
Negative Capacitance for Ultra-low Power Computing

Asif Islam Khan

Electrical Engineering and Computer Sciences
University of California at Berkeley

Technical Report No. UCB/EECS-2015-171
http://www.eecs.berkeley.edu/Pubs/TechRpts/2015/EECS-2015-171.html

July 10, 2015



Copyright © 2015, by the author(s).
All rights reserved.

 
Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that
copies bear this notice and the full citation on the first page. To copy
otherwise, to republish, to post on servers or to redistribute to lists,
requires prior specific permission.

 
Acknowledgement

 
1. My research advisor, Professor S. Salahuddin and  co-advisors,
Professors R. Ramesh and C. Hu.
2. Professors J. Bokor,  C. Hu  & J. Wu for being on my qualifying exam
and dissertation committees.
3. Professors King Liu, Javey & Yablonovitch and Dr. Yuen for providing
invaluable suggestions.
4. Numerous colleagues and collaborators.
5. Funding agencies: ONR, FCRP MSD Center,  LEAST Center, E3S Center,
Qualcomm Innovation Fellowship 2012-13.
6. Intel Corporations for Summer-2013 internship.
7. My wife-Nadia Nusrat- whose love, affection, encouragement, and
persistence had played the most important role towards my strides
during Ph.D.
8. My parents: Shahidul Islam Khan & Anisa Ahmad, my sister: Fahrin



Islam, my uncle: Rais Ahmad, my aunt: Farhana Ahmad & my niece:
Rumaisa Ahmad.



Negative Capacitance for Ultra-low Power Computing

by

Asif Islam Khan

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Engineering–Electrical Engineering and Computer Sciences

in the

Graduate Division

of the

University of California, Berkeley

Committee in charge:

Professor Sayeef Salahuddin, Chair
Professor Jeffrey Bokor

Professor Chenming C. Hu
Professor Junqiao Wu

Summer 2015



The dissertation of Asif Islam Khan, titled Negative Capacitance for Ultra-low Power Com-
puting, is approved:

Chair Date

Date

Date

University of California, Berkeley



Negative Capacitance for Ultra-low Power Computing

Copyright 2015
by

Asif Islam Khan



1

Abstract

Negative Capacitance for Ultra-low Power Computing

by

Asif Islam Khan

Doctor of Philosophy in Engineering–Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Sayeef Salahuddin, Chair

Owing to the fundamental physics of the Boltzmann distribution, the ever-increasing power
dissipation in nanoscale transistors threatens an end to the almost-four-decade-old cadence of
continued performance improvement in complementary metal-oxide-semiconductor (CMOS)
technology. It is now agreed that the introduction of new physics into the operation of
field-effect transistors–in other words, “reinventing the transistor”– is required to avert such
a bottleneck. In this dissertation, we present the experimental demonstration of a novel
physical phenomenon, called the negative capacitance effect in ferroelectric oxides, which
could dramatically reduce power dissipation in nanoscale transistors. It was theoretically
proposed in 2008 that by introducing a ferroelectric negative capacitance material into the
gate oxide of a metal-oxide-semiconductor field-effect transistor (MOSFET), the subthresh-
old slope could be reduced below the fundamental Boltzmann limit of 60 mV/dec, which,
in turn, could arbitrarily lower the power supply voltage and the power dissipation. The
research presented in this dissertation establishes the theoretical concept of ferroelectric neg-
ative capacitance as an experimentally verified fact.

The main results presented in this dissertation are threefold. To start, we present the first
direct measurement of negative capacitance in isolated, single crystalline, epitaxially grown
thin film capacitors of ferroelectric Pb(Zr0.2Ti0.8)O3. By constructing a simple resistor-
ferroelectric capacitor series circuit, we show that, during ferroelectric switching, the fer-
roelectric voltage decreases, while the stored charge in it increases, which directly shows a
negative slope in the charge-voltage characteristics of a ferroelectric capacitor. Such a situa-
tion is completely opposite to what would be observed in a regular resistor-positive capacitor
series circuit. This measurement could serve as a canonical test for negative capacitance in
any novel material system. Secondly, in epitaxially grown ferroelectric Pb(Zr0.2Ti0.8)O3-
dielectric SrTiO3 heterostructure capacitors, we show that negative capacitance effect from
the ferroelectric Pb(Zr0.2Ti0.8)O3 layer could result in an enhancement of the capacitance
of bilayer heterostructure over that of the constituent dielectric SrTiO3 layer. This ob-
servation apparently violates the fundamental law of circuit theory which states that the
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equivalent capacitance of two capacitors connected in series is smaller than that of each of
the constituent capacitors. Finally, we present a design framework for negative capacitance
field-effect-transistors and project performance for such devices.
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Chapter 1

ULTRA-LOW POWER
COMPTUING: THE NEGATIVE
CAPACITANCE APPROACH

1.1 Electronics at the Crossroads: The CMOS Power
Dissipation Bottleneck

This era is defined by the Internet, the social media and mobile electronics. Close to 2.5
billion people–a number that has grown 566% since 2000–are online around the globe and
nearly 70% of them use the Internet every day [1]. Every 60 seconds, 204 million emails
are exchanged, 5 million searches are made on Google, 1.8 million “Like”s are generated
on Facebook, 350 thousand tweets are made on Twitter, $272,000 of merchandise is sold
on Amazon and 15 thousand tracks are downloaded in iTunes [1]. The vast traffic of these
activities is managed by the massive data centers and cloud computing infrastructures. And
the widespread proliferation of personal computing devices: smart phones, tablets, general
purpose workstations, gaming stations etc. in the consumer end results in the symbiotic
information ecosystem. Computing is more personal than ever playing a significant role in
the economic, social, physical and intellectual pursuits of a human being. On average, the
number of electronic devices a person in the US interacts per day is of ∼10 [2]. This number
is going to increase to thousands with the upcoming paradigm of the “Internet of Things,”
where intelligence in the form of tiny stand-alone devices and sensors numbering in trillions
will be seamlessly integrated into our environment. Within this paradigm, the number of
data generating devices connected to the internet is expected to grow exponentially to 20
billion by 2020 [3]. A simplified view of the information ecosystem is shown in figure 1.1.
“How much information is there stored by the mankind and what is the digital computation
capability of our civilization?”-the answer to such questions yielded staggering estimations
such as 2.9 × 1020 optimally compressed bits and 6.4 × 1018 instructions per second respec-
tively for the year 2007 [4]. Between 1986 and 2007, the world’s technological capacity to
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Figure 1.1: A bird’s eye view of the information ecosystem.

compute information (instructions per second) has experienced 58% growth per year [4]. The
storage of information in vast technological memories has experienced a growth rate of 23%
per year [4]. These rates have increased even more since 2007. In summary, the prolieration
of information paradigm has followed the path of accelerating returns.

However, power dissipation and management issues at the hardware level threatens the
cadence of the information revolutions in the future years. The 12 million servers in 3 million
data centers that drive all the online activities in the US consume 76 TW-hr of energy per
year (figure 1.2(a))[1]. The total electric energy consumption of the US in 2011 was 4113
TW-hr [5]; data centers constitute ∼2% of the US electricity consumption. Now, if the
current exponential growth pattern of information paradigms continues in the future, the
power consumption will reach an unmanageable level in near future[6]. Along with the data
center, the overall energy usage of the information infrastructure could reach one-third of
total US energy consumption by the year 2025 [7, 8]. The carbon footprint of all the data
centers worldwide is already equivalent to that of a mid-sized country such as Malaysia or
Netherlands (figure 1.3) [6].

The relentless down-scaling of complementary metal-oxide-semiconductor (CMOS) tran-
sistor over past four decades has been the core driver for the information revolution. And
the power dissipation crisis also originates at the transistor level. The transistor density has
approximately doubled every 18 months in accordance with the Moore’s law [11]. Figure
1.3(a) shows the evolution of CMOS half-pitch over last 20 years. However, also plotted in
figure 1.3(a) is the evolution of power supply voltage. Although the physical dimensions has
been scaled down exponentially, the power supply voltage has been stuck at around 1 V for
almost 15 years. The microprocessor power density is proportional to the density, operating
frequency and the square of the power supply voltage. The increase of microprocessor oper-
ating frequency resulted in the power density reach 100 W/cm2 level, which is an order of
magnitude higher than a typical hot plate. Increase of the power density beyond that level is
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Figure 1.2: (a) The projected energy consumption of data centers. Adapted from reference
[1]. (b) Carbon footprint of data centers. Adapted from reference [6].

unmanageable; as a result, the clock frequency stopped increasing beyond 3 GHz after 2005
[10].
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Figure 1.4: (a) Schematic diagram of a metal-oxide-semiconductor field-effect-transistor
(MOSFET). (b) The output characteristics of a MOSFET. We are in search of a low-power
device with less than 60 mV/decade of subthreshold swing.

The reason why the power supply voltage in microprocessors has not scaled at par with the
transistor dimensions originates from the fundamental physics of transistor operation. The
Boltzmann distribution dictates that, to increase the drain current ID by an order magnitude
at room temperature, the gate voltage VG needs to be increased by at least kBT log10=60 mV,
kB and T being the Boltzmann constant and the temperature, respectively. Hence the lower
limit of the sub-threshold slope S, defined as ∂VG/∂log10ID is 60 mV/decade. To maintain
a good on-off ratio of the current, ∼1 V needs to be applied at the gate. This limitation has
been termed as the “Boltzmann Tyranny” and this is a fundamental physical bottleneck.
However much engineering is put into a transistor design, the sub threshold slope cannot be
lowered below this limit. It is now generally agreed that, without introducing new physics
into the physics of transistor operation, this limitation cannot be overcome. As a result,
there has been an industry-wide call for “reinventing the transistor” [12, 13, 14, 15]

To overcome this problem in the conventional transistors, a number of alternative ap-
proaches are currently being investigated. Examples include band-to-band tunneling field
effect transistors (TFET) [16, 17], impact ionization metal oxide semiconductor transistors
(IMOS)[18] and also nano-electro mechanical (NEM) switches[19, 20]. In these approaches
the mechanism of transport, i.e., the way electrons flow in a transistor, is altered such that
the minimum limit of 2.3kBT/q can be avoided. In contrast, it was theoretically shown [21]
that it may be possible to keep the mechanism of transport intact, but change the electro-
static gating in such a way that it steps up the surface potential of the transistor beyond what
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Figure 1.5: Potential profile in a nanoscale transistor. The capacitor network shows how the
applied gate voltage is divided between the oxide insulator and the semiconductor.

is possible conventionally. The basic principle of such “active” gating relies on the ability
to drive the ferroelectric material away from its local energy minimum to a non-equilibirum
state where its capacitance (dQ/dV ) is negative and stabilizing it there by adding a series
capacitance. In the next several sections, we shall discuss this mechanism.

1.2 Negative Capacitance to Rescue
The idea for negative capacitance to reduce the sub threshold slope below 60 mV/decade
was proposed in 2008. The proposal is to replace the gate oxide with a negative capacitance
material [21]. To understand how negative capacitance may help reducing the supply volt-
age and hence energy dissipation in conventional transistors, we start by noting that a field
effect transistor could be thought of a series combination of two capacitors: the gate oxide
capacitor Cox and the semiconductor capacitor Cs as shown in figure 1.5. In a conventional
transistor, where Cox is a positive quantity, the equivalent capacitance of the series network
would be smaller than that of each of the constituent capacitors. On the other hand, when
Cox is negative, the equivalent capacitance would be larger than Cs provided |Cox| > |Cs|.
This is surprising considering that in a series network of two ordinary capacitors the total
capacitance must be smaller than either of the constituent capacitances. Now the reduction



CHAPTER 1. ULTRA-LOW POWER COMPTUING: THE NEGATIVE
CAPACITANCE APPROACH 7

in supply voltage can be understood in the following way: since the total capacitance is
enhanced by having a negative Cox, it requires less voltage to produce the same amount of
charge Q across the capacitors, Cs and Cox, both of which have the same Q due to being
in series. The current in the channel is proportional to the charge across Cs. This means
that the same amount of current can now be produced with smaller voltage. Perhaps a more
intriguing aspect of the network in Fig. 1.5 is the fact that the internal node voltage, ψs
is larger than gate voltage VG due to the presence of a negative Cox. This makes the chan-
nel ‘see’ a larger voltage than what was actually applied. Recognizing that the Boltzmann
factor is given by eqψs/kBT , the minimum voltage required to increase current by one order
of magnitude is 2.3kBT/(rq). Conventionally, r = ψs/VG < 1; but in this case, r > 1 since
Cox < 0. As a result the minimum voltage (to increase current by one order of magnitude)
reduces below 60 mV at room temperature.

Mathematically, subthreshold swing S is defined as:

S = ∂VG
∂log10(ID) =

(
∂VG
∂Vin

)(
Vin

∂log10(ID)

)
(1.1)

In figure 1.4(b), the region below where the current saturates is known as the subthreshold
region. S provides an estimate for how steeply the current is increasing with voltage. The
lower the value of S, the steeper the curve and vice versa. Going back to Equation 1.1,
one would see that the expression can be written as a product of two terms. To understand
these terms, lets look at figure 1.5 which also shows a simplistic view of the relationship
between the capacitor network to the potential profile in a nanoscale transistor. Note that
here the channel-drain or channel-source coupling capacitors are not drawn explicitly. These
capacitances are rather lumped into the semiconductor capacitance itself. This treatment
does not change the physical scenario that explained here. The internal node voltage, ψs,
also called the surface potential, controls the current flow over the barrier. The second term
determines the inverse of how much current flows as a function of ψs. This term is dictated
by the Boltzmann factor eqψs/kBT and can only give an S of 2.3kBT/q(=60 mV/decade) at
room temperature. Clearly, as long as the transport mechanism of electrons is not altered
from a barrier modulated transport, the second term is a fundamental one and provides
only 60mV/decade of the subthreshold swing. This is the motivation behind TFET[16,
17], IMOS[18] and NEMFET[19, 20], as mentioned before, where the mode of transport is
changed.

The negative capacitor approach effects the first term. This term is simply the ratio of
supply voltage, VG to the internal node voltage, ψs which can be written as

m = ∂VG
∂ψs

= 1 + Cs
Cox

(1.2)
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This ratio, often called the ‘body-factor’ in the MOSFET literature, will always be larger
than 1 because of the voltage divider rule in conventional capacitors. Thus ordinarily S
cannot be less than 60 mV/decade. However, if the conditions Cox < 0 and |Cox| < |Cs|, can
be satisfied, m could be made to be less than one leading to an overall S which is less than
60 mV/decade. Obtaining an effective negative Cox is the main objective of this thesis.

1.3 Capacitance: Positive and Negative
A capacitor is a device that stored charge. Capacitance of a device C is defined as the rate
of increase of the charge Q with the voltage V (C = dQ/dV ). Hence, by definition, for a
negative capacitor, Q decreases as V is increased (see figure 1.6(a)). Alternatively, capaci-
tance can also be defined in terms of the free energy U . For a negative capacitor, the energy
landscape is an inverted parabola (see figure 1.6(b)). For a linear capacitor, U = Q2/2C. In
terms of free energy, the capacitance can be defined as follows.

C =
[
d2U

dQ2

]−1

(1.3)

The same relation holds also for a non-linear capacitor. In other words, the negative cur-
vature region in the energy landscape of an insulating material corresponds to a negative
capacitance.

1.4 How to realize negative capacitance: The case of
Ferroelectric oxides

Which insulating materials have a negative curvature in their energy landscape? The energy
landscape of a ferroelectric material is shown in figure 1.7. It has two degenerate energy
minima. This means that the ferroelectric material could provide a non-zero polarization
even without an applied electric field. In general, the total charge density in a given material
can be written as QA = εE+P , where ε is the linear permittivity of the ferroelectric, E is the
external electric field and P is the polarization. In typical ferroelectric materials, P >> εE
leading to QA ≈ P . For this reason we shall use P and QA interchangeably. Since charge
density is what we are interested in, we shall also drop the subscript A and simply use Q for
charge density.

If we compare the characteristic ferroelectric energy landscape (figure 1.7) with that of
an ordinary capacitor shown in figure 1.6(b), we would see that the curvature around Q = 0
of a ferroelectric is just the opposite of that of an ordinary capacitor. Remembering that the
energy of an ordinary capacitor is given by (Q2/2C), this opposite curvature already hints
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Charge-Voltage 

Characteristics
Energy Landscape

(a)

(b)

Figure 1.6: Charge-voltage characteristics and energy landscapes of a positive capacitance
(a) and a negative capacitor (b).

at a negative capacitance for the ferroelectric material around Q = 0. Therefore, around
this point, a ferroelectric material could provide a negative capacitance.

1.5 An Introduction To Ferroelectric Oxides
A ferroelectric is an insulating material with two or more discrete stable or metastable states
of different nonzero electric polarization in zero applied lactic field, referred to as “sponta-
neous” polarization. For a system to be considered ferroelectric, it must be possible to
switch between these states with an applied electric larger than the coercive field, which
changes the relative energy of the states through the coupling to the field to the polariza-
tion. The polarization switch-ablity criteria for a ferroelectric material and, in fact, the
term “ferroelectricity” was established through the work of Joseph Valasek, who, in 1921,
demonstrated the hysteretic nature of the polarization of Rochelle salt: NaKC4H4O6·4H2O
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Figure 1.7: Energy landscape of a ferroelectric materials. The region under the dashed box
corresponds to the negative capacitance state.

and its dependence on temperature [22]. Research in inorganic ferroelectric ceramics received
an impetus during the WWII and the ferroelectric nature of the ceramic BaTiO3 was first
demonstrated in 1945 by applying an external field, electrically aligning, or “polling”, the
domains within the grains [22]. Research and development in piezoelectric transducers paved
the way for research in other ferroelectic perovskite compounds from 1950 to the 1970s, most
notably lead zirconate(PbZrO3):lead titanate (PbTiO3) ceramic systems for their high Curie
temperatures [22]. Ferroelectric material class can further be sub grouped into pyrochlores,
perovskites, layer structures, tungsten bronze structure etc.

Non-centrosymmetry of the crystal structure plays an important role in ferroelectricity
and negative capacitance phenomenon in ferroelectrics is essentially structurally driven. The
noncentrosymmetric nature is essential in producing electric dipoles, and thus collectively
the vector quantity: polarization. All crystals can be categorized into 32 different classes,
or point groups, based on their symmetry elements as shown in figure 1.8 [23]. Among the
32 point groups, 11 classes are centrosymmetric and 21 are noncentrosymmetric. Of the
21 noncentrosymmetric point groups, 20 are piezoelectric classes, which consist of materials
with the ability to electrically polarize when subjected to stress and strain [23]. Among the
piezoelectric class, 10 are pyroelectric, consisting of materials that can develop spontaneous
polarization and form permanent dipoles in the structure as a function of temperature. Fer-
roelectrics are a subgroup in pyroelectrics which not only possess unique, stable polar axes
(piezoelectricity), and exhibit spontaneous polarization (pyroelectricity), but are also capa-
ble of reversing their polarization by an external electric field [23].
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In this thesis, we will explore the negative capacitance effect only in tetragonal perovskite
ferroelectrics. Perovskite ferroelectrics belong to a large class of materials called the com-
plex oxides. Typical chemical symbol of perovskite complex oxide is ABO3, where B is a
transition metal element. Due to the partially filled/unfilled d or f orbitals in the transition
metal element, a wide range of interesting properties are observed in complex oxide includ-
ing high temperature superconductivity, ferroelectricity, antiferroelectricity, multiferroicity,
colossal magnetoresistance, metal-insulator transition. Let us consider the case of a classical
perovskite ferroelectric: PbTiO3 (PTO). Figure 1.9(a) shows the unit cell of PTO. In this
case, the central Ti4+ is not at the center of the symmetry of the unit cell; rather it is off-
centered and hence the crystal structure is non-centrosymmetric. This off-centering of the
central ion results in a spontaneous dipole moment or electric polarization in the material.
The unit cell of PTO is tetragonal (crystal class P4mm), which means that the one of the
side of the cell is longer than the other two (i.e. c > a) and all the angles between the sides
are 90◦. The off-centering of the central ion δ is of the order of picometers resulting in the
“spontaneous polarization” P = qδ/ca2=∼0.5 C/m2. The off-centering of the central atom
in the two opposite directions corresponds to the two different minima of the ferroelectric
energy landscape shown in figure 1.4. Figure 1.9(b) shows the switching of the polariza-
tion up on the application of a voltage larger than the coercive voltage. Figure 1.10 shows
the polarization-voltage hysteresis characteristics of a ferroelectric capacitor and the energy
landscape corresponding to different points of the hysteresis loop.

The properties of a ferroelectric material are strongly dependent on temperature. Above
a critical temperature, called the Curie temperature, a ferroelectric material goes through a
phase transition transforming into a paraelectric. In the paraelectric phase, the material does
not have any spontaneous polarization and is akin to a regular dielectric. Figure 1.11(a,b)
show the polarization and the dielectric constant respectively of a second order phase transi-
tion in ferroelectric material. At the Curie temperature Tc, the dielectric constant diverges.
We will get back to the role of temperature dependent behavior in ferroelectric for exploring
the negative capacitance properties later.

1.6 Landau Theory of Ferroelectrics and Negative
Capacitance

The Landau theory is a symmetry based phenomenology that serves as a conceptual bridge
between the microscopic models and the observed macroscopic phenomena. It assumes a
spatial averaging of local fluctuations. As a result, it is particularly well suited to systems
with long range interactions such as ferroelectrics and superconductors. In his classic 1937
papers, Landau noted that a system cannot change smoothly between two phases of differ-
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CHAPTER 1. ULTRA-LOW POWER COMPTUING: THE NEGATIVE
CAPACITANCE APPROACH 13

(a)

(b)

c=0.412 nm

a=0.3905 nm

δ=~ pm

Figure 1.9: (a) Unit of cell of a classical ferroelectric PbTiO3. The opposite off-centering
of the central ion corresponding to the two different polarization states are shown. (b) The
switching of the polarization of a ferroelectric capacitor upon the application of a voltage
larger than the coercive voltage.

ent symmetries. Because the thermodynamic states of two phases that are symmetry-wise
distinct must be the same at their shared transition line, the symmetry of one phase must
be higher than that of the other. Landau then characterized the transition in terms of an
order parameter, a physical entry that is zero in the high symmetry (disordered) phase and
changes continuously to a finite value when the symmetry is lowered. For the case of a
ferroelectric-paraelectric transition, this order parameters is the polarization and the high
and low symmetry phases correspond to the paraelectric and the ferroelectric states respec-
tively. The free energy of U is then expanded as a power series of the order parameter P
where only symmetry compatible terms are retained. The state of the system is then found
by minimizing the free energy U(P ) with respect to P to obtain the spontaneous polarization
P◦. The coefficients of the series expansion U(P ) can be determined from experiments or
from first principle calculations.

For a ferroelectric, the free energy U(P ) can be represented as an even order polynomial
of the polarization P , which is as follows.
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Figure 1.10: Polarization-voltage hysteresis characteristics of a ferroelectric capacitor. The
energy landscapes at different points on the hysteresis curve are also shown.

