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ABSTRACT We have fabricated single-walled carbon nanotube (SWNT) field effect transistors (FETs) with
molybdenum source and drain contacts. Normally, these devices operate only as p-channel transistors, however,

after polystyrene latex nanospheres were attached to the nanotubes close to the contacts, they changed to

ambipolar operation. This strategy provides a simple method to modify the electrical behavior of unipolar SWNT-

FETs by influencing the gate-channel electric field distribution and offset charge, so enabling complementary

circuits to be fabricated.
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ingle walled carbon nanotubes

(SWNTs) have been investigated as

the active material for building elec-
tronic circuits, such as carbon nanotube
field effect transistors (SWNT-FETs) and di-
odes." Under ambient conditions, semicon-
ducting SWNTs generally show unipolar
p-type behavior and this has been attrib-
uted to the properties of the
nanotube—contact metal junction.? It has
previously been shown that oxygen, ad-
sorbed at the metal—nanotube contact,
pins the Fermi level near to the top of the
valence band in the carbon nanotube, lead-
ing to exclusively p-type behavior.> N-type
behavior can be induced by annealing in
vaccum, but this approach is of limited ap-
plicability as the effect is reversed upon
subsequent oxygen exposure. Unipolar
SWNT-FETs can also be transformed into
ambipolar transistors either by annealing
in vacuum/inert atmosphere 2~ or by gate
structure engineering.>® It has also been
found that by using Ti for the metal con-
tact, covered with a protective layer (e.g.,
SiO, film) and then annealed in vacuum or
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in an inert atmosphere, the initial p-type
transistor behavior could be gradually
transformed into ambipolar behavior.? This
change results from the formation of low re-
sistance titanium carbide—carbon nano-
tube contacts for both electron and hole
transport.>* Polystyrene (PS) latex nano-
spheres have been widely used for self-
assembly on hydrophobic surfaces, such as
unoxidized silicon or gold.””® In this paper,
we report on the transformation of conven-
tional unipolar SWNT-FET transistors into
ambipolar devices by the assembly of PS la-
tex nanospheres onto sections of the nano-
tube close to the metal contacts. It is a novel
way of gate engineering.

RESULTS AND DISCUSSION

Charge transport in most CNT-FETs is
strongly influenced by the nature of the
Schottky barrier between the nanotube and
the contact metal.® This Schottky barrier is
due to the energy band misalignment at
the nanotube/metal interface, which is de-
termined by intrinsic material properties.
There are two possible Schottky barriers in
a SWNT-FET, one for the electrons and one
for the holes. As long as one of the barriers
is much higher than the other, the FET op-
erates as a unipolar device and usually hole
transport dominates in this type of de-
vice.'® Here we present a simple process to
change the device from unipolar to ambi-
polar behavior, using a layer of PS nano-
spheres. To investigate the mechanism for
this effect, the behavior of devices with and
without PS latex nanospheres were com-
pared. SEM images of some of these devices
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are shown in Figure 1. The figure panels show (a) a con-
ventional SWNT-FET, (b) a transistor with PS latex nano-
spheres assembled over the whole of the device (SWNT-
FET/PS), and (c) a transistor similar to the previous case
except that a patterned poly(methyl methacrylate)
(PMMA) layer has been used to prevent the PS latex
nanospheres from attaching to the sections of the
nanotubes close to the metal contacts (SWNT-FET/
PMMA/PS). As Figure 1a shows, the spacing between
the metal contacts is around 1 wm, but the transistor
channel length is dependent on the number and ar-
rangement of semiconducting CNTs in each device. The
assembled PS latex nanospheres in Figure 1b closely
cover the Mo electrodes and the edges of the CNTs. The
PMMA layer in Figure 1c has a window of 0.5 um width
defined by e-beam lithography close to the middle of
the channel to limit contact between the PS latex nano-
spheres and the CNTs to just this region. These configu-
rations are illustrated schematically in Figure 2. Figure
2a shows a device where the PS nanospheres have
been allowed to assemble on any part of the nano-
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Figure 1. SEM images of (a) SWNT-FET, (b) SWNT-FET/PS, and (c) SWNT-FET/PMMA/PS.

tube or contact (as in Figure 1b), and Figure 2b shows
a device where the PS nanospheres have been pre-
vented from assembling onto the nanotube or contact
except in a region ~0.5 pm wide at the center of the
channel (as in Figure 1c). In addition, devices (SWNT-
FET/PMMA) with an unpatterned PMMA layer were also
tested for comparison.

