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ABSTRACT In this article, we have studied passive voltage amplification in FE-FE-DE heterostructure.
We have stacked two different ferroelectric oxides; one is second-order transition ferroelectric material
(continuous transition ferroelectric material) and the other is first-order transition ferroelectric material
(discontinuous transition ferroelectric material). Both ferroelectric materials have different polarities of
anisotropy constant (8), which is tuned by varying the ferroelectric thickness and thus leads to its can-
cellation. The nullification of the anisotropy constant will reduce the non-linearity of the ferroelectric oxide
and provide efficient matching between the ferroelectric and dielectric capacitance, which in turn delivers
the higher voltage amplification in the heterostructure. Also, dynamic response and temperature analysis
of heterostructure are studied further. It is observed that dielectric when added in series with the isolated

ferroelectric capacitor the curie temperature shifts to a lower value.

INDEX TERMS Ferroelectric (FE), dielectric (DE), heterostructure, passive voltage amplification.

I. INTRODUCTION

Ferroelectric materials [1], [2], [3] are well known for the
attributes of spontaneous polarization [4], they can be polar-
ized when there is no electric field. Polarization direction can
be reoriented when it is exposed to an electric field. This is in
contrast with the dielectric material, where the applied elec-
tric field and polarization charge constitute a straight alliance.
Ferroelectricity was discovered experimentally a hundred
years ago [5] and Rochelle salt (NaKC4H404-4H,0) and
Potassium dihydrophosphate (KH>PO,) were a few materials
on which experiments were performed. These materials had
the disadvantage of being fragile and water soluble. Out of
numerous functional materials, traditional perovskite oxides
have a broad spectrum of application capabilities that are
significantly related to common domestic applications. The
commercial usage of perovskites is covered but not limited
to many areas such as microelectronics, memories, sensors,
storage systems, energy harvesting, mechanical processing,
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piezoelectric actuators, ultrasonic energy converters, optical
and numerous other related devices [6]. The search for
robust ferroelectric material concluded with the recognition
of perovskite materials specially first and second order tran-
sition materials [7], [8], [9]. These materials have a general
formula of ABO3, here A symbolizes di/monovalent atom,
B symbolizes tri/tetravalent atom and O symbolizes oxygen
atom. Also, they have tetragonal crystal lattice structure,
therefore one side of unit cell is prolonged as compared
to the other two sides and angle between three of them
is 90°. This non centro-symmetricity in the lattice assembly
of perovskite remains the prime cause behind the traits of
ferroelectricity and thus ensures spontaneous dipole moment
and the electric polarization. The basic understanding of
physics in ferroelectrics is well understood by phenomeno-
logical model based on Landau-Ginzburg-Devonshire theory
generally called as Landau theory of phase transitions [10].
This model is useful in the study of negative capacitance
existence in ferroelectric materials. According to this the-
ory, a ferroelectric material can have a negative capacitance,
which manifests as a double-well shaped in the ferroelectric’s
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FIGURE 1. (a) Susceptibility (b) Inverse susceptibility (c) Spontaneous polarization of PZT vs. temperature (d) Susceptibility (e) Inverse susceptibility

(f) Spontaneous polarization of BaTiO5 vs. temperature.

free energy when an electric field is applied. Despite being
predicted more than 70 years ago, initially most scientists
thought it was impossible to detect negative capacitance in an
experiment while later some work reported its existence [11],
[12], [13], [14], [15]. But it’s crucial to pay attention to
the negative capacitance signature. This is due to the fact
that, it has the ability to magnify an applied voltage, which
might be used to lower the power dissipation in post-CMOS
era [16]. Many reported works have shown the potential
of negative capacitance in ferroelectric in steep switching
devices [17], [18], circuits [19], [20], memory [21], [22] etc.
In this work we have tried to utilize negative capacitance
in two differently ordered perovskite materials to enhance
amplification and reduce the non-linearity. The mathematical
equations are solved in MATLAB with anisotropy constants
of ferroelectric material, for obtaining the results. The break-
down of how the paper is organized: Section II covers the
categorization and fundamental formula for choosing fer-
roelectric materials for voltage amplification. Section III
discusses the impacts that resulted from the FE-FE struc-
ture. Sections IV and V, respectively, investigate FE-FE-DE
heterostructure static and dynamic response. In section V,
the effects of temperature on FE-FE-DE heterostructure are
examined, and section VI concludes the study done in the
article.

