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We report on the ambipolar operation of back-gated thin film field-effect transistors based on
hybrid n-type-SiC/p-type-single-walled carbon nanotube networks made with a simple drop casting
process. High-performances such an on/off ratio of 10°, on-conductance of 20uS, and a
subthreshold swing of less than 165 mV/decades were obtained. The devices are air-stable and
maintained their ambipolar operation characteristics in ambient atmosphere for more than two
months. Finally, these hybrid transistors were utilized to demonstrate advanced logic NOR-gates.
This could be a fundamental step toward realizing stable operating nanoelectronic devices. © 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4739939]

In recent years, thin-film transistors (TFTs) technology
has undergone significant developments for applications in
logic systems, especially for advanced electronic applica-
tions such as radio frequency identification tags and flat
panel displays.' Due to the excellent properties of silicon
carbide (SiC), such as wide band-gap, high electron satura-
tion drift velocity, and high thermal conductivity, transistor
devices based on SiC have been studied extensively.® More-
over, SiC is a wide-band-gap semiconductor on which a high
quality thermal oxide of SiO, can be grown. For example,
4H-SiC, with its high band gap of ~3.2¢eV, could function
well in a wide band- gap heterostructure as logic circuit if
combined with a suitable complementary material. Among
the various molecular switching units suggested to date as
TFT, single-walled carbon nanotubes (SWNT) are an exem-
plary case due to their known excellent electronic proper-
ties.”® Several research groups have reported the fabrication
of SWNT based logic gates.” ' Nevertheless, a key techno-
logical challenge remains the fabrication of air stable ambi-
polar n-type and p-type TFTs, which is necessary for
complementary logic circuits. SWNTs, without special treat-
ments, normally tend to exhibit p-type behavior, which is
attributed to either Fermi-level alignment at the contact or
hole doping in the channel by environmental oxygen
species.'>'* Therefore, the TFT channel doping or the
Schottky metal-contact barrier engineering,'>'® achieving
long-term stability operation under ambient conditions,
remains a great challenge because of the oxidation phenom-
enon under ambient air.!” Meanwhile, to construct logic
gates, the complementary metal-oxide-semiconductor
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(CMOS) architecture is preferred because it has lower power
consumption compared with other logic families such as the
resistor transistor logic.

In this letter, we describe an air-stable hybrid n-type
SiC/p-type-SWNT based TFT, protected with poly(methyl
methacrylate) (PMMA) to keep the percolation level of the
SWNT network spatially and temporally stable, while pro-
tecting it from atmosphere exchanges. In particular, we suc-
ceeded in constructing advanced NOR gates CMOS logic
circuit. High-performances were obtained, such as an on/off
ratio of 10° , an on-conductance of 20 uS, and a subthreshold
swing of less than 165 mV/decade. In addition, our devices
maintained their ambipolar operation characteristics under
ambient air for more than two months, which is a fundamen-
tal achievement towards realizing operating-stable nanoelec-
tronic devices.

SWNTs have been synthesized by using the developed
plasma torch technology (detailed process can be found in
our Ref. 18). This process exclusively produces SWNTs,
where their growth takes place in the gas-phase. The as-
grown soot like SWNTs were subsequently purified by an
acidic treatment through refluxing in a 3M-HNO; (Sigma
Aldrich) solution."” The plasma-grown carbon nanotubes
were characterized by the bright field transmission electron
microscopy (TEM) using a Jeol JEM-2100F FEG- TEM
(200kV) microscope. Figure 1(a) shows a representative
TEM micrograph of the purified SWNT deposit, where bun-
dles of a few SWNTs (the diameter of the individual tubes is
about 1.2 nm) are clearly seen. These bundles have diameters
in the 2—-10nm range and lengths of the order of few um,
leading thereby to aspect ratios over three orders of magni-
tudes. Figure 1(b) shows a typical Raman spectrum (Ar"
laser radiation (2.41eV). Renishaw Imaging Microscope

© 2012 American Institute of Physics
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FIG. 1. (a) Representative TEM images of the purified SWNT. Inset is a
close up view of a SWNTs bundle showing individual nanotube having a
1.2nm-diam. (b) The corresponding microRaman spectrum. (c) Typical
AFM image of the n-SiC surface, and (d) schematic of the hybrid
n-SiC/p-SWNT back-gated TFT assembly.