U = αP 2 + βP 4 + γP 6 − EP (1.4)

Here, E = V/d is the applied electric field; V and d are the voltage applied across the fer-
roelectric and the ferroelectric thickness respectively. α, β and γ are anisotropy constants.
β and γ are temperature independent. γ is a positive quantity; β is positive and negative
respectively for second order and first order phase transition. α = a◦(T − TC), where a◦ is a
temperature independent positive quantity and T and TC are the temperature and the Curie
temperature respectively. As a result, α < 0 below the Curie temperature which results in
the negative curvature of the energy landscape of a ferroelectric around P = 0 and hence the
double well energy landscape. The temperature dependence of α results in the temperature
dependent behavior of the ferroelectric as shown in figure 1.11. A quick look at equation 1.4
also reveals that an electric field tilts the energy landscape through the term −EP which
results in the evolution of the landscape with applied electric field/voltage as depicted in
figure 1.10.
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Figure 1.11: Evolution of the spontaneous polarization (a), the dielectric constant (b) and
the energy landscape (c) as functions of temperature for a ferroelectric material with a second
order phase transition.

Combining equations 1.3 and 1.4, the following equation for capacitance around P=∼0
and at T < TC is obtained.

C = 1
2α = 1

2a◦(T − TC) < 0 (1.5)

Furthermore, at equilibrium, dU/dP = 0, which, combined with equation 1.4, results in
the following relation.

E = 2αP + 4βP 3 + 6γP 5 (1.6)

Figure 1.12 shows the polarization-voltage characteristics of a ferroelectric capacitor obtained
using equation 1.6. We note in figure 1.12 that, in accordance with the Landau theory of
ferroelectrics, a ferroelectric capacitor has a non-linear charge-voltage characteristics in which
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Figure 1.12: Charge (or polarization)-voltage characteristics of a ferroelectric material ac-
cording to the Landau theory. The capacitance is negative in a certain region of charge and
voltage which is indicated by the dotted line.

Figure 1.13: Negative capacitance state is unstable and the polarization spontaneously rolls
downhill from a negative capacitance state to one of the minima making a direct measurement
of the phenomenon experimentally difficult.

a negative capacitance can be obtained in a certain range of charge and voltage indicated
by the red dashed curve.

1.7 Why has ferroelectric negative capacitance never
been observed until now?

Ferroelectricity is an established discipline in physics and materials science with its origin
back in the 1930s. The Landau theory of ferroelectricity has also been researched actively
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An LCR meter cannot directly measure 

a ferroelectric negative capacitance

Figure 1.14: An LCR meter cannot directly measure a ferroelectric negative capaacitance

since 1930s. And ferroelectricity is a very active field of research with a publication rate of
the order of ten thousand per year. Hence it begs the question “why has the negative capac-
itance phenomenon never been explicitly observed in ferroelectric materials until now?” One
of the reasons is the unstable nature of the negative capacitance in a ferroelectric capacitor.
If the polarization in placed in the unstable region of the energy landscape as shown in figure
1.13, the ferroelectric capacitor spontaneously self-charges and the polarization rolls downhill
to one of the minima. This is also why, in the conventional experimental measurement of
polarization-voltage characteristics where voltage is the control variable (see figure 1.12), the
negative capacitance region is masked by a hysteresis region and sharp transitions between
the two polarization states occur. As a result, a negative capacitance cannot be directly
measured by connecting a ferroelectric capacitor to an LCR meter as shown in figure 1.14.
It requires specialized experimental setup to directly measure the negative capacitance in a
ferroelectric capacitor, which will be the topic of chapter 3.

Secondly, direct observation of negative capacitance in a ferroelectric material requires
high structural quality of the film. We discuss the issue as well in chapter 3 section 3.15.
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And finally, only now there is a significant technological interest in negative capacitance for
reducing power dissipation in electronics and information paradigm, which makes it the right
time to investigate this phenomenon with rigor. That being said, it is quite interesting that
the negative capacitance effects were observed indirectly as early as 1956 [24, 25], although
this fact was not explicitly mentioned in those early papers.

1.8 Scope and organization of the thesis
This thesis describes the research that transformed the theoretical concept of negative capac-
itance into an experimental reality during the time period 2008-2014. The thesis is divided
into six chapters which are as follows.

1 Chapter 1: This chapter introduces the concept of negative capacitance and described
this novel physical phenomenon could reduce the power dissipation in transistors.

2 Chapter 2: Chapter 2 describes the pulsed laser deposition of ferroelectric materials
and standard electrical and structural characterization of ferroelectric Pb(Zr0.2Ti0.8)O3
thin films. This chapter sets the stage for the experimental measurements that detected
negative capacitance described in chapters 3 and 4.

3 Chapter 3: Chapter 3 describes the first direct measurement of negative capacitance
in an isolated ferroelectric capacitor. Two new concepts in negative capacitance and,
in general, ferroelectricity have been proposed, namely the “characteristic negative ca-
pacitance transients” and the “dynamic hysteresis loops”. The results are analyzed
based on a simple 1-D Landau-Khalatnikov equation based model. The time-dynamic
measurement technique presented in this chapter could be used a canonical test of
negative capacitance for any alternative negative capacitance systems [26, 27, 28, 29,
30].

4 Chapter 4: Stabilization of the negative capacitance in ferroelectric Pb(Zr0.2Ti0.8)O3-
dielectric SrTiO3 heterostructures is experimentally demonstrated. In contrast to the
classical theory of electrostatics, we observed that the equivalent capacitance of a se-
ries combination of a ferroelectric and a dielectric capacitor is larger than that of the
constituent dielectric capacitor. This points to the fact the the ferroelectric capacitor
acts as an effective negative capacitor in such a circuit. The results are analyzed based
on a simple 1-D Landau-Devonshire model. The effects of temperature on the negative
capacitance phenomena are also investigated in this chapter.
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5 Chapter 5: Chapter 5 presents a design framework of negative capacitance field-effect-
transistors (NCFET). A new mode of NCFET operation-called the antiferroelectric
mode is proposed, where a significantly boost of the on-current and a sub-60 mV/dec
subthreshold characteristics is obtained in exchange for a nominal hysteresis. The ef-
fects of different design parameters such ferroelectric thickness, source/drain overlap
and gate length on the NCFET performance are also analyzed in this chapter.

5 Chapter 6: Finally, chapter 6 summarizes the key results presented in the thesis. Sug-
gestions for future work are also made in this chapter.
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Chapter 2

GROWTH AND
CHARACTERIZATION OF
FERROELECTRIC THIN FILMS
USING PULSED LASER
DEPOSITION TECHNIQUE

The first step towards investigating the negative capacitance phenomenon is to fabricate high
quality ferroelectric capacitors. This chapter describes the deposition of ferroelectric films
and presents detailed structural and standard electrical characterization. Started in 2008,
the purpose of this research presented in this thesis was to experimentally demonstrate and
explore the newly proposed physical phenomenon–ferroelectric negative capacitance; hence,
we chose to work on the cleanest and simplest possible system in terms of both material
systems and thin film growth. Towards that end, we took an epitaxial route to fabricate
these films using the pulsed laser deposition technique, which ensures the highest structural
and epitaxial quality. Also for the same reason, Pb(Zr0.2Ti0.8)O3 (PZT) was chosen as the
ferroelectric, which is one of the most robust ferroelectric oxides known with one of the
largest spontaneous polarizations. We will later show in chapter 3 that obtaining the high-
est quality ferroelectric films is the key to the first ever direct measurement of the negative
capacitance effect. In summary, this chapter sets stage for the research described in the
following chapters.

To explore the phase space of the negative capacitance phenomenon with respect to
the structural and electrical characteristics, the properties of the PZT films were epitaxi-
ally strain tuned by depositing films on three different substrates, namely SrTiO3 (STO),
DyScO3 (DSO) and GdScO3 (GSO). Within the span and scope of our research, we found
that compressively strained PZT films grown on STO substrates resulted in the desirable
properties for negative capacitance, which was further researched for the purpose of negative
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capacitance described in the later chapters. On the other hand, as a by-product of the nega-
tive capacitance research, a novel nanoscale strain functionality–voltage controlled reversible
ferroelastic c → a and a → c switching–was observed for the first time in tensile strained
PZT films as thin as 40 nm. These results are also described in this chapter briefly.

Sections 2.1-2.4 present a general introduction to the material systems and the pulsed
laser deposition technique. In sections 2.5-2.8, we present the structural characterization
of the PZT thin films using the atomic force microscopy technique and X-ray diffraction.
Sections 2.9 and 2.10 present the standard electric characterization, namely the static hys-
teresis loop and the dielectric constant measurements. Section 2.11 details the effects of the
epitaxial strain on the spontaneous polarization in the strained PZT films. In sections 2.12
and 2.13, we present the effects of strain relaxation on the dielectric properties of PZT films.
Section 2.14 details the newly discovered voltage controlled ferroelastic switching in tensile
strained PZT films grown on GdScO3 substrates.

Most of the results presented in this chapter was reported in references [31, 32].
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Table 2.1: Material systems used in this work.

Material
Class/Function

Material Growth Technique

Ferroelectric Lead zirconate titanate (Pb(Zr0.2Ti0.8)O3,
PZT)

PLD

Dielectric Strontium titanate PLD
Bottom Metal Con-
tact

Strontium ruthenate (SrRuO3, SRO) PLD

Strontium titanate (SrTiO3, STO), (001)
orientation

PLD

Substrate Dysprosium scandate (DyScO3, DSO),
(110) orientation

PLD

Gadolinium scandate (GdScO3, GSO),
(110) orientation

PLD

Top metal contact Gold Au E-beam evaporation

2.1 Material Systems and Device Structures
Material systems used in the research entailed in the thesis are listed in table 2.1. The
different types capacitor heterostructures fabricated in this work along with the typical
thicknesses of each of the layers in the devices are shown in figure 2.1. Growth, structural
and standard electric characterization of ferroelectric films are described in this chapter.
Negative capacitance measurements in the ferroelectric capacitor are detailed in chapter 3.
Dielectric capacitor and ferroelectric-dielectric capacitor and are described in chapter 4.

2.2 Introduction to the Pulsed Laser Deposition
Technique

Various thin-film growth techniques that have been used in the synthesis of epitaxial complex
oxide thin films. Of these, the pulsed laser deposition (PLD) technique has emerged as the
one of choice with several advantages related to the low set-up cost as well as the versatility
it offers to synthesize a wide range of oxide material systems. It was the synthesis of high
temperature superconductors via PLD in the late 1980’s [33], followed by several pioneering
works on oxide ferroelectrics [34, 35] in the early 1990’s that initially brought PLD growth
to the mainstream. Since then, major advancements over the last few decades including
the integration of in-situ growth monitoring capabilities such as RHEED and others, have
transformed PLD to a sophisticated thin-film growth technique that routinely enables the
growth of high-quality epitaxial thin films with unit-cell level control of thickness, and even
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Figure 2.1: Schematic diagram of the capacitor heterostructures fabricated in this work.

the growth of artificial superlattices and nanostructures [36, 37]. However, despite the rela-
tively easy set-up for a PLD system, the actual growth involves highly energetic and complex
processes including laser-ablation, plume formation and propagation, plasma chemistry, as
well as the out-of-equilibrium thin-film growth process that occurs at the substrate surface
[38, 39, 40]. Consequently, careful control of PLD growth parameters are required to carefully
tune the structure, crystallinity, stoichiometry and morphology of materials. This is partic-
ularly important for ferroelectric materials as it is well known that any of these factors can
have a significant impact on the ferroelectric properties. Therefore, in this chapter, we begin
with the general procedure of thin film deposition using the PLD set-up in our laboratory,
followed by a description of growth optimization. We then move on to the detailed charac-
terization of the structure, morphology, domain architecture, and ferroelectric properties of
Pb(Zr0.2Ti0.8)O3 thin films and Pb(Zr0.2Ti0.8)O3-SrTiO3 heterostructures.

2.3 General Procedure of Thin Film Deposition using
the Pulsed Laser Deposition Technique

All thin film ferroelectric heterostructures studied in this dissertation were grown via PLD
using a KrF excimer laser (Lambda Physik LPX205i, λ = 248 nm). The growth experiments
were conducted in a vacuum chamber that is equipped with a target holder and substrate
heater (figure 2.2). The steps of the deposition technique are as follows.

1. Substrate preparation: Prior to growth, the substrates are ultrasonicated for five min-
utes each in acetone and isopropanol, mounted on to the heater using silver paint
(Leitsilber 200 silver paint from Ted Pella, Inc.), and allowed to cure at 60 ◦C for
fifteen minutes.



CHAPTER 2. GROWTH AND CHARACTERIZATION OF FERROELECTRIC THIN
FILMS USING PULSED LASER DEPOSITION TECHNIQUE 24

Figure 2.2: Schematic diagram of the pulsed-laser deposition system.

2. Target preparation: Targets of the desired composition are sanded, cleaned, and
mounted on the target rotator assembly.

3. Pre-ablation of target: Prior to deposition, the target is pre-ablated to ensure that the
target surface had reached steady state prior to growth.

4. Growth: An on-axis growth geometry with a target-substrate distance of 4-5 cm is
used for all depositions. The chamber is pumped down to a base pressure of at least
5×10−6 Torr following which it is backfilled with oxygen (99.995% pure) to the desired
deposition pressure using a variable leak valve. The substrate is then heated to the
growth temperature at a ramp rate of 20 ◦C per minute. Laser pulses with 50-200
mJ energy and ∼4 mm2 spot size depending upon target material, its density, and the
desired growth rate were used to ablate the targets. The laser pulse repetition rate was
in the range of 1-20 Hz. For example, typically PZT and SRO targets were ablated at
repetition rates of 5 and 15 for PZT and SRO respectively.

5. Cooling: Following growth, the chamber is filled with 760 Torr of oxygen to promote
complete oxidation of films and is cooled at 2-10 ◦C/min to room temperature.

6. Deposition parameters: The growth variables involve several parameters including sub-
strate temperature, chamber pressure, laser fluence, and laser repetition rates that have
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been optimized for the thin-film systems under study.

7. Post deposition metallization: Gold top electrodes were ex-situ deposited by e-beam
evaporation, and then patterned using standard lithographic technique into circular,
triangular and square dots.

2.4 Optimization of Thin Film Growth using the
Pulsed Laser Deposition Technique

In this section, we describe the optimization of thin film growth within the general procedure
outlined in the previous section. The main advantage of the pulsed laser deposition over
other techniques such as molecular beam epitaxy, RF sputtering, atomic layer deposition
etc. is that growth conditions could be optimized in a quick time frame. This is especially
true for high quality, epitaxial, single crystalline, thin film growth of complicated materials
such as Pb(Zr0.2Ti0.8)O3. On the other hand, we found in our PLD set-up that optimal
growth conditions tend to drift away within a time frame of one or two months, after which
the growth needs be optimized again. We believe that the unstable nature of PLD growth
conditions is primarily due to the following two reasons.

1. Drift in the laser pulse properties: The energy per pulse and the shape of the laser
pulse of KrF excimer laser for given laser discharge voltage decreases with time. Let
us give a practical example. Right after refilling the excimer laser, the pulse energy
might be 120 mJ for the discharge voltage of 17 kV and a given optical setup. After 90
depositions in a month, the same discharge voltage of 17 kV yields only 80 mJ for the
same optical setup. To achieve 120 mJ of energy per pulse, the discharge voltage might
have to be increased to 22.5 kV. This is due to the fact the the laser discharge tube is
filled with a low-pressure mixture of an inert Kr gas and a halogen or halide gas (F2
in our case), and is additionally pressurized with an inert buffer gas of helium. The
laser tube has two parallel electrodes running almost the entire length of the tube. The
laser is pulsed by discharging across these electrodes. The resultant plasma contains
a high concentration of an excited transient complex of KrF, which emits ultraviolet
laser light. As a result, with the pulsing of the laser for PLD growth, Kr and F2 partial
pressure decrease. The discharge voltage have to be increased to get the same energy
pulse as the partial pressures of Kr and F2 reduce with time. The shape of laser pulse,
which impinges on the ceramic target and can be recorded on thermal paper, also
changes with the lowering of the partial pressures.

2. Non-uniform density of ceramic target: The non-uniformity of the density of the ce-
ramic target also plays an important role. With subsequent growths from the same
ceramic target, the target thins down due to sanding and ablation. As a result, after
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10-15 growths, it may happen that a region of target gets exposed and subsequently
ablated during growth to form the plasma plume which has a different density than
the region which was initially exposed in the virgin target. The shape of plasma plume
depends on the density of the exposed region of the ceramic target. In general, for
the same material and same growth conditions, a dense target creates a larger plume
then a less dense one. We observed that, after 10-15 growths, the shape of the plasma
plume looks different for the same PLD parameters.

Optimization Parameters:
The parameters for PLD growth are six-fold: (1) Substrate temperature, (2) Laser energy,
(3) Laser spot size, (4) Laser repetition rate, (5) O2 partial pressure during growth and (6)
Cooling rate. In the following, we describe optimization of these PLD parameters.

1. Substrate Temperature: In general, the substrate temperature is decided based on
epitaxial strain imposed by the substrate on the thin film. For a given combination of
the material to be deposited and the substrate with different room temperature bulk
lattice parameters and thermal expansion coefficients, the ideal temperature is the one
at which the bulk lattice parameters of these materials are equal. High quality SrRuO3
thin films, which serve as the bottom electrode in the heterostructures (see figure 2.1),
could be grown on SrTiO3 (002), GdScO3 (110) and DyScO3 (110) substrates at a large
window of temperatures (550-850 ◦C), provided necessary optimization for all the other
PLD parameters are done. On the other hand, in case of Pb(Zr0.2Ti0.8)O3, the optimal
temperature window is rather limited. Due to the volatility of Pb, a lower growth
temperature is required for the growth of stoichiometric PZT. Nonetheless, high quality
PZT could be grown on on SrTiO3 (002), GdScO3 (110) and DyScO3 (110) substrates
at 580-630 ◦C. In our growth process, the substrate was generally held at 720 ◦C and
630 ◦C during the growth of SRO and PZT, respectively. For the growth of SrTiO3
thin films on SrRuO3 buffered substrates (i.e. for dielectric capacitor and ferroelectric-
dielectric capacitor in figure 2.1), the growth temperature of STO films was the same
as that for the SRO layer. As a PLD parameter, we found that substrate temperature
was the most stable one. Hence, we generally kept the substrate temperature constant
at the previously optimized value during a new optimization process.

2. Laser energy, spot size and repetition rate: These parameters tend to drift away most
frequently. Hence, they are the most important optimization parameters. The laser
energy per pulse is controlled by the discharge voltage and the laser spot size by optical
setup. The laser energy per pulse and the repetition rate are more often changed
during the course of an optimization routine. At an energy less than the optimal
value, the thin films generally have pinholes. On the other hand, at an energy greater
than the optimal value, the films generally develop mole-like structures. Similarly, a
lower and higher than optimal value of repetition rate result in pinholes and mole-like
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surface morphology. These effects are discussed in the example presented in the next
subsection.

3. O2 partial pressure: O2 partial pressure is an important parameter for determining the
insulating properties of ferroelectric or dielectric films. In general, for complex oxide
deposition, O2 partial pressure≥50 mTorr is desirable for obtaining highly insulating
PZT or STO films. The plasma plume is also more stable at a higher O2 pressure.
However, the plume is generally smaller at a higher O2 pressure which decreases the
film deposition rate. Like the substrate temperature, we generally kept the O2 partial
pressure constant at the previously optimized value during a new optimization process.
For PZT and SRO, the O2 partial pressure was 100 mTorr and, for STO, it was 200
mTorr.

4. Cooling rate: We found that a faster cooling rate (i.e ≥10 ◦C/min) generally improves
the crystalline quality of the mono-domain PZT film grown on STO (002) and DSO
(110) substrates with no detectable effect on the surface topography. For example,
the PZT (002) full-width-at-half-maximum in X-ray diffraction rocking curve mea-
surements in the fast cooled PZT films is generally smaller than that in slow cooled
ones (i.e cooled at ≤5 ◦C/min). As such, fast cooled PZT films generally have less
misfit dislocations and are strained to the substrates to a greater extent than that
for slow cooled films of similar thicknesses. However, we also found that fast cooled
samples tend to be more leaky. On the other hand, we found that, for 40 nm PZT
films grown on GdSCO3 (110) substrates, slow cooling results in c/a-type ferroelastic
domain structures while fast cooling results in c-axis oriented mono-domain films. In
general, the cooling rate was fixed at 5 ◦C/min and we did not change it during a new
optimization process.

An example of PLD Optimization Procedure
In our PLD setup, the optimal growth conditions for PZT drifted more frequently than
those for SRO and STO. In this subsection, we present a real-life example of optimization
of PZT growth on SrTiO3 (002) substrate. Integral to the optimization procedure is the
analysis of surface topography of the film using the atomic force microscopy (AFM) between
subsequent growth iterations. We found that the surface morphology is the best indicator
for film quality for the purpose of optimization. In this example, we show PZT growth
optimization on STO substrates with respect to the most important PLD parameters: laser
energy and repetition rate. In most cases, 5-15 growth iterations with different laser energies
and repetition rates with all the other PLD parameters kept at the previously optimized
values lead to optimized growth conditions for the new circumstances. In this particular
instance, the initial growth conditions {100 mJ, 2 Hz} yielded PZT films with pinholes.
The brute force approach is to explore the phase space of thin film quality with respect
to the PLD parameters by performing growth iterations for different combinations of the
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Table 2.2: A typical chart for the phase space of thin film quality with respect to the PLD
parameters we used during PLD optimization. Populating this chart with thin film quality
for each combination of the PLD parameters gives an idea about the new optimization
window

Laser energy per pulse→ 2 Hz 5 Hz 10 Hz 15 Hz
Laser repetition rate ↓

80 mJ
90 mJ
100 mJ
110 mJ
120 mJ

laser energy and the repetition rate. Table 2.2 shows a typical chart for the optimization.
Populating this chart with thin film quality for each combination of the PLD parameters
gives an idea about the new optimization window. The appearance of pinholes for the initial
growth conditions: {100 mJ, 2 Hz} indicated that the laser energy and/or the repetition rate
needed to be increased. Keeping all other PLD parameters the same, we first did growth
iterations with repetition rates of 5 Hz, 10 Hz and 15 Hz. It was observed that, at 5 Hz,
the film still had pinholes although less than that for 2 Hz. The 10 Hz film had moles (out-
growths). At 15 Hz, the moles got much bigger and denser. Hence, for the second iteration,
we fixed the laser repetition rate at 5 Hz and grew three more films at the laser energies of
90 mJ, 110 mJ and 120 mJ. 90 mJ increased the density of pinholes, while 120 mJ created
moles. 110 mJ resulted in a smooth surface without any pinholes and moles. Thusly, the
new optimization {110 mJ, 5 Hz} was obtained.

