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Graphene has attracted enormous interests due to its unique physical, mechanical, and electrical properties. Specially,
graphene-based field-effect transistors (FETs) have evolved rapidly and are now considered as an option for conventional
silicon devices. As a critical step in the design cycle of modern IC products, compact model refers to the development
of models for integrated semiconductor devices for use in circuit simulations. The purpose of this review is to provide
a theoretical description of current compact model of graphene field-effect transistors. Special attention is devoted to
the charge sheet model, drift-diffusion model, Boltzmann equation, density of states (DOS), and surface-potential-based
compact model. Finally, an outlook of this field is briefly discussed.
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1. Introduction

As a two-dimensional material with honeycomb struc-
ture, graphene has attracted enormous interests because of
its unique properties since its debut in 2004.!'=3! Its unique
physical, mechanical, and electrical properties have drawn a
lot of interests among scientists.[*®! Graphene not only ex-
hibits excellent optoelectronic and mechanical properties but
also can provide good adhesion with several organic mate-
rials so as to produce high-performance organic field-effect
transistors.[”1% Compared with conventional semiconduc-
tors, such as silicon, graphene shows completely different
properties, for example, it is a zero-overlap semiconductor
with very high electrical conductivity, and its conduction and
valence bands meet at the Dirac point. For semiconductors,
the flow of electricity requires some kinds of activation (such
as heat or light absorption) to get over the gap between the
valence band and conduction band. If the semiconductor is
activated by an external electric field to switch on and off,
then it is called field-effect transistors (FETs).[!1:121 A FET
consists of a gate, a channel region connecting source and
drain electrodes, and a barrier separating the gate from the
channel, as shown in Fig. 1(a). The operation of a conven-
tional FET relies on the control of the channel conductivity,
and thus the drain current, by a voltage (Vgs) applied be-
tween the gate and the source. The corresponding transfer
characteristics curve of FET is shown in Fig. 1(c). Generally
speaking, the large-scale and bilayer graphene does not pos-
sess a band gap. However, constraining large-scale graphene
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in one dimension or applying an electric field perpendicularly
on the bilayer graphene can induce a band gap.!!3-1>] Re-
cently, both theoretical and experimental works have achieved
the graphene FETs.[!18] Figure 1(b) shows a structure of
top-gated graphene FET (GFET). The corresponding transfer
characteristics curve for two GFETs with large-area-graphene
channel is shown in Fig. 1(d). One can see in Fig. 1 that, due
to the structure different between conventional MOSFET and
GFET, the transfer characteristics curve shows entirely differ-
ent features. For example, the transfer characteristics curves
of GFETs have two kinds of conductions, i.e., hole conduc-
tion and electron conduction, while MOSFET has a unique
current—voltage transfer characteristic.

Semiconductor device model, being a connection bridge
between semiconductor manufactures and circuit designers,
plays a critical role in semiconductor industry.[!*2%1 With the
development of CMOS technology, which brings plenty of
new physical effects, semiconductor device model has rapidly
developed. Currently, integrated circuit (IC) designers use var-
ious kinds of software (such as SPICE, SLIC, PHILIPAC) in

n.[21-23] The core of the corresponding software

circuit desig
is the model of each unit device. Because an integrated circuit
includes plenty of transistors, if all unit devices use the com-
plicated model of transistor, the system level simulation will
beyond computer ability and hence results in non-convergence
in calculation. On the other hand, the transistor model can ac-
curately describe its physical properties in order to ensure the

reliability of the calculated result.
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Fig. 1. (color online) Cross-section of (a) a n-channel MOSFET and (b) a top-gated graphene FET, (c) MOSFET transfer characteristics showing
Ip (on a logarithmic scale on the left and a linear scale on the right) versus the gate-source voltage (Vs ), and (d) transfer characteristics curves

for two GFETSs with large-area-graphene channel.!!!]

It is reasonable to state what a compact model is, since
one may see differences in interpretations in the past. The
following requirements for an excellent compact model have
been considered in Refs. [24] and [25].

(i) Must represent consistently the behavior of FET de-
vice.

(i1) Must be symmetrical to reflect the symmetry of FET
structure.

(iii) Has to be analytical, without differentials or integrals.
Could be in a matrix format but must not be a finite element
model.

(iv) Has to be simple and easily derivable. No compro-
mises with the overall FET behavior but some freedom for
simplifications should be allowed, neglecting details that de-
viate from experimental trends, are insignificant in magnitude,
or are not reproducible in identical devices and measurements.
In other words, one should have a generic model.

(v) Has to have parameters that can be characterized rela-
tively easy, or even guessed.

(vi) Has to be upgradable and reducible. Consequently,
different portions and dependences (e.g., on temperature) in
the model can be replaced with different models. Thus, the
different portions in the model are extensions of each other,
and the portions communicate between each other only by the
values of the parameters or the quantities but the relations in
the different portions must remain separated.

(vii) Has to have relations that can be physically justified.

(viii) Should have similar form and correspondence to

compact models for other FETs.

(ix) Should be tunable to inaccurate (or uncertain) exper-
imental data. Consequently, scaling rules can be left external,
since these rules can be obscured by individual devices and
different measurements.

Compact model is a critical step in the design cycle of
modern IC products.?®! Tt refers to the development of mod-
els for integrated semiconductor devices for use in circuit sim-
ulations. The models are used to reproduce device terminal
behaviors with accuracy, computational efficiency, ease of pa-
rameter extraction, and relative model simplicity for a circuit
or system-level simulation, for future technology nodes.*!
Physics-based models are often preferred, particularly when
concerned with statistical or predictive simulation. The indus-
try’s dependence on accurate and time-efficient compact mod-
els continues to grow as circuit operating frequencies increase
and device tolerances scale down with concomitant increases
in chip device count, and analog content in mixed-signal cir-
cuits. Accurate and physics-based compact models are useful
for the design and development of FETs for digital and ana-
log circuits. These models are highly desirable because they
offer better computational efficiency than their numerical al-
ternatives without loss of physical insights. Since Kacprzak
et al. reported firstly the compact DC model of GaAs-FETs
in 1983,[28 the compact model for FETs has received much
attention.>*-33! Figure 2 shows the Thomson Reuters Web of
Science publication report for the topic “Compact Model for
Field-Effect Transistors” in the last 20 years and “Compact
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Model for Graphene FET”. Research interest in the compact
model has been growing remarkably over the last 10 years.
The earliest compact model for graphene FET was reported
by Meric et al. in 2008,3%31 which is based on the charge
sheet model of MOSFET. Following Meric’s model, several
evolving compact models have been established,?*=1 such
as, virtual-source current-voltage model, SPICE-compatible
compact model, and electrical compact model, etc. With the
decrease of channel lengths to below 50 nm, traditional com-
pact models lose validity. To satisfy the scale-down requests,

Number of publications =
o~

compact model for field-effect transistors

w o 0

— v v

the quasi ballistic FET model has been developed for nano
scale FETs. 9 However, due to the difference of structure and
transport feature between MOSFET and GFETs, the model
of MOSFET maybe not entirely practicable to GFETs. Some
new compact models, for example, based on a drift-diffusion

14145 n,[#0] have also been de-
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veloped. Further, some new physical-based compact models,
such as surface-potential-based*’*8! and based on density of
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Fig. 2. (color online) Thomson Reuters Web of Science publication report for the topic, (a) “Compact Model for Field-Effect Transistors” in

the last 20 years, and (b) “Compact Model for Graphene FET”.