Wire™) indicating a clear scattering radial breathing mode
(RBM) peaks centered at 185 cm~ ! and attributed to the
strong presence of SWNTs having a mean diameter of
1.2nm,” in total agreement with TEM observations. All the
devices were fabricated on the epitaxial layer (P™ ion im-
plantation was used with concentrations of 5 x 10*°cm ™
deposited on the (0001) Si-face of 4H-SiC wafers, purchased
from Cree, Inc. Detailed processing steps can be found else-
where.?!*? To induce the electrical activation of the impur-
ities and to crystallize the film, the implanted samples were
annealed in a high vacuum furnace (~107° mbar) at 1200 °C
during 2 h. Samples were then oxidized for 13 h in dry O, at
1150°C, yielding a gate dielectric oxide of about 110nm.
They were subsequently annealed in NO at 1175 °C for 4 h.
Prior to SWNT deposition, the SiO, was first chemically
etched from one side (hydrofluoric acid 13% with an etching
rate of ~4.43 nm/min). Figure 1(c) shows the contact-mode
atomic force microscopy images (NanoScope III, Digital
Instrument) of the SiC surface after SiO, removing. The
purified SWNTSs were first ultrasonicated in dimethylforma-
mide (1 mg/ml) solution for 5h to dissolve the SWNT bun-
dles. The solution was then centrifuged at 12300 rpm for
15min to select well-dispersed, narrow bundles of the
SWNTs. The centrifuged solution was then drop (10 uL)
casted on the top of n-4H-SiC surface (held at 50 °C for sol-
vent evaporation). The density of deposited SWNTs was
controlled through the number of drops cast on the sub-
strate.”® Ti/Au (20/180nm) drain, source, and back-gated
electrodes were then deposited by means of PLD (pulsed
laser deposition, using ArF excimer laser, 193 nm) in a TFT
scheme (Fig. 1(d)). Finally, a thin film of PMMA (Miller-
Stephenson Chemical Co., Inc.) was directly deposited (by
drop coating) onto the nanotubes network, to spatially main-
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tain the SWNTSs’ percolation distribution and to protect the
TFT active channel from long term oxidation.** Electrical
transport properties of our hybrid TFTs were measured using
a semiconductor parameter analyzer HP4155C, Agilent
Technologies.

The channel length and width were initially designed to
be 5 and 50 um, respectively. To remove the metallic-
SWNTs, we introduced an electrical breakdown (more
details on the process are available in Ref. 25). Hereafter, we
discuss the device characteristics achieved after the break-
down procedure. The on/off transistor switching ratios
undergo significant improvement but are inevitably accom-
panied by a significant degradation of the on-current. Never-
theless, the electrical breakdown is time consuming, and thus
one still needs to develop better ways to scale up the removal
of metallic nanotubes.

We carried out systematic studies of the electrical per-
formance of the devices. Figure 2(a) shows the TFT transfer
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FIG. 2. (a) Electrical resistance measurements on devices with a channel
width of 50 um and channel lengths ranging from 2 to 30 um. (b) Transfer
characteristics (conductance G versus gate voltage V) of the hybrid TFT
having a Lgp of 5 um.
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characteristics (conductance G as a function of gate voltage
Vi) at 100mV drain voltages (Vps) measured in air (for a
TFT channel length of 5 um). All devices exhibit clear ambi-
polar characteristics, showing that one branch (p-type) of Ipg
(or G) results from hole injection from the source, while the
other branch (n-type) is due to electron injection from the
drain. For the sake of discussion, we denote that the TFTs
exhibit low off-conductance (Gopg < 1 nS) measured at off-
state and high on-conductance (Goyn > 20 uS) measured at
the on-states for both the p- and n-regions. The correspond-
ing on/off switching ratio was found to be as high as 10°,
with an excellent subthreshold swing S of 165 and
125mV/dec, for the n and p TFT-regions, respectively. Our
hybrid TFTs exhibit very promising characteristics rarely
observed simultaneously.

At the On-states TFTs, we measured the average on-
resistances of the devices (expressed as the average of the
on-resistances of both the p- and n-regions, respectively) as a
function of the transistor channel lengths. Such devices were
made with channel widths W of 50 um and channel lengths
Lgp varying from 2 to 30 um. The geometric scaling of the
device resistance is shown in Fig. 2(b) which plots the log of
the source to drain resistance versus log (Lsp) of the devices.
The resistance data scale nonlinearly with channel length,
and a least squares power law fit to the data yields R o« L'7°.
This nonlinear scaling is most probably due to the nanotubes
network and is an indication that the network approaches the
percolation threshold where nonlinear effects are expected,26
The extracted contact resistance of our devices was thereby
found to be as low as 11.18 kQ. Therefore, channel proper-
ties such as network density, which is crucial for long-
channel devices, are not examined in the present work. It is
worth noting at this level that all the measured transistor
characteristics were found to achieve long-term stability
operation under ambient conditions (i.e., within a maximum
fluctuation of less than 4% after more than 2 months duration
time). These performances are summarised in the Table 1.