2.5 Growth of Ferroelectric Pb(Zr0.2Ti0.8)O3 Thin
Films

Lead zirconate titanate 20-80: Pb(Zr0.2Ti0.8)O3 (PZT) is a tetragonal perovskite (space group
P4mm) with bulk tetragonal lattice parameters of aPZT=bPZT=3.93 Ȧ and cPZT=4.13 Ȧ
[41, 42]. It is a robust ferroelectric with spontaneous polarization P◦=∼80 µC/cm2, one of
the highest values among all ferroelectrics. Figure 2.5(b) shows that the in-plane lattice pa-
rameter of PZT is conveniently placed in the spectrum of lattice parameters of commercially
available substrates, SrTiO3 (STO), DyScO3 (DSO) and GdScO3 (GSO) so that both com-
pressive (STO) and tensile (DSO and GSO) strain can be applied by epitaxy [43]. Table 2.3
lists the in-plane pseudo-cubic lattice parameters of the substrates and epitaxial strain im-
posed on PZT by these substrates. For electrical measurements, PZT thin films were grown
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Figure 2.3: (a) Bulk lattice parameters of PZT. (b) Comparison of in-plane pseudo-cubic
lattice constants of PZT and three different substrates, SrTiO3 (001), DyScO3 (110) and
GdScO3 (110).

on metallic SrRuO3 (SRO) buffered substrates. SRO has a pseudocubic crystal structure
with lattice parameter of 3.93 Ȧ. During growth, the substrate was held at 720 ◦C for SRO
and STO and at 630 ◦C for PZT. Lower growth temperature of PZT is adopted to prevent
the evaporation of volatile Pb. PZT and SRO were grown in an oxygen environment at 100
mTorr.

Table 2.3: Epitaxial strain imposed by different substrates on PZT. Bulk in-plane lattice
parameter of PZT is aPZT=bPZT=3.93 Å.

Substrate In-plane pseudo-cubic Epitaxial Strain
lattice parameter Å

Strontium titanate (SrTiO3, STO), (001)
orientation

3.905 Compressive, -0.65%

Dysprosium scandate (DyScO3, DSO),
(110) orientation

3.943 Tensile, +0.33%

Gadolinium scandate (GdScO3, GSO),
(110) orientation

3.961 Tensile, +0.96%
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Figure 2.4: (a,b) Surface topography of PZT(40 nm)/SRO heterostructures on STO (a),
DSO (b) substrates. (c) HRTEM image of representative PZT/SRO heterostructure on
STO substrate
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Figure 2.5: (a,b) AFM surface topography (a) and in-plane PFM image (b) of PZT(40
nm)/SRO heterostructures on GSO substrates. (c) Blown up image of a region in the in-
plane PFM image shown in figure b. The in-plane contrasts (dark or bright) ensue only when
there is an in-plane polarization component perpendicular to the AFM tip scan direction.
In figure c, the PFM tip scan direction is along the X axis. The dark and bright contrast
correspond the cases where the in-plane polarization component along the Y -axis is aligned
along +Y and −Y -directions respectively. A neutral contrast corresponds to the c-domain.
Furthermore, the in-plane polarization is perpendicular to the stripe axis of the a-domain.
The polarization directions in different regions are indicated as well.
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2.6 Structural Characterization: Atomic Force,
Piezo-response Force and Transmission Electron
Microscopy

The surface topography obtained using atomic force microscopic technique of 40 nm PZT
films grown on SRO buffered STO and DSO substrates are shown in figure 2.5(a,b) respec-
tively. The roughness of all these samples are less than 0.3 nm. High resolution trans-
mission electron microscopy (HRTEM) cross-sectional image of representative PZT/SRO
heterostructure on STO substrate is shown in figure 2.5(c). These results of heterostructures
grown on STO and DSO substrates confirm that these samples are mono-domain with the c-
axis lattice parameter aligned along the out-of-plane direction with no undesired secondary.
On the other hand, the GSO pseudo cubic template (apc ≈ bpc=3.968 Å)[44] imposes a
+0.96% tensile misfit strain on PZT films. This tensile strain stabilizes a distinct ferroelas-
tic cc/ac type domain structures, where a dense square network of crossed narrow a-domains
is embedded into a ferroelectric matrix with the tetragonal c-axis oriented perpendicular to
the substrate. Figure 2.5(a,b) show the AFM surface topography and in-plane piezo-response
force microscopy (PFM) image of the same 5 µm × 5 µm region on a 40 nm PZT film grown
on SRO buffered GSO substrate. An interesting stripe like feature in figure 2.5(a) and the
corresponding contrast in the in-plane PFM image in figure 2.5(b) are due to the a-domains
present in the 40 nm PZT film grown on GSO. Figure 2.6(a) shows the out-of-plane and the
in-plane PFM image on a 1.3 µm × 1.3 µm region on the same PZT film grown on GSO
substrate and figure 2.6(b) shows the corresponding cross-sectional TEM image. Similar
domain structure has previously been observed in PZT, but only for much thicker films (≥
100 nm)[45, 46, 47, 48, 49, 50, 51]. Figure 2.6(b) shows that the a-domains have a wedge-like
shape, which is tapered at the PZT-SRO interface and the width of the a-domain is ∼15 nm
at the free surface.

2.7 Structural Characterization: X-Ray Diffraction
In the previous section, we presented AFM, PFM and TEM based studies, which show
that the epitaxial strain imposed by STO and DSO substrates results in a mono-domain
structure in PZT film in the thickness range:30-80 nm, while the tensile strain from the
GSO (110) substrates result in a polydomain ferroelastic cc/ac domain configuration in the
same thickness range. In this section, we study the X-ray diffraction spectrum of these
films. Figure 2.7 shows the X-ray diffraction (XRD) spectrum around (002) reflections of
PZT heterostructures grown on different substrates. We observe in figure 2.7 that as the
substrate is changed from GSO to DSO and then to STO, the (002) peak of the PZT thin
film systematically moves towards larger 2θ values indicating the elongation of the PZT unit
cell along the c-axis direction with an increasing compressive strain (or a decreasing tensile
strain). Figure 2.8(a,b,c) show the reciprocal space maps (RSMs) around (103) reflections of
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Figure 2.6: (a) The out-of-plane and in-plane PFM images of a 1.3 µm × 1.3 µm area of
PZT film grown on GSO substrate in the as-grown state. The stripe-like features are the
a-domains. (b) Cross-sectional TEM image of a 40 nm PZT film grown on GSO substrate.
The polarization directions in c- and a-domains are indicated using arrows.
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Figure 2.7: X-ray diffraction spectrum of 40 nm PZT fims grown on SRO buffered STO (001),
DSO (110), and GSO (110) substrates. “pc” in subscript notation in the Miller indices refer
to “pseudo-cubic.”

the heterostructures grown on STO, DSO and GSO substrates, respectively. In (103) RSMs
of the PZT grown on STO and DSO substrates shown in figure 2.8(a,b), the reflections
corresponding to only the c-domains are observed, which further confirms the mono-domain
structure of 40 nm PZT film grown on STO and DSO substrates. We note in figure 2.8(c,d)
that satellite peaks corresponding to a- domains in the PZT films grown on GSO substrate
are also observed. Nonetheless, we observe in figure 2.8(a,b,c) that the (103) peaks of PZT
c-domain, SRO and substrate align along a constant Qx line confirming that, within the
resolution limit of the X-ray diffractometer, there is no observable relaxation of the epitaxial
strain in the PZT and the SRO layers in these samples. This is true even for the case of the
polydomain PZT film grown on GSO, where the volume fraction of the a-domain calculated
from the RSM and PFM images (d) is ∼3%. .

2.8 Calculation of PZT Average Lattice Parameters
from X-Ray Diffraction Techniques

(002) and (013) reflections from the c-domains:
Figure 2.9(a) and 2.9(b) show the schematic diagrams of the unit cells of a c- and an a-
domain respectively. The (002) and (013) planes of the c-axis oriented unit cell and the
(002) and (013) planes of the a-axis oriented unit cell are shown in figure 2.9(a) and 2.9(b)
respectively. The lattice parameters along different axes are also indicated in figure 2.9(a,b).

For the c-domains, the (002) and (013) reflections occur at
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(Qx, Qy, Qz)(002) ≡ (0, 0, 2
cc

) (2.1)

(Qx, Qy, Qz)(013) ≡ (0, 1
ac
,

3
cc

) (2.2)

The average lattice parameters of the c-domains of the PZT samples grown on different
substrates and whose RSM’s are plotted in figure 2.10 are calculated using equation 2.1 and
2.2 and are listed in table 2.3.

(002) reflections from the a-domains:
The structural continuity at the interface between c- and a-domains requires that a-domains
are rotated at an angle α with respect to the interface. For the (002) plane, the real space
direction vectors, ~ai (i ≡ 1, 2, 3) are given as:

~a1 = aax̂; ~a2 = ca cosαŷ + ca sinαẑ; ~a3 = −aa2 sinαŷ + aa
2 cosαẑ (2.3)

Here, ~a1 and ~a2 lie in the (002) plane and ~a3 is perpendicular to the (002) plane. The
reciprocal lattice vector ~Q is given by ~Q = (~a1 × ~a2)/V where, V = a2

aca/2. This leads to
(Qx, Qy, Qz)(002) ≡ (0,− 2

aa
sinα, 2

aa
cosα) and a corresponding contour equation of

Q2
y,(002) +Q2

z,(002) = ( 2
aa

)2 (2.4)

(b)(a)

Figure 2.9: (a,b) Schematic diagram of the unit cells of a c- (a) and an a-domain (b). The
(002) and (013) planes of the c-axis oriented unit cell and the (002) and (013) planes of the
a-axis oriented unit cell are shown in figure (a) and (b) respectively. The lattice parameters
along different axes are also indicated.
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Table 2.4: Lattice parameters and strain.

Substrate Strain cc ac ca aa cc/ac
(%) (Å) (Å) (Å) (Å)

STO (001) -0.65 4.257 3.905 – – 1.09
DSO (110) +0.33 4.14 3.943 – – 1.05
GSO (110) +0.96 4.124 3.961 4.08 3.973 1.041

The constant α contour is given by:

α = ± tan−1 Qy,(002)

Qz,(002)
(2.5)

(013) reflections from the a-domains:
For the (013) plane, the real space direction vectors, ~ai are given by:

~a1 = (−aa3 sinα− ca cosα)ŷ + (aa3 cosα− ca sinα)ẑ; ~a2 = aax̂; ~a3 = ~a1 × ~a2

|~a1 × ~a2|
d013 (2.6)

where d013 is the distance between subsequent (013) planes. From this, the reciprocal lattice
vectors are found to be (Qx, Qy, Qz)(013) ≡ (0, ( 1

ca
cosα− 3

aa
sinα), ( 1

ca
sinα+ 3

aa
cosα)) which

leads to a contour equation of

Q2
y,(013) +Q2

z,(013) = ( 1
ca

)2 + ( 3
aa

)2 (2.7)

Estimation of the average lattice parameters:
The zoomed-in versions of the (002) and (013) reflection lobes corresponding to a-domains
of the 40 nm PZT film grown on SRO/GSO in figure 2.8(d,c), respectively are replotted in
figure 2.10(a,b), respectively. The average a-domain a-axis lattice parameter, aa is calculated
by drawing the constant aa contour (equation 2.4) through the peak intensity points of the
a-domain (002) lobes in figure 2.10(a). Using this aa value, the corresponding average a-
domain c-axis lattice parameter, ca is calculated by drawing the constant (ca, aa) contour
(equation 2.7) through the peak of the a-domain (013) lobe in figure 2.10(b).

2.9 Effects of Epitaxial Strain on PZT c-domain
Structural Parameters

Table 2.4 list of the average lattice parameters of the c-domain (cc, ac) and the a-domain
(ca, aa) of the 40 nm PZT films grown on SRO buffered substrates. Figure 2.11(a) plots
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Figure 2.10: (a,b) The a-domain lobes corresponding to (002) (a) and (013) (b) reflections.

the c-axis lattice parameter of PZT c-domain as a function of the substrate in-plane lattice
parameter. The PZT tetragonality cc/ac is plotted as a function of the epitaxial strain in
figure 2.11(b). Figure 2.11(b) shows that the strain driven structural modification is such that
the tetragonality systematically decreases with an increasing tensile strain (or a decreasing
compressive strain) as expected for a material with a positive Poisson ratio. Figure 2.11(b)
indeed confirms that the tetragonality is sensitive to the epitaxial strain.
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eter. (b) Tetragonality of PZT thin films as a function of epitaxial strain.
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Figure 2.12: (a) The polarization (P )-voltage (V ) hysteresis curve of the ferroelectric at
different loop periods (T ) measured using a Sawyer-Tower type setup. (b) Coercive voltages
as functions of the measurement frequency (=1/T ).

2.10 Measurement of the Spontaneous Polarization
The ferroelectric hysteresis loop is traditionally measured using the Sawyer-Tower technique
[52]. Figure 2.12(a) shows the ferroelectric hysteresis loop of a PZT film grown on SRO
buffered STO (001) substrate at different loop periods (T ) measured by this technique using
a Radiant Precision Multiferroic tester. The spontaneous polarization P◦ is measured to
∼82 µC/cm2. Similar values of P◦ was reported by reference [53]. Figure 2.12(b) shows the
coercive voltages as functions of the measurement frequency (=1/T ).

2.11 Dielectric characterization and frequency
dispersion

Figure 2.14(a, b, c, d) show the dielectric constant-voltage and the admittance angle-voltage
characteristics of the PZT(60 nm)/SRO(60 nm)/STO(001) at 1 kHz, 10 kHz, 100 kHz and
1 MHz respectively. In figure 2.14(a-d), we observe that the admittance angle is ∼900 at all
frequencies.

Another technique that is widely used to characterize the defects in ferroelectrics is the
Rayleigh analysis [54, 55, 56]. The basis of this analysis is that, due to the movement of
the defects in response to an AC electric field E0, the dielectric constant of a ferroelectric
increases as E0 increases even when E0 is smaller the coercive field. Figure 2.15 shows the
dielectric constant εr as a function the AC electric field E0 at 10 kHz. We observe that as



CHAPTER 2. GROWTH AND CHARACTERIZATION OF FERROELECTRIC THIN
FILMS USING PULSED LASER DEPOSITION TECHNIQUE 40

1.04 1.06 1.08 1.1
65

70

75

80

85

90

−1 −0.5 0 0.5 1
65

70

75

80

85

90

−2000 −1000 0 1000
−100

−50

0

50

100
PZT on STO

PZT on DSO

PZT on GSO

0 500 1000 1500 2000
−200

−100

0

100

200

PZT on STO

PZT on DSO

PZT on GSO

Electric Field (kV/cm) Electric Field (kV/cm)

2
Δ
P

 (
μ

C
/c

m
2
)

P
 (

μ
C

/c
m

2
)

(a) (b)

c/a

P
0
 (

μ
C

/c
m

2
)

P
0
 (

μ
C

/c
m

2
)

Strain (%)

STO
DSO

GSO

STO

DSO

GSO

(c) (d)

Figure 2.13: (a) Ferroelectric polarization (P )-electric field (E) characteristics of PZT sam-
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substrates. (c) Remnant polarization measured from PUND measurements P0 as a function
of cc/ac. The PZT error bar refer to the standard deviation of P0 over a device set in the
same sample. (d) P0 as a function of the tetragonality.
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the AC electric field is increased from 10 kV/cm to ∼120 kV/cm, the dielectric constant
increases by a mere 0.4% for this sample.

2.12 Effects of Epitaxial Strain on PZT Spontaneous
Polarization

Figure 2.13(a) shows the polarization-electric field hysteresis loops for 40 nm PZT films
grown on SRO buffered STO (001), DSO (110) and GSO (110) substrates measured with
a Sawyer-Tower circuit (using a Radiant Precision Multiferroic test system). Because the
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Sawyer-Tower type measurement of ferroelectric hysteresis can be corrupted by leakage ef-
fects, the positive up negative down (PUND) scheme was also employed to measure the
remnant polarization with the same test system. Figure 2.13(b) shows PUND measure-
ments for the samples. Figure 2.13(a,b) show that the remnant polarization of PZT on GSO
(∼69 µC/cm2) is lower than that on both DSO and STO. Given the a-domains constitute
∼4% of the entire PZT volume, the polarization of PZT c-domains is ∼72 µC/cm2. Fig-
ure 2.13(c,d) plot the remnant polarization P0 as a function of the epitaxial strain and the
tetragonality, respectively. We note in figure 2.10(d) that, as the substrate is changed from
GSO to DSO with the corresponding change of cc/ac-1 from 0.041 to 0.05 (∼16% increase)
of the c-axis oriented domains, remnant polarization increases by ∼20%. In comparison,
when the substrate is changed from DSO to STO with the corresponding change of cc/ac-1
from 0.05 to 0.089 (∼74% increase), remnant polarization increases by ∼3%. This points to
the fact that, while the tetragonality is significantly sensitive to epitaxial strain, the strain
sensitivity of ferroelectric polarization is significantly less in the range cc/ac=1.05-1.09 than
in the range cc/ac=1.041-1.05.

It is important to note that the effects of epitaxial strain on ferroelectricity have been
widely studied. Polarization-strain coupling in ferroelectric materials is not fully under-
stood yet and there are open questions, such as what the origins are of the differences in
the strain sensitivity of ferroelectricity in different material systems. The coupling between
strain and ferroelectricity is of intrinsic nature, the theoretical basis of which lies in the
Landau-Ginzburg theory [57]. Epitaxial strain renormalizes the second- and the fourth-order
polarization terms of the Gibbs free energy expansion, leading to a modification of the
paraelectric-ferroelectric phase transition temperature and hence ferroelectric polarization
[57]. Strain sensitive ferroelectricity in BaTiO3 and SrTiO3 is a wonderful testament to this
theory [58, 43]. However, highly polar ferroelectrics such as Pb(Zr0.2Ti0.8)O3 is an interesting
exception where such strong sensitivity to epitaxial strain does not hold true [59, 60]. At
this point, it is interesting to compare our results with those in Lee et al. [60]. Lee et al.[60]
studied the evolution of the strain in epitaxial PZT in the thickness range 15-200 nm and the
control of the tetragonality of c-axis oriented PZT thin films grown on STO was achieved by
controlled strain relaxation with increasing PZT thickness. It was shown that in the PZT
tetragonality range cc/ac=1.05-1.09, the polarization is nearly independent of the strain
(P0 ≈ 82 µC/cm2). On the other hand, we took recourse to a second method of controlling
the tetragonality, where we kept the thickness the same but varied the epitaxial strain by
changing the substrate. In this case, it is possible to study the polarization-strain coupling
in epitaxial films with minimal misfit dislocations though our choice a film thickness (40 nm)
which is below the strain relaxation length. Nonetheless, our work extends the study by Lee
et al.[60] of the nature of polarization-strain coupling in PZT into the tetragonality range
cc/ac=1.041-1.05. Our work shows that, while, in the tetragonality range cc/ac = 1.05-1.09,
PZT remnant polarization is nearly independent of the tetragonality, as it has been reported
previously, in the range cc/ac = 1.041-1.05, remnant polarization is found to show a much
stronger functional dependence. This points to the fact that the strain sensitivity of the
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Figure 2.16: (a,b,c,d) Dielectric constant-voltage and the admittance angle-voltage charac-
teristics of the PZT sample at 1 kHz (a), 10 kHz (b), 100 kHz (c) and 1 MHz (d).

polarization even in the same ferroelectric material can depend on the value of tetragonality
and the sensitivity is larger for smaller values of the tetragonality.

On STO

Figure 2.17: FWHM around PZT (002) peaks as a function of tetragonality (cc/ac) for PZT
(40 nm)/SRO heterostructures grown on STO and DSO substrates.
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2.13 Strain Relaxed PZT Films grown on STO (001)
Substrates

We observed that PZT films often becomes strain relaxed due to minute variation of growth
conditions when grown on STO (001) substrates. Figure 2.16(a) shows the reciprocal space
map of a relaxed 40 nm PZT film grown on SRO buffered STO substrate around (103)
peaks. We observe in figure 2.16(a) that the PZT (103) peak occurs at a smaller Qx than
the STO (103) peak in this sample indicating that the PZT layer is not epitaxially coherent
to the substrate. This is in contrast with the (103) RSM of 40 nm PZT film grown on SRO
buffered STO substrate shown in figure 2.8(a), where the PZT film was fully strained to
the substrate. Figure 2.16(b) shows the rocking curve measurements around the PZT (002)
peaks in fully strained 40 nm PZT films grown on STO and DSO substrates and the 40 nm
relaxed PZT film grown on STO substrate. We observe in figure 2.16(b) that the relaxed
PZT film has a full-width-at-half-maximum (FWHM) much larger than those for both of
the other two strained PZT films. The FWHM is a measure of the crystalline quality of a
film. The relaxation of strain in thin films generally occurs through the formation of misfit
dislocations which degrade the crystalline quality, thereby increasing the FWHM. The de-
fect microstructure in ferroelectric thin films was studied in details in Ref. [61, 62]. These
misfit dislocations are generally located at the interface between SRO and PZT layers,[61]
which results in a significant distortion of local strain field. Using X-ray micro diffraction
techniques on 30 nm Pb(Zr0.3Ti0.7)O3 films grown on SRO buffered STO (001) substrates,
Do et al.[63] showed that in the regions of the ferroelectric film where a significant relaxation
of strain occurs, the Pb(Zr0.3Ti0.7)O3 (002) reflection becomes broader in rocking curve mea-
surements and the out-of-plane lattice parameter decreases by 0.3%, which is in agreement
with our observations.

We indeed observed that even when 40 nm PZT films were grown directly on STO sub-
strates without SRO buffer layers, the tetragonality of PZT films obtained from different
growth runs varied in the range 1.045-1.09. In order to understand this variation, we note
that the strain relaxation length of PZT on STO, lPZT−STO, has been reported to be ∼40
nm [60]. In epitaxial growth processes, as the film thickness approaches the strain relaxation
length, minute alteration of the kinetics caused by the slight variations of process parameters
might often cause the epitaxial strain to relax. Hence we attribute this variation of strain
state (strained or relaxed) in our 40 nm PZT films on STO to the stochastic variation of our
PLD process parameters. We did not observe such a variation in the lattice parameter of
our Pb(Zr0.2Ti0.8 films thicker than 80 nm grown on STO substrates and those thick samples
were found to be relaxed with c ≈ 4.14 Ȧ and c/a ≈ 1.045 (results not shown). We also note
that the tetragonality of 40 nm PZT films on STO reported by different groups lies in the
range 1.045-1.09 (for example cc/ac=1.045 [64], 1.087 [60] and 1.075 [65]). This is further
underpinned by the fact that in PZT samples grown on DSO substrates (strain relaxation
length> 40 nm due to the smaller lattice mismatch) under the same growth conditions, such
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a large variation in PZT lattice parameters was not observed. Figure 2.17 plots the FWHM
around the PZT (002) peak of a set of PZT films grown on SRO buffered STO and DSO
substrates as a function of PZT cc/ac. In figure 2.17, we observe that the PZT films on STO
with cc/ac in the range 1.07-1.089 consistently show a narrower FHWM (FWHM ≤∼0.10)
than those of the samples with cc/ac in the range 1.045-1.007 (FWHM≥∼0.150). This sug-
gests that there is a significant increase in the defect and dislocation density as cc/ac of PZT
grown on STO goes below 1.07. We also note in figure 2.17 that 40 nm PZT films grown on
DSO substrates consistently show FWHM ≤ 0.10. This rules out the possibility that there
might be an intrinsic connection between the cc/ac value and the FWHM.

