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Ballistic point contacts, defined in the two-dimensional electron gas of a GaAs-AlGaAs heterostruc-
ture, have been studied in zero magnetic field. The conductance changes in quantized steps of e?/zh
when the width, controlled by a gate on top of the heterojunction, is varied. Up to sixteen steps are ob-
served when the point contact is widened from 0 to 360 nm. An explanation is proposed, which assumes
quantized transverse momentum in the point-contact region.
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As a result of the high mobility attainable in the two-
dimensional electron gas (2DEG) in GaAs-AlGaAs het-
erostructures it is now becoming feasible to study ballis-
tic transport in small devices.'™® In metals ideal tools for
such studies are constrictions having a width W and
length L much smaller than the mean free path /..
These are known as Sharvin point contacts.” Because of
the ballistic transport through these constrictions, the
resistance is determined by the point-contact geometry
only. Point contacts have been used extensively for the
study of elastic and inelastic electron scattering. With
use of biased point contacts, electrons can be injected
into metals at energies above the Fermi level. This al-
lows the study of the energy dependence of the scattering
mechanisms.® With the use of a geometry containing
two point contacts, with separation smaller than /., elec-
trons injected by a point contact can be focused into the
other contact, by the application of a magnetic field.
This technique (transverse electron focusing) has been
applied to the detailed study of Fermi surfaces.’

In this Letter we report the first experimental study of
the resistance of ballistic point contacts in the 2DEG of
high-mobility GaAs-AlGaAs heterostructures. The
single-point contacts discussed in this paper are part of a
double-point-contact device. The results of transverse
electron focusing in these devices will be published else-
where.!® The point contacts are defined by electrostatic
depletion of the 2DEG underneath a gate. This method,
which has been used by several authors for the study of
1D conduction,!? offers the possibility to control the
width of the point contact by the gate voltage. Control
of the width is not feasible in metal point contacts.

The classical expression for the conductance of a point
contact in two dimensions (see below) is

G=(e/nh)kgW/x ¢))

in which kf is the Fermi wave vector and W is the width
of the contact. This expression is valid if /,>> W and the
Fermi wavelength A < W. The first condition is satisfied
in our devices, which have a maximum width W
=250 nm and /, =8.5 um. The second condition should
also hold when the devices have the maximum width.
We expect quantum effects to become important when
the width becomes comparable to Ag, which is 42 nm in
our devices. In this way we are able to study the transi-
tion from classical to quantum ballistic transport
through the point contact.

The point contacts are made on high-mobility
molecular-beam-epitaxy-grown GaAs-AlGaAs hetero-
structures. The electron density of the material is
3.56x10'*/m? and the mobility 85 m?/V s (at 0.6 K).
These values are obtained from the devices containing
the studied point contacts. A standard Hall bar geome-
try is defined by wet etching. Using electron-beam
lithography, a metal gate is made on top of the hetero-
structure, with an opening 250 nm wide (inset in Fig. 1).
The point contacts are defined by the application of a
negative voltage to the gate. At V;=—0.6 V the elec-
tron gas underneath the gate is depleted, the conduction
taking place through the point contact only. At this volt-
age the point contacts have their maximum width Wy,
about equal to the opening between the gates. By a fur-
ther decrease of the gate voltage, the width of the point
contacts can gradually be reduced, until they are fully
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voltage, obtained from the data of Fig. 1 after subtraction of
FIG. 1. Point-contact resistance as a function of gate volt- the lead resistance. The conductance shows plateaus at multi-
age at 0.6 K. Inset: Point-contact layout. ples of e?/nh.
pinched off at V= —2.2 V. able agreement with the lithographically defined width
We measured the resistance of several point contacts between the gate electrodes.
as a function of gate voltage. The measurements were The average conductance increases almost linearly
performed in zero magnetic field, at 0.6 K. An ac lockin with gate voltage. This indicates that the relation be-
technique was used, with voltages across the sample kept tween the width and the gate voltage is also almost

below kT/e, to prevent electron heating. In Fig. 1 the linear. From the maximum width W, (360 nm) and
measured resistance of a point contact as a function of the total number of observed steps (16) we estimate the
gate voltage is shown. Unexpectedly, plateaus are found increase in width between two consecutive steps to be 22

in the resistance. In total, sixteen plateaus are observed nm.

when the gate voltage is varied from —0.6 to —2.2 V. We propose an explanation of the observed quantiza-
The measured resistance consists of the resistance of the tion of the conductance, based on the assumption of
point contact, which changes with gate voltage, and a quantized transverse momentum in the contact constric-

constant series resistance from the 2DEG leads to the tion. In principle this assumption requires a constriction
point contact. As demonstrated in Fig. 2, a plot of the much longer than wide, but presumably the quantization

conductance, calculated from the measured resistance is conserved in the short and narrow constriction of the
after subtraction of a lead resistance of 400 Q, shows experiment. The point-contact conductance G for ballis-
clear plateaus at integer multiples of e?/z#. The above tic transport is given by "*!!

value for the lead resistance is consistent with an es-
timated value based on the lead geometry and the resis-
tivity of the 2DEG. We do not know how accurate the  The brackets denote an average of the longitudinal wave
quantization is. In this experiment the deviations from vector ky over directions on the Fermi circle, Ny
integer multiples of e*/z# might be caused by the uncer- =m/nh? is the density of states in the two-dimensional
tainty in the resistance of the 2DEG leads. Inserting the electron gas, and W is the width of the constriction. The

point-contact resistance at ¥z =—0.6 V (750 Q) into  Fermi-circle average is taken over discrete transverse
Eq. (1) we find for the width Wma, =360 nm, in reason-  wave vectors k, =+ nz/W (n=1,2,...), so that we can

G=e>NoW(h/2m){| ks |). )

write

kel = [ a2kl |6k —kp) 32 }:5

ky _W} 3)

Carrying out the integration and substituting into Eq. (2), one obtains the result

Nc ez
G=Y —, 4)
n=1 rh

where the number of channels (or one-dimensional subbands) N, is the largest integer smaller than kgW/x. For
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keW>1 this expression reduces to the classical formula
[Eq. (1)]. Equation (4) tells us that G is quantized in
units of e?/rh in agreement with the experimental ob-
servation. With the increase of W by an amount of Ag/2,
an extra channel is added to the conductance. This com-
pares well with the increase in width between two con-
secutive steps, determined from the experiment. Equa-
tion (4) may also be viewed as a special case of the mul-

tichannel Landauer formula, '~
2 N
e 2
nh nm=1|

for transmission coefficients |t,,,,, | 2=5,m corresponding
to ballistic transport with no channel mixing.

It is interesting to note that this multichannel Lan-
dauer formula has been developed to describe the ideal-
ized case of the resistance of a quantum wire, connected
to massive reservoirs, in which the inelastic-scattering
events are thought to take place exclusively. As dis-
cussed by Imry,'® |, | 2=6.m corresponds to the case
that elastic scattering is absent in the wire also. The fact
that the conductance G =N.e%/nh of such an ideal wire
is finite'> is a consequence of the inevitable contact resis-
tances associated with the connection to the thermalizing
reservoirs. The findings described in this Letter may im-
ply that we have realized an experimental system which
closely approximates the behavior of idealized mesocopic
systems.

In summary we have reported the first measurements
of the conductance of single ballistic point contacts in a
two-dimensional electron gas. A novel quantum effect is
found: The conductance is quantized in units of e %/zh.

We would like to thank J. M. Lagemaat, C. E. Tim-
mering, and L. W. Lander for technological support and
L. J. Geerligs for assistance with the experiments. We
thank the Delft Center for Submicron Technology for
the facilities offered and the Stichting voor Fundamen-
teel Onderzoek der Materie (FOM) for financial sup-
port.
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Controlled fabrication of metallic electrodes with atomic separation
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We report a technique for fabricating metallic electrodes on insulating substrates with separations on
the 1 nm scale. The fabrication technique, which combines lithographic and electrochemical
methods, provides atomic resolution without requiring sophisticated instrumentation. The process is
simple, controllable, reversible, and robust, allowing rapid fabrication of electrode pairs with high
yield. We expect the method to prove useful in interfacing molecular-scale structures to
macroscopic probes and electronic devices. © 1999 American Institute of Physics.

[S0003-6951(99)04614-8]

Rapid advances in the ability to manipulate' and
measure*~’ matter at the level of single atoms and molecules
suggest that future technology may allow the fabrication of
electronic devices whose core consists of one or a few mol-
ecules. This possibility offers important technological advan-
tages beyond a simple reduction in size, as single molecules
can be designed and synthesized to perform a variety of spe-
cific electronic functions including molecular switches.®
rectifiers,” magnetic and optically bistable systems,'® and
even molecular transistors,!! allowing electronic functional-
ity to be incorporated into chemical synthesis. However,
what currently limits the systematic investigation of
nanometer-scale electronic elements as well as their use as a
viable technology (i.e., molecular electronics'?) is the ab-
sence of a simple means of interfacing very small objects
such as single molecules to macroscopic structures and de-
vices.

At present, experiments probing the electrical properties
of single atoms or molecules require either sophisticated
techniques based on scanning probe microscopy, or special
contacting schemes which often limit experimental flexibil-
ity. The latter is illustrated by the clever recent experiments
measuring the electrical conductance of benzene—dithiol
molecules using mechanical break junctions to provide two
metallic contacts.'® This approach works well but is not
readily adapted to include electrostatic gates, a feature that
would broaden the experimental possibilities. On the other
hand, even the best conventional lithographic methods'* can-
not controllably produce electrodes separated by a few na-
nometers or less, which are necessary to contact most mol-
ecules of interest.

In this letter, we report a technique that readily allows
the fabrication of pairs of metallic electrodes with atomic
scale separation on an insulating substrate. The crucial inno-
vation of this technique, which is based on standard lithog-
raphy combined with electrochemical deposition, is active
monitoring and control of the separation between electrodes
during the fabrication process. The simplicity and robust-
ness of the technique suggests that large-scale implementa-

¥Electronic mail: cmarcus@stanford.edu

0003-6951/99/74(14)/2084/3/$15.00 2084

tion for the purpose of nanoelectronic device fabrication
should be possible.

The technique involves two main steps, as illustrated in
Fig. 1. First, metallic electrodes are prepared using conven-
tional microfabrication [Fig. 1(a)]. The separation between
electrodes at this stage is not critical. In the second step,
metal is electrodeposited on top of the existing pattern from
an electrolyte solution [Fig. 1(b)]. This results in an increase
in the size of the electrodes, and hence a decrease in their
separation [Fig. 1(c)]. By measuring the electrical resistance
between the two electrodes, we are able to monitor their
separation once this distance becomes very small. In prac-
tice, monitoring the resistance signal allows controlled depo-
sition with atomic-scale resolution. The process can be re-
versed to controllably widen gaps with similar accuracy. In
fact, one can deposit until the electrodes are in contact and
subsequently electrodissolve the metal to reopen the gap.

Examples of electrode pairs fabricated by this technique
are shown in Fig. 2. Coarsely spaced Ti/Au (15 nm/35 nm)
electrodes were patterned on a thermally oxidized silicon
substate electron-beam lithography and liftoff. Initial spac-
ings were in the range 50—400 nm. Samples were then
placed in an aqueous solution consisting of 0.01 M potas-
sium cyanaurate [ KAu(CN),], and a buffer (pH 10) com-
posed of 1 M potassium bicarbonate (KHCO;) and 0.2 M
potassium hydroxide. In the deposition reaction, the cyanau-

(A) Titanium/Go{(lSnm/%nm) (B)

sio,”
before electrodeposition

Si

©

deposition

after electrodeposition

FIG. 1. Fabrication of nanoelectrodes consists of two main steps: (a) Elec-
trodes with large separation are fabricated by conventional lithography. (b)
Metal is electrodeposited onto the electrodes, reducing their separation. V.
controls electrodeposition while V. is used to monitor the conductance and
thus the separation between the electrodes. Reversing V. allows material to
be removed rather than deposited. (c) When deposition is stopped before the
electrodes touch, separations on the 1 nm scale are obtained reproducibly.

© 1999 American Institute of Physics
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FIG. 2. SEM images before and after electrodeposition (scale bars show
dimensions). (a) Electrodes before electrodeposition. (b) Electrodes after
electrodeposition. The resolution of the SEM is 5 nm, not sufficient to
resolve the gap. (c) Electrodes in which the gap was reopened by electro-
dissolution, by reversing V. following an intentional short circuiting (con-
tacting) in a previous electrodeposition process.

rate ion accepts an electron from the electrode and liberates
the cyanide ligands, leaving a neutral gold atom at the sur-
face. A gold pellet, 2—3 mm in diameter, was immersed in
the solution to act as a counterelectrode. Thin gold wires (25
pum diam, with ~3—4 mm of length in contact with the so-
lution) were used to connect the patterned electrodes and the
counterelectrode to the electrical circuit shown in Fig. 1(b).
The complete circuit simultaneously serves to drive the elec-
trodeposition process as well as monitor the interelectrode
resistance.

During electrodeposition, a voltage bias of —0.5 to —0.6
V was applied to both electrodes relative to the counterelec-
trode, inducing a deposition current of 2—3 uA, resulting in
gold plating at a lateral rate of ~1 A/s. A number of values
for the deposition current were used successfully and no ef-
fort has been made yet to optimize the process. The resis-
tance between the two electrodes was measured by applying
a 4 mV alternating current (ac) bias at 1 Hz across the elec-
trodes and measuring the ac ‘‘monitor’’ current through a 1
k() series resistor using a lock-in amplifier [Fig. 1(b)]."°

Three phases of electrodeposition corresponding to dif-
ferent ranges of electrode separation can be identified from
the time evolution of the monitor current. In the first phase,
when the electrodes are far apart, the ac monitor current
(~20 nA) is small and roughly constant [Fig. 3(a)]. This
current is proportional to the immersed surface area of the
electrodes (dominated by the surfaces of the 25 um gold
wires) and results from the ac modulation of the direct cur-
rent (dc) deposition current. The second phase is marked by
a sudden increase of the monitor current [Fig. 3(a), inset]. At

Morpurgo, Marcus, and Robinson 2085

this point the electrodes are already very close, less than 5
nm, as shown below. The additional current observed in this
phase is presumably due to direct tunneling between the con-
tacts, enhanced by the screening effect of ions in the gap,
which reduces the height of the tunnel barrier.'® The third
phase, when the contacts finally touch, is marked by a sud-
den jump in the monitor current, followed by its saturation at
a value given by the applied voltage divided by the ~1 k()
series resistance.

During the second phase of electrodeposition, when the
electrodes are very close together but not yet touching, the
monitor current is extremely sensitive to electrode distance,
enabling control of the separation on an atomic scale. This is
illustrated by Fig. 3(c), in which the deposition rate was
reduced by a factor of 50 (by reducing the deposition current
to ~50 nA) following the increase in monitor current. Using
such small deposition currents allows the first atom(s) con-
necting the two electrodes to be resolved. These first atoms
bridging the gap between the electrodes give rise to jumps in
the monitor current corresponding to steps of ~2 e*/h in the
conductance [Fig. 3(c), left inset], as expected for a single
gold atom,7 which has a single electronic valence state avail-
able for conduction. Typically, only one or two steps of this
magnitude are observed, followed by larger jumps presum-
ably originating from clusters of atoms close to the contact
point reassembling themselves into more energetically favor-
able configurations. These steps are similar to those seen in
electrodeposited Cu nanowires made using a scanning tun-
neling microscope.!”

The appearance of sharp steps in the monitor current
associated with atomic conduction allows two important con-
clusions to be drawn. First, that this controlled deposition
technique has atomic-scale resolution, so that it can be used
to fabricate electrodes with ~1 nm separation reliably. Sec-
ond, the steps unambiguously mark when the two electrodes
touch; if electrodeposition is stopped at any earlier stage it is
assured that the electrodes are not in direct contact.

