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Abstract

Nonvolatile memories are in increasing demand as the world moves toward information
digitization. The ferroelectric materials offer a promising alternative for this. Since the
existing perovskite materials have various flaws, including incompatibility with comple-
mentary metal-oxide-semiconductor processes in memory applications, the discovery of new
optimized FE thin films was necessary. In 2011, the disclosure of ferroelectricity in hafnia
(HfO2) reignited interest in ferroelectric memory devices because this material is well inte-
grated with CMOS technology. Although the reporting of ferroelectricity in HfO5 has been
a decade, researchers are still enthralled by this material’s properties as well as its possible
applications.

The ferroelectricity in HfO5 has been attributed to the orthorhombic phase with space-
group Pca2,. This phase is believed to be the metastable phase of the system. Many exper-
imental and theoretical research groups joined the effort to understand the root causes for
the stability of this ferroelectric phase of HfOo by considering the role of the surface energy
effects, chemical dopants, local strain, oxygen vacancies. However, the understanding was
not conclusive. In this part of this work, we will present our first-principles results, predict-
ing a situation where the ferroelectric phase becomes the thermodynamic ground state in
the presence of a ordered dopant forming layers.

Since the main focus was on understanding and optimizing the ferroelectricity in HfOo,
we observed that the electro-mechanical response of the system has garnered comparatively
less attention. The recent discovery of the negative longitudinal piezoelectric effect in HfOq
has challenged our thinking about piezoelectricity, which was molded by what we know
about ferroelectric perovskites. In this work, we will discuss the atomistic underpinnings
behind the negative longitudianl piezoelectric effect in HfO5. We will also discuss the
behavior of the longitudinal piezoelectric coefficient (es3) under the application of epitaxial
strain, where we find that ess changes sign even though the polarization does not switch.

Aside from a basic understanding of piezoelectric characteristics in HfO9, the application
aspect is also worth considering. The piezoelectric properties of the material can be tuned
to meet the needs of the applications. In this work, we will describe our findings on how
the piezoelectric characteristics of the material change as a function of isovalent dopants.
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Chapter 1

Introduction

The thesis mainly focuses on the ferroelectricity and piezoelectricity of a novel ferroelectric
(FE), hafnia (HfO2). Before introducing the topic, we will discuss the basics of ferroelec-
tricity and piezoelectricity along with their technological applications in this chapter. We
will also discuss the appearance of HfOs as ferroelectric and piezoelectric. Finally, the main
initial objective of the thesis and how it evolved with the progress of our research will be
described.

1.1 Ferroelectricity

Ferroelectricity is a property of an insulating crystal or dielectric that shows spontaneous
polarization, which must be switchable by the application of a suitable electric field [1].
A ferroelectric has two or more distinct stable or metastable states of different nonzero
polarization.

In all the known ferroelectrics, spontaneous polarization is developed by the atomic
arrangements of the atoms inside the crystal. Note that only a crystal with a polar space
group can present a non-zero polarization. The polar crystal structure can be obtained
through symmetry-breaking from a high-symmetry nonpolar reference structure. Thus, we
can calculate the magnitude of the polarization (Ps) using the Born effective charges (Z),
and the atomic displacements (u) from the reference state as follows [2]:

1
PS:QZZ’U (1.1)

where ) is the volume of the unit-cell. In most ferroelectrics, there is a phase transi-
tion from high-symmetry paraelectric to low-symmetric ferroelectric phase with decreasing
temperature.

Figure (a) shows the paraelectric (PE) to FE phase transition with temperature in a
perovskite. In PbTiOgs, which is a representative well-known ferroelectric compound, the PE
to FE phase transition occurs at 760 K with the development of spontaneous polarization of
75 nC/em? [1]. The FE distortion due to the movements of the atoms from high-symmetry
PE (cubic-Pm3m) to low-symmetry FE (tetragonal-P4mm) phase of PbTiOj3 is shown in
Figures (b) and (c). The symmetry-breaking relationship between the high-symmetry
PE phase and low-symmetry FE phase can be described by the Landau theory.

In Landau’s theory [3, 4], the PE to FE phase transition is characterized by an order
parameter (polarization P), which is zero in the high-symmetry phase and becomes finite
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Figure 1.1: (a) Sketch of the ferroelectric (FE) to paraelectric (PE) phase transition in
a perovskite. (b) Paraelectric cubic (Pm3m) and (c) FE tetragonal phase (P4mm) of
PbTiOs. The atomic displacement in the FE phase with respect to the high-symmetry PE
phase are shown by the arrows.The black arrow denotes the direction of polarization in
PbTiOs.

once the symmetry is lowered. We thus expand the free energy density F in the vicinity of
the transition as a power series of the order parameter P as:

oo Loa 1 56

Fp=-aP*+ —bP" + —cP> - &P (1.2)

2 4 6
We choose the origin of energy of the unpolarized state to be zero.
In the Landau-Devonshire theory , it is assumed that around the Curie point (7" ~ Tp),
only the coeflicient ¢ has a dependence with temperature, and the dependence is linear,
a = ag(T — Tpy). Thus, by substituting the value of a, Eq becomes

1 1 1
Fp = 5ao(T - To)P? + ZbP4 + 6cP6 — &P (1.3)
The equilibrium state can be found by minimizing the energy density with respect to P.
0Fp
— =0 1.4
5P (1.4)
Therefore,
£ =ao(T —Ty)P + bP? + cP? (1.5)

The dielectric susceptibility above transition temperature (T > Tp) can be obtained by
differentiating Eq[I.5] with respect to &, and then by setting P = 0 as follows:

oP 1
_Yr 1.6
XT 9 T (T —Ty) (16)
and the dielectric stiffness will be
1
K= M ao(T — Tp) (1.7)

Typically, the coefficients ag and ¢ are positive, whereas the sign of the b determines the
type of the phase transition. [1].
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Figure 1.2: Free energy as a function of polarization in a (a) PE, and (b) FE state of
material.

