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Abstract—The radio-frequency (RF) linearity performance po-
tential of short-channel graphene field-effect transistors (GFETs) is
assessed by using a nonlinear small-signal circuit model under the
first approximation of ballistic transport. An intrinsic GFET is ex-
amined to reveal the key features of GFET linearity, and extrinsic
parasitics are then included to assess the overall RF linearity. It is
shown that short-channel GFETs can be expected to have a signa-
ture behavior versus gate bias that includes a constant-linearity re-
gion at low gate bias, sweet spots of high linearity before and after
the gate bias for peak cutoff frequency, and poor linearity at the
gate bias corresponding to the peak cutoff frequency. It is otherwise
found that a GFET offers overall linearity that is comparable to a
MOSFET and a CNFET, with the exception that the amount of in-
termodulation distortion in a GFET is dominated by the drain-in-
jected carriers, a unique outcome of graphene's lack of a bandgap.
Qualitative agreement with experiment in the signature behavior of
GFET linearity supports the approach and conclusions.

Index Terms—Contact resistance, device modeling, device
physics, FET devices and circuits, FET modeling, GFET, graphene,
graphene transistor, harmonic balance, intermodulation dis-
tortion, linearity, nanoelectronics, nonlinear device modeling,
radio-frequency performance, solid state devices, third-order
input-intercept point, transistor modeling.

I. INTRODUCTION

RAPHENE is a two-dimensional sheet of carbon, in

which the atoms are arranged in a honeycomb lattice.
The unique electrical and physical properties of graphene have
sparked much interest in determining its potential uses in elec-
tronics. Although the lack of a bandgap has been problematic
for the use of graphene in digital applications, the high values
of unity-current-gain frequency fr and unity-power-gain
frequency fmax, combined with a high carrier mobility, con-
tinue to make graphene a promising candidate for analog
high-frequency, or radio-frequency (RF), electronics. A key
figure-of-merit for RF applications is linearity, which measures
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the degree of distortion generated by the nonlinear mixing of
the input signal with jammers. This paper probes the perfor-
mance potential of graphene in terms of RF linearity.

The strong interest in graphene has resulted in many theo-
retical and experimental studies on graphene field-effect tran-
sistors (GFETs). These studies have largely focused on cut-off
frequencies [1]-[3], mobility [4]-[6], the effect of the lack of a
bandgap [7], and ways to introduce a bandgap to improve per-
formance [8]-[10]. GFETs operating at promisingly high fre-
quencies have already been demonstrated [11]. Furthermore,
great progress has been made in the pursuit of graphene-based
integrated circuits [12]-[14].

On the topic of graphene linearity, however, there has been
limited experimental work, which can be summarized as fol-
lows. Wang et al.[15] investigated the linearity of a 2-um long
single transistor RF mixer at 10 MHz and reported a third-order
input-intercept-point (ITP3) of ~ 13.8 dBm; however, the re-
ported conversion loss was between 30 to 40 dB. Habibpour et
al.[16] reported a mixer based on a 500-nm long multichannel
GFET operating at 30 GHz, with I1IP3 values as high as 12.8
dBm and a conversion loss of 19 dB. Andersson et al.[17] re-
ported the linearity of subharmonic mixers based on resistive
GFETs having a channel length of 1 um; they obtained an TIP3
of 4.9 dBm and a conversion loss of 20-22 dB. The shortest
channel GFET investigated for RF linearity thus far is a 250-nm
epitaxially grown graphene FET used as a mixer, reported by
Moon et al.[18] with an IIP3 of ~22 dBm and conversion loss
>15 dB; they also reported a similar but longer channel (2 pm)
device with higher ITP3 (~27 dBm) and conversion loss of 10
dB. Madan et al.studied the linearity of an RF mixer [19] and
LNA [20] based on a 750-nm long graphene FET and reported
third-order output-intercept point (OIP3) values in the range of
19 dBm at an operating frequency of 2 GHz; the gain of the LNA
for a 50-£2 load termination was —5 dB. Jenkins et al.[21] also
reported relatively good linearity for graphene FETs containing
channels grown both by chemical vapor deposition and epitaxy
and having lengths above 500 nm, with IIP3 values as high as 20
dBm but a power gain of < 15 dB for a 50-€2 load at 300 MHz. In
arecent study, Han et al.[14] fabricated a graphene RF receiver
integrated circuit with promising linearity figures of merit. Op-
erating at a frequency of 4.3 GHz, the receiver produced very
low RF harmonic distortion, with the output power of the second
harmonic recorded to be 30 dB lower than the output power of
the fundamental tone for an input power of 0 dBm; the conver-
sion loss of the receiver was 10 dB.

Common trends in the results cited above are a long channel
length (>250 nm) for the devices and promising values of IIP3
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that are accompanied by very low power gains. Further inves-
tigation is thus necessary to fully understand the RF linearity
potential of GFETSs, particularly the linearity that could be real-
ized at short channel lengths.

Given the present difficulty of fabricating GFETs with
channel lengths at or below those for current CMOS technology
nodes, studying the linearity of GFETs with short channels,
i.e., =20 nm, which is 10 to 100 times smaller than the re-
ported experimental devices cited above, calls for a modeling
approach. To date, there have been only a few modeling studies
that explore GFET linearity, and these have also focused on
longer channel devices (>440 nm). Chauhan et al.[22] used
a semi-classical model incorporating the effects of inelastic
phonon scattering and reported “excellent” linearity; however,
the claim was based solely on the fact that the transconductance
of their (1-pm long) GFET was observed to remain nearly con-
stant over a wide range of gate bias. Parrish ez al.[23] performed
an analytical study that shows that the contact resistances can
severely degrade GFET transconductance linearity; working
on a 2.4-um long device, they showed that the IIP3 of a GFET
can improve by as much as 17 dB if the contact resistances are
made small enough to be neglected. Very recently, Rodriguez
et al.[24] used a static (low-frequency) analytical model to
investigate the transconductance linearity of a 440-nm long
GFET and reported a peak IIP3 value of 13.8 dBm. None of
these modeling studies accounted for all sources of nonlinearity
relevant for RF performance. In particular, both transport and
capacitive nonlinearities can be expected to play a role [25].
A detailed and more comprehensive study of the RF linearity
mechanisms in short-channel GFETs is thus warranted.

