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Abstract: This paper presents a novel Verilog-A model for the Fermi velocity in Graphene Field-
Effect Transistors (GFETs). The Fermi velocity is an important parameter associated with the energy
spectrum of the delocalized bonds in graphene which impact the performance of a GFET. Unlike
existing GFET models where the Fermi velocity is assumed to have a constant value, the proposed
model considers carrier concentrations in the channel and gate dielectrics to create a closed-form
solution for the Fermi velocity, a parameter previously demonstrated to vary based on these two
factors. The proposed mathematical model is then adapted to Verilog-A for interfacing with computer-
aided design (CAD) circuit simulators. To demonstrate the accuracy of the proposed model, the
simulation results are compared to measured drain—source currents obtained from various GFET
devices (including GFETs measured by authors). The measured results show good agreement with
the values predicted using the proposed model (<£1%), demonstrating the superior accuracy of the
model compared to other published Verilog-A-based models, especially around the Dirac point.

Keywords: Fermi velocity; GFET; graphene; Verilog-A; simulation; ADS; modeling

1. Introduction

Graphene is a material of interest for high-frequency applications due to its high
carrier mobility. Graphene Field-Effect Transistors (GFETs) have garnered interest for use
in high-frequency circuits due to their ambipolar conduction (i.e., conduction via holes
or electrons) [1]. However, the lack of a universally applicable model that can accurately
predict device performance has impacted the adoption of this technology in analog inte-
grated circuits. Creating an accurate GFET model has proven to be very challenging due to
the lack of closed-form solutions for the ambipolar charge, quantum capacitance, Fermi
velocity, and carrier mobility [2,3].

Mathematical models for a GFET have been through many iterations while under
development, with many different authors contributing towards creating a complete model.
By incorporating the work by Fang et al. [4] on charge carrier concentrations in graphene,
Thiele et al. developed the first dual-gated GFET model that incorporates the dependence
of charge carrier behavior on the channel voltage, quantum capacitance, and saturation ve-
locity [2,5]. Wang et al. built upon this work to create a compact virtual-source GFET model
that considers source resistance, mobility saturation, and simplified 1D electrostatics [6].
Separately, Parrish et al. introduced an accurate quantum capacitance approximation and
the concept of symmetric channel charge [7]. Shortly thereafter, the first Verilog-A-based
GFET model was created by Rodriguez et al. [8] and enhanced by Landauer et al. by intro-
ducing adjustments to previous mathematical models, making them more compatible with
closed-form solutions [9]. Furthermore, a novel channel voltage solution method, compati-
ble with Verilog-A, was introduced [9]. Finally, Tian et al. introduced a new mobility model,
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considering both hole and electron contributions, and created new, simplified mathematical
models of the saturation velocity and capacitance weighting factor [3,10]. Despite these
numerous improvements, the aforementioned models do not properly represent the Fermi
velocity, resulting in inaccuracies in calculating channel conduction. This paper describes
an effort to address this issue by improving Tian et al.’s effective mobility model and
creating a novel Fermi velocity solution method. This Fermi velocity solution method takes
advantage of the computational power of the CAD tools, such as the Keysight's Advanced
Design System (ADS), to concurrently solve for the Fermi velocity at every iteration of
the simulation. The remainder of this paper is organized as follows: Section 2 provides
an overview of the existing GFET models and their deficiencies. Section 3 describes the
development of the novel Fermi velocity model, followed by the implementation and
validation steps in Section 4 and the conclusions in Section 5.

2. Evolution of GFET Models
2.1. Fermi Velocity

A critically important parameter in accurate GFET modeling is the Fermi velocity, as it
significantly influences the drain current of a GFET. The Fermi velocity is used to describe
the energy spectrum of the delocalized 7 bonds in graphene, which results from its SP?
hybridization. Using a tight-binding Hamiltonian analysis, the energy spectrum of the first
Brillouin zone for graphene may be calculated using E(k) = sv¢hlk|, where v is the Fermi
velocity, % is the reduced Planck’s constant, s is =1 (+1 for the conduction band and —1 for
the valence band), and k is the momentum [4]. Conversely, the Fermi velocity exhibits an
inverse relationship to several key GFET parameters, such as the mobility, charge density,
and quantum capacitance. A lower Fermi velocity value is preferred, with the ideal value
calculated to be 0.85 x 10° m/s, as derived from suspended metallic carbon nanotubes [11].
Traditionally, GFET models utilize a constant Fermi velocity of 1 x 10° m/s. However,
the Fermi velocity has been demonstrated to be significantly influenced by the choice
of gate dielectric material and doping [11,12]. Therefore, accurate GFET modeling must
incorporate substrate effects on the Fermi velocity.

