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Graphene is considered as a promising material to construct field-effect transistors (FETs) for high frequency electronic applications
due to its unique structure and properties, mainly including extremely high carrier mobility and saturation velocity, the ultimate
thinnest body and stability. Through continuously scaling down the gate length and optimizing the structure, the cut-off frequency
of graphene FET (GFET) was rapidly increased and up to about 300 GHz, and further improvements are also expected. Because
of the lack of an intrinsic band gap, the GFETSs present typical ambipolar transfer characteristic without off state, which means
GFETs are suitable for analog electronics rather than digital applications. Taking advantage of the ambipolar characteristic, GFET
is demonstrated as an excellent building block for ambipolar electronic circuits, and has been used in applications such as high-
performance frequency doublers, radio frequency mixers, digital modulators, and phase detectors.
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The 2-dimentional (2D) single layer carbon sheet graphene,
in which the carbon atoms are arranged in a hexagonal form,
has been an ideal model in theoretical research since early
20th century [1], although in 1930s Peierls and Landau de-
nied that crystals in strict 2D formation could stably exist in
actual experiment due to the thermodynamical reasons [2,3].
Owing to the success isolation of single layer graphene by
Novoselov et al. [4] in 2004, the obsolete point was broken
down and a tremendous research field has been expanded
based on the 2D material [5-11], and even the 2010 No-
bel Prize in Physics was awarded jointly to A. K. Geim and
K. S. Novoselov “for groundbreaking experiments regarding
the two-dimensional material graphene” [12,13]. The spe-
cial 2D structure of graphene provides a series of unique
properties in mechanics, thermology, optics, and electronics
[10,11,14-19]. Graphene not only provides an experimental
platform for basic physics, such as relativistic quantum me-
chanics (or quantum electrodynamics), which is due to the
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massless property of the Dirac fermion behaved electrons in
graphene [20-22], but also manifests promising application
potential in numerous application fields, such as analog ra-
dio frequency (RF) field-effect transistors (FETs) [10,23-25],
flexible transparent electrodes and touch screen [26], pho-
todetection [11,27,28], and spin transport [29,30]. In this re-
view article, we will focus on the graphene based electronics
and applications, especially RF performance of graphene and
ambipolar electronics.

1 Basic properties of graphene

1.1 The band structure of graphene

Graphene is a 2D carbon-based material, in which the car-
bon atoms are organized in a hexagonal structure, as shown
in Figure 1(a), and this hexagonal structure can be considered
as the “mother” of many other carbon based materials, such
as OD fullerene, 1D carbon nanotubes (CNTs), and 3D bulk
graphite. The unit cell of graphene, consisted of two atoms
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Figure 1 The lattice structure (a) and band structure (b) of graphene.
Reprinted of (b) with permission from Ref. [31]. Copyright (2010) American
Chemical Society.

(labeled as A and B), forms the entire 2D structure based on
a triangular lattice. The lattice base vector can be written as

a = ‘2‘ (3.V3). a = ‘2‘ (3.-V3), (1)

where a ~ 1.42 A is the distance between the nearest carbon
atoms, i.e. atoms A and B.

Based on the tight-binding approximation considering the
nearest neighbor hopping, the band structure can be derived
as [1]

E.(k) =+t \/3 + 2 cos ( \/3kya) + 4 cos (;kxa) cos( ‘23 kya),

)
where k = (k. k,), and ¢t ~ 2.8 eV is the hopping energy
between the nearest carbon atoms. The band structure can
be plotted in 3D shown in Figure 1(b), where the positive and
negative signs in eq. (2) correspond to the conduction and va-
lence band respectively. Clearly there exist six pairs of cones
in the band diagram, where the conduction and valence band
contact with each other at the peak of the cones, and the peaks
can be classified into two different types, denoted as K and
K’, points in the diagram. Their positions in the momentum
space are

2 2 2
K:(”, ”), K’:(”,— ”). 3)
3a 3+3a 3a- 3+3a

If we zoom in the band diagram to the K or K’ point, we can
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expand eq. (2) near K or K’ point as [1]

q\2
(0] @
where ¢ = k — K, and vp = 1 X 10° m/s is the Fermi ve-
locity near K point. From eq. (4), we can tell the linear de-
pendence of E-k relation, similar as that of photon, thus the
massless property of the electrons in graphene can be simi-
larly determined. Meanwhile, the electron in graphene will
consequently behave like a Dirac particle, which will obey
the relative quantum mechanics, and hence they are classi-
fied as massless Dirac fermion, an entire new kind of particle.
Correspondingly, K or K’ point is also known as Dirac point.