We have fabricated many pairs of electrodes, stopping
electrodeposition when the increase in the monitor current
was first detected, and subsequently imaged the samples us-
ing a scanning electron microscope (SEM). Neither the SEM
(Fig. 2) nor atomic force microscopy could resolve gap
clearly, but placed consistent upper limits of 5 nm on the
separation. Electrical resistances between such pairs of elec-
trodes (measured using a 0.1 V bias in air after the fabrica-
tion) were between 1 and 30 G{2, and in a few cases as low
as 0.5 G(), whereas unplated electrodes on the same sub-
strate had resistances above several hundred gigaohms, lim-
ited by the noise of the measurement. These values are con-
sistent with electronic tunneling through a gap of roughly 1
nm.'8

We emphasize that no tuning of fabrication parameters
was needed to achieve the present results, demonstrating the
robustness of the technique. Alternative strategies have been
reported recently'® capable of feature sizes approaching
those reported here, however, the present method offers sev-
eral advantages including extremely small gaps, high yield
(approaching 100%) at gap sizes down to ~1 nm, relatively
short fabrication time, and simple, readily available instru-
mentation.
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FIG. 3. Time evolution of the ac monitor current during (a) rapid elec-
trodeposition and (b) electrodissolution. Three phases of electrodeposition
can be identified. (1) In this example, for times before ~1540 s, a small ac
monitor current is measured when the electrodes are well separated. (2) For
times between ~1540 and 1590 s, a continuously increasing monitor current
appears as the electrodes approach one another at the nanometer scale. (3)
At ~1590 s, a sudden jump in the monitor current is observed as the elec-
trodes make contact, followed by saturation. The time evolution is reversed
for dissolution. (c) Time evolution of the resistance R between electrodes for
slow deposition [roughly 50 times slower than in (a)]. Conductance steps
close to 2 e%/h (the expected value for Au atoms) are visible in the left inset.
Following initial contact, plateau-like features and steps in the conductance
on the order of a few e%/h persist as the contact between electrodes continues
to increase in size at the atomic scale (right inset).

Because this process can employ techniques and instru-
ments that are currently in use in a variety of industries,
including microelectronics manufacturers (deep-ultraviolet
lithography and electroplating), it may be readily realized in
an industrial setting. Note also that electronic feedback can
easily be incorporated into the monitoring scheme, allowing
the electrodeposition rate to be adjusted as a function of the

Morpurgo, Marcus, and Robinson

resistance between electrodes and then stopped at a specified
separation. This type of feedback control lends itself to par-
allel operation and provides a means of fabricating many
structures at the same time.

The authors thank C. E. D. Chidsey for useful discus-
sions and for the use of equipment in his laboratory. Re-
search supported by the National Science Foundation PE-
CASE program, DMR-9629180-1, and the Stanford Center
for Materials Research, NSF-MRSEC.

'D. M. Eigler and E. K. Scweizer, Nature (London) 344, 524 (1990).

2M. F. Crommie, C. P. Lutz, and D. M. Eigler, Science 262, 218 (1993).

3J. K. Gimzewski, C. Joachim, R. R. Schlittler, V. Langlais, H. Tang, and
1. Johannsen, Science 281, 531 (1998).

4F. F. Fan and A. J. Bard, Science 267, 871 (1995).

3C. Joachim, J. K. Gimzewski, R. R. Schlittler, and C. Chavy, Phys. Rev.
Lett. 74, 2102 (1995).

®A. Yazdani, B. A. Jones, C. P. Lutz, M. F. Crommie, and D. M. Eigler,
Science 275, 1767 (1997).

"E. Scheer, N. Agrait, J. C. Cuevas, A. Levy Yeyati, B. Ludoph, A. Martin-
Rodero, G. R. Bollinger, J. M. v. Ruitenbeek, and C. Urbina, Nature
(London) 394, 154 (1998).

8M. P. O’Neil, M. P. Niemczyk, W. A. Svec, D. Gosztola, G. L. Gaines III,
and M. R. Wasielewski, Science 257, 63 (1992).

°A. Aviram and M. A. Ratner, Chem. Phys. Lett. 29, 277 (1974); M.
Pomerantz, A. Aviram, R. A. McCorkle, L. Li, and A. G. Schrott, Science
255, 1115 (1992).

1°0. Kahn and C. J. Martinez, Science 279, 44 (1998).

'1C. Joachim and J. K. Gimzewski, Chem. Phys. Lett. 265, 353 (1997); S. J.
Tans, A. R. M. Verschuren, and C. Dekker, Nature (London) 393, 49
(1998).

2For a very recent overview see J. Gimzewski, Phys. World 11, 29 (1998).

BM. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, and J. M. Tour, Science
278, 252 (1997).

14 See for instance L. L. Sohn, C. T. Black, M. Eriksson, M. Crommie, and
H. Hess, in Mesoscopic Electron Transport, Nato ASI Series, edited by L.
L. Sohn, L. P. Kouwenhoven, and G. Schon (Kluwer, Dordrecht, 1997),
and references therein.

15 Similar in situ monitoring of the electrical properties of a device to control
its fabrication has been used previously, see for instance E. S. Snow and
P. M. Campbell, Science 270, 1639 (1995); Y. Nakamura, D. L. Klein,
and J. S. Tsai, Appl. Phys. Lett. 68, 275 (1996); T. Schmidt, R. Martel, R.
L. Sandstrom, and P. Avouris, ibid. 73, 2173 (1998).

16Gee, e.g., W. Schmickler and D. Henderson, J. Electroanal. Chem. Inter-
facial Electrochem. 290, 283 (1990).

17C. Z. Li and N. J. Tao, Appl. Phys. Lett. 72, 894 (1998).

8. Kuk, in Scanning Tunneling Microscopy, edited by J. A. Stroscio and
W. J. Kaiser (Academic, San Diego, 1993), p. 281.

“D. L. Klein, P. L. McEuen, J. E. Bowen Katari, R. Roth, and A. P.
Alivisatos, Appl. Phys. Lett. 68, 2574 (1996); A. Bezryadin and C. Dek-
ker, J. Vac. Sci. Technol. B 15,793 (1997); A. Bezryadin, C. Dekker, and
G. Schmid, Appl. Phys. Lett. 71, 1273 (1997).

Downloaded 02 Apr 2004 to 128.200.240.127. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Microfabrication of a mechanically controllable break junction in silicon

C. Zhou, C. J. Muller, M. R. Deshpande, J. W. Sleight, and M. A. Reed
Center for Microelectronic Materials and Structures, Yale University, P.O. Box 208284, New Haven,

Connecticut 06520-8284

(Received 6 April 1995; accepted for publication 20 June 1995)

We present a detailed description of the fabrication and operation at room temperature of a novel
type of tunnel displacement transducer. Instead of a feedback system it relies on a large reduction
factor assuring an inherently stable device. Stability measurements in the tunnel regime infer an
electrode stability within 3 pm in a 1 kHz bandwidth. In the contact regime the conductance takes
on a discrete number of values when the constriction is reduced atom by atom. This reflects the
conduction through discrete channels. © 1995 American Institute of Physics.

Micromachining in silicon is an ongoing effort to pro-
vide ever smaller devices used as the active part of a sensor.
Currently, it is straightforward to produce suspended beams,
small springs, and vibrating or rotating structures on a chip.
Engineers can make use of a number of classical transducer
phenomena, such as piezoelectricity, piezoresistivity and ca-
pacitance changes to convert displacements into an electrical
signal. However, the formation of smaller sensors is often
obtained at the cost of precision, since the signal of the
above mentioned transducer phenomena scale with size. In
contrast to classical transducers, a tunnel transducer’ (e.g.,an
STM) is compatible with further miniaturization and pos-
sesses an astonishing sensitivity to displacements. When a
vacuum tunnel gap between two metallic electrodes is in-
creased by 1 A, the tunnel resistance increases approximately
by an order of magnitude. This has been realized by a num-
ber of groups who have used tunnel sensors in devices.> The
extreme sensitivity of these sensors on positional displace-
ments however implies that the practical range of operation
is limited to distances smaller than 5 A since at larger dis-
tances the resistance becomes almost infinite and unmeasur-
able.

In conventional STM embodiments, one electrode is
usually mounted on a flexible lever, which can be moved by
an electrical signal. The tunnel gap is kept constant with the
use of a feedback system, necessary since temperature fluc-
tuations, (acoustic) vibrations or other disturbances will oth-
erwise change the vacuum gap over distances much larger
than the practical range. An accelerometer, magnetometer,
and an infrared sensor have been successfully developed
with these kind of tunnel sensors in feedback operation.”
Despite these successes we have used a different approach
and constructed an inherently stable tunnel sensor. When
used as a displacement sensor this device can be fabricated in
such a way that the electrode separation during operation
remains in the practical range of about 5 A. Due to the ex-
treme stability of this device it can be operated without feed-
back; however it may also be used in a feedback loop. In this
letter we present the fabrication and operation of this new
type of tunnel sensor which was proposed in Ref. 3. It is
inherently stable, adjustable, and compatible with silicon
technology. Detailed measurements are shown, in both the
contact and tunnel regimes.

The principle of operation and a schematic perspective
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and cross sectional view of the device are shown in Fig. 1.
The starting material is a (100) oriented 250 wm thick sili-
con wafer with an oxide layer of 400 nm. Standard electron-
beam lithography is used to define a pattern in a PMMA
bilayer used for the evaporation of an adhesion layer (10 A
Ti) and 800 A of gold onto the oxide. The gold film has a
shape as indicated in Fig. 1(a). Next a photolithographically
defined thick layer of aluminum is evaporated everywhere on
the oxide except over a distance u, centered around the
smallest gold feature. The next step uses the gold and alumi-
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FIG. 1. (a) The gold wire defined by electron-beam lithography. The small-
est width of the wire is 100 nm, L is about 250 nm. (b) Both the aluminum
and gold film are used as an etch mask to etch through the SiO, into the Si.
(c) A cross section along the gold wire after the pit is etched into the silicon.
Si etching is stopped at the concave corners and the intersection between the
(111) crystallographic surface and the SiO, edges. (d) The mounting con-
figuration of the silicon bending beam in a break junction setup.

© 1995 American Institute of Physics
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FIG. 2. (a) Two devices suspended above a triangular pit in the Si substrate
before the connecting wire is broken in the break junction setup. Each de-
vice shows two SiO, cantilevers which are covered and bridged by the gold
wire. (b) A close-up showing the connecting wire. Before operating the
device in the contact or tunnel regime the small connecting wire has to be
broken. Some undercut of the gold is present due to the imperfection of the
reactive ion etching process.

num films as a mask to etch through the SiO, into the Si with
a CF,/O, plasma [Fig. 1(b)]. The aluminum is then removed
using a standard wet etch. The last step is a wet etch of the
exposed Si area using a pyrocatechol-ethylene-diamine
mixture.* Since the two cantilevers are aligned with the
(110) direction in the substrate, a triangular pit is etched into
the silicon, bounded by the SiO, edges and the (111) sur-
faces. Rapid undercutting at the convex corners by this
etchant assures that the two cantilevers are free standing after
the etching process.’ The final device consists of two small
cantilever beams (2.5um long, 4 um wide) connected with a
100 nm wide wire over a length L [Fig. 1(c)].

The device is mounted against two counter supports, ap-
proximately 20 mm apart, in a break junction configuration.?
A force is exerted on the backside via the piezo element
which is moved towards the device using a course adjust-
ment screw [Fig. 1(d)]. The silicon beam is strained, result-
ing in an elongation of the top layer. The elongation of u is
concentrated on L.y, resulting in the fracture of the gold
wire while the Si substrate stays intact (even though gold is
more ductile than silicon). The piezo element has a maxi-
mum elongation of 5 um and is used for fine adjustment of
either atomic size contacts or vacuum barrier tunnel junc-
tions between the fractured gold electrodes. Figure 2 shows a
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FIG. 3. The piezo voltage is changed in a triangular way (lower curve). The
almost linear behavior of the tunnel current on a logarithmic scale reflects
the exponential dependence on electrode separation. Note the large time
scale, indicating the long term stability of the junction.

SEM photograph of a device before the bridging wire is bro-
ken. A 100 nm wire bridging the two cantilevers can be seen,
and a slight undercut of the gold is visible. The etched pit
into the Si [Fig. 2(a)] is bounded by a relatively rough
Si0O, edge, caused by the photolithography step. Some of the
undercut below the SiO, layer results from this roughness
and enlarges u to about 10 um.

Experiments are performed at room temperature in a
vacuum system (107 ’Torr) which uses an oil-free
absorption/ion-pump combination in order to reduce con-
tamination of the exposed electrodes with hydrocarbons. Fig-
ure 3 illustrates the long term stability and the exponential
dependence of the tunnel current /, on the vacuum barrier
gap distance of this device. The junction is biased at
100 mV while a triangular voltage wave is applied to the
piezo element (lower curve in Fig. 3). The variation in the
piezo length induces a variation in the gap distance resulting
in a change of the tunnel resistance (top curve in Fig. 3). The
exponential dependence of I; on the gap distance s is given
by I, cexp—ay/®s with a=1025A""'eV~"2 and ® is the
work function of the gold electrodes. As the electrodes are
displaced over about 2 A the tunnel current changes over
almost two orders of magnitude. The reason for this excep-
tional stability is the smallness of u which determines the
reduction factor r (the ratio between the piezo elongation and
the induced electrode separation). For our devices we esti-
mate r=>5X 10** From two devices we experimentally infer,
from the known piezo elongation and assuming an exponen-
tial dependence of the tunnel current with ®=4¢eV,
r=10*. The discrepancy of a factor of five may be due to
nonuniform strain near the etched pit. In the tunnel regime
the current noise amplitude, which depends on the tunnel
resistance, is determined at a 100 mV bias for tunnel resis-
tances between 100 k() and 10 MQ) in a 1 kHz bandwidth. In
this resistance range the experimental value for the current
noise amplitude implies about 3 pm fluctuations in the tunnel
gap distance. Although we do not know the exact origin of
these fluctuations, a detailed noise analysis should include
the thermal agitation of the cantilever.®

When the electrodes are brought close enough together,
a contact is formed. Experiments performed in the contact
regime are done in the following way: the contact is reduced
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FIG. 4. Two conductance traces recorded when an atomic scale contact
reduces its cross section as a function of time. Conductance plateaus are
found to be near integer multiples of 2e2/h, reflecting the conduction
through single channels. The insets show two types of intrinsic noise present
in the contact regime.

in size by increasing the piezo voltage until the conductance
of the contact is approximately 10 times 2e?/h. Then the
piezo voltage is fixed, and it is found that the contact relaxes
by itself, until eventually a jump to the tunnel regime takes
place. Before this jump occurs, the two electrodes may be
bridged by a single atom. We tentatively attribute this effect
to outdiffusion of atoms, thus decreasing the constriction
size. The junction is biased at 26 mV and the current is mea-
sured with a sample rate of 100 Hz. Typically the conduc-
tance decreases discontinuously as a function of time. Many
conductance traces show plateaus near integer multiples of
2¢%/h, and often the last plateau in the contact regime is near
2¢%/h (Fig. 4). After this smallest possible contact, the jump
to the tunnel regime results in almost zero conductance
(vacuum tunneling only). Upon close inspection, it is seen
that the majority of the plateaus are not at exact integers.
Backscattering in these metallic point contacts may be re-
sponsible for these observations.” The description in terms of
conductance channels is still valid, although with transmis-
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sion coefficients slightly different from one or zero.

Conductance noise is clearly present on the plateaus in
Fig. 4. This noise is not due to external disturbances and its
amplitude is much larger than the measurement accuracy. In
general, two different types of noise can be present. The
switching of one or a few atoms between energetically
equifavorable positions in the contact region can result in
closely spaced conductance levels (inset in upper panel of
Fig. 4). The high kinetic energy of the atoms at room tem-
perature can drive them between various sites, thus influenc-
ing the conductance. Another type of noise has a more ran-
dom nature (inset in lower panel of Fig. 4). This may be due
to small strain variations and small out-of-equilibrium dis-
placements (small compared to the lattice constant) of a
group of atoms comprising the contact.

In conclusion, we have presented a new type of displace-
ment transducer, which is inherently stable. We have shown
the operation of this device with gold electrodes as well in
the contact as in the tunnel regime. The device was shown to
be sensitive to positional changes of a single atom.
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Single-Walled Carbon Nanotube Electronics

Paul L. McEuen, Michael S.

Abstract—Single-walled carbon nanotubes (SWNTs) have
emerged as a very promising new class of electronic materials.
The fabrication and electronic properties of devices based on
individual SWNTs are reviewed. Both metallic and semicon-
ducting SWNTs are found to possess electrical characteristics
that compare favorably to the best electronic materials available.
Manufacturability issues, however, remain a major challenge.

Index Terms—Field-effect transistors (FETs), interconnections,
nanotechnology, nanotube.

1. INTRODUCTION

INGLE-WALLED carbon nanotubes (SWNTs) are
S nanometer-diameter cylinders consisting of a single
graphene sheet wrapped up to form a tube. Since their dis-
covery in the early 1990s [1] and [2], there has been intense
activity exploring the electrical properties of these systems
and their potential applications in electronics. Experiments
and theory have shown that these tubes can be either metals
or semiconductors, and their electrical properties can rival, or
even exceed, the best metals or semiconductors known. Partic-
ularly illuminating have been electrical studies of individual
nanotubes and nanotube ropes (small bundles of individual
nantoubes). The first studies on metallic tubes were done in
1997 [3] and [4] and the first on semiconducting tubes in
1998 [5]. In the intervening five years, a large number of
groups have constructed and measured nanotube devices, and
most major universities and industrial laboratories now have
at least one group studying their properties. These electrical
properties are the subject of this review. The data presented
here are taken entirely from work performed by the authors (in
collaboration with other researchers), but they can be viewed
as representative of the field.