2.14 Comparison of Dielectric Properties of Strained
and Relaxed PZT Films grown on STO (001)
Substrates

In this section, we compare the dielectric properties of strained and relaxed PZT films. Fig-
ure 2.18(a) shows the dielectric constant εr of the PZT films as a function of the electric field
at 100 kHz. We refer to the cross point of the up- and the down-sweep of the εr-electric field
curves as the nominal εr of a sample. Figure 2.18(b,c) show the frequency dispersion of the
dielectric constant of the samples. In figure 2.18(c), the dielectric constant is normalized with
respect to the dielectric constant of the respective sample at 1 MHz. Both of the strained
samples on STO and DSO show a frequency dispersion ((εr,10kHz − εr,1MHz)/εr,1MHz)) of
∼4%, whereas the relaxed sample on STO shows a frequency dispersion of ∼12%. Figure
2.18(d) shows the frequency dispersion as a function of the tetragonality, cc/ac. Figure
2.18(d) clearly shows that there is a drastic increase in the frequency dispersion as cc/ac of
PZT films grown on STO decreases below 1.07. The frequency dispersion of εr is usually
attributed to the extrinsic mechanisms such as defects and dislocations in insulating thin
films. This aforementioned trend of frequency dispersion underpins the fact that the extrin-
sic mechanisms become more dominant for c/a <1.07 in PZT films grown on STO as was
observed in figure 2.17.

The Rayleigh relations are frequently employed to study the extrinsic contributions due to
defects to the dielectric response in ferroelectric films [55, 66]. In this analysis, the dependence
of the dielectric constant on the sub-coercive AC electric field excitation E0 is studied using
the following relation.

εr − ε0
r = αE0 (2.8)

where ε0
r and α are the intrinsic component of the dielectric constant and the Ralyleigh coef-

ficient respectively. α is a measure of the extrinsic contributions to the dielectric properties.
The larger the value of α, the more dominant the effects of defects on the overall electrical
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Figure 2.18: (a) Comparison of dielectric constant (εr)-electric field characteristics of strained
PZT films grown on STO and DSO substrates and a relaxed PZT film grown on STO
substrate. (b,c) Dielectric constant (b) and normalized dielectric constant (c) as functions of
the frequency. (d) Frequency dispersion of the PZT films as a function of the tetragonality
cc/ac. (e) Comparison of (εr − εr,0)-AC electric electric field characteristics of strained PZT
films grown on STO and DSO substrates and a relaxed PZT film grown on STO substrate.
(f) α/εr of PZT samples as a function of tetragonality cc/ac.
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properties of the film. Figure 2.19(e) plots εr − ε0
r as a function of E0 for the PZT samples

at 100 kHz. It is clear that that εr is more sensitive to the AC electric field excitation in
the relaxed PZT film than in the strained ones. Figure 2.19(e) shows the variation of α/εr
as a function of tetragonality. We observe in figure 2.19(e) that α/εr is almost an order of
magnitude higher in the relaxed PZT films compared to that in strained films.

Previous studies on the effects of strain relaxation in PZT films showed that the rem-
nant polarization and the phase transition temperature depend weakly on the strain state
of the film [60, 64]. On the other hand, our results indicate that the dielectric properties of
ferroelectric films are more strongly affected by extrinsic mechanisms such as defects and
dislocations. Given that strain relaxation plays an important role in the fatigue mechanism
of epitaxial ferroelectric thin films [63], similar dielectric characterization can provide useful
insights in the study of fatigue. Nonetheless, in this study, we investigated the correlation
between the structural and the dielectric properties in a set of 40 nm PZT films that are
either strained or relaxed to the misfit substrates. A drastic increase in defect and disloca-
tion density due to strain relaxation is observed in epitaxial PZT films with tetragonality
c/a < 1.07 grown on STO substrates, which results in a significant frequency dispersion of
the dielectric constant and a strong Rayleigh type behavior in those samples. For a given
combination of a ferroelectric thin film and a substrate, tetragonality cc/ac is a quantitative
measure of the degree to which epitaxial strain has been relaxed in the film and the extent of
extrinsic contributions to the dielectric properties can be predicted from the value of cc/ac.

2.15 Voltage Controlled Ferroelastic Switching in
Polydomain PZT Films grown on SRO buffered
GSO (110) Substrates

In sections 2.5 and 2.6, we have seen that the tensile strain imposed by the GSO (110)
substrate stabilizes an interesting c/a type polydomain structure. In this section, we study

PZT

GSO

SRO

PZT

SRO
GSO

Negative Voltage

Positive Voltage

Figure 2.19: Schematic illustration of voltage controlled ferroelastic switching in polydomain
PZT films grown on SRO buffered GSO (110) substrates.
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the response of this ferroelastic domain structure to an electric field applied through a
conducting AFM tip. To investigate the response of the ferroelastic domain to an out-
of-plane electric field, we applied different DC voltages on the same area of the films via a
conducting scanning atomic force microscopy (AFM) tip. The bottom SrRuO3 electrode was
connected to the electrical ground. The surface topography, the in-plane and out-of-plane
piezoresponse were recorded after each voltage.

Observation of Ferroelastic c→ a Switching
Figure 2.20 compares the domain configuration of the same 2 µm x 2 µm region in the as-
grown state and after -2 V and -2.5 V were applied on the entire region. New ferroelastic

. (f )(f )

.
.

.

.

.

.

.

A1 A2

B1 B2

A1 (As grown) A2 (-2 V) B1(As grown) B2 (-2.5 V)

      Creation of a-domains

As grown -2V -2.5 V

Figure 2.20: Decoupling of ferroelastic switching from a concurrent ferroelectric switching.
Comparison of the out-of-plane PFM snapshots of the same 2 µm x 2 µm area of the 40
nm PZT film in the as-grown state and after the subsequent application of -2 V and -2.5 V
on the entire region. The regions where ferroelastic a-domain are created are indicated by
arrows. Close up out-of-plane PFM images of two regions corresponding to the boxes {A1,
A2} and {B1, B2} are also shown.
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a-domain forms at -2 V and -2.5 V in the regions corresponding to the dashed boxes {A1,
A2} and {B1, B2} and the arrows in figure 2.20. Note that the ferroelectric polarization
in the c-domains in the as-grown state points towards the PZT-SRO interface. The out-of-
plane component of the electric field due to the application of the negative voltage at the
conducting AFM tip is aligned antiparallel with the c-domain polarization. The coercive
voltage for ferroelectric 180◦ switching varies from point to point on the surface of the
sample. In some regions, the c-domain polarization switches by 180◦ at -2 V and -2.5 V
(noted by � in Figure 2.20). However, no reversal of c-domain polarization is observed in
the region, where new a-domains formed. The out-of-plane PFM images corresponding to
the intermediate voltage steps are shown in figure 2.21 and the new a-domains are indicated
by arrows. We observe in figure 2.21 that the critical voltage for ferroelastic c→ a switching
is ∼-2 V. To eliminate the possibility that a 180◦ switching occurs in the surrounding region
of the new a-domain upon the application of the -2 V bias followed by a rapid ferroelectric
back switching upon the removal of the DC voltage, we imaged a region while applying a
negative DC voltage on which a AC voltage was superimposed. Figure 2.22(a) shows the
out-of-plane piezo-magnitude and -phase of a 2 µm× 2 µm region in the as-grown state
measured by applying 0.5 V (peak-to-peak) AC on the tip. In figure 2.22(b), we show the
piezo-magnitude and -phase of the same region as -2 V DC+0.5 V (peak-to-peak) AC was
applied. Comparing figure 2.22(a,b), we observe that in the regions where new a-domains
formed (indicated by arrows), no 180◦ degree switching of the surrounding c-domain matrix
is observed. These observations reveal that the reversal of c-domain polarization is not
necessary for an electric field induced ferroelastic c→ a switching.

Reversible c→ a and a→ c Switching
The new a-domains created thusly can be annihilated by applying a positive DC bias such
that the resulting out-of-plane electric field is aligned with the as-grown c-domain polariza-
tion. Figure 2.23(a) compares the out-of-plane PFM images of the same 2 µm × 2 µm region
in the as-grown state and after the successive application of -2 V and +4.5 V. In Figure 2.23,
we observe that some of the new a-domains formed at -2 V (enclosed by dashed boxes) are
annihilated at +4.5 V. The critical voltage for ferroelastic a → c switching Va→c is ∼+3.5
V (see Figure 2.24 for the PFM sequence). In Figure 2.23(b), we show PFM snapshots of a
300 nm× 200 nm region, where an a-domain is reversibly created and annihilated twice by
applying a voltage sequence -2 V→+4 V→-2 V→+4 V locally. This indicates that although
the a-domains form at apparently random places, once created these domains can be re-
versibly annihilated and created by applying positive and negative DC voltages respectively
at the conducting AFM tip.

Stability of new formed a-domains
Figure 2.25 compares the out-of-plane PFM snapshots of a 2 µm × 2 µm region on the 40
nm PZT sample in the as-grown state and after -2 V was applied on the entire region. We
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note in Figure 2.25 that even after 16 hours, the new a-domains formed at -2 V are intact.

Effects of Contact Force on the Ferroelastic Switching
In order to eliminate the possibility that the local indentation due to the conducting AFM tip
might cause a ferroelastic and/or ferroelectric switching,[67, 68] we also studied the effect
of the contact force on ferroelastic domain pattern. The conversion factor for the photo-
detector deflection signal DFL to the movement of the cantilever in the z-direction ∆z was
experimentally measured. DFL was typically set at 1-2 nA for which ∆z=12.5-25 nm. For
PFM experiments, we used MikroMasch NSC-35 cantilevers (coated with Ti-Pt) for which
the nominal force constant k is ∼14 N/m. Based on this, the typical value of the contact
force during the PFM scans is estimated to be k×∆z= ∼175-350 nN. Figure 2.26 shows the
out-of-plane PFM images for different contact forces in the range 100-700 nN. We observe
in Figure 2.26 that even at a contact force of 700 nN, no change in the ferroelastic domain
pattern is observed. This is in agreement with the observation in Gao et al.[68] that the
ferroelastic switching was observed only when the loading force was > 6 µN. The additional
force imposed by a biased tip can also be estimated using the relation, F = QV , F,Q,E
being the force, charge on the tip and the tip voltage respectively. The total charge on the tip
Q = ε0εrAV/d, where ε0, εr, A and d are the vacuum permitivity, the relative permittivity
of PZT, the area of the tip and the PZT thickness respectively. Taking εr=100, A = π× 30
nm2, V=4 V and d=40 nm, F is calculated to ∼25 nN. Based on the results shown in Figure
2.26, it is clear that the force applied by the biased tip results in neither a ferroelectric nor
a ferroelastic switching. Thus the creation and annihilation of the a-domain observed in our
experiments are solely due to the electric field.

Coupled Ferroelastic-Ferroelectric Switching
When the c-domains are ferroelectrically switched by applying a voltage larger than their
coercivity, some of the pre-existing a-domains get erased and some new a-domains are created
resulting in a complete reconstruction of the ferroelastic domain pattern. Figure 2.27 shows
the topography and the out-of-plane piezo-response of the same 1.5 µm x 1.5 µm region in
the as-grown state and after -4 V, +4 V and -4 V were successively applied on the same
region of the 40 nm PZT sample. We note in Figure 3 that a dramatic reconstruction of
the domain pattern occurs after each 180◦ switching. Most importantly, after the c-domain
polarization is switched back to the as-grown direction by the voltage sequence -4 V→+4 V,
the ferroelastic domain pattern does not come back to as-grown pattern.

Significance of the Voltage Controlled Decoupled Ferroelastic
Switching
Significance of the voltage controlled decoupled ferroelastic switching presented in this sec-
tion lies in the fact that ferroelasticity–the spontaneous emergence of strain order parameter
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is fundamental to the study of ferroicity [69, 70, 71]. In ferroelectric films, domains can be ex-
tremely thin spanning only a couple of nanometers [72, 73, 74]. Due to the lattice-polarization
coupling, ferroelectric materials are also ferroelastic. Of the wide range of domain types ob-
served in ferroelectric films, many are categorized as ferroelastic domains. The movement of
the ferroelastic domains can lead to a strain that is of the order of lattice tetragonality and
a piezoelectric response significantly larger than that obtained in single domain crystals can
be achieved in ferroelastically twinned ferroelectrics.[45] Ferroelastic domains play an impor-
tant role in the coupling between the electric field and the magnetization in magneto-electric
multiferroic materials, such as BiFeO3 [75], and heterostructures such as CoFe-BaTiO3 [76],
which offer a promising route for ultra-low power voltage controlled magnetic switching for
spintronic applications. The domain walls that separate the adjacent domain also exhibit a
wide range of exotic nanoscale phenomena exemplified by electronic conductivity of domain
walls embedded into insulating parent materials [77, 78, 79, 73], and generation of large
photovoltage in domain walls [80]. Interesting nanoscale phenomena such as formation of
topological features (for example, flux-closure vortex structures[81, 82] and ferroelastic pair
structures[83]) and ferroelastic vertex-vertex interactions over hundreds of nanometers[84]
have been reported recently. The emerging paradigm of domain wall nanoelectronics aims
at the controlled manipulation of these nanoscale features and nanodomains in ferroelectric
films [85]. Thus, a proper understanding of ferroelectric and ferroelastic switching mecha-
nisms is fundamentally important.

A certain degree of control has been reported in regard to manipulation of ferroelastic
nanodomains in ferroelectric thin films [73, 45, 86, 87, 47, 88, 89, 68, 90, 91, 81, 83, 92, 93,
94, 95, 96]. Yet, this topic has remained a challenging and controversial one. The nature of
electric field induced mobility of ferroelastic domain walls is elusive due to multiple reasons.

1 In previous studies, the creation of ferroelastic a-domains was observed only when
there is a concurrent ferroelectric 180◦ switching of the surrounding c-domain. For ex-
ample, Nagarajan et al. showed that movement of otherwise immobile ferroelastic do-
mains in epitaxial Pb(Zr0.2Ti0.8)O3 films can be obtained through coupled ferroelastic-
ferroelectric switching by patterning the thin films into discrete islands of high aspect
ratio.[45] Afterwards, Chen et al. reported coupled ferroelastic-ferroelectric switching
in continuous PZT thin films.[89] By now, similar switching has been reported by mul-
tiple groups [45, 86, 97, 73]. In single-crystal like epitaxial Pb(Zr0.2Ti0.8)O3 films, Li et
al. showed that the pre-existing a-domains split into fine patterns of a- and c-domain
stripes during the ferroelectric 180◦ switching of the c-domains [87]. Nonetheless, the
coupled nature of ferroelastic and ferroelectric switching adds complexity to the pro-
cess of ferroelastic a-domain creation in terms of understanding.

2 A coupled ferroelastic switching mechanism is not reversible. For example, Le Rhun
et al. showed that after the rearrangement of the ferroelastic domain pattern in PZT
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films by a ferroelectric 180◦ switching of the as-grown c-domain polarization state by a
negative voltage pulse, the application of a subsequent positive voltage pulse such that
the c-domain polarization switches back to the as-grown direction does not bring back
the initial domain configuration; rather the system stabilizes in a completely different
ferroelastic domain pattern.[86] Ivry et al. reported that the striped patterns of alter-
nate a- and c-domains in polycrystalline Pb(Zr0.3Ti0.7)O3 thin films are irreversibly re-
oriented through coupled ferroelectric-ferroelastic switching when subsequent positive
and negative voltages, which are larger than the coercivity of the average out-of-plane
polarization, are applied [90]. Similar observations were also made in tensile strained
PZT thin films[98] and in polycrystalline bilayer heterostructures of Pb(Zr0.3Ti0.7)O3-
Pb(Zr0.7Ti0.3)O3 [92].

In perspective, we have reported a new degree of nanoscale control of the ferroelastic
switching process toward the reversible creation and annihilation of a-axis oriented ferroe-
lastic ∼10 nm wide nanodomains in archetypal ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT) thin
films by using the piezo-response force microscopy (PFM) technique. We have shown for
the first time that a voltage controlled ferroelastic c→ a switching can be achieved without
a concurrent ferroelectric 1800 switching of the surrounding c-domain matrix in PZT films,
which are epitaxially strain tuned by (110) oriented GdScO3 (GSO) substrates. By decou-
pling ferroelastic c → a switching from a simultaneous ferroelectric switching, we further
show that it is possible to erase a newly formed a-domain by the application of a voltage
of opposite polarity leading to the demonstration of a reversible creation and annihilation
of ferroelastic a-domains. In contrast to the previous reports where only coupled and irre-
versible ferroelastic-ferroelectric switching was observed, the observation of the decoupling of
these two mechanisms in this work allows us to develop an understanding of the ferroelastic
switching process based on a simple phenomenological energy barrier type model.

2.16 Growth and Structural Characterization
Ferroelectric Pb(Zr0.2Ti0.8)O3-Dielectric SrTiO3
Heterostructures

Ferroelectric Pb(Zr0.2Ti0.8)O3-dielectric SrTiO3 heterostructures were grown on SrTiO3 (001)
substrates. In there heterostructures, the thickness of PZT, STO and SRO layers varied be-
tween 25-70 nm, 45-60 nm and 25-30 nm, respectively. First the STO/SRO heterostructure
was grown at 720 ◦C. Afterwards, the heterostructure was cooled down at 5 ◦C to 630 ◦
and the PZT layer was grown. PZT and SRO were grown in an oxygen environment at 100
mTorr and STO in 250 mTorr. The repetition rate of PZT, STO and SRO was 15, 5 and
15, respectively. Laser pulses with 50-200 mJ energy and ∼4 mm2 spot size was used during
the growth of PZT/STO/SRO heterostructures. The general procedure outlined in section
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2.3 was followed for the growth of these samples.

Figure 2.28 shows the AFM surface topography of typical PZT-STO sample surfaces.
The typical RMS roughness is less than 0.5 nm for these samples. Figure 2.29 shows the
XRD θ − 2θ spectrum around (002) reflections of a PZT (42 nm)/STO (28 nm)/SRO (30
nm) and a PZT (39 nm)/SRO (30 nm) sample. The (002) reflection from the STO thin
film is buried within the STO (002) substrate peak. No secondary peaks are observed in
the XRD spectrum of PZT/STO/SRO heterostructure shown in figure 2.29, which indicates
that the non-existence of any secondary phases of PZT and STO in these films. Figure
2.30 presents cross-sectional HRTEM images of different interfaces of a PZT-STO sample.
PZT/STO film on SRO-buffered STO have in-plane epitaxy to the substrate with atomically
sharp interfaces. The HRTEM characterization also confirms the c-axis orientation of the
PZT films without any contribution from the a-axis oriented domains and impurity phases.

The negative capacitance phenomena in these ferroelectric-dielectric heterostructures are
investigated in chapter 4.

2.17 Conclusions
1 We have studied the effects of epitaxial strain on spontaneous polarization of strained

40 nm Pb(Zr0.2Ti0.8)O3 films by growing them on three different substrates, names
SrTiO3 (001), DyScO3 (110) and GdScO3. Our work shows that, while, in the tetrag-
onality range cc/ac = 1.05-1.09, PZT remnant polarization is nearly independent of
the tetragonality, in the range cc/ac = 1.041-1.05, remnant polarization is found to
show a much stronger functional dependence. This points to the fact that the strain
sensitivity of the polarization even in the same ferroelectric material can depend on the
value of tetragonality and the sensitivity is larger for smaller values of the tetragonality.

2 We also studied the effects of strain relaxation of dielectric properties of 40 nm Pb(Zr0.2Ti0.8)O3
films grown on SrTiO3 substrates. A drastic increase in defect and dislocation density
due to strain relaxation is observed in epitaxial PZT films with tetragonality c/a <
1.07 grown on STO substrates, which results in a significant frequency dispersion of
the dielectric constant and a strong Rayleigh type behavior in those samples. For a
given combination of a ferroelectric thin film and a substrate, tetragonality cc/ac is a
quantitative measure of the degree to which epitaxial strain has been relaxed in the
film and the extent of extrinsic contributions to the dielectric properties can be pre-
dicted from the value of cc/ac.

3 We have reported for the first time a voltage controlled reversible creation and annihi-
lation of a-axis oriented ∼10 nm wide ferroelastic nanodomains without a concurrent
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ferroelectric 180◦ switching of the surrounding c-domain matrix in archetypal ferroelec-
tric Pb(Zr0.2Ti0.8)O3 thin films by using the piezo-response force microscopy technique.
In previous studies, the coupled nature of ferroelectric switching and ferroelastic rota-
tion has made it difficult to differentiate the underlying physics of ferroelastic domain
wall movement. Our observation of distinct thresholds for ferroelectric and ferroelastic
switching allowed us investigate the ferroelastic switching cleanly and demonstrate a
new degree of nanoscale control over the ferroelastic nanodomains.
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Figure 2.21: Ferroelastic c→ a switching: The out-of-plane PFM snapshots for the 40 nm
film after subsequently increasing negative DC voltages are applied on the same 2 µm x 2
µm area.
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Figure 2.22: (a) The out-of-plane piezo-magnitude and -phase of a 2 µm× 2 µm region in
the as-grown state measured by applying 0.5 V (peak-to-peak) AC on the tip. (b) The
piezo-magnitude and -phase of the same region as -2 V DC+0.5 V (peak-to-peak) AC is
applied on the entire region. (c) The piezo-magnitude and -phase of the same region with 0
V DC+0.5 V (peak-to-peak) AC applied after -2 V have been applied in the entire region.
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Figure 2.23: Reversible creation and annihilation of ferroelastic a-domains. (a) Comparison
of the out-of-plane PFM snapshots of the same 2 µm x 2 µm area of the 40 nm PZT film
in the as-grown state and after an AFM tip has applied -2 V and subsequently +4.5 V on
the entire region. The regions where ferroelastic a-domain are created or annihilated are
indicated by dashed boxes. (b) PFM snapshots of a 300 nm× 200 nm region, where an
a-domain is reversibly created and annihilated by applying a voltage sequence -2 V→+4 V
→-2 V→+4 V locally. (c) Schematic illustration of the reversible creation and annihilation
of an a-domain.
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(a) Contact force= 100 nN (b) Contact force= 175 nN (c) Contact force= 350 nN

(d) Contact force= 525 nN (e) Contact force= 700 nN

Figure 2.26: The effect of the contact force on the ferroelastic domain pattern.
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Figure 2.27: Coupled ferroelastic-ferroelectric switching. Topography and the out-of-plane
piezo-response of the same 1.5 µm x 1.5 µm region of the 40 nm PZT film in the as-grown
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Figure 2.28: AFM topography image of typical PZT-STO sample surfaces showing an RMS
roughness less than 0.5 nm.
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Figure 2.29: XRD θ−2θ scans around (002) reflections of a PZT (42 nm)/STO (28 nm)/SRO
(30 nm) and a PZT (39 nm)/SRO (30 nm) sample.
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Figure 2.30: Cross-sectional HRTEM images of different interfaces of a PZT-STO sample.
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Chapter 3

DIRECT MEASUREMENT OF
NEGATIVE CAPACITANCE IN A
FERROELECTRIC CAPACITOR

This chapter describes the direct measurement of negative capacitance in an isolated fer-
roelectric capacitor. In chapter 1, we have shown that the negative capacitance state in
a ferroelectric is an unstable equilibrium. As a result, the negative capacitance cannot be
directly measured by connecting a ferroelectric directly to an LCR meter. In this chapter, we
demonstrate the direct experimental measurement of the negative differential capacitance in
a thin, single crystalline ferroelectric film, by constructing a simple R-C network and moni-
toring the voltage dynamics across the ferroelectric capacitor.

