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Abstract

This paper explores ferroelectric—dielectric heterostructures comprising a ferroelectric
oxide (Lead Zirconium Titanate (PbZr;_,Tix O3)) with a varying mole fraction and a
fixed dielectric oxide (Silicon dioxide (SiO;)). The study aims to enhance capacitance,
optimize voltage amplification, and achieve stable negative capacitance. An isolated
ferroelectric capacitor is examined by varying mole fractions of ferroelectric oxide. The
negative capacitance in isolated ferroelectric capacitor is highly unstable in nature. The
instability problem is fixed and the overall capacitance of the heterostructure is raised
while the negative capacitance is stabilized by connecting a dielectric oxide in series with
the ferroelectric capacitor. PbZr;_,Tix O3 is utilized as the ferroelectric oxide, with mole
fractions x = 0,0.2,0.4,0.6,0.8,1.0. Among the investigated mole fractions, ferroelectric
oxide with x = 0.6 offers the maximum voltage amplification and improved capacitance
because its capacitance closely matches the dielectric capacitance. Also, dynamic response
and temperature analysis of heterostructure are studied further.

Keywords: ferroelectric—dielectric heterostructure; voltage amplification; negative capacitance;
mole fraction

1. Introduction

Materials hold immense significance across various industries, with ceramics being
widely developed for applications in chemical, electrical, electronic, and mechanical fields.
Among these, the perovskite family of ferroelectrics has been extensively researched and is
well recognized. These materials are characterized by the general formula ABO3, where A
and B are cations of varying sizes and O represents an anion [1,2]. Lead zirconate titanate
(PbZr;_4TixO3), commonly known as PZT, is particularly notable for its outstanding ferro-
electric and piezoelectric properties [3]. This ceramic compound aligns to ABOj structure,
with Zirconium (Zr) and titanium (Ti) serving as B-site dopants. The Zr/Ti ratio plays a
critical role in modifying the material’s film properties, enabling it to be optimized for vari-
ous applications [4,5]. With the continuous downscaling of CMOS technology, increased
leakage currents and short-channel effects have emerged as critical challenges [6]. One ef-
fective approach to lower these issues is by reducing the supply voltage, as dynamic power
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dissipation is proportional to the square of the supply voltage (den x V3 D). However,
lowering the supply voltage also reduces the ON current, thereby diminishing transistor
speed I,y « (Vpp — V1 )" [7]. To maintain sufficient ON current and operational speed,
the threshold voltage V7 must be reduced. Unfortunately, decreasing the threshold voltage

leads to an increase in OFF current (IO Fp o< 10777/

), which in turn causes an increase in
the transistor’s static power dissipation (Porr o Iopr). This conflicting criterion implies
that there is always a trade-off between effectiveness and power dissipation [8,9]. Al-
though transistor dimensions continue to shrink with advancements in CMOS technology,
reducing the operating voltage remains a challenge due to the inherent 60 mV/decade
limit of the subthreshold swing [10]. Ferroelectric material is known for the property of
negative capacitance (NC), which can reduce the subthreshold swing below Boltzmann
limit [11]. Ferroelectric materials exhibit spontaneous polarization, setting them apart
from dielectric materials, where polarization charge maintains a linear relationship with
the applied electric field. This unique property allows ferroelectric materials to remain
polarized even in the absence of an electric field, and their polarization direction can be
reversed by applying an external electric field [12,13]. Ferroelectric oxides offer signifi-
cant advantages, including reduced subthreshold swing and enhanced amplification in
electronic devices. When integrated with conventional MOSFETs, these materials enable
subthreshold swings below 60 mV /decade, attributed to their negative capacitance effect
and switchable polarization. However, ferroelectric oxide’s negative capacitance state
is inherently unstable. By connecting a dielectric oxide in series with the ferroelectric
oxide, this can be stabilized [14,15]. Ferroelectric—dielectric (FE-DE) heterostructures are
the basic building blocks of NCFET, and their investigation is driven by the special char-
acteristics of ferroelectric oxides [16-19]. Three crucial facets of ferroelectric—dielectric
heterostructures—enhancement of capacitance, voltage amplification, and stabilization of
NC—are examined. The schematic and circuit of the FE-DE heterostructure are shown in
Figure 1. Although the presence of a resistive component makes the capacitor leaky in
nature, we still consider it to be non-leaky because the resistive and capacitive components
are independent of each other and the potential at node A depends only on capacitance
values and is unaffected by the presence of resistance [20]. In this heterostructure, we
have considered Lead Zirconium Titanate (PbZr;_,TixO3) and SiO, as ferroelectric and
dielectric material, respectively. PbZr_,Ti O3 is utilized as the ferroelectric oxide, with
mole fractions x = 0,0.2,0.4,0.6,0.8,1.0. PZT is highly favoured in ferroelectric applications
due to its exceptional properties, such as resilience to variations in film thickness and swift
polarization reversal. These features make it an ideal choice for a wide range of MEMS
(Micro-Electro-Mechanical Systems) applications [21-23].

