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Abstract—1In this paper, we present a compact model for
graphene resonant channel transistors (G-RCTs) that uses
extracted electrical and mechanical parameters to provide an
accurate simulation of dc, RF, noise, and frequency-tuning
characteristics of the device. The model is validated with
measurements on fabricated G-RCTs, which include what we
believe to be the first noise measurements conducted on any
resonant transistor. The noise model, which considers both
electrical and mechanical sources, is used to demonstrate the
fundamental differences in the noise behavior of active and
passive resonator technologies, and to show how optimization of
device parameters can be used to improve the noise performance
of RCTs.

Index Terms— Compact model, graphene, noise, resonant
channel transistor (RCT), resonator.

I. INTRODUCTION

ESONANT channel transistors (RCTs) are active

nanoelectromechanical devices in which the channel
of a field-effect transistor (FET) is simultaneously used as
a mechanical resonator and as a high-gain transducer of its
own mechanical motion into an electrical signal. The active
FET sensing used in RCTs contrasts with the capacitive
or piezoelectric transduction used in passive resonator
technologies, which trades increased parasitic capacitance
and decreased out-of-band rejection for improved actuation
and sensing [1].

RCTs belong to a family of resonant-transistor (RT) tech-
nologies, including resonant-body and resonant-gate devices,
that break the trade-off between transduction and feedthrough
parasitics. Due to this advantage, RTs are being explored for
a range of potential applications in RF oscillator and filter
circuits based on different material systems and using a variety
of transduction modalities [2]-[7]. RCTs made from graphene
are of particular interest because they take advantage of the
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material’s low mass (7.4 x 1071 g/m?) and high stiffness
(340-N/m in-plane Young’s modulus) [8] to deliver resonant
frequencies (w,) in the hundreds of megahertz at quality
factors (Q) in excess of 100 at room temperature [9], and
10000 at cryogenic temperatures [6]. High breaking strength
(34 N/m) [10] allows graphene membranes to be fabricated
in highly strained configurations, which further boost both
Q and o, [11], [12], and graphene’s high room temperature
carrier mobility (u# > 10000 cm?/V - s) results in an excellent
signal transduction.

G-RCTs also have several advantages in fabrication over
thin-film bulk acoustic resonators (FBARs) currently used
in many RF applications. The first is that @, is a function
of in-plane dimensions that are lithographically defined
rather than layer thicknesses that characterize FBAR resonant
frequencies. This makes it possible to create arrays of
multifrequency devices on a single chip without a large
number of deposition steps, facilitating the design of filter
banks for applications, such as cognitive radio. Moreover,
tuning of wp by more than 1 MHz/V using the gate-to-source
dc bias voltage has been demonstrated [11], allowing
G-RCT circuits to be dynamically tuned postfabrication.
A final advantage is that high-quality CVD graphene can be
easily grown in a separate process and transferred onto nearly
any surface [13], facilitating integration of G-RCTs with a
silicon-CMOS back-end metal stack.

To aid the design and optimization of circuits that use
G-RCTs, an all-region compact model is required that not only
models the ac and dc characteristics of the device, but also its
intrinsic noise. Without a proper noise model, designers would
be unable to simulate the noise figure (NF) of filter circuits
or the phase noise of oscillator circuits based on G-RCTs.
To the best of the authors’ knowledge, no group has reported
noise characterization results for any type of RT. Previous
work on G-RCTs focused on modeling doubly clamped
beam devices [14], and derived an expression for the drain
current (I;) of the device by superposing a large-signal model
for a graphene FET (GFET) and a frequency-dependent small-
signal model for an RCT. This approach is not conducive
to circuit design because separate models must be used for
ac and dc simulations, and since the ac model is formulated in
terms of small-signal frequency-domain equations, it cannot be
used in transient simulations that are necessary for observing
start-up behavior in oscillators. Furthermore, physical
behaviors such as variation of direct current—voltage (I-V)
characteristics due to the changes in channel displacement,
and any effects involving noise are entirely neglected by
this model.
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Fig. 1. (a) SEM image of a G-RCT. The channel width (W) and length (L)
are the dimensions of the graphene strip. In our design, the SU-8 defines a
suspended clamped drum region with a diameter D that is equal to L and
slightly smaller than W. (b) Cross-sectional diagram and a small-signal model
of a G-RCT. G, D, and S represent the gate, drain, and source electrodes,
respectively. The source and drain electrodes have a 1-nm adhesion layer of
titanium (not shown). The full metal stack for the electrodes is 1/15/50 nm
of Ti/Pd/Au.