In sections 3.1-3.9, we describe the underlying theory of the direct measurement of ferro-
electric negative capacitance and the key experimental results. Two new concepts, namely
the “characteristic negative capacitance transients” and the “dynamic hysteresis loops”, are
introduced in section 3.5. The effects of the external circuit parameters such as the voltage
pulse amplitude and the external resistor on characteristics negative capacitance transients
and the dynamic hysteresis loops are described in sections 3.7 and 3.8, respectively. Section
3.9 deals with the control of the time scale of the negative capacitance transients using the
external resistor. Section 3.10 describes a simple 1-D model of the negative capacitance
transients and the dynamics hysteresis loop based on the Landau-Khalatnikov equation.
Based on the model presented in section 3.10, we extract the intrinsic parameters of the
negative capacitor, namely the ρ parameter and the negative capacitance from experimen-
tally measured transients, which is detailed in section 3.11. Section 3.12 presents insights
into the relation between the negative capacitance effect and the domain mediated switching
mechanisms. Sections 3.13 and 3.14 compare our results with the previously published re-
ports on the negative capacitance effect and ferroelectric switching, respectively. Section 3.15
correlates the structural properties of the PZT films with the negative capacitance transients.
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Figure 3.1: Energy Landscape description of the ferroelectric negative capacitance. (a) The
energy landscape U of a ferroelectric capacitor in the absence of an applied voltage. The
capacitance C is negative only in the barrier region around charge QF = 0. (b,c) The
evolution of the energy landscape upon the application of a voltage across the ferroelectric
capacitor that is smaller (b) and larger than the coercive voltage Vc (c). If the voltage is
larger than the coercive voltage, the ferroelectric polarization rolls down hill through the
negative capacitance states. P , Q and R represent different polarization states in the energy
landscape.

Most of the results presented in this chapter were reported in Khan et al. [99].

3.1 Dynamics of Ferroelectric Polarization Switching
and Negative Capacitance

For a ferroelectric material, whose energy landscape is shown in figure 3.1, the capacitance
is negative only in the barrier region around charge QF=0. Starting from an initial state P ,
as a voltage is applied across the ferroelectric capacitor, the energy landscape is tilted and
the polarization will move to the nearest local minimum. Figure 3.1(b) shows this transition
for a voltage, which is smaller than the coercive voltage Vc. If the voltage is larger than
Vc, one of the minima disappears and QF moves to the remaining minimum of the energy
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Figure 3.2: Dynamics in a Regular R − C Series Circuit. (a) An R − C series network
connected to a voltage source. (b) Transients corresponding to the capacitor voltage VC , the
stored charge in the capacitor Q and the current through the resistor iR upon the application
of a voltage: 0 → VS.

landscape (figure 3(c)). Notably as the polarization rolls downhill in figure 3.1(c), it passes
through the region where C = [d2U/dQ2

F ]−1 < 0. Therefore, while switching from one stable
polarization to the other, a ferroelectric material crosses through a region where the dif-
ferential capacitance is negative. This intuitive picture of the ferroelectric switching allows
to directly measure the negative capacitance in a ferroelectric capacitor in a time dynamic
fashion, which we describe in the succeeding sections.

3.2 Dynamics in a Regular R− C Series Circuit
Before we look into the dynamics of the ferroelectric switching, let us first consider the charge
dynamics in a regular series network of a resistor and a capacitor. Figure 3.2(a) shows an
R − C circuit connected to a voltage source VS. Upon the application of a voltage pulse: 0
→ VS, the voltage across the capacitor VC and the charge stored in the capacitor Q increase
monotonically with a time constant of RC, which is shown in figure 3.2(b). In other words,
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VC(t) = VS(1− e−t/RC) and Q(t) = CVS(1− e−t/RC). We note in figure 3.2(b) that, during
any infinitesimally small time duration ∆t, the change in the charge dQ(t) and the change in
the capacitor dVc(t) would have the same sign. At a result, at any time t during the transient,
dQ/dVc would be a positive number equal to C. In the succeeding sections, we shall see how
the charge-voltage relations look for a ferroelectric capacitor during polarization switching.

3.3 Experimental Setup
We applied voltage pulses across a series combination of a ferroelectric capacitor and a resis-
tor R and observed the time dynamics of the ferroelectric polarization using an oscilloscope.
Figure 3.3(a) shows the schematic diagram of the experimental setup and the electrical con-
nections to the oscilloscope and figure 3.3(b) shows the equivalent circuit diagram. A 60 nm
film of ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT) was grown on metallic SrRuO3 (60 nm) buffered
SrTiO3 substrate using the pulsed laser deposition technique. Square gold top electrodes
with a surface area A= (30 µm)2 were patterned on top of the PZT films using standard
micro-fabrication techniques. The remnant polarization of the PZT film is measured to be
0.74 C/m2 and the coercive voltages are +2 V and -1.8 V. The PZT capacitor was connected
to a voltage pulse source (Agilent 81150A pulse function generator) through an external
series resistor R. The voltage transients were measured using a digital storage oscilloscope
(Tektronix 2024). Top Au and bottom SRO contacts were connected to the probe tips in
a probe station. The capacitor C connected in parallel with the ferroelectric capacitor in
figure 3.3(b) represents the parasitic capacitance contributed by the probe-station and the
oscilloscope in the experimental setup. The extraction of the parasitic capacitance C is
detailed in the next section.

3.4 Extraction of the Parasitic Capacitance
In order to extract the value of the parasitic capacitance which is referred to as C in figure
3.3(b), voltage pulses were applied across the probe station under open circuit conditions
through the resistor R = 50 kΩ. Figure 3.4(a) shows the transient response of the circuit for
an applied voltage Vs : -5.4 V→+5.4 V. By fitting the voltage transient across the probes Vx
shown in figure 3.4(a) to the equation Vx(t) = (+5.4 − 2 × 5.4e−t/(RC)) V with R = 50 kΩ,
the value of the parasitic capacitance C is extracted to be ∼60 pF. Figure 3.4(b) plots the
measured charge-voltage characteristics of the parasitic capacitor.
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Figure 3.3: Experimental setup. (a) Schematic diagram of the experimental setup. (b)
Equivalent circuit diagram of the experimental setup. CF , C and R represent the ferroelectric
and the parasitic capacitors and the external resistor respectively. VS, VF and iR are the
source voltage, the voltage across CF and the current through R respectively.

3.5 Negative Capacitance Transients during
Ferroelectric Switching and Dynamic Hysteresis
Loop

Now we consider the transient response of the ferroelectric-resistor series combination in
response to an AC voltage pulse VS: -5.4 V→ +5.4 V → -5.4 V. The total charge in
the ferroelectric and the parasitic capacitor at a given time t, Q(t), is calculated using
Q(t) =

∫ t
0 iR(t)dt, iR being the current flowing through R. The charge across the ferro-

electric capacitor QF (t) is calculated using the relation: QF (t) = Q(t) − CVF (t), VF being
the voltage measured across the ferroelectric capacitor. Figure 3.5 shows the transients cor-
responding to VS, VF , iR and Q. We note in figure 3.5 that after the -5.4 V → +5.4 V
transition of VS, VF increases until point A, after which it decreases till point B. We also
note in figure 3.5 that during the same time segment, AB, iR is positive and Q increases.
In other words, during the time segment, AB, the changes in VF and Q have opposite signs.
As such, dQ/dVF is negative during AB which points to the fact that the ferroelectric polar-
ization is passing through the unstable negative states. This is in contrast to the dynamics
of a regular R − C series circuit shown in figure 3.1(b), where the changes in the charge
stored in and the voltage across the capacitor both have the same sign. A similar signature
of negative capacitance is observed after the +5.4 V → -5.4 V transition of VS during the
time segment CD in figure 3.4. We refer to the transients during the time segments AB and
CD as the characteristic negative capacitance transients.
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The charge density of the ferroelectric capacitor or the ferroelectric polarization, P (t) =
QF (t)/A is plotted as a function of VF (t) in figure 3.6. We observe in figure 3.6 that the
P (t) − VF (t) curve is hysteretic and in the sections AB and CD, the slope of the curve
is negative indicating that the capacitance is negative in these regions. We refer to the
P (t)− VF (t) curve measured in the time-dynamic fashion as the dynamic hysteresis loop.

3.6 Correlation between the ferroelectric switching
and the negative capacitance transient

In section 3.1 and figures 3.1(b,c), we have seen that the ferroelectric polarization passes
through the negative capacitance region only when the applied voltage is larger than coercive
voltage such that a polarization switching event occurs. Here we correlate the experimentally
observed characteristic negative capacitance transients with the ferroelectric switching. We
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note the following.
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1. When a voltage is applied which is lower than the coercive voltage so that there is no
switching of the polarization, we observe a simple capacitive charging of the voltage,
as expected from the double well energy landscape of the ferroelectric material and
shown in figure 3.1(b). The coercive voltage of our PZT sample is +2 V and -1.8 V. In
figure 3.7(a,b), the voltage transients are shown for voltages pulses Vs: -1 V→ +1 V
→ -1 V and Vs: -1.8 V→ +1.8 V → -1.8 V respectively. Clearly, there are no negative
capacitance transients observed in figure 3.7, since the applied AC voltage amplitude
is less the coercive voltage.

2. Now, in the same setup, when a voltage is applied which is larger than the coercive
voltage so that the ferroelectric polarization switches its direction, we observe the
negative capacitance transient. In figure 3.8, the AC voltage magnitude is larger than
the coercive voltage and the negative capacitance transients are observed.

3. To further elucidate the point, we applied successive DC pulses on the PZT sample. In
figure 3.9(a), a large negative voltage pulse was first applied to align the polarization
away from the PZT/SRO interface and then two successive +6 V pulses were applied.
We note in figure 3.9(a) that during the 1st pulse, the switching of polarization occurs
which results in the characteristic negative capacitance transient of the ferroelectric
voltage VF ; on the other hand, during the 2nd pulse, the polarization does not switch
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since it had already been aligned with the applied electric field in the previous pulse,
and no negative capacitance transient is observed in the VF waveform during the 2nd
pulse. Similar experiment with two successive -6 V pulses is shown in figure 3.9(b).

This correlation between switching and the characteristic transients clearly shows that the
characteristic negative capacitance transients are due to the intrinsic ferroelectric switching
dynamics and not because of any extrinsic defect dynamics.



CHAPTER 3. DIRECT MEASUREMENT OF NEGATIVE CAPACITANCE IN A
FERROELECTRIC CAPACITOR 74

−5

0

5

  

−40

−20

0

20

  

0 100 200 300 400

−1

−0.5

0

0.5

1

  

−5

0

5

  

−60

−40

−20

0

20

  

0 50 100 150 200

−1

−0.5

0

0.5

1

  

V
S
: -4.2 V->+4.2 V->-4.2 V

V
o

lt
a

g
e

 (
V

)
Q

 (
n

C
)

i R
 (

μ
A

)

t (μs)

−5

0

5

  

−60

−40

−20

0

20

  

0 50 100 150

−1

−0.5

0

0.5

1

  

V
S
: -4.5 V->+4.5 V->-4.5 V

V
o

lt
a

g
e

 (
V

)
Q

 (
n

C
)

i R
 (

μ
A

)

t (μs)

−5

0

5

  

−80

−60

−40

−20

0

20

40

  

0 50 100 150

−1

−0.5

0

0.5

1

  

t (μs)

V
S
: -5.2 V->+5.2 V->-5.2 V

−5

0

5
 

−100

−50

0

50

 

0 50 100

−1

−0.5

0

0.5

1

 
V

o
lt
a

g
e

 (
V

)
Q

 (
n

C
)

i R
 (

μ
A

)

t (μs)

V
S
: -6 V->+6 V->-6 V

−2

0

2

  

−40

−20

0

  

0 200 400 600

−1

−0.5

0

0.5

1

  

V
o

lt
a

g
e

 (
V

)
Q

 (
n

C
)

i R
 (

μ
A

)

V
o

lt
a

g
e

 (
V

)
Q

 (
n

C
)

i R
 (

μ
A

)

V
S
: -3.25 V->+3.25 V->-3.25 V

t (μs)

V
o

lt
a

g
e

 (
V

)
Q

 (
n

C
)

i R
 (

μ
A

)

t (μs)

V
S
: -3.5 V->+3.5 V->-3.5 V(b) (c)(a)

(e) (f )(d)

R=50 kΩ R=50 kΩ R=50 kΩ

R=50 kΩ R=50 kΩ R=50 kΩ

V
S

V
F

V
S

V
F

V
S

V
F

V
S

V
F

V
S

V
F

V
S

V
F

Figure 3.10: Comparison of the transient response of the series combination of the ferroelec-
tric capacitor and a resistor R = 50 kΩ to different AC voltage pulses.

3.7 Dynamic Hysteresis Curves for Different Voltage
Amplitudes

Figures 3.10(a,b,c,d,e) show the transient response of the series combination of the same
ferroelectric capacitor and a resistor R = 50 kΩ to AC voltage pulses with amplitudes of
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3.25 V, 3.5 V, 4.2 V, 4.5 V, 5.2 V and 6 V, respectively. Figure 3.11 compares the dynamic
hysteresis loops of the same circuit for Vs : -3.5 V →+3.5 V → -3.5 V and Vs :-5.4 V →+5.4
V →-5.4 V. The dynamic hysteresis loops are calculated from the corresponding transient
responses following the procedure described in section 3.5. Figure 3.12 compares the P -VF
curve corresponding to Vs :-3.5 V→+3.5 V→-3.5 V with that for different other AC voltage
pulses. We note in figures 3.11 and 3.12 that for a larger peak voltage, the hysteresis window
is wider. We analyze the effect of the applied voltage magnitude in section 3.11.

3.8 Dynamic Hysteresis Curves for Different External
Series Resistors

Next we analyze the effects of the external series resistance on the dynamic hysteresis loop.
Figure 3.13 shows the transient response of the series combination of the ferroelectric capac-
itor and a resistor R = 300 kΩ to an AC voltage pulse Vs : -5.4 V→+5.4 V→-5.4 V. Figure
3.14 compares the P -VF curves corresponding to R=50 kΩ (replotted from figure 3.6) and
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300 kΩ for Vs : -5.4 V →+5.4 V → -5.4 V. We note in figure 3.14 that for a smaller value of
R, the hysteresis loop is wider, which we discuss section 3.11.

3.9 Time duration of the negative capacitance
transients

Figure 3.15(a,b,c,d) show the transient response of the PZT sample to a DC pulse VS: 0
V→ +6 V for R=2 kΩ, 25 kΩ, 50 kΩ and 300 kΩ respectively. The time duration of the
negative capacitance transient t1 is indicated in the close-up images in figure 3.15(a,b,c,d).
Figure 3.16(a,b) plot t1 as a function of R in logarithmic and linear scale respectively. In
figure 3.16(a,b), we observe a linear decrease of t1 down to ∼350 ns as R is decreased to 2
kΩ. Figure 3.16(c) shows that the extrapolated t1 − R curve intersects the R = 0 line at
t1=19.9 ns. These timescales for switching are similar to what had been observed for domain
nucleation and propagation in PZT in earlier reports [100, 101].

3.10 Landau-Khalatnikov Simulation of Ferroelectric
Switching

A ferroelectric capacitor could be modeled in accordance with the Landau-Khalatnikov equa-
tion,
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ρ
dQF

dt
= − dU

dQF

(3.1)
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U = αQ2
F + βQ4

F + γQ6
F −QFVF (3.2)

where the energy density per unit area . α, β and γ are rescaled anisotropy constant for
the ferroelectric capacitor and ρ is a material dependent parameter in the units of Ω which
accounts for the dissipative processes during ferroelectric switching. Equation 3.1 could be
rearranged in the following form.

VF (QF ) = QF

C(QF ) + ρ
dQF

dt
(3.3)
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Here, C(QF ) = 2αQF + 4βQ3
F + 6γQ5

F .

In order to relate the rescaled anisotropy constants for the ferroelectric capacitor in
equations 3.1 and 3.3 to per unit volume anisotropy constants, we note that, for an applied
electric field E across the ferroelectric capacitor, the per unit volume energy of a ferroelectric
Upu is given by

Upu = α1P
2 + α11P

4 + α111P
6 − PE (3.4)

where P is the surface charge density or the ferroelectric polarization and α1, α11 and α111
are the per unit volume anisotropy constants of the material. For a parallel plate capacitor
of area A and thickness d, the charge QF is given by QF = PA. The voltage across the
ferroelectric capacitor VF = Ed and the free energy of the capacitor U = UpuAd. Hence the
energy of the capacitor can be written as

U = UpuAd

= {α1(QF

A
)2 + α11(QF

A
)4 + α111(QF

A
)6 − (QF

A
)E}Ad

= dα1

A
Q2
F + dα11

A3 Q4
F + dα111

A5 Q6
F −QFVF (3.5)

Comparing equation 3.5 with equation 3.2, the following relationships are obtained.

α = dα1

A
(3.6)

β = dα11

A3 (3.7)

γ = dα111

A5 (3.8)

From equation 3.3, we note that the equivalent circuit for a ferroelectric capacitor con-
sists of an internal resistor ρ and a nonlinear capacitor CF (QF ) connected in series. We shall
denote QF/CF (QF ) as the internal ferroelectric node voltage Vint. Figure 3.17 shows the
equivalent circuit corresponding to a ferroelectric capacitor connected to a voltage source
through a resistor R. Following the experimental setup shown in figure 3.3(b), the parasitic
capacitor C is added in parallel to the ferroelectric (ρ in series parallel to the CF (QF ) in
the simulation. A 60 nm PZT film with square electrodes of area A= (30 µm)2 is taken
as the ferroelectric capacitor. The parasitic capacitance C=60 pF. ρ is taken as 50 kΩ.
The remnant polarization corresponding to these anisotropy constants is ∼0.7 C/m2 and the
coercive voltage is ±7.5 V. The values of the anisotropy constants (α1, α11 and α111) for
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Pb(Zr0.2Ti0.8)O3 are taken from Ref. [39] and are listed below.

x = 0.8 (3.9)

α1 = T − T0

2ε0C0
, ε = 8.854× 10−12 (3.10)

α11 = (10.612− 22.655x+ 10.955x2)× 1013

C0
(3.11)

α111 = (12.026− 17.296x+ 9.179x2)× 1013

C0
(3.12)

C0 = ( 2.8339
1 + 126.56(x− 0.5)2 + 1.4132)× 105 (3.13)

T0 = 462.63 + 843x− 2105.5x2 + 4041.8x3 − 3828.2x4 + 1337.8x5 (3.14)
(3.15)

Here, all units are in S.I.

The circuit shown in figure 3.17 is simulated by solving the following equations at each
time step.

0 = Vs(t)− iR(t)R− (iR(t)− iC(t))ρ− Vint(t) (3.16)
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0 = Vint(t) + (iR(t)− iC(t))ρ− 1
C

∫
iC(t)dt (3.17)

QF (t) = QF (t = 0) +
∫ t

t=0
(iR(t)− iC(t))dt (3.18)

Vint(t) = QF (t)
CF (QF (t)) = 2αQF (t) + 4βQ3

F + 6γQ5
F (3.19)

VF (t) is calculated using the relation: VF (t) = Vint(t) + (iR(t)− iC(t))ρ.

Figure 3.18(a) show the simulated transients corresponding to VS, VF , Vint, iR and Q
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of the series combination of the ferroelectric capacitor and a resistor R = 50 kΩ to an AC
voltage pulse Vs : -14 V →+14 V → -14 V. In figure 3.18(a), we observe opposite signs of
changes in VF and Q during the time segments AB and CD, as was seen experimentally
in figure 3.4. Figure 3.19(b) plots the simulated dynamic hysteresis loop (P − VF curve)
and the P − Vint curve for R= 50 kΩ. To understand the difference between the P − VF
and P − Vint curves we note that VF = Vint + ρiF , with iF being the current through the
ferroelectric branch; the additional resistive voltage drop, iF , results in the hysteresis in the
P − VF curve. Nevertheless, it is clear from figure 3.19(b) that the negative slope of the
P − Vint curve in a certain range of P , due to CF being negative in that range, is reflected
by the negative slope in the P − VF curve in the segments AB and CD.

We also simulated the transients for the same circuit with R = 200 kΩ for Vs : -14 V
→+14 V → -14 V, which are plotted in figure 3.18(b). The corresponding dynamic hys-
teresis loops are plotted in figure 3.19(b). We observe that, for a smaller value of R, the
hysteresis loop of the simulated dynamic hysteresis loop is wider, as was observed experi-
mentally in figure 3.14 and discussed in section 3.8. This is due to the fact that, for a larger
R, the current through the ferroelectric is smaller, resulting in a smaller voltage drop across ρ.

Similarly, in section 3.7, we observed that the larger the magnitude of the applied voltage,
the wider the hysteresis loop, which could be explained by the model presented. For a larger
peak voltage, a larger current flows into the ferroelectric, thereby increasing the voltage drop
across the internal resistance ρ.

3.11 Dependence of ρ and the negative capacitance
on the voltage amplitude

Based on the discussion in the previous section, we first describe a procedure to estimate
the value of the parameter ρ. Equation 3.3 can be rewritten as follows.

VF (QF (t)) = QF (t)
CF (QF (t)) + ρiF (t) (3.20)

where iF = dQF/dt. Let us compare the dynamics of a ferroelectric capacitor for two different
resistors R1 and R2 for the same applied voltage pulse. Let t1 and t2 be the time variables
for these two cases, iF1 and iF2 be the corresponding currents through the ferroelectric
capacitor and VF1 and VF2 be the measured ferroelectric voltages for the resistors R1 and
R2 respectively. Hence,

VF1(QF1(t1)) = QF1(t1)
CF (QF1(t1)) + ρiF1(t1) (3.21)
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VF2(QF2(t2)) = QF2(t2)
CF (QF2(t2)) + ρiF2(t2) (3.22)

Let us assume that, in the first experiment with the resistor R1, QF1 reaches a given
value Q at t1 = τ1, and in the second experiment with R2, QF2 reaches Q at t2 = τ2 (i.e.
QF1(t1 = τ1) = QF2(t2 = τ2) = Q). Hence from equation (3.21) and (3.22), the following
equation for ρ can be derived.

