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This letter presents-type metal-oxide—semiconduct®*MOS and complementary metal—oxide—
semiconductofCMOY) inverters based on single-walled carbon nanotube field-effect transistors.
The device structures consist of carbon nanotubes grown via a chemical-vapor deposition method
and contacted by two metallic source/drain electrodes. Electrical properties gi-bgib (without

doping andn-type nanotube transistors with potassium doping have been measured. By utilizing a
resistor as the load for type nanotube field-effect transistor, a PMOS inverter is demonstrated.
Furthermore, by connectingpatype nanotube transistor and aitype nanotube transistor, a CMOS
inverter is demonstrated. Both types of inverters exhibit nice transfer characteristics at room
temperature. Our work represents one step forward toward integrated circuits based on
nanoelectronic devices. @001 American Institute of Physic§DOI: 10.1063/1.1417516

The electronic properties of single-walled carbon nano-+ion for the source/drain contacts? The core of this fabri-
tubes(SWNTS9 have been extensively studied throughout thecation approach involves depositing catalytic nanoscale iron
last decadé=® Various fabrication approaches have been departicles onto a patterned Si/SiGubstrate, followed by
veloped to address individual single-walled carbon nanogrowth of SWNTSs out of these iron particles at 900 °C with
tubes, such as depositing SWNTs from liquid suspension€H, as the feeding gas. Therefore, the location of the as-
onto prefabricated nanoelectrofi®$ or onto flat substrates grown carbon nanotubes is determined by the location of the
followed by patterning electrodé<. These techniques have catalyst islands. As the last fabrication step, e-beam lithog-
resulted in remarkable success in producing individual isofaphy and metallization are utilized to deposit two Ni/Au
lated devices such as single-electron transi$térand field-  electrodes, each covering one end of the nanotube and serv-
effect transistor§FETY;°>~® however, there is a lack of con- ing as the source/drain electrodes, while the degenerately
trol over the location and orientation of deposited nanotubegy-doped silicon substrate is used as the gate electrode. A
and hence, producing integrated systems is almost impogliagram of a finished device and an atomic-force microscopy
sible with these techniques. In contrast, the recently devellAFM) image are shown in Fig. 1. The dimensions of the
oped chemical-vapor depositiofCVD) techniqué ! has SWNTSs used in this study are about 500 nm in length and 2
great potential in producing integrated systems because of ity in diameter, derived from topographic atomic-force mi-
control on the position and orientation of as-grown nano-Croscope images.
tubes. Recent effort with this technique has yielded a lot of
interesting devices such as chemical sen§oragchanical
switches!® and p—n junctions®*

Inspired by the above-mentioned success, we have de-
cided to exploit the unique advantage of the CVD technique
to demonstrate small integrated nanotube systems, i.e., logic
gates. This letter reports our effort on building nanoscale
inverters, a basic unit of digital circuits, by using SWNTs. A
p-type metal—-oxide—semiconductoiPMOS inverter is .
demonstrated by connecting a load resistor ptgpe nano- Si back gate
tube FET, which consists of a CVD-grown individual single-
walled nanotube with metallic source/drain electrodes and
the silicon substrate backgate. Further integration of this
p-type nanotube FET with amtype nanotube FET produced
by potassium-vapor dopifg '’ leads to the demonstration
of a more sophisticated complementary metal—oxide—
semiconductofCMQYS) inverter.

All the SWNT devices used in this study were preparedrG. 1. (a) Schematic diagram of the carbon nanotube transistors used in

with patterned chemical-vapor deposition and microfabricathis study. The nanotube is grown bridging the catalyst islafdack
squarep via a CVD technique(b) AFM image of a typical device. The
transistor channel length is 500 nm, as defined by the distance between the
3Electronic mail: chongwuz@usc.edu left and right metallic electrodes.
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FIG. 2. (8 1-V characteristics of a typicgb-type nanotube field-effect

transistor showing both linear and saturation regingesTransfer charac-

teristics of a PMOS inverter. Inset: schematic diagram of the PMOS inverterFIG. 3. (@) Schematic diagram of the potassium doping setiyp.l -V
characteristics of a potassium-doped nanotube transistor shoviymg be-
havior.

