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Thermodynamic equilibrium theory revealing
increased hysteresis in ferroelectric field-effect
transistors with free charge accumulation
Jasper Bizindavyi 1,2,3✉, Anne S. Verhulst 1, Bart Sorée1,2,4 & William G. Vandenberghe3

At the core of the theoretical framework of the ferroelectric field-effect transistor (FeFET) is

the thermodynamic principle that one can determine the equilibrium behavior of ferroelectric

(FERRO) systems using the appropriate thermodynamic potential. In literature, it is often

implicitly assumed, without formal justification, that the Gibbs free energy is the appropriate

potential and that the impact of free charge accumulation can be neglected. In this Article, we

first formally demonstrate that the Grand Potential is the appropriate thermodynamic

potential to analyze the equilibrium behavior of perfectly coherent and uniform FERRO-

systems. We demonstrate that the Grand Potential only reduces to the Gibbs free energy for

perfectly non-conductive FERRO-systems. Consequently, the Grand Potential is always

required for free charge-conducting FERRO-systems. We demonstrate that free charge

accumulation at the FERRO interface increases the hysteretic device characteristics. Lastly,

a theoretical best-case upper limit for the interface defect density DFI is identified.
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The miniaturization of the metal-oxide-semiconductor field-
effect transistor (FET) has pushed transistor technology to
the point where thermally excited carriers prevent any

further reduction of the supply voltage due to the related leakage
current increase1. Multiple strategies are pursued to go beyond
the limit of a thermally-restricted subthreshold slope. A first
strategy explores device concepts based on novel charge injection
mechanisms, such as tunnel FETs2–8 and impact ionization
FETs9,10. A second strategy exploits a positive feedback
mechanism that amplifies the electrostatic control of the gate over
the channel surface potential, such as in the nanoelec-
tromechanical FET11–13 and the steep-slope ferroelectric FET
(SS-FeFET)14–17. In a SS-FeFET, the internal voltage amplifica-
tion is realized either by means of abrupt (non-stabilized
SS-FeFET)18–23, or gradual polarization switching (stabilized
SS-FeFET)24–31 of the ferroelectric.

The FeFET has also attracted much attention for application as
a non-volatile memory device. Owing to its complimentary
metal-oxide-semiconductor compatibility in combination with
the potential for faster and more power-efficient device operation,
the FeFET promises key advantages over conventional non-
volatile memory devices32–36. Note that, to focus the discussion
and with no loss of generality, the remainder of this Article
concentrates on the former application as SS-FeFET.

Salahuddin and Datta’s pioneering paper14 lays the foundation
of the stabilized SS-FeFET by describing how a ferroelectric
(FERRO) can be stabilized in an intrinsically unstable low-
polarization state by stacking it on top of an insulator (INS) in a
metal-FERRO-INS-metal (MFIM) structure. By casting the phy-
sics of the MFIM structure in the form of an equivalent electrical
circuit of two capacitors in series, it is then argued that FERRO
stabilization is achieved if the total capacitance of the system
remains positive14,37.

A complementary, but more formal, approach to the stabilized
SS-FeFET is based on a thermodynamic-equilibrium analysis of
ferroelectric systems (FERRO-systems). It revolves around the
notion that thermodynamically unstable states of the isolated
FERRO can become thermodynamically stable states of the
MFIM structure. In the framework of equilibrium thermo-
dynamics, one ascertains the equilibrium states and their stability
from the appropriate thermodynamic potential of the system. The
importance of analyzing the appropriate thermodynamic poten-
tial cannot be understated: a thermodynamic equilibrium analysis
based on an inappropriate potential is at risk of producing
unphysical results. In the vast majority of works published today,
the Gibbs free energy21,38–44 or (though less frequently) the
Helmholtz free energy27,45,46 is used. However, a formal justifi-
cation has never been provided.

So far, both the equivalent electrical circuit approach and
thermodynamic equilibrium approach to the stabilized SS-FeFET
assume the absence of free charge accumulation at the FERRO
interface. If we envision a stack of a FERRO in series with a
regular INS, with the stack covered with a top and bottom metal
plate, then the charge on each metal plate is typically different,
because of unwanted free charge accumulation at the
ferroelectric-insulator (FERRO-INS) interface. One very well-
known source of charge in the semiconductor industry originates
from interface traps, mostly related to dangling bonds or other
interface defects. Unfortunately, to date, the topic of the impact of
interface charge has not been rigorously studied.

In this Article, we present a rigorous theoretical study of the
impact of free charge accumulation on the thermo-
dynamic equilibrium theory of stabilized FeFETs, while first
providing a formal justification for the appropriate thermo-
dynamic potential. In particular, we demonstrate that for the
idealized MFIM structure without any internal accumulation of

free charge, under the condition of fixed applied voltage, a Gibbs-
based formalism is justified, while a Helmholtz-based approach is
not. With the inclusion of free charge accumulation at the
FERRO-INS interface because of e.g., charged interface defects,
the Gibbs-based formalism breaks down. We show that the
Grand Potential is required to correctly describe the thermo-
dynamic equilibrium behavior of MFIM structures or metal-
ferroelectric-semiconductor (MFS) structures with internal
free charge accumulation. We demonstrate within the framework
of equilibrium thermodynamics that the accumulation of free
charge reduces the stability of both ferroelectric MFIM and MFS
systems. Lastly, in the case of MFIM systems, we identify a the-
oretical maximum critical interface trap density above which the
system becomes destabilized, giving rise to (increased) hysteretic
device operation.

Results and discussion
Coherent uniform ferroelectric systems. In equilibrium
thermodynamics47,48, a physical system is characterized by a set
of intensive state variables, which do not scale with system size
(temperature T, pressure P, chemical potential energies μj and μ0α
of the jth-mobile and αth-immobile particle, respectively, etc.),
and extensive state variables, which scale with system size
(volume V, numbers Nj and N 0

α of the jth-mobile and αth-
immobile particle, respectively, etc.). A physical system is in
thermodynamic equilibrium when the state of the system is
independent of time and macroscopic “flows” of energy or matter
do not exist within the system or at its boundaries with the
surrounding. Therefore, the internal production (represented as
di) of entropy S has vanished (i.e., diS= 0) and the physical
system has evolved to an equilibrium state that minimizes a
specific thermodynamic potential Φ that is appropriate for the
system under the considered constraints: dΦ= 0. Applying a
different set of constraints on the system results to the mini-
mization of a different thermodynamic potential, such as, for
example, the internal energy U (¼ R UdV), the Helmholtz free
energy F (¼ R FdV), or the Gibbs free energy G (¼ R GdV).
For the Reader unfamiliar with the notion of thermodynamic
potentials, we provide a short and accessible summary of the key
concepts in Supplementary Note 1.