2.2. Revisiting the Dual-Gated GFET Model

One of the most important derivations to result from Thiele et al.’s dual-gated GFET
model [5] is the general drain current equation, derived from the drift-diffusion equation
and the drift velocity of graphene:

W [y"° ugpgdv

, 1)
vps 1
L+ V@dw

Ip =

where y is the mobility, g is the elementary charge, py, is the charge sheet density, vs4 is the
saturation velocity, W and L are the width and length of the gates, and VDS denotes the
drain-source voltage of the GFET, respectively. The term gpgy, is the total charge within the
channel, which is expressed as [9]

Qtot = qosn = Qt + qnpya, 2)

where Q; is the total charge in the channel and 7,4 is the number of puddles, a value that
adjusts for the trapped charges. The total channel charge, Q;, may be calculated by finding
the channel’s sum of the hole and electron charges, which have each been previously
modeled mathematically by Thiele et al. [2,5]:

2(kpT)?
7t(hop)?

F(Te), )

P= kpT
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where kp is Boltzmann's constant, T is the temperature, 7 is the reduced Planck’s constant,
vr is the Fermi velocity, g is the elementary charge of an electron, and V, is the voltage in
the transistor’s channel, respectively. F;(x) is the first-order Fermi-Dirac approximation in
accordance with [13,14]. The total channel charge, Q;, may now be calculated by summing
the electron and hole densities and multiplying the result by the charge [2,9]:

(4)

_qrn(ksT)* | °Va?
3(hor)*  m(hop)?

Qt )

By assuming an even distribution of holes and electrons, 1,,4 may be modeled as [14]:

AZ
n(hvp)T

(6)

Mpud =

where A is the spatial inhomogeneity potential, a physical property of graphene.
An equation representing saturation velocity, vsqt, was developed by Tian et al. in
order to achieve continuous transconductance modeling [3,5]:

e

+2), 7)
1+ fV3

Usat = OF (

where f = (q/ 5kb)®. The terms e and g were experimentally found to be 0.58 and 0.058,
respectively.

Since GFETs exhibit ambipolar conduction, GFET models must represent both hole
and electron mobility. Hole and electron mobility have different maximal values; thus, an
accurate mobility model must account for both carrier types. Tian et al. created such a
model [10]:

) 14z(a +bV3) 7% Ly @)

Mosr = ( ,
SF T a+bV2 + npg /1+Cvc2h m+ V3

where a = m(kgT)?*/3(hwp)?, b = 2/ m(hwp)?, ¢ = (q9/ (kgT(In4)))?, z = (p — pn), and
h = (yp + pn) /2. The parameter m is considered an empirical fitting parameter.

One important parameter that appears in (5), (7), and (8) is the channel voltage, V,
which is the voltage drop across the quantum capacitance for dual-gated GFETs [15]. A
closed-form approximation showing the relationship between V,;, and C, is [9]

Coa 2¢°kpTIn4

VC’I
i ﬂ(ﬁUP)z 1+( i ), (9)

To find V,, the capacitance weighting factor, «, has been introduced, such that
Q = aCyVy, [9]. Tian et al. introduced a Verilog-A-compatible model of a with the
following equation [3]:
1

/
Vi) = (——
W (Va) = (e

)&min, (10)
where &y is a fitting value of 0.5, the minimum permissible value for a. This equation
proves to be symmetrical for both holes and electrons within the graphene channel [7,16].
By performing a conservation of charge analysis across the top and bottom electrodes of Cg,
the V., can be expressed as [3]

(Ves — Vigso — V(x))Cr + (Vs — Vso — V(x))Cy
Ct—I—Cb—l-tX(Vch)Cq ’

Vg = — (11)
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where Vps and Vg are the back gate-to-source and top gate to-source voltages, respectively.
VBso and Vg are similar to the threshold voltages for the gates, which are inherent proper-
ties of the GFET. C; and C,, are the top and back gate parallel plate capacitances, respectively.
Landauer et al. utilized a method previously used by Deng et al. for carbon nanotube FET
modeling [17] to solve this challenging equation. By multiplying the entirety of (11) by
the denominator of the right-hand side, each side of the equation can be represented by
two current sources in series, with each side’s dependent values being the node between
the two sources:

(Ct+Cp +a(Vey)Cg) Ve = —(Vgs — V(x))Ct — (Vs — V(x))Cy, (12)

where V.o = Vs — Vgso, Vig = Vs — Vpso- In this manner, (11) may be represented
in Verilog-A by a circuit, which is commonly used in many circuit simulators such as
the Keysight's ADS (https:/ /www.keysight.com/us/en/lib/resources/software-releases/
pathwave-advanced-design-system-ads-2021.html (accessed on 29 October 2024)) used in
this work.

3. Fermi Velocity Modeling and Improved Mobility
3.1. Fermi Velocity Modeling

The first step in understanding how the Fermi velocity behaves under different condi-
tions is to assess the Dirac cone, which represents the energy spectrum of the basic graphene
lattice. Experimental dispersion measurements show that with poor dielectric screening,
the sides of the Dirac cone become sub-linear [12]. Materials with larger dielectric constants
result in greater dispersion linearity, resulting in a desired, smaller Fermi velocity. In fact,
the Fermi velocity has been demonstrated to be inversely proportional to the charge carrier
concentration due to its direct relationship with the Fermi momentum, kr [11,12,18,19]:

vr

UFo kg

where v is the effective Fermi velocity; vrg is the maximum Fermi velocity (0.85 x 10° m/s);
A, the momentum cutoff, is 1.75 A; and k r = \/7tn is the Fermi momentum of the charge car-
riers, respectively. The term a5 is the dimensionless fine structure constant or Sommerfield
constant, which is given by « = qz/(47'[ﬁ?]1:08€ff80) -C(as) =1/[4(1+ (5 )as)] and repre-
sents the self-screened interaction between carriers, characterized by the random-phase
approximation (RPA) within the Dirac model [19]. Traditionally, the effective dielectric
constant, &.ff, has been defined as (1 + ¢5) /2, where ¢ is the dielectric constant of the sub-
strate, and 1 represents the dielectric constant of air. This equation is simply an average of
the dielectric constants of the air and the substrate for the deposited graphene [11,12,18,19].

3.2. Employing the Novel Fermi Velocity Model

In many applications, the graphene is sandwiched between two dielectric layers;
hence, (13) must be modified accordingly. In this case, the effective dielectric constant
will be adapted to e = (e; + €5) /2, where ¢; and ¢, are the dielectric constants of the top
and bottom gate structures, respectively. From (13), the effective Fermi velocity is also
dependent on the carrier concentration, which is taken into account by kr. As indicated
by previous equations for the hole and electron carrier density, (3) and (4), the carrier
concentrations within the GFET channel are influenced by the voltages externally applied
to the GFET. However, (13) only considers a positive value for the concentration, intended
for electrons. The work conducted by Elias et al. demonstrates that the relationship between
the Fermi velocity and the hole concentration mirrors that of the electron concentration [11].
By solving for the Fermi velocity from the absolute value of the difference between (4) and
(3), the Fermi velocity due to net carrier concentration may be found, leading to a modified
version of (13), which results in a system of equations for the channel concentration:
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2(kgT)?

nre(fi)? Fl(_qVCh) - Fl(qVCh)l = vpo(1 + C(as)as In L)/ (14)

kgT kgT v n

This transcendental equation is difficult to utilize as a closed-form solution. Using
a similar Verilog-A-based method to that of Landauer et al. [9], the Fermi velocity in the
channel may be obtained (Figure 1). Two problems arise from this method: the channel
voltage is required for both the Fermi velocity and charge carrier concentrations, and the
model requires that all the charge carriers in the channel be represented by only one Fermi
velocity. In reality, each carrier in the channel should have a distinct Fermi velocity that
is dependent upon bias voltage, but this would result in even more complex equations.
To address this issue, first, the channel voltage is calculated by assuming the ideal Fermi
velocity (vpg). Secondly, a single Fermi velocity can be found by taking a weighted average
of the two Fermi velocities calculated at the source and drain as follows:

= Vpeg | cd|
‘ ‘Vcd|+|vcs|

\%
~+ UFcs | CS| ’ (15)

OF
|Vea|+[ Ves|

where vr.; and vr.s are the Fermi velocities at the drain and source, and V,; and V. are the
channel voltages at the drain and source of the GFET channel, respectively. A weighted
average represents the magnitude of each voltage, which determines the influence of the
drain and source voltages over the channel. As shown in Figure 2 [20], the ambipolar
behavior of the GFET leads to the channel voltage having opposite polarities during the
conduction phase. However, the Dirac point is determined by the magnitude of the channel
voltages. A higher-magnitude channel voltage results in the graphene channel’s dominance.