There have been some excellent reviews published re-
cently with emphasis on the basic science of graphene

71152571 Given the growing interest in

and graphene FETs.!
graphene in the electron-device community, and ongoing dis-
cussions of the potential of graphene transistors, a review arti-
cle focusing on compact model of graphene FETs is timely.
In this review, we mainly focus on the compact model of
graphene FETs based on different methods, including not only
based on conventional MOSFET model but also new physical-
based model. In Section 2, the theoretical basis of compact
model is discussed. In Sections 3-7, the charge sheet model,
drift-diffusion model, Boltzmann equation, surface-potential-
based compact model and the model based on density of states
(DOS) are summarized. Finally, the future outlook for this

field is briefly discussed in Section 8.

2. Theoretical basis of compact model

As mentioned above, the first compact model for FETs
was proposed by Kacprzak et al. in 1983.12%] After more than
30 years, several researchers have developed various compact
models for FETs. All these proposed compact models can be
divided into two categories, one is charge-based and the other
is surface-potential-based. Next, we will describe the theoreti-
cal basis of compact models developed from charge-based and

surface-potential-based, respectively.

2.1. Charge sheet model

The charge sheet model is applied to long-channel de-
vices. As compared with other models, such as Pao-Sah
model,8 the charge sheet model leads to a very simple al-
gebraic formula for the current of long-channel devices, which
can be used in all regimes from subthreshold to saturation. The
charge sheet model firstly assumes a quasi-Fermi level for-
mulation for carrier densities and the coordinate system. The
source-to-drain current / can be related to the average quasi-
Fermi level gradient d®;/dy and the carrier density per unit

area N(y)!

I =ZguN(y)d®,/dy, (1

where Z is the channel width, u is the effective mobility,
q is the elementary charge, and y is the measured distance
along the channel from the source toward the drain, N (y) =
J dx[n(x,y) —n¢(x,y)]. n—ng is the minority carrier density
0

per unit volume in excess of the zero band-banding density 7.
d®;/dy can be simply approximated by

dé, d®, 1dInN
=g @)
dy dy B dy

where & (y) is the potential along the oxide-silicon interface

and B = q/(kgT). By integrating Eq. (2), one can obtain

N(y) = N(0)exp {B [P (y) — P (0)]
—B [P (y) — B¢ (0)] }. 3)
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That is, equation (2) is equivalent to the assumption that the
carrier density along the channel varies only because the inver-
sion layer moves rigidly with respect to the quasi-Fermi level
as the potential varies. All shape dependence of the inversion
layer upon carrier density or normal field is contained in N (0)
and remains unaltered from source to drain.

By substituting Eq. (2) into Eq. (1), one can solve Eq. (1)
for N (y) to obtain

N(y) = N(0)exp{B[Ds(y) — 5 (0)]}
exp(BPs(v)) /0 ’ dyoexp(—BPs (yo)). (4)

 kgTuZz
The model is then addressed by using Poisson’s equation for
the potential

Vi =0, in gate oxide,

q(p—Na) o)

Vi = — , insilicon,
K&y

where one can assume p-type material. Equation (5) is joined
across the oxide—silicon interface by the discontinuity condi-
tion

P
Kox €0 ox

foXe ]
— Ksc€0 x

= —qN(y), (6)

‘0— ot

where (0™) refers to evaluation on the oxide side of the inter-
face, ot on the silicon side. The x-coordinate measures the
normal distance from the interface to the silicon. Equation (6)
implies that N(y) is contained in a charge sheet of zero thick-
ness. This in turn means that (i) the current is constrained
to flow along the oxide-silicon interface, and (ii) there is no
voltage drop across the inversion layer. Using some arbitrary
P (y) = P(x=0,y), one can solve Eq. (5) for & in both oxide
and semiconductor. This determines the normal derivatives in
Eq. (6). Using Eq. (4), one can obtain an integral equation for
@, (y). This equation now will be set up and solved for long
channel devices.

2.2. Boltzmann equation

In order to model the transport characteristics of the
GFET, one can split carrier distribution function into its even
and odd parts, that is, f (k) = feven (k) + foda (k). Then, it
is well known that in the presence of randomizing collisions,
and even in high fields, the Boltzmann transport equation can

be written as!46:60]
gF 0 1
—_—— k)=——— k 7
A 8kxfeven( ) Ttot(k)ded( )7 ( )
with m =Y, ﬁ and the i-index indicates a particular scat-

tering mechanism. In the presence of strong inter-carrier scat-
tering for high carrier concentration, the even part of the dis-
tribution is thermalized at an electronic temperature 7, and
reads as
1
f even (k)

1+ exp[(fvp)(k—kg)/(kpTe)]’

®)

where kg = kp(x) defines the carrier concentration along the
channel. In p-channel, the current can be calculated as

I= %q Y v(k) foaa (), (€
k

where L is the channel length, and the factor 4 accounts for
the spin and the two-fold degeneracy of the Dirac point. Here,
v(k) =vF (cos0,sin 0) and 6 is the angle between the electric
field and the vector k. Then for ivekg > kg T, one can approx-
imate (d/dky) feven (k) by a delta function centered around k.
After integrating and setting kg = \/ﬁ,[ﬁl] the hole current in
a 2D graphene layer reads

2

I:W%var(p)ﬁ, (10)

where W is the graphene layer width, p is the hole con-
centration, F is the electric field, and 7(p) is the relaxation
time (inverse scattering rate) for a particular carrier concen-
tration p. In the high field regime, one can assume 7 (p) =
T/ (1 + F/F,), where F; is the critical electric field for the
onset of high energy collisions such as remote phonons, !
for instance, 7 (p) = TO\/IW is the low-field relaxation
time dominated by scattering with charged impurities with
density N, and Tp is a time constant. By setting uy =
(q/h)veTo\/p/Ni, one recovers the conventional current ex-
pression

1 =Wqpv(F), (11)

with v(F) = uoF /(1 + F/F;), where the low-field conduc-

tance oj; o< p, as observed experimentally.®!]

2.3. Drift-diffusion carrier transport

In semiconductor physics, the drift-diffusion equation is
related to drift current and drift velocity. The equation at the
steady state for electrons and holes, respectively, is normally
written as(?0-63]
an =—-D,V,—nu,E,

9 (12)

J

;p = _Dpvp+p“pE7

% = —VJ—n +R,

. W
l — _Vi +R’

ot —q

where n and p are the concentrations (densities) of electrons
and holes, respectively, J, and J,, are the electric currents due
to electrons and holes, respectively, f—'; and i—‘; are the cor-
responding “particle currents” of electrons and holes, respec-
tively, R represents carrier generation and recombination, E is
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the electric field vector, and w, and u, are electron and hole
mobilities, respectively.