In this paper, we develop a more physical model for G-RCTs
that enables simultaneous simulation of the dc, RF, and noise
characteristics, as well as the electrostatic frequency tuning
behavior of the device. The model is derived by coupling the
analytical expressions for the charge in the graphene channel
with the nonlinear time-varying (NLTV) equations that
describe the resonator motion. This approach allows the cir-
cuit simulation environment (e.g., Agilent Advanced Design
System (ADS) and Spectre) to directly solve for both the
physical displacement of the resonator and I; at each step
in the simulation, creating a true physical link between the
electrical and mechanical domains of operation. In addition,
our study focuses on fully clamped circular drum resonators,
which eliminate the spurious modes often seen in doubly
clamped structures [11].

Section II describes the fabrication and operation of
our G-RCTs. In Section III, we derive our compact
model and validate it by comparing the simulation results
with the measurements of fabricated devices. Section IV
explains the formulation of a noise model for G-RCTs and
verifies its accuracy with what we believe to be the first
NF measurements on an RT. Finally, in Section V, an
analytical expression for the NF of G-RCTs used as filtering
elements is derived, and the trends predicted by the expression
are verified through model simulations.

II. DEVICE FABRICATION AND OPERATION

Fig. 1(a) and (b) shows an SEM and a cross-sectional
diagram of the G-RCT structure characterized in this
paper, respectively. The device consists of a graphene sheet
suspended above a metal gate by source and drain contacts
made from palladium capped by gold. The graphene used
in these devices is single layer, which is confirmed with
the Raman spectra measurements of the graphene following
CVD growth [10]. An SU-8 polymer clamp is lithographically
patterned on top of the suspended graphene channel in a drum
geometry. After SU-8 patterning, the devices are hard baked
at 250 °C to crosslink the polymer, causing it to contract
and apply additional strain to the graphene. A more detailed
description of the device fabrication can be found in [11].
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The suspended area of the channel is actuated by applying
a dc bias Vg5 dc and an RF signal amplitude of Vgs to the
gate electrode. Vs dc sets the polarity of the GFET structure
and enables mechanical transduction. Vgs causes the channel
to vibrate due to the electrostatic force, and the motion of
the channel relative to the gate causes the capacitance of
the structure to vary, modulating the channel charge density.
Vibrations are sensed by applying a drain bias (Vys) to the
device and observing the resulting modulation in ;.

Fig. 1(b) shows a small-signal circuit model for the device,
including noise sources. The model is similar to that of a
conventional FET, with the addition of an effective mechanical
transconductance gmm and a Browninan noise source i,%,b
(Section IV). The small-signal drain current is given by [15]

ig = —joCprVg — jwzz_ocgevgs,dc +8mVgs + ngZ_OVgs,dc
(1

where o is the frequency of operation, 7 is the amplitude
of vibration, zo is gate-to-channel spacing with Vg 4c = 0,
Cge is the electrostatic gate-to-channel capacitance, gy is
the transconductance of the GFET, and Cgr is the total
gate-to-drain capacitance including any parasitics. Due to the
ambipolar nature of graphene, the sign of g, can change
depending on whether the device is biased for p- or n-type
operation, and if Vys is positive or negative. For the remainder
of this section, we will assume the sign of g, is positive.

The amplitude of vibration of the graphene membrane is
given by

. CgeVgsa 1 -
5= gfn gs,dc . —— Vs (2)
20 Wy — * + joow/Q

where m is the resonator mass. The first two terms in (1) are
the electrostatic and mechanical displacement currents seen
in passive Microelectromechanical systems (MEMS) devices.
The third term is identical to iy for an FET, and the fourth
term is the actively transduced mechanical signal. The third
and fourth terms are typically an order of magnitude or more
larger than the passive terms and dominate the frequency
response. Using this approximation and inserting (2) into (1),
a simplified expression for iy can be written as

ig(w) ~ gm‘;gs + gmm‘;gs 3)
2
_ Cge Vgs,dc 1 (4)
8mm = 8m mz(z) o+ ijwo .

