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Compact models for two-dimensional field-effect transistors (2D FETs), predominantly adapted from
conventional unipolar Si metal-oxide-semiconductor FET (MOSFET) frameworks, frequently fail to cap-
ture essential physics such as ambipolar conduction, threshold voltage roll-off, and output current upswing
in saturation. While models based on Landauer formalism and the Pao-Sah approach offer partial solutions,
their reliance on curve fitting and neglect of defects obscure the link to underlying device physics. Here, we
introduce a physics-grounded carrier-phase-space (CPS) framework for 2D FET compact modeling. By
employing the quasiequilibrium approximation and formulating the drain-source current as a path integral
within the CPS, our model accurately describes threshold voltage roll-off, saturation current upswing, and
ambipolar behavior. Crucially, analytical expressions for key electrical turning points across all operating
regimes, including threshold voltage, saturation voltage, pinch-off voltage, and p-n-junction onset voltage,
are derived for the first time through analysis of the bias-dependent integration path in CPS. Furthermore,
the model incorporates the effects of ionized defects and is rigorously validated against experimental data
from both ambipolar and unipolar FETs, demonstrating excellent electrostatic gating control and uniform
thermal dissipation. This work establishes a comprehensive physics-based CPS compact model for 2D

FETs, significantly advancing the foundation for their practical circuit design and manufacturing.

DOI: 10.1103/dmv5-hsxt

L. INTRODUCTION

CMOS block is the basis for integrated circuits, which
require both n- and p-type transistors [1,2]. In two-
dimensional (2D) device technology, the majority carrier
type in semiconductors can be dynamically tuned between
electrons and holes through electrostatic gating, enabling
the reconfigurable operation modes in 2D transistors [1,3].
Such an ambipolar conduction property has been observed
in many two-dimensional (2D) diselenides like WS, [4],
WSe, [5], and MoS; [6], and is promising for applica-
tions in modern circuit design [7-9]. However, a critical
challenge in the development of this device technology is
compact models, which act as a crucial bridge between
semiconductor manufacture and circuit design by translat-
ing the device-level physical parameters into circuit-level
performance metrics.
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A comparison of performance metrics among existing
compact models for two-dimensional field-effect transis-
tors (FETs) is summarized in Table 1. Previous studies
predominantly adapted from conventional unipolar metal-
oxide-semiconductor FET (MOSFET) models to analyze
the device characteristics of 2D transistors [10]. How-
ever, this approach fails to reproduce physical phenomena
inherent to 2D FETs, such as ambipolar conduction proper-
ties, threshold voltage roll-off, and output current upswing
in the saturation region [6,22,23], while also leading to
the distortion of parameters like carrier mobility [24,25].
Compact modeling of 2D FETs based on the Landauer for-
malism primarily focuses on carrier transport across the
Schottky barrier [11—15]. Although these models repli-
cate threshold voltage roll-off [12] and ambipolar transport
behavior [11,13—15], they are unable to account for the
degradation of subthreshold swing caused by the charg-
ing and discharging of dynamic defects. From a com-
plementary perspective, Pao-Sah models describe carrier
transport through the channel by formulating the current

© 2026 American Physical Society
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TABLEI. Compact models of 2D FET and performance metrics.
MOSFET Landauer 2D Pao-Sah 2D
compact model FET compact FET compact
Performance metrics (EKV) model model This work
Unipolar electrical behavior V [10] V[11-15] V [16-21] A\
Ambipolar electrical behavior X V [11,13-15] V[16-21] \%
Threshold voltage roll-off X V[12] V[16,17,20,21] \%
Subthreshold swing degeneration V[10] X V[16] \%
Output current upswing in saturation X X V [20] \%
Physically numerical fitting X [10] X [11,13-15] X [16-19,21] \%
Analytical solutions for electrical critical points V [10] X X A\

as a path integral in phase space [16-21]. Such mod-
els partially address the limitations of Landauer-based
models, as they can handle practical subthreshold swing
degradation by incorporating terms for ionized defects
into the gate electrostatics equations [16]. Nevertheless,
these models often introduce numerous parameters with
unclear physical meanings [16,19], overlooking require-
ments for a reduced number of model parameters. Of
note, both categories of models overemphasize numeri-
cal fitting results while neglecting the connection between
the key turning points in device electrical characteris-
tics and their underlying physical mechanisms. They fail
to establish an analytical and quantitative link between
the phase-transition switching mechanism of 2D semi-
conductor FETs [26,27] and the experimentally observed
threshold voltage roll-off. From a circuit design standpoint,
these models cannot assist in predicting the key turning
points in device electrical characteristics under a given bias
based on material properties (contact barrier height, defect
energy-level positions and defect density in the material,
and external biases) prior to device fabrication, hindering
the optimization of the trade-off between circuit speed and
energy consumption [1,28].

In this work, we present a physics-grounded carrier-
phase-space (CPS) framework for 2D FET compact
modeling. Section II details the assumptions and model
construction procedure, including the boundary condition
generation and current generation modules (a path inte-
gral within the CPS), Here, the physical rationale for
the quasiequilibrium approximation (QEA) is addressed.
Sections III A and III B present the modeled electrical
characteristics and provides explicit analytical expressions
for key turning points in transfer and output curves of the
ambipolar 2D FETs, such as threshold voltage, saturation
voltage, and p-n-junction onset voltage. Here, the con-
cept of threshold concentration is introduced to connect
metal-insulator-transition with electrical turning points.
Section III C describes a general method to account for
the effect of defects in 2D FETs, herein an additional
drift current is computed and the turning points’ analyti-
cal expressions in device electrical behavior are modified.
In Sec. I1I D, the model is validated by fitting experimental

characteristics, for both ambipolar and unipolar transistors.
Finally, Sec. IV summarizes the main conclusions of the
study.

II. THEORY AND METHODS

Figure 1(a) illustrates how each module collaborates to
derive electrical characteristics for 2D FETs. Based on
this schematic, the compact modeling framework mainly
consists of boundary condition and current generation
modules. Ohmic boundary conditions, determined by
external biases (Vgy, Vs, Vy), uniquely define the 2D car-
rier concentrations at the source and drain nyp (Ve V5),
pZD,s(Vgs’ Vs)a nZD,d(Vgsa Vd): pZD,d(Vgsa Vd) Herein> the
boundary-condition equations typically include Gauss law
that define the scalar potential of the differential element
[DE, in Fig. 1(b)], and statistical mechanics definitions
for carriers and ionized defect concentrations. The current
generation module produces a specifically defined current
Lis = (W/(va — y))F (nap s, pap s> M2p.d> P2p,a) under given
boundary conditions. The intersection of these two mod-
ules resides at the scalar potential governed by Gauss law.
Therefore, the model construction procedure is as follows:
first, specify the scalar potential definition for channel DE;
then, establish the boundary-condition equations; finally,
formulate the current generation equations.