The remarkable electrical properties of SWNTs stem from
the unusual electronic structure of the two-dimensional mate-
rial, graphene, from which they are constructed [6] and [7].
Graphene—a single atomic layer of graphite —consists of a 2-D
honeycomb structure of sp? bonded carbon atoms, as seen in
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Fig. 1(a). Its band structure is quite unusual; it has conducting
states at £/¢, but only at specific points along certain directions
in momentum space at the corners of the first Brillouin zone, as
is seen in Fig. 1(b). It is called a zero-bandgap semiconductor
since it is metallic in some directions and semiconducting in the
others. In an SWNT, the momentum of the electrons moving
around the circumference of the tube is quantized, reducing the
available states to slices through the 2-D band structure, is illus-
trated in the Fig. 1(b). This quantization results in tubes that are
either one-dimensional metals or semiconductors, depending on
how the allowed momentum states compare to the preferred di-
rections for conduction. Choosing the tube axis to point in one
of the metallic directions results in a tube whose dispersion is
a slice through the center of a cone [Fig. 1(c)]. The tube acts
as a 1-D metal with a Fermi velocity vy = 8 x 10° m/s com-
parable to typical metals. If the axis is chosen differently, the
allowed ks take a different conic section, such as the one shown
in Fig. 1(d). The result is a 1-D semiconducting band structure,
with a gap between the filled hole states and the empty elec-
tron states. The bandgap is predicted to be £, = 0.9 eV/d[nm],
where d is the diameter of the tube. Nanotubes can, therefor,e be
either metals or semiconductors, depending on how the tube is
rolled up. This remarkable theoretical prediction has been ver-
ified using a number of measurement techniques. Perhaps the
most direct used scanning tunneling microscopy to image the
atomic structure of a tube and then to probe its electronic struc-
ture [8] and [9].

To understand the conducting properties of nanotubes, it is
useful to employ the two-terminal Landauer—Buttiker Formula,
which states that, for a system with /N 1-D channels in par-
allel: G = (Ne?/h)T, where T is the transmission coefficient
for electrons through the sample (see, for example, [10]). For a
SWNT at low doping levels such that only one transverse sub-
band is occupied, /N = 4. Each channel is fourfold degenerate,
due to spin degeneracy and the sublattice degeneracy of elec-
trons in graphene. The conductance of a ballistic SWNT with
perfect contacts (" = 1) is then 4¢%/h = 155 uS, or about
6.5 k2. This is the fundamental contact resistance associated
with 1-D systems that cannot be avoided. Imperfect contacts
will give rise to an additional contact resistance ... Finally, the
presence of scatters that give a mean-free path [ contribute an
Drude-like resistance to the tube, Ry = (h/4¢*)(L/1), where
L is the tube length. The total resistance is approximately the
sum of these three contributions, R = ]7,/462 + R. + R;.
In the sections below, we will analyze the conducting proper-
ties of metal and semiconducting nanotubes to infer the con-
tact resistances, mean-free paths, conductivities, etc. We will
concentrate almost exclusively on room temperature behavior.
At low temperatures, SWNT devices exhibit a number of inter-
esting quantum phenomena, including single-electron charging,
quantum interference, Luttinger liquid behavior, and the Kondo

1536-125X/02$17.00 © 2002 IEEE
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(a) Lattice structure of graphene, a honeycomb lattice of carbon atoms. (b) Energy of the conducting states as a function of the electron wavevector k.

There are no conducting states except along special directions where cones of states exist. (c), (d) Graphene sheets rolled into tubes. This quantizes the allowed
ks around the circumferential direction, resulting in 1-D slices through the 2-D band structure in (b). Depending on the way the tube is rolled up, the result can be

either (c) a metal or (d) a semiconductor.

effect, but these are not of direct relevance to most device ap-
plications. We, therefore, refer the reader to existing reviews for
further discussion of these topics [11]-[13].

The critical issues with respect to device applications are
twofold. The first is how reproducibly and reliably nanotube
devices can be manufactured. Some current approaches to
device fabrication are discussed in Section II. The second issue
is how the electrical properties of SWNT devices compare
to other electronic materials. These properties are described
below in Sections III and IV for metallic and semiconducting
tubes, respectively. These sections show that devices based
on individual SWNTs have remarkable electrical character-
istics, making them a very promising new class of electronic
materials. The manufacturability challenges, however, are
very significant. While advances are being made, controlled,
reproducible device fabrication remains an unattained goal.
These issues will be discussed in more detail in Section V.

II. NANOTUBE GROWTH AND DEVICE FABRICATION

SWNTs are grown by combining a source of carbon with a
catalytic nanostructured material such as iron or cobalt at ele-
vated temperatures. Sources of carbon employed to date include

bulk graphite, hydrocarbons, and carbon monoxide. While the
details of the growth process are far from understood, the basic
elements are now coming into focus. A schematic is shown in
Fig. 2(a). At elevated temperatures, the catalyst has a high sol-
ubility for carbon. The carbon in the particle links up to form
graphene and wraps around the catalyst to from a cylinder. Sub-
sequent growth occurs from the continuous addition of carbon
to the base of the tube at the nanoparticle/tube interface. Re-
markably, tubes can grow to lengths of hundreds of microns by
this process [14].

Creating the proper conditions for growth can done in a va-
riety of ways. From the point of view of device fabrication, the
techniques can be divided into categories. In the first category
are tubes grown by bulk synthesis techniques that are subse-
quently deposited on a substrate to make devices (“deposited
tubes”). The most common methods for bulk fabrication are arc
synthesis [1],[2] and laser assisted growth [15], and commercial
sources of SWNTs from these techniques are now available. By
controlling the growth conditions, high yields of SWNTs with
narrow size distributions can be obtained. Unfortunately, tubes
fabricated this way are in the form of a highly tangled “felt” of
tubes and bundles of tubes. For electronic devices, these tubes
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Fig. 2. (a) Schematic of a SWNT growing from a catalyst seed particle.
(b) Atomic force microscope images of a single nanotube device fabricated
using electron beam lithography. (c) Parallel fabrication of SWNT devices
by growth from patterned catalysts and subsequent deposition of arrays of
electrodes. The lower panel shows an AFM image of one pair electrodes
bridged by two SWNTs.

must be separated, cut into usable sizes, and then deposited on a
substrate. This is typically done by ultrasonication in an appro-
priate solvent to disperse and cut the SWNTs, followed by de-
position onto a substrate by spinning or drying. Unfortunately,
this is to date an uncontrolled process, producing tubes on the
substrate of varying lengths that are often still bundled together.
This processing can also induce significant numbers of defects
in the tubes. However, new techniques for the wet processing,
cutting, and sorting of nanotubes are under constant develop-
ment [16]-[20].

An alternative approach is to grow the nanotubes directly
on the wafer [21]. Currently this is done using chemical
vapor deposition (CVD). The catalyst material is placed on the
surface of a wafer, which is inserted in a standard furnace at
700 °C-1000 °C in a flow of a carbon source gas such as
methane. The tubes grow from the catalyst seeds on the sub-
strate. Engineering the properties of the catalyst and controlling
the growth conditions control the properties of the tubes. For
example, relatively monodisperse nanoparticle catalysts have
been shown to yield SWNTs with a diameter closely matching
that of the catalyst particle [22] and [23].

For both deposited and CVD-grown SWNTs, the tubes must
be integrated with electrodes and gates on a wafer to make de-
vices. A major challenge is the placement of the tubes relative
to lithographically patterned features on the substrate. For both
CVD-grown and deposited tubes, techniques have been devel-
oped that are satisfactory for research purposes, if not for mass
production. Examples are shown in Fig. 2. For the device in
Fig. 2(b), SWNTs were grown by CVD and located relative to
alignment marks on the surface using an atomic force micro-
scope. Polymethylmethacrylate (PMMA) resist was then spun
over the tubes and an electron beam mask was designed, fol-
lowed by electron beam lithography and liftoff to attach the gold
leads [4]. The tubes remain bound to the substrate are unaffected
by standard solvents for resist patterning. An alternate approach
[21] is to pattern arrays of small catalyst islands from which
SWNTs are grown. Electrode arrays are then deposited over the
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catalyst pads using optical or electron beam lithography. The
result is pairs of electrodes with a random number of tubes con-
necting them, as seen in Fig. 2(c). By adjusting the parameters,
a significant fraction of electrodes with only one tube bridging
them can be obtained. Equivalent approaches exist to create de-
vices for deposited tubes, with the CVD growth step replaced
by a deposition step. An alternative method available for de-
posited tubes is to pattern the electrodes first and then deposit
the tubes on top of the electrodes [3]. This avoids the high-tem-
perature growth step, and chemical modification of the surface
[24] and/or electric fields can be used to control, to some degree,
the locations of the deposited tubes.

A schematic of the resulting device geometry is shown in
the inset to Fig. 5. Source and drain electrodes allow the con-
ducting properties of the nanotube to be measured, and a third
gate electrode gate is used to control the carrier density on the
tube. Typically, the degenerately doped Si substrate is used as
the gate. Nearby metal electrodes [3], an oxidized Al electrode
under the tube [25], and even an ionic solution around the tube
[26] and [27] have also been employed as gates. When the con-
ductance of the tube as the gate voltage, and hence the charge
per unit length of the tube, is varied is measured, two classes of
behavior are seen. For some tubes, G is relatively independent
of V;, corresponding to a metallic tube. These are discussed in
Section III. For other tubes, a dramatic dependence of GG on Vj; is
seen, indicating semiconducting tubes. These will be discussed
in Section IV.

III. ELECTRICAL PROPERTIES OF METALLIC TUBES

Devices made from metallic SWNTSs were first measured in
1997 [3] and [4], and have been extensively studied since that
time. Two-terminal conductances of metallic SWNTSs at room
temperature can vary significantly, ranging from as small as
~6-kf2 to several megaohms (MS2). Most of this variation is
due to variations in contact resistance between the electrodes
and the tube. As techniques for making improved contacts have
been developed, the conductances have steadily improved. The
best contacts have been obtained by evaporating Au or Pt over
the tube, often followed by a subsequent anneal. A number of
groups have seen conductances approaching the value, G =
42 /I, predicted for a ballistic nanotube [28] and [29]. An ex-
ample is shown in Fig. 3, where the dI/dV as a function of V4
is shown for a ~1-pum long SWNT. At low V4, the conductance
is ~2¢? /h, growing to ~3.4¢? /I at the temperature is lowered.
Assuming perfect contacts, this indicates that the mean-free path
is at least ~1 pm at room temperature and grows even larger as
the device is cooled. A number of other measurements corrobo-
rate this conclusion, such as measurements of short tubes where
G = 4¢?/h is found [28] and [29], and scanned probe experi-
ments that probe the local voltage drop along the length of the
nanotube [30]. This mean-free path corresponds to a room tem-
perature resistivity of p~ 1076 cm. The conductivity of metallic
nanotubes can, thus, be equal to, or even exceed, the conduc-
tivity of the best metals at room temperature.

These long scattering lengths are in striking contrast to the
behavior observed in traditional metals like copper, where scat-
tering lengths are typically on the order of tens of nanometers
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Fig. 3. Differential conductance dI/dV of a metallic SWNT as a function
of V4, at different temperatures. The conductance at low V; approaches the
values for a ballistic SWNT, 4¢2/h. At higher V4, the conductance drops
dramatically due to optic and zone-boundary phonon scattering.

at room temperature, due to phonon scattering. The main dif-
ference is the significantly reduced phase space for scattering
by acoustic phonons in a 1-D system. At room temperature,
acoustic phonons have much less momentum than the electrons
at the Fermi energy. In a traditional metal, phonons backscatter
electrons through a series of small angle scattering events that
eventually reverse the direction of an electron. This is not pos-
sible in a 1-D conductor such as a nanotube, where only for-
ward and backward propagation is possible. Note that while
the mean-free path is much larger than traditional metals, the
conductivity is only comparable to slightly better. This is be-
cause the effective density of states in nanotubes is much lower
than traditional metals because of the semimetallic nature of
graphene.

Optic and zone-boundary phonons have the necessary mo-
mentum to backscatter electrons in nanotubes. They are too high
in energy (hf ~ 150 meV) to be present at room temperature
and low V. At high source—drain voltages, however, electrons
can emit these phonons and efficiently backscatter. This leads
to a dramatic reduction of the conductance at high biases, as
was first reported by Yao et al. [31]. This can be readily seen in
the data of Fig. 3. The scattering rate grows linearly with Vg4,
leading to a saturation of the total current through the tube. This
saturation value is ~(4¢?/h) hf ~ 25 pA for small-diameter
SWNT. This corresponds to a current density of j = 2.5 x 10%
A/cm? for a 1 nm diameter tube. This is orders of magnitude
larger than current densities found in present-day interconnects.
This large current density can be attributed to the strong cova-
lent bonding of the atoms in the tube. Unlike in metals, there are
no low energy defects, dislocations, etc., that can easily lead to
the motion of atoms in the conductor.

In addition to phonon scattering, scattering off of static dis-
order (defects, etc.) is also possible in metallic tubes. A number
of sources of scattering have been identified, including physical
bends in the tube [32] and [33] and localized electronic states
created at defects along the tube [34]. One technique that can
give direct information about these scattering centers is scanned
gate microscopy (SGM). In this technique, a metallized AFM
tip is used as a local gate to probe the conducting properties.
Fig. 4 shows a SGM image of a metallic tube [34]. The dark
features in the images correspond to locations of defects, which
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Fig. 4. Left panel: AFM image of a metallic SWNT. Other panels: Scanned
gate microscopy of defects in the SWNT at different AFM tip voltages. The
conductance through the SWNT is recorded as a function of the tip position.
Resonant scattering at defect sites is indicated by rings of reduced conductance
(dark) centered on the defects.
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Fig. 5. Conductance G versus gate voltage V,; of a p-type semiconducting

SWNT field effect transistor. The device geometry is shown schematically in
the inset.

are conjectured to be associated with a bond-rotation defect in
the nanotube. Measurements show that these defects are more
common in tubes grown at lower temperatures (~700 °C). With
proper control of the growth parameters, however, static defects
can be minimized so that they are not an important source of
scattering at room temperature.

IV. ELECTRICAL PROPERTIES OF SEMICONDUCTING TUBES

Semiconducting behavior in nanotubes was first reported by
Tans et al. in 1998 [5]. Fig. 5 shows a measurement of the con-
ductance of a semiconducting SWNT as the gate voltage applied
to the conducting substrate is varied. The tube conducts at neg-
ative V,; and turns off with a positive V,,. The resistance change
between the on and off state is many orders of magnitude. This
device behavior is analogous to a p-type metal-oxide—semicon-
ductor field-effect transistor (MOSFET), with the nanotube re-
placing Si as the semiconductor. At large positive gate volt-
ages, n-type conductance is sometimes observed, especially in
larger-diameter tubes [35] and [36]. The conductance in the
n-type region is typically less than in the p-type region because
of the work function of the Au electrodes. The Au Fermi level
aligns with the valence band of the SWNT, making a p-type con-
tact with a barrier for the injection of electrons.
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Semiconducting nanotubes are typically p-type at V; = 0 be-
cause of the contacts and also because chemical species, particu-
larly oxygen, adsorb on the tube and act as weak p-type dopants.
Experiments have shown that changing a tube’s chemical en-
vironment can change this doping level —shifting the voltage
at which the device turns on by a significant amount [37] and
[38]. This has spurred interest in nanotubes as chemical sensors.
Adsorbate doping can be a problem for reproducible device be-
havior, however. In air, a large hysteresis in GG versus Vj is ob-
served, with threshold voltage shifts of many volts common. In
addition, the threshold voltage is very sensitive to the processing
history of the device—for example, heating or exposure to UV
radiation drives off oxygen [39], lowering the p-doping level of
the device. Controlling adsorbate doping is an important chal-
lenge to be addressed. Recent work by the group at IBM has
taken important steps in this direction [40].

Controlled chemical doping of tubes, both p- and n-type, has
been accomplished in a number of ways. N-type doping was
first done using alkali metals that donate electrons to the tube.
This has been used to create n-type transistors [38], [41], [42],
p-n junctions [43], and p-n-p devices [44]. Alkalai metals are
not air-stable, however, so other techniques are under develop-
ment, such as using polymers for charge-transfer doping [45].
While these techniques are progressing rapidly, we will concen-
trate here on tubes with no additional doping (beyond uncon-
trolled doping by adsorbates) and the carriers induced by the
gate. For simplicity, we will further focus on the p-type con-
ducting regime to get a sense of the basic parameters that char-
acterize electrical transport.