| -V characteristics of a typical device made this way are
shown in Fig. 2a). This device shows high conductance un-fynction of an inverter. In our experiment, the inverter turns
der negative gate bias and displays almost no conductiogy, (jogic 1) at 0 V and turns off at 1.5 V and a gain of about
with a gate bias of 6 V, indicating ptype doped nanotube, 1 nhas been measured. Furthermore, since the voltage ranges
consistent with previous observatiot!' The |-V curves  of input and output are almost the same, these inverters can
are similar to those of the conventional silicon MOSFET, he integrated in a cascade manner without malfunctioning.
with a well-defined linear regime under small source—drain Despite the proper functioning of the above-mentioned
bias and a saturation regime at high bias. This is also consystem, it does not stand as an integrated system since an
sistent with our previous observatiohand a detailed expla- external resistor is used. In addition, PMOS inverters are
nation can be found there. By comparing the data with thenferior to CMOS inverters when power consumption, stabil-
standard metal-oxide—semiconductor field-effect transistoilty, and noise suppression are considéfed@herefore, we
model, we find the transconductance of this device to be in @ecided to pursue complementary inverters by integrating a
range of 3.7-5.0 nS at 1.0 V source—drain. p-type nanotube transistor with artype nanotube transistor.

Based on this nanotube transistor, an inverter can bgl-type nanotube transistors are obtained by doping a nano-
readily constructed to output logic “1” when the inputis “0” tube with potassium vapor, following previous effbftThe
and the output “0” when the input is “1.” As shown in the underlying mechanism is that electron transfer from ad-
Fig. 2(b) inset, a resistor is connected between ground andorbed potassium atoms to the nanotube can shift the Fermi
the source of this nanotube device, while a bias of 2.0 V idevel of the tube from the valence-band edge to the
supplied to the drain. The silicon gate is used as the inpugonduction-band edge, thus reverting the doping fpota n
while the potential of the output electrode is monitored. Astype. The schematic of our setup is shown as Fig).Ihe
shown in Fig. 2b), when the input voltage is swept from 0 to doping is carried out by heating up a Saes-getter potassium
2V, the output varies from 1.7 to almost 0 V, working just source placed 2 cm away underneath the sample in a vacuum
like an inverter. When the input is low, i.e., logic 0, the of 1x10 °Torr. The duration of this doping process is
p-type transistor is on, and hence, most\4fp is dropped about 3 h, and details can be found in earlier publicatfdns.
across the resistor, leading to a high output, i.e., logic 1. OFigure 3b) shows|—V characteristics of a typicat-type
the other hand, as we increase the gate bias from 0 to 2.0 Yianotube transistor obtained this way. The conductance is
the nanotube transistor is gradually turned off and becomef®und to increase under positively increasing gate bias, going
increasingly resistive. Consequently, more and more voltagéom 34 nS atVy=0V to 600 nS at;=6 V. This kind of
is dropped across the nanotube instead of the load resistbehavior is the signature af-type field-effect transistors.

and eventually the output voltage is almost 0O, fulfilling the Interestingly,| -V curves of this device are rather linear as
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p-type MOSFET: n-type MOSFET: effect is an output voltage close to the ground, i.e., logic O, as
12F clearly demonstrated in our experiment. Our results show
- Vps = 10mV that the output starts to decreas&/gt=0.4 V and is cutoff at

< 8 Vi,=2.0V, leading to a gain as high as 1.7. Thus far, the

:3 4'_ operation of a CMOS nanotube inverter is fully demon-

L (b) strated, though an ideal inverter should exhibit a stepwise

= L L | Vout VSV, behavior, whereas our results in Figs. 2 and 4

g 4 '2Vg°(V)2 4 show a small flat region at low and high values\gf with

almost a linear variation in between. The observed behavior
may be due to thep-MOS tube transistor being somewhat
leaky, and the threshold control for both transistors not being
perfect, all of which reflects the fabrication difficulties in
nanoelectronics at this early stage. An additional drawback is
that the system must be kept in vacuum because of the po-
tassium doping used. Further advances should involve devel-
opment of doping methods that are stable in ambient atmo-
sphere.
In summary, we have demonstrated both PMOS and
00— ‘ ' CMOS inverters based on carbon nanotubes. Although the
00 05 10 L5 20 25 . ; ;
Vin (V) PMOS inverter requires an external load resistor, the CMOS
inverter represents a rudimental integrated system by con-
FIG. 4. (a) I -V, curve for ap-type nanotube transistdib) | -V, curve for  necting ap-type nanotube transistor with artype nanotube
ann-type nanotube transistoic) Transfer characteristics of a CMOS nano- transistor. Both types of inverters can function at room tem-
tube inverter constructed by connecting thgype transistor with the-type ) . .
transistor. perature and possess gains equivalent to or greater than 1.
Our work demonstrates the advantage of the CVD growth

o o technique and should stimulate more effort toward integrated
compared to the saturatéeV curves in Fig. 2. The origin of nanoelectronic systems.

such a difference is not fully understood at this moment.
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