E.(q) ~ tvelgl + O

1.2 Methods to obtain graphene

There are many methods to obtain single layer graphene at
laboratory, such as mechanical exfoliation via Scotch tape
[4], epitaxial growth by thermal desorption of Si atoms from
the SiC surface [32], epitaxial growth by chemical vapor de-
position (CVD) on transition metals [33,34], chemical reduc-
tion of liquid suspension graphene oxide [35], liquid-phase
exfoliation [36], chemical exfoliation [37], unzipping CNTs
[38], etc. Among all these methods, mechanical exfoliation
and CVD growth on SiC or metals are most frequently uti-
lized in experiments. Graphene obtained via mechanical ex-
foliation is of high electronic quality, with low cost, and ea-
sily obtained for a starter, which is the main reason for them
being used in high-performance device demonstration and
basic physics experiment [20,23]. However, the throughput s
very low and it is totally not compatible with traditional chip
process flow. While for graphene grown via CVD method,
they are of large area, and compatible with the chip process
flow. Although the electric transport property of the epitaxial
graphene is not as good as the mechanical exfoliation one,
and the growth cost is high, it is still worth exploring for fu-
ture practical graphene-based application which needs large
scale fabrication.

Another important reason for graphene rush is the visi-
bility of graphene under optical microscope. Graphene thin
flakes are sufficiently transparent, showing a transmittance
more than 90% to visible lights [11], and they can add an
optical path, which will change their interference color un-
der optical microscope with respect to an empty wafer [39].
The contrast of graphene on substrate is mainly determined
by three parameters: the refractive index, the thickness of the
substrate, and the wavelength of the light used in the micro-
scope. The contrast can be maximized either by selecting a
suitable substrate or filtering the incident light in microscope
to select a certain wavelength [39,40]. A well-trained re-
searcher can tell the single-layer graphene from bi- or multi-
layer graphene just depending on the optical microscope, as
shown in Figure 2(a). After the naked eye identification, the
single-layer sample will be double checked by a Raman spec-
troscope or atomic force microscope (AFM) measurement.
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Figure 2 The characterization of single-layer graphene. (a) Graphene with different numbers of layers show different contrasts under optical microscope. (b)

The typical Raman spectrum of a single-layer graphene, with symmetric 2D band stronger than G band. (c) The typical Raman spectrum of a bi-layer graphene,
with asymmetric 2D band weaker than G band. (d) The AFM image of single-layer graphene on SiO5, with a typical thickness of less than 10 A. Reprinted of

(d) with permission from Ref. [5]. Copyright (2007) Macmillan Publishers Ltd.

Typical Raman spectrums of a single- and bi-layer graphene
are shown in Figure 2(b) and (c) respectively, where the in-
tensity ratio of G/2D band and the symmetric property of 2D
band are what we concern [41,42]. Furthermore, the thick-
ness of graphene layer can be easily measured by AFM, and
the typical thickness of single-layer graphene on SiO; is less
than 1 nm. An AFM image demonstrating the thickness of
different layer numbers of graphene is shown in Figure 2(d).
However, the AFM measurement is not very accurate, de-
pending on the substrate used [43], and the line scanning
work mode determine the low throughput of AFM. To sum
up, searching graphene under optical microscope, followed
by checking in Raman spectroscope, is highly recommended
to surely confirm whether the target sample is a single-layer
graphene or not.

1.3 Graphene based field-effect transistors (GFET)

Although there exists zero band-gap in single-layer graphene,
FETs with ambipolar gate modulation characteristic can still
be realized based on it, generally in the structure as Figure
3(a). As shown in Figure 3(b), the field-effect is achieved
via the gate modulation on the location of Fermi level. As for
low temperature, when the Fermi level locates at the K (or K”)
point, the valence band is almost full and the conduction band
is almost empty, which will lead to a very low concentration
of carrier and hence a very high resistance. On the contrary,

when the Fermi level moves into the valence or conduction
band, the hole or electron conduction begins to dominate the
current transport and hence the resistance becomes low. Due
to the existing zero band-gap, the GFET can not be turned off
completely. The typical transfer and output characteristics of
GFET are shown in Figure 3(c) and (d). It is worth noticed
the kink property in the output curve at the saturation region,
due to the carrier type transition [46].

Owing to the low on/off ratio in GFET, people are eager to
open a band-gap in graphene, and there are mainly two meth-
ods. One is to tailer the graphene to 1D size, i.e. graphene
nanoribbon (GNR), and the quantum confinement to sub-10
nm size will lead to a considerable band-gap (> 100 meV)
at room temperature [47,48]. GNRs can be derived from
graphene also via chemical solution method [49], unzipping
CNTs [38,50], and introducing nanowire (NW) as etching
mask [51], etc. Unfortunately, carrier mobility decreases for
increasing band-gap [10], since the effective mass increases,
attributed to the deviation from the linear E-k relation, and
moreover the edge of GNR will introduce extra scattering to
the system. The most attractive advantage of graphene, the
ultra high mobility, has to be sacrificed if we want to utilize
the band-gap in graphene, and obviously it is not an advisable
idea to make such a compromise. The other method is to bias
the bi-layer graphene and hence the electric field will induce
a band gap up to 250 meV, and the general approach to bias
graphene is to apply a dual-gate structure to the device, i.e.
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Figure 3 The structure and characterization of GFET. (a) A typical structure of back-gate GFET, with Si/SiO, as the gate. (b) The resistance modulation
based on GFET, with the depicted band occupid status for high and low resistance state. (c) Top-gate transfer characteristics for a GFET. (d) Top-gate output
characteristics of a GFET. Reprinted of (b) with permission from Ref. [5]. Copyright (2007) Macmillan Publishers Ltd. Reprinted of (c) with permission from
Ref. [44]. Copyright (2010) American Institute of Physics. Reprinted of (d) with permission from Ref. [45]. Copyright (2010) American Chemical Society.