In the data of Fig. 5, the conductance initially rises linearly
with Vj; as additional holes are added to the nanotube. At higher
gate voltages, the conductance stops increasing and instead is
constant. This limiting conductance is due both to the tube and
to the contact resistance between the metallic electrodes and
to the tube. The value of this resistance can vary by orders of
magnitude from device to device, but by annealing the con-
tacts, on-state resistances of ~20-50 k{2 can be routinely ob-
tained. In the regime where G' grows linear with V), the prop-
erties of the device can be described by the Drude-type relation
G = C} (Vy — Vo) 1/ L, where Cj is the capacitance per unit
length of the tube, V, is the threshold voltage, 1 is the mobility.
The capacitance per unit length of the tube can be estimated or
obtained from other measurements [3], [4], [46]. Using this we
can infer the mobility of the tube, .. We find typical mobilities
of 1000—10 000 cm?/V s for CVD-grown tubes, with occasional
devices having mobilities as high as 20 000 cm?/V-s. This is sig-
nificantly higher than the values reported to date in deposited
nanotubes [25], [40], [47], [48]. It is also higher than the mobil-
ities in Si MOSFETs, indicating than SWNTSs are a remarkably
high-quality semiconducting material.

As with metallic tubes, work has also been performed to in-
vestigate the nature of the scattering sites in nanotubes. Again,
scanned probe techniques has been very useful. A scanned gate
microscopy measurement is shown in Fig. 6(a). The tip was bi-
ased positively, to locally deplete the carriers (holes) underneath
the tip. The bright spots in the image correspond to places where
the AFM tip affected the conductance of the sample, producing a
map of the barriers to conduction. This data shows that the con-
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Fig. 6. (a) Scanned gate microscopy showing scattering sites in a p-type

semiconducting SWNT. (b) Voltage drop along the length of the source—drain
biased semiconducting SWNT, as determined by electric force microscopy.
The slope of the voltage drop (dotted line) indicates a resistance per unit length
of 9 kQ/pm.

ductance is limited by a series of potential barriers that the holes
see as they traverse the tube. The barriers are likely due local in-
homogeneities in the surface potential from adsorbed charges,
etc., at or near the tube. At higher densities, however, little ef-
fect of the tip was seen, suggesting excellent transport prop-
erties. Electric force microscopy [49] can be used to directly
probe the voltage drop along the length of the channel; the re-
sult is shown if Fig. 6(b). A linear voltage drop corresponding
to a resistance of ~9 k{2/um is observed, implying a mean-free
path of ~0.7 ;sm, comparable to the mean-free paths in metallic
tubes. This result is consistent with the maximum conductances
observed for semiconducting SWNTs (G ~ ¢?/h for 1-pzm long
tubes) and the high mobilities discussed above.

In order to maximize device performance, the tube gate ca-
pacitance C’; should be maximized. Most experiments to date
have used gate oxide thicknesses of hundreds of millimicrons.
More recently, researchers have investigated a number of ways
to increase the gate coupling, such as using a very thin Al oxide
gate [25] or using an electrolyte solution as a gate [26] and [27].
The latter is schematically shown in Fig. 7(a), with the resulting
I-V curves at different Vs shown in Fig. 7(b). Standard FET
behavior is seen; the current initially rises linearly with V;; and
then becomes constant in the saturation region. The nanotube
exhibits excellent characteristics, with a maximum transconduc-
tance, dI /dV g = 20 pA/V at V, = —0.9 V. Normalizing this
to the device width of ~2 nm, this gives a transconductance per
unit width of ~10-mS/pm. This is significantly better than cur-
rent-generation MOSFETs.

The properties of semiconducting SWNTs given above are
quite remarkable. Perhaps most surprising is the high mobilities
obtained given the small channel width and the simplicity of the
fabrication methods employed. This is largely due to the lack
of surface states in these devices. As is well known from bulk
semiconductors, surface states generally degrade the operating
properties of the device, and controlling them is one of the key
technological challenges to device miniaturization. A SWNT
solves the surface state problem in an elegant fashion. First, it



MCEUEN et al.: SWNT ELECTRONICS

NaCl 1mM
solution

v d T
0.0 0.2 0.4 0.6 0.8

- Vsd (V)

Fig.7. I-V characteristics at different Vs for a p-type SWNT FET utilizing
an electrolyte gate. A schematic of the measurement geometry is also shown.

begins with a 2-D material with no chemically reactive dangling
bonds. It then rids itself of the problem of edges by using the
topological trick of rolling itself into a cylinder—which has no
edges.

V. CHALLENGES AND FUTURE PROSPECTS

The above results show that single nanotube devices possess
excellent properties. Metallic tubes have conductivities and cur-
rent densities that meet or exceed the best metals, and semicon-
ducting tubes have mobilities and transconductances that meet
or exceed the best semiconductors. This clearly make them very
promising candidates for electronic applications. Opportunities
also exist for integrating nanotube electronics with other chem-
ical, mechanical, or biological systems. For example, nanotube
electronic devices function perfectly well under biological con-
ditions (i.e., salty water) and have dimensions comparable to
typical biomolecules (e.g., DNA, whose width is approximately
2 nm). This makes them an excellent candidate for electrical
sensing of individual biomolecules. The are also a host of other
device geometries beyond the simple wire and FET structures
described above that are under exploration. Examples include
the p-n and p-n-p devices mentioned previously [43] and [44],
nanotube/nanotube junctions [50]-[52], and electromechanical
devices [53] and [54].
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Much more challenging is the issue of device manufactura-
bility. Although a great deal of work has been done, the progress
to date has been modest. For example, in tube synthesis, the di-
ameter of the tubes can be controlled, but not the chirality. As
a result, the tubes are a mixture of metal and semiconductors.
In CVD, the general location for tube growth can be controlled
by patterning the catalyst material, but the number of tubes and
their orientation relative to the substrate are still not well de-
fined. Furthermore, the high growth temperature (900 °C) for
CVD tubes is incompatible with many other standard Si pro-
cesses. The alternative approach, depositing tubes on a substrate
after growth, avoids this high temperature issue but suffers from
the chirality and positioning limitations discussed above. Fur-
thermore, the wet processing of the tubes may degrade their
electrical properties. Efforts are underway to address these is-
sues. For example, techniques to guide tubes to desired locations
during growth or deposition using electric fields [55] and/or sur-
face modification [24] are being explored, with some success.

To date, there are no reliable, rapid, and reproducible ap-
proaches to creating complex arrays of nanotube devices. This
manufacturing issue is by far the most significant impediment
to using nanotubes in electronics applications. While there has
been significant fanfare around “circuits” made with nanotubes,
(see, e.g., the “Breakthrough of the Year” for 2001 in Science
magazine), in reality the accomplishments to date are a far cry
from anything that would impress a device engineer or circuit
designer. However, there appear to be no fundamental barriers
to the development of a technology. The science of nanotubes
has come a long way in five years. With the involvement of the
engineering community, perhaps the technology of nanotubes
will see similar progress in the next five.
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Nanotube electronics for radiofrequency

applications

Chris Rutherglen, Dheeraj Jain and Peter Burke*

Electronic devices based on carbon nanotubes are among the candidates to eventually replace silicon-based devices for logic
applications. Before then, however, nanotube-based radiofrequency transistors could become competitive for high-performance
analogue components such as low-noise amplifiers and power amplifiers in wireless systems. Single-walled nanotubes are well
suited for use in radiofrequency transistors because they demonstrate near-ballistic electron transport and are expected to
have high cut-off frequencies. To achieve the best possible performance it is necessary to use dense arrays of semiconducting
nanotubes with good alignment between the nanotubes, but techniques that can economically manufacture such arrays are
needed to realize this potential. Here we review progress towards nanotube electronics for radiofrequency applications in
terms of device physics, circuit design and the manufacturing challenges.

advanced electronics has been a major goal in nanotechnol-

ogy for over a decade'?. This interest stems from the fact that
carbon nanotubes offer a combination of small size, high mobil-
ity**, large current density and low intrinsic capacitance: moreover,
their intrinsic cut-off frequency is expected to be high. Although
the long-term goal of nanotube researchers has been to replace
digital CMOS devices made from silicon, and therefore to “extend
Moore’s law”, a more realistic point of insertion into the market may
be high-performance analogue radiofrequency (RF) devices, where
manufacturing tolerances are relaxed and the performance metrics
required for commercial systems are more suited to the materials
and device properties of nanotubes. To realize this potential, it must
be possible to economically manufacture dense aligned arrays of all-
semiconducting nanotubes.

The use of massively parallel nanotube-based field-effect tran-
sistors (FETs) for applications such as mobile communication
devices and radar is at present being investigated in both academic
and industrial laboratories. So far, numerous nanotube-based FETs
have been demonstrated using both single nanotubes and thin-film
transistors made from mixtures of semiconducting and metallic
nanotubes®. (The nanotubes in these devices can either be aligned or
randomly oriented.) However, to achieve the highest performance,
the nanotubes must be aligned at a high density (Fig. 1). Otherwise,
the mobility is degraded from that of a pristine nanotube, and the
fringe-field capacitance degrades the cut-off frequency by up to
two orders of magnitude®. For this reason, the manufacturability of
aligned arrays is very important, and several techniques have been
investigated to solve the problems of nanotube alignment and puri-
fication: the two main techniques are ‘grow in place’ and ‘deposition
from solution’

It has been proposed that nanotube-based FETs could, in prin-
ciple, operate at frequencies well into the terahertz regime®''.
However, as it might not be possible to economically manufacture
the perfectly dense perfectly aligned arrays containing only semi-
conducting nanotubes that are needed to achieve this level of per-
formance, it is important to benchmark trade-offs that result from
using less-than-perfect arrays. An intriguing aspect of nanotube-
based FETs is a predicted inherent linearity'?, which is critically
important for wireless communication systems. To confirm and
quantify these and other device properties under realistic operating

—|—he potential to exploit single-walled carbon nanotubes in

conditions, it is important to fabricate, test and demonstrate devices
with high-density, aligned, all-semiconducting nanotubes in a scal-
able process, and to demonstrate such devices in actual working
radio systems applications.

Here we review the progress so far in manufacturing, discuss the
predicted and measured device properties as a function of manu-
facturing tolerances, and consider the implications for applications
of single-walled nanotubes in analogue (as opposed to digital) RF
devices and, ultimately, RF systems applications.

Grow in place by chemical vapour deposition

The most widely used method for growing single-walled nano-
tubes directly onto a substrate has been chemical vapour deposi-
tion (CVD). In general, a substrate holding metal catalyst particles
is placed within a furnace with a flow of carbon feedstock gas and
hydrogen gas at temperatures upwards of 900 °C. In such an envi-
ronment, carbon nanotubes will grow from the catalyst particles
with a diameter that is related to the size of these particles. To obtain
aligned nanotubes during the CVD growth, multiple methods have
been used to guide the alignment, such as applied electric fields'*",
the gas flow'*™® and interactions with the substrate. Of these, the
most successful for obtaining highly dense perfectly aligned arrays
of nanotubes has been surface-guided growth on single-crystal sub-
strates such as sapphire or quartz'*-**. Although the basic alignment
mechanism remains unclear, it is assumed to involve the interac-
tions between the nanotubes and the substrate’s atomic steps, nano-
facets or crystallographic lattice — or a mixture of these. Nanotube
lengths of greater than 100 um, linear densities of 10 nanotubes um™
(with peak values ~50 nanotubes um") and alignment within <0.01°
have been achieved (Fig. 1¢). Furthermore, procedures for transfer-
ring the aligned arrays to other substrates, such as SiO, or flexible
substrates have been developed®. These techniques allow hetero-
geneous integration of aligned single-walled nanotubes with other
materials that would not otherwise survive the high temperatures
involved with the CVD nanotube growth process.

Nanotubes produced by the methane CVD method typically
yield a mixture of two-thirds semiconducting nanotubes and one-
third metallic nanotubes. The presence of the metallic nanotubes
in parallel with the semiconducting nanotubes degrades device
performance, especially the on/off ratio and the output resistance.
Individual nanotube-based FETs have demonstrated on/off
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Figure 1| Different ways to align nanotubes. To make high-frequency field-effect transistors from single-walled nanotubes (SWNTs), the nanotubes must
be aligned, and they must also be long enough to span the source-drain channel. a, The Langmuir-Blodgett method can align SWNTs with a density of

30 nanotubes um™, as shown in this atomic force microscopy image. Reproduced with permission from ref. 42 (© 2007 ACS). b, The spin-coating method
is capable of aligning 10 nanotubes pm, and an alignment of less than 10° of the radial axis, as shown in this atomic force microscopy image. Reproduced
with permission from ref. 51 (© 2008 AAAS). ¢, Growing SWNTs by CVD on a single-crystal quartz substrate yields a high degree of alignment (<0.01°),
as seen in the atomic force microscopy image (top). This method also produces nanotubes with lengths greater than 100 um between the pair of catalyst
lines, as shown in the scanning electron microscopy image (bottom). Reproduced with permission from ref. 29 (© 2009 ACS). d, The evaporating-droplet
method produces densities of 10-20 nanotubes pum™, and alignment of less than 5°, as shown in these scanning electron microscopy images. Reproduced
with permission from ref. 52 (© 2008 ACS). e, Dielectrophoresis uses the electric field to attract and align SWNTs between a pair of electrodes, as seen in
this scanning electron microscopy image. Reproduced with permission from ref. 43 (© 2008 AIP).

ratios >10¢, but this ratio is much lower for combinations of metallic
and semiconducting nanotubes. Although a degradation in the on/
off ratio is acceptable for analogue RF applications (which relaxes the
manufacturing requirements for analogue devices compared with
those for digital devices), the presence of the metallic nanotubes
also reduces the output resistance, which lowers the gain and fre-
quency of operation, as discussed below. Therefore, it is necessary to
devise strategies to selectively remove the metallic nanotubes while
preserving (as much as possible) the semiconducting nanotubes.
Various gas-phase or plasma-etching methods have been devel-
oped to selectively remove metallic nanotubes”?. Some of these
methods can be incorporated into the growth process itself***, and
a combination of ethanol/methanol carbon feedstock mixture and
copper nanoparticles as the catalyst was recently used to selectively
grow >95% semiconducting nanotubes with a narrow diameter dis-
tribution and on/off ratios up to 85 (ref. 29). This selective growth is
thought to be due to the OH" radical from methanol selectively etch-
ing the metallic nanotubes during the growth owing to their smaller
ionization potential compared with the semiconducting variety.
Using such preferential growth, one can further enhance the
on/off current ratio by post-growth removal of the metallic nano-
tubes. One such method” involves the selective etching by hydro-
carbonation of metallic nanotubes with diameters between ~1.3 and

1.6 nm using a 400°C methane plasma treatment to achieve on/
off ratios of 10*-10°. It is found that nanotubes having a diameter
smaller than this range are indiscriminately etched regardless of
being metallic or semiconducting, whereas those with larger diam-
eters are not affected at all. This general processing method has the
advantage that it is scalable and compatible with other traditional
semiconductor processing techniques, although some semicon-
ducting nanotubes are also damaged in the process.

‘Wet etching’ of metallic nanotubes has also been demonstrated.
The process originates from the selective reaction of diazonium
salts with the sidewalls of the nanotubes to significantly perturb
their electronic and optical properties® . On/off current ratios are
found to improve to 10*.

The electrical breakdown method is a post-growth treatment
that involves selectively ‘burning oft” metallic nanotubes by apply-
ing a strong gate-bias to deplete or turn off the semiconducting
nanotube, thus forcing the current though the metallic nanotubes®.
By ramping up the drain-source voltage, typically to greater than
30 V, it is possible to burn off the metallic nanotubes in the pres-
ence of oxygen. This process has been shown to improve the on/
off current ratio upwards of 10°, but this improvement comes at the
cost of decreasing the pre-breakdown mobility owing to the inad-
vertent damaging of the semiconducting nanotubes as a result of

Table 1| Ideal parameter values for making a high-frequency field-effect transistor from single-walled nanotubes.