ρ(Q) = VF1(t1 = τ1)− VF2(t2 = τ2)
iF1(t1 = τ1)− iF2(t2 = τ2) = VF1(Q)− VF2(Q)

iF1(Q)− iF2(Q) (3.23)

Now we investigate the dependence of ρ and the negative capacitance on the voltage
magnitude. Figure 3.20(a,b) show the transient response of the PZT sample to DC pulses of
different applied voltage amplitudes for R=50 kΩ and 300 kΩ respectively. Before applying
each of the pulses shown in figure 3.20, a large negative voltage pulse was applied to set the
initial polarization along the appropriate direction. Figure 3.21(a,b) show the QF − VF and
QF − iF curves respectively for different applied voltage amplitudes with R= 50 kΩ and R=
300 kΩ. Figure 3.21(c) shows the value of ρ calculated using equation 3.23 as a function of
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QF for different voltage amplitudes. Using the extracted value of ρ for a given voltage ampli-
tude, the internal node voltage Vint(QF (t)) = QF (t)/CF (QF (t)) = VF (QF (t))−iF (QF (t))×ρ
is calculated. Figure 3.22 shows the corresponding QF − Vint curves. In figure 3.22, the
negative capacitance state of the ferroelectric corresponds to the region under the dashed
box. The average value of the negative capacitance CFE is calculated using the equation:
CFE = ∆QF/∆Vint, ∆QF and ∆Vint being the changes in the ferroelectric charge and the
internal ferroelectric node voltage in the negative capacitance region, respectively.

Figure 3.23(a,b) plot the average ρ and −CFE respectively as functions of the applied
voltage amplitude. We note in figure 3.23(a) that the average value of ρ decreases monoton-
ically from a value of ∼15 kΩ with an increasing amplitude of the applied voltage while the
magnitude of the negative capacitance CFE remains reasonably constant within the range
400-500 pF.

3.12 Domain Mediated Switching Mechanisms and
Negative Capacitance

In principle, the 1-D Landau-Khalatnikov equation of ferroelectric switching detailed in
section 3.11 corresponds to a single domain scenarios shown in figure 3.24(a). Given the
large size of our capacitors (30 µm × 30 µm), the switching invariably happens through
domain-mediated mechanisms, which is schematically illustrated in figure 3.24(b). Thus,
our results show that, the double well picture aspresented in section 3.1, which is typically
associated with a single domain configuration (section 3.11) can still qualitatively predict the
experimental outcome. Nonetheless, as long as there is a threshold and subsequent abrupt
switching, a negative capacitance effect will ensue. The single domain picture tries to cap-
ture the threshold by estimating it through a double-well energy profile and as such provides
the mean value of the microscopic parameters.

Most importantly, even in a domain mediated switching, a regime of abrupt switch-
ing is present that leads to the negative capacitance transient. The characteristic negative
capacitance transients (for example the result shown in figure 3.5) and the experimental
P (t) − VF (t) curves reveal that the negative capacitance effect exists during the initial pe-
riod of the transient and in a certain range of ferroelectric polarization. For example, in the
P (t) − VF (t) curve shown in figure 3.25, the negative capacitance is observed in the polar-
ization ranges: (-0.46 C/m2, -0.73 C/m2) and (+0.32 C/m2, +0.66 C/m2). This indicates
that microscopically an abrupt switching event exists in the initial period of the switching,
before the material reverts back to an ordinary-capacitor behavior.

In section 3.12, we have seen that the average value of ρ decreases monotonically with an
increasing amplitude of the applied voltage while |CFE| remains reasonably constant within
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pulse was applied to set the initial polarization along the appropriate direction.

the range 400-500 pF. Intuitively, in a domain-mediated switching process, a larger input
voltage results in more domains to nucleate at the onset. Hence, this suggests that this
increase in number of initial domains lead to a smaller ρ, while the negative capacitance
remains fairly independent of it.
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3.13 Comparison with Previously Published Reports
on Negative Capacitance and Ferroelectric
Switching Dynamics

It is interesting to note that a negative slope in the polarization-voltage characteristic has
been predicted since the early days of ferroelectricity [102, 40, 24, 25, 103, 104]. What is
even more interesting is that the characteristic negative capacitance transient was actually
observed in as early as 1956 by Merz et al. (see figure 1 in Ref. [25]). Landauer et al.
plotted the polarization-voltage curve of a ferroelectric showing the negative capacitance
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region in figure 4 of Ref. [24] in 1957. However, a successful measurement of the entire
intrinsic hysteresis loop was performed by Bratkovsky et al., albeit only indirectly [104]. An
S-like polarization-voltage behavior in one branch of the hysteresis has been measured in a
transistor structure [105]. In contrast, our results provide a direct measure of the intrinsic
hysteresis and negative capacitance of the material.

Note that, in our study of ferroelectric switching dynamics, the dynamics is intentionally
slowed down by adding a large series resistance R. The addition of a series resistance
(R) is critically important in revealing the negative capacitance region in the dynamics.
An appreciable voltage drop across the series resistance R allows the voltage across the
ferroelectric capacitor to be measured without being completely dominated by the source
voltage-in the limit when R→0, the voltmeter would be directly connected across the voltage
source. Most model studies on ferroelectric switching [25, 106, 107, 108] have been done in
the latter limit-where the ferroelectric capacitor is directly connected across a voltage source
(or through a small resistance).

3.14 Comparison of the negative capacitance
calculated from dynamic measurement and
stabilization experiments

It is interesting to compare the directly measured value of negative capacitance and the
extracted value in Khan et al.[109] The value of negative capacitance of PZT film in the
PZT(28 nm)/STO(48 nm) bilayer extracted in Ref. [109] is within -10 and -30 µF/cm2. In
comparison, the capacitance per unit area of a 60 nm PZT film measured in the current work
is ∼-55 µF/cm2. If it is normalized to the same thickness of PZT (28 nm) in Ref. [109],
it is ∼-110 µF/cm2. Therefore, the values are in the same ballpark. This is remarkable
given the fact that the two experiments were done on completely two different batches of
samples grown at different conditions. Therefore, the values obtained in these two different
approaches namely the current dynamic measurement of isolated PZT and stabilized nega-
tive capacitance in PZT-STO series combination are completely consistent.

Notably, the polarization and strain in a ferroelectric material are fundamentally cou-
pled.[39] In a bi-layer, the depolarization field felt by the ferroelectric material leads to
suppression of polarization, which then reorganizes the strain which in turn changes the
polarization again. Ultimately, the ferroelectric will be stabilized such that the polarization,
depolarizing field and strain find a self-consistent solution. This also depends on the po-
larizability, screening etc. of the dielectric material. Thus when a negative capacitance is
stabilized by a dielectric capacitor in series, the effective negative capacitance could be some-
what different from that measured from the ‘S ’ curve in an isolated ferroelectric. Therefore,
in a stabilized structure, it will be necessary to measure the effective negative capacitance
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in-situ by looking at the enhancement of capacitance as shown in Ref. [109, 110].

3.15 Correlation between Structural Properties and
Negative Capacitance Transients

In chapter 2 section 2.12, we showed that the electrical properties of PZT films are strongly
correlated to the X-ray diffraction rocking curve full-width-half-maximum (FWHM). Figure
3.26 shows the X-ray diffraction rocking curve measurement around the PZT (002) peak
of the same 60 nm PZT film for which the negative transients are observed in the preced-
ing sections in this chapter. The FWHM of PZT (002) rocking curve is less than 0.1 ◦,
which points to the high crystalline quality of this film. Figure 3.27(a, b, c, d) show the
dielectric constant-voltage and the admittance angle-voltage characteristics of the PZT(60
nm)/SRO(60 nm)/STO(001) at 1 kHz, 10 kHz, 100 kHz and 1 MHz respectively. In figure
3.27(a-e), we observe that the admittance angle is ∼900 at all frequencies. Figure 3.28 shows
the dielectric constant εr as a function the AC electric field E0 at 10 kHz. We observe that
as the AC electric field is increased from 10 kV/cm to ∼120 kV/cm, the dielectric constant
increases by a mere 0.4% for this sample. The correlation between the low FWHM and the
low frequency dispersion, small Rayleigh coefficient in this sample is consistent with results
in presented in chapter 2 section 2.12 and figures 2.17 and 2.18.

Next we look into another PZT sample whose FWHM is ∼0.3 ◦ (see figure 3.29(a). Figure
3.29(b) shows the VF transients corresponding to voltage pulses VS: 0 V → +5.8 V and 0
V → +10 V. We note in figure 3.29(b) that no characteristic transients are observed in this
sample. Thus, the comparison of the transient response of PZT samples with low FHWM
and large FWHM suggests the characteristic negative capacitance transients ensue in PZT
films with high crystalline quality.

3.16 Conclusions
The key results reported in this chapter are listed below.

1 We have presented the first direct measurement technique of negative capacitance in
an isolated ferroelectric capacitor. We have introduced two new fundamental concepts
in negative capacitance, namely the characteristic negative capacitance transients and
the dynamic hysteresis loop.

2 We studied how the negative capacitance transients and the dynamic hysteresis loops
vary with the external circuit parameters such as the external resistor and the voltage
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pulse amplitude.

3 The results were qualitatively explained using a 1-D Landau-Khalatnikov model. The
key insight obtained is that, even though the ferroelectric switching invariably occurs
through domain mediated mechanisms in our samples, the negative capacitance effect,
which is predicted based on a single domain double-well energy well picture, is still
robust in such situations. This indicates that microscopically abrupt switching events
are copiously present during the early parts of the switching dynamics.

3.17 Suggestions for Future Work
1 The microscopic details of ferroelectric switching dynamics could be studied using mul-

tiple techniques such as using atomic force microscopy [111] and X-ray diffraction [112].
In combination with the time dynamic measurement presented in this chapter, such
techniques could reveal important information of the microscopic details of the charac-
teristic negative transients (for example, the abrupt/correlated switching events during
the early part of the switching dynamics that result in the characteristic transients).

2 The concept of negative capacitance goes beyond the ferroelectrics and and can be
applied in general to any two-level system separated by an intrinsic barrier [26, 27,
28, 29, 30]. The technique presented herein could serve as a canonical test for negative
capacitance in any such system.
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Figure 3.22: QF − Vint curves for different voltage pulses. The negative capacitance state of
the ferroelectric corresponds to the region under the dashed box.
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Figure 3.27: (a,b,c,d) Dielectric constant-voltage and the admittance angle-voltage charac-
teristics of the PZT sample at 1 kHz (a), 10 kHz (b), 100 kHz (c) and 1 MHz (d).
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Chapter 4

STABILIZATION OF NEGATIVE
CAPACITANCE: CAPACITANCE
ENHANCEMENT IN
FERROELECTRIC-DIELECTRIC
HETEROSTRUCTURES

In the previous chapters, we have seen that the ferroelectric negative capacitance is an un-
stable state and, in an isolated ferroelectric capacitor, the negative capacitance states can be
accessed only in a time-dynamic fashion. This chapter describes the stabilization of the ferro-
electric negative capacitance state by putting a positive capacitor in series. The significance
of the results presented in this chapter lies in the fact the fact that, to reduce the subthresh-
old swing in a field-effect transistor, the ferroelectric negative capacitance is required to be
stabilized. The in-series positive capacitor could be the semiconductor channel capacitor
in a negative capacitance field-effect-transistor or a dielectric capacitor in a ferroelectric-
dielectric heterostructure. In this chapter, we take recourse to the latter approach where we
take ferroelectric Pb(Zr0.2Ti0.8)O3-dielectric SrTiO3 heterostructure as a model system. The
stabilization of the ferroelectric negative capacitance in a ferroelectric-dielectric heterostruc-
ture results in an enhancement of the equivalent capacitance of the heterostructure over that
of the constituent dielectric, which we demonstrate experimentally.

In this chapter, we start with the general theory of the stabilization of the negative
capacitance state in a ferroelectric-dielectric heterostructure in section 4.1. Section 4.2
details the experimental demonstration of the capacitance enhancement in a ferroelectric
Pb(Zr0.2Ti0.8)O3-dielectric SrTiO3 heterostructure capacitor due to the stabilized state of
the ferroelectric negative capacitance. In section 4.3, we describe a model based on the 1-D
Landau theory a generic ferroelectric-dielectric heterostructure and qualitatively explain the
experimentally observed temperature dependence of the negative capacitance effect.
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Most of the results presented in the chapter was reported in Khan et al. [113].
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4.1 Theory of Stablization of Ferroelectic Negative
Capacitance in a Ferroelectric-Dielectric
Heterostucture

The negative capacitance in a ferroelectric capacitor can be stabilized in a ferroelectric-
dielectric heterostructure schematically shown in figure 4.1(a). Figure 4.1(b) shows the
equivalent circuit diagram of the ferroelectric-dielectric heterostructure capacitor. CFE and
CDE stand for the ferroelectric and dielectric capacitance, respectively. Since the capacitors
are in series, the same amount of charge Q accumulates across of each of the capacitors.
Hence, at a given Q, the total energy of the series combination UFE+DE is the sum of the
energies of the ferroelectric and the dielectric (UFE and UDE respectively). In other words,
UFE+DE(Q) = UFE(Q) + UDE(Q). At equilibrium, the series combination stabilizes at a
charge Q that minimizes the total energy of the system. Figures 4.1(c,d) show the energy
landscapes of the ferroelectric and the dielectric and the series combination for two differ-
ent cases. The charge rests at the minima of the ferroelectric-dielectric energy landscape.
Note in figures 4.1(c,d) that the equilibrium Q corresponds to the negative capacitance region
in the ferroelectric energy landscape, which points to the fact that the ferroelectric has been
stabilized in the negative capacitance state. Figure 4.1(e) shows a case where the dielectric
capacitance is such that the negative capacitance state is not stabilized since the equilibrium
Q lies outside the negative capacitance region of the ferroelectric energy landscape.

Now the question is what the macroscopic signature of stabilization of the ferroelectric
negative capacitance in a ferroelectric-dielectric heterostructure is. To understand that, we
note that, according to the laws of electrostatics and circuits theory, the equivalent ca-
pacitance of a series combination of two positive capacitors will be smaller than each of
them. In a ferroelectric-dielectric heterostructure, this classical law could be broken since
CFE+DE = (C−1

FE + C−1
DE)−1 could be larger than CDE if CFE is negative and |CFE| > CDE.

Based on the energy based definition of capacitance (C = (d2U/dQ2)−1), at given Q, the
flatter the energy landscape is, the larger the capacitance is. In figures 4.1(c,d), we note that
at the Q corresponding to minima/minimum, the ferroelectric-dielectric energy landscape
at the minima is flatter than that of the dielectric indicating that in both of these cases
CFE+DE > CDE. On the other hand, in figure 4.1(e), where the negative capacitance is not
stabilized, the ferroelectric-dielectric energy landscape at the minima is less flat than that
of the dielectric indicating that CFE+DE < CDE in this case.

It is interesting to note that temperature could be used as a tuning parameter for the
ferroelectric negative capacitance. In the Landau description of the ferroelectric, the temper-
ature (T ) dependence in the energy UFE = αQ2 + βQ4 + γQ6 comes through the parameter
α = a◦(T − Tc), where a◦ is a positive material dependent parameter and Tc is the Curie
temperature. For given ferroelectric-dielectric heterostructure, the ferroelectric negative ca-
pacitance could be transformed from stable state to an unstable one by simply changing
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Figure 4.1: Stabilization of ferroelectric negative capacitance. (a) Schematic diagram of
a ferroelectric-dielectric heterostructure capacitor. (b) Equivalent circuit diagram of a
ferroelectric-dielectric heterostructure. (c,d,e) Energy landscapes of the ferroelectric and
the dielectric and the series combination for three different cases. In the cases presented in
figures (c,d), the ferroelectric negative capacitance state has been stabilized. For the case
presented in figure (e), the ferroelectric negative capacitance state has not been stabilized.
In figure (c), ferroelectric-dielectric landscape still has two minima, which means that, in
this case, the ferroelectric-dielectric heterostructure still behaves like a ferroelectric with a
smaller spontaneous polarization and a smaller hysteresis window. On the other hand, in
figure (d), where the dielectric capacitance is smaller (the dielectric energy landscape is less
flat) than that in figure 4.1(c), ferroelectric-dielectric landscape has a single minimum, and
as result, it is behaves like a dielectric.
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Figure 4.2: Schematic diagram of the ferroelectric Pb(Zr0.2Ti0.8)O3-dielectric SrTiO3 capac-
itor. Au and SrRuO3 (SRO) are used as top and bottom contacts respectively.

temperature, which we will demonstrate in the succeeding sections.

4.2 Experimental Demonstration of Stabilization of
Negative Capacitance and Capacitance
Enhancement in Ferroelectric-Dielectric
Heterostructures

Let us first consider a ferroelectric Pb(Zr0.2Ti0.8)O3 (28 nm)-dielectric SrTiO3 (48 nm) het-
erostructure grown on metallic SrRuO3 buffered SrTiO3 (001) substrate. The growth of the
sample is described in chapter 2 and the schematic diagram of the measurement is shown in
figure 4.2. Capacitance measurements were performed using an HP 4194A Impedance/Gain-
Phase Analyzer. Figure 4.3 shows the C−V characteristics at 100 kHz of a PZT (28 nm)-STO
(48 nm) heterostructure capacitor at different temperatures and compares it to the capac-
itance of a 48 nm STO. We note in figure 4.3(a) that, at room temperature (30 ◦C), the
capacitance of the PZT (28 nm)-STO (48 nm) is smaller than that of the constituent STO
(48 nm) layer. This points to the fact that, at room temperature, the PZT layer acts as a
positive dielectric. However, in figure 4.3(b), we observe that, at 300 ◦C, the capacitance of
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Figure 4.3: Comparison of C − V characteristics of a PZT (28 nm)-STO (48 nm) and an
STO (48 nm) sample at room temperature (30 ◦C) (a), 300 ◦C (b) and 400 and 500 ◦C.
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Figure 4.4: Capacitances of the samples at the symmetry point as functions of temperature
measured at 100 kHz. Symmetry point refers to the cross point of the C−V curves obtained
during upward and downward voltage sweeps.

the PZT (28 nm)-STO (48 nm) hetero-capacitor is larger than that of the constituent STO
(48 nm) layer indicating that the 28 nm PZT layer acts a negative capacitor. We observe in
figure 4.3(c) that the enhancement of capacitance in the PZT-STO heterostructure is even
larger at 400 and 500 ◦C.

Figure 4.4 shows the “symmetry point capacitance” of the PZT-STO heterostructure and
the constituent dielectric STO as a function of temperature. Here “symmetry point capac-
itance” refers to the capacitance at the cross-point of the C − V curves obtained during
the upward and downward voltage sweeps (indicated in figure 4.3). We note in figure 4.4
that the capacitance of 48 nm STO decreases monotonically with temperature, while that
of PZT (28 nm)-STO (48 nm) heterostructure increases monotonically with temperature.
The capacitance of PZT (28 nm)-STO (48 nm) heterostructure is larger than that of the
constituent 48 nm STO at temperatures over ∼225 ◦C.

Based on the experimentally measured values of the capacitances,we now extract the
value of ferroelectric capacitance CPZT and the voltage amplification at the PZT-STO inter-
face. Voltage amplification ratio at the PZT-STO interface is the ratio of the voltage across
the STO to the total voltage applied across the PZT-STO heterostructure, which is given
by r = (1 + CSTO/CPZT ). Figure 4.5 shows the extracted capacitance of the PZT in the
heterostructure and the calculated voltage amplification factor r at the PZT-STO interface.
We note in figure 4.5 that the PZT capacitance is negative and the amplification factor r is
larger than 1 above 225 ◦C.
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Figure 4.5: Extracted PZT capacitance in the bilayer and the calculated amplification factor
at the FE-DE interface.

Figure 4.6: Capacitance of the PZT (28 nm)-STO (48 nm) heterostructure and the STO (48
nm) layer as a function of frequency at 300 ◦C.

Figure 4.6 shows the capacitance of the PZT (28 nm)-STO (48 nm) heterostructure and
the STO (48 nm) layer as a function of frequency at 300 ◦C. Figure 4.6 shows the enhance-
ment in capacitance is retained even at 1 MHz, thereby indicating that defect mediated
processes are minimal, if any and, therefore, the enhanced capacitance cannot be attributed
to such effects.
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Figure 4.7(a) compares the capacitance of thee different PZT-SRO heterostructures (sam-
ple no 2-4) with that of the constituent STO at different temperatures. Also plotted in figure
4.7(a) is the capacitance of an isolated STO (sample 1) and an isolated PZT sample (sample
5). The capacitance of the constituent STO in each of the heterostructures is shown by small
horizontal line. We observe in figure 4.7(a) that all the PZT-SRO heterostructures show an
enhancement of the capacitance at higher temperatures. Figure 4.7(b) shows the admittance
angle θ of the same samples. The dissipation factor D(= cot θ) in all the devices remains
reasonably low confirming that capacitance measurements are not compromised by leakage.

Calibration of SrTiO3 Dielectric Constant
SrTiO3 dielectric constant varies strongly with growth conditions. Hence, there is a concern
whether the STO dielectric constant in isolated STO layer is lower than that in the PZT-STO
heterostructure. In fact, our measured STO dielectric constant at room temperature (∼200)
is lower than the highest reported STO (50 nm) permittivity (∼300) [114], which raises the
possibility that there exists a dead layer at the Au-STO interface that may reduce the in-
trinsic dielectric constant of STO and that is absent in Au-PZT interface in the bilayers. In
this regard, it is to be noted that bilayer capacitance enhancement is not observed at high
temperatures only and to the best of our knowledge, temperature dependence of εr of single
crystal STO thin films (50-100 nm) on SRO buffered STO (001) substrate at higher than 300
K has not been reported in literature. Hence, in order to benchmark our measurements at
high temperatures against standard values, we simulated unstrained STO dielectric constant
using Landau theory, which is plotted in figure 4.8. The highest value of unstrained STO
dielectric constant was reported in Jang et al. [114], which is also plotted in figure 4.8. We
note in figure 4.8 that the simulated STO εr is in excellent agreement with the measured εr
reported by Jang et al. [114]. Using X-ray diffraction spectroscopy techniques, we determined
that STO in both bilayers and STO-only samples are unstrained, which is expected since
the STO and SRO in-plane lattice constants are very closely matched to each other. Figure
4.9(a) shows the temperature dependence of STO simulated using Landau theory (tagged
as “STO (simulation)”) and compares that with our measured dielectric constants of STO
(tagged as “STO (measured)”) and PZT-STO bilayer. It is important to note in figure 4.9(a)
that simulated and measured permittivities are in the same range at elevated temperature
where the capacitance enhancement in the PZT-STO heterostructure is observed. By noting
that CPZT−STO = εPZT−STO/(dPZT + dSTO) and CSTO = εSTO/dSTO, CPZT−STO ≥ CSTO
requires εPZT−STO > εSTO(1 +dPZT/dSTO). In figure 4.3(a), εSTO(1 +dPZT/dSTO) curves for
the measured STO dielectric constant and the simulated STO dielectric constant are also
plotted and tagged “Required ε (measured)” and “Required ε (simulation)”, respectively.
We note in figure 4.9(a) that even we consider the simulated STO dielectric constant, the
dielectric constant curve of the PZT-STO heterostructure crosses over the “Required ε (simu-
lation)” curve at above 300 ◦C. Hence, at elevated temperatures, the dielectric enhancement
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(a)

(b)

(c)

Figure 4.7: Comparison of capacitance (a), the admittance angles (b), and dielectric con-
stant (c) of several PZT-STO samples with those of STO and PZT at 100 kHz at different
temperatures. In (b), the capacitance of the constituent STO in each of the bilayers is shown
by small horizontal line.
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10 

Figure 4.8: Comparison of STO dielectric constant simulated using Landau model with
measure dielectric constant of 50 nm STO reported in Ref. 21.

of PZT-STO bilayer is large enough to yield capacitance enhancement, even if we compare
the measured PZT-STO bilayer capacitance with the simulated STO capacitance, which is
shown in figure 4.9(b).