The diffusion coefficient and mobility are related by the
Einstein relation %%

T
Dn:,unkB :
q
14
ket (14)
= -
q

The drift and diffusion currents refer separately to the two
terms in the expressions for J

Jdrift E
—— = —nuk,

(15)
Jdiffﬂ =—nuk

where (1 is the mobility (t, (1)) of electrons (holes)

2.4. Density of states (DOS)

The density of states for monolayer graphene is expressed
[65]
as

DOS (E) = 2|E| /7 (hvg)?, (16)

And the Fermi level varies linearly with the voltage drop (i.e.
Vcn) across the quantum capacitance Cq, which implies that
Er = qVcn.

The DOS for bilayer graphene can be written as[%®!

DOS(E) = 27:;:2“ {H (E - E;) +H (E - Ezg)] , (17)

where meg = A is the effective mass, E; is the bilayer energy

bandgap, 7 is the reduced Planck constant, H is the Heaviside
step function, and A is a fitting parameter.

2.5. Surface potential

Surface potential ¢, i.e., the potential at the interface
is an implicit function of the terminal voltages that is usu-
ally obtained by solving the surface potential equation (SPE)
occasionally known also as the input voltage equation.[®] Tt
is derived under several simplifying assumptions essential in
the compact model formulation. The first simplification is
the Shockley’s gradual channel approximation (GCA) that as-
sumes

82
“” o (18)

%
dy? x2

where ¢ denotes the electrostatic potential. With this simplifi-
cation, the Poisson equation becomes

S7 == (19)

where p denotes the charge density and &; is the dielectric per-
mittivity. By denoting the electron and hole concentrations as
n and p respectively,

p=q(p—n—N,), (20)

where N, is the concentration of ionized acceptors and one
can consider an n-channel MOS device. Since the hole current
component is negligible, it is the gradient of the hole imref F),
and the hole concentration is given by the Boltzmann relation
p = poexp(—B ) where f=1/¢; and ¢ denotes the thermal
potential. This form assumes that the reference point for the
potential is in the neutral bulk region, where the majority and
minority carrier concentrations are py, and ny, respectively. For
electrons, it is necessary to take into account the imref gradient
so that

n = nyexp[B (@ —9n)], 1)
where the normalized imref splitting (a.k.a.“channel voltage™)
(Pn:(l/q)(FP*Fn)' (22)

For most applications, it is sufficient to assume the com-
plete ionization of the channel dopants. Then N, coincides
with the total acceptor concentration N, = py, — ny (for the uni-
formly doped channel). Hence

P =qlpo (exp(=B@) — 1) —ny (kexp(=o) —1)], (23)

where k = exp(—f¢,).
From Eq. (19) and the boundary condition d¢/dx = 0 for
¢ =0, it follows that

2 19
El=-= [ pde, (24)
& Jo
where the surface electric field E; = —(d¢/dx),_,. Continu-
ity of the normal component of the displacement vector at the

Si/Si0; interface provides SPE in the form

(Veo —Vio — ) = Yduh, (25)

where Vj, is the flat-band voltage, ¥ = 1/2¢g&pp/Cox denotes
the body factor, unit area oxide capacitance Cox = €ox /fox fox
is the oxide thickness, and &y is the oxide permittivity. The
dimensionless variable & represents the normalized square of
the surface electric field

&E2 1

a 29¢ipy B q9pb Jo

s
pde. (26)

3. Charge sheet compact model

The first compact model for GFET was proposed by

34.35] In Meric’s

Meric et al. based on charge sheet model.!
model, it is assumed that a top-gated graphene FET is based
on a high-k gate dielectric without bandgap engineering. And
the GFETSs have source and drain regions that are electrostat-

ically doped by the back gate, which enables control over the
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contact resistance and threshold voltage of the top-gated chan-
nel. Then, the sheet carrier concentrations (electrons or holes)
in the source and drain regions are given as

2
n < \/n% + (Cback (Vgsfback - Vgos—back) /q) , 7

0
where Vgs_bac

« and Vi _pack are the back-gate-to-source volt-
age and back gate voltage at the Dirac point in these regions,
respectively, and n is the minimum sheet carrier concentration
as determined by disorder and thermal excitation. Cpek is the
back-gate capacitance Under the top gate, the carrier concen-

trations are determined by both the front and back gates

n= l’l% + (Ctop (Vgsftop - VO))za (28)

where Vj, which has the character of a threshold voltage, is
given by

G

~ 1/0 back 0

Vo= Vgs—top+ C (Vgs—back - Vgs*baCk) :
top

0
Vgsftop

capacitance and given by the parallel combination of the elec-

is the top-gate-to-source voltage, Cyop is the top-gate

trostatic capacitance of the gate and the quantum capacitance
of graphene.

Then, the carrier concentration dependence of the dis-
tance in the channel, shown schematically in Fig. 3 for dif-
ferent points in the /-V trace, is calculated using a field-effect
model

nx)= \/n(z) + (Crop (Ves—top — V (x) = Vo) /q)z. (29)

With this consideration, the current in the channel is ex-
[68]

press by

w L
Iy = T /0 qn (x) varige (x) dx, (30)

where L is the channel length and W is the channel width.
Current continuity forces a self-consistent solution for the po-
tential V(x) along the channel. Here the carrier drift velocity
(varift) is approximated by a velocity saturation model 169]
__ WE

1 UE v

where v, 1s the saturation velocity of the carriers.

Varife (x) a3

By combining Egs. (29)—(31), the final current in the
channel can be obtained as

w Vad
fq“/ \/n% + (Ctop (Vgsftop - V(X) - VO) /Q)2
L= o

HUVsa
Ly

.(32)

1+

Figure 4 shows the results of simple field-effect model-
ing of the devices, compared with the measured /-V char-
acteristics of GFET. This field-effect model is also imple-
mented in Verilog-A with the equations. Here, R is ap-
proximately 100 Q (700 Q) for two kinds of GFET devices,

i.e., GFET A and GFET B. GFET A has a low-field mobil-
ity g = 10° cm?/V-s and n = 5 x 10'2 cm~2, compared with
U = 1200 cm?/V-s and n = 0.5 x 10'2 ecm~2 for GFET B.

(a) o8

0.6 n

04 I

I.(mA)

0.2

0 0.5 1 15 2 25 3
Vas (V)

Fig. 3. (color online) (a) Measured -V characteristic at Vgs_pack =40 V
and Vgs—top = 0.3 V in GFET devices. Three points (I, II, and III) are
indentified in the -V curve. (b) Schematic demonstration of the carrier
concentration under the top-gated region. At point I (Viq , Vsd—kink, here
Vsd—kink means the Vyq of “kink” between I and II, or II and III in panel
(a)), the channel charge at the drain end begins to decrease as the min-
imal density point enters the channel. At point IT (Vog < Vsg—kink). the
minimal density point forms at the drain. For Viq > Viq_kink (point III),
an electron channel forms at the drain. 3!