The first term in (3) is a background signal with a magnitude
that is independent of w, and a phase of 180°. The second
term, representing the mechanical signal, is at its maximum
near wg, where it has a 90° phase shift due the quadrature
relationship between the driving voltage and the motion of
the channel at wp; away from wy this term is small.

III. ELECTROMECHANICAL MODEL DESCRIPTION
To capture the full electromechanical behavior of the
G-RCT and provide modeling across all regions of operation,
we have developed a physics-based compact model imple-
mented in Verilog-A, which includes both electrical and
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kinematic components. The model combines a large-signal
model for a GFET [16] with a continuum mechanics model
for a 2-D membrane [17]. The basic operation of the model
consists of the following steps.

1) The NLTV equations of motion for the mechanically
resonant part of the channel are solved for its instan-
taneous displacement z based on applied terminal
voltages.

2) The z-position is used to calculate the instantaneous
value of the air-gap capacitance C, in F/m?.

3) C, is applied to a GFET model to calculate the channel
charge density and ;.

The primary difference between our model and the model
described in [14] is that we formulate the full equation of
motion for the graphene channel such that the circuit simu-
lator solves for z at each step, and the solution is directly
used to solve for the channel charge. This model structure
mathematically links the electrical and mechanical behavior
of the device and leads to a more accurate representation of
the physical system.

In our model, the quantum capacitance C, of the graphene
is neglected since the relatively large zop results in a
smaller electrostatic capacitance that dominates the overall Cy.
C, is approximated as a parallel plate capacitance, which is
divided into a dynamic component representing the suspended
drum, and a static component representing the area under the
SU-8 clamp, to properly model the motional and background
currents in the device. The capacitance per unit area for the
static region is given by

Co="2 5)
20
where €y is the vacuum permittivity. The dynamic region
capacitance is given by
€0

(6)

C = .
S —2
The NLTV equations of motion can be written in state-space
form and implemented in Verilog-A as [18]

dz _
(Ztv_ 1 (7)
E:Z(Fe_Fs_Fd)

where v is the velocity of the resonator, F, is the electrostatic
force, F; is the spring restoring force, and Fy is the damping
force. The forces on the resonator are given by [17]-[19]

1 GOAdyn
F,=-v2, — 9 8
e 2 g,ch (ZO — Z)2 ( )
87 Eyrp 3 2wrErpo
F = : > ©)
3(1—\)12,)R2 102
F; = bo (10)

where E».p is the in-plane Young’s modulus of graphene, v, is
Poisson’s ratio, R is the drum radius, o is the built-in strain
of the membrane due to the SU-8 clamp, b is the damping
coefficient, Agyn = 7 R? is the area of the drum, and Vg,ch is
the channel actuation voltage, given by

1

Vg,ch = Vgs - Evds (11

where Vg ch is set equal to the potential between the gate
and the midpoint of the channel, instead of the gate-to-source
voltage Vs, to account for the fact that the quiescent
electrostatic force on the drum is not uniform across the
channel length due to Vy. The damping coefficient is
calculated from the spring constant of the membrane k; as

Vksm
9

2r Er.po 5 €0Adyn
_ p——.
1—v2 §M(z0 —2)3

b:

12)

k. =
T

13)

In this formulation, Fy is given specifically for a 2-D circular
membrane, but the spring force of a different geometry
(e.g., doubly clamped beams) could be substituted to apply
the model to a different type of RCT.

1; for the GFET structure is given by [16]

B qufOVdSn[V(x)]dV
L—ufy-Lav

Usat

Iy

(14)

where ¢ is the elementary charge, W is the channel width,
4 is the effective mobility, and n[V (x)] is the channel carrier
concentration at a given position x along the channel associ-
ated with a local potential V. The denominator of (14) can be
simplified by approximating the saturation velocity vgy with
an average value for the entire channel with

Wph
~ p
Usat =~
A/ T Nmid

where npiq is the carrier density calculated at the midpoint in
the channel written as

Co(Ves — Viso — Vas/2) |
”lmid:\/”l(z)'f‘( 0( gs flso ds/ )) (16)

where Vg is the gate-to-source voltage at the Dirac point,
no is the minimum sheet carrier concentration at this voltage,
and hwpy is the dominant phonon energy. Since the device
is not substrated, the zone-edge optical phonon of graphene
(160 meV) is used [20]. We note that this is the appropriate
value for suspended graphene, but may not be correct for the
graphene in contact with the SU-8. We account for any error
introduced by this value with a fitting parameter M shown
later. Applying this approximation, vgy can then be moved
outside the integral.