Another point that needs to be considered is the thickness dependence of STO permit-
tivity. Since the breakdown electric field of STO is smaller than that of PZT, it poses a
problem when the bi-layer capacitance is compared to that of an isolated STO layer over the
same voltage range. To overcome this problem, we have used a 97 nm STO as our controlled
sample. The permittivity for isolated STO was measured from this sample. Consequently
the capacitance of 48 nm STO was calculated using the measured permittivity of the 97
nm sample. It is well known that STO permittivity goes down with decreasing thickness.
Therefore, we have overestimated the capacitance of isolated STO layer and underestimated
the capacitance enhancement that we show in figures 4.9(a) and 4.9(b). If we directly use
the measured capacitances from a 48 nm thick STO sample, the capacitance enhancement
can be found at room temperature. In figures 4.9(a) and 4.9(b), this is what we illustrate by
“lower bound”.
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(a)

(b)

Required ε (lower bound)

Required ε (measured)

Required ε (sim
ulation)

Figure 4.9: Comparison of dielectric constant (a) and capacitance (b) of a PZT (28 nm)-
STO (48 nm) sample with those of STO samples at 100 kHz as functions of temperature. In
(a), curves tagged ’Required ε’ refers to the required bilayer dielectric constant to achieve
CPZT−STO = CSTO at a certain temperature. The lower bound of STO dielectric constant
and capacitance correspond to those measured from the 48 nm STO sample.
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Figure 4.10: Schematic diagram of a ferroelectric-dielectric heterostructure.

4.3 Theoretical Model of Capacitance Enhancement

Model
Let us consider a series combination of a Ferroelectric (FE) and a dielectric (DE) capacitor.
For this example, we shall consider PZT (Lead Zirconate Titanate: PbZr0.2Ti0.8O3) as the
ferroelectric layer and STO (Strontium Titanate: SrTiO3) as the dielectric layer. Figure 4.10
shows the schematic diagram of a ferroelectric(FE)-dielectric(DE) heterostructure. lf and
ld are the FE and DE layer thicknesses, respectively. If the total voltage across the FE-DE
series capacitor network is V , according to the Kirchhoff’s law,

V = Vf + Vd = Ef lf + Edld (4.1)

Here, the subscripts, f and d, refer to FE and DE, respectively. Vf = Ef lf and Vd = Edld
are the voltages across the FE and DE layers respectively. Also, applying Gauss’s law at
the interface between FE and DE, one obtains the following equation for the surface charge
density, Q.

Q = ε0Ef + Pf = ε0Ed + Pd (4.2)
Here, Pi is the charge per unit area or polarization of the i-th layer.

It is important to understand the dielectric polarization term Pd. The following two cases
are considered for simulations.

1 For a linear dielectric, Pd = ε0(εd−1)Ed. In such a case, the right hand side of equation
4.2 becomes ε0εdEd.

2 For a non-linear dielectric such as SrTiO3, Pd = f(Ed), where Ed = f−1(Pd) =
2α1,dPd + 4α11,dP

3
d + 6α111,dP

5
d + 8α1111,dP

7
f . α1,d, α11,d, α111,d and α1111,d are the di-

electric anisotropy coefficients. In this case, the relative dielectric constant of the DE
layer, εd is buried in the electric field dependence of Pd and, hence, the coefficient of
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Ed in the right hand side of equation 4.2 is simply ε0.

Similarly, for the FE layer, Ef = 2α1,fPf + 4α11,fP
3
f + 6α111,fP

5
f + 8α1111,fP

7
f in equation

4.2. Here, α1,f , α11,f , α111,f and α1111,f are the ferroelectric anisotropy coefficients. The
relative dielectric constant of the FE layer, εf is buried in the electric field dependence of
Pf .

The total energy of the combination per unit surface area can be written as,

Uf+d = lf
(
α1,fP

2
f + α11,fP

4
f + α111,fP

6
f + α1111,fP

8
f − EfPf

)
+ld

(
α1,dP

2
d + α11,dP

4
d + α111,dP

4
d + α1111,dP

6
f − EdPd

)
(4.3)

The advantage of writing the energy function of a DE also like that of a FE, as it has
been done in Equation 4.3, is the fact that this equation equally applies to a dielectric or a
paraelectric material. Since STO is indeed paraelectric, equation 4.3 is particularly appro-
priate.

Combining equations 4.1, 4.2 and 4.3, the following equation for Uf+d can be derived.

Uf+d = lf
(
α1,fP

2
f + α11,fP

4
f + α111,fP

6
f + α1111,fP

8
f

)
+ld

(
α1,dP

2
d + α11,dP

4
d + α111,dP

6
d + α1111,dP

8
d

)
−V Pf lf + Pdld

lf + ld
+ lf ld (Pf − Pd)2

εf lf + εdld
(4.4)

We note that a similar expression for the total energy in FE-DE heterostructure was
derived by Dawber et al. [115].

For a given voltage V , the state of the combined FE-DE network can be found by mini-
mizing the total energy given by Equation 4.4 with respect to polarizations in FE and DE.
This will provide the polarization and electric fields in individual layers. The total capaci-
tance of the FE-DE series network can then be calculated from C = dQ/dV . The effective
capacitance of the FE and DE layers at a given V can also be calculated using Ci = dQ/dVi
(i ≡ f, d). The algorithm for the solution is described in the next subsection.

Algorithm
This subsection describes the algorithm for solving the equations presented in the previ-
ous subsection. For clarity, some of the equations presented in the previous subsection are
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repeated here. V is the voltage applied across the heterostructure. li, Pi and Ei are respec-
tively the thickness, the polarization and the electric field in the i-th layer (i ≡ f, d). x and
y are volume fractions of FE and DE layers respectively in the heterostructure.

x = lf
ld + lf

; y = ld
ld + lf

(4.5)

Applying Kirchhoff’s voltage law and Gauss law in this heterostructure, following relations
are obtained.

Ef · lf + Ed · ld = V (4.6)
ε0Ef + Pf = ε0Ed + Pd (4.7)

Equation 4.6 and 4.7 are solved to obtain the following relations for the electric fields.

Ef = V

lf + ld
− Pf − Pd

ε0
y (4.8)

Ed = V

lf + ld
+ Pf − Pd

ε0
x (4.9)

The free energy per unit volume of the FE layer is given by the following relation.

Uf = α1,fP
2
f + α11,fP

4
f + α111,fP

6
f + α1111,fP

8
f − EfPf

= (α1,f + y

ε0
)P 2

f + α11,fP
4
f + α111,fP

6
f + α1111,fP

8
f −

y

ε0
PdPf

− V

lf + ld
Pf (4.10)

Here, α1,f , α11,f , α111,f and α1111,f are the ferroelectric anisotropy coefficients.

Similarly, the free energy per unit volume of the DE layer is given by the following
relation.

Ud = α1,dP
2
d + α11,dP

4
d + α111,dP

6
d + α1111,dP

8
d − EdPd

= (α1,d + x

ε0
)P 2

d + α11,dP
4
d + α111,dP

6
d + α1111,dP

8
d −

x

ε0
PfPd

− V

lf + ld
Pd (4.11)

Here, α1,d, α11,d, α111,d and α1111,d are the dielectric anisotropy coefficients.

Defining E = V
lf +ld

and using equation 4.10 and 4.11, the free energy per unit surface
area of the FE-DE heterostructure Uf+d = xUf + yUd can expressed as follows

Uf+d = (lf + ld)(x · (ff (Pf )− E · Pf ) + y · (fd(Pd)− E · Pd) + xy

2ε0
(Pf − Pd)2)(4.12)
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The equilibrium values of Pf and Pd minimizes Uf+d for which the following relation
needs to be satisfied.

∂Uf+d

∂Pf
= ∂Uf+d

∂Pd
= 0 (4.13)

From equation 4.13, the following relations are derived.
∂ff
∂Pf

+ y

ε0
(Pf − Pd)− E = 0 (4.14)

∂fDE
∂Pd

− x

ε0
(Pf − Pd)− E = 0 (4.15)

where, fi = α1,iP
2
i + α11,iP

4
i + α111,iP

6
i + α1111,iP

8
i , i ≡ f, d.

Solution of equation 4.14 and 4.15 for a given V or E gives the equilibrium values of
Pf and Pd. We solved equation 4.14 and 4.15 using a MATLAB code that implements a
Newton-Raphson routine. The steps are follows.

1. Assume a value of Pf which we refer to as Pf,guess.

2. For Pf = Pf,guess, the value of the function on the left hand side of equation 11, Fguess
is calculated using the following the relations.

Pd,guess = Pf,guess + ε0

y

∂ff
∂Pf

(Pf,guess) + ε0

y
E (4.16)

Fguess = ∂fd
∂Pd

(Pd,guess)−
x

ε0
(Pf,guess − Pd,guess)− E (4.17)

3. dFguess

dPf
is calculated at Pf = Pf,guess using relations 4.18-4.21.

P δ
f,guess = Pf,guess + δ; δ → 0 (4.18)

P δ
d,guess = P δ

f,guess + ε0

y

∂ff
∂Pf

(P δ
f,guess) + ε0

y
E (4.19)

F δ
guess = ∂fd

∂Pd
(P δ

d,guess)−
x

ε0
(P δ

f,guess − P δ
d,guess)− E (4.20)

dFguess
dPf

= lim
δ→0

F δ
guess − Fguess

δ
(4.21)

4. The assumed value of Pf is updated using the following relations. γ < 1 is the update
coefficient.

∆Pf,guess = − FguessdFguess

dPf

(4.22)

P new
f,guess = Pf,guess + ∆Pf,guess · γ (4.23)
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5. Steps 1-4 are repeated until ∆Pf,guess →0.

For ferroelectric PZT, the values of the anisotropy constants are taken from [116] and
are listed below.

x = 0.8 (4.24)

α1,f = T − T0

2ε0C0
, ε = 8.854× 10−12 (4.25)

α11,f = (10.612− 22.655x+ 10.955x2)× 1013

C0
(4.26)

α111,f = (12.026− 17.296x+ 9.179x2)× 1013

C0
(4.27)

C0 = ( 2.8339
1 + 126.56(x− 0.5)2 + 1.4132)× 105 (4.28)

T0 = 462.63 + 843x− 2105.5x2 + 4041.8x3 − 3828.2x4 + 1337.8x5 (4.29)
α1111,f = 0 (4.30)

For dielectric STO, the values of the anisotropy constants are also taken from [116] and
are listed below.

α1,d = 7.06(T − 35.5)× 105 (4.31)
α11,d = 1.7× 109 (4.32)
α111,d = α1111,f = 0 (4.33)

In equation 4.24-4.33, all units are in S.I.

Temperature Dependence of Negative Capacitance Effect in a
Ferroelectric-Dielectric Heterostructure
A ferroelectric material is sensitive to the temperature due to the coefficient α being propor-
tional to T . This is the main reason why the negative capacitance is temperature dependent.
For all practical purposes, in a FE-DE-bilayer, the system would adopt a nearly uniform po-
larization throughout all the layers resulting in Q ≈ Pf ≈ Pd. This is due to the fact that
the last term in equation 4.4, which represents the electrostatic energy arising due to the
polarization mismatch at the interface is costly in energy. Equation 4.4 can be simplified as
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(a)

(c)

(b)

(a)

(d)

Figure 4.11: (a) Simulated capacitance of a PZT-STO bi-layer capacitor, an isolated STO and
an isolated PZT with a thickness of tPZT as a function of temperature. tPZT :tSTO = 4:1. The
temperature corresponding to the singularity in PZT capacitance corresponds to its Curie
temperature. Note that capacitance-temperature characteristics of the PZT-STO bilayer
capacitor has a similar shape as that of a PZT capacitor with a lower Curie temperature.
(b,c) Energy landscapes of the series combination at two different temperatures, TA (b)
and TB (c). (d) Calculated C − V characteristics of a STO capacitor and a PZT-STO
heterostructure capacitor (thickness ratio 4:1) at T = TA, TB and TC .
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Uf+d = lf
(
α1,fQ

2 + α11,fQ
4 + α111,fQ

6 + α1111,fQ
8
)

+ld
(
α1,dQ

2 + α11,dQ
4 + α111,dQ

6 + α1111,dQ
8
)
− V Q (4.34)

From equation 4.34, one can easily see that when a DE is added in series with FE, a
positive quantity (α1,dld/lf > 0) is added to the α1,f coefficient of the ferroelectric . One way
to understand the impact of this addition of positive energy is to recognize that it reduces
the “effective” Curie temperature of the ferroelectric material, by reducing the total negative
energy in the combined system. Figure 4.11(a) shows the simulated capacitance of a FE-DE
(PZT-STO) heterostructure as a function of temperature and compares it to the capacitance
of DE (STO). Indeed, simulated capacitance vs temperature shows a shift of the effective
Curie temperate towards the left for the FE-DE heterostructure in comparison to isolated FE.

In order to explain the temperature dependence in more details, we resort to energy
landscapes, as shown in figures 4.11(b) and 4.11(c), for two different temperatures, TA and
TB. For a ferroelectric material, as the temperature increases, the double wells of energy
landscape come closer together and become shallower and flatter making the ferroelectric
capacitance increase. At the Curie temperature, the double wells develop into a single
minimum, the capacitance peaks and a FE-to-DE phase transition occurs. Beyond Curie
temperature, the energy landscape in the DE phase again becomes steeper around the sin-
gle minima making the capacitance decrease with the temperature. Interestingly, the exact
same thing happens when, rather than changing the temperature, a dielectric is added in
series. If temperature is increased, the α1,f coefficient for the ferroelectric material increases
by α0T . On the other hand, if a dielectric material is added, the same coefficient increases by
α1,dld/lf (see Equation 4.4). For a conventional dielectric α1,d = 1/(2ε0εd), α11,d = α111,d = 0.
Because of this duality, the negative capacitance effect in a FE-DE layer shows the temper-
ature dependence seen in figure 4.11(a). On the other hand, this means that temperature
can be used as an effective tuning parameter for characterization and probing of negative
capacitance.

Note that the capacitance is not negative everywhere in the energy landscape of ferroelec-
tric material. The portion where capacitance is indeed negative is shown by the dashed box
in figures 4.11(b) and 4.11(c). The idea is to add enough positive energy in the system from
the DE so that the total energy will be minimized at a (U,Q) coordinate where ferroelectric
capacitance is negative. There are three distinct regions of operation that are of interest for
negative capacitance. First at T = TA, the added energy from the dielectric alone is not
large enough to stabilize the ferroelectric material in a negative capacitance region (see figure
4.11(b)). If now the temperature is increased from TA to TB, the combined energy moves
to the point of minimum energy inside the dashed box and hence negative capacitance is
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expected (see figures 4.11(c)). But note that the total energy still shows small double wells.
This means, despite negative capacitance operation and capacitance enhancement, a hys-
teresis should be observed. This is the second mode of operation. Now if the temperature is
further increased to TC , the positive energy will be large enough to completely eliminate the
double well and make the combined energy look like a paraelectric or dielectric (shown by
the tag ‘DE’ in figures 4.11(b) and 4.11(c)). In this third region of operation we shall find
a capacitance enhancement and also the operation will be hysteresis free. Figure 4.11(d)
shows capacitance-voltage simulations for PZT-STO heterostructure at TA, TB and TC , as
described above. At TA, PZT-STO shows hysteresis in C − V characteristics and PZT-STO
capacitance is smaller than of the STO capacitor around V = 0. The peaks in C − V
characteristics in PZT-STO correspond to polarization switching and are not related to the
negative capacitance effect. At TB, the PZT-STO hysteresis has decreased and equivalent
capacitance is larger than that of the STO capacitor around zero bias condition. Therefore
the negative capacitance operation can now be observed but it is accompanied by hysteresis.
Finally, at a further elevated temperature, TC , the PZT-STO capacitance becomes much
larger than that of PZT and the hysteresis completely goes away. This is the most desired
mode of operation. Note in our experimental results presented in figure 4.3(c), the PZT-STO
C − V characteristics is hysteresis free at 500 ◦C.

4.4 Conclusions
In summary, we have experimentally demonstrated that, in a crystalline ferroelectric-dielectric
series capacitance network, the total capacitance, contrary to what happens in a classical
series combination, could be larger than the constituent dielectric capacitance. Through
the combined experimental-simulation study presented herein, we show that the observed
enhancement of the capacitance in the ferroelectric-dielectric capacitor corresponds to the
stabilization of the ferroelectric negative capacitance. An understanding of the tempera-
ture dependent behavior of the negative capacitance phenomenon is also developed based on
simple 1-D Landau-Devonshire formalism.

4.5 Future Directions
1 Towards room temperature capacitance enhancement: The capacitance enhancement

in the Pb(Zr0.2Ti0.8)O3-SrTiO3 heterostructure was observed at elevated temperatures
only. This is due to the fact that the bulk Curie temperature of PZT is ∼450 ◦C; but
when grown on SrTiO3 substrate, it Curie temperature increases by almost 400 ◦C to
above 850 ◦C due to the compressive strain imposed by SrTiO3. The temperature range
of the capacitance enhancement is closely related to the ferroelectric Curie temperature.
The higher the Curie temperature, the higher the temperature for on-set of capacitance
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Figure 4.12: A passive voltage amplifier.

enhancement. Hence, by using a ferroelectrics with smaller Curie temperature such as
BaTiO3 and (BaxSr1−x)TiO3, the capacitance enhancement could be observed at room
temperature.

2 Passive voltage amplification: By introducing an intermediate metallic layer between
the ferroelectric and the dielectric layer in a heterostructure, a passive voltage amplifier
could be implemented. Figure 4.12 shows the schematic diagram of such an amplifier.
The input voltage Vin is amplified at the internal metal layer (Vout = Vin × (1 +
CDE/CFE)−1).

3 Capacitance enhancement in ferroelectric-semiconductor heterostructures: The capaci-
tance enhancement in ferroelectric-semiconductor heterostructure is the first signature
of stabilized ferroelectric negative capacitance to be detected in a negative capacitance
field-effect-transistor.
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Chapter 5

MODELING OF FERROELECTRIC
NEGATIVE CAPACITANCE FIELD
EFFECT TRANSISTOR

In this chapter, we present a design methodology of ferroelectric (FE) negative capacitance
FETs (NCFETs) based on the concept of capacitance matching. We propose a new mode
of NCFET operation, called the “antiferroelectric mode.” In an antiferroelectric NCFET,
a significant boost in the on-current can be obtained in exchange for a nominal hysteresis
besides achieving sub-60mV/dec subthreshold operation. Design considerations for different
device parameters (FE thickness, EOT, source/drain overlap and gate length) are explored.
It is suggested that relative improvement in device performance due to FE negative capaci-
tance becomes more significant in very short channel length devices because of the increased
drain-to-channel coupling.

Section 5.1 describes the simulation procedure of the negative capacitance field-effect-
transistor. The concept of capacitance matching for the design of a negative capacitance
field-effect-transistor is presented in section 5.2. Section 5.2 also introduces the concept of
the antiferroelectric model of NCFET operation. Section 5.3 presents the effects of differ-
ent device parameters, such as ferroelectric thickness, equivalent oxide thickness, source and
drain overlaps and gate length, on the performance on NCFET.

Most of the results presented in this paper was reported in reference [117].
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(a) Baseline MOSFET

(b) Negative Capacitance FET

Figure 5.1: Schematic diagram of the baseline MOSFET (a) and the negative capacitance
field-effect-transistor (b). In the negative capacitance FET, a ferroelectric negative capaci-
tance oxide is integrated into the gate oxide stack through a metallic buffer layer.The equiv-
alent capacitance circuit model of the MOSFET and NCFET are also shown.

5.1 Modeling Framework of Negative Capacitance
FET

Figure 5.1(a,b) show the schematic diagram of the a bulk Si MOSFET and a negative ca-
pacitance FET, respectively. Bulk Si MOSFET with high-K gate oxide in figure 5.1(a) is
referred to as the the baseline MOSFET. In the negative capacitance FET shown in figure
5.1(b), the ferroelectric oxide is assumed to be deposited on a commensurate metallic tem-
plate grown on the oxide of the baseline MOSFET [118]. The intermediate metallic layer
between the ferroelectric and the high-K gate oxide is chosen following the experimental
device [119], which we refer to as the floating gate with a voltage of Vg. The voltage at the
outer gate is VG. This floating gate averages out the non-uniform potential profile along the
source-drain direction as well as any charge non-uniformity coming from domain formation
in the FE. Thus as long as the MOSFET is concerned, the FE looks like a mono-domain
dipole. This experimental structure therefore justifies using a 1-D landau model for the FE.
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The intrinsic MOSFET is simulated using TCAD Sentaurus software taking into account the
2-D electrostatics. Dynamic nonlocal path band-to-band model, standard Shockley-Reed-
Hall recombination and drift-diffusion model are used and Fermi-Dirac statistics is assumed
in the MOSFET simulation. Source/drain junction depth is 10 nm.

To calculate the characteristics of the NCFET, the baseline MOSFET is simulated for a
given combination of internal gate voltage Vg and the drain voltage VD. The voltage drop
across of the ferroelectric is calculated as VFE(Q) = (2αQ+ 4βQ3 + 6γQ5)× tFE, where α,
β, γ are the ferroelectric anisotropy constants and Q is the charge in the channel calculated
using the TCAD simulation at the given Vg and VD condition which is reflected at the in-
ternal gate. The voltage at the external gate VG(Q) = VFE(Q) + Vg(Q). Pb(Zr0.5Ti0.5)O3 is
considered as the FE. The anisotropy constants for Pb(Zr0.5Ti0.5)O3 are taken from reference
[116] and are listed below.

x = 0.5 (5.1)

α1 = T − T0

2ε0C0
, ε = 8.854× 10−12 (5.2)

α11 = (10.612− 22.655x+ 10.955x2)× 1013

C0
(5.3)

α111 = (12.026− 17.296x+ 9.179x2)× 1013

C0
(5.4)

C0 = ( 2.1716
1 + 500.05(x− 0.5)2 + 0.131x+ 2.01)× 105 (5.5)

T0 = 462.63 + 843x− 2105.5x2 + 4041.8x3 − 3828.2x4 + 1337.8x5 (5.6)

Here, all units are in S.I.