top-gate along with back-gate structure [52-54]. Besides,
there are many other methods to introduce band-gap, such as
substrate-induced band-gap [55], molecule adsorption [56],
etc, but these methods are less reliable and controllable.
Based on biased bi-layer graphene with considerable band-
gap, digital logic units such as complementary-like NOT-,
NOR-, and NAND-gate are all realized [57,58].

2 Gate dielectric for graphene transistors

2.1 High-« dielectric growth on graphene

If we want to improve the performance of a FET, the most
efficient way is to increase the saturation current [59]

1 w
IDS,sal = 2/~1C0xL (VGS - VT)2 s 5)
g

where y is the mobility of the carrier, Cox is the gate ox-
ide capacitance of unit area, W and L, are the width and
length of the channel, Vs and Vr are the gate voltage and
the threshold voltage respectively. Hence we can increase the
current by increasing the material mobility, which is however
already fixed for a certain kind of material, and we can also
shorten the channel length, which is what the Moore’s law
tells us to do [60,61]. Besides, we can increase the gate oxide
capacitance Cox = €yk/fox by shrinking the oxide thickness
(tox) or increasing the dielectric constant (k). In practice, we

have to increase « instead of shrinking #,x too much, since
the oxide with excessive small physical thickness will lead to
large leakage current, and consequently increase the standby
power. To improve performance and simultaneously avoid
leakage current while scaling-down, high-« dielectrics such
as hafnium oxide (HfO,), aluminum oxide (Al,O3), and yt-
trium oxide (Y,03), are strongly suggested in GFETs, as well
as in Si CMOS FETs.

The general method to form the high-« oxide is the atomic
layer deposition (ALD) method, which requires a nucle-
ation layer for the thin film growth. However, for sp® hy-
bridization plane, such as graphene and CNTs, there exists
no dangling bonds for ALD nucleation. The thin film is
not able to grow directly on graphene or CNTs, except for
edges or where there are defects as shown in Figure 4(a), so
they need functionalization before the ALD growth [62,63].
Non-covalent functionalization layer (NCFL) can be formed
prior to ALD growth via molecules like DNA [62], 3,4,9,10-
perylene tetracarboxylic acid (PTCA) [63], and NO, shown
in Figure 4(b) [64—67]. Besides molecules, polymer can also
play the role of NCFL, such as NFC polymers [54,68,69],
and ozone pre-treatment (Figure 4(c)) is proved to work for
ALD growth as well [70]. Moreover, directly constructing
nucleation layer via oxidation of thin film of evaporated or
sputtered Al (several nm), followed by Al,O3 ALD growth, is
also a choice to form dielectric on graphene surface [71,72].
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Figure 4 High-« dielectric growth on graphene. (a) ALD is not compatible with CNT and graphene without any functionalization. (b) NO; functionalization
before ALD growth on graphene. (c) The AFM image of graphene with ozone treatment before ALD growth. (d) The surface damage introduced by functional-
ization, which largely degrade the conductance of the GFET. Reprinted of (a) with permission from Refs. [62] and [63]. Copyright (2006) & (2008) American
Chemical Society. Reprinted of (c) with permission from Ref. [70]. Copyright (2008) American Institute of Physics. Reprinted of (d) with permission from

Ref. [67]. Copyright (2009) American Chemical Society.

Unfortunately, functionalization will cause some prob-
lems, such as introducing extra scattering centers and surface
damages, hence reducing the current and transconductance
as shown in Figure 4(d) [67,73]. The interlayer functional
molecule will also introduce a gap between the channel and
gate oxide, largely reducing the gate modulation efficiency,
and hence weakening the transistor performance.

2.2 Yttrium oxide for graphene top-gate device

Yttrium oxide shows following properties, which ensure it is
a suitable dielectric for graphene: (i) excellent wetting prop-
erty on graphene without functionalization or damage (Figure
5(a)); (ii) good insulation property with low leakage current
and high breakdown voltage; (iii) dielectric constant  as high
as 10-20, leading to ideal gate modulation; (iv) simple pro-
cess flow with several nanometers yttrium evaporation and
followed thermal oxidation on a 180°C hot plate for 10 min;
(v) cheap source materials (yttrium) benefiting the industry
cost [45].