Il. SECOND ORDER TRANSITION AND FIRST ORDER
TRANSITION FERROELECTRIC MATERIAL

Perovskite materials can be sub-classified based on the
transition between ferroelectric to paraelectric phase [23].
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Materials that possess a continuous transition between the
ferroelectric and paraelectric phases are termed second-order
transition material and those which possess a discontinuous
phase transition between ferroelectric and paraelectric phase
are coined as first-order transition material. Here, we have
Lead Zirconium Titanate (PbZri_,TixO3) [24], [25] and
Barium titanate (BaTiO5) [26] as second and first order transi-
tion material respectively. In second order transition material
Curie-Weiss temperature (7y) coincide with Curie temper-
ature (T¢3). Transition between ferroelectric to paraelectric
phase for second order transition can be understood in terms
of electric susceptibility which are expressed in equation (1)
and (2):

xp' =200 (T —T); T < To
ZXEI =ap (T —Te): T >Ty

ey
@

where xr and xp represents electrical susceptibility in the
ferroelectric and paraelectric phase. oy represents posi-
tive material dependent constant for PZT. Fig. 1(a) shows
the x —T forPZT. Continuous transition is observed in this
characteristic as Curie-Weiss temperature (72) is equal to
Curie temperature(7T¢2) also electric susceptibility becomes
infinite at Curie temperature. Fig. 1(b) shows the y ~!—T
and for PZT , here it can be observed that gradient of inverse
permittivity in the ferroelectric phase is twice that of the
paraelectric phase. Further, Fig. 1(c) shown the spontaneous
polarization (Ppg) in the (PbZri—,Ti,O3) versus tempera-
ture which is obtained by solving equation (3). The phase
transition eventuates at Tcp = Tpp and the spontaneous
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polarization falls to zero.

Too — T
Prp = ap2 (Toz ) 3)
B2

In first order transition material Curie-Weiss temperature
doesn’t coincide with Curie temperature. The Curie-Weiss
temperature (7p1) is smaller than Curie temperature (T¢c1)
which is responsible for discontinuous transition between
ferroelectric and paraelectric phase. Transition between fer-
roelectric to paraelectric phase can be explained in terms of
electric susceptibility of second order transition material are
expressed in equation (5) and (6):

xp' =8ao (T1 —T); T <Tc 4
xp' =001 (T —To); T > Tc )

a1 represents positive material dependent constant for
BaTiOs Fig. 1(d) shows the x — T characteristics for
BaTiO3. Discontinuous transition between ferroelectric and
paraelectric phase is observed, as in these characteristics as
Curie-Weiss temperature (7p;) does not coincides with the
Curie temperature(7¢c1). It is clear from the shown figure that
electric susceptibility has a finite value at Curie temperature.
The relationship between T¢ and Tp; can be established as:
Tc1 =To1 +3 ,812 / 16091 1. As per the equation Curie-Weiss
temperature (7o) is smaller than Curie temperature(T¢c1).
Fig 1(e) shows the x~! — T characteristics for BaTiOs.
The gradient of inverse permittivity in ferroelectric phase
is approximately eight times that of paraelectric phase. The
Curie—Weiss temperature (7o) is obtained by extrapolating
the temperature in the paraelectric phase, and the tempera-
ture (77) is obtained by extrapolating the temperature in the
ferroelectric phase. The relationship between 77 and T can
be established as: 71 = Tp1 + ﬂ12/4a01y1. Further Fig. 1(f)
shown the spontaneous polarization (Ppg) in the Barium
Titanate (BaTiO3) versus the temperature which is obtained
by solving equation (6).