The current contributions from the static and dynamic
regions to I; are computed separately since they are functions
of Co and Cyg qyn, respectively. The following equations show
the analytical solution of the integral of the carrier density
in the numerator of (14) for the dynamic region only; the
equations for the static region are identical except for the
substitution of C¢ in place of Cg dyn:

15)

Vas
/o nayn[V(x)1dV
= n4,lim — Ms,lim = Ndyn,ch (17)
1 n(z) In (w + nd)
nd.lim = 5 | ~Nd Ven,a + Coaynd (13)
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4
1 I’l% In (_Cs’,d;nvch,s + ns)
m = = | —nyV, 19
g lim 3 ngVen,s + Cg,dyn/q (19)
\/2 (Cg,dynvch,d)2
ng =, /ng+ | ————
q
Cg.dynVeh.s \°
ng = \/ n3 + (7&‘”; h) (20)
Vch,d = Vgs - VgsO - Vds, Vch,s = Vgs - VgsO~ (2D
Using (17)—(21), the final expressions for I; can be
written as
We,dyn = MD» We,stat =W - We,dyn (22)
I = qu We,statnstat,ch We,dynndyn,ch (23)

L+uﬂ

Usat

where W, gyn and W, g are the effective channel width for the
drum and the clamped area, respectively. M is a dimensionless
modification factor that accounts for the overestimate of /7, dyn
that occurs since the integral of the carrier concentration across
the drum region is for a circular rather than rectangular section
of the channel. M is typically ~0.25 for this geometry. Series
resistances at the source and drain (R.) are also added to
the model in Verilog-A as the branches between the intrinsic
device and the drain and source pads. The final contributions
to the model are the intrinsic gate-to-source and gate-to-drain
capacitances, given approximately by

L—i—,uﬁ

Usat

Cos = CoWL. (24)

To verify the model, measurements were conducted on
devices in a vacuum probe station at Py < 107° torr.
S-parameter (SP) measurements were conducted using an
Agilent N5230A network analyzer in a standard two-port
configuration with bias tee on the gate and drain. The mass
and ¢ of the graphene membrane were extracted from the
frequency tuning behavior of $>1 as a function of Vg using
the continuum mechanics model, and Q was extracted from
the full-width at half-maximum of S>; with the background
gm signal subtracted. Electrical parameters x4 and Vg0 were
extracted from /-V measurements, and ng and R, were used
as fitting parameters. The full set of parameters for the device
modeled in this paper is shown in Table I. The mass is given
as a multiple of the intrinsic mass of the graphene drum my;
m is typically larger than m( due to residue from fabrication.

I-V measurements of the device are compared with the
simulations of the model conducted in ADS in Fig. 2.
Fig. 3 shows the measured and simulated S>; as a function
of frequency and Vs, demonstrating that the model also
accurately reproduces the strain-frequency tuning behavior.
Slices of the S»; simulation from Fig. 3 and the measurements
for Vgs = —4.0 V and Vy4s = —0.4 V are compared in Fig. 4.
All the measurements agree well with the simulation,
although there is some discrepancy near the Dirac point in the
low-field -V shown in Fig. 2(b). This stems from a combina-
tion of neglecting C, in our calculation of the channel charge,
and error in the velocity saturation model [16] that only
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TABLE 1
MODEL PARAMETERS
Parameter Value
L 2um
w 4 um
D 2um
20 115 nm
@ 39
m 6.53 mg
o 0.00077
1 3250 cm?/V - s
no 3.72 x 10" em =2
R, 190 Q- um
Vg 50 25V
M 0.25
0
3000
2800
5—100 . z; =:;i xz: @m 2000
8 o Vyy =3, Meas. o° 2400
o Vg ==, Meas.
V=1, Sim 22001
7Vg== -2, Sim.
— Vg =3, Sim 2000 = Data
200 V=4, Sim. — Simulation
“04  -03  -02  -01 o W6 1 2 3
) Vgs V)
(a) (b)
Fig. 2. (a) High-field /-V measurements and simulation. (b) Low-field