Yttrium oxide can be utilized both on CNTs and graphene.
The room temperature theoretical limit subthreshold swing of
60 mV/dec is achieved based on a single-walled CNT, indi-
cating the high efficiency of the oxide. As for graphene, a
dual gate FET is successfully realized, with 5 nm Y,O3 top-
gate and 300 nm SiO, back-gate (Figure 5(b)). The top-gate
to back-gate capacitance ratio Ctg/Cgg can be derived from

the slope of the Vpg-V1G pirac curve [71]

Crg _
Cgec

AVgg

- s
A VTG,Dirac

(6)

as high as about 100, suggesting a very efficient gate ox-
ide with unit area capacitance of about 1200 nF/cm? (Figure
5(c)). From the transfer curve of graphene, we can extract
some parameters such as mobility yu, residual carrier density
ng, and contact resistance R by fitting the curve to [71]

1 L, @

Riotal = Rc +
ep \nd +n?

where Riora1 = Vps/Ips is the total resistance of the device, n
is the carrier concentration induced by the gate voltage via

ne hvg \/7'[11.

Vs = Vbirac =
Cox e

)
According to the extracted mobility, from 1200 cm?/ (V s) be-
fore growth to 1000 cm?/(V s) after growth, no large degra-
dation has been observed, indicating a harmless process to
the graphene channel (Figure 5(d)).

The property of the yttrium oxide can be further optimized,
leading to a ratio C1g/Cpg as high as 204 after gate thickness
vertically scaling down to 3.9 nm as shown in Figure 5(e),
with an equivalent oxide thickness (EOT) of 1.5 nm and a
dielectric constant of x = 10 [74]. The oxide capacitance of
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voltage, and the inverse of the slope of the line gives the capacitance ratio: Ctg/Cgg. (d) The resistance transfer curve before and after Y,O3 deposition,
and the mobility can be extracted by fitting the curve to eq. (7). (e) The scaling property of Y203. (f) The mobility of GFETs is systematically improved by
increasing the oxidation temperature of Y,0O3 from 180 to 270°C. Reprinted of (a)—(d) with permission from Ref. [45]. Copyright (2010) American Chemical
Society. Reprinted of (e) with permission from Ref. [74]. Copyright (2011) American Chemical Society. Reprinted of (f) with permission from Ref. [76].

Copyright (2011) American Chemical Society.

Y,0j3 on graphene is about 2280 nF/cm?, the largest one real-
ized on solid state GFETs to date, also comparable and even
larger than the quantum capacitance of graphene, which can
provide sufficient gate control for short channel GFET down
to 1 nm and suggests that Y,O3 may be the ultimate dielectric
material for graphene [74,75]. Meanwhile, if the oxidation
temperature is simply increases from 180 to 270°C, the mo-
bility can systematically reaches as high as about 4000-5000
cm?/(V s) as shown in Figure 5(f) [76]. The transconduc-
tance normalized by dimension and drain voltage is found to
reach 7900 pF/ (V s), which is among the largest of the pub-
lished data about graphene FETs. Hence, in an as-fabricated
graphene FET with a gate length of 310 nm, a peak transcon-
ductance of 0.69 mS/um is realized.

3 High frequency performance of GFET

3.1 Figure of merit for high frequency characterization

From the view of network analysis, GFET can be consid-
ered as a two-port network for RF characterization, with
gate as input port, drain as output port, and common
source grounded as shown in Figure 6(a). The AC signal
(Igs.acs Vas.ac, Ips.acs Vps.ac) and relations between each
other are all functions of DC bias along with frequency
(Vs Bias> Vs Bias» f), and the target of RF characterization is
to find out all these functions. The functions can be repre-
sented in many forms, leading to different network parame-
ters. If we label input port as port 1, and output port as port 2,
we have impedance parameters (Z parameters, Figure 6(b))
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in the following relation

Lo )

where the matrix elements Zy1, Z12, Z21, Z», are the Z param-
eters. Similarly, we have admittance parameters (¥ parame-
ters, Figure 6(c)) Y = Z~! in the following relation

HAFS

Moreover, there are hybrid parameters [H parameters, Figure
6(d)] based on small signal model, shown in the following

T )

where Hy; is the input impedance, H»; is the output admit-
tance, Hj, is the reverse voltage gain, and H>; is the for-
ward current gain. From |Hj|-f curve, we can obtain the
most important figure of merit for RF characterization, cutoff
frequency (fr), where forward current gain Hy; reaches unit
gain (0 dB).