Property/parameter Target value or range Justification
Diameter 1.5-2.0 nm Current is largest in this range>*->°.
Chirality Semiconducting and same (n,m) To obtain identical transport properties.
Purity >99% semiconducting nanotubes No metallic nanotubes for high gain and high f, ...
Length >Tum Nanotube length must be longer than the intended channel length.
Density >10 nanotubes pm™’ Reduces the parasitic capacitance per nanotube; increases current carrying
capacity; improves impedance matching.
Alignment All parallel Results in higher transconductance and denser nanotube packing.
Uniformity Wafer scale Essential for large-scale processing.
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the Joule heating produced by adjacent metallic nanotubes. Such
reduction in mobility has been found to result in a post-breakdown
mobility of up to half its pre-breakdown value for the standard
two-thirds semiconductor/one-third metallic mix with densities of
~10 nanotubes pm™ (refs 35-38). As the density is further increased
and the distance between nanotubes becomes smaller, one would
anticipate this collateral damage to adjacent nanotubes to be even
more severe. From the scalability perspective, one would face the
additional challenge of applying the necessary high voltage to each
device on the wafer: an alternative approach that relies on micro-
waves® or light* to selectively burn off the metallic nanotubes has
had some limited success.

Deposition from solution

Radiofrequency FETs can also be made using the ‘deposition from
solution’ technique. A variety of techniques have been developed
to sort as-produced single-walled nanotubes: these include selec-
tive chemistry, chromatographic separation and electrophoretic
separation (see ref. 41 for a review). Using these techniques, or a
combination of them, in the near future it should be feasible to pre-
pare a solution of nanotubes in which all the nanotubes have the
same length and the same chirality. (The chirality of a nanotube is
denoted by two integers (n,m) which define the direction in which
a hypothetical sheet of graphene would be rolled up to form that
nanotube, and which also determine the diameter of the nanotube
and whether it is metallic or semiconducting.)

When sorting nanotubes for applications in electronics the key
challenges are: the economy of the process; the ability to sort large
diameter (>1.5 nm) nanotubes; and the ability to sort sufficiently
long nanotubes (ideally >1 pm) so that their length is longer than the
source—drain spacing. Once these challenges (which do not seem to
be insurmountable) have been solved, the remaining challenges will
include learning how to deposit and assemble the nanotubes into an
aligned array, and understanding how residual surfactants influence
the electronic properties of the array once it has been assembled.
(Nanotubes tend to be insoluble, so it is usually necessary to func-
tionalize them first to make them soluble before they can be used
in ‘deposition from solution’ methods.) Progress in these areas is
reviewed below.

In the Langmuir-Blodgett technique a solution of nanotubes is
spread on top of water in a Langmuir-Blodgett trough (in much the
same way that oil spreads to form a slick on water), and movable bar-
riers in the trough are used to subject the sample to cycles of compres-
sion and retraction, which results in the formation of a self-assembled
monolayer of nanotubes. The nanotubes are then transferred onto a
solid substrate by successively dipping the substrate through the
monolayer. This method* has yielded linearly aligned tubes with
packing densities of more than 30 nanotubes um™ (Fig. 1a), and the
process is conceivably scalable to wafer-scale processing.

Nanotubes can be aligned using a.c. electric fields and then
deposited between two closely spaced electrodes using dielec-
trophoresis*~*¢ (Fig. le). A disadvantage of this process is its ten-
dency to preferentially accumulate metallic nanotubes owing to
their stronger polarizability compared with semiconducting nano-
tubes*-*. The other challenges include scaling up the process for
wafer-scale production and combating the tendency of the nano-
tubes to form bundles during deposition.

Spin coating is a simple technique that involves spinning a wafer
(usually made of silicon) at high speeds, and dripping a solution of
nanotubes onto it so that they are deposited in a radially aligned
pattern®. Although on/off ratios of >10° have been achieved, the
devices have a low on-state current owing to the very large sheet
resistance of the nanotube film. So far the densities obtained have
been ~10 nanotubes pm™ with moderate alignment (within ~10°
of the radial axis™; Fig. 1b). (For randomly aligned nanotubes,
researchers tend to quote areal rather than linear densities.)
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Figure 2 | The nanotube field-effect transistor. a, Schematic showing

a FET in which the channel is an array of single-walled nanotubes: W is

the gate width, L, is the gate length, d is the pitch (or spacing) of the
nanotubes, V,, and V,, are the gate-source and drain-source voltages, and
l4 is the drain-source current. For RF-FETs, aligned arrays of nanotubes

are needed to improve the impedance matching and increase the
transconductance, the on-state current and the power density of the
device. The fringe electrical fields from the gate to the source and drain
give rise to the parasitic capacitance. b, A small-signal equivalent circuit for
a nanotube-based FET where g,, is the transconductance, C, the intrinsic
gate capacitance, and g, the channel conductance (which can be significant
if metallic nanotubes are present). These components encompass the
‘intrinsic’ portion of the device. The components outside the dashed line
are parasitic elements: C, . and C, ., are the gate-source and gate-drain
parasitic capacitances, R, and R, ; are parasitic resistances for the source
and drain, and R, is the resistance of the gate electrode. ¢, Schematic
showing how the current through a nanotube transistor I, varies with the
voltage across the transistor V. at three different values of the gate voltage
V... In practical applications the transistor is operated in the saturation
regime at the values of V, and V,, that give the optimum performance for

a particular application (such as the highest gain or lowest noise). For d.c.
voltages, the transconductance g,, depends on how I, changes with respect
to the changes in V,, whereas the channel conductance g, depends on how
I4 changes with respect to the changes in V...
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Figure 3 | Improvements over time. a, Maximum operating frequency (on
a log scale) versus year for nanotube FETs. The maximum ring-oscillation
frequency is plotted for the early work at Delft®®, Stanford’® and IBM”', and
the cut-off frequency is plotted for the later work at RF Nano Corporation
(RFNC)®°, NEC??, Institut d'Electronique, de Microélectronique et de
Nanotechnologie (IEMN)®8737577 and the University of lllinois at Urbana-
Champaign (UIUC)?*>%37¢, b, Length of individual single-walled nanotubes
(on alog scale) produced by laser ablation (purple triangles) and chemical
vapour deposition (green circles) versus year. Although nanotubes longer
than ~1 cm could conceivably be produced, the chambers of scanning
electron microscopes are not large enough to characterize such long
nanotubes. Ropes and yarns of much longer lengths have since been made.
Figure reproduced with permission from ref. 78 (© 2007 World Scientific).

The evaporating-droplet method has been successful in achiev-
ing self-assembled bands of high-density (~10-20 nanotubes pm™)
aligned (within 5° of one another) nanotubes®? (Fig. 1d). Similarly,
using polar and nonpolar features patterned onto the substrate,
linear droplet lines were formed and controlled nanotube deposi-
tion was achieved®. Although the process is conceivably scalable,
the formation of periodic bands of aligned nanotubes could limit
its utility for certain applications®>**.

Table 1 summarizes the properties required of the final nano-
tube array for analogue RF electronics applications. Many of the
techniques reviewed above can meet one or more of these metrics,
such as diameters in the range 1.5-2 nm (required for high cur-
rent>**), but no single technique can meet all of them. Therefore, it
is likely that some combination of the techniques will be required
to meet the final requirements for practical device performance,
which we discuss next.

Impact of array density on RF device performance
In the small-signal limit, the a.c. performance of RF transis-
tors can be represented by a linear circuit model consisting of a
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Figure 4 | Frequency performance of different materials. State-of-the-art
frequency performance of traditional silicon®#%-%2 devices, 111-v
semiconductor devices (InP high electron mobility transistor (HEMT)®,
GaAs metamorphic-HEMT®>#3, and GaAs pseudomorphic-HEMT?®?),
nanotube-based FETs3%87576 and graphene FETs®4-85 versus gate length.
Data points for the nanotube-based FETs are the ‘extrinsic’ cut-off
frequency. Silicon and 111-v semiconductor data courtesy of Frank Schwierz.

voltage-dependent current source (the transconductance) plus
associated resistances and capacitances (Fig. 2b). Such a model
completely describes the input and output impedances, the voltage
gain and the current gain, all of which depend on frequency.

Two different definitions of gain are widely used to character-
ize the frequency response of the transistor®: the current gain H,,
is defined as the output current divided by the input current, and
Mason’s unilateral gain U is the power gain realized under conjugate
impedance-matching at the input and output when the transistor is
unilateralized (that is, embedded in a feedback network to isolate
the output from the input) using a lossless reciprocal network®”. For
bipolar transistors in the low-frequency limit, H,, is better known
as 3, and can intuitively be considered as the current gain. For FET
devices, the current gain is less intuitive, and the cut-off or transition
frequency f; — the frequency at which H,, falls to unity (0 dB) — is
the most commonly quoted figure of merit, and is defined as such
for both bipolar and FET technology. A more useful number for
FETs is the maximum frequency of oscillation f,,,, which is the fre-
quency at which U drops to unity.

Using the effective RF circuit model shown in Fig. 2b, we can
express the cut-off frequency of a nanotube FET as:

_&m 1
2T (Cyot Cpgs+ Cpgt) (Ros+ Ry g+ 1) + G gaim(Rps + Ry )

Jr

(1

where g,, is the transconductance, g, is the drain conductance, C, is
the gate capacitance, C, 4 and C,,, are the parasitic gate-drain and
gate-source capacitances, and R, and R, are the parasitic series
resistance for the source and drain®. This is sometimes referred to
as the extrinsic cut-off frequency to differentiate it from the intrinsic

cut-off frequency (the calculated cut-off frequency when parasitics
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are ignored). Sometimes, it is numerically justifiable to ignore the
effects of parasitic circuit elements, but with nanotube-based FETs
they are usually significant at all frequencies. Thus, the intrinsic cut-
off frequency is given by:

8m

2nCys

f T,intrinsic —

The intrinsic cut-off frequency can be considered the ultimate
frequency performance of the device when it is not slowed down
by external circuit elements. As R, and R, are usually external
metal electrodes, they can often be made smaller with modest
effort. The value of g; would ideally be zero, but in the presence
of metallic nanotubes, it can be significant. However, the most
important extrinsic element is the parasitic capacitance. For an
individual nanotube-based FET, the parasitic capacitance C, is
typically about two orders of magnitude larger than the intrinsic
capacitance C,. (Typically, the values of both C,, and C,are
~107* F pum™ of the gate width, whereas the C, of an individual

nanotube is ~107F um™" of the nanotube lengthg.) This reduces the
cut-off frequency of individual nanotube-based FETs by about two
orders of magnitude below its intrinsic limit®”*-¢",

To achieve the ultimate (intrinsic) limit, one must use very
dense, parallel arrays of nanotubes because this increases g, and
C,, while keeping the parasitic capacitance approximately constant.
The need to use arrays to achieve the best possible performance is
the most important conclusion of this Review Article.

To improve the frequency performance it is important to
understand how the intrinsic cut-off frequency scales with gate
length L,,. First, as C, is proportional to the gate area, C,, for
a nanotube is proportional to L. At present, it is not known
how g, for a nanotube scales with L, so we use classical FET
theory as a guide. If L, is long, the electric field E will be small
(because E = Vy/L,,., where Vy, is the drain-source voltage), and
the electron drift velocity will be given by vy = yE, where y is
the mobility. On the other hand, if L, is short, then E will be
large, and vy, will saturate at a value denoted by v,,. Knowing
V4 We can calculate the transconductance and then the cut-off
frequency in these two limits by using the following expression
for the drain-source current Iy, = vyne, where e is the charge
of an individual electron, and the charge density n = (C,/2eL,,.)
(Vi — Vi), where V,, is the gate-source voltage, and the threshold
voltage V. is related to the gate- and drain-source voltages by the
expression Vy = (V,, — V;) in the current-saturation regime. For
long gates and small electric fields we find the transconductance to
be uCy(Vy — Vi)/Ly, 5 for short gates and large electric fields it is
given by v, (C,/L,,.). Consequently, the cut-off frequency can be
represented by two limits:

.“(Vgate - VT)/2 L2 Lgate large
T
f Tintrinsic ~ gate
Vsat
S L ate sSmall
27Lgage 8

The question of the definition of ‘large’ versus ‘small’ depends on
the details of the velocity-field curve for carbon nanotubes, which is
difficult to measure. Still, it is generally accepted that GHz frequency
operation will involve going into the short-gate-length regime, so the
mobility will not be the appropriate figure of merit to determine the
response time of the transistor. In nanotubes the value of v, is esti-
mated to be = 1.2-2x107 cm s' (based on carefully modelling both
the d.c.”? and RF® performance). Using these values, the predicted
‘intrinsic’ cut-off frequency will be = 20-30 GHz/L,, (um) (depend-
ing on the value of v, assumed), which is comparable to the best 111-v
semiconductors.
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Figure 5 | Resistance performance. Resistance versus length for individual
single-walled nanotubes at room temperature (except for the data point
at 76 kQ, 20 pum (left-most green circle), which was measured at 4.2 K;
ref. 62) from various labs around the world. The Cornell University data®®
were taken by using an atomic force microscope to measure the voltage
drop on an individual nanotube, whereas the Columbia University data®*?
were taken with multiple contacts on an individual nanotube. The data
points from University of California, Irvine®®€°, University of Maryland,
College Park*¢? and Stanford University®>-°® are for distinct nanotubes. All
the data are consistent with single-walled nanotubes having a resistance
of about 6 kQ um™" (dotted line). The ballistic limit (solid blue line) is the
lowest contact resistance allowed by quantum mechanics. Reproduced
with permission from ref. 87 (© 2009 Wiley).

On the other hand, for long-channel devices (such as printed
electronic devices with channel lengths that are longer than 10
um), the effective mobility determines the cut-oft frequency, and
here individual nanotubes also have mobilities comparable to the
best 111-v semiconductors. So far, nanotube-array devices that
realize this intrinsic limit have not yet been demonstrated, owing
to limitations from parasitic capacitances (see below), but with
dense enough arrays, it should be possible to approach this intrin-
sic speed limit.

In the extreme short-channel limit (where transport is ballistic
from source to drain), it has been argued that the carrier-injection
velocity into the channel strongly influences the cut-off frequency;,
so the mobility also becomes important in this limit®. Moreover, we
should note that the above arguments apply mainly to ‘ideal’ struc-
tures where short-channel effects, parasitic effects and the overall
design (for example, metal oxide field-effect transistor (MOSFET)
versus high electron mobility transistor (HEMT)) are not impor-
tant, so they provide only a qualitative guide in the extreme short-
channel limit. (See ref. 65 for more details).

How does one construct a thin-film transistor (TFT) that
achieves the intrinsic limit discussed above? In general, the best
approach is to reduce the relative importance of the parasitic
capacitances (which are mainly due to the fringe fields from the
electrodes, and depend only mildly on the device geometry). Thus,
by increasing the number of nanotubes per width, one increases
the transconductance g, without a significant increase in the para-
sitic capacitance, allowing the ultimate limit to be reached. In this
context, it is important to quantify the relationship between the
cut-off frequency and the intrinsic cut-off frequency as a function
of nanotube array density.

In the limit of sparse nanotube arrays (that is, when the pitch
(or spacing) between the nanotubes d is larger than gate-tube
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Figure 6 | Mobility performance. For long-channel devices, the mobility

is important in achieving a large transconductance and a high cut-off
frequency. This plot shows mobility versus year for TFTs made by two
methods: devices made from single-walled nanotubes grown by CVD are
shown as red squares®76°¢1%% and devices made from nanotubes deposited
from solution are shown as green circles (refs 51,52,104,105 and M. Ishida,
S. Toguchi, H. Hongo and F. Nihet, unpublished observation). TFTs grown by
CVD on single-crystal quartz substrates (red squares inside dashed line)
have the highest mobilities. As a comparison, mobility values for n-type
(undoped) silicon, strained silicon, an individual single-walled nanotube
(diameter ~2 nm) and gallium arsenide are also shown.

separation), and neglecting R, and R, in equation (1), the cut-off
frequency’ in the presence of parasitic capacitances can be
written as:

1
fT = fT,intrinsic Cy (2)
1+ d
Cgs,l
where C,, is the nanotube-gate capacitance of an individual nano-

tube, and C, is the parasitic capacitance per gate width defined as
(Cpga + C, )/ W, where W is the gate width (see Fig. 2). Typically®,
C,is~10"Fum™and C,, = 10" F x L, (um) so that, ideally, one
wants the spacing between the nanotubes to be less than 0.1 pm
(that is, a density of 10 nanotubes um™" or higher), for the cut-off
frequency not to be significantly degraded by the external (para-
sitic) capacitance. This is achievable using some of the deposition
methods described above.

Although the nanotube density is the critical parameter, g;, R,
and R, can cause further degradation in f; as seen in equation
(1). At even higher densities, screening by adjacent nanotubes will
effect the values (per nanotube) of the transconductance and gate
capacitance®*. However, these effects cancel in the calculation of
the cut-off frequency, so equation (2) is still valid in the presence of
screening, but the value of C, will be reduced compared with the
sparse case.