. =g B 4T —Toon
2n 2y

The phase transition occurs at T¢»> and the discontinuity
of the spontaneous polarization appears at T¢p. Further
second-order and first order transition material can also be
differentiated based on value anisotropy constants(c, Sandy)
of ferroelectric material. Second order transition materials
have positive value of 8, and y» and negative value of oy,
while first order transition materials have positive value of
y1 and negative value of o1 andg;. It is worth noting that
these constants are thickness dependent. This property of
first and second order transition material is utilized in the
heterostructure [11], [27], [28], [29], [30], [31] to reduce the
nonlinearity and achieve the efficient voltage amplification
which has been discussed in the further section of the article.
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lIIl. FERROELECTRIC CAPACITOR

Ferroelectrics manifests negative capacitance [32], [33], [34],
[35], [36], [371, [38], [39], [40], [41], [42], [43], [44] and
the dynamics of ferroelectric material can be understood by
Landau-Khalatnikov equation [45], [46], which says the rate
change of polarization charge can be expressed as shown in
equation (7).

dQrg dUpg

= — 7

dt dQr @

where p represents the ferroelectric damping constant, Qf is
the polarization charge (Or = P X A, here P represents

remanent polarization and A(45nm x 1um) is the area of het-
erostructure) and U being the net energy of the ferroelectrics
that could be expressed as shown in equation (8).

o
Urg = 5QFE2 + gQFE4 + %QFEG —QreVrE  (8)

where «, B and y represents anisotropy constants of fer-
roelectric oxide, solving the above equations results in
equation (9).

dOrE

Vrg = «Qpf + BOrE® + v QrFE® + P 9

under steady state condition the above equation reduces to the
equation (10).

Vre = aQrk + BOrE® + v OFE® (10)

since we are using stacked ferroelectric oxide in this het-
erostructure, the voltage dropped across both the ferroelectric
oxide can be constituted as arithmetic sum of individual
voltage drop i.e., Vrg = Vg1 + V2

Vie = (@) + a2)Qrg + (B) + B2)0rE> + (1 + 12)QFE”
(11)

where o, B1 and y; represents anisotropy constants of
Barium Titanate (BaTiO3) and o3, f» and y, repre-
sents anisotropy constants of Lead Zirconium Titanate
(PbZr1—,Ti,O3). Here x reperesents the content of content
of titanium in lead zirconium titanate. x here is taken as 0.
Similar, to the voltage, the net energy of both the ferroelectric
oxide can represented as arithmetic sum of individual energy
ie., Ure = Ure1 + UrE2

Ure

_ (061 -;Olz)QFE n (ﬂl-i-ﬂz) Ore +(71+V2)Q -

12)

anisotropy constant for Lead Zirconium Titanate (PZT) and
Barium Titanate (BaTiO3) [47] has been tabulated in Table 1.
As mentioned in the earlier section, the anisotropy constant
has opposite polarity for both materials, further the ferroelec-
tric thickness for both, is tuned in an efficient manner which
leads to the cancellation of 81 4 B,. It is important to note this
cancellation can be achieved only if the first and second order
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TABLE 1. Simulation parameter for the ferroelectric oxides (' BaTiO5 and
2 pz7).

Parameters BaTiO; PZT

a;, (cm/F) —1 x 10%° —4.50 x 10°
B12(cm®/F Coul?®) | —8.90 x 10'® 5.20 x 1018
Y12(em®/F Coul*) | 4.50 x 10%8 3.75 x 10%7

trg12(nm) 120 108

Ferroelectric Material Selection

First Order Transition Material
(Barium Titanate)

Second Order Transition Material
(Lead Zirconium Titanate)

Extracting modified LK equation coefficients
from experimental S-curve of Lead Zirconim titanate

Extracting modified L-K equation coefficients
from experimental S-curve of Barium Titanate

Applying modified LK equations
(Eq. 11)

‘Optimization of ferroelectric thickness
of barium titanate, and lead zirconate titanate

Is Voltage Amplification

NO and
Linearity Achieved

Terminate

FIGURE 2. Explanation of ferroelectric thickness optimization.