A. Boundary-condition generation module

The 2DFET device configuration and its DE definition
are depicted in Fig. 1(b). Each DE can be regarded as an
infinitely large parallel plate, where the net charge density
is the average areal density. Taking the source metal Fermi
level as the reference energy Ey, the relationship between
the DE’s net charge density oyp and its scalar potential
Prielq 18 established by Gauss law:

q Ero
Pfietd(x,¥) = Vgs + ——0ap(x,y) — — (D
Ceﬁ' q

Equation (1) is the gate capacitance electrostatic equation,

where  oap(x,y) = pap(x,y) — map(x,y) + N (x, ) —
N (x,y), pap and nyp denote the DE’s hole and electron
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FIG. 1. Compact modeling framework. (a) Boundary condition and current generation modules, illustrating their interaction to

determine electrical characteristics of the 2D FETs. Key assumptions are clarified, and the modeled current characteristics are shown.
(b) Schematic view of the investigated ambipolar 2D FET and the defined channel differential element. (c) Definitions of the field-effect

potential ®geiq(x,y) and body-effect potential Ppoqy (x, ).

concentration. N; and N represent the ionized donor and
acceptor densities, and ¢ is the positive elementary charge.
Given our current focus on a well-performing 2D FET, we
neglect contributions of N and N and simplify Eq. (1)
as o2g ~ pyp(x,y) — nap(x,y). Defect considerations will
be addressed in Sec. I1I C.

The complete boundary-condition generation equations
are given by Eqgs. (1) and (2) (Sec. 1 of the Supplemental
Material [29]). Below, we first define physical meanings
of the relevant variables and parameters, then describe
detailed derivation of the boundary conditions: #2p 5, pop s,

nap 4, and pap 4.

np = NeIn [1 + exp (%) exp <¢ﬁeld — Poody — ¢Bn>]

kv T/q
(2a)
i = Ny In |:1 + exp (%) exp (_ Pfield — ]j:t;(/i; + ¢Bp)]
(2b)

In Egs. (1) and (2), ¢p,() represent the electron(hole)
Schottky barrier and are defined as ¢g, = (Eco — Ero)/

q > 0,95, = (Ero — Eyo)/q > 0. Asillustrated in Fig. 1(c),
the potentials of Pgeiq(x,y) and @poay(x,y) are defined
as qofeld(x,y) = —(Ec — E0), qPoody = —((Ep + Epp)/
2 — Efy). The field-effect potential ¢peia(x,y) quanti-
fies band-edge displacement of conduction minimum
(E.) relative to the flat-band condition (E.), while the
body effect potential ¢poay(x,y) characterizes the move-
ment of the Fermi level [or average of quasi-Fermi
level, (Eg + Eg)/2] relative to the reference energy
(Ero). Hence, ¢poay(x,y) represents the increment in sys-
tem’s energy (i.e., Fermi level) through charge exchange
between source-drain electrodes and the 2D channel.
Pgield (x,y) merely causes the redistribution of charge car-
riers within the system, without introducing net charge or
altering the Fermi level.

The parameter y used in Egs. (1) and (2) is a dimension-
less quantity, which is defined asy = (Ej — Ep)/kpT
In(nappap/n?) and represents the nonequilibrium degree
within the DE. For direct band-gap semiconductors,
for example the majority of the monolayer 2D semi-
conductors [30], y is positively correlated with the
DE’s net recombination rate Rgirect, Where Rgirect =
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Rec(nyppop — niz) with R.. and n; denoting the recom-
bination coefficient and intrinsic carrier concentration,
respectively. For a monolayer 2D semiconductor channel,
y > 0 signifies nonequilibrium carrier injection into the
DE, causing recombination to exceed thermal generation.
Under this condition, the DE operates as a resistor. Con-
versely, y < 0 indicate carrier extraction from DE, where
thermal generation dominates recombination, enabling the
DE to function as a power source. In most scenarios, 2D
transistors function like resistors, implying y > 0 in any
DE. According to the energy band diagram of a p-n junc-
tion [31], |y| scales with electric-field strength E (i.e.,
the scalar potential gradient). This enables estimation of
a DE’s |y| through the average field strength in channel
direction: |E| &~ |V4/L| o |yv:/Lsc|, where Ly, is the 2D
semiconductor screen length and v, = k;,7/q is the thermal
voltage.

Given parameters of y, ¢poqy and temperature (7)),
Egs. (1) and (2) can generate nyp, pop, and ¢gelqg Within
any DE. For DEs near the source and drain, it is accept-
able to assume that ¢poay.q = Va, Pody,s = Vs (equivalent
to Ohmic contact), but determining their y remains chal-
lenging. According to Schottky’s or Bethe’s contact theory
[31], it is possible to identify a DE in which the carrier
concentration is unaffected by the net current and main-
tains its equilibrium value. This implies such DE satisfies
y — 0%(i.e., quasiequilibrium), and shall be located at
least a Ly, away from the contact interface. If the FET
channel is sufficiently long, we can always find such a DE
to compute the boundary conditions.

B. Current generation module

In this section, the drift-diffusion transport equations
are employed to derive the path integral expression for
device current, as the characteristic length (Ls) in 2D
semiconductor is typically approximately 10 nm [32] and
the channel length of our studied 2D transistors signif-
icantly exceeds this value. When device size shrinks to
the ballistic limit(carrier mean free path &~ channel length)
or quantum transport regime(channel length ~ carrier de
Broglie wavelength), the classical-statistics-based DD
model immediately fails [33].

Electric-field strength E is defined as the negative gradi-
ent of scalar potential. Combining Eq. (1), we obtain

EQ) = _ désia _ f] dpap  dnyp 3)
dy Cer \ dy dy
L(y) q* dpop  dnop dnop
=———Mn2p| —— — D,——
w Cer dy dy dy
(4a)

Liy) _i dpop  dmp\ dp>p
W C,eﬁﬂpPZD dy dy q p_dy
(4b)

In 2D materials system, quantum confinement along the
out-of-plane direction, modifies both the band structure
and Einstein’s diffusion-mobility ratio (DMR). Unlike bulk
semiconductors (D, = (kyT/q) in()), the ratio in 2D
semiconductors can be derived from the generalized Ein-
stein relation [34], while merely considering the primary
contribution of the first sub-band carriers (see Sec. 2 of the
Supplemental Material [29]):

. kb—TM np  exp(nap/Ne)
q " N exp(np/N,) — 1
D - kT pip  exp(pap/No)