Second-order or continuous phase transition When b is positive, the free energy
changes continuously with decreasing temperature. The second-order phase transition oc-
curs at T = Ty. Figures (a), (b) represent the free energy as a function of polarization
in a paraelectric and ferroelectric state, respectively. In Figure (b), the free energy has
two minimum at P = £F,. To the first approximation we assume ¢ = 0, then the value of
Py can be determined by setting £ = 0 in EqJL.5] The value of Py will be:
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Figure 1.3: (a) Spontaneous polarization and (b) the dielectric susceptibility, dielectric
stiffness as a function of temperature.

Py = [Ty = 17))'/2 (1.8)

The value of the dielectric susceptibility below the transition temperature (7' < Tp) will be

1
_ 1.9
X %a0(Ty — 1) (1.9)
and the dielectric stiffness will be
KR = QGQ(TO - T) (110)

Therefore, x vanishes at T' = Tj, and the dielectric susceptibility diverges. Figure (a)
represents the polarization as a function of temperature. Figure (b) shows the computed
dielectric susceptibility and the dielectric stiffness at Py (7).
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Figure 1.4: (a) Spontaneous polarization and (b) the dielectric susceptibility, dielectric
stiffness as a function of temperature.
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Figure 1.5: Schematic of (a) the direct piezoelectric effect and (b) the converse piezoelectric
effect.

First order or discontinuous phase transition If the coefficient b in Eq[I.3]is negative,
the free energy will have subsidiary minima with a finite value of P even at T > Tj.
With decreasing the temperature, the energy of this minima will drop below that of the
unpolarized state. This phenomenon occurs at T" = T, known as Curie temperature. The
Curie temperature T, exceeds the tempertaure Ty. Importantly, the polarization drops to
zero at T, discontinuously. Figure (a) shows the polarization as a function of temperature.
The dielectric stiffness does not vanish at 7. The dielectric susceptibility has a finite jump
as shown in Figure [L.4|b).

1.2 Piezoelectricity

Piezoelectricity is the accumulation of electric charge in the surfaces of a material with a
non-centrosymmetric crystal structure in response to mechanical stress, or conversely, the
generation of mechanical stress in the material in response to the electric field [5, 6]. The
former is known as “the direct piezoelectric effect”, and the latter is known as “the converse
piezoelectric effect”. Figures (a) and (b) show the schematic of the direct and converse
piezoelectric effect, respectively. The dielectric materials that exhibit this property are
called piezoelectric materials. Among the 32 crystal classes, the 20 crystal classes show
piezoelectricity. Ferroelectrics are a subgroup of piezoelectrics. Therefore all ferroelectrics
are intrinsically piezoelectrics [6].

The piezoelectric strain coefficient (dq;) is defined as the change of polarization under

mechanical stress, which reads
0P,

aO'j

doj = (1.11)



where a is the direction of the polarization P, and o; is the 4% component (in Voigt notation
[7]) of mechanical stress o. The piezoelectric stress coefficient is as follows:

Caj = =2 (1.12)

where 7; is the 4% component (in Voigt notation) of applied strain 7. The relation between
the the piezoelectric strain coefficient and piezoelectric stress coefficient is as follows

daj = Sjkeak (113)

where S is the compliance tensor, which is inverse of the elastic tensor, and the summa-
tion runs over repeated indices.

Due to the tensorial nature of piezoelectricity, the electromechanical properties can be
anisotropic. [5]. Thus, for the applications on sensors or actuators, it is important to
identify the direction in which the piezoelectric effect is maximum.

1.3 Applications: Ferroelectrics & Piezoelectrics

In this section, we will discuss some representative applications of ferroelectrics and piezo-
electrics.

1.3.1 Applications of Ferroelectrics

In the modern era of ferroelectricity, a variety of applications are available leveraging the
bulk and thin film of ferroelectrics [8]. Particularly, the revolutionary applications of ferro-
electrics are FE field-effect transistor (FE-FET) and FE random access memory (FE-RAM)
18, 9]

The principle of current conduction of an FE-FET is similar to that of the normal
FET [10]. The typical FET is a three-terminal device that consists of a semiconductor
channel with electrodes referred to as the drain and source at either end, as well as a
control electrode known as the gate that is located relatively near to the channel [11]. The
current flow happens in either a P-type or N-type semiconductor channel, known as P-
channel and N-channel FETSs, respectively. The conductance of the channel between source
and drain is controlled by the application of potential on the gate [11]. In an FE-FET, the
additional component is a ferroelectric insulator. Due to the spontaneous polarization of the
ferroelectric, it can maintain the conductance of the channel even though the gate voltage
is not applied. In addition, the polarization of the ferroelectric layer can be switched by
providing a reverse gate voltage [10]. The reversible spontaneous polarization of ferroelectric
is employed for the fast switching and low power operation in the binary logic devices.

Moreover, due to the ability of ferroelectrics to transit between two stable polarization
states, these materials can be employed as an information storage medium. In FE-FET type
RAM, a ferroelectric layer is directly incorporated into the transistor gate stack [12-14].
Figure [L.6] shows the basic structure of the FE-FET type RAM cell, which is also known as
1T-type memory. The ferroelectric memory offers non-volatility, high endurance, low power
operation, due to which it becomes attractive for mobile applications [10, 14H16].

In this regard, it’s worth noting that complementary metal-oxide-semiconductor (CMOS)
technology is widely used in the manufacture of integrated circuits [17, |1§]. Because of its
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Figure 1.6: Schematic of the basic structure of an FE-FET type RAM cell adapted from
Ref.[12]

multiple advantages, this technology is employed in microprocessors, microcontrollers, mem-
ory chips, and other digital logic circuits, batteries, and digital sensors. The key benefits of
CMOS are low power consumption and noise immunity. Thus, all components of a micro-
electronic device ideally should be CMOS-compatible, which means they can be produced
using the same silicon electronics manufacturing procedures.

Although the perovskites have very well-suited ferroelectric properties, they are readily
CMOS-compatible, which is a disadvantage to be used in FE-RAM and microelectronic
devices. Perovskite ferroelectrics underwent substantial development and are currently re-
garded as the front-up solution in ferroelectric memory fabrication to fulfill the requirement
of CMOS integration |10} |15, 16]. Nonetheless, such perovskite systems need sophisticated
integration strategies and face scaling limits on memory cells that have yet to be overcome.
This leads to an imbalance between memory performance on one hand and manufacturing
and R&D expenses on the other. Since then, ferroelectric memories has been limited to
specialized markets.