Based on the Meric’s model, Lee ef al. have developed
a compact model of extremely scaled graphene FETs.*8) In
Lee’s model, an electron—hole puddle existing near the charge-
neutral region (Dirac point) is considered at a low carrier den-
sity while the velocity saturation effect due to surface po-
lar phonon scattering is included at a high carrier density.
Frégonese et al. also proposed an electrical compact model
for graphene FET device!®! at which, a trap model is intro-
duced and the equivalent circuit is improved. And traps have
an effect on the transconductance and influence consequently
most figures of merit in circuit design. The electrical compact
mode has been verified by comparison to DC and AC mea-
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surements versus bias and frequency on an advanced GFET
having a transit frequency of about 10 GHz.

3
x 10
1 T R T
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Fig. 4. (color online) Current—voltage characteristics of GFET device.
Drain current /3 as a function of source-to-drain voltage V4 (a) for
GFET A at Vg (op = —0.1 V, =0.3 V, —0.5 V and (b) for GFET B
at Vgs—top =0V, =05V, -1.5V, =25V (from bottom to top), re-
spectively. Both measured (solid curves) and simulated (dashed curves)
results are shown. Inset is the equivalent circuit for the corresponding
compact model of GFET. 4]

Although Meric’s model has firstly been developed and
shown good agreement between experimental data and simu-
lated results of drain current, due to the difference between
MOSFET and GFETs, it maybe not entirely practicable to
GFETs.

4. Compact model based on Boltzmann equation

To build a compact model accurately reflecting the char-
acteristics of GFETSs, researchers have presented the model
based on Boltzmann equation. ¢! Here, the graphene mono-
layer is assumed to sit on a thick SiO, layer with capacitance
Chack On top of a back gate that controls the source and drain
resistance R, at the same time, as the channel threshold volt-
age with bias Vgpack. A top gate of length L, separated from
the graphene monolayer by a thinner oxide with capacitance
Ctop, controls the carriers in the channel with Vyop. According

to Boltzmann equation, by integrating the current of Eq. (11)
from source to drain as in conventional MOS devices, and by
taking into account the series resistance R; at the source and

drain,3! Scott e al. have obtained the drain current!*¢!

W.LLO Ve

I =
4 2LCop (Vas| =2 11| R+ Ve)

low? -0, 33
where

0 (L) = *Ctop(VgO — Vs — |Id|Rs)a
0 (O) = _Ctop(vg0+ |Id‘ RS)7

Voo is the threshold voltage, here Voo = Vyiop — Vo and Vp =

Chack
0 ac 0
Vtop C (ngack

Iy, a closed expression for the drain current is expressed as

Vaback)» Rs is the resistance. By solving for

Ly = [Vds Ve+IoRs

1
4R
) (Vi — Vet R, ~41R V], (34)

where Vs is the drain-source voltage,

= 2(W/L) .UOVcCtop (VO_VdS/z) y

and V, = F_L, F; is the critical field.

Here, the low drain-source bias conductance is readily
calculated by taking the derivative of the current expression
(Eq. (34)) with respect to Vys as Vs goes to zero. One obtains

~Vio

Vis— 0)=———=——
gds (Vas ’2R Voo — R Vc

(35)
where 1/R.= (W /L)uoCiopVe, so that R.V. is independent of
V., as is the conductance at low drain bias. The low drain-
source bias resistance reads

1 RV,
Rds:7:2Rs* Cca
8ds VgO

(36)

which establishes a linear relation between 1/g4s and 1/Vyo
with a slope given by R.V. (inversely proportional to the
mobility) and an asymptotic conductance value for large Vy
reaching 2R;.

In the same context, one obtains the expression for the
drain-source saturation voltage as a function of the top gate
voltage Vo by solving for Vg, after setting the derivative of
the current from Eq. (34) with respect to Vg5 equal to zero that
yields

QW  1-—vy
I+7  (1+9y)?

with ¥ = Ry/R.. Substituting Eq. (37) into Eq. (34), one can
obtain the expression of the saturation drain current as a func-

ds(sat) — [ \/Vz (1+y)WV.V, 20 ,(37)

tion of the top gate voltage, which reads

Id(sat) = Lz *Vc+(1+7)vg0

Ry(1+7)
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e

By taking the derivative of the saturation current with respect

(1+7)V, Vgo] (38)

to the top gate voltage, one derives the expression for the
transconductance at saturation

1 1
Rs+R. \/] —‘y—’Y go/VC

sat

8m =

(39)

Figure 5 shows the plots of both the low-bias conductance ggs
as a function of the top gate voltage and the low-bias resis-
tance Rys as a function of the inverse of the top gate volt-
age in the device configuration investigated in Ref. [35]. In
Fig. 5(a), the solid curve is calculated from Eq. (35), which
shows good agreement with the experimental data close to
the minimum conductance, but underestimates the former by
about 20% at high top gate bias. In Fig. 5(b), the experimental
resistance displays a linear relation with 1/Vy0 in agreement
with Eq. (36).

0.9
a =
os ,,( ) Vigoack = 40V
TFepg,
ey,

)
E
q:
3]
o
O
°
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o
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o
c
3
0
& 2000
14
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= w/ Meric's Data
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Vo V)

Fig. 5. (a) Small-signal source-drain conductance g4s as a function of
the top gate voltage minus the threshold voltage Vg9, and (b) small-
signal source-drain resistance Ry as a function of the inverse of the top
gate voltage minus the threshold voltage 1/ Vgo.W’J

Figure 6(a) displays the /-V characteristics of the GFET.
An excellent agreement between the experiment and simulated

results from Eq. (34) is obtained. However, the mobility is
25% higher than Meric’s fitted values.!*>! Figure 6(b) shows
the comparison between theoretical and experimental results
for the p-channel conductance. The better fits are shown as
compared with Meric’s results.!3>! Besides the simulated drain
current, Scott et al. in their compact model have predicted a
linear dependence of the low-field resistance versus the inverse
gate voltage, and suggested that nonlinearity in the energy dis-
persion should be included, as well as carrier multiplication by
impact ionization.

