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We study the influence of the thermodynamic coefficients on transient negative capacitance for the Zr-doped HfO2
(HZO) ferroelectric capacitors by the theoretical simulation based on the Landau–Khalatnikov (L-K) theory and experi-
mental measurement of electrical properties in the resistor-ferroelectric capacitor (R-FEC) circuit. Our results show that the
thermodynamic coefficients α , β and γ also play a key role for the transient NC effect besides the viscosity coefficient and
series resistor. Moreover, the smaller coefficients α and β , the more significant the transient NC effect. In addition, we also
find that the thermodynamic process of transient NC does not obey the generally accepted viewpoint of Gibbs free energy
minimization.
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PACS: 77.80.–e, 85.50.–n, 77.84.–s, 85.30.Tv DOI: 10.1088/1674-1056/ac01c4

1. Introduction
The power consumption of microprocessors has signifi-

cantly increased with the improvement of computing power,
due to the ongoing pursuit of Moore’s law.[1–4] Reducing the
power consumption of devices is thus a key challenge in con-
temporary information industry.[5–8] However, a fundamental
thermodynamic limit of 60 mV·dec−1 at room temperature,
which is known as Boltzmann limit, impedes the reducing of
power consumption for conventional device.[9,10] In order to
overcome this limit, the steep subthreshold swing devices are
required.

Negative capacitance field effect transistor[11–22]

(NCFET) is a promising steep subthreshold swing de-
vice, which is expected to work at extremely low supply
voltages.[23,24] It becomes thus a potential candidate for the
next generation of low power transistors. So far, there are two
types of NC (steady-state NC[25,26] and transient NC[27–33])
that have been extensively reported. The steady-state NC has
been indirectly demonstrated by total capacitance enhance-
ment in ferroelectric-dielectric (FE-DE) superlattices and
heterostructures.[34–37] It can be understood from the view-
point of energy: the negative curvature region of ferroelectric
Gibbs free energy landscape is stabilized by the superposition
of ferroelectric and dielectric energy landscapes. However,
the existence of the steady-state NC has a great controversy
in recent years.[38–40] For the transient NC, it has been experi-

mentally observed in the series circuit of resistor and ferroelec-
tric capacitors (R-FEC)[27–31] and theoretically understood by
the Landau–Ginzburg–Devonshire (L-G-D) theory.[41–44] The
transient NC is caused by the mismatch between the ferroelec-
tric polarization switching rate and the circuit current.[45–47]

This means that transient NC cannot exist stably, and can only
appear in the process of ferroelectric polarization switching.
The previous studies have reported that the transient NC is
affect by external resistors and viscosity coefficients.[45,48]

However, the related studies on the influences of more intrin-
sic ferroelectric material parameters and extrinsic factors in
the R-FEC circuit for transient NC are lacked and need to be
clarified.

In this work, using the theoretical simulation based on the
Landau–Khalatnikov (L-K) theory and experimental measure-
ment of electrical properties, we systematically investigate the
influence of thermodynamic coefficients on transient NC for
the Zr-doped HfO2 (HZO) ferroelectric capacitors in the R-
FEC circuit. Our results show that transient NC is not only
related to series resistor and viscosity coefficient, but also ther-
modynamic coefficients α , β , and γ . Moreover, we find that
the smaller the α and β , the more conducive to the appearance
of the transient NC. In addition, we also find that the generally
accepted viewpoint of Gibbs free energy minimization is not
applicable to explain the transient NC effect of ferroelectric
capacitors.
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2. Experimental details and theoretical model
2.1. Experimental details

The metal–ferroelectric–metal (MFM) capacitors were
fabricated with the top and bottom electrodes, as shown in
Fig. 1. Si substrate was cleaned by standard wet clean. Then,
the bottom electrode (TiN), the 10-nm-thick Zr-doped HfO2

(HZO) thin film and top electrode (TiN and W) were deposited
by atomic layer deposition[49,50] (ALD) in turn. The HZO thin
films were crystallized in N2 ambient and rapid thermal an-
neal (RTA) system of 550–650 ◦C. The composition of the
HZO thin film was changed by controlling the deposition ra-
tio of HfO2 and ZrO2 to realize the adjustment of ferroelectric
intrinsic parameters (thermodynamic coefficients α , β and γ ,
etc) and form the ferroelectric capacitors with different Hf:Zr
ratios. The range of ZrO2 content is from 10% to 90%, as
listed in Table 1.

Si(100)

TiN

HZO

TiN

W

Fig. 1. The schematic of TiN/HZO/TiN ferroelectric capacitor.

Table 1. HZO thin films with different ZrO2 contents.

Sample 1 2 3 4 5 6 7
Hf:Zr 0.9:0.1 0.75:0.25 0.6:0.4 0.5:0.5 0.4:0.6 0.25:0.75 0.1:0.9

2.2. Theoretical model

In order to investigate the transient NC effect of the fer-
roelectric HZO capacitors, we adopt the numerical simula-
tion method. For the ferroelectric material, we use the L-K
model,[51] which means that polarization switching obeys the
energy minimization. In this model, the relationship of P–VFE

can be expressed as

ρ
dP
dt

=−2αP−4βP3−6γP5 +
VFE

dFE
, (1)

where α , β and γ represent the thermodynamic expansion co-
efficients. ρ represents the viscosity coefficient and reflects the
delay of polarization P. EFE represents the electric field across
the ferroelectric material, and dFE represents the ferroelectric
material thickness. The L-K model describes the dynamic pro-
cess of polarization with the time.

