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Transient negative differential capacitance, the dynamic reversal of transient capacitance in an electrical
circuit, is of highly technological and scientific interest since it probes the foundation of ferroelectricity. We
study a resistor-ferroelectric capacitor (R-FEC) network through a series of coupled equations based on
Kirchhoff’s law, electrostatics, and Landau theory. We show that transient negative capacitance (NC) in a
R-FEC circuit originates from the mismatch in switching rate between the free charge on the metal plate
and the bound charge in a ferroelectric (FE) capacitor during the polarization switching. This transient free
charge–polarization mismatch is driven by the negative curvature of the FE free-energy landscape, and it is
also analytically shown that a free-energy profile with a negative curvature is the only physical system that
can describe transient NC in a R-FEC circuit. Furthermore, transient NC induced by the free charge–
polarization mismatch is justified by its dependence on both external resistance and the intrinsic FE
viscosity coefficient. The depolarization effect on FE capacitors emphasizes the importance of negative
curvature to transient NC and also implies that transient and steady-state NC cannot be observed in a FE
capacitor simultaneously. Finally, using the transient NC measurements, a procedure to experimentally
determine the viscosity coefficient is presented to provide more insight into the relation between transient
NC and the FE free-energy profile.
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I. INTRODUCTION

In the past four decades, the computing power of
microprocessors has been significantly improved due to
the relentless pursuit of Moore’s law [1]. However, the
static power becomes increasingly important in the total
energy dissipation as the CMOS transistors in a microchip
are scaled down to the nanometer regime due to the
reduction of the on-off current ratio [2]. Recently, an
alternative gate structure based on the ferroelectric (FE)
oxide [also known as a negative-capacitance (NC) field-
effect transistor] was proposed for transistors to improve
the on-off current ratio by enhancing depolarization fields
along the gate stack [3,4]. The main idea behind this
approach is that the enhancement of gate capacitance is
realized by the elimination of negative curvature in the FE
thermodynamic profile through depolarization, which can
be achieved by engineering the ratio between dielectric
(DE) and FE thicknesses in the gate stack [4]. Therefore, it
is of great importance to experimentally show the existence
of negative curvature between two stable polarization states
in the thermodynamic free-energy profile in FE materials
predicted by Landau theory.
A FE capacitor is an excellent device to study the FE

free-energy profile due to its simple structure. There are
two types of NC in a FE capacitor that have been

extensively discussed in the literature [4–7]. One is known
as nontransient (or steady-state) NC, which is a result of the
depolarization-driven capacitance enhancement accom-
plished by stabilizing the polarization in the region of
negative curvature in the FE free-energy profile [4,7]. This
nontransient NC is typically achieved in a FE-DE capaci-
tor; thus, capacitance enhancement refers to the increase in
capacitance of the FE-DE stack compared to that associated
only with the DE layer. Note that this steady-state NC
cannot be directly measured due to thermodynamic
stability, and it therefore can be deduced only from the
capacitance enhancement of a FE-DE stack based on the
DE layer.
Another NC in a FE capacitor is known as transient

negative differential capacitance (or transient NC), which,
in general, refers to a transient response of a FE capacitor in
a R-FEC circuit, where charge on a capacitor increases
while the voltage across the capacitor is reduced [5,6].
Recently, it was claimed that this transient NC can be
viewed as a direct mapping to the negative curvature of the
FE free-energy profile during polarization switching [5,6].
However, thus far, there have been no clear physical or
theoretical descriptions to directly link transient NC to the
negative curvature of a FE free-energy profile. Hence, it is
of great importance to establish (i) a correct physical
picture for the transient NC measured in a R-FEC circuit
[5,6] and also (ii) the relation between transient NC and the
negative curvature of the FE free-energy landscape. In this*sou-chi.chang@intel.com
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paper, we show that transient NC measured in a R-FEC
circuit originates from the mismatch in switching rate
between the free charge on the metal plate and the bound
charge in a FE capacitor during polarization switching,
which is driven by the negative curvature of the FE
thermodynamic energy profile. Analytical expressions
are also established to prove that the negative curvature
in the free-energy profile is the only solution that can
physically describe transient NC during the two-state
switching in a R-FEC circuit. Also, transient NC induced
by this free charge–polarization mismatch is justified by the
dependence of transient NC on both the external resistance
and the intrinsic viscosity coefficient. Furthermore, the
depolarization effect in a FE capacitor shows that the
negative curvature in the free-energy profile is required to
observe transient NC; thus, transient and steady-state NC
cannot coexist in a FE capacitor.
This paper is organized as follows. In Sec. II, a