In this work, we provide insight into the linearity mechanisms
of an 18-nm GFET, chosen for demonstration purposes and rep-
resentative of current CMOS technology nodes [26]. As in [27],
we assume ballistic transport, a reasonable first approximation
for graphene at small channel lengths (=20 nm) for the purposes
of assessing performance potential, especially since the reported
electron mean-free path in graphene is much larger (=100 nm)
[28]. We also consider a doped MOSFET-like device, as done
in recent studies to assess the performance potential of carbon-
based electronics [27], [29]; short-channel MOSFET-like de-
vices can be expected to outperform the long-channel Schottky-
barrier devices prevalent today [30] and are a suitable choice
to gauge performance potential. Although graphene's ambipolar
transport has been exploited in RF applications [15], [19], in this
study, we consider a unipolar configuration in which the device
is biased away from the point of minimum conduction.

We start our analysis by using an already developed nonlinear
small-signal circuit [25]. The intrinsic components of the circuit
are first extracted based on a modified top-of-the-barrier model
(MTBM) [31]. The MTBM is an extension of the conventional
top-of-the-barrier model [27], [29], with additional features to
account for physical effects arising from the lack of a bandgap in
graphene; for further details, the reader is referred to [31]. The
external parasitics are then calculated with the aid of COMSOL
[32] and added to obtain a complete extrinsic nonlinear circuit,
an approach which has already been shown [31] to capture the
nonlinear voltage dependencies of key device parameters deter-
mined from a more detailed simulator [7]. The Harmonic Bal-
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Fig. 1. Schematic of the GFET used in this paper. The dotted intrinsic region
is modeled using a modified top-of-the-barrier method [31]. The external para-
sitic capacitances used to model the extrinsic device are shown at the top of the
schematic.

ance solver in Microwave Office (MWO) [33] is then used to
simulate the developed nonlinear circuit.

Based on an examination of IIP3 values for intermodulation
distortion under a two-tone input, our study reveals that GFETs
offer linearity performance comparable to MOSFETs and CN-
FETs. They also exhibit a unique linearity signature, the fea-
tures of which can be explained by an in-depth examination of
the sources of nonlinearity in the device. We further find that,
unlike MOSFETs and CNFETSs, carrier injection from the drain
dominates the nonlinear behavior of GFETs. We also examine
the effects of drain bias, load resistance, and external parasitics.
Finally, we perform a qualitative comparison with recent exper-
iments [21] to validate our work.

Section II of this paper outlines the device structure and sim-
ulation methodologies. The results of our simulation are pre-
sented and discussed in Section III, and a qualitative compar-
ison of these results with experiment is provided in Section IV.
The conclusions of our study are summarized in Section V.

II. APPROACH

A. Device Structure

Fig. 1 shows the schematic of the GFET under investigation,
with key device dimensions marked. The dotted region indi-
cates the intrinsic portion of the device. The gate oxide is a
2-nm layer of AloQg (with a relative permittivity ¢, = 9.8).
Al;03 has been demonstrated as a promising high-k dielec-
tric suitable for graphene in recent experiments [34], [35]. The
channel is intrinsic graphene, while the source and drain re-
gions are n-doped, with an effective doping concentration of
Np = 1.9 x 10'7 m~2. The source and drain geometries are
symmetric with respect to the channel/gate regions.

Fig. 2 plots the current-voltage characteristics of the GFET
calculated using the MTBM [31] and a fully quantum-mechan-
ical solver based on NEGF [7]. The results from the MTBM are
in excellent agreement with those from NEGF, except for the
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Fig. 2. Simulated current-voltage characteristics of the GFET under investiga-
tion from MTBM and NEGF.
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Fig. 3. Complete nonlinear small-signal equivalent circuit of a ballistic GFET.

combination of very low gate bias (Viz < 0.2 V) and high drain
bias (Vp > 0.5 V); however, this study focuses on operation at
a drain bias of 0.5 V, where the MTBM clearly provides a suffi-
ciently accurate picture of device behavior at all gate biases. It
should also be noted that Fig. 2 shows drain current values for
an intrinsic device considering ballistic transport, and therefore
depicts a “best-case scenario” for current. In an actual device,
the measured current density would be significantly reduced due
to contact resistances, scattering due to phonons and interface
states, and other nonidealities. Other important parameters such
as transconductance g.,, output conductance g, (or g4s), and
unity-current-gain (cutoff) frequency fr of the device were re-
ported in [31]; plots of these quantities versus gate bias are also
available in figures (4 and 11) discussed further below.

B. Intrinsic Equivalent Circuit

Our focus in this work is the small-signal nonlinear operation
of GFETs. We hence use Taylor-series expansions for all the
components in the small-signal equivalent circuit. The coeffi-
cients of the series are specified by derivatives [evaluated at cor-
responding bias (dc operating) point] of the charge-voltage and
current-voltage relationships from the MTBM [31]. The dotted
portion of Fig. 3 represents the intrinsic nonlinear small-signal
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equivalent circuit, where the elements are as follows: Cle, Cse,
and Cjy, are the linear electrostatic capacitances of the GFET;
Csq and Cy are the nonlinear source and drain quantum capac-
itances; and ;s and ;g are the nonlinear current sources mod-
eling the quasi-static transport currents of the device. The inter-
ested reader can find further details on these elements in [29].
Although [29] is developed for CNFETSs, the methodology can,
in principle, be used to model any ballistic MOSFET-like de-
vice. By accounting for both band-to-band tunneling and the
unique density of states of graphene, as done in the MTBM, we
can adapt this method to model GFETs [31].

Each of the nonlinear components are represented by a
Taylor-series expansion up to third order, which is sufficient to
capture their nonlinearity under small perturbation [36]:

sq = Csq1 (vs — Vser) + Coq2 (vs — Vser)® +Csqa(vs — Vser)®
)
qdq = Caq1 (va — Vser) +Caqa (va — Vser)? +Caga(va — Vser)?
(2)
its = gsq1 (Vs — Vsct) + Fsq2(Vs — Vset)” + Goq3 (vs — vser)®
3)
Btd = Gdq1 (Vd — Vser) + 9aq2(Va — Vser)? + 9aqa (Ve — vser)?

4)

where gsq and gqq are the small-signal (ac) parts of the charges
held by the quantum capacitances Cyq and Cyq, respectively;
vs and vgq are the small-signal parts of the source and drain
voltages, respectively; and vger is the small-signal part of the
(self-consistent) channel potential. The steps described in [25]
were followed to determine the values of the linear and non-
linear components from the MTBM [31].