In the FERRO-systems considered in this Article, the FERRO
layer is assumed to be a perfectly coherent (=one continuous
FERRO material system without grain boundaries or regions of
non-FERRO phase interrupting the FERRO phase) and uniform
(=without defects or non-uniform external forces) material,
characterized by a macroscopic spontaneous polarization density
vector PF49. The Gibbs free energy density functional (G) of a
coherent uniform FERRO is (see Supplementary Note 2):

GF PF; EF

� � ¼ α PF

�� ��2 þ β PF

�� ��4 þ β0 ∑
i≠ j

P2
F;iP

2
F;j

þ κG ∇PF

� � � ∑
i
PF;iEF;i �

εF
2

EF

�� ��2; ð1Þ

with κG(∇PF) defined as:

κG ∇PF

� � ¼ κ∑
i

∂iPF;i

� �2
þ κ0 ∑

i≠ j
∂iPF;i

� �
∂jPF;j

� �

þ κ00 ∑
i < j

∂iPF;j þ ∂jPF;i

� �2
;

ð2Þ

where the summation indices (i and j) run over the x-, y-, and z-
direction, ∂i= ∂/∂xi, ∇PF is a tensor with components ∂iPF,j, and
where the field-free (EF ¼ 0) reference energy functional G0 has
been expanded in terms of PF and ∇PF in the form of the Landau
free energy functional50–54 with Landau parameters α, β, β0, κ, κ0,
and κ00, and where EF and εF are the electric field strength and the
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background permittivity, respectively. When PF is a scalar, Eq. (2)
reduces to κ∇ðPFÞ2. Note that the total polarization of the FERRO
is PT

F ¼ PF þ ðεF � ε0ÞEF and that the spatial gradient of PF in
the x-direction, which runs perpendicular to the FERRO-INS
interface, is assumed to be zero: ∂xPF= 0. As shown in
Supplementary Note 3, the thermodynamic equilibrium behavior
of an isolated coherent uniform FERRO at constant electric field
EF is determined by the Gibbs free energy, and the characteristic
set of PF-EF solutions of a single-domain FERRO (Supplementary
Fig. S1) is readily found from the first derivative of Eq. (1) over
PF:

2αPF þ 4βP3
F ¼ EF ð3Þ

Note that Eq. (3) is temperature-dependent, as illustrated in
Supplementary Fig. S2, since α= a0(T− TC,0), where a0 is a
constant and TC,0 is the Curie temperature.

In the numerical calculations and when deriving the stabiliza-
tion condition of the FERRO-system, we omit the polarization
gradient term ∇PF and we assume that the Landau expansion of
the reference free energy functional (such as G0 in Eq. (1))
remains valid for all values of PF (including around PF ≈ 0).
Though often implicitly assumed to be the case in literature, we
point out that these are non-trivial assumptions and require
uniform single-domain (=without domain wall formation)
polarization switching dynamics in a uniform (no stray fields,
temperature fluctuations, etc.) FERRO. FERRO-systems, however,
can display a mixture of uniform and non-uniform55–59 (such as
domain nucleation and propagation) polarization switching
dynamics, including non-coherent switching. As a consequence,
the stabilization criteria, obtained in this Article, represent the
best-case minimum requirements and are, in principle, only
strictly valid for idealized perfectly uniform single-domain
FERRO-systems. Qualitatively, however, the results of our Article,
demonstrating increased hysteretic behavior with increased free
(interface) charge accumulation, are valid beyond these
restrictions.

Lastly, throughout this Article, the single-domain ferroelectric is
assumed to have the following material parameters at room
temperature (300 K): α=−1.1 × 109 mF−1, β= 2.5 × 1010 m5C−2

F−1, and εF= 35, which correspond most closely to HfO2.
However, note that the choice of material parameters is rather
arbitrary as there currently does not exist a ferroelectric, including
HfO2, that can be processed to behave as a perfectly uniform and
coherent material.

Intrinsic MFIM system. The first single-domain FERRO-system
we consider is an intrinsic (=no defects or free charge carriers)
MFIM (i-MFIM) structure with FERRO layer thickness tF= 3.5
nm and INS layer thickness tI= 1 nm and surface area A= L ×W
(Supplementary Fig. S3). We ignore variations in the z-direction,
such that the physics become two-dimensional, and assume that
the voltage (VTB) applied between the top and bottom electrodes
varies sufficiently slow with time, such that the i-MFIM system is
studied in the quasi-static approximation. The following condi-
tions then apply:

VTB ¼ EF y
� �

tF þ EI y
� �

tI ð4Þ

DI y
� � ¼ DF y

� � þ σFI y
� �

; ð5Þ
with Eq. (4) the Maxwell-Faraday equation and Eq. (5) Gauss’s
law applied at the FERRO-INS interface. In Eq. (4), we assume no
work function difference ΔϕTB between top and bottom metal (if
ΔϕTB ≠ 0: VTB→VTB− ΔϕTB). In Eq. (5), DF ¼ εFEF þ PF and
DI ¼ εIEI are the electric displacement field inside the FERRO
and INS layer, with EI and εI the electric field strength and

permittivity of the INS, and σFI the surface charge density at the
FERRO-INS interface. The y-dependence in Eqs. (4) and (5)
enters through the FERRO polarization PF (i.e., we allow for non-
zero ∂yPF in the derivations). Because a charge- and defect-free i-
MFIM system is considered here, we have σFI= 0. From Eqs. (4)
and (5), it then directly follows:

EF y
� � ¼ VTBCI � PF y

� �
tF CF þ CI

� � ; ð6Þ

EI y
� � ¼ VTBCF þ PF y

� �
tI CF þ CI

� � ; ð7Þ

with CF= εF/tF and CI= εI/tI.
The i-MFIM structure has been studied in literature using both

a Helmholtz or Gibbs free energy approach. However, we
demonstrate (see Supplementary Note 4 for a full derivation)
that, at constant (non-zero) applied voltage, the total Helmholtz
free energy FMFIM is not the appropriate thermodynamic
potential of the i-MFIM structure.

In a Gibbs-based approach, the total Gibbs free energy of the
system is taken as: GMFIM ¼ GF þ GI ¼ R

VF
GFdV þ R

V I
GIdV .

We now first provide a formal justification that the total Gibbs
free energy GMFIM is the appropriate thermodynamic potential of
the i-MFIM structure at constant applied voltage. In Supplemen-
tary Note 5, we demonstrate this for the general case of a coherent
uniform ferroelectric. For this case, we consider the i-MFIM to
consist of Ny thin sheets (discretized in the y-direction). The
width of the λth-sheet is Δλ

y, such that: L ¼ ∑λΔ
λ
y. We assume

that the FERRO and INS are locally uniform (in the x-direction)
within each sheet (i.e., for every state variable u: ∂xu= 0), and
show that the differential form of the Gibbs free energy becomes:

dGMFIM ¼W ∑
Ny � 1

λ¼ 0
Δλ
y tFdGλ

F þ tIdGλ
I

� �
;

¼W ∑
Ny � 1

λ¼ 0
Δλ
y �TF tFdis

λ
F þ tIdis

λ
I

� � � Dλ
FdVTB

� � ð8Þ

Because VTB is constrained in the MFIM structure (dVTB= 0), at
equilibrium (dis

λ
F ¼ dis

λ
I ¼ 0) we have:

dGMFIM ¼ �W ∑
Ny � 1

λ¼ 0
Δλ
yD

λ
F

 !
dVTB ¼ 0;

which demonstrates that the i-MFIM system evolves to an
equilibrium state that minimizes:

GMFIM ¼W
Z L

0
tFGF þ tIGI

� �
dy;

¼W
Z L

0
tF α PF

�� ��2 þ β PF

�� ��4 þ β0 ∑
i≠j
P2
F;iP

2
F;j

	


þ κG ∇PF

� � � PF;xEF � εF
2
E2
F

�
þ tI � εI

2
E2
I

� ��
dy:

ð9Þ
See Supplementary Note 5 for full details of the derivation.
In the remainder of Supplementary Note 5, we perform a

thermodynamic equilibrium analysis of the i-MFIM system in the
case of a FERRO layer with uniform spontaneous polarization PF
(i.e., ∇PF= 0). The analysis shows that the equation of state
(dGMFIM=dPF ¼ 0) reproduces the same equilibrium states (i.e.,
PF-EF solutions, see Eq. (3)) as for the isolated FERRO layer.
Furthermore, it shows that the inherently unstable equilibrium
states of the isolated FERRO can only become stable states of the
i-MFIM system if the following stabilization condition is
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satisfied14,27:

tF < tF;c ¼ �1
2αCI

2αεF þ 1
� �

; ð10Þ

where tF,c is the critical FERRO thickness. Though strictly valid
for the i-MFIM system with a coherent uniform FERRO, in
practice, Eq. (10) represents a theoretically necessary, but not
necessarily sufficient, condition for a hysteresis-free device
operation.