I-V measurement and simulation at Vgg = 10 mV.
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S 60 g
2 e
3 55 o«
g -65
- 50
45
40 -70
~4 -3 - -1 3 2 1 0
Vee¥) Vo V)
(a) (b)
Fig. 3.  (a) Measured and (b) simulated S>; as a function of frequency

and Vgs. Both simulation and measurement were conducted at 21 Vgg points.
The compact model replicates the strain—frequency tuning behavior of the
graphene drum.

becomes noticeable at low charge densities. However, G-RCTs
are often operated at higher densities, where these effects are
of little consequence.

IV. NOISE MODELING

The primary intrinsic noise sources in an RCT are the
Johnson noise due to the channel resistance i ,21 i and the trans-
duced Browninan noise due to the mechanical vibrations i ,21 b
These are modeled as noise current sources, as shown in Fig. 1.
The same expression used for i ,21 j in FETs is used in our model

in ;= 4kpT gaoy (25)

where gg0 is the channel conductance at Vgg = 0 V [21],
and y ~ 1 for our RCTs because they do not saturate due to
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Fig. 4. Comparison of SP measurements and simulations for Vgs = —4.0 V
and Vgg = —0.4 V. (a) Magnitude and (b) phase of the S7;. The phase of the
device at resonance is ~100° rather than the 90° since g, is still contributing
a noticeable fraction of the output signal.

]
8
8

x 10
7.5
Vv Probe 7
dsd station
6.5
Vgs —
° z
Analyzer 5.5 <
RF Amp ©
I) (S5 =60dB) 5 o
— i?
= n,d 4.5
— 4
3.5

(a)

Fig. 5. (a) Noise measurement setup. The device is probed inside a vacuum
probe station and an RF amplifier is placed on the RF port of a bias tee
outside the probe station. (b) Measured drain current noise (z d) as a function
of frequency and Vgs for Vgs = —0.4 V. Both simulation and measurement
were conducted at 21 Vgg points. The contribution of //f noise can be seen
at lower frequencies.

their relatively large Z() i2 ..p 18 @ function of the noise spectral
density of vibrations z;, (mZ/HZ) and the efficiency with which
they are sensed. This is illustrated using the fourth term in (1)
to write

)
i2, =g2V? 26
n,b gm g, dc Z()2 (26)
where z,zl is given by [22]
4k, T 20
2= e 27)

2
(0f —o?) + (222
o 18 included in the model by adding a force term F}, into (7)
given by [18]

i2

Fy = 4kpTh. (28)

The Johnson noise contributed by R, is also included in the
model.

To corroborate the model, measurements were performed
using the setup shown in Fig. 5(a), which consists of
a Miteq AU-1447 low-noise amplifier (LNA) and an
Agilent E4440a spectrum analyzer. The measurements shown
here were conducted in the dark; no difference was observed in
the noise spectra when the device was measured with ambient
illumination. Measurement system noise was removed from
the data using the procedure described in [21]. Fig. 5(b) shows

41X 10
20| -e-Data
10 - - -1/t
0.8] Corrected data
—Sim. T=20°C
_ N R g —Sim. T=100°C
N
T 21 \‘1 0.6
& 10 - -
<

o2 \ 0.4 e
N\ 1 02

10° 10° 10" 10° o 55.0 60.0 65.0 70.0
Frequency (Hz) Frequency (MHz)

(a) (®)

Fig. 6. (a) Large bandwidth noise measurement showing the 1/f spectrum and
fit for Vgs = 0 V and Vgg = —0.4 V. Active sensing is turned off for this bias
so no noise peak is visible. The peaks near 3 MHz are interference coupling
in from the dc supplies. (b) Noise measurement near @ = wo The blue trace
shows the original measured data comprised of //f noise, z ,and i2 wb Fitting

and subtracting the 1/f noise yields the green trace. Two n01se simulations are
shown for 20 °C and 100 °C demonstrating that the effect of heating is small.
Simulations are shifted by 900 kHz to align them with the measured peak for
illustration purposes.

the measured drain current noise i 5 4 s a function of Vg and
frequency. The peak in the noise spectrum of Fig. 5(b) has
a similar tuning behavior to the Sp; data shown in Fig. 3,
but exhibits a slightly larger frequency range. The difference
between the ii 4 and $21 tuning may be due to the following.