In R-FEC circuit (see Fig. 2), the Kirchhoff’s rules can be
written as

RA
dD
dt

=VS−VFE, (2)

where R represents the external resistance, A represents the
ferroelectric material area, and VS represents the source volt-
age. The expression of electric displacement field D is

D = P+ ε0
VFE

dFE
. (3)

Kirchhoff’s rule describes the dynamic process of free charge
with time. Combing with Eqs. (1)–(3), we can obtain the dy-
namic response of transient NC.

R

i/dD/dt

VS

C
⇁

↩

> > > > > >

VFE

Fig. 2. The schematic of an R-FEC circuit. C denotes the ferroelectric
capacitor and R represents the external resistor. VFE and VS represent
the voltage across the FE and the applied voltage, respectively.

3. Results and discussion

3.1. Influence of thermodynamic coefficients on transient
NC based on the theoretical derivation

We first investigate the affect factors of transient NC by
rigorous theoretical derivation. Taking a derivation of Eq. (3)
to time t yields

dVFE

dt
=

dFE

ε0

(
dD
dt
− dP

dt

)
. (4)

At a given time t0, taking Eqs. (1) and (2) into the last equation
yields

dVFE

dt

∣∣∣∣
t=t0

=
dFE

ε0

[
VS

R
+

2αP0 +4βP3
0 +6γP5

0
ρ

−
(

1
ρ
+

dFE

R

)
E0

]
, (5)

where P0 and E0 are the polarization and electric field across
the ferroelectric at a given time t0, respectively. Equation (5)
indicates that the transient NC depends on not only VS and R,
but also α , β , γ and ρ . The parameters VS and R are related
to the extrinsic characteristics of the R-FEC circuit, while pa-
rameters α , β , γ and ρ are the intrinsic parameters of ferro-
electric material and determined by the material itself. This
means that transient NC depends not only on extrinsic factors
in the R-FEC circuit, but also on the ferroelectric material it-
self. Therefore, it is possible to realize that the change of po-
larization with time is greater than that of free charge change
with time by adjusting the intrinsic parameters α , β , and γ ,
resulting in the appearance of transient NC.

127701-2
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3.2. Influence of thermodynamic coefficients on transient
NC based on experimental measurement

3.2.1. Ferroelectricity

We next characterize electrical properties of the fabri-
cated TiN/HZO/TiN capacitors to discuss the influence of dif-
ferent ratios of hafnium and zirconium on ferroelectricity. The
measured P–E curves of the TiN/HZO/TiN capacitors with the
ZrO2 content of 0.1–0.9 are plotted in Fig. 3. At the low ZrO2

content of 0.1 in Fig. 3(a), the P–E curve almost presents the
linear distribution, meaning that the sample has the dielectric
property. When the ZrO2 content is changed from 0.25 to 0.5
in Figs. 3(b)–3(d), the P–E curves present a hysteresis loop,
and the hysteresis gradually becomes larger. This mean that
these samples have the ferroelectricity, and ferroelectricity en-
hances with the increase of the ZrO2 content. At the high ZrO2

content of 0.6–0.9 in Figs. 3(e)–3(g), the P–E curves present

a double hysteresis loop, which means that the samples have
the antiferroelectricity. These results indicate that the sample
shows the phase transition from dielectric to ferroelectric to
antiferroelectric as the ZrO2 content increases from 0.1 to 0.9.
This can be attributed to the structural phase transition of HZO
from monoclinic to orthorhombic to tetragonal phase.[52,53] In
addition, in Figs. 3(d) and 3(e), the hysteresis curves are not
closed, which is caused by leakage current, charge injection,
back injection, and defects of the material itself.

Figure 4 shows the remnant polarization of the HZO thin
films as a function of ZrO2 content. It can be seen that the
remnant polarization increases first and then decreases as the
ZrO2 content increases from 0.1 to 0.9, and the sample with
the same Hf and Zr contents (sample Hf0.5Zr0.5O2) has the
largest remnant polarization of 18 µC/cm2, which corresponds
to the strongest ferroelectricity in Fig. 3(d).
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Fig. 3. The P–E curves of TiN/HZO/TiN capacitors with different ZrO2 contents.
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Fig. 4. The remnant polarization of HZO capacitors as a function of
ZrO2 content.