" g TNy exp(pan/Ny) — 1
Under dc conditions, the current continuity equation dic-
tates that current through any channel DE is constant.
Integrating from source (s) to drain (d) yields the drift and
diffusion components of electron and hole currents, which
satisfy I, = luifte + laities I = larieen + Laien:

D, (5a)

(5b)

w q2
lasitre = — 2 pnnzp(dpop — dnop),,  (6a)
Yd — Vs Cer
W nD.d n
Lie = +gN. / Dnd( 2D), (6b)
yd - yS np.s NC
w 2
Lariey = — q/ / wppan(dpop — dnap),, (6¢€)
Yd — Vs C eff

W P2D.d "D
Lt = —qNy / D,d (p ) (6d)
yd - yS P2D,s N'U

As demonstrated by the above equations, the device total
current (15 = I, + I) can be formulated as a path integral
in CPS (Fig. 2), without an explicit dependence on spa-
tial coordinates. Here, we define t as the integration path,
represented by a curve in CPS. All points on the curve sat-
isfy Eqgs. (1) and (2), and 7 starts at (n2p, p2p,s) and ends
at (map g4, pop4). However, the precise trajectory of 7 is
unspecified. Under the finite-element method (FEM), this
ambiguity does not arise because mapping points through-
out the phase space are determined by simultaneously
solving the drift-diffusion (DD), current continuity (CE),
thermal conduction (TCE), and Poisson equations (PEs)
for all the channel DEs. If we designate the path t obtained
via FEM as the true integration path 7, then the core
challenge for compact modeling of 2D FETs is to derive
an approximation path that replaces 7, while reproducing
identical current values. The specific solution can be given
by Eq. (7) under y = 0, and defined as the quasiequilib-
rium path 7. Justification for this approach is presented
below.
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FIG. 2. Carrier phase space and current integration path. (a) Reduced CPS. The blue lines represent the mass action law (MAL) at
various temperature 7’ and nonequilibrium degree y. Red and green lines represent the electrostatic restriction (ESR) of the drain and
source DEs, respectively. Here, the mapping points of the source and drain DEs (SMP and DMP) corresponds to intersections of the
MAL and ESR curves, determined by ¥, @pody,s» Poody.d> and T. (b) True current integration path 7, obtained via the finite-element
method, and the quasiequilibrium path 7,, under the approximation of y — 0%. At V,;; > 0, SMP lies to the lower right of DMP in
the reduced CPS. (c) Phase division of the 2D semiconductors, showing the semiconducting, metallic, and breakdown phases.

To readily justify the validity of quasiequilibrium path
(QEP) approach, we recast Egs. (1) and (2) as Egs. (7)
and (8). In Fig. 2(a), the blue line represents the mass
action law [MAL, Eq. (7)] under various 7 and y, while
the red and green lines represent the electrostatic restric-
tion [ESR, Eq. (8)] of the DEs at drain and source,
respectively, under a specific set of conditions (7, Vi,
¢ody). Here, we defined the reduced carrier concentra-
tion as nyp = nyp/N., pop = pap/N,. The intersection of
the MAL [Eq. (7)] and ESR [Eq. (8)] curves corresponds
to the DE’s mapping point in the reduced CPS. Conse-
quently, the mapping point of the source DE in this reduced
CPS is termed as the source mapping point (SMP), the
mapping point of the drain DE is similarly defined as
the drain mapping point (DMP). The operation of a FET
relies on the transport of nonequilibrium majority carriers.

Specifically, for n-channel conduction and Vg > 0, the
nonequilibrium electrons are injected from the source con-
tact into the 2D channel. In this case, as dictated by
Egs. (7) and (8), SMP must lie to the lower right of
DMP in the reduced CPS, which are correspondingly rep-
resented by SMP;. and DMP,, in Fig. 2(b) along the true
integration path t,. Experiments have demonstrated that
2D FET operates in accumulation mode, and the accu-
mulated carriers originate from electrical injection at the
source and drain contacts [6]. Therefore, it is reasonable
to assume that the hole/electron concentration reaches its
maximum within the DEs near the terminal contacts and
decreases monotonically from one terminal to the other.
Therefore, ;- should reside within the dashed blue region
depicted in Fig. 2(b). If the channel is sufficiently long, sat-
isfying |y| = |E/(vi/Lse)| = |(Vas/v) (Lse/L)| K Eg/kpT
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(where Ej is the band gap), then the nonequilibrium major-
ity carrier concentration will be significantly lower than
its equilibrium concentration. Consequently, y — 0% for
any DE inside the 2D channel, implying SMP,. — SMP,,

J

ex b\ _ 1]]ex P 1_
p N. p N, |
nyp q ]
exp(N ) -1 2C’_ (n2p — pap)
= exp o
exp P\ 1 Ut
N, i

Strictly speaking, when considering the practical impli-
cations of energy dissipation in 2D electronics, DEs along
the semiconductor channel operates at different temper-
atures [35]. This thermal gradient alters the integration
path, as designated by the arrow in Fig. 2(a). However,
under idealized heat-dissipation conditions, we neglect the
self-heating effect and assume uniform temperature opera-
tion across the channel DEs. Figure 2(c) depicts the phase
divisions for 2D semiconductors, including the semicon-
ducting, metallic and breakdown phases. And the metallic
phase is achieved when the DEs are saturated with holes or
electrons.

After replacing by the quasi-equilibrium path 7 ., the /4
expression reduces from the general form in Egs. (6a)—6d)
to the following special case Eq. (9):

D4 . _ _
I =+ M / integ, (72p)diap, (9a)
yd - yS ;IZD,S
W PaD.d ) _ ~
b=y [ integ, Gao)dp. O0)
Yda — Vs 132D,s

The integrands integ,(72p) and integ, (pap) are nonde-
creasing functions, with their analytical forms detailed in
Sec. 3 of Supplemental Material [29]. More specific drift
and diffusion contribution is provided in Sec. 3 of Supple-
mental Material [29]. By setting ¥y = 0 and eliminating

veln [exp (712q) — 1] — Nyln| 1+

exp (

—E
kT

C/eﬁ‘ exp (n2q) — 1

DMP,. — DMP,,, and 7, approaches 7, [see Sec. 10 of
Supplemental Material [29] for a comparison in currents
obtained from full numerical drift-diffusion simulation
(t4) and quasiequilibrium approximation modeling (7 4.)].