Electrical characteristics of these devices were inves-
tigated by in-air probing at room temperature using
programmable source-measure units. Measurements
on unmodified SWNT-FETs indicate the usual p-type re-
sponse with ON current /o = 2.8 X 107 ° A and an
OFF current Jope = 2.9 X 107" A (at V5s of 3 V), giv-
ing the device an on—off ratio of ~10°. The subthresh-
old slope from a typical FET is ~1.1 V/dec (result shown
in Figure 3a). The flat band voltage is around 0 V (or
positive gate voltage), and saturation for hole trans-
port does not occur until the gate voltage reaches
about —20 V. The accessible positive gate voltage range
was insufficient to induce electron conduction. How-
ever, after modification by a layer of PS latex nano-

spheres, the subthreshold slope for hole

OSO.H transport was greatly improved and the

flat band voltage moved to around —10
V. The SWNT-FET/PS also showed an am-
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Mo bipolar response with a p-channel ON
current of Ioy = 6.3 X 107 % A, an
n-channel ON current of /oy = 1.4 X
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102 A, and a slightly lower OFF current
of Iogr = 6.4 X 1072 A. The on—off ra-
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tios for the SWNT-FET/PS are ~10° and
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~10? and the subthreshold slopes are
~0.37 and ~1.02 V/dec for p- and
n-channel of operation, respectively, as
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shown in Figure 3b.

One possible cause for the change in
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device behavior is the presence of ex-
cess charge on the PS latex nanospheres
either from the residual colloidal stabili-

SiO, <05

zation charge, whose contribution is ex-
pected to be weak, or from the electric

Si

field induced charge storage in the PS

Figure 2. Schematic cross section of device SWNT-FET/PS (a), devices cov-
ered by PMMA with a window of 0.5 pum width after coating with PS nano-

spheres (SWNT-FET/PMMA/PS) (b); not to scale.
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nanospheres. Excess charge stored on
the nanosphere will cause the shift in the
threshold voltage seen in Figure 3b com-
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Figure 3. Drain current vs gate voltage characteristics measured in air and at room temperature for drain voltage 1 (), 2 (®) and 3 V
(A): (@) SWNT-FET, (b) SWNT-FET/PS, (c) SWNT-FET/PMMA, and (d) SWNT-FET/PMMA/PS.

pared to Figure 3a. However, any excess charge can
only explain the shift in the flat band voltage, but can-
not cause a change in the subthreshold slope.

The work function of the contact metal is known to
influence the current—voltage characteristics of the

Figure 4. 2D simulation of the electric field distribution
around (a) a CNT and (b) a CNT next to a PS nanosphere. In
each case, the diameter of the CNT is 1 nm and it is resting di-
rectly on a silicon dioxide gate dielectric of thickness 100
nm. The diameter of the PS nanosphere is 100 nm and only
parts of the gate dielectric and of the PS can be seen due to
the scale. The spatial distribution of the electric field is indi-
cated by the streamlines and the field strength is indicated
by the background color.
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SWNT-FETs.""'2 The presence of an interfacial layer at
the metal—nanotube contact could modify the effec-
tive work function and so influence the device behav-
ior. However, chemical reactions between the surface
coating on the PS latex nanospheres or the counterion
solution and the contact metal is not possible due to
the chemical stability of the contact metal and due to
the nanotubes being grown directly from a catalyst,
that is subsequently encapsulated by the contact metal
before the nanosphere assembly takes place. It is also
unlikely that ions in the nanosphere solution resulted in
n-type doping due to the nature of the solution. In ad-
dition, such a mechanism would have worked even in
the case of coverage of the contact areas with PMMA
(which is porous to many ions).