NV Vg (Ve V)
I=LHS (n_, V) <1> I=LHS (n_,V,)
ncd ° nn

I=RHS (ncd, sa) CD I=RHS (n, sa)

(@) (b)

Figure 1. The equivalent circuit model used to solve for the Fermi velocity and (a,b) to solve for the

carrier concentration of the channel at the drain and source, respectively.

JHHL 66600 KA

@@ V., V, >0 (b) V, >0, V, <0
R v I S pp—
Bl 00000 K : t+I+I+I+ D K

(© V, <0, V,; >0 @ Vv <0

Figure 2. Schematic diagrams of the voltage bias states in a GFET: (a) electron conduction, (b,c) am-
bipolar conduction with opposite channel voltage bias, and (d) hole conduction. The images were
adapted from [20].
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3.3. Simplifying the Effective Mobility for Simulation

The final step before populating (1) is to minimize the discrepancy of the effective
mobility in Tian et al.’s model, which increases with the channel voltage (Figure 3) [10]. By
considering the limit when the empirical parameter m is taken to infinity, the following
expression for effective mobility is obtained:

Y= limu, = ( (o £ V) =
nueff x4>oo‘u€ff a—+ bvczh + Mpud m
c

+h), (16)

Mobility: Relative Difference

Mobility Comparisons

\
04 Jo ===== s V. per” Thiele 2011

1" This Work

Rel. Difference (%)
°
7
\.
\,
.,
[
| "-.::__ -
L

mobility (cm?/Vs)

Figure 3. (a) A comparison of the proposed effective mobility approximation with prior work and the
actual mobility and (b) the relative difference between the actual mobility and the mobility estimated
using the two models (new and old) [5].

As shown in Figure 3, the improved effective mobility exhibits a higher degree of
accuracy at high channel voltages, with the relative difference trending towards zero.
Since m is simply an empirical fitting parameter, the impact on the accuracy of the model
can be minimized. Moreover, using (16) to calculate effective mobility results in one less
modeling parameter.

3.4. The Closed-Form Solution for the Drain Current

To arrive at a closed-form solution for the drain current Ipg, (1) must be transformed
to represent the channel voltage instead of the applied voltage. To achieve this, (11) may be
integrated in terms of V;, resulting in the following equation:

AV dain(2 4 Vo, (3 4+ 20V3))
av,, = + 213/2
ch (q+cv3)

(17)

where d = 2¢%kpTIn(4)/(Ct + Cy)7t(fwp)?. Ipg can then be solved in terms of Vg, by
substituting (17), (16), (7), (2), and (5) into (1) and performing the required integration.
The integration for the Ipg was performed in Mathematica supported by Rubi to aid in
the integration process. The final equation for Ips comprises two terms; the first term
represents the numerator, Ipg,,,, and the second term represents the denominator, Ips, .

Amind (2 4+ V2 (34 2cV3)) 14zV, Vbs
= ) (4 =) dVy + W [ (qupuaiav (8)
(1+cV) V1+cv3, 0
( 1+ V2 o 14z(a+V3) Vo, +hocmin(2+CVC2h(3+2chh)))+
et g(I+fV5)™  at Vi +mpua [14cv2 (1+cv2)>
Anin (2 + cV2 (3 +2cV32)) 142V, bV2
Amin (2 + V35, (34 2cV3,)) 142V, (a + Ch)chh| 19)

(1+cV3) a+bV3 + nyyug
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4. The Implementation and Validation of the Model