ferroelectric oxides are connected in series. It won’t be possi-
ble to achieve the same if two first order or two second order
FE oxides are connected in series. Fig 2 shows the detailed
explanation of ferroelectric thickness optimization. Fig. 3(a)
depicts the schematic diagram of an isolated ferroelectric
capacitor attached to a voltage source. Fig 3(b) depicts the
charge as a function of voltage for a ferroelectric capacitor,
an increase in voltage across ferroelectric guides a decrease
in ferroelectric charge, which validates negative capacitance
in ferroelectrics. For tpgy = 0 the coercive voltage is smaller
while for tpg; = 0 the coercive voltage is higher. However,
when tpgp = 108nm and tpg1 = 120mm, the coercive
voltage is higher as compared to both the cases. Fig. 3(c)
depicts energy landscape of a ferroelectric capacitor. For all
three cases, the inverted parabola can be visualized which
once again confirms the existence of negative capacitance.
The negative capacitance state is volatile in nature, which
can be understood by the energy landscape of ferroelectric,
as a small perturbation while placing a charge on the top
of an inverted parabola, may result in its fall to one of the
minima. Hence a negative capacitance condition in ferro-
electric capacitor is highly unstable and can observed only
in time-dependent switching experiments. For stabilizing the
NC state, a small dielectric capacitance should be added in
series to an isolated ferroelectric capacitor which is discussed
in the next section.

IV. FE-DE HETEROSTRUCTURE
Fig. 4(a) depicts the schematic diagram of an FE-FE-DE
heterostructure connected to a voltage source. The thickness
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of dielectric oxide (tpg) is taken as 10nm and its dielectric
constant (¢,) is 4. The unstable negative capacitance state in
isolated ferroelectric state can be stabilized by the addition
of series dielectric capacitor, provided that the ferroelectric
capacitance should be greater than the dielectric capacitance.
Also, it is quite interesting to notice that, if ferroelectric
capacitance is very close to dielectric capacitance, high
amplification is observed in the heterostructure. Ferroelectric
capacitance for the isolated ferroelectric capacitor can be
obtained by differentiating equation (11).

1

T (@ +a) + By + BOrEE + (11 + v2)OrE
(13)

Cre

The capacitance for dielectric capacitor can be expressed as
follows:

Coe = 222 (14)
IDE

here ¢, represents the absolute permittivity. Fig.4 (b) shows
the capacitance versus charge characteristics of the het-
erostructure. The ferroelectric capacitance is greater than
dielectric capacitance in all three cases. However, when
trga = 108nm and tpg1 = 120nm the ferroelectric capac-
itance is closely matched to dielectric capacitance. Close
matching of both capacitances is the essential criteria for
voltage amplification. Hence for this thickness combina-
tion voltage amplification will be highest which will be
discussed later. Also, in the heterostructure we are having
series combination of capacitor, so the charge in ferroelectric
will be same as that of dielectric (Org = QOpg). Applying
Kirchhoft’s voltage law in the heterostructure, we can write
Vs = Vpe + VpE.

Vs

= (a1 + 2)QrE + (B1 + B)QrE>+ (11 + ¥2)Qr + g_;i

15)

Fig.4 (c) shows the charge versus voltage characteris-
tics of heterostructure which can be obtained by solving
equation (15). This characteristic doesn’t show any signature
of negative slope and makes sure that it has a positive capaci-
tance and is stable in nature. Similarly, the total energy can be
heterostructure is sum individual energy of ferroelectric and
dielectric capacitance Ur = Urg + Upg.

Up — (Otl -;0!2) 02, + (/31 :ﬂz) ot + (Vl -gyz)

Qrr.
2CpE
Fig.4 (d) shows the energy landscape of heterostructure which
can be obtained by solving equation (16). It is quite interest-
ing to see that total energy of the system is stabilized and
dual well in the energy landscape will advent adjacent to
each other and becomes flatter. This flatness in the energy

x 0% + (16)

VOLUME 12, 2024



B. Awadhiya et al.: Passive Voltage Amplification in FE-FE-DE Heterostructure

IEEE Access

(b)
2 L 4
2 3
0 —t __=0nm 1>
=
o,n" —t:i} Onm =
tFE2= 108nm
20t~ 120nm
-1 0 1
Vg (Volts) Qg (fO)

FIGURE 3. (a) Schematic of isolated heterostructure connected to voltage source (b) Qe — Vg characteristics (c) Energy landscape for an isolated

ferroelectric capacitor.