Intrinsic MFIM system with fixed charge at FERRO-INS
interface. We consider now an equivalent MFIM structure with a
fixed (immobile) surface charge density σFI= σ0 at the FERRO-
INS interface. In Supplementary Note 6, we theoretically
demonstrate that this system remains equivalent to the i-MFIM
system and that a Gibbs-based approach is still valid, provided
one properly accounts for the fixed surface charge density σ0
when establishing the reference free energy functional of the
system (G0).

Free-charge-conducting MFIM system. In practice, the FERRO-
INS interface is never completely pristine and, due to the presence
of interface traps, some free charge accumulation occurs at the
FERRO-INS interface (Fig. 1a). We, therefore, consider a free-
charge-conducting MFIM structure (c-MFIM), with leakage
through the INS and with identical device dimensions (tF= 3.5
nm and tI= 1 nm), but with surface charge density σFI. The
applied sawtooth voltage VTB between the electrodes has a peak
voltage amplitude VP (Fig. 1b).

As per the usual treatment of interface traps60–62, the surface
charge density is expressed as: σFI ¼ qDFI EN � EF tF

� �� �
,

where DFI is an interface state density in units of eV−1 cm−2,
EN is the charge-neutrality level at the FERRO-INS interface,
EF xð Þ is the Fermi energy level at position x (Fig. 1c). This
expression reflects how a change in the occupation probability of
the trap states at the FERRO-INS interface results in a build-up
of σFI. Since macroscopic flows of matter cannot exist in a
system in thermodynamic equilibrium, we assume the con-
ductance of the FERRO layer to be negligible such that there is
no steady-state leakage current. As there exists no steady-state
leakage current, the Fermi level is constant throughout the INS
layer (EF tF

� � � EF tΣ
� �

), and we have: σFI � qDFI EN ��
EF tΣ
� �Þ. By using EN ¼ ΔEN þ EF tΣ

� � � qEItI (see Fig. 1c),

and setting σFI,0 ≡ qDFIΔEN, we obtain:

σFI ¼ qDFI ΔEN � qEItI
� � ¼ σFI;0 � q2DFIEItI: ð11Þ

For the c-MFIM system the following conditions still apply:
VTB ¼ EFtF þ EItI (Eq. (4)) and DI=DF+ σFI (Eq. (5)) with σFI
given by Eq. (11). From this directly follows:

EF ¼ VTB CI þ q2DFI

� � � σFI;0 � PF

tF CF þ CI þ q2DFI

� � ; ð12Þ

EI ¼ VTBCF þ σFI;0 þ PF

tI CF þ CI þ q2DFI

� � ; ð13Þ

Note that the electrostatics of the MFIM structure (Eqs. (12) and
(13)) reduce to that of a MFM structure for large DFI.

In contrast to the i-MFIM system, at constant applied voltage,
the thermodynamic equilibrium behavior of the c-MFIM system
is no longer described by the total Gibbs free energy GMFIM (Eq.
(9)), as we show in Supplementary Note 7. In Supplementary
Note 8 and Supplementary Fig. S5, we demonstrate that an
approach based on the Gibbs free energy GMFIM, as expressed by
Eq. (9), produces unphysical equilibrium states (Eq. (S75)) and an
inaccurate stabilization condition (Eq. (S78)).

Instead of the Gibbs free energy GMFIM, we identify that, at
constant applied voltage, the c-MFIM system adopts an
equilibrium state that minimizes the Grand Potential ΩMFIM of
the system, which is defined as63:

Ω ¼ U � TS �
Z
V
∑
ν
EνDνdV � ∑

j
μjN j; ð14Þ

with the following associated differential form (Ω= ∫ωdV):

dω ¼ �sdT � Tdis � ∑
ν
DνdEν þ ∑

α
μ0αdn

0
α � ∑

j
njdμj;

ð15Þ
where the first, second and last summation in Eq. (15) runs over
the components of the electric field and displacement vector, all
fixed particles (N 0

α ¼ R
n0αdV), and all mobile particles (Nj

= ∫njdV) in the system.
In the c-MFIM structure, the collection of traps at the FERRO-

INS interface results in an additional energetic contribution to the
thermodynamic potential of the system. In particular, the Grand
Potential ΩMFIM is considered to be of the form: ΩMFIM ¼ ΩF þ
ΩI þ ΩFI ¼ R

VF
ωFdV þ R

V I
ωIdV þ R

AFI
ωFIdA. Here,ΩFI and

ωFI represent the free energy and surface energy density
contribution, respectively, to ΩMFIM due to the subsystem at the
FERRO-INS interface. As the FERRO-INS interface subsystem only

tend
0V

+VP

VTB

+VP

-VP

ba

σFI

VB

VT
3.

5
nm

1
nm INSEI

FERRO

leakage

PF

L

EF

x
y c

Ef(0)

DFI

valence band

Ef(tΣ)

ferroelectric insulator

ΔEN

0

tΣ

EN

σFI<0

σFI>0

tF

conduction band

Fig. 1 Free-charge-conducting metal-ferroelectric-insulator-metal (c-MFIM) system with surface charge density σFI at the ferroelectric-insulator
(FERRO-INS) interface. a Schematic of the MFIM structure with indicated location of σFI. The FERRO layer, with length L and thickness tF= 3.5 nm, is
characterized by a spontaneous polarization density PF and electric field strength EF. Similarly, the INS layer, with thickness tI= 1 nm, is characterized by an
electric field strength EI and electric permittivity εI= 3.9. b Time signal of the applied input voltage VTB with peak magnitude Vp. c Energy band diagram
(VTB= 1 V) showing the Fermi energy level Ef at the top (Ef(0)) and bottom (Ef(tΣ= tF+ tI)) metal contact, and the interface charge-neutrality level EN. The
interface state density DFI is assumed to be constant across the entire FERRO-INS interface. When the Fermi energy at the FERRO-INS interface is located
above (below) EN, σFI is negative (positive).
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consists of the immobile interface traps and the mobile particles
that make up the surface charge σFI, the differential form of dωFI is
of the following form:

dω ¼ �sdT � Tdis þ ∑
α
μ0αdn

0
α � ∑

j
njdμj; ð16Þ

where s is the entropy surface density, and n0α and nj are the surface
density of the αth-immobile and jth-mobile particle, respectively.

The differential form of ΩMFIM is shown to reduce to (see
Supplementary Note 9 for a detailed derivation):

dΩMFIM ¼W ∑
Ny � 1

λ¼ 0
Δλ
y½�TF tFdis

λ
F þ tIdis

λ
I þ dis

λ
FI

� �
� Dλ

FdVTB � tIσ
λ
FIdEλ

I � σλFIdφ
λ
I tF
� ��:

ð17Þ

In contrast to the applied voltage, the electric field in the INS
(EI) and the chemical potential at the FERRO-INS interface
(φI tF
� �

) are not explicitly constrained in the c-MFIM system. As a
result, it is not self-evident that Eq. (17) becomes zero at
equilibrium (dis

λ
F ¼ dis

λ
I ¼ dis

λ
FI ¼ 0 and dVTB= 0).