In RF domain or higher frequency, the concept of wave is
suitable to describe the network rather than voltage or cur-
rent. If we denote the incident waves at port 1 and 2 as a; and
ay, the reflected waves at port 1 and 2 as b and b», the rela-
tion between them can be described by scattering parameters
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(S parameters, Figure 6(e)) in the following relation

[ e

where S 1, and S, are the reflection coefficients at input and
output ports, S, and S,; are the transmission coefficients
at output and input ports. People are able to obtain S pa-
rameters directly from a network analyzer, and afterwards
all the other parameters, including Z, Y, and H parameters,
can be deduced based on S parameters [77]. Particularly, we
can derive another significant parameter, maximum oscilla-
tion frequency (fmax), defined as the frequency when maxi-
mum available power gain (MAG) reaches unit power gain
point (0 dB). There are also Mason’s unilateral power gain
(U), based on which we can define f,,x as well, and the fig-
ures calculated from different methods are supposed to be al-
most the same [72]. The figures fr and f.x determine the
frequency working potential and ability of GFETs, and also
provide references for high frequency circuit design.
Furthermore, the extrinsic and intrinsic properties should
be addressed here as well. The extrinsic property, which is
derived from the direct measurement results, includes the par-
asitic and non-intrinsic effects of the test pads, probes, coax-
ial cables, and electric measurement equipment. Mostly, we
want to obtain the property of the device itself, as a result we
have to extract the intrinsic property from the extrinsic one,
which is called a de-embedding procedure, shown in Figure
6(f). It is worth noticing that open structure is needed and Y

b
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S
Sa1
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a
(12)
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parameters play an intermediary role in this procedure.

3.2 Frequency response of GFET

Based on the small-signal mode shown in Figure 7, fr of
GFET can be derived as [10]

_&m 1
Jr 27t (Cgs+Cap)[1+gps(Rs+Rp)]+Capgm(Rs +RD()1’3)

where g, = dIps/0Vgs is the transconductance of the device,
gps = 0Ips/dVps is the drain conductance, Cgs and Cgp are
the gate-source and gate-drain capacitances, and Rs and Rp
are the source and drain series resistances. From eq. (13), in-
creasing g, can be a very effective way to improve fr, and the
basic method to enhance g, is to increase gate capacitance,
i.e. Cgs and Cgp, which will decrease fr, as a result, trade off
should be made between gy, and (Cgs + Cgp) while optimi-
zing fr. Moreover, decreasing Rs and Rp, such as improving
the contact resistance, which is not a well solved problem yet,
can be significant for f; enhancement as well [78]. Besides,
biasing the device to saturation region, where gps — 0, is
another key approach to obtain high fr, although current sat-
uration is not very easy to accomplish and not well behaved
as well [46,79]. The intrinsic fr, excluding the effect of series
resistance, can be represented by two limits [80]

u(Vgs — VT)/27IL§ for large L,
Vsat/27Lg

(14)

fT,mtrmslc for Smal] Lg
where vgy is the saturation velocity of the carrier. From eq.
(14), we can predict that graphene will perform excellently up
to THz frequency region, due to the particularly high carrier
mobility and large saturation velocity [10]. The calculated
intrinsic carrier mobility limited by acoustic phonon at room
temperature reaches as high as 10° ¢cm?/(V s), which has
never been predicted in other systems and nevertheless been
experimentally confirmed in graphene [81-83]. Meanwhile,
for short channel FET, saturation velocity is a key issue while
discussing frequency response of the device. For graphene,
maximum carrier velocity reaches as high as 4 x 107 cm/s,
comparing to 2 X 107 cm/s for GaAs and 107 cm/s for sili-
con (Figure 8(a)). What is more, at ultrahigh electric field
the velocity in graphene will never drop drastically as in III-V
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Figure 7 Small-signal equivalent FET circuit.
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semiconductors, which will lead to fr decreasing while scal-
ing down to short channel, as shown in Figure 8(b).

