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Carbon nanotube field-effect inverters
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This letter presentsp-type metal–oxide–semiconductor~PMOS! and complementary metal–oxide–
semiconductor~CMOS! 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 of bothp-type ~without
doping! andn-type nanotube transistors with potassium doping have been measured. By utilizing a
resistor as the load for ap-type nanotube field-effect transistor, a PMOS inverter is demonstrated.
Furthermore, by connecting ap-type nanotube transistor and ann-type 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. ©2001 American Institute of Physics.@DOI: 10.1063/1.1417516#
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The electronic properties of single-walled carbon na
tubes~SWNTs! have been extensively studied throughout
last decade.1–8 Various fabrication approaches have been
veloped to address individual single-walled carbon na
tubes, such as depositing SWNTs from liquid suspensi
onto prefabricated nanoelectrodes4,5,8 or onto flat substrates
followed by patterning electrodes.6,7 These techniques hav
resulted in remarkable success in producing individual i
lated devices such as single-electron transistors4–6 and field-
effect transistors~FETs!;5–8 however, there is a lack of con
trol over the location and orientation of deposited nanotub
and hence, producing integrated systems is almost im
sible with these techniques. In contrast, the recently de
oped chemical-vapor deposition~CVD! technique9–11 has
great potential in producing integrated systems because o
control on the position and orientation of as-grown nan
tubes. Recent effort with this technique has yielded a lo
interesting devices such as chemical sensors,12 mechanical
switches,13 andp–n junctions.14

Inspired by the above-mentioned success, we have
cided to exploit the unique advantage of the CVD techniq
to demonstrate small integrated nanotube systems, i.e.,
gates. This letter reports our effort on building nanosc
inverters, a basic unit of digital circuits, by using SWNTs.
p-type metal–oxide–semiconductor~PMOS! inverter is
demonstrated by connecting a load resistor to ap-type nano-
tube FET, which consists of a CVD-grown individual singl
walled nanotube with metallic source/drain electrodes
the silicon substrate backgate. Further integration of
p-type nanotube FET with ann-type nanotube FET produce
by potassium-vapor doping15–17 leads to the demonstratio
of a more sophisticated complementary metal–oxid
semiconductor~CMOS! inverter.

All the SWNT devices used in this study were prepar
with patterned chemical-vapor deposition and microfabri
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tion for the source/drain contacts.9,10 The core of this fabri-
cation approach involves depositing catalytic nanoscale
particles onto a patterned Si/SiO2 substrate, followed by
growth of SWNTs out of these iron particles at 900 °C w
CH4 as the feeding gas. Therefore, the location of the
grown carbon nanotubes is determined by the location of
catalyst islands. As the last fabrication step, e-beam lith
raphy and metallization are utilized to deposit two Ni/A
electrodes, each covering one end of the nanotube and s
ing as the source/drain electrodes, while the degenera
p-doped silicon substrate is used as the gate electrod
diagram of a finished device and an atomic-force microsc
~AFM! image are shown in Fig. 1. The dimensions of t
SWNTs used in this study are about 500 nm in length an
nm in diameter, derived from topographic atomic-force m
croscope images.

FIG. 1. ~a! Schematic diagram of the carbon nanotube transistors use
this study. The nanotube is grown bridging the catalyst islands~black
squares! via a CVD technique.~b! AFM image of a typical device. The
transistor channel length is 500 nm, as defined by the distance betwee
left and right metallic electrodes.
9 © 2001 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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I –V characteristics of a typical device made this way
shown in Fig. 2~a!. This device shows high conductance u
der negative gate bias and displays almost no conduc
with a gate bias of 6 V, indicating ap-type doped nanotube
consistent with previous observations.5,8,11 The I –V curves
are similar to those of the conventional silicon MOSFE
with a well-defined linear regime under small source–dr
bias and a saturation regime at high bias. This is also c
sistent with our previous observation,11 and a detailed expla
nation can be found there. By comparing the data with
standard metal–oxide–semiconductor field-effect transi
model, we find the transconductance of this device to be
range of 3.7–5.0 nS at 1.0 V source–drain.

Based on this nanotube transistor, an inverter can
readily constructed to output logic ‘‘1’’ when the input is ‘‘0
and the output ‘‘0’’ when the input is ‘‘1.’’ As shown in the
Fig. 2~b! inset, a resistor is connected between ground
the source of this nanotube device, while a bias of 2.0 V
supplied to the drain. The silicon gate is used as the in
while the potential of the output electrode is monitored.
shown in Fig. 2~b!, when the input voltage is swept from 0 t
2 V, the output varies from 1.7 to almost 0 V, working ju
like an inverter. When the input is low, i.e., logic 0, th
p-type transistor is on, and hence, most ofVDD is dropped
across the resistor, leading to a high output, i.e., logic 1.
the other hand, as we increase the gate bias from 0 to 2
the nanotube transistor is gradually turned off and beco
increasingly resistive. Consequently, more and more volt
is dropped across the nanotube instead of the load res
and eventually the output voltage is almost 0, fulfilling t

