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ABSTRACT The transient response of negative capacitance (NC) in an organic ferroelectric capacitor
is experimentally investigated. To observe the transient response of the NC, a simple series network,
consisting of an external series resistor and an organic ferroelectric capacitor, is built. The Landau
coefficients of the organic ferroelectric capacitor were extracted from the measured polarization versus
applied electric field data. A circuit level simulation was provided with the extracted parameters based
on the Landau–Khalatnikov equation. To explore the impact of the RC time constant on the NC time
duration in the RC series circuit, the external series resistor is altered as a tuning parameter. Also, the
effect of various temperatures of the ferroelectric capacitor on the NC time duration is experimented.
This paper demonstrates that either the external resistor or the ambient temperature can change the NC
time duration in an organic ferroelectric capacitor.

INDEX TERMS Negative capacitance, ferroelectrics, transient response, negative capacitance field effect
transistor, NCFET, organic ferroelectric capacitor.

I. INTRODUCTION
Negative capacitance in a ferroelectric capacitor (i.e., CFE =
dQ/dV < 0, where Q is the charge and V is the voltage
across a capacitor) was theoretically suggested as a promis-
ing solution to surmount the Boltzmann limit in metal-oxide
semiconductor field-effect transistors (MOSFETs) (i.e., the
subthreshold slope (SS) is, at best, 60 mV/decade at
300 K) [1]. Afterwards, a sub-60-mV/decade steep-switching
MOSFET with internal voltage amplification due to nega-
tive capacitance (i.e., the surface potential of the MOSFET
was higher than the applied gate voltage) was experimentally
demonstrated [2]–[12]. In this work, to explicitly verify the
existence of negative capacitance in an organic ferroelectric
capacitor, the negative capacitance in the organic ferroelectric
capacitor with amorphous copolymer of P(VDF0.75-TrFE0.25)
was directly measured using a simple R-CFE series cir-
cuit at various temperatures and/or with various external
resistors.
Because of the benefits of organic ferroelectric poly-

mers [e.g., polyvinylidene fluoride (PVDF)], such as

eco-friendliness (lead-free) and low cost of fabrication,
they are used in many applications, including negative-
capacitance field-effect transistors (NCFETs) [2]–[7].
However, a direct observation of negative capaci-
tance in organic ferroelectric capacitor has not yet
been reported, whereas the negative capacitance in
inorganic ferroelectric capacitors using single crys-
talline thin film of Pb(Zr0.2Ti0.8)O3 (PZT) has been
reported [13], [14].
To observe the negative capacitance in an organic fer-

roelectric capacitor, an external resistor is connected in
series to the organic ferroelectric capacitor, similar to a con-
ventional RC series circuit. Then, we investigate whether
the RC time constant in the R-CFE circuit controls the
dynamics of charging and discharging the organic ferro-
electric capacitor. To observe the effect of various RCFE
time constants on the transient response of the R-CFE cir-
cuit, either various external resistors or different temperatures
for the organic ferroelectric capacitor are used in the RCFE
circuit.
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FIGURE 1. (a) Circuit schematic of R-CFE, in which VS, R, iR, VFE, and CFE
indicate the source voltage, the series resistor, the current through R, the
voltage across CFE, and the capacitance of the ferroelectric capacitor,
respectively. (b) Equivalent electrical circuit for Landau-Khaltnikov
simulation model: ρ is the internal resistance, iFE is the current through
CFE, Vint is the internal voltage, RL is the leakage resistance, iL is the
current through RL, CP is the parasitic capacitance, and iCp is the current
through CP. (c) Measured capacitance–voltage of the isolated organic
ferroelectric capacitor.

II. FABRICATION AND MEASUREMENT
To observe the transient response of negative capaci-
tance, a basic RC series network, consisting of an exter-
nal resistor and an organic ferroelectric capacitor, was
set up [see Fig. 1(a)]. To fabricate the organic ferro-
electric capacitor, a copolymer of polyvinylidene fluo-
ride (PVDF) and trifluoroethylene (TrFE) was used as the
solute in a 75/25 ratio, which represents outstanding polar-
ization characteristics [15]. To make a 1 wt% solution of
P(VDF0.75−TrFE0.25), methyl ethyl ketone (MEK) was used
as the solvent. The solution was heated on a hot plate (60 ◦C)
to completely dissolve the P(VDF0.75−TrFE0.25) powder.
Then, the solution was spin coated on top of the 80-nm
TiN layer for the bottom electrode, which was deposited
on a bulk silicon substrate by DC magnetron sputtering, at
1500 rpm for 30 seconds to create the approximately 20-
nm-thick organic ferroelectric insulation layer. The capacitor
was annealed for 1 hour at 140 ◦C after spin coating. Since
the high β phase crystallinity of P(VDF-TrFE) can be formed
at around the Curie temperature, the annealing temperature
was set at 140 ◦C [16], [17]. Finally, 42-nm-thick gold was

FIGURE 2. (a) Measured P-E curve at 100Hz, 500Hz, 1000Hz
frequencies (b) Simulated P-E curve of the organic ferroelectric
P(VDF0.75-TrFE0.25) capacitor.