The GFET model is implemented in Verilog-A, and Keysight’'s ADS integrated Verilog-
A compiler is used for the synthesis of the GFET and electrical characterization. We use
the same method used in [9] to construct a two series-connected current branch model in
Verilog-A by using the channel potential V;, and voltage drop V(x) as the model input
parameters (node voltage) to represent the left- and right-hand sides of (12), showing the
current through the node of the drain—channel potential and source-channel potential,
respectively. The node voltage V., at the source and drain derived from the current model
is then used to calculate the Fermi velocity in (14). A novel biased-varying Fermi velocity
model is realized using a similar method by creating two series-connected current branches
representing the left- and right-hand sides of (14) and solving for the value of the carrier
concentration, n, in the Fermi velocity calculation (Figure 4). A weighted average Fermi
velocity ur is found based on the drain and source Fermi velocities and used to create
the final Verilog-A model. Two sources of experimental data were used to validate the
proposed enhanced GFET model: (1) published data for a dual-gated GFET from Wang
et al. [21] and (2) a back-gated GFET obtained by authors from Graphenea Inc., Cambridge,
MA, USA.

— dps(Ven Vs, Vis), Ve (Veca, Vires))

D IMeop dvgs
m _ dlps(Ven(Vas Vis), Ve (Vrcas Vics))
IMpack = vy,
wq chd
1 |
I et 1
G B
gmtoFG G gmback
cgs cbs
| Py |
I 1
Rs
S

Figure 4. A circuit diagram of the proposed small-signal model of the GFET using current sources
influenced by V;, and the averaged Fermi velocity vr varied by top and back gate biasing voltages.
The contact resistance and parasitic capacitance are also shown.

4.1. Creating the Enhanced GFET Model

To accurately find the Ipg, two additional series resistors representing the drain and
source contact resistances are added on either side of the drain—source current. This way,
the channel voltage can be better estimated and used in the model to calculate the Ipg. To
simplify the model, the channel voltage is calculated using the ideal Fermi velocity. To
achieve better DC convergence performance in solving the two current source methods for
the Fermi velocity calculation in Equation (14), the Newton-Raphson method, an effective
root-finding algorithm for root approximation in differential equations in Keysight’s ADS
DC simulator, is used with large iteration steps when we apply the Verilog-A model in
the circuit.

4.2. Fermi Velocity Model

Shown in Figure 5 are the extracted values of the Fermi velocities at the drain and
source interfaces obtained from modeling Wang et al.’s device [21] using this work’s model
and the parameters given in Wang et al.’s paper. The drain—-source, Vpg, values of 0.35 V
(Figure 5a) and 1.1 V (Figure 5b) are chosen for this experiment. The blue dots and red dots
represent the Fermi velocity of charge carriers at the drain and source, respectively. The
fitted lines are b-splines of the data points for ease of viewing. Since the electron—electron
interactions within the graphene drastically increase when the device is biased at the Dirac
point, the effects of dielectric screening decrease [11,12], resulting in an increase in the Fermi
velocity. As demonstrated in Figure 5, the Fermi velocity predicted by our model is in good
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agreement with the values obtained by Hwang et al. [12]. Moreover, the model exhibits
the expected behavior for the Fermi velocity. Nevertheless, the proposed model shows
a clear difference in the Fermi velocity at the drain and source of the channel with Vg
basing, predicting the Fermi velocity more accurately across different bias points. However,
using a single Fermi velocity value, calculated from (15), in the model limits the accuracy
of the model.

Fermi Velocitics ical (Drain-Source =11V}
Fermi Velocitics: Mathematical (Drain-Source =0.35V) ermi s )

N " y o
ok | | Fitted Drain Velocity 95K Fitted Drain Velocity

----- Fitted Source Velocity . FittsdSaurce Velooiy

® Drain Velocity

® Drain Velocity .
@ Source Velocity .

90K @ Source Velocity

Fermi Velocity (m/s)
-
-

| e
BKT guga0e® 80K .:':.:‘:‘4:::813—:'“

Figure 5. Simulated drain and source Fermi velocity values for drain source voltage at (a) 0.35 V and
(b) 1.1 V using this work’s model with input data from Han Wang et al.’s device [21].

As the difference between the drain and source channel voltages increases, the differ-
ence between the Fermi velocities at the source and drain increases (Figure 5). The method
of Fermi velocity calculation found in (15) results in a weighted average of these two curves,
causing an underestimation of the Fermi velocity around the true Dirac point at high
channel voltages and at either extreme end of the graphs, which explains the increasing
errors around the Dirac point.