Si0O; is chosen for its simplicity in fabrication on silicon substrates, achieved through
the straightforward process of oxidizing a silicon wafer [14]. The simulation parameters
include dimensions of A = 45 nm x 1 um, tpg = 1 nm, tgg = 200 nm. The simulation
uses silicon dioxide, which has a permittivity of 3.9. The mathematical equations (general
and differential) are solved and plotted using the MATLAB R2024b by using the ezplot
command. The initial conditions are set to zero. This study enables the proper selection
of mole fraction in lead zirconium titanate when used in FE-DE heterostructures with the
dimensions mentioned in the article. Further, the study can be useful in the design of Nega-
tive Capacitance Field Effect transistors [24,25]. Ferroelectric thickness for lead zirconium
titanate is selected as 200 nm because it guarantees adequate polarisation switching to
sustain negative capacitance. Thicker ferroelectric thickness may result in hysteresis in
device characteristics. The thin dielectric layer (1 nm) ensures the capacitance matching
between ferroelectric and dielectric capacitance, hence maximizing the voltage drop across
the ferroelectric, thereby enhancing voltage amplification across the dielectric.
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Figure 1. (a) Schematic and (b) circuit configuration of Ferroelectric-Dielectric Heterostructure.

2. Isolated Ferroelectric Capacitor

The Landau-Khalatnikov equation establishes a correlation involving charge and
voltage across a FE capacitor provided the source of voltage is coupled to an isolated
ferroelectric material.

dQr
— 1

where Qr and Vr stand for the ferroelectric capacitor’s charge and voltage, respectively.
For the ferroelectric material, the anisotropy constants «, 3, and <y are defined as follows:

Ve =aQr + BQF +7QF° +p

T, = 462.63 + 843.4x — 2105.5x% + 4041.8x% — 3828.3x* + 1337.8x°

Co= 21716 5 | +0.131x +2.01 p x 10% when 0 < x < 0.5
1+ 500.05(x — 0.5)
Cy = 2.8339 5 | +1.4132 3 x 10%; when 0.5 < x < 1.0
1+ 126.56(x — 0.5)
T—T,

p— 2

“ 2¢,C, @)

B = (10.612 — 22.655x + 10.955x2) ><1013} /C, ®)

y = (12.026 —17.296x + 9.179x2) ><1013}/CO )

where T is the absolute temperature, T, is the Curie-Weiss temperature, C, is the Curie
Constant, and ¢, is the permittivity of free space.
Equation (1) can be expressed under steady-state conditions as

Ve = aQr + BQF° + 1QF° (5)

The solution to Equation (5) is displayed in Figure 2b, which yields the S-shaped
relationship between charge and voltage that isolated FE material exhibits for a range of
mole fractions. The charge decreases as the voltage increases, which confirms negative
capacitance in isolated ferroelectric material. In comparison to other mole fractions, the
ferroelectric material with a mole fraction of x = 1.0 exhibits a larger coercive voltage,
indicating that the negative capacitance state lasts longer for x = 1.0. The expression for a
ferroelectric material’s free energy Ur is

ur =S+ Bot+ Yot ©
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Figure 2. (a) Schematic of an isolated ferroelectric capacitor connected to a voltage source; (b) Q-
V characteristics and (c) energy versus charge attributes of the isolated FE capacitor for various

mole fractions.