However, because the steady-state leakage current through the
FERRO-system has to be negligible (otherwise the system can not
be considered to be in a thermodynamic equilibrium state in the
first place and has to be studied within the framework of non-
equilibrium thermodynamics47,64), the Fermi level in the INS
layer is constrained to be constant. As a consequence of the
constrained Fermi level, the chemical potential at the FERRO-INS
interface (φ tF

� �
) and the electric field in the INS (EI) become

jointly constrained as well and are, therefore, no longer
independent from each other (also see Supplementary Fig. S4):

φλ
I tF
� � ¼ φλ

I tΣ
� � � Eλ

I tI: ð18Þ
This allows us to rewrite Eq. (17) as:

dΩMFIM ¼W ∑
Ny � 1

λ¼ 0
Δλ
y �tIσ

λ
FIdEλ

I � σλFId φλ
I tΣ
� � � Eλ

I tI
� �� �

¼W ∑
Ny � 1

λ¼ 0
Δλ
y �σλFIdφ

λ
I tΣ
� �� � ¼ 0:

ð19Þ
As a consequence, we have formally demonstrated that, at fixed

applied voltage, the Grand Potential is the appropriate thermo-
dynamic potential and the c-MFIM system evolves to an
equilibrium state that minimizes:

ΩMFIM ¼W
Z L

0
tFωF þ tIωI þ ωFI

� �
dy;

¼W
Z L

0
tF α PF

�� ��2 þ β PF

�� ��4 þ β0 ∑
i≠j
P2
F;iP

2
F;j þ κG ∇PF

� �	


� PF;xEF � εF
2
E2
F

�
� εI þ q2DFItI

2
tIE2

I þ σFI;0tIEI

�
dy:

ð20Þ
See Supplementary Note 10 for a detailed derivation of the
expression above. Observe that Eq. (20) explicitly depends on the
interface state density DFI: in Figs. 2a, b, 3a we show that
increasing DFI deforms the Grand Potential energy density
landscape of the system. Note that Eq. (20) is equivalent to Eq. (9)
in the limit of DFI= 0, which demonstrates that a Grand
Potential-based approach is indistinguishable from a Gibbs-based
approach for the i-MFIM system.

Next, we utilize ΩMFIM to analyze the equilibrium behavior of
the c-MFIM system in the case of a coherent uniform FERRO
layer with uniform PF (i.e., ∇PF= 0) and constant interface state
density (DFI) across the entire FERRO-INS interface surface area.

The equilibrium states of the FERRO-system are ascertained from
the equation of state (dΩMFIM=dPF ¼ 0):

2αtFPF þ 4βtFP
3
F þ PF

CF þ CI þ q2DFI

� �
� VTB CI þ q2DFI

� � � σFI;0
CF þ CI þ q2DFI

� � ¼ 0:

ð21Þ

Using Eq. (12), we retrieve Eq. (3) from Eq. (21), which, once
again, demonstrates that the PF-EF characteristics of the uniform
single-domain FERRO layer remain unaffected by the adjacent
material properties. The stability of the equilibrium states is
determined by requiring that d2ΩMFIM=dP

2
F > 0:

12βtFP
2
F þ 2αtF þ 1

CF þ CI þ q2DFI

� � > 0: ð22Þ

The impact of the interface trap density DFI on the stability of
the system and, therefore, the hysteretic device operation is made
most clear by using Eq. (22) to establish the equivalent
stabilization condition for the c-MFIM system:

tF < tF;c ¼ �1

2α CI þ q2DFI

� � 2αεF þ 1
� �

: ð23Þ

Note that, for DFI= 0, Eq. (23) reduces to Eq. (10).
Figure 3 illustrates the impact of an increasing DFI on the

quasi-static simulation results for the “time”-dependent signal of
the polarization PF tð Þ (Fig. 3b), the PF-EF characteristics (Fig. 3c),
and the dependence of the electrostatic potential difference over
the INS ΔΨI on the applied voltage VTB, which acts as a proxy for
the desired SS-steepening effect in SS-FeFETs (Fig. 3d).

The quasi-static simulations demonstrate that the c-MFIM
system reduces to the i-MFIM system in the limit of DFI= 0, and
to the MFM system in the limit of DFI→∞). In addition, the
results shown in Fig. 3b–d show that, all else being equal, an
increase in DFI results in a (worsened) hysteretic device operation
and an internal voltage amplification effect that derives from
transient, instead of quasi-static, polarization switching dynamics.
Note that our finding of increased hysteretic device operation
with DFI is in agreement with theoretical predictions using a
kinetics-based model for the polarization switching65, and the
experimental observation that the memory window of a device
increases with the trap density66.

In Fig. 4, the critical FERRO thickness tF,c is plotted as a
function of DFI and clearly shows how the stabilization condition
of the c-MFIM system is negatively impacted by an increasing
DFI. The sensitivity of tF to values of α, CI, and εF is also shown in
Fig. 4, demonstrating that, all else being equal, tF,c decreases with
increasing values of α, CI, and εF, which is consistent with earlier
reports27. Note that, for DFI→∞, Eq. (23) tends to
tF < tF;c ¼ � 1 þ 2εFα þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ 2εFα
p� �

= 2αq2DFI

� �
, which

shows that the impact of CI becomes negligible for larger values
of DFI and reflects the transition from a MFIM to a MFM system.
Lastly, note that tF,c also depends on the temperature, as
demonstrated in Supplementary Fig. S6.

The origin of the destabilizing effect of a surface charge density
σFI is found in the distortion of the Grand Potential energy
landscape (see Eq. (20) and (Fig. 2a, b), which is caused by the
dependence of ΩMFIM on DFI. The dependence of ΩMFIM on DFI is
traced to the impact of DFI on EF (Eq. (12)) and EI (Eq. (13)). An
increasing DFI more strongly affects EI (and therefore ΩI) than EF
(and therefore ΩF), resulting in a proportionally reduced
stabilizing contribution of ΩI to ΩMFIM. As a consequence, a
smaller CI(=εI/tI) or larger CF(=εF/tF), which, in turn, dispro-
portionately affects EF over EI, is required to prevent the
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Fig. 2 Surface charge density at the ferroelectric-insulator interface destabilizes the Grand Potential energy landscape of the free-charge-conducting
metal-ferroelectric-insulator-metal (c-MFIM) system. The Grand Potential energy (ΩMFIM ¼ ΩMFIM=A) landscape is plotted as a function of the
ferroelectric polarization PF and the applied voltage VTB for an interface state density (a) DFI= 1 × CI/q2 and (b) DFI= 5 × CI/q2, where CI is the capacitance of
the insulator layer and q is the electron charge. (Note that the free energy landscape shown in Supplementary Fig. S3a corresponds to the case of DFI= 0).
a, b The stable, metastable, and unstable equilibrium states of the c-MFIM system (at constant applied voltage VTB) are indicated for both cases. In addition,
the trajectory (aa) along the energy landscape corresponding to a constant VTB= 0V is indicated. Comparing the energy landscapes of a, b demonstrates
that increasing the interface state density DFI deforms the Grand Potential energy landscape, resulting in an increased hysteretic device operation of the
c-MFIM system.
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Fig. 3 Surface charge density at the ferroelectric-insulator interface results in increased hysteretic device operation of the free-charge-conducting
metal-ferroelectric-insulator-metal (c-MFIM) system. a The Grand Potential energy (ΩMFIM) landscape of the c-MFIM system (see (Fig. 1a) is plotted
along the trajectory (aa) of constant applied voltage VTB= 0 V for different values of the interface state density DFI. The constant-VTB trajectories for DFI=
1 × CI/q2 and DFI= 5 × CI/q2, where CI is the capacitance of the insulator layer and q is the electron charge, are indicated in (Fig. 2. For each case, the stable
ferroelectric polarization states are indicated with solid circles. For DFI= 0, the c-MFIM system has a single stable state with ferroelectric polarization PF=
0. However, increasing the interface state density DFI deforms the Grand Potential energy landscape. As a consequence, for larger DFI, the c-MFIM system
is characterized by two distinct stable states with non-zero polarization (P1F;0 and P2F;0). b Quasi-static PF-t simulation results show that increasing DFI

results in abrupt switching of the ferroelectric polarization PF. (The dashed and solid curves correspond to quasi-static simulations with different initial
polarization states (P1F;0 or P2F;0) of the system). c The PF-EF characteristics, where EF is the electric field strength in the ferroelectric layer, and d ΔΨI-VTB

curves, where ΔΨI is the electrostatic potential difference over the insulator layer, demonstrate the appearance and subsequent worsening of hysteretic
device operation with increasing interface state density DFI. The case of DFI= 0 corresponds to the intrinsic MFIM system (Supplementary Fig. S3) and
DFI→∞ to the metal-ferroelectric-metal (MFM) system (Supplementary Fig. S1).
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formation of unstable regimes in the Grand Potential energy
landscape.