Finally, a sophisticated logic circuit based on the hybrid
TFTs have also been demonstrated. An important outcome
of this work is the addictiveness in integrating CMOS-like
logic gates using ambipolar hybrid TFTs.

Figure 3 shows the output characteristics of the NOR
gate. The logic block employs a 100 k€ resistive load in the
pull-down network, while four ambipolar hybrid TFTs were
connected using external Au-wires to serve as the pull-up
network. The value of the resistive load is chosen so that it is
between the On-state resistance and the Off-state resistance
of the transistors. The NOR circuit is operated with a Vpp of
3V. 3 and —3V applying on gates A and B are treated as

Appl. Phys. Lett. 101, 043121 (2012)

< R,

Output Voltage V_ (V)

2 L
1 [
' Load
o L !
Gate A: 1 1 0 0
Gate B: 1 0 1 0

FIG. 3. Output characteristics of a NOR gate with resistive load using four
hybrid ambipolar TFT. The supply voltage for the circuit is Vpp =3 V. Input
voltages of 3 and —3 V are treated as logics “1”” and “0,” respectively.

logics “1” and “0,” respectively. For the NOR gate, the
output is “0” when either one of the two inputs is “1.” These
output characteristics confirm that our circuits realize the
logic function correctly. Based on such hybrid TFT transis-
tors, the construction of truly integrated circuits is currently
in progress.

In conclusion, we fabricated hybrid and air stable TFT
ambipolar devices based on silicon carbide and carbon nano-
tubes materials, and we systematically studied their elec-
tronic properties. Combining the simultaneously p-type and
n-type states into the hybrid devices, we demonstrated
CMOS-NOR gates with appropriate resistive load. Although
ambipolar behavior has been considered undesirable in next-
generation devices, there is mounting evidence that the abil-
ity to control ambipolarity presents a design opportunities,
and this work strongly argues for further investigation of its
applicability.

We acknowledge financial support from the Canada
Foundation for Innovation, the Natural Science and Engi-
neering Research Council (NSERC) of Canada, the Fonds
Québécois de la Recherche sur la Nature et les Technologies
(FQRNT). F.R. is grateful to the Canada Research Chairs
Program for partial salary support. B.A. is grateful to
NSERC for an industrial post-doctoral fellowship. B.A. is
also grateful to Dr. F. Larouche (Raymor Ind.) for supplying
the SWNTs.

TABLE I. Data summarizing the main transistor performances measured under ambient conditions with respect to the time over 2 months-duration.

Day 1 Day 17 Day 33 Day 49 Day 65 % Fluctuation
Gy (n-Sic) (uS) 19.6 19.8 20.2 20.1 20 <3%
Gop (p-SWNT) (1S) 19.4 19.4 20 19.9 19.9 <3%
On/off switching ratios 1.21 x 10° 1.17 x 10° 1.18 x 10° 1.3 % 10° 1.11 x 10° <1%
Sswr (mV/decade) 121 126 122 123 125 <4%
Ssic (mV/decade) 163 164 166 167 165 <3%
Ron.rer (KQ) 11.18 11.63 11.19 11.16 11.37 <4%




043121-4 Aissa et al.

'P.F. Baude, D. A. Ender, M. A. Haase, T. W. Kelley, D. V. Muyres, and
S. D. Theiss, Appl. Phys. Lett. 82, 3964 (2003).

2C. J. Drury, C. M. J. Mutsaers, C. M. Hart, M. Matters, and D. M. De
Leeuw, Appl. Phys. Lett. 73, 108 (1998).

3A. Nathan, A. Kumar, K. Sakariya, P. Servati, S. Sambandan, and D. Stria-
khilev, IEEE J. Solid-State Circuits 39, 1477 (2004).

K. M. Lim, K. E. Lee, J. S. Yoo, J. M. Yoon, M. K. Baek, J. S. Yoo, Y. S.
Jung, J. K. Park, S. W. Lee, H. C. Kang, C. D. Kim, and L. J. Chung,
Solid-State Electron. 49, 1107 (2005).

SA. G. Lewis, D. D. Lee, and R. H. Bruce, IEEE J. Solid-State Circuits 27,
1833 (1992).

°B. Aissa, N. Tabet, M. Nedil, D. Therriault, F. Rosei, and R. Nechache,
Appl. Surf. Sci. 258, 5482 (2012).

"B. Q. Wei, R. Vajtai, and P. M. Ajayan, Appl. Phys. Lett. 79, 1172 (2001).

ST. Durkop, S. A. Getty, E. Cobas, and M. S. Fuhrer, Nano Lett. 4, 35
(2004).

°A. Bachtold, P. Hadley, T. Nakanishi, and C. Dekker, Science 294, 1317
(2001).