C. Extrinsic Equivalent Circuit

The performance of a practical GFET is also impacted by
the parasitic elements in the device due to the metallic con-
tacts at the gate, source, and drain. In order to fully assess the
linearity of these devices, the effects of these parasitics must
be incorporated. We therefore add the extrinsic capacitances
Cys exts Cgd,ext, and Csq ext, labeled in Fig. 1 along with the
contact resistances of the gate, drain, and source, R; ofr, R,
and Rg, respectively. All the parasitic components were cal-
culated following the method described in [25]with the aid of
COMSOL [32], and by using the contact dimensions specified
below in Section III-D. The resulting extrinsic nonlinear small-
signal equivalent circuit is the overall circuit in Fig. 3, where
Vg, Us, and v, are the internal node voltages of the GFET and
Vg ext»> Us,ext, aNd Vg ex¢ are the external terminal voltages of
the overall device. The component values (both intrinsic and
extrinsic) are listed in Table II in Section III-D for the device
under investigation.

III. RESULTS AND DISCUSSION

We used the Harmonic Balance solver in MWO [33] to sim-
ulate the nonlinear small-signal equivalent circuit, and we ex-
tracted the IIP3 corresponding to the mixing frequency 2f; —
f2, under excitation from two input tones at the fundamental
frequencies f1 and fz, as the small-signal linearity figure of
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merit of the device. The transistor was deployed in a simple
common-source configuration. The load and source impedances
were set at 50 €2, the usual characteristic impedance for RF ap-
plications. A two-tone source with an impedance of 50 €2 and
an operating frequency of 24 GHz—which is a frequency of in-
terest in RF electronics according to the 2012 ITRS [26]—and
a difference of 100 MHz between the two tones was used (f; =
24 GHz, f> = 24.1 GHz). The input power was swept from
—50 dBm to —40 dBm to keep the perturbation sufficiently
small. The source was grounded, the drain bias was fixed at
Vp = 0.5 V, and the gate bias was varied over a wide range,
from 0 to 1 V (except for the results in Figs. 6 and 10, where
the upper limits are 1.2 V and 1.4 V, respectively, and Fig. 19,
where the range is from —0.1 V to 1.5 V, to aid the discussion).

The TIP3 values in this paper are quoted in terms of the cor-
responding available power from the source, Py, 5. Due to the
large mismatch at the input, it should be noted that a significant
amount of reflection loss occurs at the input of the device, which
means the IIP3 values quoted in terms of P, s will be signif-
icantly higher than the actual input power P, at the intercept
point. However, the aim of this study is to examine the qualita-
tive nature of a GFET's RF linearity and to investigate the mech-
anisms behind high-frequency distortion in this device. Our use
of P, s as the reference for quoting IIP3 is hence sufficient for
the qualitative purposes of this study. In order to remain in the
small-signal regime, Py, s was kept small (—50 to —40 dBm).
In this range, the IM3-P,, ; relation showed a slope of three as
expected, with no variation.

A. Key Features of GFET Linearity

To reveal the key features of GFET linearity, we first inves-
tigated the intrinsic RF linearity of a GFET, i.e., the linearity
determined by the dotted portion of Fig. 3 and excluding ex-
ternal parasitics. The resulting IIP3 was plotted against varia-
tions in gate bias and is shown in Fig. 4. The IIP3 curve has
a very distinct shape (signature), with a constant linearity re-
gion (region 1), two sharp peaks at points 2 and 4, and a large
dip around point 3. The presence of the peaks at points 2 and
4 mean that bias sweet spots may exist where a GFET will be-
have very linearly. Fig. 4 also shows the unity-current-gain fre-
quency fr versus gate bias. fr is defined as the operating fre-
quency at which the small-signal current gain of the transistor in
a common-source configuration drops to unity. It is a commonly
used figure-of-merit in evaluating the amplification ability of a
transistor. Note that the peak fr coincides with point 3, which
means the GFET is most nonlinear at peak fr.

1) Constant IIP3 Region (Region 1): From the small-signal
equivalent circuit in Fig. 3, it is clear that the distortion in a
GFET arises from the nonlinear quantum capacitances and
current sources, labeled Csy, Cyq, #ts, and itq. More precisely,
intermodulation distortion at the third-order mixing frequency
2f1 — f2, which is of principal interest in this paper, arises
due to the nonzero second- and third-order coefficients of
the corresponding Taylor series expansions (1)—(4) for these
elements; the second-order coefficients contribute by creating
second-order distortion and then re-mixing it with the funda-
mental frequencies, and the third-order terms contribute by
directly mixing the fundamental frequencies. We hence focus
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Fig. 4. Simulation results for intrinsic IIP3 and unity-current-gain frequency
fr versus gate bias for the GFET under investigation.
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Fig.5. Simulated (a) quantum capacitance and (b) transconductance versus the
dc part of the channel potential for the GFET under investigation. The gate bias
voltages for a few points are indicated for reference.

our attention on the behavior of both the second- and third-order
coefficients.

Fig. 5 plots the quantum capacitances (Csq,Caq) and
quantum transconductances (gsq; gaq) With respect to the bias
(dc) part of the channel potential Vs¢r, where the capacitances
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are defined as the derivatives of the source- and drain-injected
charge with respect to the channel potential, respectively,
and the quantum transconductances are similarly defined but
involving derivatives of currents [29]. The values of gate bias
voltage Vi that apply are also indicated for a few points on the
plots. Since the curves were obtained with constant source and
drain voltages, then by definition, the values of the capacitances
(Csq, Cuq) and transconductances (gsq, gaq) On the plots are
the first-order coefficients Cyq1, Caq1, 9sq1, and gqq1 appearing
in (1)—(4). The second- and third-order coefficients in (1)—(4)
are therefore determined by the first and second derivatives
of the curves in Fig. 5. It can be seen that in region 1 (0.2 V
< Vi < 0.5V), the curves vary linearly with voltage, which
means that the third-order coefficients (determined by the
second derivatives) are almost zero, while the second-order
coefficients (first derivatives) are constant, thereby yielding a
steady amount of distortion in the device over region 1. The
linear behavior of the capacitances and transconductances in
region 1, and hence the constant IIP3 in region 1, arise from
the linear density of states (DOS) of graphene; the connection
between the DOS and the expected behavior is explained for
C4q and gqq when discussing Fig. 8, and similar reasoning
applies for Cs, and gsq.