1.2
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e
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*
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Fig. 6. (a) Small-signal source-drain current /g as a function of drain-
source voltage Vgs, and (b) small-signal source-drain conductance ggs
as a function of the top gate voltage minus the threshold voltage Vgo. 461

5. Compact model based on drift-diffusion car-
rier transport

Based on drift-diffusion carrier transport, Jiménez et al.
have presented a physics-based compact model of the current—
voltage characteristics of GFET, of especial interest for analog
and RF applications where band-gap engineering of graphene
could not be needed.*!#>] They assumed that the electrostat-
ics of this device is the equivalent capacitive circuit, in which
the equivalent capacitive circuit C; and Gy, are the top and bot-
tom oxide capacitances, and C, represents the quantum capac-
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itance of the graphene. Potential V, represents the voltage drop
across Cq, where Cq = k |Vc| under condition gV, >> kg T, with
k= (24*/7) (q/ (th)z) ,and vg (= 10° m/s) is the Fermi ve-
locity. Potential V (x) is the voltage drop in the graphene chan-
nel, which is zero at the source end at x = 0 and equal to drain-
source voltage Vg at the drain end at x = L. Then, to model
the drain current, a drift-diffusion carrier transport is assumed
under form

las = —gWpe (x) v(x), (40)

where W is the gate width, p. (x) = |Qc|/q is the free carrier
sheet density in the channel at position x, and v(x) is the car-
rier drift velocity. By using a soft-saturation model, consistent
with Monte Carlo simulations, ”%! v(x) can be expressed as

and vgy, and integrating the resulting equation over the device

length, the drain current becomes

Vs
quw o pcdV

Vs 1 :
/ —av
JO  Vsat

The denominator represents an effective length (Legr) to take

Igs = (42)

L+p

into account the saturation velocity effect. In order to get an
explicit expression for g, the integral in Eq. (42) is solved by
using V, as the integration variable and consistently expressing

Pc and vgye as a function of V¢,

Vas dV
V:uE/(1+l~L|E|/V54t)7 (41) q‘uW pc(VC)WdVC
_ Ves c
where E is the electric field, p is the carrier low field mobil- las = Vas 1 dV ’ “43)
ity, and vy is the saturation velocity. The latter is concen- L+u /Vcs Var (Vo) T%dvc
tration dependent and given by ve = Q/,/Tp.. By apply-
ing E = —dV(x)/dx, combining the above expressions for v where V. can be written as
|
—(CG+Gy)+ \/(Ct +Gy)? £2k [(Ves — Vaso = V) G4 (Vos — Voso — V) G|
v, = . (44)
+k
The positive (negative) sign applies whenever ‘la.r behavior dominated by holes (electrons) for Vg — Vggo <

(Vs — Vaso = V) Ce + (Vos — Voo — V) Gp > 0. The channel
potential at source Vs is determined by V. (V = 0). Similarly,
the channel potential at drain V¢4 is determined by V. (V = V).
On the other hand, the charge sheet density can be written as
pe (V) = kV2 /2q. Extra term po added to p. accounts for the
carrier density induced by impurities.[’! By inserting these
expressions into Eq. (42), the following explicit drain current
expression can be finally obtained:

uw k
Iys = Q {qpovds - 8 (Vc3d - Vc3s)

k2

R TG e (Ve Ve — sem(Ves)Vey) } (45)

To test the model, Jiménez et al. have benchmarked the re-
sulting /-V characteristics with experimental results extracted
from devices in Refs. [35] and [72], as shown in Fig. 7. The
first device under test has L =1 wm and W = 2.1 um, top
dielectric is HfO, of 15 nm, and permittivity is ~ 16, and
the bottom dielectric is silicon oxide of 285 nm. The back-
gate voltage was —40 V. The flat-band voltages Vys0 and Viso
were tuned to 1.45 V and 2.7 V, respectively. These values
were selected to locate the Dirac point according to the ex-
periment. Figure 8 shows the resulting /-V characteristics.
Here the authors have extended the simulated voltage range
beyond the experiment range to show the predictive behavior
of the model. The transfer characteristics exhibit an ambipo-

Ves,p (> Vesp) where Vo p (Dirac gate voltage) is given by
Vs D = Vis0 + Vias /2. The output characteristics are similar to
those of the first examined device. Once again, the compar-
ison between the model and experiment further demonstrates
the accuracy of the model.

Ve (V)
04
— Vg
02— Vcs
Az ONF f, . :
-0.2 Vgs-Vgso = -3V
-1 ]
-1.9V
08 0o 1 -2 3 4 -5
; Vas (V)
< .
T 06 5V
3 .
+
0.4 .+ * ooV
+
+
-0.2
0 . . A . .
0 -0.5 -1 -1.5 -2 -25 -3

Vs (V)

Fig. 7. (color online) Output characteristics obtained from the analyt-
ical model (solid lines) compared with experimental results (symbols)
from Ref. [35]. Inset: quantum capacitance voltage drop as a function
of the source-drain voltage for different gate voltage overdrive. 4!
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Fig. 8. (color online) (a) Transfer and (b) output characteristics obtained
from the compact model (solid lines) compared with experimental re-
sults (symbols) from Refs. [42] and [72].

Based on drift-diffusion carrier transport, Jiménez et al.
have presented a physics-based compact model of current—
voltage characteristics of GFETs, which can capture the
physics of all operation regions within a single expression for
the drain current and each terminal charge and capacitance. At
the same time, it is of special interest as a tool for the design
of analog and RF applications. Additional physical effects, for
example, short-channel effects, nonquasi-static effects, extrin-
sic capacitances, and mobility model, need to be incorporated
into the long-channel core presented here to build a complete
GFET compact model.

6. Compact model based on density of states

To evaluate the capabilities of electronic devices based
on graphene as a channel material, accurate models are de-
sired. Some new compact models based on physics-based
DOS have also been developed. For example, Aguirre—
Morales et al. have developed a new compact model for mono-
layer graphene FETs and dual-gate bilayer GFET by using
a physics-based DOS to simulate the current and the charge,

respectively. [3249-31]

6.1. Monolayer graphene FETs

For the monolayer graphene FETs, the model consider-
ing the 2D DOS of monolayer graphene is used as Eq. (16).
The corresponding device and equivalent capacitive circuit
of monolayer GFET are shown in Fig. 9.1 As shown in
Fig. 9(a), the graphene film is located between the top and
the back-gate dielectrics. The source and drain ohmic con-
tacts as well as the top-gate stack are located on the top of
the graphene channel. The back-gate stack is comprised of a
dielectric and a substrate acting as the back-gate. In this struc-
ture, the access region resistances are modeled as a function
of the applied back-gate bias. The model is based on the 2D
DOS of monolayer graphene being proportional to the Fermi
level energy Ef.

Top-Gate (TG)

(a) Source (S) Drain (D)

Graphene
Layer

Back-Gate Dielectric

Back-Gate (BG)

(b)

[Ctop  Cback

Q  G==ven Q)

Vgsi

V(%)

Fig. 9. (color online) (a) Cross section view and (b) equivalent capaci-
tive circuit of monolayer GFET structure. ®")

For the monolayer GFETs, the drain current has also been
derived from the general drift-diffusion equation and consid-

§[73

ered the velocity saturation of carriers!”3! which reads

Vdsi
/O (|Onet| +4- npuddle)

Vdsi 1
/ —dV
0 Vsat

Ios = uW (46)

L+u
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where Qpe is the stored charge density in the channel and
Npuddie = A%/ n(th)2 accounts for the formation of hole and
electron puddles in the graphene sheet!®® A represents the
spatial inhomogeneity of the electrostatic potential and vg is
the Fermi velocity. To account for this asymmetric conduction
behavior, a separation of electron and hole branch contribu-
tions is necessary for the total drain current implementation,
the total drain current can be written as the sum of the hole
and electron contributions (/g5 = Igs, —i—Idsp) as