theoretical formalism to describe free charge and polari-
zation dynamics in a R-FEC circuit is presented in detail.
Based on the model, in Sec. III, the physical origin of
transient NC in a R-FEC circuit and the corresponding
thermodynamic picture are explained. Also, the effects of
external resistance, the intrinsic viscosity coefficient, and
the depolarization field on a FE capacitor are discussed.
Furthermore, a procedure to determine the viscosity coef-
ficient directly from the transient NC measurements is
given to gain more insight from polarization dynamics.
Section IV concludes the paper.

II. THEORETICAL FORMALISM

To describe the dynamics for both free charge and
polarization in the R-FEC circuit shown in Fig. 1,
(i) Kirchhoff’s law is used to describe the displacement
current flowing through the external resistor, (ii) electro-
statics is applied because the net charge on a FE capacitor
has to be equal to free charge plus bound charge, and
(iii) average polarization dynamics under an electric field
across the FE oxide is captured by Landau theory. The
equation corresponding to Kirchhoff’s law is given as

∂Qfree

∂t ¼ V in − Vout

RA
¼ V in − VFE

RA
; ð1Þ

where ∂Qfree=∂t is the displacement current density
(A=m2), V in and Vout are the input and output voltages
(in volts), respectively, R is the external resistance (in
ohms), and A is the area of a capacitor (in m2). Note that
Vout is equal to VFE, which is the voltage across a FE
capacitor. Based on the electrostatics, the free charge
density (Qfree) on a FE capacitor can be written as

Qfree ¼ ϵ0EFE þ P; ð2Þ
where EFE is the electric field across the FE oxide, ϵ0 is the
vacuum dielectric constant, and P is the average FE
polarization [8–10], whose dynamics is governed by the
Landau theory given as [10–14]

γ
∂P
∂t ¼−

�
2α1þ

tdep
ϵ0tFE

�
P−4α11P3−6α111P5þEFE; ð3Þ

where α1, α11, and α111 are thermodynamic expansion
coefficients for the bulk FE free energy, γ is the viscosity
coefficient, and tFE and tdep are FE oxide and effective
depolarization thicknesses, respectively. Note that tdep is
used to represent the depolarization effect associated with
the finite screening length of metal contacts and the
inevitable interface dead layers in a FE capacitor; that is,
tdep ¼ ðλ1=ϵ1Þ þ ðλ2=ϵ2Þ þ ðtDE=ϵDEÞ, with λ1, λ2, and tDE
being the screening lengths of the top and bottom metal
contacts and the dead-layer thickness, respectively, and ϵ1,
ϵ2, and ϵDE being the relative dielectric constants of the top
and bottom contacts and the dead layer, respectively [15].
By combining Eqs. (1)–(3), the differential equation for
free charge dynamics in a R-FEC circuit is given as

RA
∂Qfree

∂t ¼ V in −
tFEðQfree − PÞ

ϵ0
: ð4Þ

From Eqs. (3) and (4), one can immediately see that free
charge and polarization are coupled through the electric
field across the FE oxide. Also, the free charge and
polarization responses are limited by the external resistance
and the intrinsic viscosity coefficient, respectively.