1) Desorption of residue from the graphene between the
time the noise and SP measurements were taken,
resulting in decreased m and higher wy.

2) Some slight nonlinear Duffing behavior occurring during
the SP measurement that is altering the shape of the
tuning characteristic

, our G-RCT devices had a level

of 1/f noise comparable w1th that measured in other graphene
samples [23]—-[25]. The device modeled in this paper had a
noise amplitude A ~ 7.8e-8, where A = (a)/27r)i3’d/15.
However, due to the relatively low g0 of the G-RCTs char-
acterized for this paper and their resulting low Johnson noise
floor, the 1/f corner frequency was often greater than 50 MHz.
This is evident in Fig. 5(b) where the noise increases at lower
frequencies, and makes it necessary to subtract the contribution
of the 1/f noise to examine i> b and l . Future devices
should have lower channel resmtances as the w1 of the graphene
improves, which will lower the corner frequency.

Fig. 6(a) shows a noise measurement between 100 kHz
and 100 MHz on the same device modeled in the Section III,
which is used to fit the 1/f noise. The resulting output noise
spectrum after removing the I/f noise is shown in Fig. 6(b).
The corrected spectrum shows that away from g, a white
noise floor due to i 5 j dominates, and near wq the contribution

In addition to i2 b and l

of i 5 » Tises and the noise spectrum peaks. We do not observe
a change in the white noise floor of the device when the drain
bias is removed, which suggests that the contribution of shot
noise is negligible. Fig. 6(b) also shows the model simulations
of the noise spectra for two different channel temperatures,
since it is reasonable to assume some amount of heating for
a nonsubstrated device with these dimensions [20].

The white noise background due to i 5 ; appears to be
well modeled. The discrepancy between the values of the

measured noise peak and the simulation is most likely due to
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Fig. 7. (a) Simulated and measured total transconductance extracted from

Y -parameters as a function of frequency for Vgs = —4.0 V and Vgg = —0.4 V.
(b) Circuit schematic used for NF calculation.

an underestimate of the extracted Q resulting from the weak
mechanical nonlinearity previously noted.

V. NOISE FIGURE PERFORMANCE OF G-RCT DEVICES

For RF filter applications, the primary figure of merit
for describing the signal-to-noise performance of resonators
is NF. For passive resonator technologies, such as FBARs and
capacitive Si-MEMS, the NF of a resonator is equivalent to
the power loss L between its input and the output ports [26].
L = Pinav/Pout,av, Where Py ay and Poygay are the power
available from the source and the output of the device, respec-
tively. This is because passive devices are typically reciprocal
networks. RTs are also passive in the sense that they do not add
power gain to a signal at their current reported performance
levels [1], [3], [9], but the use of FET sensing makes them
nonreciprocal such that L and NF are no longer equivalent.
To highlight the ramifications of this nonreciprocity, an
analytical expression for the NF of a G-RCT is derived in
this section. The 50-Q NF of the device characterized above
is also calculated from the measurement of i 5 4 and compared
with the simulations of NF and L.

In our analysis, we only consider the NF at o = w,.
In addition, we assume that @ is low enough that effects
involving feedback through Cgq can be ignored, and the
input impedance of the RCT is large relative to the source
resistance R; so that voltage noise due to Ry (V, R ) is applied
entirely across Cgs. We further assume that at o = wo, the
mechanical signal dominates and the first term in (3) can be
neglected.