The energy topography of an isolated ferroelectric capacitor, depicted in Figure 2c,
reveals that for every value of the mole fraction, the parabolic curve is inverted. This inver-
sion confirms the existence of negative capacitance. The NC state is inherently unstable,
which can be understood by considering a charge placed at the crest of the parabola. Such
a charge would naturally move toward one of the minima, illustrating the instability of the
isolated FE material. The values of the anisotropy constants are given in Table 1. It is inter-
esting to note that the anisotropy constant () has a negative value for x = 0.8 and 1, which
means the PZT is behaving as the first-order transition material. § has a positive value for
other values of mole fraction and PZT behaves as a second-order transition material. Due
to the negative value of the capacitance value for the mole fraction, 0.8 and 1 are lower but
the magnitude is higher, which is discussed in the upcoming section and is responsible
for hysteresis. A ferroelectric capacitor’s negative capacitance scenario can be stabilized
by connecting a dielectric capacitor in series with it. The following section discusses the
simulation findings for the heterostructure.

Table 1. Anisotropy Constants for Ferroelectric Oxide.

PbZr; ,Tix O3 w(1/P) B /EC?) (1/FCY
x=0 —2.27 x 1014 1.64 x 10%2 1.16 x 10%°
x=02 —3.71 x 1014 9.78 x 104! 8.38 x 108
x =04 —3.93 x 1014 4.25 x 104 5.30 x 1098
x =06 —4.15 x 1014 1.12 x 104 3.63 x 1098
x=0.8 —7.38 x 1014 —9.68 x 10% 4.83 x 1098

x=1.0 —8.50 x 1014 —2.29 x 104 5.09 x 108
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3. Ferroelectric Capacitor Connected in Series with Dielectric Capacitor

Figure 3a illustrates the schematic diagram of an FE-DE heterostructure. The unsta-
ble negative capacitance of an isolated ferroelectric material is stabilized by incorporat-
ing a dielectric capacitor in series, provided that the dielectric capacitance satisfies the
condition (Cp < —1/a) where «a is the anisotropy constant. Notably, when the ferroelec-
tric capacitance is comparable to the dielectric capacitance, significant voltage amplifica-
tion is observed. Figure 3b presents the capacitance versus charge characteristics. For
a ferroelectric material with a mole fraction of 0.6, the ferroelectric capacitance closely
matches the dielectric capacitance (Crg ~ Cpg ), making it the most favorable for achieving
optimal performance.

| —x=0 ——x=04 —x=0.8 = -Si0,
X=0.2 —x=0.6 —x=1.0

Dielectric

0
0 1 2 3 4 5 6
Q. (fO)
(b)
400
—x=0 =——x=0.8
300 i S0,
x=0.6
a 200
= 100
0 ——
-100 -
—50 0 50
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(d)
8
~ —x=0
2 —
o — 6 —x=0:6
Q > - -sio,
g2 e
4 _
5 > -
3 e
< 1 2 -
Q -~ -
0 -
0 0 1 2 3 4
V. (V
Voltage (V) S N
(e) )

Figure 3. (a) Illustration of the ferroelectric-dielectric capacitor linked to a voltage source {(b) C-
Q characteristics; (¢) Q-V characteristics; (d) energy versus charge characteristics; (e) capacitance;
(f) Voltage Amplification} of FE-DE heterostructure for varying mole fractions.

In contrast, ferroelectric materials with mole fractions of 0.8 and 1.0 exhibit capacitance
values lower than the dielectric capacitance (Crg < Cpg), and therefore for these values of
mole fractions the heterostructure would be showing hysteresis and hence is excluded from
further analysis. Since the dielectric and ferroelectric capacitors are connected in series,
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they store the same amount of charge. By applying Kirchhoff’s Voltage Law (KVL) to the
heterostructure, the voltage distribution across the components can be analyzed.