III. RESULTS AND DISCUSSION

Based on the mathematical model presented in the
preceding section, the underlying physics behind transient
NC in a R-FEC circuit is discussed in this section. The
simulation parameters are summarized in Table I if not
mentioned elsewhere. Equations (3) and (4) are integrated
numerically using the Euler method, and the time step is
chosen such that the results remain unchanged for a shorter
time step. Note that, for all of the simulation results shown
below, a negative input voltage is initially applied on the
capacitor to set the polarization in the negative direction.

FIG. 1. The schematic of a resistance-ferroelectric capacitor
(R-FEC) circuit for studying the physical origin of transient NC
observed in the experiments in Refs. [5,6]. V in, Vout are the input
and output voltages, respectively, R is the external resistance, and
CFE is the ferroelectric capacitor. The current flowing through the
resistor is determined by the first-order time derivative of the free
charge, Qfree.
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A. Transient negative capacitance due
to free charge–polarization mismatch

Figure 2(a) shows the output response in a R-FEC circuit
under an input pulsed signal. The free charge on a FE

capacitor is also given in the same figure. From Fig. 2(a), it
can be seen that there are two regions where the free charge
is increased (decreased) but the voltage is decreased
(increased); that is, ð∂Qfree=∂VÞ < 0. This negative differ-
ential capacitance occurs only during the polarization
reversal, which can be seen for the same time scale in
Fig. 2(b), where both free charge and polarization as
functions of time are given. Figure 2(b) also indicates that
the free charge and polarization are almost equal in a
R-FEC circuit under a pulsed input. However, Fig. 2(c)
shows that there always exists a small difference between
free charge and polarization in the ramping rate while
charging a FE capacitor, and ð∂P=∂tÞ > ð∂Qfree=∂tÞ occurs
only when the polarization is switched. From Eq. (5), it can
be seen that how the voltage across a FE capacitor changes
with time is linearly proportional to the mismatch in
switching rate between free charge and polarization.

TABLE I. Simulation parameters for a R-FEC circuit.

Symbol Quantity Value

α1 −1.05×109m=F [16]
α11 Landau expansion coefficient 107 m5=C2F [16]
α111 6×1011m9=C4F [16]
tdep Effective depolarization

thickness
0.05 nm

tFE Ferroelectric thickness 10 nm
A Capacitor area 502 μm2

R External resistance 50 kΩ
γ Viscosity coefficient 5 × 102 m sec =F

(a) (b)

(c) (d)

× × × × × ×

×

×

×

×

××

×

×

×
× ×

FIG. 2. (a) Input voltage (blue), output voltage (red), and free charge on a FE capacitor (pink) as functions of time. (b) Polarization and
free charge as functions of time. (c) Charge density per unit time for free charge (red) and polarization (blue). The difference between
ð∂Q=∂tÞ and ð∂P=∂tÞ is shown in pink. (d) Change in the voltage across a FE capacitor per unit time as a function of time.
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Also, by comparing Figs. 2(a) and 2(d), it can be clearly
seen that transient NC shows up exactly when ð∂VFE=∂tÞ
becomes negative, which can be physically explained by
the fact that the polarization starts changing faster than the
free charge during the polarization switching [4,17]. Note
that the response time scales for both the free charge and the
polarization in a R-FEC circuit are of the same order of
magnitude, as can be seen in Fig. 2(b). This is the case
because Eqs. (3) and (4) indicate that both the free charge
and the polarization dynamics are limited by the electric
field across the FE capacitor, which is again determined by
both the free charge and the polarization:

∂VFE

∂t ¼ tFE
ϵ0

�∂Qfree

∂t −
∂P
∂t

�
: ð5Þ

Next, the relation between the free charge–polarization
mismatch and the negative curvature of the thermodynamic
profile is established. Figure 3(a) shows that transient NC
occurs when the polarization is in the negative curvature
region of the thermodynamic energy profile. This correla-
tion can be also seen in Fig. 3(b), where the thermodynamic
profiles at different time steps are given while charging a
FE capacitor. From Fig. 3(b), we determine that the FE
free-energy profile is always changing, as the free charge is
built up across the capacitor. Therefore, Fig. 1 in Ref. [5]
does not provide a rigorous physical picture to describe
transient NC in a R-FEC circuit, where the free-energy
profile under a fixed bias is used for the explanation of
transient NC. Note that, in Fig. 3(a), the corresponding
negative curvature in the region of transient NC can be
considered a direct mapping of the negative curvature in the
free-energy profile under equilibrium since, in Eq. (3), it
can be immediately seen that ð∂2P=∂U2Þ has no depend-
ence on the electric field across the FE capacitor.
Furthermore, in Eq. (5), it can be seen directly that when
a capacitor is charged with a positive input voltage,
transient NC appears when ð∂P=∂tÞ > ð∂Qfree=∂tÞ > 0
is satisfied. On the other hand, ð∂P=∂tÞ < ð∂Qfree=∂tÞ <
0 is required for transient NC as a negative input voltage is
applied in a R-FEC circuit.
Based on Landau theory (γð∂P=∂tÞ ¼ −ð∂U=∂PÞ, with

U being the free energy), ð∂VFE=∂tÞ, at a given time t0, can
be connected to the curvature of the thermodynamic energy
profile,

∂VFE

∂t
����
t¼t0

¼ tFE
ϵ0

�∂Qfree

∂t
����
t¼t0

þ ∂U
γ∂P

����
t¼t0

�

¼ tFE
ϵ0

�∂Qfree

∂t
����
t¼t0

þ ∂U
γ∂P

����
P¼Pi

þ1

γ

Z
Pt¼t0

Pi

∂2U
∂2P

dP

�
;

ð6Þ

where Pi and Pt¼t0 are the initial polarization and polari-
zation at t ¼ t0. In Eq. (6), one can immediately see that

there are only two possible situations [Eqs. (7) and (8)] for a
two-state system that can satisfy the conditions for transient
NC mentioned above:

ðiÞ ∂2U
∂2P

����
t¼t0

< 0; for Pi <Pðt¼ t0Þ and V in > 0

for Pi >Pðt¼ t0Þ and V in < 0; ð7Þ

ðiiÞ ∂2U
∂2P

����
t¼t0

> 0; for Pi >Pðt¼ t0Þ and V in> 0

for Pi <Pðt¼ t0Þ and V in< 0: ð8Þ

In Eqs. (7) and (8), it can be seen that only condition (i) can
physically describe polarization switching when charging a

(a)

out

out

out out

out

(b)

× × ×

FIG. 3. (a) Output voltage and curvature of the FE thermody-
namic free-energy profile as functions of time. The sign reversal of
ð∂Vout=∂tÞ coincides with ð∂2U=∂P2Þ < 0. (b) The thermody-
namic free-energy profiles at different time steps when charging a
FE capacitor. The black dots and the arrows connecting the black
dots represent transient polarization states and switching direc-
tions, respectively. The parameters are the same as those in Fig. 2.

CHANG, AVCI, NIKONOV, MANIPATRUNI, and YOUNG PHYS. REV. APPLIED 9, 014010 (2018)

014010-4



FE capacitor in a R-FEC circuit. As a result, the measured
transient NC in a R-FEC circuit can be considered strong
evidence for the existence of negative curvature in the FE
thermodynamic profile.

B. Effects of external resistance, intrinsic viscosity
coefficient, and depolarization field

As mentioned above, transient NC in a R-FEC circuit is
due to the difference between the polarization and the free
charge in the charging rate, while the polarization is
reversed. It is intuitive to expect that both the external
resistance and the intrinsic FE viscosity coefficient can play
significant roles in transient NC as well. Figure 4(a)
illustrates the effects of external resistance on transient
NC. FromFig. 4(a), it is found that, as the external resistance
becomes larger, the polarization switching is slower since it

takes more time for the free charge to build up the electric
field across a FE capacitor. More importantly, transient NC
becomes more pronounced with larger external resistance
due to a decreasing ∂Qfree=∂t value [or an increase of the
mismatch in Eq. (5)]. On the other hand, the mismatch can
also be enhanced by speeding up the polarization switching
as shown in Fig. 4(b), where a smaller viscosity coefficient
refers to faster switching dynamics.
Thus far, we have analytically shown that the negative