2) Sharp Peaks at Points 2 and 4: The distortion in a GFET
can arise from multiple sources, and the distortion generated
from these sources can act upon each other constructively or de-
structively. In the discussion to follow, we show that the peaks
at points 2 and 4 arise due to the destructive combination of dis-
tortion from two different sources. Using appropriate biasing, it
may therefore be possible to make the GFET behave very lin-
early.

To identify how the GFET's linearity is affected by the contri-
butions from the second and third-order coefficients in (1)—(4),
we turn them on and off selectively in the intrinsic equivalent
circuit of Fig. 3. Fig. 6 shows the IIP3 of the GFET due to the
two types of coefficients.

It is evident that over particular bias points, the GFET lin-
earity is determined by one of the two types of coefficients.
At low and high gate biases (Vg < 0.6 Vand Vg > 1.0V),
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the device linearity is limited by the distortion generated by
the second-order coefficients. However, for the moderate bias
range 0.7 V < Vg < 0.9 'V, the device linearity is limited by
distortion generated by the third-order coefficients. The peaks
at points 2 and 4 appear when the device linearity mechanism
switches from one type to the other. These results strongly sug-
gest that at the transition regions, distortion contributions from
the two mechanisms are combining in such a way that they
cancel each other, making the device extremely linear. To illus-
trate the cancellation, MWO was used to generate the distortion
components of the small-signal output current ¢4, at the mixing
frequency 2 f1 — f5, in the transition regions; Fig. 7 shows the re-
sults at a gate bias of 0.63 V (point 2). It is seen that the distortion
due to the two mechanisms (second and third-order coefficients)
are indeed 180° out of phase. Similar behavior is observed at the
gate bias of 0.96 V (point 4).

3) Dip at Point 3: The dip in GFET IIP3 at point 3 occurs
where device linearity is limited by the third-order coefficients,
as shown by the results in Fig. 6. An inspection of Fig. 5 shows
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that the source components Cs, and g5 [solid lines in parts
(a) and (b) of Fig. 5] behave linearly over all gate biases of
interest, meaning their third-order coefficients (determined by
the second derivatives) are zero, but the drain components Cyqq
and gqq [dashed lines in parts (a) and (b) of Fig. 5] both show
minima at point 3 (Vg = 0.8 V), which leads to large third-
order coefficients (determined by the second derivatives). The
nonlinear elements Cy, and gqq4 associated with the drain can
hence be expected to contribute substantial distortion around
point 3, which limits the device linearity, as illustrated in Fig. 6.
The origin of the minima in Cyq and g44 can be explained by
observing what happens to the drain transport in this bias region.

Fig. 8 shows the dc channel potential Fscr = —qVsor,
equivalent to the position of the Dirac point in the channel of
a GFET, as a function of gate bias. As illustrated, the channel
potential (Dirac point) decreases with an increasing gate bias
and crosses the drain Fermi level tp = —0.5 eV at point 3,
i.e., for Vg = 0.8 V. The insets in Fig. 8 are provided as vi-
sualization aids and show the position of the Dirac point and
channel DOS with respect to the drain Fermi level at a few gate
biases. It can be seen that at lower gate biases (Vg < 0.8 V), up
is positioned below the channel potential and a large number of
states are available in the channel at the drain Fermi level. As the
gate bias increases, the available DOS at up starts to decrease
and becomes zero at point 3, where the channel Dirac point
aligns with the drain Fermi level (Escr = pp). Beyond point
3 (Ve > 0.8V), up is positioned above the channel poten-
tial, and the number of states available at the drain Fermi level
increases with gate bias. Since the drain quantum capacitance
Caq depends directly on the available DOS at the drain Fermi
level [37], it follows the same trend, i.e., Cqq decreases linearly
with gate bias before reaching point 3, becomes a minimum at
point 3, and increases linearly after point 3. The (energy-inde-
pendent) constant velocity of electrons (and holes) in graphene
means that ¢.q in Fig. 3 and its first derivative gq4 behave in the
same way as ¢q4 and its first derivative Cyq, respectively, which
can be discerned by their governing equations [29]. Thus, both
Caq and gq4 show minima at Vo = 0.8 V (Fig. 5), i.e., at point
3 (Fig. 6).

B. Drain Dominance in GFET Linearity

To further investigate the role of the drain in determining the
linearity of a GFET, we selectively turned on and off the dis-
tortions from the source and drain components, by setting the
appropriate higher-order coefficients in (1)—(4) to zero. The re-
sults are shown in Fig. 9. For all gate voltages, the linearity of the
device is found to be dominated by distortion coming from the
drain. This result is significantly different from a conventional
field-effect transistor in which the channel material has a finite
bandgap (MOSFET or CNFET), where the distortion primarily
comes from the source components [25]. The reason behind this
unique drain dependency of the GFET linearity is two-fold:

i) The zero bandgap of graphene means that the drain al-
ways contributes to the transport. Consequently, the drain
quantum capacitance and quantum transconductance of
the GFET [dashed curves in Figs. 5(a) and 5(b)] are al-
ways large enough to impact the overall device behavior.
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earity due only to the source was found by setting the higher-order coefficients
in (2) and (4) to zero; similarly, linearity due only to the drain was found by
setting the higher-order coefficients in (1) and (3) to zero.

Fig. 5 shows that the drain components Cqq and g4q of
quantum capacitance and quantum transconductance are
relatively large, i.e., of the same order as the source com-
ponents, and that they are nonlinear in a GFET, unlike
a conventional MOSFET (where Cyq and gqq are essen-
tially zero [25]). Comparing the capacitance-voltage and
transconductance-voltage relationships of the source and
drain components in Fig. 5, it is evident that the resulting
second-order coefficients in (1)—(4), determined by the
first derivatives of the curves, would be comparable. On
the other hand, the minima in Cy4 and gy4q make the
third-order coefficients (determined by the second deriva-
tives) of the drain components much larger than the al-
most zero third-order coefficients of the source compo-
nents. The drain components can thus be expected to pro-
duce more distortion than the source components in a
GFET.

ii) The common-source configuration of the device makes
the small-signal gain negative, which means that the
small-signal drain voltage v4 is 180° out of phase with
the small-signal gate voltage vy, and hence with the
small-signal channel potential vg; (Which will tend to
follow w4). This phase difference makes the control
voltage (vq — vsct) for the drain components of Fig. 3,
governed by (2) and (4), bigger than the corresponding
control voltage vs.¢ for the source components, governed
by (1) and (3). The larger control voltage enhances the
distortion coming from the drain components.