However, the interest in FE-RAM has been renewed after the discovery of ferroelec-
tricity in HfOg2-based materials [19]. Due to the CMOS compatibility of this material [20],
it becomes a very promising candidate in the application of microelectronic devices. The
possibility of growing high-quality HfO5 thin films and excellent control in the film thick-
ness using the atomic layer deposition (ALD) technique finally help to solve the scaling
issue in the memory technology. The material is also well integrated into 3D structures,
which helps to continue the FE-FET scaling and produce it in non-planar topologies, such
as the FinFET, 3D array designs [12]. Thus, HfOs-based ferroelectrics are projected to
establish successful FE-FET devices, which could be a competitive idea for future memory
applications.

1.3.2 Applications of Piezoelectrics

Piezoelectrics convert electric energy into mechanic energy or vice versa. The direct piezo-
electric effect, where the mechanical energy is converted into electrical energy, has applica-
tions on sensors, automobile industries, medical technologies, energy harvesters [21]. The
converse piezoelectric effect, where the electric energy is transformed into mechanic energy,



has applications on actuators, acoustic devices, noise cancellation, robotics, and piezoelec-
tric motors [21]. The piezoelectric ceramics such as BaTiOs (BTO), Pb(Zr,Ti)O3 (PZT),
PbTiO3 (PTO) are widely used for these applications.

The single crystal piezoelectrics such as quartz, LiNbOgs, LiTaOgs are essential for the
applications on frequency stabilized oscillators and surface acoustic devices [22]. Recently,
single crystals of Pb(Mg;/3Nby/3)O3 (PMN), Pb(Zn;/3Nby/3)O3 (PZN) show promising
behavior for applications in ultrasonic transducers, and electro-mechanical actuators [22].
Apart from that, due to the good piezoelectric properties, lightweight, and soft elasticity,
the piezoelectric polymers like, e.g., polyvinylidene difluoride (PVDF), have applications
on ultrasonic hydrophones, nanogenerators, and directional microphones [22, [23].

Nevertheless, the discovery of novel piezoelectrics is becoming increasingly crucial for
finding lead-free materials to advance the new technologies. However, searching for a re-
placement of standard piezoelectric like PZT with a large piezoelectric response has been
difficult. It has been found that the potassium sodium niobate (KNN) could be a potential
candidate to replace PZT; but the material costs massive environmental damage in its early
stage of the life cycle [21] [24].

Recently, AIN has gained tremendous attention due to its CMOS compatibility, excellent
acoustic properties, and good piezoelectric properties, which are very important in the
applications on micro-electro-mechanical systems (MEMS) devices [25-30].

In addition, thin films of ZnO have promising applications on acoustic and surface acous-
tic devices, MEMS devices, and microwaves [26, [31134]. The synthesized functional ZnO
nanostructures show applications on optoelectronics, nanosensors, and biomedical sciences
131].

Novel ferroelectric HfOy can be an important candidate as a lead-free piezoelectric.
The thin films of HfO5 can be easily grown with the desired properties, which is a great
advantage from the application’s point of view. Although the piezoelectric coefficient is very
small in HfOy compared to PZT, it could compete with ZnO and AIN in the applications
of acoustic devices, nanosensors, and MEMS technology.

1.4 The emergence of HfO,

From the mid-90s, extensive research was focused on the scaling issues in microelectronic
engineering. Additionally, the industry was starving for a viable “high-k” dielectric to sub-
stitute SiO in the integrated gate and capacitor dielectrics [20]. In the last decade, HfOq
was introduced by Intel as a dielectric layer for CMOS applications, generating massive
development initiatives in the field of microelectronic semiconductor devices [20, 35]. At
normal pressure, the material was known to exist in three distinct crystal phases: a mono-
clinic phase at room temperature, a tetragonal phase at 2050 K, and a cubic phase above
2803 K [19]. Interestingly, in 2011, Boscke et.al. claimed ferroelectricity in Si-doped HfOq
[19]. The announcement of ferroelectricity in the material was highly surprising since the
material had previously been employed as a paraelectric. Moreover, this material is the first
binary oxide to exhibit a ferroelectric behavior [36].

Figure (a) presents the structure of the ferroelectric phase with polarization pointing
upward. The P — E hysteresis loop taken from Ref.[16] is presented in Figure (b).

The origin of ferroelectricity in HfO2 has been attributed to the most widely recognized
orthorhombic phase with spacegroup Pca2; [19]. However, the ferroelectric orthorhombic
phase is a metastable phase of the system [37} [38]. Many research efforts had been made
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Figure 1.7: (a) The structure of ferroelectric phase of HfOs with polarization pointing
upward. (b) P — E hysteresis loop in HfO2-ZrO3 solid solution. Figure (b) is taken from
Ref.[16]

to stabilize this ferroelectric phase of HfOs,.

1.4.1 Technological importance of HfO,

The development and industrial implementation of memory technologies had been suffering
due to the lack of the proper choice and engineering of the ferroelectric material. The discov-
ery of ferroelectricity in HfOy has greatly revived the interest in the field of next-generation
high-density nonvolatile memories. Due to the CMOS compatibility, high scalability, and
ease of processing technology, this material expands the material choice for ferroelectric
memories as well as nanoscale ferroelectric devices 10, 12, |15} |16] 39-41].

Parameter SBT [16] 42 44] [ PZT [16] 44, [45] | HfO, [16] 46/ /48] |
Film thickness (nm) >25 | >70 | 530 |
Annealing temperature (°C) >750 >600 450-1000
P, (uC/cm?) <10 20-40 1-40
E. (kV/cm) 10-100 ~50 1000-2000
Dielectric constant 150-250 ~1300 ~30
ALD capability limited limited mature
CMOS compatibility poor poor stable

Table 1.1: The crucial parameters for the applications in microelectronic devices of ferro-
electric HfOy compared to classic ferroelectric perovskites.