The influence of the gate on the current—voltage
characteristics of SWNT-FETs have been discussed in refs
9, 10, and 13. The profile of the energy bands, character-
izing the Schottky barrier of the SWNT-FET, is influenced
by the gate voltage (V), the drain bias (Vc), and the gate
capacitance of the FET. Quantum mechanical effects
have an important consequence on how V; affects this
energy barrier.® Typically, carrier transport through the
metal—CNT contact is dominated by quantum mechani-
cal tunnelling through the barrier rather than thermally
activated emission over the barrier,'®'3 so that the thick-
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ness of the Schottky barrier is critical in determining de-
vice behavior. An increase in gate capacitance would
have the effect of reducing this barrier at the same V
and V. The mechanism for this increase can be under-
stood from the effect of the PS latex nanospheres on the
electric field distribution between the gate electrode and
the nanotube, as shown in Figure 4. The relative permit-
tivity of the latex is significantly higher than that of air,
so that an increase in gate capacitance is expected from
the displacement of air when the PS latex nanospheres
are attached. However, covering the whole nanotube
with PMMA (which has a similar relative permittivity to
that for latex) did not result in ambipolar behavior. Be-
cause of the great difference in size between the nano-
tube (diameter =~ 1 nm) and the nanosphere (diameter ~
100 nm), the shape of the nanospheres also influences
the change in gate capacitance. There are two factors
mainly influencing the ambipolar behavior, the permittiv-
ity and the geometry of materials surrounding the nano-
tube. Encapsulating the nanotube with PMMA results in a
very small enhancement of the local electric field. How-
ever, the shift in the threshold voltage is still present in
Figure 3c and 3d compared to the conventional device
due to charge storage at the oxide—PMMA interface. Fi-
nite element modeling by COMSOL has been used to in-
vestigate the effect of a PS nanosphere on the electric
field distribution around a CNT. Figure 4 shows the re-
sults from a 2D simulation of the electric field distribu-
tion close to the CNT for a device without (a) and with (b)
a PS nanosphere. In both cases the CNT is at ground po-
tential and the electric field is due to a gate voltage (from
an electrode below, outside of the diagram). In the case
of the CNT alone, the electric field is strongest on the side
closest to the silicon dioxide. In the case of the CNT with
the PS nanosphere, there is a significant increase in the
electric field around the CNT in the region where the PS
makes contact. The relatively low stiffness of the PS
greatly increases this contact area compared to the SiO,/
CNT contact area. This results in an increase in the total
electric flux terminating at the CNT in the case of the CNT
with a PS nanosphere compared to the case of the CNT
alone. A 2D simulation underestimates this increase in the
electric flux as field lines are concentrated from a wide
area covered by the PS nanosphere to a small area de-
fined by the CNT/PS contact. 3D modeling (not shown)

EXPERIMENTAL DETAILS

SWNT-FET devices were fabricated on an n-type Si substrate
with a 1 um thick layer of thermally grown SiO, as the insulat-
ing dielectric, so that the substrate could be used as a bottom-
gate electrode. SWNTs were deposited by chemical vapor depo-
sition using acetylene (C,H,) gas at ~900 °C for 15s on a
patterned triple-layer metal film (10 nm Al/1 nm Fe/0.2 nm
molybdenum (Mo)), with Fe as the active catalyst for CNT
growth. Source and drain contact electrodes were patterned by
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suggests that an overall field enhancement of 1 order of
magnitude is possible.

The electric field increase due to the presence of
the PS nanosphere occurs locally to the point of con-
tact between the CNT and the PS. Since this area of con-
tact is very small and since there is a relatively small
number of contacts along the CNT, the total electric
flux seen by the CNT is not greatly increased. However,
if the CNT is defective (as expected for carbon nano-
tubes grown by this method), it will behave electrically
as a number of short lengths separated by tunnel barri-
ers (formed by the defects). The increase in electric
flux due to the contact with a PS nanosphere is then ef-
fectively confined to a length of the CNT between tun-
nel barriers. As discussed earlier, the unipolar nature of
this type of CNT-FET is due to the nature of the barrier at
the metal—CNT contact. If the band offset is large,
then one carrier type experiences a significantly larger
barrier than the other type, giving rise to the observed
unipolar transport. An increase in the gate coupling to
the CNT can be used to overcome this effect, but may
require an unacceptably small gate dielectric thickness.
Since the barrier occurs close to the CNT-metal con-
tact, a local increase in the gate coupling can achieve
the same result for defective carbon nanotubes. This ex-
plains the observation that ambipolar behavior is only
seen when the PS nanospheres are able to contact the
nanotube in the regions close to the metal—CNT con-
tact. The increase in gate capacitance is also effective in
improving the subthreshold slope, as well as the ON
and OFF currents, as seen in Figure 3b.

CONCLUSION

In summary, this paper discusses an alternative strat-
egy to make ambipolar SWNT-FETs by modifying con-
ventional nanotube transistors using PS latex nano-
spheres. Nanospheres modify the gate electric field
distribution around the CNT through the local concen-
tration of electric field lines at the point of contact be-
tween the CNT and the nanosphere. This increases the
gate capacitance and if this occurs close to the metal-
CNT contact, then greater control over the Schottky bar-
rier is realized. This simple method enables ambipolar
transistor operation and a great improvement in the
subthreshold characteristics and may have applications
to complementary logic circuits, memory devices, and
biosensor arrays.

electron beam lithography, Mo sputtering (~70 nm thickness),
and lift-off. Each FET contains a random mixture of metallic and
semiconducting SWNTSs in the channel. The metallic nanotubes
were selectively removed from the channel conducting pathway
by using current-induced breakdown, leaving intact only the
semiconducting nanotubes.