The following discussion highlights some of the outcomes of

this unique drain dominance in GFET linearity.

1) Effect of Drain Bias on Linearity: One obvious outcome
of the drain dominance on GFET linearity is an expected drain-
bias dependency of the overall linearity. Fig. 10 shows the IIP3
of the GFET versus gate bias, at a few different values of drain
bias.

As can be seen from the figure, in region 1 (constant lin-
earity), a larger drain bias makes the device more linear. This
outcome can be explained with the help of Fig. 11, which shows
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Fig. 11. Simulation results for (a) transconductance and (b) output conductance
versus gate bias for varying drain bias.

that in this region, a larger drain bias reduces the transcon-
ductance g¢,, and increases the output conductance g,. Since
the available small-signal voltage gain of the GFET depends
on the ratio g,/9g., the larger drain bias results in a smaller
small-signal voltage gain and, hence, a smaller v4. A reduced
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Effect of load resistance Rz, on GFET IIP3 values obtained from sim-

v4 means that the control voltage (¢4 — vs¢f) for the drain com-
ponents is also reduced, which can be expected to reduce the
distortion from the drain components in Fig. 3 [according to (2)
and (4)] and make the GFET more linear.

A larger drain bias also stretches the IIP3 curve, pushing the
peaks at points 2 and 4, along with the dip at point 3, toward
higher gate biases. The straightforward reason for this outcome
is that a larger gate bias is required to push the dc channel po-
tential (Dirac point on a band diagram) down to the lower drain
Fermi level at higher drain bias.

2) Effect of Load Resistance on Linearity: Another outcome
of the drain dominance on GFET linearity is the effect of the
load resistance Ry,. A larger Ry, results in a larger swing in the
drain voltage v4, which enhances the amount of distortion from
the drain components through a larger control voltage (vq —
User) in (2) and (4). On the other hand, a smaller Rz results
in a smaller swing in v4 and the distortion becomes smaller.
Fig. 12 shows the effect of Rz, on IIP3, while the source resis-
tance is held at 50 2. As anticipated, reducing the load from
50 €2 to 12.5 £ dramatically increases the GFET IIP3 by almost
10 dB. Similarly, increasing the value of Ry, degrades linearity.

The unique zero bandgap of graphene (the reason behind the
drain dominance) thus makes it possible to improve the linearity,
by reducing the load resistance. However, before reducing Ry,
to improve the linearity, one must consider its implications on
the voltage and power gains of the device, two desirable prop-
erties of any FET operating at RF frequencies.

a) Voltage gain: The large output conductance of a GFET
limits the voltage gain achievable from these devices. For ex-
ample, Fig. 11 shows that for a drain bias of 0.5 V, the max-
imum (open-circuit) voltage gain available from the GFET is
gm/go ~ 1.2 V/V at a gate bias of 0.5 V. The voltage gain
becomes even smaller when the device is loaded with a finite
R; . Table I shows that the small R;, of 12.5 €2 that makes the
GFET very linear in Fig. 12 also reduces the voltage gain to a
mere 0.1 V/V. An attempt to improve linearity by reducing Ry,
thus reduces the voltage gain considerably.

b) Power gain: Even though the voltage gain of graphene
is poor, a sufficiently wide device can still provide enough
power gain (through increased current drive). For example,
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TABLE I
EFFECT OF CHANNEL WIDTH AND LOAD IMPEDANCE ON LINEARITY AND GAIN
@ 24 GHz AND 0.5 V OF GATE AND DRAIN BIAS

Channel R 1P3 Voltage | Power
Width ( QL) goRL (dBm) Gain Gain
(um) (V/V) | (dB)
12.5 0.125 12.78 0.1 -7.65

1 50 0.5 2.59 0.3 -4.21
100 1 -1.08 0.46 -3.77

1.25 0.125 12.78 0.1 2.35

10 5 0.5 2.6 0.31 5.78
10 1 -1.08 0.46 6.23

TABLE II

INTRINSIC AND EXTRINSIC CIRCUIT COMPONENTS OF THE GFET

Cge [aF] 1040
Cqe [aF] 233
.. Cse [aF] 96
Companents | ——Coar 19] 784
qu1 [aF] 188
Isq1 [mS] 27.74
Ydq1 [mS] 6.65
ng,ext [aF] 40
Extrinsic ggs'eXt %Zg ;2
Components sd,ext
Rg,eff [Q] 220/3
R, Ry [Q] 50

Table I shows that the 1-um wide device has a power gain
of —3.77 dB with a resistively matched load of 100 €2, but a
10-pm wide device has a power gain of 6.23 dB with a resis-
tively matched load of 10 €2, where the degree of matching is
indicated by the product g, Rz.. The gain of the device can thus
be increased by making the device wider and setting g, Rz = 1.
For simplicity, here we are discussing the power gain simply as
Py = Py /P,y s, where Py, is the power delivered to the load
and P,, s is the power available from the source, under the
condition of purely resistive terminations for which we have
been examining the IIP3; substantially more gain is available,
as indicated, for example, by the maximum available gain
(MAG), which is ~30 dB for the 1-um device [7].

Our conclusions on the behavior of IIP3 are unaffected by
device width (Table 1), as long as we compare IIP3 values for
the same g, Ry. Hence, we can now consider a wider device,
providing more power gain, and consider again the tradeoff be-
tween load resistance and linearity. For example, for the 10-pym
wide device, reducing the load from 10 €2 to 1.25  will improve
the IIP3 from —1.08 dBm to 12.78 dBm, but will decrease the
power gain from 6.23 dB to 2.35 dB.