For RF applications, power gain is the important figure of merit
(rather than current gain), so f, ., is also an important parameter. A
typical approximation for f, ., is (see ref. 58):

Jr

z(gd(Rp,s + Rgate) + 2""[]‘-Tcl‘p,nggate)

fmax =

] —

where R, is the gate resistance. The value of f, .. can be made as
high as possible by increasing the density of the nanotubes in the
array to make C, 4 as small as possible. However, the presence of
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metallic nanotubes in the array will lead to a non-zero value of g,
which will reduce f,,,,, and this is one of the reasons for removing
the metallic nanotubes. A comprehensive study of the effects of both
R, and the presence of metallic nanotubes on f,,,, is an important
next step in the development of RF devices®.

Although f; and f,,, are generally of the same order of magni-
tude, either one can be higher than the other depending on the
device characteristics (see, for example, Fig. 14 in ref. 65). This is
especially important for nanotube transistors, where f; can be an
order of magnitude higher than f, , (ref. 68). Thus, both f; and f,,.,
should be compared when comparing the performance of different
nanotube transistors.

Devices and measurements

Frequency performance has improved in the past few years, with
individual nanotube-based FETs reaching frequencies up to 52 MHz
in a multistage ring-oscillator®-", and arrays of nanotubes showing
cut-off frequencies of up to ~10 GHz (refs 35,60,63,68,72-77; see
Fig. 3a). The maximum length of nanotubes has also increased”
(Fig. 3b). The next challenge on the road to higher frequencies is to
increase the nanotube density and the percentage of semiconduct-
ing nanotubes.

The highest frequencies reported so far have been for nanotube
devices made from samples with about two-thirds semiconducting
nanotubes and densities of 5 nanotubes pum™ grown by CVD on
quartz®*’¢, or from samples that are mostly (90-95%) metallic but
have been deposited at higher densities with dielectrophoresis®®’.
Both device families achieve cut-off frequencies of ~10 GHz with
gate lengths ~0.3 um, indicating that if the fraction of semiconduct-
ing nanotubes or density can be improved, the cut-oft frequency
can be substantially increased. This should be possible by starting
with the samples of purified semiconducting nanotubes that have
recently become available in a number of labs (see, for example,
refs 68 and 79).

To compare nanotubes with other materials, we plot the cut-off
frequency versus gate length for nanotubes, graphene and various
semiconductors in Fig. 4 (see refs 63,65,68,75,76,80-86). Although
it is often assumed that high-mobility materials are needed to make
high-speed FETs, this relationship generally only holds true for
devices with long channels, as discussed above. For example, for
submicrometre gate lengths, the speed advantages of 111-v semicon-
ductors such as GaAs and InP over Si-MOSFETs® are mainly due to
higher saturation velocities. Graphene-based FETs use two-dimen-
sional sheets of carbon atoms as the channel material (as opposed
to the one-dimensional tubes of carbon atoms used in nanotube-
based FETs), and a recent report of an extrinsic cut-off frequency
of ~26 GHz for a 150-nm-gate-length device is on a par with the
performance of the best nanotube-based FETs if we allow for the
difference in gate length® (Fig. 4). However, as described above, the
use of denser arrays will lead to increases in the cut-off frequency
for nanotube FETs.

In contrast to submicrometre devices, the effective mobility is
an important figure-of-merit for TFT devices with long channel
lengths. It is generally agreed® that electron—phonon scattering lim-
its the peak mobility of an individual nanotube to between 6,000 and
10,000 cm?* V! s, with the resistance being about 6 kQ pm™
(Fig. 5 and refs 87-95). The mean free-path inferred from these
measurements (at low electric fields) is ~1 um. For arrays or thin
films of nanotubes, the effective mobility is related to the nanotube
density, alignment and fraction of semiconducting nanotubes®. It is
generally believed that a thin film of nanotubes, suitably prepared,
should be able to achieve an ‘effective’ mobility comparable to that
of a single nanotube level, but this has not been demonstrated yet.

In Fig. 6, we plot the mobility versus year for nanotube films pre-
pared by the two methods discussed earlier — grow in place with
CVD, and deposition from solution — along with the mobility of
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a pristine nanotube and the mobilities reported for other materi-
als (refs 35,51,52,76,96-105 and M. Ishida, S. Toguchi, H. Hongo
and E Nihet, unpublished observation). We plot mobility values
computed using u = (I/WC,)(1/V)d1,/dV,, from data measured
typically in the linear regime (low V). However, devices typically
operate in the saturation regime (high V), so the mobility num-
bers quoted in the literature (typically measured at low V) are not
always a good guide to device performance.

The mobilities of randomly aligned mats of nanotubes grown
in place on silicon and those deposited from solution are compa-
rable, with wide scatter due to differences in the nanotube den-
sity, average length and, possibly, other parameters. It is generally
found that the mobility (which should be independent of gate
length for single nanotubes) increases with increasing gate length,
even for nanotube films of nominally the same quality. Generally
speaking, we still do not have a reliable method for predicting the
final device mobility based on the detailed preparation parame-
ters. However, the mobility of nanotube arrays grown by CVD on
quartz®>7¢1°12 gre much higher than those deposited from solu-
tion onto other substrates.

Nanotubes deposited from solution have much higher mobili-
ties than organic semiconductors (which typically have mobilities
of ~1 cm? V! s7%; ref. 106), and therefore they could compete with
organics in applications that require only moderate mobilities such
as low-cost printed electronic circuits. Although techniques for
making printed circuits typically achieve resolutions (and hence
gate lengths) of ~10 um, the recent introduction of self-aligned
techniques to the manufacture of printed circuits has allowed
submicrometre gate lengths to be achieved, even in inkjet printed
devices'”. This approach has been shown to minimize the overlap
parasitic capacitance and has made it possible to achieve a cut-off
frequency 1.6 MHz from a starting material with a mobility of
~0.2 cm? V' s7 and a gate length of 200 nm. If this new self-aligned
approach to making printed electronics could be combined with
the nanotube TFTs made with the solution-based approach (which
have mobilities up to about 200 cm? V' s7; M. Ishida, S. Toguchi,
H. Hongo and F. Nihet, unpublished observation), it might be pos-
sible (neglecting velocity saturation effects discussed above) to
increase the cut-off frequency by a factor of 1,000 to give f; > 1 GHz.
Such an accomplishment would represent a great leap forward on
the road to high-frequency low-cost circuit applications such as all-
printed RF identification tags'®.

Demonstrations of nanotubes in RF applications

Recently, several groups have gone beyond device characterization
and demonstrated applications in actual radio systems. Although
these radios are not yet commercially competitive with existing sys-
tems, it is an important milestone to be able to demonstrate operat-
ing systems.

Our lab at the University of California, Irivne'® and another lab at
the University of California, Berkeley''® have used a nanotube as the
demodulator in a radio receiver, and have demonstrated a functioning
radio that can pick up a signal generated in the lab by a separate gen-
erator and play music broadcast wirelessly across a room. Since the
demodulation occurs owing to the nonlinearity in the source-drain
current-voltage characteristics, it does not matter whether a metal-
lic or semiconducting nanotube is used in this case. The nanotube
itself simply detected an amplitude-modulated (AM) signal (replac-
ing the diode in a classical AM radio) and, as such, does not present
any particular advantage, other than small size. Moreover, the over-
all radio system is still large because the external components (the
antenna, battery, audio amplifier and so on) are still large (Fig. 7). The
UC Berkeley work adds further functionality by using the mechanical
resonance frequency of the nanotube as an integrated RF filter, an ele-
gant step towards an integrated nanoradio, but at the cost of requiring
a high vacuum. Furthermore, neither of these radios were sensitive
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Figure 7 | Nanotubes are performing increasingly complex roles in AM
radios. a, A nanotube (CNT) acts as a RF detector in an AM radio. The
other components in this demonstration include a signal generator, which
is used to transmit (TX) wirelessly an amplitude-modulated signal (sig.
gen. w/mod) to the receiver (RX), which consists of a bias tee, a differential
amplifier (diff. amp.), a speaker and battery. Reproduced with permission
from ref. 109 (© 2007 ACS). b, A nanotube in high vacuum acts as a RF
detector and an integrated RF filter in an AM radio, where an oscillating
electric field (E,ssin(w.t)) induces the vibration of the tube. Reproduced
with permission from ref. 110 (© 2007 ACS). ¢, Nanotube-based FETs act
as the RF pre-amplifier, detector (mixer) and audio-frequency amplifier,
thus demonstrating a complete AM radio system. Reproduced with
permission from ref. 76 (© 2008 PNAS).
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enough to receive weak radio signals from local radio stations due to
lack of an RF pre-amplifier at the front end.

A recent collaboration between the University of Illinois at
Urbana-Champaign and Northrop Grumman has demonstrated the
first RF amplifier based on a nanotube FET, and used it in an entire
AM radio system’. Separate nanotube transistors also functioned
as the RF detector (actually mixer) and audio amplifier. Because an
RF pre-amplifier was used, the radio was able to receive weak sig-
nals from a local radio station. This demonstrates the application of
nanotube electronics into a fully functional system.

Although these demonstrations show that it is possible to make
nanoscale components, a true nanoradio would require all the com-
ponents — including the power source (battery), antenna and the
signal-processing elements — to be nanoscale. Using the RF field
itselfas a power source would completely obviate the need for the bat-
tery, while the use of on-chip antennas'"' or even nano-antennas''>'"?
would allow for much smaller radios. More research is needed to
address the trade-offs between efliciency, required external power,
antenna size and heating. Based on standard CMOS technology, we
have argued that a single-chip radio system (including antenna and
providing space for on-board sensors) of size 100 x 100 x 1 pm is
feasible, which begins to approach the size of a single living cell'**. A
true nanoradio should eventually be possible with further develop-
ments in nanotechnology.
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Summary

To obtainhigh-performance nanotube-based RF-FETs, densealigned
arrays of all-semiconducting nanotubes are required. Progress in
this direction has been rapid, and there are several potential routes
towards manufacturing such materials. The advantages of high line-
arity predicted for one-dimensional materials, together with relaxed
manufacturing tolerances, may be the defining advantage over other
materials for analogue RF devices. Initial systems have been demon-
strated by multiple research labs, and if the previous rate of progress
is any indication, it is entirely feasible that, rather than extending
Moore’s law for digital electronics, the initial point of insertion of
nanotube technology into commercial electronics markets will be
in wireless communications systems of various kinds.
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Graphene transistors

Frank Schwierz™

Graphene has changed from being the exclusive domain of condensed-matter physicists to being explored by those in the
electron-device community. In particular, graphene-based transistors have developed rapidly and are now considered an option
for post-silicon electronics. However, many details about the potential performance of graphene transistors in real applications
remain unclear. Here I review the properties of graphene that are relevant to electron devices, discuss the trade-offs among these
properties and examine their effects on the performance of graphene transistors in both logic and radiofrequency applications.
I conclude that the excellent mobility of graphene may not, as is often assumed, be its most compelling feature from a device
perspective. Rather, it may be the possibility of making devices with channels that are extremely thin that will allow graphene
field-effect transistors to be scaled to shorter channel lengths and higher speeds without encountering the adverse short-
channel effects that restrict the performance of existing devices. Outstanding challenges for graphene transistors include
opening a sizeable and well-defined bandgap in graphene, making large-area graphene transistors that operate in the current-

saturation regime and fabricating graphene nanoribbons with well-defined widths and clean edges.

and technology. Such a revolution was started in October 2004,

when condensed-matter physicists reported that they had pre-
pared graphene—two-dimensional sheets of carbon atoms—and
observed the electric field effect in their samples'. It was not long
before this new material attracted the attention of the electron-device
community, and today a growing number of groups are successfully
fabricating graphene transistors. Major chip-makers are now active
in graphene research and the International Technology Roadmap for
Semiconductors, the strategic planning document for the semicon-
ductor industry, considers graphene to be among the candidate mate-
rials for post-silicon electronics™

Several excellent reviews on the basic science of graphene have
been published in recent years*~. Given the growing interest in graph-
ene in the electron-device community, and ongoing discussions of the
potential of graphene transistors, a review article focusing on graph-
ene devices is timely. Here, from the point of view of a device engi-
neer, I discuss the potential of graphene as a new material for electron
devices, and summarize the state of the art for graphene transistors.
I will focus mostly on the field-effect transistor (FET), because this is
the most successful device concept in electronics and because most
work on graphene devices so far has been related to FETs.

Two principal divisions of semiconductor electronics are digital
logic devices and radiofrequency devices. The degree of readiness to
introduce new device concepts is generally higher for radiofrequency
applications, in part because the fortunes of digital logic depend
almost entirely on the performance of a single type of device: the sili-
con metal-oxide-semiconductor FET (MOSFET). For decades, mak-
ing MOSFETs smaller has been key to the progress in digital logic.
This size scaling has enabled the complexity of integrated circuits
to double every 18 months, leading to significant improvements in
performance and decreases in price per transistor®”. Today, proces-
sors containing two billion MOSFETs, many with gate lengths of just
30 nm, are in mass production (Fig. 1).

Because the fabrication of integrated circuits is highly complex,
semiconductor fabrication plants are extremely expensive (at present
costing several billion US dollars). Furthermore, because scaling
alone has provided the needed performance improvements from
one generation of integrated circuits to the next, there has been lit-
tle motivation for the chip-makers to introduce devices based on a
fundamentally different physics or on a material other than silicon.

| very now and again, a single paper ignites a revolution in science

However, there is a consensus in the community that MOSFET scal-
ing is approaching its limits and that, in the long run, it will be neces-
sary to introduce new material and device concepts to ensure that
performance continues to improve.

The situation is different for radiofrequency electronics. This
field was dominated by defence applications until the late 1980s,
and although it moved into the mainstream in the 1990s owing to
advances in wireless communications, the military continued to
provide generous financial support for research into new radio-
frequency devices. This, together with the fact that radiofrequency
circuits are much less complex than digital logic chips, has led to
makers of radiofrequency chips being more open to new device
concepts. An indication of this is the large variety of different tran-
sistor types and materials used in radiofrequency electronics: these
include high-electron-mobility transistors (HEMTs) based on 111-v
semiconductors such as GaAs and InP, silicon n-channel MOSFETs,
and different types of bipolar transistor®’.
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Figure 1| Trends in digital electronics. Evolution of MOSFET gate length
in production-stage integrated circuits (filled red circles) and International
Technology Roadmap for Semiconductors (ITRS) targets (open red circles).
As gate lengths have decreased, the number of transistors per processor
chip has increased (blue stars). Maintaining these trends is a significant
challenge for the semiconductor industry, which is why new materials such
as graphene are being investigated.
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Figure 2 | Conventional FETs. a, Cross-section of an n-channel Si MOSFET.
When the voltage applied between the source and gate electrodes exceeds
a threshold voltage, V5, a conducting channel is formed and a drain
current, I, flows. The length of the channel is defined by the length of the
gate electrode; the thickness of the gate-controlled channel region is the
depth to which the electronic properties of the semiconductor (p-doped
Siiin this case) are influenced by the gate. b, FET transfer characteristics
showing I, (on a logarithmic scale on the left and a linear scale on the
right) versus the gate-source voltage, V. The transistor is considered to
be switched on when V. is equal to the maximum voltage supplied to the
device, Vpp. The higher the slope in the subthreshold region (Vs < Vi),
the better the transistor switch-on characteristics become. Above
threshold, the change in I, for a given change in V. is called the terminal
transconductance, g,

As I discuss below, graphene is potentially well suited to radiofre-
quency applications because of its promising carrier transport prop-
erties and its purely two-dimensional structure. This, combined with
the relative openness of the radiofrequency-electronics industry to
new materials, suggests that graphene might make its first appearance
in radiofrequency applications rather than in logic circuits.

FET physics: what really matters
A FET consists of a gate, a channel region connecting source and
drain electrodes, and a barrier separating the gate from the channel
(Fig. 2a). The operation of a conventional FET relies on the control of
the channel conductivity, and thus the drain current, by a voltage, Vi,
applied between the gate and source.

For high-speed applications, FETs should respond quickly to vari-
ations in Vg; this requires short gates and fast carriers in the channel.
Unfortunately, FETs with short gates frequently suffer from degraded
electrostatics and other problems (collectively known as short-
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channel effects), such as threshold-voltage roll-off, drain-induced
barrier lowering, and impaired drain-current saturation™. Scaling
theory predicts that a FET with a thin barrier and a thin gate-control-
led region (measured in the vertical direction in Fig. 2a) will be robust
against short-channel effects down to very short gate lengths (meas-
ured in the horizontal direction in Fig. 2a)". The possibility of hav-
ing channels that are just one atomic layer thick is perhaps the most
attractive feature of graphene for use in transistors. (Mobility, which
is often considered to be graphene’s most useful property for appli-
cations in nanoelectronics, is discussed later.) By comparison, the
channels in 111-v HEMTs are typically 10-15 nm thick, and although
silicon-on-insulator MOSFETs with channel (that is, silicon body)
thicknesses of less than 2 nm have been reported'?, rough interfaces
caused their mobility to deteriorate. More importantly, the body of
these MOSFETSs showed thickness fluctuations that will lead to unac-
ceptably large threshold-voltage variations (and similar problems are
expected to occur when the thickness of the channel in a 111-v HEMT
is reduced to only a few nanometres). These problems occur at thick-
nesses that are many times greater than the thickness of graphene.

