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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, = +Vp,, 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, V7. 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, V.. 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
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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= AV
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. ecm™;
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™! s™! 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 10" 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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simulation®”-°). b, Carrier mobility versus nanoribbon width at low electric fields from simulations®®® and experiments (open® and full*® stars). Data for

large-area graphene are also shown'##8, ¢, Electron drift velocity versus electric field for common semiconductors (Si, GaAs, Inys;Gag .,As), a carbon

nanotube (simulation®”) and large-area graphene (simulation%3¢4).

a Graphene

Source

Source l Drain

sio,

Top-gate

Top-gate
Source

Sio,

Doped Si substrate

Si substrate

Semi-insulating
SiC substrate

Back-gate Back-gate
b Field-effect i h First experimental
ield-effect in graphene CNT paper
Oct. 2004 (ref. 1) 2.5 years Nov. 1991 (ref. 98)
First graphene FET 6.5 years First CNT FET
April 2007 (ref. 52) May 1998 (ref. 99)
First gigahertz <2 years First gigahertz
graphene FET CNT FETs
Dec. 2008 (ref. 69) 6 years April 2004 (ref. 100)

Record cut-off frequencies:

Graphene FET 100 GHz (ref. 73)
CNT FET 80 GHz (ref. 78)

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 FETs7898-100,

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 Vg = 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 Vp, 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 MOSFETs 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 111-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 ITRS” 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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