While admittedly examined under highly simplified condi-
tions (resistive terminations and for an intrinsic device), the
key point from this discussion is that the results in Fig. 12 and
Table I demonstrate that a reduction in Ry, does have the poten-
tial to improve linearity in a GFET, unlike conventional FETs,
subject to the caveats of reduced voltage and power gain. We
will re-examine this issue when external parasitics are intro-
duced (Section III-D below).
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Fig. 13. Simulated intrinsic linearity performance potential comparison of a
GFET with its MOSFET and CNFET counterparts. The region 1 and points 2-4
from Fig. 4 for the GFET curve are marked. We have also indicated that the
peak IIP3 for a CNFET and MOSFET occur at the same gate bias as peak fr,
whereas for a GFET, the minimum IIP3 occurs at the gate bias for peak fr. The
GFET fr curve is available in Fig. 4; the MOSFET and CNFET fr curves are
not shown.

C. Linearity of a GFET versus a MOSFET and a CNFET

1) Third-Order Intermodulation Distortion: In order to de-
termine if a GFET holds any promise in RF electronics in terms
of linearity, we need to benchmark its performance against its
competitors. As a basis for comparison, we simulated the lin-
earity of a silicon MOSFET and an array-based CNFET with
identical channel length (L = 18 nm), channel width (W =
1 pm), and gate capacitance; these are the devices illustrated in
[Fig. 1, 25]. The CNFET had 100 tubes (tube pitch = 10 nm)
in the channel to obtain a drive current comparable to the other
devices. All three devices (including the GFET) were tested
with 50-£2 two-tone sources and 50-€2 load terminations and the
IIP3 values were recorded against gate bias. For the compar-
ison, we retain the focus on the linearity of the intrinsic tran-
sistor so that the emphasis in our comparison is on differences
arising from the channel material. Fig. 13 shows that the GFET
offers linearity that is, overall, comparable to its MOSFET and
CNFET counterparts under this scenario. However, two differ-
ences can be flagged. First, as already discussed, the drain de-
pendence of the GFET offers us with an opportunity to enhance
its linearity by increasing the drain bias Vp or by lowering R,
which is not possible in the other devices. Second, the GFET's
linearity offers a sweet spot prior to and after peak fr; these are
the points 2 and 4 discussed earlier in conjunction with Fig. 4.
In fact, the GFET offers its worst IIP3 at peak fr, unlike the
MOSFET and the CNFET, both of which offer their best IIP3 at
peak fr.

2) Second-Order Distortion: While we have focused on
third-order distortion, second-order distortion can also be
important in certain RF applications [38]. For example, two
out-of-band jammers can mix via a second-order intermod-
ulation product, creating undesired components at the sum
and difference frequencies, each of which could land on the
fundamental frequency. We will focus on the sum frequency
for the sake of this discussion.
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For the second-order distortion at the mixing frequency
f1 + f2, the GFET suffers from poor linearity when compared
to its MOSFET and CNFET counterparts (Fig. 14). This out-
come is primarily because of the linear DOS and zero bandgap
of graphene, which cause all four quantum capacitances and
transconductances of the GFET (source and drain components)
to contribute to the distortion.

Fig. 15 shows the relevant quantum capacitances and
transconductances for the three devices. Fig. 15(a) shows
Csq for all three devices, as well as Cy, for the GFET,
noting Cyq ~ 0O for the CNFET and MOSFET; similarly,
Fig. 15(b) shows gs4 for all three devices, as well as g4 for the
GFET, noting gqq ~ 0 for the CNFET and MOSFET.

As illustrated in Fig. 15(a), Csq for the CNFET and MOSFET
tend to flatten out with bias, which results in small values of the
second-order coefficients (determined by the first derivatives of
the shown curves) in the Taylor-series expansion (1) for these
devices; the coefficients in (2) are zero since Cyq =~ 0 in a
CNFET and MOSFET, due to the existence of a bandgap in the
corresponding channel materials. On the other hand, both Csq
and Cgq show significant slope over most bias values for the
GFET, causing the coefficients in both (1) and (2) to be pro-
nounced for the GFET.

Similar results follow from inspection of Fig. 15(b), which
suggests pronounced distortion from (3) and (4) for the GFET,
but only (3) for the MOSFET and neither for the CNFET.

Overall, the GFET will hence have second-order distor-
tion contributions from all four nonlinear elements in Fig. 3,
whereas only one or two of the components will play a role for
the CNFET and MOSFET; the GFET thus exhibits the worst
11P2.

One subtle point about the GFET's IIP2 curve should be
noted. Unlike the GFET's IIP3, its IIP2 peaks (sharply) at the
gate bias for peak fr. This outcome can be attributed to the
minima in the drain components Cqq and gqq at that bias point
(as shown in Fig. 15 and earlier in Fig. 5), which makes the
second-order coefficients determined by the first derivatives
very small.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 63, NO. 12, DECEMBER 2015

1500
€ e N T Csa.MOSFET
= y
& ! qu.GFET
8 1000k Large slope / |
Z of Cgq and i
£ Cqq produces % Almost constant Cy,
O considerable produces negligible
E second-order second-order distortion in
6 distortion in B MOSFET and CNFET
s 500l  GFET N, i
L - |
:) ~, v -
Z / """"" Csqonrer
3 . Vg=08V
\L CoqGFET
0 1 1 1 1 1 1 1
0 0.1 02 0.3 04 05 06 0.7 08
DC CHANNEL POTENTIAL (V)
(@
—_— 70 T T
g # OsqMOSFET
@ gp|  Largeslope of gy 7 |
£ produces considerable b
W second-order rid
Z 50+ distortionin MOSFET ———> ~ 4
< A
lg // Osq GFET
g Large slope of / i
§ Osq @nd gyq ﬁ/ﬁ Almost constant gg,
% 30F  produces / produces negligible |
z considerable / second-order
§ second-order distortion in CNFFET
E 201 distortion in / 1
5 MOSFET and .., /,--v ——————————————— = OsqCNFET
g 10t GFET i, V=08V
= \7’—> i .« QdaGFET
G " D A A ‘

0 0.1 02 03 04 05 06 07 08
DC CHANNEL POTENTIAL (V)

()

Fig. 15. (a) Relevant quantum capacitances and (b) transconductances versus
channel potential for a GFET, MOSFET, and CNFET. The curves are plotted
from simulations under an applied gate bias of 0.2 Vto 1 V.