The first RF test on graphene was performed in 2008, with
top-gate geometry and standard S parameter measurement,
and a fr of 14.7 GHz was realized after de-embedding, while
Jfmax < 1 GHz [84]. The milestone achievements in high fre-
quency performance of graphene are listed in Table 1, with
several important factors which are often considered in ex-
periments. We notice that the substrate must be carefully se-
lected, to eliminate the parasitic effect via the substrate and
the scattering induced by substrate. For convenient consid-
eration, high resistivity (o >10 kQcm) Si wafer with SiO,
as the insulation layer are usually used. Besides, insulating
SiC substrate is a better choice, but the cost is much higher
than Si wafer. Very recently, diamond like carbon (DLC),
amorphous carbon containing a large fraction of sp® configu-
ration, was introduced as the substrate for GFET [24]. Com-
paring to SiO,, DLC has higher surface phonon energy (165
meV, comparing to 59 meV in SiO;) and lower surface trap
density, which benefit the carrier transport, and DLC is non-
polar, chemically inert as well, leading to a fr = 155 GHz for
40 nm channel length based on epitaxial graphene, as shown
in Figure 9(a) and (b). The realized highest fr is 300 GHz
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Table 1 List of the achievements in high frequency performance of graphene
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Ly fr (GHz) JrLg (GHz pm) Jfmax (GHz) Substrate Graphene Mobility (cm? /(V s))
Meric et al. 2008 [84] 500 nm 14.7 7.35 <1 Si (p =20 kQ cm) Exfoliated 1200
Moon et al. 2009 [86] 2 um 429 8.4 149 SiC CVD on SiC ~1000
Lin et al. 2009 [67] 150 nm 26 3.9 N/A Si (p >10 kQ cm) Exfoliated 400
Lin et al. 2010 [87] 350 nm 50 17.5 N/A Si (p >10 kQ cm) Exfoliated 2700
Lin et al. 2010 [69] 240 nm 100 24 10 SiC CVD on SiC 900-1500
Liao et al. 2010 [23] 144 nm 300 43.2 N/A Si (p >18 kQ cm) Exfoliated >20000
Wu et al. 2011 [24] 40 nm 155 6.2 N/A © DLC CVD on copper 500-600
a) Extrinsic value; b) 14 GHz for Ly = 550 nm; ¢) 20 GHz for Ly = 550 nm, and 13 GHz for Ly = 140 nm.
(b) 100
02 Im(1/hy,) = fify
34 S 0.1
% £
f; =155 GHz
.00
e o 10 20 30
S 10k L Frequency (GHz)
T
T=300K
Lg =40 nm \
1 I e | H .A,..“l\‘-
1 10 100
Frequency (GHz)
(c) (d) 010

AlLO,

Rt Co,Si

SiO,
Graphene

0.05

Im (1/hy,)

0.00
0 10 20 30
Frequency (GHz)

1
10° 10° 10?

Figure 9 Frequency response characterization for GFET. (a) Cross-section TEM image of a graphene transistor on DLC with a gate length of 40 nm. (b)
Cut-off frequency for the device with a gate length of 40 nm at room temperature. The intercept of small-signal current gain |Hy;| versus frequency relation
gives the cut-off frequency as 155 GHz. (c) Schematic of the cross-sectional view of a high-speed graphene transistor with a Co,Si-Al3 O3 core-shell NW as
the self-aligned top-gate. (d) The intercept of small-signal current gain |H>;| versus frequency relation gives the cut-off frequency as 300 GHz for the device
with a gate length of 144 nm. Reprinted of (a) and (b) with permission from Ref. [24]. Reprinted of (c) and (d) with permission from Ref. [23]. Copyright

(2011) & (2010) Macmillan Publishers Ltd.

after de-embedding based on a Co,Si-Al,O3 core-shell NW
self-aligned gate GFET (Figure 9(c) and (d)), although the
extrinsic cutoff frequency before de-embedding is 2.4 GHz
[23]. However, the achieved highest f,.x is far below expec-
tation, about 20 GHz, which is due to the detail of the device
design such as the gate metal thickness and hence the resis-
tance, for example, a thick T-shaped gate may help to realize
high finax [24]. Based on eq. (14) at the small gate length
limit, one can tell that frL, = v /27 = 60 GHz um, where

Vear = 4 % 107 cm/s, represents the intrinsical high frequency
transport property of graphene, and the frL, listed in Table
1 are all below the theoretical value, while the typical frLe
value for Si NMOS is only about 9 GHz pum [85].

Besides, as shown in Figure 10, graphene based high fre-
quency voltage amplifier is realized, with ~5 dB low fre-
quency gain and 3 dB bandwidth greater than 6 GHz [88].
The back embedded gate structure with ultra thin gate oxide
leads to a current saturation, which enables high frequency
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voltage gain.

To optimize high frequency performance of graphene, in-
creasing mobility and decreasing access resistance can be
crucial [24]. In order to enhance mobility on substrate, the
surface need careful treatment before graphene exfoliation or
growth on. To decrease the access resistance, there are two
approaches, including reducing the contact resistance and uti-
lizing self-aligned gate to shorten the un-gated region with-
out gate control. To properly contact graphene with metal,
many efforts have been made and there are seldom useful
laws about graphene-metal contact resistance, so the contac-
ting issue is urgently needed to be solved [78]. Besides, a sui-
table self-aligned gate profile needs to be developed as well.

4 Ambipolar electronics based on graphene

Comparing to sacrificing mobility for band gap opening, di-
rectly taking advantage of the ambipolar property of graphene
for RF applications seems a better choice. Ambipolar elec-
tronics based on graphene has attracted lots of attention in
the field of graphene application, such as frequency doublers,
mixers, digital modulators, phase detectors, etc. The sym-
metric Ips-Vgs relation around Dirac point plays an impor-
tance role in the applications.