curvature is required to induce the mismatch between
polarization and free charge (transient NC) in a R-FEC
circuit; that is, Eqs. (6)–(8). Consequently, we also expect
the depolarization effect on a FE capacitor to affect transient
NC significantly. It is well known that, as the FE oxide gets
thinner in a capacitor, the depolarization effect becomes
more pronounced in degrading the ferroelectricity in the
material [18]. As a result, ∂P=∂t becomes less important in
Eq. (5), with a stronger depolarization field, and transient
NC is thus weaker [as shown in Fig. 5(a)]. Note that
transient NC can be totally removed when the depolariza-
tion field is strong enough. In Fig. 5(b), it can be seen that
the elimination of transient NC corresponds to the transition
from a two-state to a single-state system, which again
emphasizes the importance of negative curvature to the FE
thermodynamic energy profile.
In Fig. 5(b), the free-energy profile of a thin dead layer

(tdep ¼ 0.05 nm, gray curve) is also included to show that
the capacitance (approximately 1=ð∂2U=∂P2Þ) can be
enhanced when we have a thin FE layer in the stack (blue
curve), and, under such a situation, capacitance associated
with the FE layer is effectively negative in the stack, as
explained in Refs. [4,7]. This type of NC is nontransient
because the depolarization effect is strong enough to make
the free-energy profile thermodynamically stable (i.e.,
double well to parabola), while the polarization is able
to stay in the negative curvature of the FE. Consequently,
the transient and nontransient NC cannot coexist in the
same FE capacitor since, in the free-energy profile, the
former requires the existence of negative curvature to be
observed and it is necessary to eliminate the negative
curvature to stabilize the latter.

C. Viscosity coefficient extracted from transient
NC measurements

As mentioned in Sec. II, the dynamics of average
polarization in the FE is described by Eq. (3). In general,
FE polarization dynamics driven by an external electric field
is mostly dominated by incoherent processes such as domain
nucleation and propagation [19,20]. Therefore, we can
expect a polarization-dependent viscosity coefficient that
reflects all of the domain-related effects in Eq. (3).
By using the transient NC measurements, the viscosity
coefficient can be experimentally determined, and the
procedure is given in detail below.Note that the experimental

(a)

(b)

×

× ×

×

×

×

FIG. 4. The effect of (a) the external resistance and (b) the
viscosity coefficient on transient negative capacitance in a R-FEC
circuit.
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results we use here are from Ref. [21], where FE capacitors
based on doped hafnium oxide are studied.
From the transient NC measurements, ∂Qfree=∂t and

∂VFE=∂t can be directly obtained by recording the current
flowing through the external resistance and the voltage
across the FE capacitor (see, e.g., Figs. 12 and 13 in
Ref. [21]), and thus ∂Pfree=∂t can be extracted, based on
Eq. (5). The amount of polarization switched under a given
voltage pulse, ΔP, can be calculated by integrating
∂Pfree=∂t over time (i.e., ΔP ¼ R

t
0ð∂Pfree=∂t0Þdt0). Since,

in the transient NC measurements, the voltage pulse is
typically applied long enough that the electrical response of
the FE capacitors reaches the steady state. Therefore, the
final polarization under a long voltage pulse, Pf, can be
deduced by finding the polarization at the energy minimum
in the steady-state free-energy profile (i.e., ð∂U=∂PÞ ¼ 0),
which can be determined by experimentally fitting the

frequency-independent hysteresis loop (i.e., Fig. 11 in
Ref. [21]), and the initial polarization before the voltage
pulse is switched, Pi, can be simply calculated using
Pi ¼ Pf − ΔP. Once the polarization evolution during
transient NC measurements is obtained from the experi-
ments, it is straightforward to calculate the viscosity coef-
ficient using Landau theory [i.e., γ¼−ð∂U=∂PÞ=ð∂P=∂tÞ].
Based on the procedure mentioned above, Fig. 6(d) shows