Va, q - Npuddi
[ 10+
0 2

Vdsi 1
/ v
0 Vsat,,

Vas; q - Npuddle
/0 ( |QP | + 2

Vdsi 1
™ Tu
0 Vsat,

where (Qp, Vsar,» Un), and (Qp, Vsat, » U,) are the charge sheet

lLis = W

L+,

+u,w , 47

L+u,

density, saturation velocity, and mobility for electrons and
holes respectively. The net stored charge density in the chan-
nel can be written as

3

1
_WVCH(X) |VCH(x)| :

Under the applied bias voltages (Vgs, Vis, Vbs), One can write a

Ohet (x) = Qp —On= (48)

second degree equation of the channel potential Vcy by solv-
ing the charge equations from the equivalent capacitive circuit

Measurements (a)
——— Compact Model

-1 0 1 2 3
Vgs (V)
45 T T T T T T T
40l * Measurements (c)
) Compact Model
35 “‘r
30F _ & .
Vg =2V to-1Vin steps of 1V )
:é\ 25 Pl
\,‘02.0- VBs=ov B
=L 45t &5 5
wfp e 4
05F .
> RMS Error=7.5 %
00 \“( 1 1 1 1 1 1 1
0.0 02 04 06 0.8 1.0 1.2 14 16

Vos (V)

shown in Fig. 9(b)

Ven(x) = sign(Qor — CeqV (X))
—Ceq+ 1/ C2y+40 | Qtor — CeqV |
20

X

; (49)

with Ceq = Ciop + Chacks Qtot = CtopVgsi + Coack Vosi + gNF, and
a=q*/ ﬂ(th)z, where Cyop and Cpack are the top and back
gate capacitances, respectively. Nr is the net doping in the
graphene channel. Vg and Vi are the intrinsic voltages within
the structure V(x) is the voltage drop across the graphene
channel. Vcp (x) along the channel depends on the bias con-
ditions of the graphene layer. Then, based on Eq. (49), the
net charge due to electron and hole conductions leads to the
following equations

—Qp — —0n ~ aVeu |Ven| = aVdy,
-0y — —0) = aVcu ‘VCH| = OCV(%H.

Ohet ~ (50)

Finally, the gate-source and gate-drain capacitances are calcu-
lated using the following equations:

Co — ( dQchannel ) + ( dQchannel )
g — ’
dVes Vgs=cst dVas Vs =cst

Cog = (dQchannéﬂ) _ (dQchannd)
WA=\ —0, = ——
dng Ves=cst dVas Vgs=cst,

with Qchannet = W f()L (Qnet +q- npuddle) dx.

(51

= Measurements
Compact Model
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Is (MA)

0
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Fig. 10. (color online) Comparison of (a) I—Vgs, (b) gm—Ves, (¢) 14—Vis, and (d) I—Vis measurements (symbols) with the compact model (solid

lines).[50
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For verifying the model described above, measurement
results from two different monolayer GFET technologies have
been compared with the model simulations. Figure 10 shows
the DC characteristics (Ig—Vgs, la—Vbs, 1a—Vas) from a device
having a gate length of 5 pm and width of 25 pum.[% The
simulation shows a good agreement with the measured results.

6.2. Bilayer graphene FETs

For the bilayer graphene FETs, the model considering
DOS of bilayer graphene is used as Eq. (17). The correspond-

(@)

Source (S) Top-Gate (TG) Drain (D)

Bilayer
Graphene

y

& o

Source Accoss Rogion Drain Access Ragion
 Ow
Vishitt.Dirac < *) Biayer

Back-Gate (BG)

ing device and equivalent capacitive circuit of bilayer GFET
are shown in Fig. 11.1491 It is assumed that on top of the bi-
layer graphene channel, the source and drain ohmic contacts
as well as the top-gate stack are located. The back-gate stack
is composed of a dielectric and a substrate acting as the back-
gate.

The drain current Iy in the bilayer graphene FETs can
also be expressed as the sum of the electron and hole contribu-
tions, Igs = las, +1as,» Which is similar to that in the monolayer
graphene FETs.

Back-Gate

(b) Capacitance
e

I Ctop | iCback] _
E I

ves ) Cq==VcH

)

) vBSsi

Graphene

+

Fig. 11. (color online) (a) Cross-sectional view and the equivalent drain and source access resistances, and (b) equivalent capacitive circuit of

bilayer GFET structure. Inset: DOS of bilayer graphene with a nonzero energy bandgap. !

The saturation velocity of carriers is given by
hQ

Vsat(,,‘ ») = )

- < |Q(n,p) ‘ +”puddle>
q 2

with Q2 being the effective energy due to phonon scattering in

(52)

the substrate. Here, an even distribution of the residual carrier
density 7n,uddle in the electron and hole puddles is considered.

As the back-gate voltage Vi becomes more negative,
more positive charges are induced to close the back-gate,
thereby inducing more negative charges close to the graphene
channel on the top side of the back-gate dielectric. Thus,
higher values of Vg are required to obtain the channel charge
inversion, resulting in a shift in the Dirac point Vspifi—Dirac t0-
ward the positive direction. Then, the shift in the Dirac voltage
will also saturate eventually as described by the exponential
model

Varn: . =V, +V . _L/bsi’ 53
Shift—Dirac = V1 2 - €Xp Vi s (53)

where V|, V,, and V; are constants.

Considering that the areas of hole and electron puddles
are equal in size, the spatial electrostatic potential is simpli-
fied as a step function with a peak-to-peak value of +A, as
presented in Ref. [66], which includes the effect of the open-
ing of an energy bandgap. The electron and hole puddles are
written as

2m, —E;/24+A
Npuddie = EheszkBT{ In {1 + exp (iiﬂ,)]

49]

+1n [1+exp <_Eg/2_A>H (54)
ksT

In order to validate the capability of the developed compact
model for accurate modeling of the bilayer GFET devices,
comparisons with measurements from the literature!’#! have
been performed and are presented. The comparison of the
measurement data and the developed compact model is shown
in Fig. 12, which shows the good agreement.

400 T T T

T
60V e V =-50V

T

. VBS= 6! BS
350 A v, =40V Vg =-30V
® VvV, =20V « VvV =-10V
300 | Vs =2V . VBS=0V 8 4

®
&

250

»»»)»»»»»»»»‘

prbRBRD>
200 > 1
At
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s (MA/um)

100

50

0
Vi (V)
Fig. 12. (color online) Comparison of the Igs—Vys measurements

(symbols) with the compact model (solid lines) for V43 = —2 V and
Vs =0V to —60 V.14

[34]

7. Surface-potential-based compact model

As described above, plenty of compact models for GFETs
have been developed with the current characteristics and can

be implemented in Verilog-A for simulations of DC, AC, or
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transient properties. However, to achieve an accurate model
qualified in EDA tool, the compact model with high accuracy
and strong physical property should be further considered. For
the real graphene device, the random distribution of carriers
(electron or hole) caused by the impurities and spatial disor-
der will play a role in carrier transport. Thus, to obtain an
accurate transport property, compact model in GFETs should
include the real physical effect, such as disorder and temper-
ature. The surface-potential-based compact model is believed
to have high accuracy and strong physical property, and be
easily simplified into the charge-based and threshold-voltage-

(@) ® .

based models.