)/ka— Eg
= A —- 7
exp ( T )
Epo
2Vgs - 2¢body - 27 + ¢Bp - ¢Bn
= exp - ®)
t

(

both the ¢ge1q and pyp (or #15p) terms from Egs. (1) and (2),
we obtain Eq. (10). Here Vg = Erq/q. Based on Eq. (10),
the DE’s majority carrier switches from electrons to holes
while Vg sweeping from positive to negative infinity, as
illustrated in Fig. 3(d). Crucially, Eqs. (10a) and (10b)
determine the starting (SMP) and ending (DMP) points of
the integration path under a specific bias condition. More-
over, the hole and electron currents (/j, /) obtained via this
QEP approach depends solely on the projection of the inte-
gration path onto the hole and electron axes in this reduced
CPS, because the integral integ, (712p), integp (p2p) are the
functions of 75p and pyp, respectively. This feature will be
utilized to identify the minimum point of transfer curve in
the next section.

I1II. MODELING AND DISCUSSION

A. Transfer characteristics

Transfer characteristics of an ideal ambipolar 2D FET
are presented in Figs. 3 and 4(a). As shown in Figs. 3(a)
and 3(b), the hole threshold voltage (Vy, ,) exhibits a
positive shift under V, while the electron threshold volt-
age (Vu.n) shows a negative shift under negative Vy;.
This phenomenon is commonly called threshold voltage
(V) roll-off in transistors [23]. Previous studies typically
interpret this behavior as follows:

— Nciza | = Vs — Gpoay — Vo — P (10a)
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FIG. 3. Transfer characteristics modeling for ambipolar 2D FETs. (a) Device transfer curves (I vs V), under various drain bias Vy;.
(b) Threshold voltages for n- and p-type operation modes, Vi, , and Vy, ,, which are obtained from Egs. (12a) and (12b). The diamond-
shaped boundary dividing the on- and off-state regions are also observed in experiment [36]. (c) Transfer characteristics modeling
for ambipolar 2D FETs with demonstration of the relative contribution for drift and diffusion. The diffusion current (/i and 1 gifrs)
dominates in the off-state while the drift current (/gyin, and /g ) dominates in the on-state. (d) Electron and hole concentrations
within the source and drain DEs (n2p s, pap.s, 72D,d> P2D,a) as a function of V. The black dots represent the lowest-point voltage Viyn,

obtained from Eq. (13).
—E
exp (_k ;)
Nypra—Neln | 14 ——222 2

Cop exp (p2a) — 1

v dn [exp (P2a) — 1] + = Vs + Proay + Vo — Psp (10b)

(

the charge type (n or p) in the contact depletion region  (e.g., effective Schottky barrier height), and device
is governed by electrostatic doping within the chan-  defects.

nel, which means the Schottky barrier conduction volt-
ages for electrons (or holes) shift under varying bias
conditions [12,13,37]. Herein, we aim to analyze car-
rier transport within the FET channel, clarify the phys-
ical mechanisms corresponding to each scenario in the
transfer characteristics, and finally elucidate the quantita-
tive relationship between the threshold voltage and spe- 1op = N, In |:1 +exp <¢ﬁeld — Poody — ¢Bn)i|’ (11a)
cific conditions like biasing voltage, contact properties Uy

1. Threshold carrier concentration and voltage

While employing the QEP approach (y =0), carriers’
concentration given by Egs. (2a) and (2b) are simplified to
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FIG. 4. Current integration path vs Vg in CPS. (a) All DE’s response toward the external bias of Vy,, represented by a family of
curves, (n2p,p2p, Ves). Projections of the intersection points between the V,, cross section and this family of curves constitute the
quasiequilibrium path z,, in CPS. (b)~(d) Typical current integration paths for the n-type conduction, p-type conduction, and off state.
The red and green dots represent the threshold carrier concentrations for hole and electron, n,, and py;, which separately correspond to
the threshold voltages of Vi, and V3. The black dot represents the specific status of nop ) = pap,s(a) at the lowest point in transfer

curve Vimin.

Pp = N, In |:1 +exp <_¢ﬁeld + ¢body - ¢Bp >:| (11b)

Uy

In a 2D FET, the threshold voltage Vy, is typically defined
as the gate voltage Vg, at which the Fermi level £, aligns
with the conduction- or valence-band edge (E. or E,) of
the semiconductor channel. However, in practical devices,
the local V3, for each discrete DE varies spatially along
the channel. The measured V7, represents a macroscopic
turning point, reflecting the equivalent manifestation of all
channel elements as an entirety. Therefore, it is necessary
to clarify phase transition of the individual DEs before
assessing collective electrical behavior of the 2D transistor.

According to Egs. (11a) and (11b), the dependence of
nyp on Vy, transitions from exponential to linear when £,
drops below Ey. Similarly, the pop (V) relationship transi-
tions from exponential to linear when E, rises above £,

as shown in Fig. 3(d). Thus, the designated DE under-
goes a transition between the semiconducting and metallic
phases, which corresponds to dielectric response change.
Under the metallic phase, the DE’s net charge density
follows Q;et = C/eﬂ-(Vgs — Vi) = q(pap — nap), Cé:ff is the
effective capacitance per unit area. Under the semicon-
ducting phase, Q). (Vg) follows an exponential trend.
Herein, the turning points in the nyp(Vys) and pop (V)
curves demarcate the boundary between semiconducting
and metallic phases. And these critical carrier concen-
trations are designated as the electron (hole) threshold
concentration ng(py,) for these 2D transistors. By setting
the left-hand term of Eqgs. (10a) and (10b) to zero, ny
and py, for the designated DE can be obtained at a given
®ody, Which are irrelated to the applied bias and exclu-
sively determined by C.g, electron (hole) density of states
N.(N,), and temperature 7. This parametric independence
suggests that threshold concentration should be a more
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accurate indicator of device characteristics than threshold
voltage. Setting the right-hand side of Egs. (10a) and (10b)
to zero, the DE’s threshold voltage Vi, , (Vi) correspond-
ing to ny(py) are obtained. For the case of ideal Ohmic
contact, ¢pody,s = Vs and Ppoay.a = Vg, threshold voltage in
the ambipolar transistors without ionized defect effects can
be expressed below:

Vinnp) = Poody.ds) T Ponp) + Vros

E (12a)
_?g < ¢body,d - ¢body,s <0,
Vinn) = Pvody,s@) £ PBn(py + Vyo,
E, (12b)

0 < Pvody.d — Poody,s < —

When Vy, < 0, it is evident that Vy,,, depends on the drain
DE and Vj,, depends on the source DE. Here, holes dom-
inate as the majority carriers in the channel DEs, flowing
from source to drain. The hole injection terminates effec-
tively when the source DE transitions out of its (hole-filled)
metallic phase, triggering the entire channel transition to
the semiconducting phase (off state). Consequently, by
increasing Vg within this regime, the channel transitions
out of the semiconducting phase only when the drain DE
enters its (electron-filled) metallic phase. On the other
aspect, when V4 > 0, an analogous analysis can be car-
ried out following the same methodology. Based on the
foregoing discussion and the modeled results in Fig. 3, our
proposed Pao-Sah class model, built upon the CPS frame-
work, effectively unifies the ambipolar electrical behavior
in 2D FETs and maintains compatible physical picture with
the Landauer-based compact model for A2DFETs [11-15].