The series resistances between the channel and the source and
drain terminals are also important, and their adverse impact on the
FET becomes more pronounced as the gate length decreases®. Thus,
device engineers devote considerable effort to developing transis-
tor designs in which short-channel effects are suppressed and series
resistances are minimized.

Modern digital logic is based on silicon complementary metal
oxide semiconductor (CMOS) technology. CMOS logic gates con-
sist of both n- and p-channel MOSFETs that can switch between the
on-state (with a large on-current, I, and Vi, = +V;,,, where Vp, is
the maximum voltage supplied to the device) and the off-state (with
a small off-current, I i, and Vg = 0). In the terminology of digital
logic, a gate is not the gate terminal of a transistor but a combi-
nation of two or more transistors that can perform a certain logic
operation. The value of V at which the FET is just on the verge
of switching on is the threshold voltage, V.. Figure 2b shows the
transfer characteristics of an n-channel FET indicating the on-state
and the off-state. Useful measures with which to assess the switch-
ing behaviour are the subthreshold swing, S (relevant to the sub-
threshold region), and the terminal transconductance, g, (relevant
to the above-threshold region).

In the steady state, a certain number of the MOSFETs in a CMOS
logic gate are always switched off so that no current—except the
small I .—flows through the gate'. The ability of silicon MOSFETs
to switch off enables silicon CMOS to offer extremely low static
power dissipation (which is the reason why silicon CMOS has
bested all competing logic technologies). Thus, any successor to the
silicon MOSFET that is to be used in CMOS-like logic must have
excellent switching capabilities, as well as an on-off ratio, I,/I g of
between 10* and 107 (ref. 2). In a conventional FET, this requires
semiconducting channels with a sizeable bandgap, preferably
0.4 eV or more. Moreover, n- and p-channel FETs with symmetrical
threshold voltages, that is, with Vi, , = V., , are needed for proper
CMOS operation.

In radiofrequency applications, however, switch-off is not required
per se. In small-signal amplifiers, for example, the transistor is oper-
ated in the on-state and small radiofrequency signals that are to be
amplified are superimposed onto the d.c. gate-source voltage. To dis-
cuss the radiofrequency performance of FETs, I use the equivalent
circuit from Fig. 3a and focus on the cut-off frequency, f;, which is the
frequency at which the magnitude of the small-signal current gain
rolls off to unity. The cut-oft frequency is the most widely used figure
of merit for radiofrequency devices and is, in effect, the highest fre-
quency at which a FET is useful in radiofrequency applications.

As can be seen from the expression for f; given in Table 1
(refs 7,8), the cut-off frequency can be maximized by making the
intrinsic transconductance, g, as large as possible and making the
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drain conductance, g, and all the capacitances and resistances in the
equivalent circuit (Fig. 3) as small as possible”. However, the values
of all these quantities vary with the applied d.c. gate—source voltage,
Vs and the applied d.c. drain-source voltage, Vp,s. As shown exem-
plarily for a typical GaAs HEMT'*'¢ (Fig. 3b,c), V,s has a pronounced
effect on the FET performance. For this transistor, f; peaks around
Vps = 1V, that is, deep in the region of drain-current saturation,
where g, is near its peak and g, has decreased sufficiently. For lower
values of Vg, the device operates in the linear regime and the cut-off
frequency is low because g, is small and gy, is large.

The bottom line for radiofrequency performance is that although
shorter gates, faster carriers and lower series resistances all lead to
higher cut-off frequencies, saturation of the drain current is essential to
reach the maximum possible operating speeds. This point is frequently
missed in discussions of transistor speeds. Drain-current saturation is
also necessary to maximize the intrinsic gain, G, = g,,/gs, which has
become a popular figure of merit for mixed-signal circuits.

Graphene properties relevant to transistors

Single-layer graphene is a purely two-dimensional material. Its lattice
consists of regular hexagons with a carbon atom at each corner. The
bond length between adjacent carbon atoms, Ly, is 1.42 A and the
lattice constant, a, is 2.46 A (Fig. 4a). The first reports on this mate-
rial appeared decades ago, even before the name graphene had been
coined (see, for example, refs 17-19), but it took the pioneering 2004
paper by the Manchester group’ to spark the present explosion of
interest in the material.

At present, the most popular approaches to graphene prepara-
tion are mechanical exfoliation’, growth on metals and subsequent
graphene transfer to insulating substrates®**!, and thermal decom-
position of SiC to produce so-called epitaxial graphene on top of
SiC wafers***. Exfoliation is still popular for laboratory use but it is
not suited to the electronics industry, whereas the other two options
both have the potential for producing wafer-scale graphene. After
the graphene has been prepared, common semiconductor process-
ing techniques (such as lithography, metallization and etching) can
be applied to fabricate graphene transistors.

In this section, I discuss two important aspects of graphene: the
presence (or otherwise) of a bandgap, and charge transport (mobility
and high-field transport) at room temperature.

Bandgap. Large-area graphene is a semimetal with zero bandgap.
Its valence and conduction bands are cone-shaped and meet at the
K points of the Brillouin zone (Fig. 4b). Because the bandgap is zero,
devices with channels made of large-area graphene cannot be switched
off and therefore are not suitable for logic applications. However, the
band structure of graphene can be modified, and it is possible to open
a bandgap in three ways: by constraining large-area graphene in one
dimension to form graphene nanoribbons, by biasing bilayer graph-
ene and by applying strain to graphene. See Table 2 and refs 24-43 for
more details.

It has been predicted® that both armchair nanoribbons and
zigzag nanoribbons (the two ideal types of nanoribbon; Fig. 4a)
have a bandgap that is, to a good approximation, inversely propor-
tional to the width of the nanoribbon. The opening of a bandgap in
nanoribbons has been verified experimentally for widths down to
about 1 nm (refs 24-27), and theory and experiments both reveal
bandgaps in excess of 200 meV for widths below 20 nm (Fig. 4c).
However, it should be noted that real nanoribbons have rough edges
and widths that change along their lengths. Even modest edge dis-
order obliterates any difference in the bandgap between nanorib-
bons with different edge geometries®, and edge functionalization
and doping can also affect the bandgap*.

To open a bandgap useful for conventional field-effect devices,
very narrow nanoribbons with well-defined edges are needed. This
represents a serious challenge given the semiconductor processing

NATURE NANOTECHNOLOGY | VOL 5 | JULY 2010 | www.nature.com/naturenanotechnology

a
R
Intrinsic FET
o O o
Source
b 600 250
04
~ 500F o5 1200
400F 4 7
< =
\g 0 150 =
— o
S 300 1 2
3 Peak fr o 100 3
< 200F ' B 3
©
a T
04 50 &
100 - e b
Vs (V)
0 L L L L
0.0 0.5 1.0 1.5 2.0 25
Drain-source voltage (V)
c 1,000 250
e 8001 dm 1200
€ Co
£ ©
. 600 =150 “,3\
< o
o 3
E 400 {100 3,
b <
3
200+ 8s 450
Vgs=015V
0 L L L L O
0.0 0.5 1.0 1.5 2.0 25

Drain-source voltage (V)

Figure 3 | FET d.c. and small-signal operation. a, Small-signal equivalent
FET circuit. The intrinsic transconductance, g,, is related to the internal
small-signal gate-source and drain-source voltages, v and vyg, whereas
the terminal transconductance, g, is related to the applied gate-source
and drain-source voltages, Vs and Vs (Table 1and Fig. 2b). b, The

drain current, I, (blue lines), at different values of V, and the cut-off
frequency, f; (red line), both versus V for a radiofrequency GaAs high-
electron-mobility transistor’'. The cut-off frequency peaks at Vs =1V
and Vs = 0.15 V. ¢, The intrinsic transconductance (blue line), the overall
gate capacitance, Cg = Cgs + Cqp (red line), and the drain conductance,
gy (/14 black line), versus Vy for the same FET.

equipment available at the moment. Recently, nanoribbons that
were uniform in width and had reduced edge roughness were pro-
duced by ‘unzipping’ carbon nanotubes*. However, even a perfect
nanoribbon is not perfect for electronics applications. In general,
the larger the bandgap that opens in a nanoribbon, the more the
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Table 1| Performance measures for the field-effect transistor.

Quantity Definition
. dip,
Terminal transconductance Imt= AVd
GS| VDS = const
Intrinsic transconductance _dp
&= Ve
GSiVyg; = const
: 1 dIp
Drain conductance gds= — =

Gate-source capacitance

Gate-drain capacitance

Cut-off frequency

Field-effect mobility

Tds dVDSi Vs = const

Cos=- Q
dVGsi Vg = const
CGD __ dQch
dVps; VGsi = const
1
fr=dm

21 (Cgs+ Cgp)[1 + g45(Rs + Rp)] + Copgm(Rs + Rp)

Vs, Vps: terminal d.c. voltages; Vi, Vs intrinsic d.c. voltages; Q. mobile channel charge; L, W.,,: channel length and width; Cg: gate capacitance. In the expression for p, Cg is the gate capacitance per unit area.
Rsand Ry are the source and drain series resistances, respectively. Expressions for the terminal and intrinsic transconductances, drain conductance, gate-source and gate-drain capacitances, and cut-off frequency
for the equivalent FET circuit shown in Fig. 3a”%. The expression for the field-effect mobility in MOS channels is also shown®®.

valence and conduction bands become parabolic (rather than
cone-shaped): this decreases the curvature around the K point and
increases the effective mass of the charge carriers*, which is likely
to decrease the mobility.

Bilayer graphene is also gapless (Fig. 4b), and its valence and con-
duction bands have a parabolic shape near the K point. If an electric
field is applied perpendicular to the bilayer, a bandgap opens and the
bands near the K point take on the so-called Mexican-hat shape. This
opening was predicted by theory***! and has been verified in experi-
ments***. Theoretical investigations have also shown that the size of
the bandgap depends on the strength of the perpendicular field and
can reach values of 200-250 meV for high fields ((1-3) x 10’ V. cm™;
refs 30,31).

The bandgap of large-area single-layer epitaxial graphene is at
present the subject of controversy*. Although some results sug-
gest a zero bandgap®*, others report a bandgap of around 0.25 eV
(refs 35,36). The transfer characteristics of epitaxial-graphene
MOSFETs show no switch-off, which suggests a zero band-
gap. However, a bandgap is consistently observed for epitaxial
bilayer graphene®*.

Finally, strain has been discussed as a means of opening a band-
gap in large-area graphene, and the effect of uniaxial strain on the
band structure has been simulated***. At present it seems that if it is
possible at all, opening a gap in this way will require a global uniax-
ial strain exceeding 20%, which will be difficult to achieve in prac-
tice. Moreover, little is known about the ways in which other types
of strain, such as biaxial strain and local strain, influence the band
structure of graphene.
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Thus, although there are a number of techniques for opening a
bandgap in graphene, they are all at the moment some way from
being suitable for use in real-world applications.

Mobility. The most frequently stated advantage of graphene
is its high carrier mobility at room temperature. Mobilities of
10,000-15,000 cm? V™! s7! are routinely measured for exfoliated
graphene on SiO,-covered silicon wafers"*, and upper limits of
between 40,000 and 70,000 cm? V™' s7' have been suggested*”*.
Moreover, in the absence of charged impurities and ripples,
mobilities of 200,000 cm* V™' s have been predicted®, and a
mobility of 10° cm? V™! s7! was recently reported for suspended
graphene™. For large-area graphene grown on nickel and trans-
ferred to a substrate, mobilities greater than 3,700 cm? V' s™! have
been measured®.

Finally, for epitaxial graphene on silicon carbide, the mobility
depends on whether the graphene is grown on the silicon face or
the carbon face of SiC. Although graphene grown on the carbon
face has higher mobility (values of ~5,000 cm* V™' s7! have been
reported®, compared with ~1,000 cm? V™' 5! for graphene grown
on the silicon face®*), it is easier to grow single-layer and bilayer
graphene on the silicon face, which makes the silicon face of SiC
more suited for electronic applications.

In early graphene MOS structures, the mobility was affected by
the use of a top-gate dielectric®*. However, the recent demonstra-
tion of mobilities of around 23,000 cm* V™! s7! in top-gated graph-
ene MOS channels™ and the observation of similar mobilities before
and after top-gate formation® show that high-mobility graphene
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Figure 4 | Properties of graphene and graphene nanoribbons. a, Schematic of an armchair (ac) graphene nanoribbon (GNR) of length L. and width W,..
The nanoribbon shown here has N = 9 carbon atoms along its width and thus belongs to the 3p family, where p is an integer. b, Band structure around

the K point of (i) large-area graphene, (ii) graphene nanoribbons, (iii) unbiased bilayer graphene, and (iv) bilayer graphene with an applied perpendicular
field. Large-area graphene and unbiased bilayer graphene do not have a bandgap, which makes them less useful for digital electronics. ¢, Bandgap versus

nanoribbon width from experiments?-” and calculations?®?°, By comparison, the bandgap of Si is above 1eV. zz: zigzag.

MOS channels can be made with a proper choice of the gate dielec-
tric and optimization of the deposition process.

These mobility numbers are impressive, but they require closer
inspection. The high mobilities mentioned above relate to large-area
graphene, which is gapless. A general trend for conventional semi-
conductors is that the electron mobility decreases as the bandgap
increases, and a similar trend has been predicted for carbon nanotubes
(CNTs)***” and graphene nanoribbons®*-' (Fig. 5a). This means that
the mobility in nanoribbons with a bandgap similar to that of silicon
(1.1eV) is expected to be lower than in bulk silicon and no higher than
the mobility in the silicon channel of a conventional MOS device.
The mobilities measured in experiments—less than 200 cm? V' s7!
for nanoribbons 1-10 nm wide?*** and 1,500 cm? V™' s™ for a nanori-
bbon 14 nm wide* (which is the highest mobility so far measured for
a nanoribbon)—support the theoretical results (Fig. 5b). Therefore,
although the high mobilities offered by graphene can increase the
speed of devices, they come at the expense of making it difficult to
switch devices off, thus removing one of the main advantages of the
CMOS configuration—its low static power consumption.

High-field transport. In the days when FETs had gates several

micrometres long, the mobility was the appropriate measure of the
speed of carrier transport. Strictly speaking, however, the mobility

Table 2 | Does graphene have a bandgap?

describes carrier transport in low electric fields; the short gate lengths
in modern FETS result in high fields in a sizeable portion of the chan-
nel, reducing the relevance of mobility to device performance. To
illustrate this, let us consider a FET with a gate 100 nm long and a
drain-source voltage of 1 V. If we assume a voltage drop of 0.3 V across
the series resistances, the average field in the channel is 70 kV cm™.
At such high fields, the steady-state carrier velocity saturates, and this
saturation velocity becomes another important measure of carrier
transport. Figure 5c¢ shows plots of the electron velocity versus the
electric field for conventional semiconductors, and simulated plots for
large-area graphene®** and a carbon nanotube”. For graphene and
the nanotube, maximum carrier velocities of around 4 x 10’ cm s are
predicted, in comparison with 2 x 107 cm s™ for GaAs and 107 cm s
for silicon. Moreover, at high fields the velocity in graphene and the
nanotube does not drop as drastically as in the 1m1-v semiconduc-
tors. Unfortunately, there is at present no experimental data available
on high-field transport in graphene nanoribbons and in large-area
graphene. However, other measurements® suggest high-field carrier
velocities of several 107 cm s in graphene. Thus, regarding high-field
transport, graphene and nanotubes seem to have a slight advantage
over conventional semiconductors.

Finally, it is worth noting that reported mobilities for graphene
devices need to be interpreted carefully because there are several

Graphene type Size Bandgap Remarks Ref.