Based on the surface-potential-based, Li ef al. have de-
veloped a continuous physical compact model for GFET. Fig-
ure 13(a) shows the schematic diagram of a top-gated GFET

47481 Tn Li er al.’s work, it is as-

for GEFT compact model. !
sumed that on top of the graphene channel, the source and
drain ohmic contacts as well as the top-gate stack are located.
And DOS for graphene is Gaussian DOS with disorder pa-
rameter, and the analytical carrier density is based on the ex-
ponential distribution of potential fluctuations for the electron

branch (Eg > 0) or the hole branch (Eg < 0).

C
Vg'VgSO ( ) f
-1T- Ren(p)
—— Cg _| \'dsm b ds
—— '
= Rc'n,(p)
| I )

Fig. 13. (color online) (a) Geometric definition for compact model of GFET, (b) capacitance divider scheme extracted from a single gated

GFET, and (c) extrinsic structure for GFET. [48!

7.1. Surface-potential- based model

Generally, the threshold voltage emphasizes the convert-
ing point, while the surface potential ¢ always generates a
continuous transition behavior covering the whole region. For
the zero band-gap graphene, carriers generally degenerate with
Fermi level located in the conduction or valence energy band.
In this situation, the surface potential is obtained by using ca-
pacitance divider scheme instead of Poisson equation as shown

in Fig. 13(b). For a single gate GFET, ¢ is expressed as

—Cyt/C2H4kCy Vs 5

2k ’

@ = sgn(Vy)

where sgn is the sign function, Vg, = \/(Vgs -V —V(x))z,
V(x) is the voltage along the channel, V(0) or V(L) repre-
sents the source or drain voltage, V;?s is the gate doping volt-
age which will cause the drift of Dirac point. Equation (55) is
applicable for high gate voltage region arising from the sim-
ple quantum capacitance. However, at the low gate voltage,
the disorder effect dominates the transport and hence demands
the accurate Cy. With the Gaussian distribution of potential
fluctuations,!”! although Cy can achieve the high accuracy,
it also blocks the analytical solution of ¢s. Fortunately, this
question has been addressed by Li et al. by using the expo-
nential distribution instead of Gaussian form. 7!

Based on Ref. [76], the surface potential ¢ can be ob-

tained by solving the following equation:

Ver=alnc (@) - mio)) (- + - ) o 60
g eq
where Cq is the effective capacitance of the metal and
graphene contact, Ceq = & /a’eq, and deq is the effective con-
tact distance. By using the 3" Taylor series, the final surface
potential ¢4 can be written as

A=\ @12 +oRi—28) +4 (A — 1)

+271 24+ 9f1 o fs — 213, (57)
o VT V26AR-8) B
o 3V2f 3iv/Ta 3

7.2. Asymmetry behaviors

It is well known that ambipolar characteristic curves in
GFET show an asymmetry for electron and hole, which mainly
derives from contact metal doping. Thus, the corresponding
model should be modified. Based on the contact resistances as
shown in Fig. 13(c), Li et al. developed the intrinsic voltage

agl47:48]

Vil =V — 2UgR, (58)

where Vdig and V¥ are the intrinsic and extrinsic drain-source
voltages, respectively, and Iy is the drain-source current re-
lated to Vdi;‘. Equation (58) can only be solved numerically
with contact resistance for hole (electron). Considering the
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contribution of the contact doping to the surface potential, the
asymmetry surface potential can be obtained by altering the ef-
fective contact capacitance Ceq in different operation regions.
Then, the asymmetry surface potential is written as

1
Qsa = 70 log [exp (rosgn (Vgx) (Psh)
+ exp(rgsgn(Vgx)(pse)] , (59)

where ry is a fitting parameter and its sign controls the type of
metal doping, the detailed parameter is shown in Table 1.

Table 1. Different metal-graphene contact and channel related to fitting
parameter ry.

Metal Contact form Parameter
. —p— <0, Vs < Vyi
Ag (Ti, Au, Pd) p-p—p ry gs dirac
p——p ro <0, Vas > Vidirac
Al n—p-n ro >0, Vgs > Vdirac
n-n-n 79 > 0, Vs > Viirac

Based on Eq. (59), one can calculate the surface potential
with numerical and analytical solutions, as shown in Fig. 14.
The corresponding small error is shown in the inset.

—Vds=0.1V
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Fig. 14. (color online) Simulation results of surface potential with nu-
merical and analytical solutions, respectively. Inset: the error between
numerical and analytical solutions. 47481

7.3. Current modeling

Generally, the constant mobility instead of function of
Fermi level in model was applied. To achieve a higher
level, the functional current will be simplified and then ac-
curacy is reduced. To obtain carrier transport property, Li
et al. introduced thermal activated transport theory and
Bolzmann transport theory into the surface-potential-based
model.!*®! Electron or hole will contribute to the thermal acti-
vated transport!”’] in the low Fermi level region, while in the
high Fermi level, the Boltzmann transport will be dominant
and include two scattering mechanisms (long-range and short-
range). Based on these theories, the current should include

three components as

W ogkhm [
L Ion; (Zn.q(zjék)z {Sg ((Ps)/( e (05)
+ 1 (95)) s dq(:)d‘pb} ||‘sz|
V) S] | P

w
Iy = " [Sgn(fps)/cd do,

W 4kDyh(hVy)?
short — Zi

Ilong =

)

)

|¢ss] (60)
gV
o/ (1-en(-5))

dV(x) )] |(Psd|
des )
dog ¢ | Qs

where the subscripts d, long, and short represent the ther-
mal activated, long-range scattering, and short-range scatter-
ing mechanisms, respectively, @y (@) represents the drain
(source) surface potential obtained by Eq. (57). Due to the
competence of the two scattering mechanisms and the geomet-
ric mean presenting the transition from the thermal activation
to Boltzmann transport, the final current model is expressed as

o TR/ 1/r2
Ilota] = |:(110n]g+1sh0]rt) +Id2:| y (61)

where | and r; are the fitting parameters.

In Figs. 15(a) and 15(b), the comparison of the calculated
and experimental results for output and transfer current char-
acteristics is presented.