The most significant parameters to describe the ferroelectric behavior of any material
are the coercive field E. and the remanent polarization P,.. However, in the application, to
determine the suitable ferroelectric for microelectronic engineering, additional features like
CMOS compatibility, scalability, thermal budget requirement for processing, and thin-film
technologies are equally significant and critical.

Table shows the important parameters for the applications in microelectronic de-
vices of HfO4 in comparison to the traditionally used ferroelectrics. Due to the complexity
and limitations in the thickness reduction of the usual perovskites, ferroelectric memories
have faced several challenges. This issue can be overcome by considering ferroelectric HfOq
as a suitable material choice since the ferroelectric characteristics are stable at lower film



thickness in ferroelectric HfOz [16, 49]. In addition, the easy integration in the CMOS envi-
ronment makes HfOo an appropriate material choice for high-density ferroelectric devices.

Importantly, the value of the coercive field strength is very large in ferroelectric HfOo
as compared to the other ferroelectrics (see Table . Due to the very large coercive
field, the HfO2-based devices need more power to operate. Hence, we partly loose the low-
power feature of perovskite ferroelecrtics. Thus, the high coercive field of HfO2 needs to be
critically reviewed for reliability and low voltage operation.

Besides the memory applications, the CMOS compatibility, negative capacitance, and
electro-mechanical response of HfOy have considerable promise in other applications [5], |16].
Due to the thickness scalability and well integrability in CMOS technology, HfO2 could be
a potential candidate in MEMS application. Apart from that, ferroelectric tunnel junctions
and other resistive switching phenomena depending on polarization necessitate ferroelectrics
like HfO2[16].

1.4.2 Remaining Challenges

Although HfO9 shows great advantages in terms of thickness scalability, CMOS compati-
bility, and mature deposition technique, the issues regarding wake-up effect, imprint, and
insufficient endurance are still not solved [41].

Wake-up effect: Typically the woken-up state is needed to observe the FE behavior
in HfO9 thin films[50, [51]. The wake-up effect refers to the increment of the remanent
polarization with an increasing number of switching electric-field cycles. The ferroelectric
perovskites also exhibit this effect, but the number of electric field cycles to the woken-up
state is one magnitude less than that of HfO9 thin films, where the field cycling number is
103-10° cycles to get the maximum P, [50, [52]. Many research work has been focused on
the origin of this wake-up effect [13} 49-55] in HfO,.

It has been reported that the asymmetric distribution of high oxygen vacancy concen-
tration near the electrode can create an inhomogeneous internal electric field in the pristine
material. These oxygen vacancies are redistributed into the bulk areas of ferroelectric-HfO2-
based films owing to the electric field cycling process, in which case the wake-up process
will occur [52, |53].

Alternately, Lomenz et al. claimed that the wake-up effect occurs due to the field-
cycling-induced phase transition [54]. They mentioned that the phase transition from
tetragonal to ferroelectric-orthorhombic is responsible for this effect, which follows a de-
crease in dielectric constant and increases in remanent polarization with increasing the
number of field cycles [13, |54, 55].

Park et al. reported that the annealing temperature has a significant effect on the
wake-up phenomenon [49]. It has been found that the cycle numbers necessary to wake
up (Hf,Zr)Oq thin films drop as the annealing temperature rises, with a higher P, in the
pristine condition [49]. Such trend has also been reported in Si-doped HfO, and La-doped
HfO [56, [57].

In addition, the doping concentration and the electrode material are also important
factors, which affect the degree of the wake-up effect [49, 58]. Although the wake-up effect is
attributed to several factors mentioned above, further study is needed to better understand
and control this phenomenon.



Insufficient Endurance: Apart from the wake-up effect, another critical issue of the fer-
roelectric HfOq is limited endurance, which means that the lifetime of the material is limited
during field cycling. The best field cycling endurance recorded to date in ferroelectric-
HfOs-based thin films is 4x10'Y, which is significantly lower than that in perovskite-based
ferroelectrics (101°) [41, 59]. The value of the E. in HfO, films varies between 1-2 MV /cm
[59-62] . Thus, to achieve the saturated P — E curve, an electric field of 3 MV /cm or more
is required. On the other hand, the breakdown strength of the HfO- films is around 3.5-5
MV /cm [59, 63], which leaves a narrow margin to secure the films after applying the allowed
number of cycles before breakdown.

Due to the polycrystalline nature of the HfOo sample, nanoscale grain size has been
observed [57, 64]. Because of the small grain size, the grain border area-to-volume ratio
is high. Thus, the Oxygen vacancies tend to accumulate near the grain boundaries. The
endurance of FE-HfOs can be enhanced by increasing the grain size, according to the
literature [41]. However, the impact of grain size on endurance has yet to be thoroughly
investigated.

The doping concentration also has an impact on the endurance of the HfO4 film. It has
been observed that the Hy_,Zr,Os film with x=0.5 shows the largest value of P,, but the
smallest number of field cycles to a hard breakdown [41]. Nevertheless, the effect of doping
concentration on endurance has not been clearly understood.

Based on the literature, it is possible to improve the endurance by lowering the oxygen
vacancy [41] and annealing temperature [49, |54, 56]. Additionally, fabricating ferroelectric-
HfOs films with the desired orientation or a high ferroelectric phase fraction could also help
to increase the endurance |41}, 59]. However, an extensive study in this regard is required.

Stability of ferroelectric phase: The ferroelectric phase of HfOs is believed to be
metastable at ambient conditions [37), 38]. The nanoscale crystal grain size was previously
found to be critical for the stability of hafnia’s ferroelectric phase [65]. However, it results in
a high density of unavoidable structural defects in HfO3-based ferroelectrics, which obscured
the intrinsic ferroelectricity of the material |[65]. Additional mechanisms such as surface
energy [66], local strain [67, 68|, oxygen-vacancies [69, 70] have been suggested to enhance
the stability of the ferroelectric phase. Moreover, according to the experimental reports,
chemical dopants (Si, [19] La[57], Y [71], Zr [72], Al |73]) play an important role in stabilizing
this phase. However, all the first-principles studies claimed that dopant alone can not
stabilize the phase [68, 74-78|. Recently, the bulk crystal of ferroelectric Y-doped HfOq
has been reported [79]. The group of Cheong has obtained transparent single crystals of up
to 50 mm in length and up to 2 g in mass [79], whereas the previous experimental study
reported the ferroelectric HfOy films with thicknesses of up to 1 pum [80]. However, the
value of the remanent polarization in bulk-HfO25 is about 6 puC/cm?, which is very low
compared to what is observed in nanoscale Y-doped HfO5 thin films (of about 24 uC/cm?)
[71]. This finding opens an additional research front to explore.