PS latex particles (Aldrich) with an average diameter of
100 nm (1 wt % dispersion in water) were drop cast onto
SWNT-FETs previously showing unipolar operation. The aque-
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ous layer was allowed to evaporate naturally so that the PS
nanospheres assembled by a capillary process on the Mo
electrodes and inside the channel. These PS latex nano-
spheres were surface-terminated with sulfate groups to make
them soluble and suspendable in aqueous solution. This sur-
face termination can give rise to an excess charge, which
contributes to the stability of the colloid when in solution.
As the water evaporates, the counterions in the aqueous so-
lution are attracted to the surface of the nanospheres, where
they neutralize the excess charge. If this process is not com-
plete before all the water has evaporated then some excess
charge will remain on the surface of the nanospheres.

Acknowledgment. Nokia-Cambridge University Strategic Re-
search Alliance in Nanotechnolog is acknowledged. Y. Zhang ac-
knowledges the support of the EC via the DESGYN-IT and CAND-
ICE projects.

REFERENCES AND NOTES

1. Dresselhaus M. S.; Dresselhaus, G.; Avouris, P. Carbon
Nanotubes, Synthesis, Structure, Properties and Applications;
Springer Verlag: Berlin, Heidelberg, Germany, 2000.

2. Martel, R; Derycke, V.; Lavoie, C.; Appenzeller, J.; Chan,

K. K,; Tersoff, J.; Avouris, P. Ambipolar Electrical Transport
in Semiconducting Single-Wall Carbon Nanotubes. Phys.
Rev. Lett. 2001, 87, 256805-1-256805-4.

3. Derycke, V.; Martel, R,; Appenzeller, J.; Avouris, P.
Controlling Doping and Carrier Injection in Carbon
Nanotube Transistors. Appl. Phys. Lett. 2002, 80,
2773-2775.

4. Avouris, P. Molecular Electronics with Carbon Nanotubes.
Acc. Chem. Res. 2002, 35, 1026-1034.

5. Lin, Y, Appenzeller, J.; Avouris, P. Ambipolar-to-Unipolar
Conversion of Carbon Nanotube Transistors by Gate
Structure Engineering. Nano Lett. 2004, 4, 947-950.

6. Peng, N.; Zhang, Q. Yuan, S;; Li, H.; Tian, J.; Chan, L.
Current Instability of Carbon Nanotube Field Effect
Transistors. Nanotechnology 2007, 18, 424035-1-424035-5.

7. Bartlett, P. N,; Birkin, P. R,; Ghanem, M. A. Electrochemical
Deposition of Macroporous Platinum, Palladium and
Cobalt Films Using Polystyrene Latex Sphere Templates.
Chem. Commun. 2000, 1671-1672.

8. Bartlett, P. N.; Baumberg, J. J; Birkin, P. R.; Ghanem, M. A,
Netti, M. C. Highly Ordered Macroporous Gold and
Platinum Films Formed by Electrochemical Deposition
through Templates Assembled from Submicron Diameter
Monodisperse Polystyrene Spheres. Chem. Mater. 2002, 14,
2199-2208.

9. Avouris, P.; Chen, Z.; Perebeinos, V. Carbon-Based
Electronics. Nat. Nanotechnol. 2007, 2, 605-615.

10. Chen, Z; Appenzeller, J.; Knoch, J; Lin, Y.; Avouris, P. The
Role of Metal-Nanotube Contact in the Performance of
Carbon Nanotube Field-Effect Transistors. Nano Lett. 2005,
5,1497-1502.

11. Javey, A; Wang, Q.; Kim, W.; Dai, H. Advancements in
Complementary Carbon Nanotube Field-Effect Transistors.
IEEE Int. Electron Devices Meet 2003, 31.2.1—31.2.4.

12. Javey, A,; Guo, J.; Wang, Q.; Lundstrom, M.; Dai, H. Ballistic
Carbon Nanotube Field-Effect Transistors. Nature 2003,
424, 654-657.

13. Heinze, S,; Tersoff, J.; Martel, R,; Derycke, V.; Appenzeller, J.;
Avouris, P. Carbon Nanotubes as Schottky Barrier
Transistors. Phys. Rev. Lett. 2002, 89, 106801-1-106801-4.

ACATA N ) ]
A@L\LAJ\@) VOL.2 = NO.12 = WEI ET AL.

www.acsnano.org