4.3. GFET Model Validation

Figure 6a presents the I-V characteristic of the dual-gated GFET from [21] using the
proposed model when the top gate—source voltage is varied and the back gate is set to 0 V;
the dotted plot shows the measured data from [21], while the solid line shows the simulation
results. On the other hand, Figure 6b shows the I-V characteristics of the same device for
various back gate—source voltages when the top gate-source voltage is set to 1.41 V. The
device parameters used for this model are W =25 um, L =5 pum, &; =9, ¢, =4, t,xr = 15 nm,
toxp =300 nm, Veso = 1.2V, Vjyso =11V, py = 920 cm?/Vs, pp = 1330 cm?/Vs, A=90m eV,
T=300K, and R; = Rs = 4.2 kQ-um. When comparing the results produced using our
model with the published results of a dual-gated GFET measured by Wang et al. [21],
a maximum relative difference of 8% is observed. Similarly, the I-V characteristics of
a back-gated GFET provided by Graphenea Inc. are modeled and compared with the
measurement results (Figure 7). The dotted curve shows the measurement results, while
the red solid curve presents the simulated results obtained using the proposed GFET model.
The device parameters used for this model are W = 100 um, L = 100 um, &; = 1, &, = 9.34,
toxt =5 nm, tyy, = 300 nm, Vego =0V, Viso = 3.1V, = 570 cm?/ Vs, pp, = 650 cm?/ Vs,
A=80meV, T=300K, and R; = Rs; = 30 kQ)-um. The back gate voltage,Vys, increases
from 0 V to 4.5 V, while the drain-source voltage, Vpg, is kept near 0.5 V. Compared to the
measured results, the modeled Ips shows a maximum relative difference smaller than +1%.
Despite improved accuracy, the model generally underestimates Ipg, except near the Dirac
point, where the model slightly overestimates Ipg. This small error is the consequence
of the method used to calculate a singular Fermi velocity value. This model accuracy
can be improved by considering the uneven distribution of the fermi velocity from drain
to source at such biasing condition and perform more iterations to better estimate the
weighted average vr throughout channel. Nevertheless, the accuracy demonstrated by our
model is comparable if not better than those obtained by applying other GFET models.
Another consequence of the concessions made to create the proposed Fermi velocity model
is using the ideal value of the Fermi velocity to calculate the channel voltage in (12). This
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assumption resulted in a potential uneven distribution of the Fermi velocity variation from
the source to drain. To show the robustness of the proposed model for various channel
current and drain-source voltages, the Ips and Vpg vs. the back gate source voltage was
simulated (Figure 8). Figure 8 shows Ipg vs. the back gate-source voltage (Vps) when
Vps changes from 0.49 V to 0.50 V. The plots show the same trend and behavior as those
shown in Figure 6, indicating good accuracy in modeling Ips for different Vpg, making the
model useful for a variety of analog electronic circuit design applications. Due to the lack of
access to short-channel GFET devices, model validation is only carried out on long-channel
devices. Recognizing the non-idealities affecting the performance of the short-channel
GFET devices (e.g., velocity saturation), further improvement, particularly in the weighted
average estimation of the Fermi velocity at the drain and source, may be necessary.

Drain Current vs Varying Top Gate-Source Voltage Drain Current vs Varying Back Gate-Source Voltage
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Figure 6. Comparison of simulated I-V characteristics to measurement data from Wang et al. [21].
(a) I-V characteristics with constant Vg; (b) I-V characteristics with constant Vis.
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Figure 7. A comparison of the Ipg vs. Vps model with the measured results from Graphenea’s GFET.
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Figure 8. Simulation of Ipg vs. Vs when Vpg varies from 0. 49 V to 0.50 V.

5. Conclusions

A novel Verilog-A GFET model which uses a closed-form solution to determine the
Fermi velocity is developed and evaluated. A systematic analysis of existing GFET models
is performed to identify a methodology to accurately determine the Fermi velocity for
various gate—source voltages. Using this information, a mathematical model which relates
the Fermi velocity to the graphene carrier concentration, channel voltage, and dielectric
constants of the gates is developed. During this process, a weighted averaging method is
used to calculate a single value for the Fermi velocity. The accuracy of the model to predict
the Fermi velocity as influenced by the top and bottom gate substrates is verified using
experimental data from dual-gated and back-gated GFETs. The drain current measurement
results differ by less than 8% at a single point and can be within +1% of the measured
values for long-channel devices produced by Graphenea, verifying the accuracy of this
model for GFET-based circuit designs.
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