Thus, understanding and controlling the stability of the ferroelectric orthorhombic phase
of HfO, is still a challenge. Moreover, finding the way to stabilize this phase at room
temperature is an open question, which might also help to eliminate the lingering issues
regarding wake-up and insufficient endurance.

Imprint: Besides the wake-up effect and limited endurance, the imprint is also a drawback
in FE-HfOs films. An imprint of a ferroelectric is defined as a shift in the hysteresis
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characteristics along the voltage axis and the loss of remanent polarization [41, [81]. By
far, the issue regarding imprint is less studied than the ones above.

Imprint is a temperature-dependent phenomenon. It mainly occurs due to the stronger
charge trapping at one of the interfaces between the ferroelectric and one of the two elec-
trodes [81]. Therefore, the optimization of the interface structural qualities is essential to
reduce or eliminate the impact of imprint[81, 82]. A more specific investigation related to
temperature dependence is also needed.

Improving the piezoelectric properties: Due to the favorable elastic, dielectric, ferro-
electric and piezoelectric properties, PZT remains the mainstream among the piezoelectric
materials |21} 83]. In addition to PZT, PTO, and PbNbyOg have also been used in the
applications for their well-suited piezoelectric properties [83]. However, the lead content in
these materials has a negative effect on the human body and eco system [21, 83]. Thus,
searching lead-free piezoelectrics becomes increasingly important. In this context, HfOq
could be an important candidate. Although the piezoelectric coefficient of this material is
comparable with AIN and ZnO, it is very low compared to the lead-based piezoelectrics.
Thus, to replace lead-based piezoelectrics, optimization of the piezoelectric properties of
HfOg is required.

It has been reported in the literature that there is a field induced phase transition from
tetragonal phase to the ferroelectric phase in HfOy [54]. Recently, M.Falkowski et al. have
studied this field induced piezoelectric activity in HfOq [84]. They have reported that the
piezoelectric coefficient in Si-doped HfOs increases one order of magnitude compared to its
crytalline coefficient. Therefore, a more elaborate study in this regard by considering the
defect states is needed. In addition, it is an open challenge to find the other possible ways
to tune the piezoelectric coefficient of HfO5 to make it suitable for the applications.

1.5 Objectives

HfOs-based ferroelectric has been dubbed as “The ferroelectrics of the future” due to its
capability of retaining ferroelectric properties in a few nanometers film-thickness and ex-
cellent CMOS-compatibility. However, the mechanisms of the ferroelectric phase formation
in HfOg9 are still being explored. This thesis work is focused on the basic understanding of
ferroelectricity and piezoelectricity in HfOs.

Ever since the discovery of ferroelectricity in HfO9, the semiconductor industry started
investigating the potential of the material for applications in ferroelectric memory. On the
other hand, the ferroelectric community has focused on understanding and controlling the
ferroelectricity of the material. In comparison, the electro-mechanical response properties
of HfOy have garnered little attention. The thesis work was originated with the aim of
studying the electro-mechanical response properties of the material. However, our goal and
activities have evolved with time, as reflected by the contents of this manuscript.

In the following, we will discuss the structure of the thesis.

In Chapter 2, we will describe the methodology used in this work.

In Chapter 3, we will discuss our results about the structural properties and relative
energies of all the polymorphs of HfOy and ZrOs reported experimentally and theoretically
to date. Since HfOy and ZrOs share very similar structural properties and polymorphs, we
have included ZrOs too in this part. We have performed this piece of work to get familiar
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with the materials properties and theoretical methods. Our results are compared with the
previously reported values in order to make sure that we obtain reliable data.

Next, on the course of optimizing the electro-mechanical response of hafnia with dopants,
we realized that some dopants have very strong preferences towards ordering inside the HfO»
lattice, which left us curious to know the effect of the ordering of the dopants in stability
of the ferroelectric phase of HfOs. The obtained results from this study will be addressed
in Chapter 4.

Next, we started focusing on the electro-mechanical response properties of HfO2. While
calculating the piezoelectric properties, we discovered that the material presents a nega-
tive longitudinal piezoelectric effect, which deviates from the behavior of the well-known
perovskites ferroelectrics. At the very same time, this finding got published in the liter-
ature. However, in our opinion we still lacked a satisfying understanding of this negative
piezoresponse. In chapter 5, we will discuss the atomistic underpinnings of this effect in
pure HfOs.

Chapter 6 presents our preliminary results on how the dopants affect the piezoelectric
response of HfO.

Finally, in Chapter 7, we will summarize the main results and make some general remarks
about this thesis work. In addition, we will provide an outlook of this work for the future.
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Chapter 2

Methodology

We use first-principles Density Functional Theory (DFT) as our theoretical tool to perform
all the calculations in this thesis. DFT is very popular due to its versatility in calculating
various properties of a material. This method remains a mainstay in electronic structure cal-
culations for maintaining a balance between accuracy and computational costs. Nowadays,
a variety of DFT codes are available which can predict the structural, electronic, magnetic
as well as thermal properties of a wide range of materials. Due to the recent development in
computer technology and software, the calculations of more complex systems have become
possible. In this thesis, we use DF'T to calculate structural and electromechanical properties
of HfO5-based materials.

In the first part of this chapter, we discuss the formulation of the linear response prop-
erties, which includes the force-constant matrix, dielectric tensor, piezoelectric tensor of an
insulating crystal. Then, in the second part, we will describe the framework of the DFT
approaching the many-body problems. Finally, we will provide the technicalities to perform
a successful DFT simulation. In the end, we will mention the additional methodological
details which have been used in this work.