The noise factor F' can be calculated as the ratio of the total
output noise of the circuit shown in Fig. 7(a) to the output
noise without the contribution of RCT noise sources, and is
given by

Pl iy p+ irzz,j =14+ &V, dczn + 4kpT 840y 29)
Vnz, Rs grznm 4kp TR gmm

We neglect the contribution of I/f noise in our calculation
because, although it may be a large contributor to NF at low
frequencies, we are primarily interested in the performance of
the device as it scales to higher frequencies. 1/f noise is also
neglected in the NF analysis of other RF components because
its contribution to the noise spectra is typically far from the
band of operation [26]. In addition, for w = wyp, (29) can be
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Fig. 8.  Simulated and measured NF and L as a function of frequency
for Vgs = —4.0 V and Vgg = —0.4 V. Ry was at 290 K and the device
was at 100 °C in the simulation. NF is slightly higher than L near the
resonance due to the additional contribution of 12 b The s1mulat10n gives

a more optimistic value for NF due to the lower simulated i2 Wb

rewritten as

mkyz do Z6k2
F=1+ 502 g4y 22 GO
Ry Vgs dc€0 A Q ngs dc OA o

where A is the area of the actuator capacitance. The last term
in (30), which is due to z , can be reduced by increasing g,
as is commonly done in CMOS LNA designs. For
G-RCTs, g, may be increased by improving the u of the
graphene through cleaner growth and fabrication processes.
The second term in (30) is due to iib and is not a function
of g, so that as g, increases L will continue to decrease
but NF will asymptotically approach a limit related to i> b
At this point, NF may only be further improved by enhanc1ng
actuation through the adjustment of mechanical parameters
such as zg, O, o, and m.
F can be calculated from measurements as
2
F=1+ 1”7”12 31)
4kangm,tot

where gp.10t = y21 — y12 and represents the total device
transconductance. L is calculated as the inverse of the available
gain, given by [27]

2 1 -
L={(IS] —) :
( 1 —|Sx?

The NF calculations were performed with the i 3 4 Spectrum
shifted by 900 KHz relative to g, 1ot to compensate for the
aforementioned frequency shift between the SP and noise
measurements. Fig. 7(b) shows the measured and simulated
&m,tot as a function of frequency for Vg = —4.0 V and
Vas = —0.4 V. We use this bias point for all the NF and L
comparisons of Figs. 8-12. Fig. 8 shows the calculated and
simulated NF and L as a function of frequency, demonstrating
good agreement between the model and measurements. NF is
several decibels higher than L, especially near wp, where

b dominates. This verifies that the noise characteristics are in
fact different from a reciprocal passive device. A NF higher
than L occurs because the G-RCT introduces signal loss as
well as active noise sources. The slight disagreement between
the simulated and measured NF near wg results from the
underestimate of i2 b in the simulation shown in Fig. 6(b).

With this compact model, it is useful to investigate the
effects of key design parameters on NF and L and validate

(32)
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NF improves by 5 dB/decade of decrease in m, while L is unaffected.
(b) NF and L as a function of frequency for two values of m. wq increases
by a factor of ~3 as m is lowered from its extracted value to mq. Q has been
increased to 1000 in both plots.

the scaling trends predicted by (30). Fig. 9(a) shows the
simulations of NF and L at @ = wp as a function of zg
using the parameters in Table I. NF improves at a rate of
approximately 40 dB/decade of decrease in zp due to the zg
in the second term of (30). Fig. 9(b) shows NF and L as a
function of frequency for two values of zg, demonstrating
that as zo is scaled down the rejection, given by the
peak-to-background ratio of L, it improves from ~6 to
~13 dB. This behavior is very favorable for RF applications.

Fig. 10(a) shows NF and L at w = wg as a function of Q,
and Fig. 10(b) shows NF and L as a function of frequency
for two values of Q, both using the parameters in Table I.
NF improves at a rate of approximately 10 dB/decade of
increase in Q, which also indicates that the second term of (30)
with Q in the denominator is dominant. Q can be improved in
future G-RCTs by applying additional strain to the graphene
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Fig. 12. (a) Simulated NF (solid) and L (dashed) as a function of x at w = wy
for the original parameters (blue), the original parameters with Q increased
from to 1500 (red), and with the improved parameters of zg = 60 nm,
m = mq, Q = 1500, and ¢ = 0.01 (green). NF dependence on u diminishes
at higher values of Q. (b) NF and L as a function of frequency for zg = 60 nm,
m = mq, Q = 1500, x = 10000 cmz/V—s, and ¢ = 0.01, showing that signal
loss approaches 0 dB.

via the SU-8 clamp by hard baking the sample at a higher
temperature [11], [12].