patterned as a circle with a diameter of 0.2 mm for the top
electrode, using thermal evaporation.
Figure 1(c) shows the measured capacitance value of the

isolated ferroelectric capacitor at 1MHz, which ranges from
45 pF to 73 pF, using the Keithley 4200-SCS measurement
system at room temperature. Gold wire was used to contact
the ferroelectric capacitor. The coercive voltages from the
measured capacitance–voltage are −0.9 V and 1.2 V. The
difference between coercive voltages comes from the differ-
ent work functions of Au and TiN electrodes [18]. Figure 2
shows the polarization (P) versus applied electric field (E)
measured by the TF Analyzer 1000 at various frequencies
[i.e., 100Hz, 500Hz, and 1000Hz] with the triangular wave
[herein, the peak-to-peak voltage (VPP) = 16 V]. The number
of data points for each frequency is 400. Since the effects of
defects in the isolated ferroelectric capacitor can be avoided
at high frequency, coercive voltages were determined from
the C-V data in Fig. 1(c). The parasitic capacitance (CP)
contributed by the oscilloscope and the Keithley 4200-SCS
was extracted to be approximately 200pF.

III. RESULTS AND DISCUSSION
To quantitatively understand the physics of the negative
capacitance in a ferroelectric material, the Gibb’s free
energy (U) for the ferroelectric capacitor/system is described
in Eq. (1) as follows:

U = αP2 + βP4 + γP6 − EP (1)
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where U is the Gibb’s free energy, P is the polarization, E
is the externally applied electric field, and α, β and γ are
the Landau coefficients for a ferroelectric material. Using the
Landau-Khalatnikov (LK) equation [see Eq. (2)], Eq. (1) can
be modified to Eq. (3).

dU

dP
= −ρ

dP

dt
(2)

E = 2αP+ 4βP3 + 6γP5 + ρ
dP

dt
(3)

Here, ρ is the dynamic parameter for time-dependent LK
equation. On the other hand, α, β, and γ are the static
parameters. In order to extract these static parameters of
the 20nm-thick P(VDF0.75-TrFE0.25) capacitor, the polar-
ization (P) versus applied electric field (E) was measured.
Figure 2(b) shows the measured P-E curve and simulated
P-E curve with the extracted parameters. Assuming the
steady-state [i.e., dP

dt = 0 in Eq. (3)], Eq. (3) was used
to extract parameters from the measured P-E plot. The
extracted parameters for the organic ferroelectric material,
P(VDF0.75-TrFE0.25), are as follows:

α = α0 (T − Tc) , α0 = 1.20 × 1011Jm/C2K,

T = 300K, Tc = 413K, β = 1.20 × 1024Jm5/C4, γ = 0

where T is the room temperature and Tc is the Curie
temperature for P(VDF0.75-TrFE0.25) [19].

CFE =
[
d2U

dP2

]−1

= 1

2α + 12βP2 + 30γP4
(4)

From Eq. (1), the capacitance of the ferroelectric capacitor
(CFE) can be derived [see Eq. (4)]. For a dielectric capacitor,
the static terms (α, β, γ) are positive. Hence, the capacitance
of the dielectric capacitor cannot become negative. However,
the coefficient α for the ferroelectric material is inversely
proportional to the permittivity, ε ∝ 1/α0(T − Tc), where
1/α0 is the Curie-Weiss constant [7]. Thus, it can be negative
at sub-Curie temperatures (Tc). Therefore, the Gibb’s free
energy with the extracted α, β, and γ constants above has two
minimum-polarization states. This indicates that to observe
the negative differential capacitance, one polarization state
must switch to the other polarization state. This state-to-state
transition can be activated by applying an external electric
field higher than the coercive electric field. While a certain
polarization state is switching to the other state, the existence
of negative differential capacitance can be experimentally
confirmed. Technically speaking, the phase transition of the
molecular chains of the P(VDF0.75-TrFE0.25) is required to
directly observe/measure the negative capacitance.
To explicitly measure the negative capacitance, an exter-

nally applied voltage higher than the coercive voltage
(= coercive electric field multiplied by the thickness
of the organic ferroelectric capacitor) should be applied.
Since the measured coercive voltages are approximately
−0.9 V and 1.2 V [see Fig. 1c], a 200-Hz square-wave
voltage [herein, peak-to-peak voltage (VPP) = 16V] was
applied for 10 seconds as the source voltage in the circuit.

FIGURE 3. (a) Measured transient response of the R-CFE circuit, which
explicitly demonstrates the existence of negative capacitance.
(b) Simulated transient response of the R-CFE circuit based on the L-K
equation with the extracted parameters. Note that VS, VFE, iR, and Q are
the source voltage, the voltage across the ferroelectric capacitor, the
current through R, and the charge, respectively. ρ is taken as 850 k�.