As represented by red and green dots in Figs. 3(a)
and 3(c), the threshold voltages Vy,, and V), defined in
Egs. (12a) and (12b) correspond to the gate-voltage value
where the drift current /4 inside the channel exceeds
the diffusion current /4. This definition is consistent with
the conventional understanding of the MOSFET’s thresh-
old voltage, where 4 dominates in the on state and /g
becomes dominant in the off state. Furthermore, our model
shows that the diffusion current remains constant through-
out the on-state operation of the A2DFETs. Notably, a
diamond-shaped boundary dividing the on-state and off-
state regions is depicted in Figs. 1(a) and 3(b). This phe-
nomenon has also been observed in previously reported
experiments on 2D FETs [36]. Our modeling attributes this
to the fact that, when establishing the boundary conditions
[Egs. (12a) and (12b)] for the 2D transistors, the pri-
mary contribution from the first sub-band was considered.
According to Egs. (12a) and (12b), the diamond-shaped
boundary of the /4 (Vg, Vis) surface is sensitive to the
SBH. Experiments confirmed that the threshold voltage
of the device shifts when only the contact electrode is
replaced [38], which means this boundary shape distorts or

shifts significantly if the contact barriers were asymmet-
ric or negligible. Furthermore, if the impact of the second
sub-band cannot be neglected, a second diamond-shaped
boundary would be expected to appear. V,, 5, and V), 4 are
plotted in Fig. 3(b).

It should be noted that the band-gap values were directly
deduced from Vi, — Vi, = Eq/q, based on electrical
characterizations of the 2D transistors with the aggres-
sively scaled gate dielectrics (e.g., ionic liquid gating)
[5]. However, this electrical extraction technique is only
suitable under conditions of low defect density and |V,
because the V7 extraction necessitates linear extrapola-
tion of the transfer curve’s off-state region in a logarith-
mic scale. For devices with substantial bulk or interface
defects, subthreshold swing degradation would result in
significant discrepancies and systematic deviation between
the electrically extracted £, and that obtained through
optical characterization [5].

2. Current integration path in carrier phase space

According to Egs. (10a) and (10b), the DE’s response to
an external bias of Vg, can be represented by a family of
curves, F'(n3p, pap, Vs, $vody () = 0, which are plotted in
Fig. 4(a). Here, the projections of the intersection points
between the Vg, cross section and this family of curves
constitute the quasiequilibrium path 7, in CPS. Under spe-
cific conditions, namely on state (Vg > Vi, for n-type,
Ves < Vinp for p-type) and off state (Vip, < Ve < Vipn)
of the ambipolar 2D FETs, the corresponding current inte-
gral paths are depicted in Figs. 4(b)—4(d), respectively.
As demonstrated in Sec. Il B, while employing the QEP
approach, the current components of /, and 7, exclusively
depend on the 7, projection onto the electron and hole
axes. Herein, a specific operation point must exist where
the sum of the projected lengths is minimized, leading
to the lowest device current in the transfer curves, i.e.,
(Vmin> Imin). For an A2DFET satistying u, /1, € [0.1,10],
an approximate solution is to configure SMP and DMP
symmetrically about the line n,p = p»p in the phase space,
namely 7aps) = Papdes)- For an ideal A2DFET, Vo
always occurs at (see Sec. S4 of the Supplemental Material

[29D):

¢Bp - ¢Bn

_ ®body,s T Poody.d + V- . . (13)

Vmin -
2

Obviously, Vi, is associated with the electron and hole
barriers ¢p,, ¢p, at the metal-semiconductor contacts.
When ¢, ~ 0 and ¢p, ~ Eg, Viin > 0; conversely, when
¢py, ~ Eg and ¢p, ~ 0, Viyin < 0. Numerical verification
of Eq. (13) is displayed as the black dots in Figs. 3(a)}-3(d)
and 4(a).

064021-9



HONGFU Ll et al.

PHYS. REV. APPLIED 285, 064021 (2026)

B. Output characteristics

The output characteristics obtained from 7, are shown
in Figs. 5 and 6(a). Next, we will clarify physical mecha-
nisms underlying each scenario of output curves and pro-
vide analytical expressions for the key turning points when
A2DFETs operate in linear, saturation and p-n-junction

onset regimes.

1. Saturation and p-n-junction onset voltages

Based on the modeled transfer characteristics and exper-
imental observations, it is evident that the electrical char-
acteristics of A2DFETs fundamentally reflect the phase
transition of the 2D channel between semiconducting and
metallic phases under an external electric field [26,27,39].
For a sufficiently long channel, the state of the source DE
is confined by the combined influence of gate and source

fields, which determines the magnitude and polarity (elec-
tron or hole) of the output saturation current. As a result,
carriers’ concentrations of the source DE, nyp 5, and pop s,
as shown in Figs. 5(d) and 6(a), remain invariant to Vy;.
When Vo > Vi, and Vg = 0, the entire 2D channel is
situated in the electron-filled metallic phase. By increasing
V4, electrons are progressively extracted from the chan-
nel, and the drain DE transitions from the initial metallic
phase, through the semiconducting phase, and eventually
reaches the hole-filled metallic phase. This phase transi-
tion corresponds to the linear region, saturation region, and
p-n-junction onset region in output characteristics of the
A2DFETs, as shown in Figs. 5(a) and 6(a). As illustrated
in Figs. 5(a) and 5(c), the electron current /, dominates the
channel while the 2D FET operates in the linear and satura-
tion regimes. In contrast, an additional hole current 7, arise
in the p-n-junction onset region. At Vy; > 0, I, flows from

a -5 b -5
(@ o x107° , . ' , ()6><1O ' '
5 V,s=0.2/0.4/0.6/0.8/1.0 V 5
1 ] b - ldrift,e
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3
<
4 = 3f
°
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1F /) emmmm e - e
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3
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I
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I
I
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I Pl —
— — - by R IR
c 4 € i 'l, ,‘ ]E
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FIG. 5. Output characteristics modeling for ambipolar 2D FETs. (a) Device output curves (I vs V), specifically for n-type con-
duction. (b) Diffusion and drift currents components for electrons and holes. (c) Electron and hole currents as a function of V. In the
n-type conduction, electron current /, dominates in the saturation region. Hole current [, dominates in the p-n-junction onset region.
(d) Electron and hole concentrations within the source and drain DESs (nap s, pap.s, H2p4> Pap.a)- The red and green dots represent
the saturation voltage Vs, and p-n-junction onset voltage V),_,.on, as validated by Egs. (14a) and (14b). The black dots represent the

pinch-off voltage Vpinch-or in Eq. (15).
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FIG. 6. Current integration path vs Vy, in CPS. (a) Carriers’ concentrations at the source and drain DEs as a function V. For
the long channel, nyp.and pop s keeps constant, whereas nyp ¢ and pop 4 changes with V. (b)—(d) Current integration paths under
the linear region, the saturation region and the p-n-junction onset region. The red and green dots represent ny, and py,, which sep-
arately correspond to the saturation voltage Vs, and p-n-junction onset voltage V},-p-on,». The black dot represents pinch-off, here