For current models, the output current saturation is al-
ways considered, which arises from drift velocity saturation
or Joule heating effects. Generally, model with drift velocity
saturation is written as the effective length expression

% u dV(x)
Pss Vsat ((Pb ) d (Ps

Lep =L+ des, (62)
where vy, is the saturation velocity. As well as typical mod-
els for vgy and p, various effective channel length expressions
can be obtained. Actually equation (62) can be fully simpli-
fied with constant mobility and non-disorder carrier density
(n o< @2). Then, equation (62) will be transformed as

Len—L o< (924+Cq7) |24 63)

SS
According to Eq. (63), a model including residue carrier
density (ng) or disorder parameter (s) has been evolved. Re-
markably, the effective length with the scattering mechanisms
dependent mobility can be improved. Leg embedded with two
scattering mechanisms can be simply presented as

—1/
L—L o (L*” 1L ) " (64)

long short

Based on Eq. (64), the comparison of saturation output cur-
rent for the calculated and experimental results under different
channel lengths is presented in Figs. 15(c) and 15(d).
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Fig. 15. (color online) (a) The output current under different gate voltages for the calculated and experimental results, and (b) transfer current
under different drain voltages for the calculated and experimental results. Output current with simulated and experimental resutls under (c)

Ly =500 nm and (d) Lg = 130 nm, 47481
7.4. Capacitance model

The terminal charges Qg, Oq, and Qs always relate with
the gate, drain, and source electrodes. Qg is the integration of
the net mobile carrier concentration along the channel. Q4 and
Qs can be obtained by Ward—Dutton’s linear charge partition

4147

scheme, #1471 with the charge conservation relationship. The

expressions for terminal charges are written as

L
Qg: _W~/0 Onerdy,

L
&zmAQmw, (65)

Q= — (Qg"‘Qd) .

Due to the current continuity equation, dy in Eq. (65) can be
replaced by —uW |QOne| dV /14 and y is equal to Legely (@s) /1.
Generally, if one considers the simple current model with con-
stant mobility, disorder induced carrier density can be intro-
duced into Eq. (63). Then, the capacitance model can be de-
duced analytically by using the formula

20 ., .
C”_ 787‘0‘, 17&]) 66
=10 (66)
aV]7 l_]7

where i and j represent the terminals. As the gate oxide thick-
ness is greatly decreased, the quantum capacitance needs to

account for accurate intrinsic capacitance modeling during cir-
cuit simulation. Quantum capacitance induced by disorder is
significant in discussing scaling down effect. The comparison
of capacitance for the calculated and experimental results is
shown in Fig. 16.

O Experimental Cgg
Analytical Cgg
Analytical Cgd
Analytical Cgs

0.08
0.071
0.06+
0.05
0.04-
0.03
0.02
0.01 !
0.00+— ; ; ; .

Capacitance(f/m?)

Vgs-Vgs0(V)

Fig. 16. (color online) Comparison of Cgg, Cgs, and Cygq. The lines represent

the calculated results, and the points represent the experimental results. (474!

7.5. Parameter extraction

The computable effective and physics-based extraction
method will benefit the compact model’s accuracy. Generally,
extraction aims at being physical and fitting parameters. To
obtain higher level, the parameter sequence should introduce
physical effect. However, considering the continuity and accu-
racy of compact model, the fitting parameters will be used for
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smoothing the output curves and reducing the error. It is an-
ticipated that the compact model of GFETSs with the parameter
sets will be suitable to circuit design and can provide accurate
insight into the performance. The main criterion for a good set

of parameters is the balance of error, efficiency, and continu-

ity. Figure 17 shows the extraction flow of the key physical pa-
1.[47.48]

rameters of the surface-potential-based compact mode

Based on the corresponding equations shown in Fig. 17, four
key parameters which determine the transport mechanisms can
be obtained. Generally speaking, the self-consistent physics-
based model is easier to extract the physical parameters. But,
it is incompatible to propose a unified method of parameter

extraction due to quite complicated models.

de
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Fig. 17. (color online) Extraction flow of the key physical parameters of the model. !

7.6. Gummel symmetry test

For convergence in simulation and analysis for GFET
based circuit, continuity and symmetry characteristics have
to be kept. On the other hand, to simulate RF circuit, the
corresponding parameters should satisfy the continuous and
symmetry conditions. Compact model must fulfill one of the
benchmark tests, that is, Gummel symmetry test (GST).[787%]
The traditional GST circuit is shown in Fig. 18. Generally, the
higher-order derivatives in MOSFET compact models are ob-
tained as a function of V,, which is symmetry for V, = 0. This
symmetry roots in the symmetry device structure and channel.

Fig. 18. Traditional GST circuit.

For GFETs, the symmetry is different from the transi-
tional devices due to the drift of Dirac point. Depletion layer
in the channel has disappeared in GFETs. In the capacitance
divider scheme, this doping effect causes the asymmetry for

47]

plus and minus branches of drain voltage. Thus, to achieve
GST, an applied gate-voltage will supplement the drift volt-
age. Otherwise, to control the continuity, the boundary condi-
tions of the transition of different transport mechanisms can-
not be ignored. To achieve it, the current components cover
the whole region to avoid the sharp change at some typical
points. For V, = 0, the hole and electron branches will meet,
where smoothing parameter in sgn function will be used for
better continuity. If the model passes the GST, as shown in
Fig. 19, one can claim that the model has a good continuity
and symmetry.

Source Drain

-Vx Ves=Veo Vx
_ Jx10¢ R e R E=0
2 F -\ =
= —\/ 1st-order

“IO

8 L. 2nd-order
/'2 5r T T T T
= H
S ‘ 3rd-order

s L L L I
0.5 0.4 -0.3 0.2 0.1 0.1 0.2 0.3 0.4 0.5

o
Vx(V)
Fig. 19. (color online) GST for 1, 2, 3-order derivatives of I4s under the
condition Vg = Vgso.[47,48]

7.7. Simulation of GFET-based circuits

To embed the compact model into a vendor simulator,
the Verilog-A hardware description language (HDL) language
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is always used for constructing a circuit level model. VA
HDL is used for designing analog and mixed-signal systems
and integrated circuits defined modules which encapsulate
high-level behavioral descriptions as well structural descrip-

tions. Here the surface-potential-based compact model is
coded by using Verilog-A language.®”) The parameter dec-
laration, surface-potential calculation, output current, and ca-

pacitance are shown in Fig. 20.

Transient characteristics

%

Verilog-A Module

Input:

Physical parameters

Vs Vps, b matching

Vgs, Vds

W, L n,nV32 s,

*
omin' (4 m 'V s/ Cg

surface potential
calculation, ¢, ¢,

g

Output: Ids
Cgs, Cgd

/ ds (Vgs/ Vds)

Analytical I-V Model
< Ids(Vgs,Vds):

Analytical expression

Aanlytical C-V Model

CGs,(GD):
Analytical expression

lgs (9= Costga Vgstgal/t)
|

Fig. 20. (color online) Verilog-A module for compact model of GFET.

8. Conclusions and outlook

We have reviewed the concept, origin, development, and
application of compact model within the scope of graphene
field-effect transistors (GFETs). Although the compact model
has a short history since it appeared, it seems that research in-
terest in the compact model has been growing greatly. Based
on the several current contributions, we have tried to describe
plenty of methods on developing the GFET compact model.
The merits and demerits for current compact model have also
been discussed. To keep pace with the increase of circuit oper-
ating frequencies and device tolerances scale down with con-
comitant increases in chip device count, accurate and physics-
based compact models are essential for the design and devel-
opment of GFETs. Currently, the compact model is still open
and evolvable. We hope that this review will be helpful to
comprehensive understanding of GFETs compact model, and
provide a motivation for promoting the application of GFETSs
in industry.
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