Then, the applied source voltage and one cycle of volt-
age across the ferroelectric capacitor (VFE) were directly
measured by a Tektronix TDS 2012C oscilloscope. During
the 2000 cycles, there was no considerable change of the
negative capacitance duration.
The transient response of negative capacitance in the RC

circuit is shown in Fig. 3a. Moreover, the current through the
external resistor (iR) was directly measured to calculate the
total charge as a function of time, i.e., Q(t) = ∫ t

0 iR(t)dt.
Since the capacitance of the organic ferroelectric capac-
itor (CFE) is dQ(t)/dVFE(t), sections “AB” and “CD” in
Fig. 3a show the negative capacitance regions. In section AB,
VFE decreases while Q increases. Likewise, VFE increases
while Q decreases in section CD. These experimental results
apparently indicate that dQ and dVFE have opposite signs.
Although the calculated current exceeds the polarization

switching current at the frequency of 200Hz, it clearly
demonstrates the negative capacitance regions. Also, it can
be expected that the effect of parasitic capacitance would
be small because the charge stored in the parasitic capac-
itance would be negligible due to the leakage charge. It
is interesting to note that even though there is a substan-
tial leakage due to the low frequency of source voltage in
Figs. 3, 4, 5, the time duration of NC can be still observed.
Since the coercive voltages are not symmetric (i.e., −0.9 V
and 1.2 V), section AB shows a relatively shorter time dura-
tion of negative capacitance than section CD. Because of
the difference in negative capacitance time duration, the
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FIGURE 4. Transient responses of R-CFE circuit with various external
resistors at 300 K. The frequency of the source voltage is 50Hz.

amount of charge in the organic ferroelectric material is
not identical in both sections, resulting in different internal
voltage gains [depending on the gate voltage sweep direc-
tions (i.e., forward or reverse)] in a negative capacitance
field-effect transistor (NCFET) [2]. Moreover, the imperfect
charging behavior of the ferroelectric capacitor in Fig. 3
can be explained by the voltage drop due to the internal
resistance of the ferroelectric layer and on the electrodes’
interface.
A circuit level simulation with the extracted parameters

using the L-K equation [Eq. (3)] is shown in Fig. 3(b).
For simplicity, it was assumed that the coercive voltages
of the extracted parameters from the Fig. 2 are symmetric
(i.e., ±1.1V), and thereby, the turn-off transient response
in the simulation [i.e., the transient response starting from
t = 2.5 ms in Fig. 3(b)] is closely fit to the turn-on tran-
sient response in Fig. 3(a). Since the total current exceeds
the polarization current, the non-linear leakage current (iL)
through the leakage resistance (RL) is assumed.
To experimentally confirm the impact of the RCFE time

constant on the transient response of the RCFE circuit, vari-
ous values are used for the external resistor R, and the results
are summarized in Fig. 4. A 50-Hz square-wave voltage
[herein, peak-to-peak voltage (VPP) = 10 V] was applied
as the source voltage in the RC series circuit. Three differ-
ent cases show different time durations (�t) of the negative
capacitance: �t increases from 380 μs to 550 μs when R
increases from 2 k� to 60 k�. Thus, the RC time constant
can be tuned as in a normal RC circuit. This tuning affects
the negative capacitance duration as well. Because the fre-
quency of the source voltage is fixed at 50 Hz, it is evident

FIGURE 5. Transient responses at various temperatures. The external
resistor is fixed at 30k�. The frequency of the source voltage is 50Hz.

that the organic ferroelectric capacitor is more charged when
the RCFE time constant is small, as in a normal RC circuit.

Figure 5 shows the effect of temperature (T) on the
negative capacitance duration in the RCFE circuit. Since
ferroelectric materials exhibit a phase transition from ferro-
electrics to paraelectrics at Curie temperature (Tc) or beyond,
the ambient temperature is one of the important parameters
for evaluating CFE[20]. When increasing the temperature
up to TC, it can be inferred that α [i.e., α = α0 (T-TC)]
reaches to approximately zero while increasing CFE to infin-
ity. Consequently, the NC effect would increase, whereas
the NC duration would decrease near TC, according to the
Landau’s theory [7].
In three different transient responses [see Fig. 5], the time

duration (�t) of the negative capacitance decreases from
2.27ms to 900 μs when T increases from 296 K to 346 K.
In order to confirm the temperature dependence of the NC
effect, dVFE/dt of the NC region is investigated. It is observed
that dVFE/dt was increased at high T, indicating the increased
NC effect. A 50-Hz square-wave voltage [herein, peak-to-
peak voltage (VPP) = 12 V] was applied as the source
voltage in the RC series circuit. This result agrees with
the previous experimental results that the internal voltage
gain reduces with an increasing temperature in an NCFET
using P(VDF0.75-TrFE0.25) [4], [7]. Therefore, the ambient
temperature for an organic ferroelectric capacitor can have
impact on the time duration of the negative capacitance.

IV. CONCLUSION
The negative capacitance in an organic ferroelectric capac-
itor was experimentally and directly observed in an RCFE
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series circuit. This work demonstrated that the external resis-
tor for the ferroelectric capacitance (CFE) could be used as
a tuning parameter to control the time duration of the neg-
ative capacitance in an organic ferroelectric capacitor. Also,
it is shown that the ambient temperature of CFE could alter
the time duration of the negative capacitance in the organic
ferroelectric capacitor.
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