15

Fl

FI

— gy~ Onm
— E1” Onm
_tFEZ: 108nm; tFEl: 120nm

—_—tpy Onm; tepr™ Onm

2t —tep~ Onm

—_—tee= Onm

_tnzz: 108nm; tFEl= 120nm

— . Onm; [FE]= Onm

~ 10 B P F
) 2,
® : :
Dielectric O 5 =4
—1 (c)
r— 2fF tpg ~10nm
= 0 N L L s N ’ N
0 0.4 0.8 1.2 1.6 -1 -0.5 0 0.5 1
QFE (fC) A\ (Volts)
10 5 1.5
—tFE2=0nm _tFEZ=0nm
_t":l—ﬂnm | —t_ =0nm t
—t,,,= 1080m; £, = 1200m 4 ‘;z;: L08nm D
g X —tpg,= 0nms = Onm E‘ N :Fm:(:::lnm %‘ 1t
p FE2
DF' vh —] 3
L a
@ o 2 > 0.5
1/ \ o
¢ =10nm o FE2 — FE2
DE tFE|= 120nm tFm: Onm
R R R 0 . .
-6 -3 0 3 6 0 . 0 1 5 0 02 04 06 08 1
Qg (FO) ; (Volts) V, (Volts)

FIGURE 4. (a) Schematic of FE-FE-DE heterostructure connected to voltage source (b)Crr — Qg (¢) Qe — Vs (d) Energy landscape (e) Capacitance

(f) Voltage amplification characteristics of FE-FE-DE heterostructure.

landscape is higher for tpg> = 108nm and trg; = 120nm as
compared to tpgz = 0 and tpg; = 0. This gets further con-
firmed from capacitance versus voltage characteristics shown
in Fig. 4 (e). In the heterostructure, both the capacitances
are in series to each other, hence the total capacitance of the
heterostructure is given as shown in equation (17).
_ CreCpg
"™ Cre + Coe
where Crr = Crg1||Crg2. The increment in the total
capacitance is a violation of principles of circuit theory and
electrostatics. As equivalent capacitance of two capacitance
in series combination is always lower than both of them.

a7
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This contravention of the classical law has only one expla-
nation which is existence of negative capacitance. The
co-relation between supply voltage and voltage across dielec-
tric capacitor can be represented as shown in equation (18).

|CrE|
VD = VsX
|Cre| — CpE

The above equation shows that voltage drop across dielectric
(Vp) can be higher than the supply voltage (V ), provided
|Cre| > Cpg. Also, when Cpg is in the proximity with
the Cpg i.e. (|Cre| ~ Cpg) the voltage amplification is
highest. Fig. 4(f) shows the voltage drop across dielectric
versus supply voltage characteristics. For tpgp = 108nm

(13)
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(f) Amplification versus temperature characteristics of heterostructure.

and frg; = 120nm the voltage amplification is highest as
compared to other two cases. It is interesting, that ampli-
fication will be present till Cap < |Cpg| — Cpg even if
interface charge exists. Also, for obtaining the amplification
for every voltage value nonlinearity should be suppressed
completely.

V. DYNAMIC RESPONSE OF THE HETEROSTRUCTURE

In this section, we have discussed the dynamic response
FE-FE-DE heterostructure. Circuit equivalent for the het-
erostructure is shown in Fig. 5(a). The ideal capacitor is the
one in which infinite resistance is in parallel to it, however in
the equivalent circuit for heterostructure, we have considered
a practical scenario and resistances Rrg and Rpg can be seen
parallel to the corresponding capacitors. Here it is interesting
to note that the potential spotted at node A is unaltered by
the existence of resistance and completely reliant on the
capacitors. Therefore, this heterostructure is considered as
a nonleaky FE-FE-DE heterostructure [48]. Earlier because
of steady state analysis we had ignored pdQrg / dt term of
equation (9). Now, as we are doing the dynamic analysis
this term can’t be ignored and the modified equation (19) is
mentioned below:

dOre | Ork

Vs = aQrk + BOFE’ + v QrE® + p—— + ——

19
dt CpE (19

Fig. 5(b) shows variation in the charge with respect to time
when triangular pulse of 1V magnitude (OV — 1V — 0V)
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and frequency of 0.1 GHz is employed at the input (Vs)
of heterostructure. Replacing Qrg = Opg = VpeCpg in
equation (19), result in the following:

Vs = aVpeCpr + BVpeCpE® + v VpeCpE®
dVpeCpe . VpeCpe
p +
dt Cpe

+ (20)
The voltage drop across the dielectric capacitor as a function
of time is shown in Fig. 5(c) which is obtained by solving
equation (14). For tpgy = 108nm and tpg1 = 120nm
the voltage amplification with respect to time is highest as
compared to other two cases.

VI. TEMPERATURE ANALYSIS OF THE
HETEROSTRUCTURE

In this section, we have studied the temperature analysis
of the heterostructure [49]. Prior to that we have done the
temperature analysis of the isolated ferroelectric capacitor.
The capacitance of the isolated ferroelectric capacitor can
be approximated at less value of charge, is mentioned in
equation (21). (Also y is temperature independent anisotropy
constant hence can be neglected)

1

N — 21
() +a2) @D

Cre

where ajand oy are temperature dependent anisotropy con-
stant for BaTiO3 andPZT respectively. o1 = a9y (T — To1)
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and o = ap (T — To2)

1
Crg = (22)
T (ap1 + ap2) — o1 Tor — ag2To2
1
Crg ~ (23)
_ao1To1 + a2 T2

(ao1 +p2) T
(o1 + a2)

Hence equivalent anisotropy constant is aey = o1 + @2
and equivalent Curie Weiss temperature is T¢ g = 0111 +
aoTo / ap1 + ooz Fig. 5(d) shows the simulated capacitance
of isolated ferroelectric capacitor as a function of temper-
ature. It can be clearly visualized that the as we increase
the temperature the ferroelectric capacitance increases; this
increase is only up to the curie temperature. Further if the
temperature is increased, the capacitance starts decreasing.
This trend is followed for all the three cases considered.
Also, for the stacked ferroelectric case the curie temperature
is in between the curie temperature of individual ferroelec-
tric oxides. This is in line with the equation obtained in
the above analysis. Fig. 5(e) depicts simulated capacitance
of FE-FE-DE heterostructure as a function of temperature.
It is interesting to note that when the dielectric is added
in series to the isolated ferroelectric capacitor the curie
temperature shift to lower value, this is for all the cases
discussed. For tpg> = 0, the new Curie Weiss temperature is
Tor — 1/a01CDE, while for tzg; = 0, the new Curie Weiss
temperature is 7oy — 1 / a02CpEg, and when trg> = 108nm and
tre1 = 120mm the new Curie Weiss temperature becomes
ao1T1 + ao2Toz /o1 + a2 — 1/Cpe(aor + ag2). Fig. 5(f)
depicts simulated amplification of FE-FE-DE heterostructure
as a function of temperature which is obtained by solving the
equation (24).

1
ao1To1 + ap2To2
(o1 + ap2) lT - —]
Vb _ (@01 + a02) 24)
Vg 1 _c
ap1Tor + ap2To2 PE
(o1 +ap) T — ——
(o1 + o2)

Voltage amplification can be observed for all the three con-
sidered cases. Here it is interesting to note that the voltage
amplification is highest when the temperature reaches its new
curie Weiss temperature which was discussed earlier.

VII. CONCLUSION

We have explored the aspect of passive voltage amplification
in FE-FE-DE heterostructure. It is observed that stacking
of ferroelectric material, can lead cancellation of anisotropy
constant (8), provided efficient tuning of ferroelectric thick-
ness is done. This cancellation of the anisotropy constant is
responsible for efficient capacitance matching between the
ferroelectric and dielectric capacitance and hence forth volt-
age amplification in heterostructure. The findings show that
the voltage amplification in stacked ferroelectric heterostruc-
ture is higher than the normal FE-DE heterostructure. Also,
dynamic response and temperature analysis of FE-FE-DE
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heterostructure is studied further. It is observed that the curie
temperature shifts to lower value when a dielectric capacitor
is placed in series to the ferroelectric capacitor.
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