SL graphene on SiO, LA No Experiment and theory 1,5

SL graphene on SiO, GNR Yes Experiment and theory; gap due to lateral confinement* 24-29

BL graphene on SiO, LA Yes Experiment and theory; gap due to symmetry breaking by 30-33

perpendicular interlayer field

Epitaxial SL LA Unknown Controversial discussion 34
Yes Experiment and theory, gap due to symmetry breaking 35,36
No Experiment and theory 37,38

Epitaxial BL LA Yes Experiment and theory 32,38,39

Epitaxial SL, BL GNR Yes Theory 39

Strained SL* LA Yes Theory; gap due to level crossing 40
No Theory 41

SL: single-layer; BL: bilayer; LA: large-area; GNR: graphene nanoribbon. *The origin of the bandgap in nanoribbons is still under debate: in addition to pure lateral confinement?, it has been suggested that the
Coulomb blockade*?3 or Anderson localization?® might be responsible for the formation of the gap. "Theorists disagree about the existence of a bandgap for strained SL graphene.
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Figure 6 | Structure and evolution of graphene MOSFETs. a, Schematics of different graphene MOSFET types: back-gated MOSFET (left); top-gated
MOSFET with a channel of exfoliated graphene or of graphene grown on metal and transferred to a SiO,-covered Si wafer (middle); top-gated MOSFET
with an epitaxial-graphene channel (right). The channel shown in red can consist of either large-area graphene or graphene nanoribbons. b, Progress in
graphene MOSFET development'>24°73 compared with the evolution of nanotube FETs7898-190,

definitions for the MOSFET channel mobility and they are difficult
to compare®. Furthermore, the techniques used to measure mobil-
ity are only vaguely described in some papers. Most frequently, the
field-effect mobility, py;, is measured (Table 1). However, the effect
of the source and drain series resistances must be eliminated from
the measured characteristics to determine this quantity, and it is not
always clear that this has been done.

An additional complication lies in the interpretation of data from
top-gated graphene MOSFETs, which involves arriving at a value for
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the gate capacitance, Cg. Frequently Cg is approximated by the oxide
capacitance per unit area, as C,, = ¢, /t,,, where ¢, is the dielectric con-
stant of the top-gate dielectric and ¢,, is the thickness of this dielectric.
However, when t,, is small, the quantum capacitance, C,, must be taken
into account®* because it is connected in series with C,,, making the
overall gate capacitance C; = C,,C/(C,, + C,). The overall gate capaci-
tance can be significantly smaller than C,,, particularly close to the
Dirac point (the point of minimum drain current), so neglecting the

effect of C, will lead to an underestimate of the field-effect mobility.
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Figure 7 | Direct-current behaviour of graphene MOSFETs with a large-area-graphene channel. a, Typical transfer characteristics for two MOSFETs with
large-area-graphene channels?”'. The on-off ratios are about 3 (MOSFET 1) and 7 (MOSFET 2), far below what is needed for applications in logic circuits.
Unlike conventional Si MOSFETs, current flows for both positive and negative top-gate voltages. b, Qualitative shape of the output characteristics (drain
current, I, versus drain-source voltage, V) of a MOSFET with an n-type large-area-graphene channel, for different values of the top-gate voltage, Vs -
Saturation behaviour can be seen. At sufficiently large Vi, values, the output characteristics for different Vs, values may cross’, leading to a zero or even
negative transconductance, which means that the gate has effectively lost control of the current.

State of the art of graphene transistors

A graphene MOS device was among the breakthrough results
reported by the Manchester group in 2004 (ref. 1). A 300-nm SiO,
layer underneath the graphene served as a back-gate dielectric and
a doped silicon substrate acted as the back-gate (Fig. 6a). Such back-
gate devices have been very useful for proof-of-concept purposes,
but they suffer from unacceptably large parasitic capacitances and
cannot be integrated with other components. Therefore, practical
graphene transistors need a top-gate. The first graphene MOSFET
with a top-gate was reported in 2007 (ref. 52), representing an
important milestone, and progress has been very rapid since then
(Fig. 6b). Although research into graphene is still in its infancy,
graphene MOSFETs can compete with devices that have benefited
from decades of research and investment.

Top-gated graphene MOSFETs have been made with exfoliated
graphene®**%7, graphene grown on metals such as nickel and cop-
per’72, and epitaxial graphene®”*”; SiO,, Al,O;, and HfO, have
been used for the top-gate dielectric. The channels of these top-
gated graphene transistors have been made using large-area graph-
ene, which does not have a bandgap, so they have not been able to
switch off.

Large-area-graphene transistors have a unique current-voltage
transfer characteristic (Fig. 7a). The carrier density and the type of
carrier (electrons or holes) in the channel are governed by the poten-
tial differences between the channel and the gates (top-gate and/or
back-gate). Large positive gate voltages promote an electron accu-
mulation in the channel (n-type channel), and large negative gate
voltages lead to a p-type channel. This behaviour gives rise to the
two branches of the transfer characteristics separated by the Dirac
point (Fig. 7a). The position of the Dirac point depends on several
factors: the difference between the work functions of the gate and
the graphene, the type and density of the charges at the interfaces
at the top and bottom of the channel (Fig. 6), and any doping of
the graphene. The on-off ratios reported for MOSFET devices with
large-area-graphene channels are in the range 2-20.

The output characteristics of many graphene MOSFETs either
show a linear shape without any saturation® or only weak satu-
ration””*, each of which is a disadvantage with respect to device
speed. However, some graphene MOSFETSs have an unusual form of
saturation-like behaviour that includes a second linear region””"7
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(Fig. 7b). Our present understanding of the origin of this behav-
iour is as follows. For small values of Vp, the transistor operates in
the linear region and the entire channel is n-type (region I). As Vi,
is increased, the drain current starts to saturate until the inflec-
tion point at Vipg = Vi, is reached (region II). At this point, the
potential conditions at the drain end of the channel correspond
to the Dirac point. Once V¢ exceeds Vi the conduction type
at the drain end of the channel switches from n-type to p-type”®’
and the transistor enters a second linear region (region III). At
sufficiently large values of Vy, the output characteristics for dif-
ferent gate voltages may cross’, leading to a zero or even negative
transconductance—a highly undesirable situation. This peculiar
behaviour is a consequence of these devices having gapless chan-
nels and does not occur in FETs with semiconducting channels.

Recently, graphene MOSFETs with gigahertz capabilities have
been reported. These transistors possess large-area channels of
exfoliated®**>*7” and epitaxial’>’* graphene. The fastest graphene
transistor currently is a MOSFET with a 240-nm gate that has a
cut-off frequency of f. = 100 GHz (ref. 73), which is higher than
those of the best silicon MOSFETSs with similar gate lengths (as
is the cut-off frequency of 53 GHz reported for a device with a
550-nm gate, also in ref. 73). A weak point of all radiofrequency
graphene MOSFETSs reported so far is the unsatisfying saturation
behaviour (only weak saturation or the second linear regime),
which has an adverse impact on the cut-off frequency, the intrin-
sic gain and other figures of merit for radiofrequency devices.
However, outperforming silicon MOSFETs while operating with
only weak current saturation” is certainly impressive.

Figure 8 shows the cut-off frequency for a variety of devices
including graphene MOSFETs, nanotube FETs, and various
radiofrequency FETs. For conventional radiofrequency FETs with
gate lengths greater than 0.2 um, the f; data for each transistor type
has an L™ dependence, where L is the gate length. Furthermore, f;
increases with mobility®. Silicon MOSFETs show channel mobili-
ties of a few 100 cm? V! s7! compared with about 6,000 cm? V' 57!
for GaAs pHEMTs and more than 10,000 cm? V™' s for InP
HEMTs and GaAs mHEMTs. At shorter gate lengths, however, the
mobility becomes less important for transistor speed and the dele-
terious influence of parasitic resistances and short-channel effects
increases. Both nanotube and graphene FETs are still slower than
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Figure 8 | Comparing cut-off frequencies for different FETs. Cut-off
frequency versus gate length for graphene MOSFETs, nanotube FETs
and three types of radiofrequency FET; the symbols are experimental
data points and the lines are a guide to the eye for type A (InP HEMT
and GaAs mHEMT), B (Si MOSFET) and C (GaAs pHEMT) devices (as
indicated). The FET A with the highest cut-off frequency (660 GHz) is a
GaAs metamorphic HEMT (mHEMT) with a 20-nm gate (M. Schlechtweg,
personal communication). The FET B with the highest cut-off frequency
(485 GHz) is a Si MOSFET with a 29-nm gate'®". The FET C with the
highest cut-off frequency (152 GHz) is a GaAs pseudomorphic HEMT
(pHEMT) with a 100-nm gate'®?. The fastest nanotube device (CNT
FET) has f; = 80 GHz and L = 300 nm (ref. 78), and the fastest reported
graphene MOSFET has f; =100 GHz and L = 240 nm (ref. 73).

the best conventional radiofrequency FETs, but they have recently
overtaken the best silicon MOSFETs with gate lengths above
200 nm and are approaching the performance of GaAs pHEMTs.
(See ref. 78 for details of the nanotube with the highest f; reported
so far, and ref. 79 for more information on the radiofrequency
potential of nanotube FETs.)

Although the low on-off ratios demonstrated so far make use
in logic devices unrealistic, transistors with large-area graphene
channels are promising candidates for radiofrequency applica-
tions because radiofrequency FETs are not required to switch
off and can benefit from the high mobilities offered by large-area
graphene. However, the absence of drain-current saturation will
limit the radiofrequency performance of graphene transistors.

One method of introducing a bandgap into graphene for logic
applications is to create graphene nanoribbons. Nanoribbon
MOSEFETs with back-gate control and widths down to less than
5 nm have been operated as p-channel devices and had on-off
ratios of up to 10° (refs 26,62). Such high ratios have been obtained
despite simulations showing that edge disorder leads to an unde-
sirable decrease in the on-currents and a simultaneous increase
in the off-current of nanoribbon MOSFETs*#".This, and other
evidence of a sizeable bandgap opening in narrow nanoribbons,
provides proof of the suitability of nanoribbon FETs for logic
applications. However, these devices had relatively thick back-gate
oxides, so voltage swings of several volts were needed for switch-
ing, which is significantly more than the swings of 1 V and less
needed to switch Si CMOS devices®. Furthermore, CMOS logic
requires both n-channel and p-channel FETs with well-controlled
threshold voltages, and graphene FETs with all these properties
have not yet been reported.

Recently, the first graphene nanoribbon MOSFETs with top-
gate control have been reported®. These transistors feature a thin
high-dielectric-constant (high-k) top-gate dielectric (1-2 nm of
HfO,), a room-temperature on-off ratio of 70 and an outstanding
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transconductance of 3.2 mS pum™ (which is higher than the
transconductances reported for state-of-the-art silicon MOSFETs
and 1i1-v HEMTs).

Graphene bilayer MOSFETs have been investigated experimen-
tally® and by device simulation®. Although the on-off ratios reported
so far (100 at room temperature and 2,000 at low temperature®’) are
too small for logic applications, they mark a significant improvement
(of about a factor of 10) over MOSFETs in which the channel is made
of large-area gapless graphene.

The contact resistance between the metallic source and drain
contacts and the graphene channel should be briefly mentioned.
So far, the lowest reported metal-graphene contact resistances are
in the range 500-1,000 Q cm (refs 85,86), which is about ten times
the contact resistance of silicon MOSFETs and 11-v HEMTs®".
Remarkably, in spite of the importance of the contacts (particu-
larly for short-channel devices), only a few studies dealing with
metal-graphene contacts have been published®*” and more work
is needed to understand the contact properties.

I now return to the two-dimensional nature of graphene.
According to scaling theory, as noted previously, a thin channel
region allows short-channel effects to be suppressed and thus makes
it feasible to scale MOSFETs to very short gate lengths. The two-
dimensional nature of graphene means it offers us the thinnest pos-
sible channel, so graphene MOSFETs should be more scalable than
their competitors. It should be noted, however, that scaling theory
is valid only for transistors with a semiconducting channel and does
not apply to graphene MOSFETSs with gapless channels. Thus, the
scaling theory does describe nanoribbon MOSFETs, which have a
bandgap but which have significantly lower mobilities than large-
area graphene, as discussed. Given that the high published values
of mobility relate to gapless large-area graphene, the most attractive
characteristic of graphene for use in MOSFETS, in particular those
required to switch off, may be its ability to scale to shorter channels
and higher speeds, rather than its mobility.

Further options for graphene devices

It has become clear that graphene devices based on the conven-
tional MOSFET principle suffer from some fundamental prob-
lems. This has motivated researchers to explore new graphene
device concepts, such as tunnel FETs and bilayer pseudospin
FETs. In a tunnel FET, the band-to-band tunnelling across the
source—channel junction can be controlled using the gate-source
voltage. The big advantage of tunnel FETs is that their subthresh-
old swings are not limited to 60 mV per decade, as in conven-
tional MOSFETs”'"’, which should lead to steeper subthreshold
characteristics and better switch-off. The tunnel-FET approach
has already been explored in silicon and carbon-nanotube
MOSFETs*%. Tunnel FETs based on nanoribbons and bilayer
graphene have been investigated in simulations®®>*! but have
not been demonstrated experimentally. In particular, the bilayer
graphene tunnel FET is now considered to be a promising device
for a number of reasons: narrow nanoribbons are not needed, so
edge disorder will not be a problem and patterning will be rela-
tively easy; the small bandgap opened by a vertical field applied
across the two layers is sufficient to suppress band-to-band tun-
nelling in the off-state and thus enables effective switch-off; and
the possibility of subthreshold swings below 60 mV per decade
should make high on-off ratios possible®.

The bilayer pseudospin FET consists of a vertical stack of two
graphene layers separated by a thin dielectric®. Under certain bias
conditions the tunnelling resistance between the two graphene lay-
ers becomes so small that the layers are effectively shorted, causing
the FET to pass a high current, whereas under other conditions
the tunnelling resistance is very large, shutting the current off. The
bilayer pseudospin FET might therefore be able to deliver fast and
ultralow-power logic operation.
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Although graphene tunnel FETs and bilayer pseudospin FETs
are both still at an embryonic stage, they have already gained con-
siderable attention in the electron-device community and have
been included in the chapter on emerging research devices in
the latest edition of the ITRS2 It might also be possible to make
interconnects from graphene, which would open the possibility of
all-graphene integrated circuits in which both the active devices
and the wiring were made of graphene®. It has been shown that
graphene interconnects compete well with copper intercon-
nects*; indeed, graphene can support current densities greater
than 10® A cm™ (which is 100 times higher than those supported
by copper and is comparable with those supported by nanotubes)*
and has a thermal conductivity of around 30-50 W cm™ K™ (in
comparison with 4 W cm™ K™ for copper)*.

Outlook

Since 2007, we have witnessed huge progress in the development of
graphene transistors. Most impressive were the demonstrations of
a graphene MOSFET with a cut-off frequency of 100 GHz (ref. 73),
the excellent switching behaviour of nanoribbon MOSFETs**?, and
channel mobilities exceeding 20,000 cm? V™' s* in top-gated graph-
ene MOSFETs™. However, this progress has been accompanied by
the appearance of a number of problems. MOSFETs with large-area-
graphene channels cannot be switched off, making them unsuitable
for logic applications, and their peculiar saturation behaviour limits
their radiofrequency performance. Nanoribbon graphene, which
does have a bandgap and results in transistors that can be switched
off, has serious fabrication issues because of the small widths
required and the presence of edge disorder.

The primary challenges facing the community at present, there-
fore, are to create in a controlled and practical fashion a band-
gap in graphene, which would allow logic transistors to switch off
and radiofrequency transistors to avoid the second linear regime
(Fig. 7b), and to develop other means of improving transistor sat-
uration characteristics by, for example, developing contacts that
block one kind of carrier without degrading the transistor’s speed.
The community may also benefit from recognizing that the moti-
vation to use graphene in transistors in the first place stems less
from ultrahigh mobilities than from graphene’s ability to scale to
short gate lengths and high speeds by virtue of its thinness.

This discussion of the problems of graphene MOSFETs should
not lead to the conclusion that graphene is not a promising mate-
rial for transistors. Rather, I have chosen a more critical view to
avoid a situation that has been seen in the past, in which a new
device or material concept has been prematurely declared capa-
ble of replacing the status quo. Also, I agree with David Ferry, a
veteran of semiconductor device research, when he says that®”
“many such saviours have come and gone, yet the reliable silicon
CMOS continues to be scaled and to reach even higher perform-
ance levels”.

I conclude by noting that the first top-gated graphene transis-
tors were reported only three years ago. Given this short history,
and given that all other possible successors to conventional main-
stream transistors also face serious problems, we cannot help but
be impressed with the rapid development of graphene. Concepts
that have been investigated for many years, such as spin transis-
tors or molecular devices, seem to be farther from real application
than does graphene, and it is not clear if they will ever reach the
production stage. At the moment, it is impossible to say which,
if any, of the alternative device concepts being considered will
replace conventional transistors. However, the latest ITRS road-
map strongly recommends intensified research into graphene
and even contains a research and development schedule for car-
bon-based nanoelectronics®. The race is still open and the pros-
pects for graphene devices are at least as promising as those for
alternative concepts.
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