Vs=Vr+Vp (7)
d
VF :P%+“QF+13QF3+’YQP5 (8)
_Qp _ Qr
Vp = Co ~ Cp )
d 1
VS:PL%F+(“+%)QF+/3QF3+7QF5 (10)

Figure 3c illustrates the charge versus voltage characteristics of the ferroelectric—
dielectric heterostructure in a steady state for different mole fractions of the ferroelectric
material. Mole fractions of 0, 0.2, 0.4, and 0.6 display no indications of negative capacitance,
confirming the presence of positive capacitance and stable behaviour.

Additionally, the overall energy stored in the FE-DE heterostructure is the sum of the
individual energies stored in the ferroelectric and dielectric capacitors.

U=Ur+Up (11)

The energy topography of the heterostructure for FE material with varying mole
fractions is depicted in Figure 3d. From the graph, it is evident that with the combination
of FE and DE capacitors in series the overall system energy is minimized, leading to the
stabilization of the negative capacitance. Likewise, the twin-well in the energy topography
will advent adjacent to each other and the curve becomes flatter. The observed flattening
of the energy landscape indicates a correlation with an increase in the capacitance of the
heterostructure. Capacitance can be expressed in terms of energy using the formula

1 eu .
C dQ?

The energy landscape shows the greatest flatness at a mole fraction of x = 0.6, indi-
cating significant capacitance enhancement in the heterostructure at this composition. In
a series combination of positive capacitors, the overall capacitance is generally smaller
than the capacitance of any individual capacitor in the series. The observed increase in
capacitance, however, seems to defy the fundamental principles of circuit theory and elec-
trostatics. This apparent contradiction can only be explained by the presence of negative
capacitance. The formula for calculating the overall capacitance in a series combination is

expressed as
1 1 1

cCT G + o (13)

Here, C can be greater than Cp, if Cr is negative and | Cr |> Cp. The capacitance
vs. voltage of the ferroelectric—dielectric heterostructure for various FE mole fractions is
displayed in Figure 3e. The representation illustrates enhancement of capacitance since the
equivalence of the FE and DE capacitances is higher than the DE capacitance, which is only
achievable when one of the capacitances is negative. The graph shows that, in comparison
to other mole fractions, capacitance has increased for mole fraction x = 0.6. It is possible to
express the relationship between supply voltage, ferroelectric capacitor, and voltage across
dielectric capacitor as follows:
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Vp=Vs—V (14)
VD:VSX(l—KF) (15)
s

The mathematical relation among supply voltage and voltage dropped across dielectric
can be represented by the equation

Cr
Vp=Vex —F 16
b=7s2 cr+¢p (16)
|CF|
Vp = Ve x ——Fl__ 17
b= e =cp 17

Equation (17) states that when |Cr |> Cp, Vp can be higher than Vs, meaning that
a slight change in Vs can have a significant impact on Vp. The results support passive
voltage amplification in the FE-DE heterostructure, as they show that the voltage across the
dielectric is greater than the applied voltage. The voltage across the DE is plotted against
the supply voltage in Figure 3f. It is evident from Figure 3f that when the voltage across
the dielectric (Vp) is plotted against the supply voltage (Vs), a greater degree of voltage
amplification is shown for the FE material with a mole fraction of x = 0.6. Figure 4a shows
the plot of the differential voltage amplification (dVp /dVs) in the ferroelectric-dielectric
heterostructure with respect to Vs. It shows how the heterostructure’s voltage amplification
varies with the supply voltage. Comparing ferroelectric material with different mole
fractions, the one with x = 0.6 offers the greatest differential voltage amplification.