2.1 Linear-response formalism for electromechanical proper-
ties

In this section, we discuss the formalism of the response properties of a material provided
by Vanderbilt and co-workers [85]. We consider a reference structure of an insulating crystal
with cell volume €2y which is in equilibrium at vanishing macroscopic electric field. Now,
we expand the energy E(u, 7, £) as a function of atomic displacements u,, where m is
a composite index representing atoms and displacement direction, homogeneous strain 7;
where j is in Voigt notation (j = 1...6), and an applied electric field &, where a are the
cartesian directions (a = x,y, z) around the reference system as follows:

1
E(u,&,m) = Eo + Apum + Aoa + Ajn; + §anumun+

1 1
§Ba55a55 + §Bjk77j77k‘ + Bmaumga + ijumnj

+B4jEan; + terms of higher order (2.1)
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where Ej represents the energy density of the reference structure. In this equation, the first-
order coefficients A,,, A, and A; are the forces (F,,=—0Ay,); polarizations (Po=—A4)
and stresses (0; = A;), respectively. Let us assume that the atomic coordinates and strains
are fully relaxed in the reference system. Therefore, the coefficients A,, and A; are zero.
The elementary block-diagonal second-order coefficients B, B.g, and Bj; in Eq.
correspond to force-constant matrix, dielectric susceptibility and elastic tensor, respectively,
while the off-diagonal coefficients By, B, and B, correspond to Born effective charges,
force response internal strain tensor, and piezoelectric tensor, respectively.

With appropriate signs and cell-volume factors, the elementary second-derivative response-
function tensors are defined as follows:

0’E
Dyn = Vo 2.2
mn O@umﬁun e (2.2)
where the ®,,,,, defines the force-constant matrix.
0’E
Yo = —— 2.3
T (2:3)

where the X, is the purely-electronic or frozen-ion contribution of the dielectric suscepti-
bility.

. 0’E
§ = (2.4)
! 877]87’]]9 u,&
where the Cjk defines the frozen-ion elastic tensor.
0’E
Zma = —Qo=——— 2.5
me * OumdEal, (2:5)
where the Z,,, defines the Born effective charges.
0’E
A= — Qe 2.6
mj Oaumanj . ( )
where the A,,; defines the force-response internal strain tensor. and
0’E
5 . _ 2.7
I = T ag.0m; |, 2.7)

where €,; defines the part of the piezoelectric tensor that accounts for the frozen-ion re-

sponse. The quantities with the bar such as X.g, Cjr, and €,j are computed with fixed
relative ionic coordinates.

Relaxed-ion tensors

To obtain the physical static response properties of the material, we must consider the
relaxation of the ionic coordinates. We can define the corresponding relaxed-ion quantities
by introducing the functional

E(E,n) = minyE(u, £,n) (2.8)

by setting OE /Ou,, = 0 and assuming a stable reference system with zero net forces (A,,=0)

in Eq. 2.1 we get,
0 = Bumum + Bpafa + annj (29)
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Therefore,
Um = _<B_1)mn[an77j + Bnaga] (2.10)

Now, by substituting the value of u,, in Eq2.1] we get

. 1
E(&,n) = Eo+ Aula + Ajn; + ian[(Bil)ml(Blaga + Byjn;)]

_ 1 1
[(B 1)nl(Blago¢ + B[jnj)] + §Ba55a55 =+ iBjknjnk
- Bma(B_l)ml[Bl,Bgﬁ + Bljnj)]gcx
— Byj (B_l)ml [Bia€a + Bugni)nj + Baj€anj + ...

1
=FEyg+ A&0 + AjT]j + é[Bnaga + annj]

_ 1 1
[(B™Y)u(BisEs + Bumi)] + EBaﬁSagg + iBijnk

(2.11)
— Buna(B™ ) mi[Bis€s + Bijn;)l€a
— Buj(B™ ) milBia€a + Bungn; + Baj€anj + ...
1 _ 1 _
=Eo+ Ana + Ajnj + §Bno¢(B YuBig€als + §Bna(B D BikEani
1 _ 1 _
+ ian(B Y Buemimie + §Bnk(B Y BiaEani
1 1 _
+ §Baﬁ5a5,3 + §Bjk77j77k — Ba(B™Yu[Bis€s + Bijnj))Ea
— Bui (B~ )mu[Bia€a + Bungn; + Baj€anj + ...
The relaxed-ion tensors are defined as:
O?E
Xaf = —7pan (2.12)
@ 0E,0E3 .
O*E
Ci = (2.13)
T OniOng g
and -
0‘F
o - 2.14
J 0E,0m; |, ( )
By performing the differentiation with respect to the electric field in the Eq we get,
0?E 1 1
— —_—-B ~Bya(B™Y,uB 2.15
DEDEs |, 5 Bas + 5 ma(B™ " )miBig (2.15)

Thus, by inserting the appropriate sign and cell volume factor and by using Eq.( 2.7)),
we find the relaxed ion dielectric susceptibility tensor

XaB = Xag + Qalzma(cpfl)ngng (2,16)
Similarly, we obtain the relaxed ion elastic and piezoelectric tensors as follows:

Cir = Cjr — Q5 A (7Y n A, (2.17)
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€aj = €aj + 0 Zma (@ D) mnln; (2.18)

eqj in Eq. is also known as the piezoelectric stress coefficient; whereas the piezo-
electric strain coefficient (dq;) is defined as

oP,

dyi = —2 2.19

and typically this quantity d,; is directly accessible in experiments. The relation between
doj and eq,; is as follows:

daj = 8% ea (2.20)

where Sjk:C';k1 represents the compliance tensor.

To compute the response properties of any material, DF'T along with density functional
perturbation theory (DFPT) [86] have been proven to give a successful description for a
wide range of materials. Using the finite-differences approach, we may directly compute
several properties from DFT, such as effective charges, force-constant matrices, and elastic
constants. However, the DFPT methods provide the desired response properties in a more
automated way without multiple ground-state calculations. In this thesis, we use DFPT
based methods to calculate the response properties of the material. The detailed imple-
mentation of DFPT within DFT is not discussed here. The interested reader can find the
full description in references [86-90]. In the following sections, we will discuss the basic
framework of the DFT and the technicalities to perform a DFT simulation.