FIG. 2. ~a! I –V characteristics of a typicalp-type nanotube field-effec
transistor showing both linear and saturation regimes.~b! Transfer charac-
teristics of a PMOS inverter. Inset: schematic diagram of the PMOS inve
Downloaded 06 Dec 2002 to 128.125.4.17. Redistribution subject to AI
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function of an inverter. In our experiment, the inverter tur
on ~logic 1! at 0 V and turns off at 1.5 V and a gain of abo
1 has been measured. Furthermore, since the voltage ra
of input and output are almost the same, these inverters
be integrated in a cascade manner without malfunctionin

Despite the proper functioning of the above-mention
system, it does not stand as an integrated system sinc
external resistor is used. In addition, PMOS inverters
inferior to CMOS inverters when power consumption, stab
ity, and noise suppression are considered.18 Therefore, we
decided to pursue complementary inverters by integratin
p-type nanotube transistor with ann-type nanotube transistor
N-type nanotube transistors are obtained by doping a na
tube with potassium vapor, following previous effort.17 The
underlying mechanism is that electron transfer from a
sorbed potassium atoms to the nanotube can shift the F
level of the tube from the valence-band edge to
conduction-band edge, thus reverting the doping fromp to n
type. The schematic of our setup is shown as Fig. 3~a!. The
doping is carried out by heating up a Saes-getter potass
source placed 2 cm away underneath the sample in a vac
of 131025 Torr. The duration of this doping process
about 3 h, and details can be found in earlier publication17

Figure 3~b! shows I –V characteristics of a typicaln-type
nanotube transistor obtained this way. The conductanc
found to increase under positively increasing gate bias, go
from 34 nS atVg50 V to 600 nS atVg56 V. This kind of
behavior is the signature ofn-type field-effect transistors
Interestingly,I –V curves of this device are rather linear

r.FIG. 3. ~a! Schematic diagram of the potassium doping setup.~b! I –V
characteristics of a potassium-doped nanotube transistor showingn-type be-
havior.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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compared to the saturatedI –V curves in Fig. 2. The origin of
such a difference is not fully understood at this moment.

Combining p- and n-type transistors, complementar
field-effect inverters can be easily demonstrated. We uti
two separate nanotube transistors connected in series wi
electric lead about 2 mm in length. One nanotube transi
is exposed to the potassium vapor and hence doped inn
type, while the other is hidden from the potassium vapor a
remainsp type. Details of this process can be found in o
previous publications.14 Figures 4~a! and 4~b! display the
I –Vg characteristics ofp- and n-type nanotube transistors
respectively. Under a source–drain bias of 10 mV, thep-type
nanotube exhibits substantial conduction~17 nA! at Vg

50 V and little conduction withVg beyond 2.5 V, the signa
ture of a depletion-modep-type transistor. On the contrary
the n-type nanotube transistor displays little conducti
aroundVg50 V and significant conduction withVg.2.5 V,
indicating an enhancement-moden-type transistor. These
two devices are then biased in the configuration depicte
the Fig. 4~c! inset. We applied a 2.9 V bias to theVDD ter-
minal and swept the gate electrode~input! from 0 V ~defined
as logic 0! to 2.5 V ~defined as logic 1!, and the transfer
characteristic curve is shown in Fig. 4~c!. When the input
voltage is low~logic 0!, thep-type transistor is on, meanin
the conductance is high, and then-type transistor is off,
meaning the conductance is low. As a result, the outpu
this inverter is close toVDD , thereby producing an output o
logic 1. As the input voltage is increased, the conductanc
the p-type nanotube increases and the conductance of
n-type nanotube decreases, leading to a decreasing o
voltage. With sufficiently high input, thep-type nanotube is
turned off, whereas then-type nanotube is on. The combine

FIG. 4. ~a! I –Vg curve for ap-type nanotube transistor.~b! I –Vg curve for
an n-type nanotube transistor.~c! Transfer characteristics of a CMOS nan
tube inverter constructed by connecting thep-type transistor with then-type
transistor.
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effect is an output voltage close to the ground, i.e., logic 0
clearly demonstrated in our experiment. Our results sh
that the output starts to decrease atVin50.4 V and is cutoff at
Vin52.0 V, leading to a gain as high as 1.7. Thus far, t
operation of a CMOS nanotube inverter is fully demo
strated, though an ideal inverter should exhibit a stepw
Vout vs Vin behavior, whereas our results in Figs. 2 and
show a small flat region at low and high values ofVin with
almost a linear variation in between. The observed beha
may be due to thep-MOS tube transistor being somewh
leaky, and the threshold control for both transistors not be
perfect, all of which reflects the fabrication difficulties i
nanoelectronics at this early stage. An additional drawbac
that the system must be kept in vacuum because of the
tassium doping used. Further advances should involve de
opment of doping methods that are stable in ambient at
sphere.

In summary, we have demonstrated both PMOS a
CMOS inverters based on carbon nanotubes. Although
PMOS inverter requires an external load resistor, the CM
inverter represents a rudimental integrated system by c
necting ap-type nanotube transistor with ann-type nanotube
transistor. Both types of inverters can function at room te
perature and possess gains equivalent to or greater tha
Our work demonstrates the advantage of the CVD grow
technique and should stimulate more effort toward integra
nanoelectronic systems.
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