5 — =0 x=0.6
—x=02 = -Si0,
4 ——x=0.4
27
o 2t
1 _ P - ~ - - >
0 ) % A - ~ < N\
0
0 2 v 4 v 6 8 0 5 10
S \ Time (ns)
(a) (b)
3l .
—x=0
—x=0,2
——x=0.4
~ s
E 2t - -Si0,
)
&0
xR
=
=
> 1 -~
0 & : -
0 5 10
Time (ns)

(c)

Figure 4. {(a) (dVp /dVs) versus Vs (b) charge versus time (c) voltage versus time} in FE-DE heterostructure.
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4. Dynamic Response of Heterostructure

d
Vs = aQr + BQF° +7Qr° + P% + % (18)

Figure 4b depicts the charge variation over time when a triangular pulse of 1 V with
a frequency of 100 MHz is applied to the heterostructure’s input. The charge versus time
graph for ferroelectric materials in FE-DE heterostructures shows that as the mole fraction
of FE increases from 0 to 0.6, the stored charge gradually increases, reaching its maximum
at x = 0.6. Among the tested compositions, ferroelectric material with x = 0.6 exhibits the
highest charge compared to other values of x. Substituting Qr = Qp = Vp Cp into the
preceding equation leads to Equation (19).

dVpCp . VpCp

3 5
Vs =aVpCp+ BVECp” +9VRCp +p s o (19)

According to Equation (19), voltage is proportional to capacitance (Cp). Since capaci-
tance is highest at x = 0.6, voltage amplification is also maximized at this point. Figure 4c
depicts the variation in the voltage drop across the dielectric over time. For x = 0.6, the
voltage amplification over time is the highest compared to other mole fractions.

5. Temperature Analysis of Heterostructure
This section presents a temperature analysis of the heterostructure. Notably, an in-
crease in temperature in an isolated ferroelectric capacitor exhibits a similar effect to adding
a dielectric capacitor in series with the ferroelectric capacitor. This analogy arises from the
temperature dependence of the anisotropy constant («). At lower charge levels, the capaci-
tance of an isolated ferroelectric capacitor can be estimated using the following equation.
Cre = (20)
Here, a represents the temperature-dependent anisotropy constant for PZT, expressed

asa = wag (T — Tp).
1

Cpp= ——t
T (T - Ty)

(21)

Figure 5a shows the variation of capacitance in an isolated ferroelectric capacitor with
temperature. The graph indicates that the capacitance of the ferroelectric increases with tem-
perature up to the Curie temperature. Beyond this point, further increase in temperature
causes a decrease in capacitance. This trend is consistent across all compositions. Figure 5b
illustrates the capacitance of the ferroelectric—dielectric heterostructure as a function of
temperature. When a FE capacitor is added in series with the DE capacitor, the Curie tem-
perature shifts to a lower value for all mole fractions of the ferroelectric material. The new
Curie-Weiss temperature is given by Top — 1/ (a9 Cpg). Figure 5¢ highlights the voltage
amplification of the ferroelectric-dielectric heterostructure as a function of temperature.

e Vb 1
Amplification : Vs ~ Copao(T—To) (22)
Voltage amplification concerning temperature is plotted for the considered ferroelectric
material compositions. Voltage amplification is highest when the temperature reaches its
new Curie-Weiss temperature, which is because after Curie temperature the ferroelectric
material is converted into the dielectric material. This trend is visible for all the values of
the mole fraction.
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Figure 5. (a) Capacitance versus temperature characteristics of isolated ferroelectric capacitor {(b) Ca-

pacitance versus temperature; (c) Amplification versus temperature} characteristics of FE-DE het-
erostructure for different mole fractions.

6. Conclusions

The study shows that the FE-DE heterostructure can significantly increase capacitance,
boost voltage, and stabilize negative capacitance. The composition with x = 0.6 was found
to be best by analyzing various mole fractions of Lead Zirconium Titanate (PbZr; _, TixO3).
This composition offers the highest voltage amplification since ferroelectric and dielectric
capacitances closely match. Further information about the heterostructure’s operational
stability and performance is also provided by its dynamic response and temperature analy-
sis. These characteristics highlight its potential for sophisticated electronic applications,
including advanced transistors, high-density memory devices, high-performance capaci-
tors, and energy harvesting systems, where precise control over capacitance and voltage
amplification is essential.
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