D. Extrinsic Linearity of GFET

1) Calculation of Parasitics: To calculate the extrinsic par-
asitics, the gate contact was assumed to be made of tungsten
with dimensions W x L, x t; of 1 pm X 18 nm x 60 nm.
Tungsten was chosen due to its closely matched work-function
with graphene. From the resistivity of tungsten, the total resis-
tance of the gate contact was calculated to be 220 €2. The dis-
tributed gate resistance was then modeled as a lumped resis-
tance, Ry .¢ = 220 /3 1. The source and drain contact resis-
tances were taken to be R, = Ry = 50 €2, near the theo-
retical minimum for graphene [39], [40]. The extrinsic capac-
itances were measured to be Cyq exi = 40 aF, Cys exe = 40 aF,
and Cyq.ext = 24 aF by simulating the open-pad structure in
COMSOL [32].

Table II lists the intrinsic and extrinsic circuit component
values of the 1-pm wide GFET studied in this work; the bias-de-
pendent values were calculated for gate and drain voltages both
equal to 0.5 V, and only the first-order coefficients are listed for
the nonlinear elements.

2) Extrinsic Linearity Features of a GFET: Once developed,
the final extrinsic equivalent circuit was simulated in MWO
[33]and the resulting IIP3 values are plotted versus gate bias in
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Fig. 16. Simulated intrinsic and extrinsic IIP3 versus gate bias.

Fig. 16. For the 1-pm wide device, the external parasitics were
found to slightly degrade the device linearity, but the signature
shape identified from the intrinsic device remains, as demon-
strated in Fig. 16.

By selectively removing the parasitics one by one from the
circuit in Fig. 3 and solving in MWO, we found that the extrinsic
capacitances do not affect the RF linearity of GFETs; rather, it
is the contact resistances. The following discussion identifies
the contribution of the contact resistances to GFET linearity.

3) Impact of Drain Contact Resistance: Our investigation
showed that the drain contact resistance is primarily responsible
for degrading the overall RF linearity of the GFET. The poten-
tial drop across the drain contact resistance added to the output
voltage vq ex¢ results in a larger intrinsic drain voltage vq in the
circuit of Fig. 3. As discussed in Section III-B, a larger vq in-
creases the distortion from the nonlinear drain components in
Fig. 3, a phenomenon unique to GFETs, and makes the device
more nonlinear, by increasing the control voltage (v4 — vsct) in
(2) and (4).

It should be mentioned that the source contact resistance will
tend to improve the linearity of the device slightly due to its
well-known feedback effect in the common-source configura-
tion [41, p. 101], but any such improvement is dominated by
the degrading effect of the drain resistance.

The gate contact resistance is small enough in the 1-pm wide
device that it does not affect the linearity; we will shortly con-
sider a wider device to isolate its effect.

Simulating the extrinsic circuit with zero R4 while retaining
the parasitic capacitances results in identical linearity between
the extrinsic and intrinsic devices, as shown in Fig. 16. A small
drain resistance is hence essential to making a GFET as linear
as possible.

One other note should be made about the impact of the drain
resistance. In Section III-B, it was shown that a small R, has the
potential to improve the GFET linearity by reducing the swing
of the drain voltage vy (Fig. 12). However, the presence of the
drain contact resistance makes it impossible to lower the swing
of v4 enough to improve linearity significantly. Fig. 17 shows
the effect of variation in R, on linearity for the extrinsic GFET.
The reduction in Ry, that improved the linearity by almost 10 dB
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Fig. 18. Simulated intrinsic and extrinsic IIP3 versus gate bias for a 10-um
wide GFET.

in the intrinsic circuit only improves the linearity by 2.2 dB in
the extrinsic circuit. Keeping the drain contact resistance low is
hence also important to allow for potential linearity improve-
ment by adjusting Ry,.

4) Effect of Gate Contact Resistance: To examine the impact
of Ry o, a wider device (W > 10 pm) must be considered,
where R, i is appreciable. Fig. 18 shows that the linearity of
the 10-um wide device improves significantly when the effects
of the external parasitics are included. The drain contact resis-
tance still degrades the linearity, but the degradation is canceled
by an even greater improvement in linearity due to the gate con-
tact resistance R, .. As device width increases, the gate con-
tact resistance can hence improve linearity, but this would, of
course, come at the expense of reduced power gain.

IV. QUALITATIVE COMPARISON WITH EXPERIMENTAL
RESULTS

Finally, we compare our IIP3 values with experimental re-
sults. As discussed in Section I, most experimental studies have
considered the linearity of graphene in RF mixers or circuits
[14]-[20]. However, Jenkins ef al.[21, Fig. 4(a)] measured the
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linearity of an individual epitaxially grown n-type GFET in a
manner that is consistent with our study. Microscopy images
of a similar device are shown in [42]. Note that the fabri-
cated device has a much longer channel than our device, which
makes a direct comparison with our simulation results impos-
sible. However, a qualitative comparison with the reported I1P3
values, as shown in Fig. 19 [parts (a) and (b)], demonstrates
that the key signature of the GFET IIP3 (regions 1 to 4), as
identified in Section III-A, is present even in a long-channel
(L = 700 nm) fabricated device. In comparing the predicted
and experimental data in parts (a) and (b) of Fig. 19, two
points should be borne in mind. First, the actual gate bias and
ITP3 values should not be expected to overlap, as the two de-
vices involved have different channel lengths; of relevance are
the relative positions of the identified regions and points with
respect to gate bias, and the resulting signature in the IIP3
behavior. Second, to assign our identified regions to the exper-
imental plot without ambiguity, we have used points 6 and 3 as
anchors; point 6 corresponds to the minimum in power gain,
and point 3 corresponds to the maximum in power gain. With
these two points noted, Fig. 19 shows good overall qualitative
agreement between the predicted signature [part (a)] and ex-
perimental results [part (b)].

Extending the gate bias values beyond the 0.2 V to 1 V range
used throughout our study thus far shows that our approach is
capable of capturing most features present in the experimental
IIP3 curve [21]. Regions 5, 6, 7, and 8 in the extended plot in
Fig. 19(a) clearly mirror the corresponding regions in Fig. 19(b).
The mechanism behind these regions can be revealed by exam-
ining our developed nonlinear model.

* Regions 5 and 8 are similar to region 1, in which the IIP3
values are relatively insensitive to gate bias. In these re-
gions, we found that the source and drain quantum capac-
itances and transconductances vary linearly with voltage
(consistent with extrapolating the curves in Fig. 5). There-
fore, the IIP3 remains almost constant.

* Point 6 occurs at the point of minimum conduction, such
that the small-signal transconductance g,, is zero. This
zero transconductance results in a small-signal voltage
gain A, of zero. The output of the device therefore
contains distortion due to the nonlinear circuit compo-
nents, but the fundamental frequency component is ab-
sent. This makes the device extremely nonlinear at this
bias point.