P2Dd = N2Dd-

drain to source, indicating that the source serves as an elec-
tron reservoir and the drain acts as a hole reservoir. Since
carrier injection from the source is constrained by gate and
source biases, hole injection from the drain increases with
V4s; as a result, the current increment observed in the p-n-
junction onset region (at high V) is mainly attributed to
the holes. This regime also degrades the subthreshold slope
of the 2D FETs under large | V| [13].

Therefore, applying the same methodology used to
derive Vi (), the saturation voltage Vg, and p-n-junction
onset voltage V),.,.on observed in the n- and p-type ideal
A2DFET output curves are analytically expressed below:

Vsatnp) = Vs F Pnp) — Vo, (142)

Vp-n—on, np) = Vgs + ¢Bp(n) - V}"O- (14b)

Verification of Vi, and V),_,.on are represented as the red
and green dots in Figs. 5(a), 5(d), and 6(a).

2. Pinch-off and switching capability degradation

Carriers’ concentrations at the source and drain DEs
are plotted in Fig. 6(a) as a function of V. Represen-
tatively considering the n-type conduction (Vg > Vipp),
the phase-space diagrams corresponding to the lin-
ear (0 < Vg < Vian), saturation (Vs < Vas < Vpopeonn),
and p-n-junction onset regions (Vg > Vjoponn) of the
A2DFET are shown in Figs. 6(b)-6(d). Following the con-
ventional definitions about MOSFET, the pinch-off voltage
Vpinch-off 18 identified as the Vg value when the net charges
density at the drain DE vanishes (o2ps = 0). Under the
defect-free conditions, this implies pop s = nop 4. Herein,
Vpinch-oft for 2DFETs is derived as follows (see Sec. S4 of
the Supplemental Material [29]):

V_}"O + ¢Bp - ¢Bn.

Vpinch—off = Vgs - B

15)
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As validated by the black points in Figs. 5(a), 5(d),
and 6(a), pinch-off in 2D FETs does not signify the output
saturation, but indicates the phase transition of the drain
DE from metallic to semiconducting. In these devices,
pinch-off occurs in middle of the saturation and satisfies the
relation: Vpinch-off = (Vsatn + Vp-n-onp)/2. However, con-
strained by the conventional MOSFET theory, a prevalent
misconception is that output saturation in 2D FETs was
primarily attributed to pinch-off or self-heating [40].
Therefore, based on the current integral paths derived
from the output modeling [Figs. 6(b)-6(d)], two critical
issues can be addressed for these 2D FETs: (i) the validity
of Egs. (12a) and (12b) at |Vy| < Eg/q; (ii) the degra-
dation of switching capability under high |Vy|. First, to
ensure effective turn-off capability, it is essential to main-
tain the device channel in its semiconductor state. As
shown in Fig. 4(d), under moderate Vy, there exists a
specific V,, range where the projection of the 2D chan-
nel in CPS is entirely confined within the semiconducting
phase; in contrast, under high |V, the situation depicted
in Fig. 6(b) will inevitably occur. Specifically, regardless
of the Vy, adjustments, certain regions close to source or

drain contacts persistently remain in the metallic phase,
thereby degrading the turn-off capability. Consequently,
the 2D FET operates like a forward-biased p-n junc-
tion, exhibiting sustainable conduction even in the nom-
inally off state [6,13]. Under such conditions, Egs. (12a)
and (12b) become invalid, and abnormally Vi, < Viyp.
If the A2DFET channel comprises a single-layer direct-
band-gap semiconductor (e.g., MoSe;, WS,, WSe, [3]),
direct recombination predominates in carriers’ recombina-
tion process. Thus, a light-emission region can be observed
within the 2D channel, spatially corresponding to the
p-n-junction depletion zone [41,42]. This electrolumines-
cent state has been harnessed to realize the light-emitting
transistors in experiments [41,43].

C. Defect consideration

To account for the defect charging and discharging
effects in the 2D FETs, an additional drift current /i, aris-
ing from the ionized defect field must be discussed, given
by lap = (W/(va — ys))F (N, N . Ny ;»Npp), and the
expressions for Vi, Vi, and V,_.on Tequire modification.

Nt = Na = Na
P 1+ ggexp(Ep — Ea/ksT) 1+ (ga/[exp(pan/Ny) — 11) exp((Paon — (Eg/q))/v1)
— Na (16a)
1 + galexp(nop/Ne) — 1] exp(Paon/v:)
N N, B N,
4T 1+ geexp(E, — Ep/kpT) 1+ (g4/[exp(nan/Ne) — 11) exp((@ace — (E¢/9))/v1)
= N (16b)
1 + ga[exp(pZD/Nv) - 1] exp(¢acc/vt)
NE_Y Nuji _ oy I+ (x0T /2) (@xP(pan/Ny) — 1]
D — E/;,—Ed’l' = HVdtot - P2D
= 1+ gae (L) (exp(Eg/ksT) /) (exp (22) 1)
_N {1 _ In[1 + (1/ga(exp(nzp/Ne) — 1))]} (17a)
o 1/g4(exp(mp/Ne) — 1)
L Ny B In[1 + (exp(Eg/ksT)/ga) (exp(nan/Ne) — 1)]
NA — Z — Na,tot 1 -
o 1+ gaexpl(Bayj — Ep)/koT] (exp(Eg/kT)/ga)(exp(nap/Ne) — 1)
N {1 _In[1 + (1/ga(exp(p2n/Ny) — 1))]} (17b)
’ 1/g.(exp(pan/Ny) — 1)

1. Defects modeling under QEA

As shown in Fig. 7(a), the donor and acceptor levels are

specified: ¢gon = (Ec — Ea)/q, $ace = (E4 — Ey)/q. The
ionized defects’ density is determined by the convolution

(

integral between the distribution function of defect states
density and the Fermi-Dirac distribution of holes and
electrons within the band-gap region. Here, the expres-

sions of N (nap,pap) and Nj (map, pop) vary with the
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FIG. 7. Defect effects on device characteristics. (a) Defect distribution profiles within 2D semiconductors. The left panel depicts the

density of states (DOS) of acceptor and donor located within the 2D band gap. Here, &} ;) and & . represent the first and second sub-
bands of the conduction (valence) band [44]. The purple and pink curves represent exponential decay band-tail donors and acceptors,
respectively. Conversely, the straight lines indicate single energy-level donor and acceptor. The middle panel shows the Fermi-Dirac
distribution function. The right panel illustrates that the ionized defects density is calculated by convolving the Fermi-Dirac function
with the bandgap DOS. (b) Ionized donor and acceptor densities (N, and N;) as a function of Vg, specifically described by Egs. (17a)
and (17b) for exponentially decaying band-tail defect (EDBTD). (c) and (d) Effect of a single-energy level donor and acceptor on
device transfer curves, under different trap-energy levels. The red and green dots are verified by Egs. (20a) and (20b). (e) Effect of the

exponential decaying band-tail defect on transfer characteristics.

defect distribution function. Next, the single-energy-level
defect (SELD) and exponentially decaying band-tail defect
(EDBTD) are representatively examined.