Fig. 11(a) shows NF and L at L at ® = wp as a function
of m, and Fig. 11(b) shows NF and L as a function of
frequency for two values of m, respectively. In this simulation,
the original extracted parameters are used with the exception
of Q, which is increased to 1000. Again, the second term
of (30) dominates and the  /m in the numerator results in a
5 dB improvement in NF per decade of decrease in m. This
effect is especially beneficial because it means that wg can
be scaled into the hundreds of megahertz and the NF of the
structure can be improved simultaneously simply by improving
the cleanliness of the graphene processing.

Fig. 12(a) shows how NF and L at @ = wp are affected
by changes in u. The blue curves show the simulation
results for the parameters in Table I, demonstrating that as the
4 is increased NF initially improves commensurate with L, but
eventually plateaus, due to the lack of a dependence on g, in
the second term of (30) previously mentioned. The red traces
use the same parameters, except with Q increased to 1500. For
these parameters, the dependence of NF on u nearly vanishes,
meaning that in this regime, improved FET sensing will boost
signal gain, but will have little effect on noise performance.
The green traces are for simulations with a variety of
parameter improvements: zo = 60 nm, m = mo, Q = 1500,
and ¢ = 0.01. Fig. 12(b) shows NF and L as a function of
frequency for the same improved parameters indicating that
the combined scaling of zp, o, and m boosts wp into the
UHF range, and drastically improves L and NF. We note that
in Fig. 12(a), L does not decrease monotonically as
4 increases due to the nonsaturating /—V characteristics seen
in these G-RCTs; as u increases the device S»1 increases, but
the small-signal output resistance seen at the drain decreases,
lowering the Sy and causing (32) to increase again at certain
values of wu. This effect could be mitigated by further
lowering zp to improve the electrostatic control of the gate
on the channel.

Overall, our analysis of G-RCT noise has demonstrated
that they may have worse NF performance than some
passive resonator technologies due to their nonreciprocity
and contributions of electrical and mechanical noise to I;.
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Although we have shown that the effect of device noise can
be minimized through careful design, the level of performance
seen in our simulations indicates that G-RCTs are not a
good candidate for use in RF-front-end filters compared with
state-of-the-art FBAR technology, which can achieve
NF < 5 dB at multigigahertz frequencies.

Nonetheless, due to their advantages in terms of size,
tunability, and the ease of integration of multifrequency arrays,
they may still find application in RF filters that follow a
LNA in a receiver, where NF is less critical. In this type
of application, G-RCTs still have an advantage over passive
MEMS devices, which suffer from the trade-off between
rejection and transduction strength. As an example, one of the
MEMS devices shown in [28] resonates at 1 GHz, but even
when it is used in a circuit with a high terminating impedance
(something that is difficult to achieve at these frequencies), the
device still has a signal loss of greater than 20 dB, which is
equivalent to its NF. In addition, G-RCTs are roughly an order
of magnitude smaller than this device, and have far greater
tunability.

Comparing G-RCTs with other types of RTs made
from silicon or GaN, they all suffer from the added
electrical and mechanical noise intrinsic to FET sensing
of mechanical resonance. These devices also have similar
Os (~100), and mechanical or acoustic transconductances
less than 50 xS [1], [3]. The G-RCT’s primary advantage
in relation to these technologies is its large frequency tuning
range.

VI. CONCLUSION

In conclusion, we have developed a physics-based model
for G-RCTs, which makes possible the simulation of hybrid
electromechanical circuits, allowing, for example, cosimula-
tion of G-RCTs with silicon CMOS technology. We verified
that the model accurately replicates the dc, RF, and tuning
characteristics of the device by comparing the simulation
results with the measurements. In addition, we have measured
the intrinsic noise of G-RCTs and have shown that our
experimental results are in good agreement with our noise
model.

To aid in the design of future devices, we have also
derived an analytical expression for the NF of G-RCTs, and
verified the scaling trends suggested by the expression through
simulations of our compact model. Based on our observations,
it should be possible, through careful parameter optimization,
to fabricate low-noise G-RCTs operating in the hundreds of
megahertz for signal processing applications. Moreover, the
model proposed in this paper will aid the design of next
generation G-RCTs and can be generalized for use with other
types of RTs.
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