* Point 7 shows another peak in IIP3. By separately exam-
ining the nonlinearity of the source and drain components
in the small-signal circuit, we found that the contributions
to distortion from the source and drain components at point
7 are of equal magnitude and opposite phase. This results
in a destructive combination of distortion components, re-
sulting in an ITP3 peak.

However, a few discrepancies do exist.

* Region 1 has a much smaller span in the experiment versus
the simulation [Fig. 19(a)], but it should be noted that this
region appears between the peaks at 7 and 2, and that its
extent depends strongly on the drain bias, as discussed
in Section III-B in conjunction with Fig. 10. This drain-
bias dependence of the extent of region 1 is confirmed by
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Fig. 19. Qualitative comparison of simulated (extrinsic) IIP3 values of the
GFET under investigation in this paper at drain biases of (a) 0.5 V and (¢) 0.3 V
with (b) experimental data [21, Fig. 4(a)]. We have also shown the power gain
in each case for reference.

comparing the simulation results in Figs. 19(a) and 19(c),
where a narrower region 1 can be observed in the simu-
lation of Fig. 19(c) [corresponding to Vp = 0.3 V] vs.
Fig. 19(a) [corresponding to Vp = 0.5 V].
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» fThe peaks at points 2 and 4 are diminished in the experi-
mental TIP3, and the dip around point 3 is also less promi-
nent. The differences between the experimental data and the
numerical results are most likely due to the nonidealities in
the practical device that our model does not consider, such
as scattering. The fabricated GFET in[21] is a long-channel
device with a channel length of 700 nm. The transport in
this device is therefore subject to scattering, which is ne-
glected in the short-channel GFET (L = 18 nm) consid-
ered in this study. As discussed in Section III-A, the forma-
tion of the peaks at points 2 and 4 is dependent on the phase
relationship of the distortion generated by the second- and
third-order coefficients of the drain components Cy, and
gdq. The presence of scattering in the long-channel device
may change this phase relationship by requiring a modifi-
cation of the circuit in Fig. 3, which is strictly valid only
for ballistic transport, thereby diminishing the peaks.

* Lasy, while both our model and the experiment show a
slightly increasing ITP3 moving out toward very high gate
bias in region 9, the experimental IIP3 additionally shows
a pronounced dip following region 8 that is barely percep-
tible in the numerical results of Fig. 19(a) and absent in
the numerical results of Fig. 19(c). We attribute this dif-
ference to a breakdown of our ballistic model in the high
bias regime of region 9, as phonon scattering is much more
prominent at large gate biases [43], [44].

The similarity of the experimental and theoretical curves in
Fig. 19 provides qualitative validation of our modeling approach
and resulting observations on the linearity of GFETs. However,
this similarity calls for a more detailed investigation and dis-
cussion that clarifies why the signature behavior of linearity,
which is apparently present at all channel lengths, is governed
(for graphene) by features of a ballistic transport model. This in-
vestigation and discussion will be pursued separately; here, the
most important outcome is that the similarity of experiment and
simulations supports our approach and conclusions.

Finally, we observe that the experimental curves shown in
Fig. 19(b) show power gain values comparable to our simula-
tion results, but notably higher IIP3 values. Although we should
be careful about making quantitative comparisons due to the dif-
ferences between the two devices, the increased IIP3 in the ex-
perimental device suggests that the presence of scattering may
improve the linearity of GFETs. One reason may be that scat-
tering linearizes the current-voltage behavior. As seen in Fig. 2,
the ballistic device in our study shows no saturation in the cur-
rent-voltage characteristics, whereas experimental devices will
likely exhibit stronger saturation due to phonon scattering [45],
and therefore better linearity. Confirming this hypothesis would
require a careful inclusion of the effects of scattering in our non-
linear model (e.g., via the method outlined in [46]), which is be-
yond the scope of our present study.

V. CONCLUSIONS

The following conclusions can be drawn regarding the RF
linearity potential of GFETs.
1) The IIP3 versus gate bias curve of the GFET has four dis-
tinct features. A constant linearity region, two sharp peaks,
and a large dip.
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2) The linear DOS of graphene results in a linear quantum
capacitance and transconductance versus voltage relation-
ship in GFETs at low gate bias (0.2 V < Vi < 0.5 V),
which is responsible for the constant linearity region.

3) Depending on the gate bias, the GFET linearity is dictated
either by distortion generated by second-order coefficients
or by third-order coefficients in the Taylor-series expan-
sions of the nonlinear components. A destructive combi-
nation of distortion from the two mechanisms in the tran-
sition regions creates sharp peaks in the ITP3 curve.

4) The GFET offers its worst linearity at peak fr.

5) Over all gate bias values, the distortion generated in the
nonlinear drain components dictate the GFET linearity.
This is an outcome of the zero bandgap of graphene. It
also makes the RF linearity highly sensitive to variations
in drain bias and potentially load resistance.

6) Interms of third-order distortion, the GFET's performance
is comparable to its MOSFET and CNFET counterparts,
with the distinguishing feature that the peak IIP3 does not
occur at peak fr.

7) Due to its linear DOS and lack of a bandgap, the second-
order distortion is much worse in a GFET than in its com-
petitors.

8) The extrinsic IIP3 retains the key features (signatures) of
the intrinsic I11P3.

9) Parasitic capacitances have a minimal impact on GFET
linearity.

10) The drain contact resistance degrades the linearity of a
GFET, while the source resistance has minimal impact; this
occurs due to the drain dominance of GFET linearity (con-
clusion 5). In wide devices (W > 10 pm), the gate contact
resistance can make the device more linear but will degrade
the power gain.

11) Qualitative agreement between our results and published
experimental data [21] supports our approach and conclu-
sions.

Overall, the most important outcomes of this work are the
identification of the signature behavior and the drain depen-
dence of graphene linearity. We also showed that graphene has
the potential to offer third-order linearity at least comparable to
CNFETs and MOSFETs, but suffers from worse second-order
linearity. The load-resistance dependency creates a unique op-
portunity to improve the linearity in GFETs by using smaller
loads, but at the cost of reduced voltage and power gain. All
these key outcomes are intimately tied to the lack of a bandgap
and linear DOS of graphene.
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