Lastly, Eq. (23) also allows us to establish the theoretical
maximum value of DFI for which a hysteresis-free device
operation of a MFIM system with a uniform single-domain
ferroelectric layer is possible:

DFI <DFI;c ¼ �1
2αq2tF

2αtF CF þ CI

� � þ 1
� �

ð24Þ

For the c-MFIM system considered in this Article (Fig. 1a), DFI,c ≈
2 × 1012 eV−1cm−2.

Intrinsic MFS system. Next, we consider an intrinsic (i.e.,
without defect states) metal-ferroelectric-semiconductor (i-MFS)
system with semiconductor (SEMI) layer thickness tS (and area
A), and with pristine FERRO-SEMI interface (DFS= 0). In con-
trast to the INS and FERRO layer in the MFIM system, at finite
temperatures, it is no longer acceptable to neglect the thermally-
generated electron (nS) and hole (pS) free carrier concentrations
in the SEMI layer. The local free charge density,
ρS ¼ q pS � nS

� �
, affects the local electric displacement field

(DS) in the SEMI through Gauss’ law: ∂DS xð Þ=∂x ¼ ρS xð Þ, where
DS ¼ εSES with ES the local electric field strength and εS the
permittivity of the SEMI layer. Because of the position dependent
(x-direction) electric field ES and electric displacement field DS,
the SEMI is, inherently, a non-uniform system.

As a consequence, the thermodynamic equilibrium behavior of
the i-MFS system is not equivalent to that of the i-MFIM system.
In particular, we first demonstrate that, at constant applied voltage
VTB, similarly to the c-MFIM system, the Grand Potential (ΩMFS)
is the appropriate thermodynamic potential of the i-MFS system.
To allow for a thermodynamic description of the SEMI layer,
we use the local equilibrium approximation47,64 and consider,
within each λth thin sheet, the SEMI to consist of Nx elemental
volumes dV ι;λ

S , discretized in the x-direction with index ι, that are

locally uniform (see Supplementary Note 11 and Supplementary
Fig. S7). We ignore variations in the z-direction, such that:
dV ι;λ

S ¼ Δι
x ´ Δλ

y ´ W. Each elemental volume is then character-

ized by a locally uniform electric field Eι;λ
S , electric displacement

field Dι;λ
S , and free charge density ρι;λS ¼ qðpι;λS � nι;λS Þ. As a result,

Eq. (15) is still valid for each elemental volume dV ι;λ
S of the SEMI,

such that the differential form of the Grand Potential of the i-MFS
system (ΩMFS=ΩF+ΩS) is found as:

dΩMFS ¼ W ∑
Ny � 1

λ¼ 0
Δλ
y tFdω

λ
F þ ∑

Nx � 1

ι¼ 0
Δι
xdω

ι;λ
S


 �
: ð25Þ

With the requirement of a negligible steady-state leakage
current through the system, we show that, at equilibrium
(dis

λ
F ¼ dis

ι;λ
S ¼ 0), Eq. (25) reduces to (see Supplementary

Note 11):

dΩMFS ¼ W ∑
Ny � 1

λ¼ 0
Δλ
y �Dλ

FdVTB

� �
; ð26Þ

which demonstrates that, at constant applied voltage (dVTB= 0),
the MFS system evolves to an equilibrium state that minimizes
the total Grand Potential ΩMFS of the system:

ΩMFS ¼W
Z L

0
½tFðα PF

�� ��2 þ β PF

�� ��4 þ β0 ∑
i≠ j

P2
F;iP

2
F;j

þ κG ∇PF

� � � PF;xEF � εF
2
E2
FÞ

þ
Z tS

0
� εS

2
E2
S �

Z φS

φS;0

ρSdφS

 !
dx�dy;

ð27Þ

where φS,0 is the zero-field (ES ¼ 0) reference chemical potential
and φS is the local chemical potential of the SEMI layer.

Comparing Eq. (27) with the expression for the total Grand
Potential of the c-MFIM system (Eq. (20)), it is clear that the
thermodynamic equilibrium behavior of the MFS system aligns
more closely with the free-charge-conducting MFIM system than
the intrinsic MFIM system. We demonstrate in Supplementary
Note 12 that, as a first-order approximation, the MFS system is
equivalent to the c-MFIM system with mobile surface charge
density σFI. We further show that a) the accumulation of
free charge inherently destabilizes the MFS system, and b) that
the destabilizing effect becomes more severe with increasing
free charge accumulation in the system.

Free-charge-conducting MFIS system. The last single-domain
FERRO-system that we discuss is a metal-ferroelectric-insulator-
semiconductor (MFIS) system. Similarly as for the c-MFIM sys-
tem, we allow for free surface charge accumulation at the FERRO-
INS interface (σFI) due to a (uniform) interface trap density (DFI).
In addition, besides the intrinsic charge accumulation due to the
free carriers in the SEMI, we also allow for free surface charge
accumulation (σIS) due to a (uniform) interface trap density (DIS)
at the INS-SEMI interface. In the MFIS system, the following
conditions apply:

VTB ¼ EFðyÞtF þ EIðyÞtI þ ΔΨS; ð28Þ

DIðyÞ ¼ DFðyÞ þ σFIðyÞ; ð29Þ

DSðyÞ ¼ DIðyÞ þ σISðyÞ þ σSðyÞ: ð30Þ
Where Eq. (28) again corresponds to the Maxwell-Faraday
equation (note that the left-hand side becomes: VTB− ΔϕTS, for
non-zero work function difference, ΔϕTS, between top metal and
SEMI), and Eqs. (29) and (30) are Gauss’s law applied at the
FERRO-INS and INS-SEMI interface, respectively, with σS the
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Fig. 4 The critical ferroelectric thickness decreases with increasing
interface state density. The critical ferroelectric thickness tF,c of the free-
charge-conducting metal-ferroelectric-insulator-metal (c-MFIM) system
(Fig. 1a) is plotted as a function of the interface state density DFI for
different values of the Landau parameter α (yellow lines), the background
permittivity of the ferroelectric εF (blue lines), and the capacitance of the
insulator layer CI= εI/tI (red lines). The baseline curve (black line)
corresponds to the parameter values: α=−1.1 × 109 mF−1, εF= 35, and CI
= 3.45 μF cm−2. The c-MFIM system is characterized by a hysteretic device
operation if the thickness tF of the (perfectly uniform and coherent)
ferroelectric layer is larger than the critical thickness tF,c (tF > tF,c). Note that
the inflection point in the curves occurs around DFI= CI/q2.
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free surface charge accumulation due the free (electron and hole)
carriers in the SEMI.

The surface charge accumulation at the FERRO-INS and INS-
SEMI interface is treated similarly as in the case of the c-MFIM
system: σFI= qDFI(EN,FI− EF(tF)) and σIS= qDIS(EN,IS− EF(tF+
tI)). We again assume a negligible conductance of the FERRO
layer, such that there exists no steady-state leakage current and
the Fermi level is constant throughout the INS and SEMI. We
then have for σFI and σIS:

σFI ¼ σFI;0 � q2DFI EItI þ ΔΨS

� �
; ð31Þ

σIS ¼ σIS;0 � q2DISΔΨS; ð32Þ
with σFI,0= qDFIΔEN,FI and σIS,0= qDISΔEN,IS.