Ins = ap+ax (Vas = Vpirae)* + a4 (Vos = Vpirae) ++ -+ . (15)

For ambipolar applications, the test is always configured
as shown in Figure 11, with the gate electrode as the in-
put port, the output port (drain electrode) biased with Vpp
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Figure 11 Typical circuit configuration for ambipolar electronics based on
GFET.

via a load resistor Ry, and source electrode grounded. Hence,
the output voltage can be described as

Vbs = Vop — IpsRL, (16)

where Vpgs-Vis relation shows similar shape with Ing-Vgs re-
lation but a negative sign.

4.1 Frequency doublers

If Ips-Vgs relation of GFET performs perfect parabolic pro-
perty about Dirac point

Ins = aop + a2 (Vs = Vbirae)* » (17)

and the input gate sinusoidal signal is biased at Dirac point
with an amplitude of A and radian frequency of w

Vs = Vbirac + A sin wt. (18)

From eqs. (16)—(18), we can deduce the output drain voltage

as
1
Vps = VDS,O + 26l2RLA2 cos 2wt, (19)

where Vpso = Vpp — aoRL — arRLA?)2. Clearly, the out-
put frequency is doubled purely via the simple GFET, and
the deviation from the ideal parabolic relation will lead to
more even-order harmonics, such as quadruple and sextuple
frequencies. Odd-order harmonics will also be introduced to
the system once the Ips-Vgs relation deviates to an asymmet-
ric shape. Similarly, from the principle illustration in Figure
12(a), we can also easily tell that an input single period of
sinusoidal wave will lead to double period at the output port.

Wang et al. [89] reported ambipolar frequency doubler
based on exfoliated graphene for the first time in 2009,
which showed a frequency response up to 10 kHz and output
second-order harmonic wave purity of more than 90%. A sin-
gle transistor is enough for frequency doubling while filters
or rectification units are not necessary. However, the signal
gain of the back-gate setup is very low (less than 1/200) due
to its small transconductance for typical back-gate GFETs.
Afterwards, Y,03 top-gate was introduced and utilized to
graphene based frequency doubler as shown in Figure 12(b)—
(d) [44]. Benefited by the high-efficiency gate oxide, the
signal gain is increased by 10 times (as high as 1/20) com-
pared to that of the back-gate geometry and the working
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image depicts experimental configuration of the device.

GFET based frequency doubler. (a) Schematic diagram showing the working principle of GFET based frequency doubler. (b) Optical microscope
(c) Measured input and output waveform of the GFET based frequency doubler, with an input

frequency of 200 kHz. (d) Power spectrum obtained via Fourier transforming the output signal in (c). Reprinted with permission from Ref. [44]. Copyright

(2010) American Institute of Physics.

frequency was pushed to 200 kHz. The top-gate geometry
also clearly improved the symmetric property of the trans-
fer curve, which is needed in the frequency doubling opera-
tion. The operation frequency is limited by the testing sys-
tem, including the substrate, pads, probes and cables, but the
intrinsic frequency response of graphene can be very high.
Besides, ambipolar frequency doublers based on wafer-scale
CVD grown graphene are also realized, with frequency re-
sponse up to 1.4 GHz, which demonstrated the great potential
of graphene for RF applications [90].

Besides, frequency doubler can be also realized based on
small band-gap (SBG) CNT, which behaves the similar am-
bipolar transport property as graphene, as shown in Figure
13(a) [91]. Comparing to graphene, SBG CNT exhibit ex-
tremely higher carrier mobility on SiO, substrate due to the
suppressed substrate scattering, which is shown in Figure
13(b) [92]. Moreover, the easy-obtained saturation behavior
of CNT FETs, which is usually hard to be realized in GFETs,
is also one of the advantages for achieving a higher opera-
tion frequency and gain (more than 0.15), as shown in Figure
13(c). Also, the output of the frequency doubler is of high
second-order harmonic purity, as shown in Figure 13(d).

4.2 RF mixers

In telecommunications, a mixer is a nonlinear device that
receives two different frequencies at the input port and ap-
pears a mixture of several frequencies at the output, including
both original input frequencies, the sum of the input frequen-

cies, the difference between the input frequencies, and other
intermodulations [93]. If we apply two sinusoidal waves
Aj sinwit and A; sin wyt to the input port, where Ay, A, are
the amplitudes and w;, w; are the radian frequencies of the
two input signal, based on eq. (15) the output will appears no
odd-order intermodulations, which can be usually detected in
conventional unipolar mixers and affect the dynamic range
for circuit operations. Deviation from the ideal symmetric
property will introduce some odd-order intermodulations.

While a RF signal and local oscillator (LO) signal with
frequencies of frr and fi o are applied to the input of an am-
bipolar mixer based on graphene, in the frequency spectrum
of the output, the power at even-order frequencies is higher
than the power at the odd-order frequencies, which is con-
sistent with the prediction that the odd-order intermodula-
tions are suppressed. The performance of the mixer can be
enhanced by improving the symmetry of the transfer prop-
erty [94]. Afterwards, an integrated circuit including ambipo-
lar mixer and on-wafer inductors for DC coupling, is realized
based on graphene epitaxial grown on SiC, and the mixer can
work at frequency as high as 10 GHz, also with temperature
stability (performance reduction less than 1 dB) between 300
and 400 K, which also revealed the wafer-scale application
for graphene based mixer [25].