3.2.2. Thermodynamic coefficients

We choose the samples of Hf0.5Zr0.5O2, Hf0.6Zr0.4O2 and
Hf0.75Zr0.25O2 with ferroelectricity to investigate the influence
of intrinsic ferroelectric parameters on transient NC. Based on
the L-G-D theory, the “S”-shaped P–E curves of these samples
are simulated to the corresponding measured P–E hysteresis
loops, as shown in Fig. 5. It can be seen that the simulated
S-shaped P–E curve of sample Hf0.5Zr0.5O2 is similar to that
of Hf0.6Zr0.4O2, while they are obviously different from the
S-shaped P–E curve of sample Hf0.75Zr0.25O2. This indicate
that the negative slope of the S-shaped P–E curve for the HZO
ferroelectric material is related to ZrO2 contents.
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The thermodynamic coefficients α , β , and γ are further
extracted from the simulated S-shaped P–E curves, listed in
Table 2. It shows that the coefficients α and β for samples
Hf0.5Zr0.5O2 and Hf0.6Zr0.4O2 are similar, which are clearly
smaller than that of Hf0.75Zr0.25O2, especially for α . This
causes the difference of the S-shaped P–E curves for these
samples in Fig. 5. The thermodynamic coefficients γ for these
three samples are assumed as zero. These results indicate that
the thermodynamic coefficients α and β are related to the fer-
roelectric material itself.

Hf0.75Zr0.25O2

P
 (
m
C

/
c
m

2
) 

E (108 V/m) 

Hf0.6Zr0.4O2

Hf0.5Zr0.5O2-40

-20

0

20

40

-40

-20

0

20

40

-3 -2 -1 0 1 2 3

-40

-20

0

20

40

Exp.
Sim.

Exp.
Sim.

Exp.
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(b)

(a)

(c)

Fig. 5. The measured P–E hysteresis curves (black lines) and the simu-
lated S-shape P–E curves (red lines).

Table 2. The thermodynamic coefficients of HZO capacitors.

Thermodynamic coefficients
Sample

α (m/F) β (m5/C2F) γ

Hf0.5Zr0.5O2 −1.1655×108 1.5225×109 0
Hf0.6Zr0.4O2 −1.529×108 2.777×109 0

Hf0.75Zr0.25O2 −8.56×106 7.467×109 0

3.2.3. Transient NC

We finally simulate the transient responses of R-FEC
circuit for different ferroelectric HZO capacitors. The in-
put step voltage pulse VS is −3 V→ +3 V→ −3 V, and
the external resistance and the viscosity coefficient are set to
50 kΩ and 500 m·sec/F, respectively. Figure 6 shows the
voltage VFE across ferroelectric capacitors as a function of
time. It can be seen from Figs. 6(a) and 6(b) that for sam-
ples Hf0.5Zr0.5O2 and Hf0.6Zr0.4O2, when the voltage pulse
changes from −3 V→+3 V, as the evolution of time, the VFE

increases first, then decreases, then increases again, and finally
reaches a stable state. When the voltage pulse changes from
+3 V→−3 V, the VFE decreases first, then increases, then de-
creases again, and finally reaches a stable state. This process

is opposite to the case of input voltage pulse of −3 V→+3 V.
We also plot the free charge on metal plates as a function of
time in Fig. 6. It shows that with the evolution of time, the
free charge increases first and then reaches a stable state un-
der the voltage pulse of −3 V→ +3 V, which is opposite to
the change of free charge under +3 V→−3 V. The above re-
sults mean that, there are two regions, where with the increase
(decrease) of free charge, the voltage across the ferroelectric
capacitor decreases (increases), that is, dQ/dVFE < 0. This
indicates that transient NC occurs in these two regions.
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Fig. 6. The input step voltage (black lines), voltage across ferroelectric
capacitors (red lines) and free charge on metal plates (blue lines) as a
function of time.
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Fig. 7. The Gibbs free energy profiles as a function of polarization P.

For sample Hf0.75Zr0.25O2 in Fig. 6(c), both the VFE and
free charge increase (decrease) with the time under voltage
pulse, indicating that there is no transient NC phenomenon.
This is because the ferroelectricity of sample Hf0.75Zr0.25O2 is
significantly weak, and its thermodynamic coefficients α and
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β are obviously larger than those of samples Hf0.5Zr0.5O2 and
Hf0.6Zr0.4O2, especially for α (sample Hf0.75Zr0.25O2 is one
order of magnitude larger than other two samples).

In addition, we simulate the distributions of Gibbs free
energy G of samples Hf0.5Zr0.5O2 and Hf0.6Zr0.4O2, as shown
in Fig. 7. It can be seen that the distribution of G presents the
“M” shape. As the polarization increases, G first increases,
then decreases, then increases, and finally decreases. This in-
dicates that the thermodynamic process of transient NC does
not follow the generally accepted viewpoint of the minimiza-
tion of G.

4. Conclusion
The influence of thermodynamic coefficients on transient

NC for Zr-doped HfO2 thin film is systemically investigated.
Our results show that the HZO thin film undergoes the ferro-
electric phase transition from dielectric to ferroelectric to an-
tiferroelectric under the induction of different ZrO2 contents.
Moreover, we find that transient NC effect depends not only
on series resistor and viscosity coefficients, but also on ther-
modynamic coefficients α , β and γ . The smaller coefficients
α and β , the more significant the transient NC effect. In addi-
tion, we also find the the well known Gibbs free energy min-
imization is not applicable to understand the thermodynamic
process of the transient NC. This work provides a comprehen-
sive understanding of the affect factors on transient NC in the
ferroelectric capacitors.
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