2.2 DFT approaching many-body problems

In principle, one can obtain the properties of our system of interest by solving the non-
relativistic time-independent Schrodinger equation, which is given by:

Yl{ri, {Rr}] = EY[{ri}, {Rr}] (2.21)

where H is the many-body Hamiltonian, Y[{ri}, {Rr}] is the many-body wavefunction
and F is the energy of the system. The total Hamiltonian of such a system is:

R N h2 K 2 N K Z[
__Z% ZZ: I_Z:ZI:\H—RI\JFZZ’T%_TJ’

i=1 i i
K K
VAVA
DDy Ty
=T, + T+ Ve + Ve + Vo (2.22)

where r; is the position of the i*" electron, Ry is the position of the I'** nuclei, m is
the mass of electrons, and M; is the mass of the I*" nuclei. T. and T, are the kinetic
energy operators yielding kinetic energy of the electrons and nuclei. Vie, Vee, and Vi,
represent the Coulomb interaction between electron-nuclei, electron-electron and nuclei-
nuclei respectively.

At the very beginning of quantum mechanics, Born and Oppenheimer made an approx-
imation to the many-body Schédinger equation [91]. According to this approximation, we
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assume that the electrons are moving in a system with static nuclei due to the heavier (order
of ~103-10° times) mass of the nuclei compared to the electron, which helps to decouple
the electronic and nuclear problems. Therefore, the many-electron Schrédinger equation
becomes:
N2 N K Z; N N 1
D> Vi Y > > | ¢([{ri}]) = Bo([{r:}])  (2.23)
— 2m - |’I"@—RI| - A."r‘z_'r‘7|
i=1 i I 1 iF£j
where ¢[{r;}] is the many-electron wavefunction. The electronic hamiltonian is
ﬁe = Te + Vne + ‘766 (224)

Despite the fact that Eq. is exact in the non-relativistic regime, it is impossible to
solve it except for some trivial cases. The many-electron wavefunction is a function of 3N
variables. So it is totally beyond the capability of today’s computers to solve the many-
body wavefunction for a system containing large number of electrons. Thus we need an
approximation that can ease the problem of solving the many-body Schrédinger equation
by retaining the important information about the system as much as possible.

In 1964 Hohenberg and Kohn proposed a theory called DFT, which eventually led to a
revolution in quantitative modeling of the electronic-structures [92]. According to this the-
ory, all the ground-state properties can be expressed as a function of the electronic density,
where the electron density is a function of three variables i.e. three space coordinates.

Then the total energy functional can be written as:

/

Bl =Tlol + [ o WVentryir 5 [ [ /f()—p()“ LB (225)
where p(r) is the electron density and the terms in the right-hand side of Eq. represent
the kinetic energy T¢[p], the interaction energy coming from the external potential (nuclei-
electron interaction energy), the Hartree energy (Coulomb interaction energy), and the
exchange-correlation energy of the system. FE[p] can be minimized with respect to the
variations in electron density to find the exact ground-state density and energy of the
system.

Kohn and Sham assumed an ansatz that the ground-state density of the interacting sys-
tem will be equal to that of the sum of fictitious non-interacting systems. This assumption
leads to the single-particle Kohn-Sham (KS) equations for the non-interacting system.

[Te + Veﬂ + VH + VxC]Qﬁf(S(Tz) = EzKSQS?S("“i) (2.26)
where Vem and VH denote the external potential and the Hartree potential respectively.
Therefore, the KS hamiltonian is

H5S = [T, + Ve + Vi + Viee] = [T + Veg] (2.27)

where ¢%5(r;) is the KS orbitals and €X5 is the eigenvalues of the HXS_ These KS equations
can be solved self-consistently to obtain the eigenvalues and eigenfunctions as shown in

figure 2.1}

Exchange-Correlation Functional

The exact form of the exchange-correlation (xc) term in the KS hamiltonian is not known.
Therefore, the development of the approximations of E,. has resulted in a new field of
study. The basic approximations generally used to describe the E,. terms are the Local
Density Approximation (LDA) and Generalized Gradient Approximation (GGA).
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Figure 2.1: Flow chart of Self-consistent scheme in DFT calculation

Local Density Approximation (LDA)

This approximation [93] is based on the model of the homogeneous electron gas. LDA
assumes that the charge density of a given system varies slowly so that a localized region
behaves like a homogeneous electron gas. Therefore, E,. depends only on the electron
density at position r. The expression of the xc-functional within LDA can be written as:

Ez2Mp(r)] = / p(r)esd™ (p(r))dr (2.28)
Therefore, the exchange-correlation potential will be
- 0Euxclp(r] _ Olp(r)eie™(p(r))] _ Dep™ (p(r))
Vige(r) = = -~ = e 0 (p(r)) + p(r)—= 2.29
r) = s o (plr)) + o) =25 2B (220)
For the homogeneous electron gas, the analytical expression for the exchange term is
~ 3,3\1/3
Valo(r) == () [ otr)Poar (2:30)

However, there is no analytical expression for the correlation energy. The correlation energy
can be obtained numerically from quantum Monte Carlo methods [93]. Finally, the V,.(7),

the xc-potential is parametrised in terms of the xc-energy density of homogeneous electron

homo
gas, €. .

Generalised Gradient Approximation (GGA)

In GGA, a better approximation is made by capturing the local and semilocal information of
any system. It tries to incorporate the effects of inhomogeneity by considering the gradient
of the electron density. Therefore, the E,. depends on the electron density and its gradient
at a given point r. The xc-functional in this approximation [94] can be written as:

ESSMp(r)] = [ plr)etem(o(r), Ap(r)dr (2:31)
There are many xc-functionals within GGA available in the literature. e.g. Perdew-Burke-

Ernzerhof (PBE)[94], Perdew-Wang (PW91)[95|, Becke-Lee-Yang-Par(BLYP)[96,(97]. Among
them, the PBE version of the GGA is the most commonly used in solid-state calculations.
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Although the GGA xc-functional maintains a balance between computational efficiency
and accuracy, PBE overestimates the lattice constants by approximately 1%. Hence the
other equilibrium properties such as bulk moduli, and spontaneous polarization are also
off. Therefore, a better approximation is required for solids with slowly varying densities.
Recently an efficient approach for the lattice properties has been developed by modifying
the PBE functional. This PBE functional adapted for solids (PBE-sol) yields better lattice
constants and lattice properties than PBE [98]. We employ the PBE-sol functional in all
the calculations carried out in this thesis except in Chapter 3 where we use LDA and PBE
functionals to reproduce the literature.