4.3 Digital modulators

Since graphene can work as both frequency doublers and am-
plifiers (in-phase or anti-phase), and the working mode can
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signal spectrum for 1 kHz input. The four arrows indicate the frequencies of 1, 2, 3 and 4 kHz, respectively from left to right. Reprinted with permission from
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be transformed between each other simply by changing the
bias voltage of the input signal of the GFET, signal modu-
lators such as phase shift keying (PSK) and frequency shift
keying (FSK) can be realized based on ambipolar GFET.
As shown in Figure 14(a), we define p-region with negative
transconductance as Region I, the region around Dirac point
as Region II, and n-region with positive transconductance as
Region III, and along with eq. (16) the gain shows different
sign with transconductance
OVbs _ RouRL

Vas  “"Rouw+RL
where R, is the output resistance of the FET. The gain in Re-
gion | is positive due to the negative transconductance and the
device acts as an in-phase amplifier, while the gain in Region
III is negative due to the positive transconductance and the
device acts as an inverted amplifier. In Region II, the device
transfers between n-region and p-region alternately, resulting
in frequency doubling.

Based on the configuration shown in Figure 14(b), if the
bias voltage alters between Region I and III and we denote
Region I and IIT as binary “0” and “1” respectively, each al-
ternation will introduce an inverting to the signal at the out-
put and a transfer between “0” and “1” will be recognized.
Hence, a binary phase shift keying (BPSK) is realized and

Ay

(20)

this ambipolar GFET is proved to be used as a digital mod-
ulator before signal transmitted (Figure 14(c)). Similarly,
the transfer between Region I/IIT and II will introduce a fre-
quency alternation to the output signal. If we denote the
fundamental and doubled frequency as binary “0” and “1”
respectively, a binary frequency shift keying (BFSK) is re-
alized based on the single transistor (Figure 14(d)). Yang
et al. [95] successfully performed BFSK modulation based
on the Kansas City standard (KCS) for audio cassette drives
where fundamental frequency f = 1200 Hz and doubled fre-
quency 2 f = 2400 Hz. The proposed single transistor digital
modulator can greatly simplify the circuit design in telecom-
munication applications.

4.4 Multiplier phase detectors

If we applied a sinusoidal wave A; sin(w? + 6;) and a square
wave A, rect(wt + 6,) to the input of the phase detector, the
DC component of the output can be written as the product of
the two input signal [96]
2

Ad = AIAZTK sin(91 - 92) ~ Kdee, (21)
where Ky is the gain of the detector and 6, is the phase differ-
ence in radians between the input signals. Hence, the relation
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Figure 14 Digital modulators based on GFET. (a) Transfer curve of a typical GFET. (b) The schematic test configuration of the single transistor digital

modulators. (c) The waveform for BPSK modulation. (d) The waveform for BFSK modulation. Reprinted of (b)—(d) with permission from Ref. [95].

Copyright (2010) American Chemical Society.

between DC component and the phase difference can be uti-
lized for phase detection. A multiplier is generally needed for
this process, which complicates the circuit. While for GFET,
a single transistor can fulfill the phase detection and a gain of
—7 mV/radian was reached, which can be further largely im-
proved by reducing the series resistance, increasing the gate
efficiency, and pushing the transistor to saturation region.

5 Conclusion and prospective

Graphene is a new but popular star in material research field,
and especially of large potential for high frequency device
and circuit applications, due to its ultra high mobility un-
der low electric field and high saturation velocity under high
electric field. By utilizing the ideal gate dielectric Y03
to the surface of graphene, high-performance GFET can be
fabricated. GFET with frequency response up to hundreds
of GHz was realized based on both mechanically exfoliated
and epitaxial grown graphene, and the compatibility with tra-
ditional wafer-scale Si fabrication process flow was experi-
mentally proved. Besides amplifiers with gain, GFET can
be also used to build ambipolar devices and circuits such as
frequency doublers, RF mixer, digital modulators and phase
detectors. Furthermore, the wafer-scale integrated circuits
based on graphene are realized, operating RF mixing up to
10 GHz frequency.

In general, graphene is a very promising kind of mate-
rial for future RF analog ambipolar electronics. With the
basic unit of high frequency applications, i.e. mixer and
amplifier, and process circuits based on graphene, an inte-
grated RF system can be fabricated solely on a large-area

single layer graphene, which is compatible with Si CMOS
fabrication process and of higher performance. However,
large efforts still needs to be made for the problem that have
not been solved, such as decreasing the contact resistance be-
tween graphene and metal, developing a suitable gate self-
align profile for high frequency graphene devices, realizing
controllable saturation property in GFET, and so on.
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