We demonstrate that the Grand Potential (ΩMFIS) is the
appropriate thermodynamic potential of the MFIS system at
constant applied voltage VTB. Analogous to the MFS system, we
use the local equilibrium approximation47,64 and consider the
SEMI layer, within the λth thin sheet, to consist of Nx locally
uniform elemental volumes, discretized in the x-direction.

The Grand Potential of the MFIS system is of the form:
ΩMFIS ¼ ΩF þ ΩI þ ΩFI þ ΩIS ¼ R

VF
ωFdV þ R

V I
ωIdV þR

AFI
ωFIdA þ R

AIS
ωISdA. As the SEMI is in local equilibrium, Eq.

(15) for dωS remains valid for each elemental volume. The
differential form of ΩMFIS is, therefore, expressed as:

dΩMFIS ¼ W ∑
Ny � 1

λ¼ 0
Δλ
y tFdω

λ
F þ tIdω

λ
I þ ∑

Nx � 1

ι¼ 0
ðΔι

xdω
ι;λ
S Þ þ dωλ

FI þ dωλ
IS


 �
:

ð33Þ
At equilibrium (dis

λ
F ¼ dis

λ
I ¼ dis

ι;λ
S ¼ dis

λ
FI ¼ dis

λ
IS ¼ 0), we

again require a negligible steady-state leakage current through the
FERRO layer and, therefore, the MFIS system. Using Eq. (15) for
dωF, dωI, and dωS, and Eq. (16) for dωFI and dωIS, we
demonstrate that, at equilibrium, dΩMFIS reduces to (see
Supplementary Note 13 for a detailed derivation):

dΩMFIS ¼ W ∑
Ny � 1

λ¼ 0
Δλ
y½ � Dλ

FdVTB�: ð34Þ

which demonstrates that, at constant applied voltage (dVTB= 0),
the MFIS system evolves to an equilibrium state that minimizes
the total Grand Potential ΩMFIS, which is expressed as follows (see
Supplementary Note 13):

ΩMFS ¼W
Z L

0
½tFðα PF

�� ��2 þ β PF

�� ��4 þ β0 ∑
i≠j
P2
F;iP

2
F;j þ κG ∇PF

� �

� PF;xEF � εF
2
E2
FÞ �

εItI
2

E2
I �

Z tS

0

εS
2
E2
S þ

Z φS

φS;0

ρSdφS

 !
dx

þ
Z EI

0
σFId EItI

� � þ
Z ΔΨS

0
σFId ΔΨS

� � þ
Z ΔΨS

0
σISd ΔΨS

� ��dy:
ð35Þ

Lastly, in Supplementary Note 13, we present a first-order
approximation for the thermodynamic equilibrium analysis of the
MFIS system based on the Grand Potential ΩMFIS. The
equilibrium analysis reveals that, similar to the c-MFIM and
MFS system, the MFIS system is destabilized by the free charge
accumulation at the FERRO-INS and INS-SEMI interface, and
within the SEMI. This becomes clear when examining the (first-
order approximation) stabilization condition of the MFIS system:

tF < tF;c ¼ �1

2αCy
Σ

2αεF þ 1
� �

; ð36Þ

where Cy
Σ is defined as:

Cy
Σ ¼ q2DFI þ CI

CS þ 2q nitS=V th þ q2DIS

CI þ CS þ 2q nitS=V th þ q2DIS
: ð37Þ

The stabilization condition (Eq. (36)) indicates that the critical
FERRO thickness decreases with increasing interface trap density
at both the FERRO-INS interface (DFI) and INS-SEMI interface
(DIS), and with increasing free charge density in the SEMI (ni).

Note that our formalism remains valid even when the MFIS
system is further extended with additional material or contact
regions (e.g., the source and drain regions in a FeFET), as long as
the steady-state current through the system is negligible.

Conclusion
In conclusion, we have theoretically reconciled the thermo-
dynamic equilibrium theory of perfectly coherent uniform
FERRO-systems with free charge accumulation. We have pre-
sented the first formal demonstration that the Grand Potential is
the appropriate thermodynamic potential to analyze the equili-
brium behavior of FERRO-systems, at constant applied voltage.

We have demonstrated that, only in the limiting case of perfectly
non-conductive MFIM systems, a thermodynamic equilibrium
analysis based on the Grand Potential becomes equivalent to
an approach based on the Gibbs free energy. However, we have
shown that this is no longer the case in free-charge-conducting
FERRO-systems, as the Gibbs free energy approach becomes
invalid. As a consequence, the thermodynamic equilibrium beha-
vior of FERRO-systems with free charge accumulation has to be
studied using the Grand Potential.

Using the Grand Potential, we have demonstrated that an
interface trap density DFI at the FERRO-INS interface destabilizes
MFIM systems. Furthermore, we have identified the theoretical
upper limit for the critical interface trap density DFI,c in MFIM
structures, above which (increased) hysteretic device operation
becomes unavoidable. As DFI,c has been derived assuming per-
fectly uniform single-domain FERRO-systems, DFI,c is expected to
further decrease once non-coherent polarization switching
dynamics, such as domain nucleation and propagation, are
properly taken into account in our analysis.

Lastly, we have demonstrated that the inherent accumulation
of free charge carriers in the SEMI layer destabilizes defect-free
MFS systems and MFIS systems, which might explain, at least
partially, the apparent lack of reported hysteretic-free device
operation in MFS systems.

Our findings motivate further research efforts to delineate the
theoretical limitations for obtaining a hysteretic-free device
operation in advanced FERRO-systems. In particular, future work
should focus on extending the presented framework in three
steps, as described in Supplementary Note 14. In a first step, the
Grand Potential should be extended to allow for a fully spatially
non-uniform polarization vector PF. In a second step, the fra-
mework should be extended by incorporating a model, inspired
by, for example, molecular dynamics or ab-initio calculations, for
transient and incoherent polarization switching to describe the
time-dependent evolution towards equilibrium. Lastly, an exten-
sion towards multi-domain ferroelectrics can be achieved by
parallelizing the formalism for independent single-domains.

Methods
Quasi-static simulations. For the FERRO-systems considered in this Article, the
quasi-static simulations are performed for the case of an applied voltage VTB with
quasi-static sawtooth profile, as shown in Supplementary Fig. S4b, with peak
voltage amplitude VP= 0.5 V. We discretize VTB in equidistant steps with incre-
ments of ΔV (typically 0.5 mV). For each value of VTB, the quasi-static FERRO
polarization PF VTB

� �
is determined from the equation of state of the FERRO-

system: dΦ/dPF= 0, where Φ represents the appropriate thermodynamic potential
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of the system. In the case of the i-MFIM system, Φ is the Gibbs free energy per unit
area GMFIM (see Eq. (9)), and, in the case of the c-MFIM system, Φ is the Grand
Potential ΩMFIM (see Eq. (20)). In a first step, we use MATLAB’s fzero algorithm to

solve for all existing real-valued roots PF;1≤ i ≤N

n o
N ≤ 3

to the cubic equation of state

(dΦ/dPF= 0). In a second step, we establish the stability of each real-valued root
using the corresponding stability condition: d2Φ=dP2

F > 0 (see Eq. (S52) and (22)
for the i-MFIM and c-MFIM system, respectively), and only withhold the stable or
metastable roots. The quasi-static solution for the FERRO polarization is then
determined as: a) in the case one stable root (PF,1) remains:

PF VTB

� � ¼ PF;1;

and b) in case of both a stable (PF,1) and metastable (PF,2) root:

PF VTB

� � ¼ min PF VTB � ΔV
� � � PF;1

�� ��; PF VTB � ΔV
� � � PF;2

�� ��� �
;

with PF VTB � ΔV
� �

the FERRO polarization of the previous (time) step. At t= 0
s, PF VTB � ΔV

� �
corresponds to the assumed initial polarization PF,0 of the

FERRO-system (see, for example, Fig. 3a). As a last step, the electric field strength
in the FERRO (EF) and the INS (EI) are calculated using the corresponding
electrostatics equations of the FERRO-system (Eqs. (6) and (7) in case of the i-
MFIM system, and Eqs. (12) and (13) in case of the c-MFIM system).