197, Zhang, X. Liang, S. Wang, K. Yao, Y. Hu, Y. Zhu, Q. Chen, W. Zhou,
Y. Li, Y. Yao, J. Zhang, and L.-M. Peng, Nano Lett. 7, 3603 (2007).

"Ph. Avouris, R. Martel, V. Derycke, J. Appenzeller, Phys. B: Condens.
Matter 323, 6 (2002).

2R, Martel, T. Schmidt, H. R. Shea, T. Hertel, and Ph. Avouris, Appl. Phys.
Lett. 73, 2473 (1998).

3N. Park and S. Hong, Phys. Rev. B 72, 045408 (2005).

P, G. Collins, K. Bradley, M. Ishigami, and A. Zettl, Science 287, 1801
(2000).

Appl. Phys. Lett. 101, 043121 (2012)

15C. Zhou, J. Kong, E. Yenilmez, and H. Dai, Science 290, 1552 (2000).

'M. Shim, A. Javey, N. W. S. Kam, and H. Dai, J. Am. Chem. Soc. 123,
11512 (2001).

7H.-S. Kim, B.-K. Kim, J.-J. Kim, J.-O. Lee, and N. Park, Appl. Phys. Lett.
91, 153113 (2007).

180, Smiljanic, F. Larouche, X. L. Sun, J. P. Dodelet, and B. L. Stansfield, J.
Nanosci. Nanotech. 4, 1005 (2004).

198, Aissa, L. L. Laberge, M. A. Habib, T. A. Denidni, D. Therriault, and
M. A. El Khakani, J. Appl. Phys. 109, 084313 (2011).

20g. Bandow, S. Asaka, S. Saito, A. M. Rao, L. Grigorian, E. Richter, and P.
C. Eklund, Phys. Rev. Lett. 80, 3779 (1998).

213, Rozen, S. Dhar, M. E. Zvanut, J. R. Williams, and L. C. Feldman, J.
Appl. Phys. 105, 124506 (2009).

22A. R. Oliveira, 1. Pereyra, and M. N. P. Carreno, Phys. Status Solidi C 7,
793 (2010).

Z3First, the electrical-percolation thresholds were systematically investigated
with respect to the SWNT’s concentrations. Nanotube network having a
surface density of 3.21 um™' (i.e., the total length of SWNTs per unit
area) and corresponding to eight drops cast onto the n-SiC substrate were
then found to create a well percolated SWNT network with a high
reproducibility.

2*Coating with PMMA was found to be the key element for the air-stable
and long-term electrical behavior reproducibility.

25T. Fukao, S. Nakamura, H. Kataura, and M. Shiraishi, Jpn. J. Appl. Phys.
45, 6524 (2006).

?SE. S. Snow, J. P. Novak, P. M. Campbell, and D. Park, Appl. Phys. Lett.
82,2145 (2003).


http://dx.doi.org/10.1063/1.1579554
http://dx.doi.org/10.1063/1.121783
http://dx.doi.org/10.1109/JSSC.2004.829373
http://dx.doi.org/10.1016/j.sse.2005.04.022
http://dx.doi.org/10.1109/4.173113
http://dx.doi.org/10.1016/j.apsusc.2012.02.047
http://dx.doi.org/10.1063/1.1396632
http://dx.doi.org/10.1021/nl034841q
http://dx.doi.org/10.1126/science.1065824
http://dx.doi.org/10.1021/nl0717107
http://dx.doi.org/10.1016/S0921-4526(02)00870-0
http://dx.doi.org/10.1016/S0921-4526(02)00870-0
http://dx.doi.org/10.1063/1.122477
http://dx.doi.org/10.1063/1.122477
http://dx.doi.org/10.1103/PhysRevB.72.045408
http://dx.doi.org/10.1126/science.287.5459.1801
http://dx.doi.org/10.1126/science.290.5496.1552
http://dx.doi.org/10.1021/ja0169670
http://dx.doi.org/10.1063/1.2798590
http://dx.doi.org/10.1166/jnn.2004.133
http://dx.doi.org/10.1166/jnn.2004.133
http://dx.doi.org/10.1063/1.3574443
http://dx.doi.org/10.1103/PhysRevLett.80.3779
http://dx.doi.org/10.1063/1.3131845
http://dx.doi.org/10.1063/1.3131845
http://dx.doi.org/10.1002/pssc.200982839
http://dx.doi.org/10.1143/JJAP.45.6524
http://dx.doi.org/10.1063/1.1564291

	2012_Aïssa_Ambipolar_operation_hybrid_SiC-carbon_nanotube
	n1
	f1a
	f1b
	f1c
	f1d
	f1
	f2a
	f2b
	f2
	t1
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26