For SELD, the ionized donor and acceptor concentration
(NZ)r and N) can be described by Eq. (16) (see Sec. S5
of the Supplemental Material [29]). Here g; and g, repre-
sent the degeneracy of donors and acceptors, respectively.
N, and N, denote the corresponding defect states density,
respectively.

For EDBTD, N} and N can be rewritten as Eq. (17a)
(see Sec. S5 of the Supplemental Material [29]). Here
Nyt and N, denote the total density of state for the
tail-distributed donors and acceptors, respectively.

Now, considering the influence of ionized donors and
acceptors, N and N, Eq. (1) can be transformed into

Exo

Pield = Vs + ,L(PzD —mp+Ny—Np) — —. (18)
Cefr q

Here, the DE’s electrical response to external fields crit-
ically depends on the N7 and N, functions. Therefore,
to achieve the optimal agreement between compact mod-
eling and experimental characterization, it is imperative
to appropriately select the defect distribution profiles

for these 2D FETs. The additional current components
attributed to the ionized defect are expressed as follows:

Itrap = Itrap,e + ]trap,h> (193)

W q2 np.d + _
_ZC/_H,Mn / n2D{dND (l’lzD) - dNA (nZD)}a
€

np.s
(19b)

[trap,h =

w q2 D2D.d . 3

lyapn = ——— Mp/ p2o{dNp (pap) — dN; (pap)}-
L Cefr P2D.s

(19¢)

Consequently, the additional drift current arising from
SELD and EDBTD are derived in detail in Sec. S5 of
the Supplemental Material [29]. For the SELD case, the
device drain currents are presented in Figs. 7(c) and 7(d)
in which the discrete acceptor and donor are separately
considered. Figure 7(e) shows the modeled transfer curves
under the EDBTD condition, correspondingly &, BL and N
at the source and drain DEs are plotted in Fig. 7(b) as a
function of V.

064021-13



HONGFU Ll et al.

PHYS. REV. APPLIED 285, 064021 (2026)

2. Effect on Vi, Var, and Vi on

The preceding framework defines threshold voltages
Vinw and Vy,, as the gate bias where the Fermi level
aligns with the 2D band edges. At this point, carrier con-
centrations reach the threshold value. Accounting for the
ionized defect effects, the V3, expressions are modified as
Eqgs. (20a) and (20b). Here, Vj,, and Vy,, depend on the
defects distribution within the bandgap. For discrete deep-
level defects, ¢gon and ¢ exceed Sv;, the proposed for-
mulas demonstrate their excellent accuracy. However, the

. o E
Vinnp) = Poody.dis) £ Pnpy + Vio — C,L{NJ[nzh(pzh)] — N [ Pa) 1}, —;g < Gbody.d — Prody.s < 0
eff

q ~ i~ e~ E
Vinnp) = Poody.s@y £ Ponpy + Vio — C,_{Ng[nth(pth)] — N[ @)1}, 0 < Pvody.d — Prody,s < ;g
eff

According to Egs. (20a) and (20b), the threshold volt-
age in a 2D FET can be precisely engineered through the
following approaches: (i) metal-semiconductor interface
engineering (including top and edge contacts) to achieve
effective control of the Schottky barrier heights (¢p, and

substantial shallow-level defects induce band-gap narrow-
ing effect. As a result, to maintain the precise estimation
of threshold voltage and optimal fitting of device electrical
characteristics, appropriate adjustment of band-gap param-
eters is essential. Numerical verification of Egs. (20a)
and (20b) is denoted by the red and green points in
Figs. 7(c) and 7(d). Similarly, the analytical formulas for
the saturation voltage Vs and p-n-junction onset volt-
age Vy.non are revised in Sec. S6 of the Supplemental
Material [29].

(20a)

(20b)

(

¢pp); (i) gate capacitance design (via dielectric mate-
rial selection and thickness optimization) enabling precise
manipulation of the threshold carrier concentration (7, and
pm); (iii) defect engineering, involving manipulation of the
defect energy level and density. It is also worth pointing
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FIG. 8. Verification between experimental measurement and model characteristics. (a),(b) Transfer curves (/4 vs Vgy) for ionic liquid

gated WSe, FET and 4-BN gated WS, FET. (c) Output curves (I, vs V) for liquid-gated MoS, ambipolar transistor at 220 K. (d) The
transfer curve fitting results for the same MoS, FETs under different temperature with the same parameters. At lower temperature
ranges, the transport mechanism switches from band transport to hopping, which therefore falls outside the applicable scope of our
work [45]. (e),(f) The fitting results for the unipolar 2D FET. Compact modeling fitting parameters are listed in Tables II and III.
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TABLE II. Intrinsic device parameters.

Figure = Channel material Vi (V) T(K) g, (V) ¢35, (V) (cm?/Vs) Mp (cm?/Vs) L (um) W (um) EOT (nm)
8(a) WSe, (2L) [5] 0.0 340 1.10 0.45 15.5 75.0 2 1.5 0.7
8(b) WS, (bulk) [4] 0.0 300 0.15 1.20 214 3.0 2 10 11.10
8(c) MoS, (bulk) [6] —1.8 220 0.55 0.85 13.7 17.0 7 10.8 1.45
8(d) MoS,(1L) [53] 0.0 0.4 1.3 25 0.0 6.2 4.0 6.5
8(e) WSe, (2L) [2] 0.0/1.5 330 0.01 1.50 0.0 12.8 0.1 0.5 2.0
8(f) MoS, (1IL)[2]  0.0/-1.3 350 1.0 0.9 11.3 0.0 0.1 0.5 2.0
3&4(a)  WSe; (2L) [5] 0.0 380 1.15 0.75 10.5 80 2 1.5 0.7
5&6(a)  WSe, (2L) [5] -0.9 380 1.10 0.85 21 80 2 1.5 0.7