Data availability
The computational scripts that were used to generate the quasi-static simulation results
in this work can be obtained from the corresponding author upon reasonable request.

Received: 11 September 2020; Accepted: 15 March 2021;

References
1. Waldrop, M. M. The chips are down for Moore’s law. Nature 530, 144–147

(2016).
2. Ionescu, A. M. & Riel, H. Tunnel field-effect transistors as energy-efficient

electronic switches. Nature 479, 329–337 (2011).
3. Lu, H. & Seabaugh, A. Tunnel field-effect transistors: state-of-the-art. IEEE J.

Electron Devices Soc. 2, 44–49 (2014).
4. Verreck, D., Groeseneken, G. & Verhulst, A. The Tunnel Field-Effect

Transistor. in Wiley Encyclopedia of Electrical and Electronics Engineering,
1–24 (John Wiley & Sons, Inc., 2016).

5. Vandenberghe, W. G., Sorée, B., Magnus, W., Groeseneken, G. & Fischetti, M.
V. Impact of field-induced quantum confinement in tunneling field-effect
devices. Appl. Phys. Lett. 98, 143503 (2011).

6. Vandenberghe, W. G. et al. Figure of merit for and identification of sub-60
mV/decade devices. Appl. Phys. Lett. 102, 013510 (2013).

7. Bizindavyi, J., Verhulst, A. S., Sorée, B. & Groeseneken, G. Impact of calibrated
band-tails on the subthreshold swing of pocketed TFETs. In 2018 76th Device
Research Conference (DRC), vol. 2018-June, 1–2 (IEEE, 2018).

8. Bizindavyi, J., Verhulst, A. S., Verreck, D., Sorée, B. & Groeseneken, G. Large
variation in temperature dependence of band-to-band tunneling current in
tunnel devices. IEEE Electron Device Lett. 40, 1864–1867 (2019).

9. Björk, M. T., Hayden, O., Schmid, H., Riel, H. & Riess, W. Vertical surround-
gated silicon nanowire impact ionization field-effect transistors. Applied Phys.
Lett. 90, 142110 (2007).

10. Musalgaonkar, G., Sahay, S., Saxena, R. S. & Kumar, M. J. An impact
ionization MOSFET with reduced breakdown voltage based on back-gate
misalignment. IEEE Transactions Electron Devices 66, 868–875 (2019).

11. Kim, J.-H., Chen, Z. C., Kwon, S. & Xiang, J. Three-terminal
nanoelectromechanical field effect transistor with abrupt subthreshold slope.
Nano Lett. 14, 1687–1691 (2014).

12. Mayet, A. M., Hussain, A. M. & Hussain, M. M. Three-terminal
nanoelectromechanical switch based on tungsten nitride—an amorphous
metallic material. Nanotechnology 27, 035202 (2015).

13. Sun, J., Schmidt, M. E., Muruganathan, M., Chong, H. M. & Mizuta, H. Large-
scale nanoelectromechanical switches based on directly deposited
nanocrystalline graphene on insulating substrates. Nanoscale 8, 6659–6665
(2016).

14. Salahuddin, S. & Datta, S. Use of negative capacitance to provide voltage
amplification for low power nanoscale devices. Nano Lett. 8, 405–410
(2008).

15. Alam, M. A., Si, M. & Ye, P. D. A critical review of recent progress on negative
capacitance field-effect transistors. Appl. Phys. Lett. 114, 090401 (2019).

16. Íñiguez, J., Zubko, P., Luk’yanchuk, I. & Cano, A. Ferroelectric negative
capacitance. Nat. Rev. Mater. 4, 243–256 (2019).

17. Cao, W. & Banerjee, K. Is negative capacitance FET a steep-slope logic switch?
Nat. Commun. 11, 196 (2020).

18. Zhou, J. et al. Ferroelectric negative capacitance GeSn PFETs with Sub-20 mV/
decade subthreshold swing. IEEE Electron Device Lett. 38, 1157–1160 (2017).

19. Ko, E., Lee, J. W. & Shin, C. Negative capacitance FinFET With sub-20-mV/
decade subthreshold slope and minimal hysteresis of 0.48V. IEEE Electron
Device Lett. 38, 418–421 (2017).

20. Ng, K., Hillenius, S. J. & Gruverman, A. Transient nature of negative
capacitance in ferroelectric field-effect transistors. Solid State Commun. 265,
12–14 (2017).

21. Kittl, J. A. et al. On the validity and applicability of models of negative
capacitance and implications for MOS applications. Appl. Phys. Lett. 113,
042904 (2018).

22. Saeidi, A. et al. Effect of hysteretic and non-hysteretic negative capacitance on
tunnel FETs DC performance. Nanotechnology 29, 95202 (2018).

23. Saeidi, A. et al. Near Hysteresis-Free Negative Capacitance InGaAs Tunnel
FETs with Enhanced Digital and Analog Figures of Merit below VDD=
400mV. In 2018 IEEE International Electron Devices Meeting (IEDM), vol.
2018-Decem, 13.4.1–13.4.4 (IEEE, 2018).

24. Islam Khan, A. et al. Experimental evidence of ferroelectric negative
capacitance in nanoscale heterostructures. Applied Phys. Lett. 99, 113501
(2011).

25. Khan, A. I. et al. Negative capacitance in a ferroelectric capacitor. Nat. Mater.
14, 182–186 (2015).

26. Zubko, P. et al. Negative capacitance in multidomain ferroelectric
superlattices. Nature 534, 524–528 (2016).

27. Hoffmann, M., Pešić, M., Slesazeck, S., Schroeder, U. & Mikolajick, T. On the
stabilization of ferroelectric negative capacitance in nanoscale devices.
Nanoscale 10, 10891–10899 (2018).

28. Si, M. et al. Steep-slope hysteresis-free negative capacitance MoS2 transistors.
Nat. Nanotechnol. 13, 24–28 (2018).

29. Sharma, P., Zhang, J., Ni, K. & Datta, S. Time-resolved measurement of
negative capacitance. IEEE Electron Device Lett. 39, 272–275 (2018).

30. Cheng, P. H. et al. Negative capacitance from the inductance of ferroelectric
switching. Commun. Phys. 2, 32 (2019).

31. Hoffmann, M. et al. Unveiling the double-well energy landscape in a
ferroelectric layer. Nature 565, 464–467 (2019).

32. Florent, K. et al. Vertical Ferroelectric HfO2 FET based on 3-D NAND
Architecture: Towards Dense Low-Power Memory. in 2018 IEEE International
Electron Devices Meeting (IEDM), vol. 2018-Decem, 2.5.1–2.5.4 (IEEE, 2018).

33. Tian, X. et al. Evolution of ferroelectric HfO2 in ultrathin region down to 3
nm. Appl. Phys. Lett. 112, 102902 (2018).

34. Si, M. et al. A ferroelectric semiconductor field-effect transistor. Nat.
Electronics 2, 580–586 (2019).

35. Ma, T. & Gong, N. Retention and Endurance of FeFET Memory Cells. in 2019
IEEE 11th International Memory Workshop (IMW), 1–4 (IEEE, 2019).

