the presence of a small
number of m-SWNTs in the array. The solution that
was used for s-SWNT assembly contains 1% m-SWNT,
and it has been speculated in the past that m-SWNTs
may be more favorable during the DEP assembly
process.*** In order to estimate the possible fraction
of m-SWNT in our DEP assembled array, we have
carried out DEP assembly of individual s-SWNTs in a
taper-shaped electrode design and measured their
electrical transport properties. A representative SEM image
of this assembly is shown in Figure 7a. Figure 7b is a
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Figure7. SEMimage of an individual s-SWNT device. The |4—V, curve of a typical individual (b) s-SWNT device and (c) m-SWNT
device. The current on—off ratios of s-SWNT and m-SWNT devices are 5 x 10% and 3, respectively. The bias voltage in the both

curves was Vg=—1V.

TABLE1. Estimate of the Current On—Off Ratio of the Aligned Array FETs as a Function of Possible Number of m-SWNTs in

the Array“y

1 s-SWNT/um = 25 s-SWNT 4 s-SWNT/um = 100 s-SWNT

*m-SWNT on/off *m-SWNT on/off
0 10000 1 102
1 26 2 52
2 15 3 35

8 s-SWNT/.um = 200 s-SWNT 25 s-SWNT/um = 625 s-SWNT

*m-SWNT on/off *m-SWNT on/off
2 102 6 106
4 52 12 54
6 35 18 30

“The on-currents for s-SWNT and m-SWNT are 4 x 10~ and 1.5 x 10° A, respectively. The off-currents for s-SWNT and m-SWNT are 8 x 107" and 5 x 1077 A,
respectively. Note: *m-SWNT denotes the most probable number of m-SWNTs in the arrays.

ls—Vy curve of a typical individual s-SWNT device
with on-current (s on) ~4 X 1077 A, off-current (/s ofe)
~8 x 10" A, and current on—off ratio of 5 x 10%. The
la—Vg curve of a typical m-SWNT presented in Figure 7c
shows the on—off ratio of 3 with on-current (I, on)
~1.5 x 107° A and off-current (I o) ~5 x 107’A. The
details study of this individual s-SWNT assembly will be
discussed elsewhere. The electrical measurement data
of 87 such individual devices show that 85 nanotubes
are semiconducting (on/off ratio =10) and 2 nano-
tubes are metallic (on/off ratio <10). Using this indivi-
dual assembly as a guide, we estimate that there may
be up to 3% nanotubes in the array which could be
metallic. In order to understand how this small percen-
tage of m-SWNT can affect the property of the array, we
estimated the on—off ratio of our aligned array using
lon/lofr= (Sls,on + mlm,on)/(SIs,off + mlm,off)r where sand m
are the number of s-SWNTs and m-SWNTs, respec-
tively, in the array. Table 1 summarizes the estimated
on—off ratio of the FETs as function of probable
number of m-SWNTs in the arrays. It can be seen from
the table that for the array with 1 s-SWNT/um (total
25 s-SWNTs), if there is no m-SWNT present, the Io./los
ratio is limited by the off-current of s-SWNT, and /o/lost
could be 10000. However, if we consider that there
may be two m-SWNTs, the /,,/lof ratio is decreased to
15. For the array with 1 s-SWNT/um (total 25 s-SWNTs),
it is possible that some devices may contain no m-SWNT
and some devices may contain 1 or 2 m-SWNTs,
so a large variation in Iyn/log is not unreasonable.
On the other hand, for the array of 25 s-SWNT/um
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(total 625 s-SWNTSs), it is almost certain that there may
be a few m-SWNTs. So the on—off ratio can vary from
106 to 30 for different percentage of m-SWNTs. How-
ever, our experimental data at higher density array
show that the on—off ratio is less than 10, which is not
completely consistent with this model.

The possible reason for lower on—off ratio of the
devices with higher nanotube densities could be
due to the electrostatic screening effect of the
gate voltage.>**"*? For the devices with higher nano-
tube density, the gate thickness (250 nm) is larger than
internanotube spacing and the electric field lines of the
nanotubes are screened by neighboring nano-
tubes.>3** Therefore, the gate voltage cannot de-
plete completely the charge carriers in the nanotubes,
which results in the high off-current and turns to a
lower on—off ratio of the devices.

In summary, we have demonstrated for the first time
that semiconducting nanotubes can be controllably
aligned with a linear density from 1 s-SWNTs/um to
25 s-SWNTs/um by dielectrophoresis. The alignment
densities were controlled independently by varying
solution concentration and frequency of the applied
electric field. At both low and high frequency limits,
s-SWNT alignment density is low and it is higher in the
frequency range of 300 kHz to 1 MHz. We found that
the performance of the fabricated FETs is strongly
influenced by s-SWNT density in the device. The de-
vices fabricated with highest density nanotube have
shown the lowest sheet resistance, the highest
on-conductance, and the highest on-current density.
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We also observed that device mobility is increased with
nanotube density, and the highest device mobility
16 cm?/V - s reported here is rather high considering the
channel length (2 um) of our devices. The current on/
off ratio of the FET devices decreases with increasing

MATERIALS AND METHODS

The 99% s-SWNT aqueous solution was purchased from
Nanolntegris, and it was free from catalytic particles and stable
for at least 6 months.3® The original solution has a s-SWNT
concentration of ~10 ug/mL, and it was diluted 100, 200, 400,
and 800 times using deionized (DI) water to prepared concen-
trations of 100, 50, 25, and 12.5 ng/mL, respectively.

The directed assembly of s-SWNTs at predefined palladium
electrodes was done in a probe station under ambient condi-
tions via DEP. Pd electrodes were fabricated on heavily doped
silicon substrates capped with a thermally grown 250 nm thick
SiO, layer using standard EBL followed by deposition of Cr
(3 nm) and Pd (27 nm) and standard lift off. Prior to the
assembly, the electrodes were placed in an oxygen plasma
cleaner for 10 min to remove any unwanted organic residues on
the surface. Pd was used because it is known to make the best
electrical contact to SWNTs. The channel lengths (L) were 2 um,
and the channel width (W) was 25 um. For the assembly, a small
(3 uL) droplet of the s-SWNT solution was cast onto the chip
containing the nine electrode pairs by a micropipet. A function
generator (BK Precision 4011A) was used to supply an ac voltage
of V., =5V, with varying frequencies of 50 kHz, 300 kHz, 1 MHz,
2.5 MHz, and 5 MHz between the source and drain electrodes for
t = 40 s. The signals were monitor by a dual trace oscilloscope
(BK Precision 2120B). After 40 s, the function generator was
turned off and the remaining solution was blown out from the
chip using a nitrogen gas flow.

The electrical transport measurements of the s-SWNT arrays
were carried out by DL Instruments 1211 current preamplifier
and a Keithley 2400 source meter interfaced with LabView
program. The SEM images of s-SWNT assembly were taken on
Zeiss Ultra-55 SEM using Inlens detector with an accelerating
voltage ~1 kV. Trapping mode AFM images were acquired
using Dimension 3100 AFM (Veeco).
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