5.2 The Capacitance Tuning Perspective
In order to understand the design methodology of a negative capacitance FET, we show the
equivalent capacitance model of a FET in figure 5.1(a). In figure 5.1(a), Cox and Cs are
the oxide and the semiconductor capacitance, respectively and Csource and Cdrain represent
the source and drain coupling capacitance to the channel, respectively. CMOS = Cox||(Cs +
Csource + Cdrain). Figure 5.1(b) shows the schematic diagram of a negative capacitance
FET where a ferroelectric negative capacitance oxide is integrated into the gate oxide stack
through a metallic buffer layer. The ferroelectric capacitance CFE is negative. The key to
negative capacitance effect is that the negative differential capacitance of the FE (CFE < 0)
compensates the positive capacitances (CMOS > 0) in the device such that the resulting gate
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Figure 5.2: Capacitance-gate voltage characteristics (a) and charge density-capacitance char-
acteristics of the baseline MOSFET. Lg=100 nm. The ratio of the inversion and depletion
capacitance Cmax/Cmin=∼11.5.

capacitance, CG = (C−1
FE + C−1

MOS)−1 can be made larger than CMOS. In such a case, the
body factor can be calculated as

m = dVG
dψ

= (1 + CMOS

CFE
)(1 + Cs + Csource + Cdrain

Cox
) (5.7)

We note in equation 5.7, by matching CFE to CMOS which refers to the condition: -
CFE ≈ CMOS and −CFE > CMOS, subthreshold swing SS = m× 60 mV/dec could be made
arbitrarily smaller than 60 mV/dec. A perfect matching between CFE and CMOS would
result in an ideal switch with SS=0 mV/dec. CMOS (-CFE = CMOS and −CFE > CMOS).

Now the question is: “Is it possible to match the ferroelectric capacitance and the MOS-
FET capacitance?” In order to answer this question, figure 5.2(a) show CMOS-Vg and Q-
CMOS characteristics of a Lg=100 nm baseline MOSFET. We note in figure 5.2(a) that
between the depletion and inversion the MOSFET capacitance changes by an order of mag-
nitude. As result, innovative approach is necessary to design a NCFET.

Figure 5.3(a) shows the Q-VG characteristics of a NCFET for different ferroelectric thick-
nesses tFE. Figure 5.3(b) shows CMOS and −CFE for these cases. It is interesting to note
that while for tFE=150 nm, the Q−VG curve is non-hysteretic and resembles that of a regular
MOS capacitor with a smaller EOT, for the other two cases, Q− VG curve has two different
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(a) (b)

Figure 5.3: (a) Evolution of Q − VG characteristics with FE thickness. (b) Comparison of
MOS capacitance and FE capacitance as functions of Q for different tFE.

types of hysteresis. For tFE=210 nm, it has butterfly type dual hysteresis loops, which is
a characteristic feature of antiferroelectric type materials [6]. With further increase in tFE,
the width of the hysteresis loops increases and at a critical tFE, they merge together to form
a usual ferroelectric single hysteresis loop (for example see the case for tFE=330 nm). The
origin of this thickness dependence is that CFE and CMOS are both non-linear (figure 5.3(c))
and they cannot be matched in the entire range of Q from depletion to accumulation. For
Q values, where -CFE < CMOS, the equivalent CG become negative and hence the system
becomes unstable and shows bi-stability. In order to elucidate this point, we note in 5.3(b),
for tFE=150 nm, the condition: −CFE > CMOS is satisfied and hence the corresponding
Q − VG curves do not have any hysteresis. On the other hand, for tFE=210 nm, CMOS ex-
ceeds −CFE between the Q values corresponding to points A and B (figure 5.3(b)). Hence,
as shown in figure 5.3(a), hysteretic jumps occur in the Q − VG curve of the tFE=210 nm
case at the Q values corresponding to points A and B in figure 5.3(b). The origin of AFE
type dual hysteresis is that for certain tFE, there can be multiple disconnected ranges of
Q values where the condition: −CFE < CMOS is satisfied. AFE behavior is obtained for a
certain range of FE thickness. The key difference between AFE and FE type hysteresis in a
NC-MOS capacitor is that in the former case, all three regions of MOS operation (depletion,
accumulation and inversion) can be accessed by sweeping VG, while in the latter case, the
device switches between the accumulation and inversion and the depletion region (the off
state) cannot be accessed by changing VG.

Figure 5.4(a,b) show the Q−VG and ID−VG characteristic, respectively, of an AFE type
NCFET for two different VD. It is interesting to note that the hysteresis loops in Q − VG
and ID − VG can be dynamically controlled by drain voltage, VD. It is due to the fact that
Q and CMOS changes with VD because of the electrostatic coupling of the channel to the
drain. This, together with the fact that the shape of the hysteresis is dictated by relative
magnitudes of CMOS and CFE means that the hysteresis in Q−VG and ID−VG characteristics
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(a) (b)

Figure 5.4: Dynamic hysteresis control by VD in an AFE NCFET. Q− VG (a) and ID − VG
(b) characteristics of the NCFET for different VD. tFE = 210 nm.

can be modulated dynamically by VD. This gives rise to interesting possibilities of using such
dynamic hysteresis control for novel memory functionalities in the same device structure.

5.3 Performance Tuning

Ferroelectric Thickness Optimization
Figure 5.5(a-d) show the effect of tFE on the performance of AFE type NCFETs. We note
in figure 5.5(a,b) is that in the presence of AFE type hysteresis, the significant boost in
on-current is achieved with respect to the intrinsic MOSFET and Ion (current in the upper
branch of hysteresis) is almost independent of VG. One can take advantage of this AFE
behavior by choosing the gate metal workfunction properly so that the hysteresis loop is
positioned to fit completely within the supply voltage VDD window. Figure 5.5(c) shows
that apart from boosting the on-current, the subthreshold swing is also improved with the
addition of the FE. Figure 5.5(c) summarizes the overall effect of tFE on device performance
by relating the on-off ratio to tFE for a given VD. In this calculation, it was made sure
that the hysteresis loops fit within the VG swing at the given VD. Notably, at the on-set
of hysteresis, on-off-ratio (and Ion) becomes independent of tFE. Now that increase in tFE
improves the subthreshold slope in the lower current regime and boosts Ion by hysteretic
jumps while increasing the hysteresis width, the design challenge is to optimize tFE so that
on-off ratio is maximized while maintaining the hysteresis width smaller than the voltage
swing.

Figure 5.6 summarizes the optimization of AFE NCFET performance with respect to
tFE. Figure 5.6(a) plots the maximum on-current achievable in a NCFET at different power
supply voltages VDD (=VG=VD) and Ioff=1 nA/µm and 100 nA/µm by optimizing the FE
thickness. The corresponding optimal tFE at different VDD is shown in figure 5.6(b). The
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(a) (b)

(c) (d)

Figure 5.5: Effect of tFE on Antiferroelectric type ID − VG Characteristics. (a,b) ID − VG
curves in logarithmic (a) and linear scale (b) for different tFE. (c) Ramp up subthrehold
slope (=d(log10ID)/dVG) as a function of ID for different tFE. (d) On-off ratio as a function
of tFE for different VDD (=VG=VD) with Ioff set at 100 nA/µm.

optimal tFE decreases with the scaling of VDD due to the fact that the width of hysteresis loop
will also have to decrease to accommodate the hysteresis loop within the VG swing=VDD.
We observe ins figure 5.6(a) that by optimizing tFE for a given VDD, almost an order of
magnitude increase in Ion can be achieved compared to that in the baseline MOSFET.
For example, in figure 5.6(a), for Ioff=100 nA/µm, Ion at VDD=225 mV in the optimized
NCFET is the same as that in the intrinsic MOSFET at VDD=500 mV. This indicates that
VDD can be scaled to much smaller voltages in NCFETs than possible in the conventional
MOSFETs. We also note in figure 5.6(a) that for Ioff=1 nA/µm, between VDD=350 mV
and 500 mV, the maximum Ion achievable in the optimized NCFETs is the same as that for
the optimized NCFET for Ioff=100 nA/µm. Figure 5.6(c) shows Ion vs on-off ratio in a
NCFET for different tFE. Note in figure 5.6(c) that for tFE=210 nm, Ion is independent of
the on-off ratio (and Ioff ). This is due to the fact that after the on-set of hysteresis, Ion is
almost independent of VG. Utilizing this fact, a unique NCFET can be designed where Ion
is independent of Ioff for a certain range of VDD.
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(c)

(b)(a)

Figure 5.6: Performance Optimization by FE thickness. (a) Maximum on-current (a) achiev-
able in a NCFET at different power supply voltages, VDD (=VG=VD) and Ioff=1 nA/µm
and 100 nA/µm by optimizing the FE thickness. (b) The optimal tFE at different VDD. (c)
Ion vs on-off ratio in a NCFET for different tFE.

Effect of Equivalent Oxide Thickness (EOT)
EOT is an important design parameter for NCFET, because an interfacial amorphous SiO2
layer is inevitable in the gate stack due to the process related issues [4,8]. Figure 5.7 summa-
rizes the optimization of AFE NCFET performance with respect to EOT. Figure 5.3(a) plots
on-current Ion as a function of tFE for NCFETs with different EOTs for Ioff=100 nA/µm
and VDD=300 mV. We note in figure 5.7(a) that although a larger EOT results in a smaller
Ion for a given VDD, by using a ferroelectric of an optimal tFE, the same maximum Ion can
be achieved in devices with different EOTs. For example, Ion in the baseline MOSFET for
EOT=20 Å is almost 4 times less than that for EOT=5Å, but in the corresponding NCFETs
same Ion can be achieved by using tFE= 200 nm and 600 nm for EOT = 5 Å and 20 Å
respectively. Figure 5.7(b,c) plot maximum Ion and optimum tFE (c) for different EOT de-
vices as functions of VDD for Ioff = 100 nA/µm. We note in figure 5.7(c) that the optimal
tFE scales linearly with the EOT in the intrinsic device. This is due to the fact that since
an increase in EOT decreases CMOS, a larger tFE is required to compensate the increase in
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(c)

(b)(a)

(c)

Figure 5.7: Equivalent oxide thickness as a critical NCFET design parameter. (a) On-current
Ion as a function of tFE for NCFETs with different EOTs for Ioff=100 nA/µm and VDD=300
mV. (b,c) Maximum Ion (b) and optimum tFE (c) for different EOT devices as functions of
VDD for Ioff = 100 nA/µm.

CMOS.

Source and Drain Overlap
Source and drain overlaps contribute additional capacitances to MOS structure (CMOS) and
hence overlaps can be utilized as important design parameters. Figure 5.8(a,b) compares
ID−VG characteristics of the baseline MOSFET and a NCFET with tFE=210 nm for different
source and drain overlaps, respectively. It is interesting to note in figure 5.8 that ID − VG
characteristics of the baseline MOSFET is independent of the length of the overlap; however,
ID−VG characteristics of the NCFET is strongly varies depending on the overlap location and
length. For example, we observe in figure 5.8(a,b) that, without an overlap, the subthreshold
swing of NCFET is identical to that of the baseline MOSFET at low current levels. In
figure 5.8(a), we observe that as an source overlap is introduced, the subthreshold swing
of NCFET is significantly improved compared to that of the baseline MOSFET. This is
because of the fact that with additional source overlap capacitance, CMOS is better matched
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(b)(a)

Figure 5.8: Source and Drain Overlap Effects. ID − VG characteristics of a NCFET with
tFE=210 nm for different source (a) and drain (b) overlaps. LG=100 nm, VD= 500 mV.

(a) (b)

Figure 5.9: Effect of LG scaling. (a) Comparison of ID−VG characteristics of NCFETs with
tFE=210 nm with two different gate lengths, LG=20 nm and 100 nm. (b) On-off ratio as a
function of tFE for two different LG.

to CFE resulting in further decrease in subthreshold swing. A comparison between figures
5.8(a) and 5.8(b) shows that, with a drain overlap, the shape of the hysteresis changes,
while source overlap has no effect on the hysteresis shape. The reason for this, as was
confirmed by detailed simulations, is that the source overlap adds significant capacitance in
the subthreshold region while drain overlap increases the capacitance in a much larger range
of Q.
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Gate Length Scaling
Although in an ultra-scaled device, performance is severely degraded due to short channel
effects, the charge density Q and CMOS in the subthreshold regime is increased significantly
in a scaled device due to the increased drain coupling to the channel. Resulting increase
in CMOS could result in a better matching to the FE capacitance and greater performance
improvement for the same tFE in an ultra-scaled device. Figure 5.9(a) compares ID − VG
characteristics of NCFETs with tFE=210 nm with two different gate lengths: LG=20 nm
and 100 nm. We note in figure 5.9(a) that the same thickness of the ferroelectric results
in a better improvement of the subthreshold characteristics of the LG=20 nm device than
that of the LG=100 nm device. Figure 5.9(b) plots the on-off ratio as a function of tFE
for two different LG for Ioff = 100 nA/µm. We observe in figure 5.9(b) that, for the same
tFE in NCFETs with LG=20 and 100 nm, same on-off ratio can be achieved although the
baseline MOSFET with LG=20 nm has significantly lower on-off ratio. This suggests that
the improvement in the device performance due to the negative capacitance effects could be
stronger as device dimensions are scaled down.

5.4 Conclusions
The key findings presented in this chapter are as follows.

1 We have shown that capacitance matching is a powerful design concept for negative
capacitance MOSFETs.

2 An NCFET can be designed to have either (a) non-hysteretic or (b) antiferroelectric
behavior. The key design philosophy presented herein is that the unique antiferro-
electric property can allow for very large on-off ratio in exchange for hysteresis. By
designing the hysteresis to fit within the VDD window by tuning tFE, this effect can
be utilized as a logic device.

3 Gate overlap capacitances can be tuned to improve the NCFET performance signifi-
cantly.

5 Finally, increased drain coupling in ultra-scaled devices enhances the device perfor-
mance more significantly for shorter channel devices.

5.5 Suggestions for Future Work
1 In the NCFET model presented herein, a floating gate was employed to make sure the

1-D Landau model is a reasonable assumption for the ferroelectric. For logic operations,
such a floating gate is not desirable. A full 2-D model of the ferroelectric oxide could
eliminate the necessity of the floating gate for modeling purposes.
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2 Compact models of NCFETs could be developed following the procedure presented in
this chapter. Such models would be useful to project the performance enhancement in
circuits using NCFETs.

3 Dynamic control of antiferroelectric hysteresis loops by drain voltage could enable novel
memory devices.

4 Our results show that the desired thickness of the ferroelectric is of the order of 100 nm.
An investigation of the ferroelectric oxides which could reduce the optimal ferroelectric
thickness down to ∼ 10 nm would be necessary.
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Chapter 6

CONCLUSIONS AND FUTURE
WORK

6.1 Conclusions
The key result presented in this work is “Negative Capacitance Has Been Detected!” [120]
In chapter 1 section 1.7, we made a point that although the concept of negative capacitance
is fundamental of the theory of ferroelectrics, this phenomenon was never experimentally
demonstrated before primarily due to its unstable nature. Now that the negative capacitance
has been experimentally measured in a ferroelectric Pb(Zr0.2Ti0.8)O3 films, we hope that the
results presented in this thesis would set the stage for utilizing this phenomenon for break-
throughs in ultra-low power computing. The main results are listed below.

1 Direct measurement on negative capacitance: Negative capacitance is directly measured
by constructing a simple series network of a ferroelectric Pb(Zr0.2Ti0.8)O3 capacitor and
an external resistor. When a voltage is applied across this series network, the voltage
across the ferroelectric capacitor was observed to decrease with time-in exactly the op-
posite direction to which voltage for a regular positive capacitor should change. Two
fundamental concepts-namely the “characteristic negative capacitance transients” and
the “dynamic hysteresis loops”- have been proposed, which give quantitive measure of
the negative capacitance phenomenon. The effects of different parameters such as the
external resistance and voltage pulse amplitude on the negative capacitance phenom-
ena are also investigated. These results are presented in chapter 3 and reported in [99].

2 Stabilization of negative capacitance: Stabilization of the negative capacitance in ferro-
electric Pb(Zr0.2Ti0.8)O3-dielectric SrTiO3 heterostructures is experimentally demon-
strated. In contrast to the classical theory of electrostatics, we observed that the
equivalent capacitance of a series combination of a ferroelectric and a dielectric capac-
itor is larger than that of the constituent dielectric capacitor. This points to the fact
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the the ferroelectric capacitor acts as an effective negative capacitor in such a circuit.
The results are analyzed based on a simple 1-D Landau-Devonshire model. The effects
of temperature on the negative capacitance phenomena are also investigated. These
results are presented in chapter 4 and reported in reference [113].

3 Design of negative capacitance field-effect-transistors: A design framework of negative
capacitance field-effect-transistors (NCFET) has also been presented. A new mode of
NCFET operation-called the antiferroelectric mode is proposed, where a significantly
boost of the on-current and a sub-60 mV/dec subthreshold characteristics is obtained
in exchange for a nominal hysteresis. The effects of different design parameters such
ferroelectric thickness, source/drain overlap and gate length on the NCFET perfor-
mance are also analyzed. These results are presented in chapter 5 and reported in
reference [117].

4 Voltage controlled decoupled ferroelastic switching: We have reported for the first time
a voltage controlled reversible creation and annihilation of a-axis oriented ∼10 nm
wide ferroelastic nanodomains without a concurrent ferroelectric 180◦ switching of the
surrounding c-domain matrix in archetypal ferroelectric Pb(Zr0.2Ti0.8)O3 thin films by
using the piezo-response force microscopy technique. In previous studies, the coupled
nature of ferroelectric switching and ferroelastic rotation has made it difficult to differ-
entiate the underlying physics of ferroelastic domain wall movement. Our observation
of distinct thresholds for ferroelectric and ferroelastic switching allowed us investigate
the ferroelastic switching cleanly and demonstrate a new degree of nanoscale control
over the ferroelastic nanodomains. These results are presented in chapter 2 and re-
ported in reference [31].

5 The nature of polarization-strain coupled: We have studied the effects of epitaxial strain
on spontaneous polarization of strained 40 nm Pb(Zr0.2Ti0.8)O3 films by growing them
on three different substrates, names SrTiO3 (001), DyScO3 (110) and GdScO3. Our
work shows that, while, in the tetragonality range cc/ac = 1.05-1.09, PZT remnant
polarization is nearly independent of the tetragonality, in the range cc/ac = 1.041-1.05,
remnant polarization is found to show a much stronger functional dependence. This
points to the fact that the strain sensitivity of the polarization even in the same ferro-
electric material can depend on the value of tetragonality and the sensitivity is larger
for smaller values of the tetragonality. These results are presented in chapter 2.

6 Effects of strain relaxation on the dielectric properties of ferroelectric thin films: We
also studied the effects of strain relaxation of dielectric properties of 40 nm Pb(Zr0.2Ti0.8)O3
films grown on SrTiO3 substrates. A drastic increase in defect and dislocation density
due to strain relaxation is observed in epitaxial PZT films with tetragonality c/a <
1.07 grown on STO substrates, which results in a significant frequency dispersion of
the dielectric constant and a strong Rayleigh type behavior in those samples. For a
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given combination of a ferroelectric thin film and a substrate, tetragonality cc/ac is a
quantitative measure of the degree to which epitaxial strain has been relaxed in the
film and the extent of extrinsic contributions to the dielectric properties can be pre-
dicted from the value of cc/ac. These results are presented in chapter 2 and reported
in reference [32].

6.2 Suggestions for Future Work
1 Negative capacitance in CMOS compatible HfO2 based ferroelectrics: Ferroelectricity

has recently been discovered in annealed polycrystalline HfO2 when doped with a
variety of elements such as Si, Zr, La, Sr, Al, Y etc. [121, 122, 123, 124, 125, 126,
127, 128, 129, 130, 131, 121, 132, 133, 134, 135, 136, 137, 138, 139, 140]. This material
system has a number of properties desirable for device applications, such as (1) robust
ferroelectricity at 10 nm thickness range unlike their predecessors: perovskite based
ferroelectrics, (2) tunability of the spontaneous polarization and the coercive voltage
through the control of doping level, dopant species and the annealing conditions and
(3) CMOS compatibility. While these materials have opened a floodgate for activities,
most of the efforts are confined to memory applications. Investigation of negative
capacitance effects in HfO2 based ferroelectrics could bring about new opportunities
for ultra-low power computing.

2 Negative capacitance in antiferroelectric materials: An antiferroelectric crystal consists
of two ferroelectric sublattices in which the spontaneous dipoles are antiparallel or
quasi-antiparallel resulting in a macroscopic zero spontaneous polarization [141, 142,
143]. The interaction between the adjacent sublattices in antiferroelectric would result
in an interesting negative capacitance phenomenon where the negative slope regions
in the charge-voltage characteristics are separated by a region of positive capacitance
around P=0. The disconnected negative capacitance regions in an antiferroelectric
charge-voltage characteristics results in a butterfly double hysteresis loop. Intrinsic
(homogeneous) switching has been predicted in antiferroelectrics, for which a stronger
negative capacitance effect is expected in these materials [143, 144].

3 Passive voltage amplification: By introducing an intermediate metallic layer between
the ferroelectric and the dielectric layer in a heterostructure, a passive voltage am-
plifier could be implemented. Figure 6.2 shows the schematic diagram of such an
amplifier. The input voltage Vin is amplified at the internal metal layer (Vout =
Vin × (1 + CDE/CFE)−1).

4 Microscopic details of negative capacitance The microscopic details of negative capaci-
tance dynamics could be studied using multiple techniques such as using atomic force
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Figure 6.1: A passive voltage amplifier.

microscopy [111] and X-ray diffraction [112]. In combination with the time dynamic
measurement presented in chapter 3, such techniques could reveal important informa-
tion of the microscopic details of the characteristics negative transients (for example,
the abrupt/correlated switching events during the early part of the switching dynamics
that result in the characteristic transients).

5 Phase field based modeling of ferroelectric-dielectric heterostructures Theoretical mod-
eling of the ferroelectric-dielectric heterostructures presented in chapter 4 was per-
formed using 1-D Landau-Devonshite formalism. A 3-D phase field based approach to
modeling could give more insights in the stabilization of negative capacitance in such
heterostructures [145, 146].
:

6 Modeling of ferroelectric switching dynamics: The time-dynamic measurement of nega-
tive capacitance in a ferroelectric capacitance was modeled using the Landau-Khalatnikov
equation in chapter 3. Such a model assumes a single domain switching. In reality,
switching dynamics involves domain mediated mechanisms in ferroelectric capacitors.
Hence, a study of ferroelectric switching based on multi scale models involving atom-
istic molecular dynamics and coarse-grained Monte Carlo simulations could reveal the
effects of domain nucleation and growth mechanisms on the characteristic negative
capacitance transients [147].

7 Modeling of negative capacitance transistors: In chapter 4, a floating gate was assumed
in the negative capacitance field-effect-transistor to screen out the non-uniformity of
electrostatic potential at the ferroelectric-dielectric interface and to make sure the as-
sumption of a mono-domain ferroelectric is a reasonable one. However, for practical
logic applications, a floating gate is not desirable since it could float to any potential
depending on the leakage current and the switching cycles. Hence, to remove the mono
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domain assumption, ferroelectric oxide in a negative capacitance field-effect-transistor
could be modeled using the 3-D phase field approach. This, in turn, could lead to a
design framework of negative capacitance field-effect-transistor which does not require
a floating gate.

8 Alternative negative capacitance systems: The concept of negative capacitance goes be-
yond the ferroelectrics and can be applied in general to any two-level system separated
by an intrinsic barrier [26, 27, 28, 29, 30]. The time-dynamic measurement technique of
negative capacitance presented in chapter 3 could serve as a canonical test for negative
capacitance in any such system.
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