36. Mulaosmanovic, H., Breyer, E. T., Mikolajick, T. & Slesazeck, S. Ferroelectric
FETs with 20-nm-thick HfO2 layer for large memory window and high
performance. IEEE Transactions Electron Devices 66, 3828–3833 (2019).

37. Agarwal, H. et al. Proposal for capacitance matching in negative capacitance
field-effect transistors. IEEE Electron Device Lett. 40, 463–466 (2019).

38. Majumdar, K., Datta, S. & Rao, S. P. Revisiting the theory of ferroelectric
negative capacitance. IEEE Transactions Electron Devices 63, 2043–2049
(2016).

39. Chang, S.-C., Avci, U. E., Nikonov, D. E. & Young, I. A. A thermodynamic
perspective of negative-capacitance field-effect transistors. IEEE J. Explor.
Solid State Comput. Devices Circuits 3, 56–64 (2017).

40. Rollo, T. & Esseni, D. Energy minimization and Kirchhoff’s laws in negative
capacitance ferroelectric capacitors and MOSFETs. IEEE Electron Device Lett.
38, 814–817 (2017).

41. Hoffmann, M. et al. Ferroelectric negative capacitance domain dynamics. J.
Appl. Phys. 123, 184101 (2018).

42. Luk’yanchuk, I., Tikhonov, Y., Sené, A., Razumnaya, A. & Vinokur, V. M.
Harnessing ferroelectric domains for negative capacitance. Commun. Phys. 2,
22 (2019).

43. Saha, A. K. & Gupta, S. K. Multi-domain negative capacitance effects in metal-
ferroelectric-insulator-semiconductor/metal stacks: a phase-field simulation
based study. Sci. Rep. 10, 10207 (2020).

44. Verhulst, A. S. et al. Experimental details of a steep-slope ferroelectric
InGaAs Tunnel-FET with high-quality PZT and modeling insights in
the transient polarization. IEEE Transactions Electron Devices 67, 377–382
(2020).

45. Watanabe, Y. Energy band diagram of ferroelectric heterostructures and its
application to the thermodynamic feasibility of ferroelectric FET. Solid State
Ionics 108, 59–65 (1998).

46. Rollo, T., Blanchini, F., Giordano, G., Specogna, R. & Esseni, D. Stabilization
of negative capacitance in ferroelectric capacitors with and without a metal
interlayer. Nanoscale 12, 6121–6129 (2020).

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00583-7 ARTICLE

COMMUNICATIONS PHYSICS |            (2021) 4:86 | https://doi.org/10.1038/s42005-021-00583-7 | www.nature.com/commsphys 9

www.nature.com/commsphys
www.nature.com/commsphys


47. Kondepudi, D. & Prigogine, I. Modern Thermodynamics: From Heat Engines
to Dissipative Structures, 2nd edn. (Wiley, 2014).

48. Rau, J. Statistical Physics and Thermodynamics, vol. 1 (Oxford University
Press, 2017).

49. Tagantsev, A. K. Landau expansion for ferroelectrics: which variable to use?
Ferroelectrics 375, 19–27 (2008).

50. Landau, L. D., Pitaevskii, L. P. & Lifshitz, E. M. Electrodynamics of Continuous
Media: Volume 8, 2nd edn. (Butterworth-Heinemann, 1984).

51. Strukov, B. A. & Levanyuk, A. P. Ferroelectric Phenomena in Crystals
(Springer Berlin Heidelberg, 1998).

52. Landau, L. On the theory of phase transitions. Ukr. J. Phys. 53, 23–35
(2008).

53. Woo, C. & Zheng, Y. Depolarization in modeling nano-scale ferroelectrics
using the Landau free energy functional. Appl. Phy. A 91, 59–63 (2008).

54. Wang, B. Mechanics of Advanced Functional Materials (Springer Berlin
Heidelberg, 2013).

55. Han, M.-G. et al. Interface-induced nonswitchable domains in ferroelectric
thin films. Nat. Commun. 5, 4693 (2014).

56. Kim, Y. J. et al. Voltage drop in a ferroelectric single layer capacitor by
retarded domain nucleation. Nano Lett. 17, 7796–7802 (2017).

57. Alessandri, C., Pandey, P., Abusleme, A. & Seabaugh, A. Switching dynamics
of ferroelectric Zr-doped HfO2. IEEE Electron Device Lett. 39, 1780–1783
(2018).

58. Van Houdt, J. & Roussel, P. Physical model for the steep subthreshold slope in
ferroelectric FETs. IEEE Electron Device Lett. 39, 877–880 (2018).

59. Gong, N. et al. Nucleation limited switching (NLS) model for HfO2-based
metal-ferroelectric-metal (MFM) capacitors: Switching kinetics and retention
characteristics. Appl. Phys. Lett. 112, 262903 (2018).

60. Matsuda, T. et al. Comparison of interface trap density measured by
capacitance/subthreshold/charge-pumping methods for n-MOSFETs with Si-
implanted gate-SiO2. In ICMTS 2001. Proceedings of the 2001 International
Conference on Microelectronic Test Structures (Cat. No.01CH37153), vol. 14,
65–70 (IEEE, 2001).

61. Engel-Herbert, R., Hwang, Y. & Stemmer, S. Comparison of methods to
quantify interface trap densities at dielectric/III-V semiconductor interfaces.
J. Appl. Phys. 108, 124101 (2010).

62. Zhao, P. et al. Evaluation of border traps and interface traps in HfO2/MoS2
gate stacks by capacitance-voltage analysis. 2D Mater. 5, 031002 (2018).

63. Rusanov, A. I., Shchekin, A. K. & Tatyanenko, D. V. Grand potential in
thermodynamics of solid bodies and surfaces. J. Chem. Phys. 131, 161104
(2009).

64. Lebon, G., Jou, D. & Casas-Vázquez, J. Understanding Non-equilibrium
Thermodynamics (Springer Berlin Heidelberg, 2008).

65. Xiang, Y. et al. Physical Insights on Steep Slope FEFETs including Nucleation-
Propagation and Charge Trapping. In 2019 IEEE International Electron
Devices Meeting (IEDM), 21.6.1–21.6.4 (IEEE, 2019).

66. Zhang, Y. et al. Defect states and charge trapping characteristics of HfO2 films
for high performance nonvolatile memory applications. Appl. Phys. Lett. 105,
172902 (2014).

Acknowledgements
J.B. gratefully acknowledges FWO-Vlaanderen for a Strategic Basic Research Ph.D. fel-
lowship. This work was supported by imec’s Industrial Affiliation Program.

Author contributions
W.G.V. conceived the presented idea of incorporating free charge accumulation in
FeFETs. J.B. and A.S.V. developed the theoretical thermodynamic equilibrium formalism.
J.B. worked out the analytical derivations, performed the numerical simulations, and
wrote the paper. J.B., A.S.V., B.S., and W.G.V. made improvements to the theoretical
formalism, discussed the results, and revised the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42005-021-00583-7.

Correspondence and requests for materials should be addressed to J.B.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,

distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00583-7

10 COMMUNICATIONS PHYSICS |            (2021) 4:86 | https://doi.org/10.1038/s42005-021-00583-7 | www.nature.com/commsphys

https://doi.org/10.1038/s42005-021-00583-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys

	Thermodynamic equilibrium theory revealing increased hysteresis in ferroelectric field-effect transistors with free charge accumulation
	Results and discussion
	Coherent uniform ferroelectric systems
	Intrinsic MFIM system
	Intrinsic MFIM system with fixed charge at FERRO-INS interface
	Free-charge-conducting MFIM system
	Intrinsic MFS system
	Free-charge-conducting MFIS system

	Conclusion
	Methods
	Quasi-static simulations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