the viscosity coefficient extracted from the transient NC
measurements in Ref. [21]. The steady-state free-energy
profile determined by fitting the frequency-independent
hysteresis loop is also given in Figs. 6(a) and 6(b). The
calculated switching polarization profile based on the tran-
sient NC measurements is shown in Fig. 6(c). In Fig. 6(d), it
can be seen that the extracted viscosity coefficient is
polarization dependent, which is expected since Eq. (3) is
used to describe the average polarization of the FE thin film,
and all domain-related effects are thus incorporated into the
viscosity coefficient. In Fig. 6(d), it can be seen that the
viscosity coefficient increases with the amount of switched
polarization, which we can explain using the fact that the
switching process becomes slower as more FE domains are
involved in the dynamics. Also, one can observe that the
viscosity coefficient starts and ends with much lower values
than those during polarization switching. This finding can be
attributed to the fact that the dielectric response ismuch faster
than the FE domain dynamics in the thin film; therefore,
when thevoltage across theFE capacitor is not strong enough
to switch FE domains or when most of the FE domains are
already switched under a givenvoltage pulse, the dynamics is
then determined by the dielectric response rather than the
domain motion. Note that, based upon the experimental
results shown in Ref. [21], where only one pulse period is
used for the measurements, it is impossible to distinguish
whether the domain dynamics is dominated by nucleation
only [22–24] or by both nucleation and propagation [25,26]
from the extracted viscosity coefficient. This is the case
because, to identify the detailed domain-switching mecha-
nism, a pulse period spanning four to eight decades is
typically required (see, e.g., Fig. 2 in Ref. [22] and Fig. 1
in Ref. [24]); therefore, more experimental results are needed
to clarify the relation between the extracted viscosity
coefficient and the detailed domain-switching mechanism,
which is beyond the scope of this paper.
Next, in Figs. 6(b) and 6(c), it can be seen that transient

NC measured in the experiment occurs only in the partial
region of negative curvature in the free-energy profile, not
in the perfect mapping shown in Figs. 3(a) and 3(b). This
difference can be attributed to the following causes. (i) The
viscosity coefficient increases as more FE domains are
reversed; therefore, the second term in Eq. (5), which is
inversely proportional to γ, becomes less important when
the polarization dynamics is slower. Consequently, in
Eq. (5), the sign of ∂VFE=∂t cannot be opposite that of
∂Qfree=∂t, even though the curvature is negative if the

(a)

FE

FE

FE

FE

FE

FE

(b)

× × × ×

FIG. 5. (a) Input and output voltages as functions of time with
different FE thicknesses (tdep ¼ 0.05 nm). (b)Thermodynamic free-
energy profile of FEwith different FE thicknesses (tdep ¼ 0.05 nm).
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viscosity coefficient is too large. (ii) The extracted viscosity
coefficient from the experiment is about 1 to 2 orders of
magnitude larger than that used in the simulation. Hence,
the transient NC is less sensitive to the free-energy profile
with larger viscosity coefficients, as can also be seen in
Fig. 4(b). However, since the extracted viscosity coefficient
is always positive, the transient NC can still be considered
direct evidence for the existence of negative curvature in
the free-energy profile, as indicated by Eq. (5).

IV. CONCLUSION

In summary, this paper shows that the physical origin of
transient NC in a R-FEC circuit is induced by the mismatch
of charging rate between the free charge and the FE bound
charge during polarization switching, which is driven by
the negative curvature of the thermodynamic profile. It is

proved analytically that the negative curvature is the only
solution that can physically describe the charging behavior
of a FE capacitor in a R-FEC circuit. Furthermore, the
dependence of the resistance, the viscosity coefficient, and
the depolarization on transient NC is shown to justify the
importance of the free charge–polarization mismatch and
the negative curvature of the thermodynamic profile to
transient NC. Finally, a procedure to experimentally deter-
mine the viscosity coefficient from the transient NC
measurements is presented to provide more insight into
the polarization dynamics.
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