Note: The electron and hole relative effective mass (m}; and mj) are intrinsic material parameters and merely defined by band structure
properties of the 2D semiconductors [51,52]. For WSe;, m}/m; = 0.35/0.41; for WS;, m}/m; = 0.37/0.45; for MoS,, m /mj, =
0.59/0.44. And the electron and hole valley degeneracy (g, . and g, ) and the electron and hole spin degeneracy (g, and g ) are
intrinsic material parameters and physically determined by the band structure of the 2D semiconducting channel. For transition metal
dichalcogenides, they are typically taken as g, . = 4 and gs.n) = 2, respectively [51,52]. In Figs. 8(e) and 8(f), transfer curve
fitting set V9 = 0, but output curves fitting set Vy9 = 1.5 and V9 = —1.3 for p-channel and n-channel, respectively. Because the 7,

measurement date in Ref. [2] plot against gate overdrive voltage.

out, shallow-level defects (below 5v;) minimally impact
the subthreshold swing of the 2D FETs, but causes a paral-
lel shift in transfer characteristics and degrades the on-off
current ratio, because of the band-gap narrowing effect.
In contrast, deep-level defects significantly degrade the
subthreshold characteristics and facilitate expansion of the
off-state region in Figs. 7(c)-7(e).

D. Experimental validation

Figure 8 verifies our compact model by comparing
the theoretical (lines) and experimental (symbols) results
for both transfer (i.e., Iy vs V) and output (i.e., Iy
vs V) characteristics. The experimental data were
obtained from two distinct device configurations: the ionic
liquid gated and hexagonal boron nitride (4#-BN) gated
ambipolar FETs [4-6]. In these configurations, the ionic
liquid gate acts as an efficient cooling system, resulting
in low-temperature gradients (V7) in the semiconductor
channel. Furthermore, the stacked /4-BN structure exhibits
excellent heat dissipation, because of enhanced phonon
transmission at the lattice-matched between 2D and 4-BN
interface [46]. These carefully engineered configurations

validate our fundamental assumption of excellent heat-
dissipation capabilities in 2D FETs, specifically VI'= 0
throughout the entire channel. Here, the Schottky bar-
rier heights are suggested to be extracted by Arrhenius
plot [47]. Noting that, the reverse saturation current cor-
responding to the top-contact and edge-contact configura-
tions has different temperature dependencies in 2D FETs
[48]. Hall measurements are recommended for determin-
ing electron and hole mobilities (1, and p1, ), instead of the
conventional extraction methods (e.g., MOSFET mobility
[47]) that are based on unipolar MOSFET compact model.
Although precise characterization of defect energy levels is
generally unavailable in experiments, photoluminescence
spectroscopy can be utilized to extract specific information
regarding the donor and acceptor energy levels, distribu-
tion and density profiles [49]. However, for multilayered
two-dimensional semiconductors with an indirect band
gap, more sophisticated experimental methods are required
to obtain information on their defect energy levels and
densities [50] (see Sec. S9 of the Supplementary Material
[29] for a specification of the parameter physical meanings
and defect-related parameter extraction). Effective mass
(m}, my), valley degeneracy (g, gv), and spin degen-
eracy (gse, gs») of the 2D materials are referred to in

TABLE III. Defect fitting parameters.
Figure Channel material ¢don,l (V) Nd,l (/sz) ¢don,2 (V) Nd,2 (/sz) ¢acc,l (V) Na,l (/sz) ¢acc,2 (V) Na,2 (/sz)
8(a) WSe; (2L) [5] 0.8 4.6 x 10" 0.2 3.87 x 102 0.9 4.09 x 10'2
8(b) WS, (bulk) [4] 0.16 3.11 x 102 ... ... 0.41 1.76 x 102 0.22 1.24 x 10"
8(d) MoS,(1L) [53] 0.075 9.3 x 10! 0.1 1.1 x 10"
8(e) WSe; (2L) [2] 0.2 2.7 x 1012 0.15 2.4 %102 0.28 4e x 10!
8(f) MoS, (1L) [2] 0.2 3.99 x 1012 0.4 1.8 x 102

Note: The degeneracy factors for donor and acceptor defects (g; and g,) in 2D semiconductor systems can be obtained from first-
principles band structure calculations [51,52]. In our compact modeling, these degeneracy factors g () are generally set to 2 for all the

distinct defects.
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Refs. [51,52]. And the gate dielectrics are normalized
to equivalent dioxide thickness (EOT). Other unspecified
parameters and the defect profiles are treated as fitting
parameters in Fig. 8. The intrinsic parameters employed
for device modeling in Fig. 8 are listed in Tables II and III
and specify the defect-related parameters. For simplic-
ity, the single-level defects are selected, which causes the
undesired knot in the subthreshold region of Fig. 8(b).
Figure 8(d) demonstrates the model’s ability to describe
the same device within an appropriate temperature range
[53] without significant fitting parameter readjustment.
Our model fitting performance towards oxide gate (HfO,)
unipolar 2D FETs [2] is demonstrated in Figs. 8(e)
and 8(f). Furthermore, by considering both Ohmic and
Schottky contacts [54], the output curves corresponding
to Fig. 8(a) are plotted in Sec. S§ of the Supplemental
Material [29]. The field-dependent mobility is considered
in Sec. S7 of the Supplemental Material [29].

IV. CONCLUSION

In summary, this work presents a physics-based CPS
framework for the compact modeling of 2D FET. By
employing the quasiequilibrium approximation and formu-
lating the drain-source current as a path integral within
the CPS, the model accurately captures threshold volt-
age roll-off, saturation current upswing, and ambipolar
conduction behavior, etc. Critically, through analyzing the
bias-dependent integration path in the CPS, we derive, for
the first time, analytical expressions for key electrical turn-
ing points across all operating regimes—including thresh-
old voltage V', saturation voltage Vs, pinch-off voltage
Vpinch-oft, and p-n-junction onset voltage V), ,.on—Wwith
these voltages quantitatively linked to SBH, channel
charge, and external electric field. All parameters in the
model have clear physical meanings, addressing the draw-
back of nonphysical numerical fitting in earlier 2D FET
compact models.

Furthermore, the model incorporates the effects of ion-
ized defects, overcoming the limitation of previous models
that failed to account for degraded subthreshold swing
and on-off current ratio. Rigorous validation against exper-
imental data from both ambipolar and unipolar transis-
tors confirms its ability to accurately reflect the devices’
excellent electrostatic gating characteristics and uniform
thermal dissipation. This study establishes a comprehen-
sive, physics-based 2D FET compact model, laying a more
robust foundation for their practical circuit design and
manufacturing.
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