2.3 Technicalities of a typical DFT simulation

In this section, we will discuss about the main technicalities that are necessary to perform
a DFT calculation.

2.3.1 Periodic supercells and K-point Sampling

In the previous section, we discussed how the many-body problem can be mapped into
equivalent single-particle problems. Nevertheless, it is still not trivial how to deal with the
crystals, which is consist of an infinite number of atoms arranged in a periodic manner. To
work with such a system implies the calculations of an infinite number of wavefunctions
associated with the infinite number of electrons.

This problem is surmounted by performing calculations on a periodic system and using
Bloch’s theorem to the electronic wavefunctions. Bloch’s theorem states |99} |100] that ‘the
wavefunction of an electron ¢; (1), within a periodic potential, can be written as the product
of a lattice periodic part ui(r) and a wavelike part gk,

bik(r) = eik"'ujk(r) (2.32)

where k is the wave vector. The cell-periodic part can be expanded using a basis set
consisting of a discrete set of plane waves whose wave vectors are reciprocal lattice vectors.
Here, the cell-periodic part is expanded by using a particular basis set known as the plane-
wave (PW) basis set as follows:

uik(r) =Y Cik(G)expliG - r] (2.33)
G

Where G is the reciprocal lattice vector and C,(G) is a coefficient for the plane waves.

The wave vector k is considered as a continuous variable in the limit of a crystal. All the
possible eigenstates of the Hamiltonian are given by a set of k-points within the primitive
cell of the reciprocal space called the Brillouin zone (BZ). Among the infinite number of
electronic states, only a finite number of states are occupied at each k-point. Therefore, by
using Bloch’s theorem, the problem of computing an infinite number of electronic states has
been converted in calculating a finite number of electronic states at an infinite number of
k-points. Since the electronic wavefunctions are very similar for the k-points that are close
together, the wavefunctions over a region of k-space can be represented by the wavefunctions
at a single k-point. Thus the total number of terms to be summed over is converted into a
BZ summation over a finite number of k-points called special k-points.

Next, the critical part is to sample a set of special k-points in the BZ, which must follow
two criteria:
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e select k-points as few as possible to reduce computational cost.
e it should be enough to represent the actual quantity adequately and accurately.

Here, we use Monkhorst Pack(MP) [101] to sample the k-points. It generates a grid of k-
points which are evenly spaced throughout the BZ. Using this method, we can get accurate
results for insulators and semiconductors by considering a relatively small number of k-
points. However, a denser k-point grid is required in a metallic system to define the Fermi
surface precisely. Therefore, the convergence of the k-point grid for a given property is
important.

2.3.2 The Basis set

It is not easy to treat the KS orbitals mathematically. Therefore, a set of basis functions
are required to expand the KS orbitals. Here, we consider the PW basis sets also mentioned
above, which are nonlocal and span over the system.

The basis set of a electronic wave-function in a periodic potential can be written under
the Bloch’s theorem [99] as :

Gik(r) = Cin(G)explik + G) - 7] (2.34)
G

By increasing the size of the PW basis set, systematic improvement of convergence and
accuracy is possible.

In principle, to represent the expansion of the wavefunction precisely, we need an infinite
number of PWs. However, the plane wave coefficients C;x(G) with higher kinetic energy
are less important. Therefore, it is possible to truncate the PW basis set by introducing
a proper cut-off energy (Feyt). In practice, the introduction of a finite Ecy; gives a finite
plane wave basis-set, and the E, is defined as:

R? 9
Eowie > —|k+ G 2.35
> k4G (2:35)

Thus only the PWs with kinetic energy smaller than F.y are included in the calculations.
The cut-off energy is system-dependent. Therefore it is important to check the convergence
of Feyut to get accurate results.

2.3.3 The Pseudopotential

Most of the physical properties are controlled by the valence electrons to a greater extent
than the core electrons of a system. The core electrons are strictly bounded with the nucleus
in a deep potential well, whereas the valence electrons far from the nucleus are rather active
in most of the circumstances. These valence electrons take part in forming bonds, being
ionized, conducting electricity in metals, etc. To reduce the computational cost in describing
the potential created by the core electrons and nuclei, we exploit the pseudopotential (PP)
approach. Figure illustrates the basic principle of the PP.

By introducing a proper core radius (rcyt), the core and the valence part are separated
in the classic PP approach. At r < r¢y the core part remains frozen. The valence wave-
functions at r < reyt oscillate rapidly because of the strong effective potential of the core
part. This oscillation of the wavefunction in the core region is replaced by the smooth and
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Figure 2.2: Schematics of the basic principle of the PP scheme. The solid line and the
dashed line represent the all-electron (AE) potential and the PP and their corresponding
wavefunctions, respectively. At rqyt, the PP and pseudo wavefunctions are identical to that
of the AE potenial and its corresponding wavefunctions [100].

nodeless wavefunctions as shown in Figure 2.2l The pseudo wavefunctions and the corre-
sponding potential for the valence part remain identical to the actual wavefunctions and
potential outside the core region.

There are several approaches to determine the PP, namely norm-conserving PPs [102-
104], ultrasoft-PP [105], projector-augmented wave (PAW) scheme [106], etc. The basic
idea of the PP scheme explained above has been applied to the original PP method (norm-
conserving PP). However, in addition to the primary principle, the concepts of constructing
PP have evolved with time. In the PAW scheme, the efficiency of the PP and accuracy of
the all-electron potential have been maintained. The valence part of the PAW is presented
by the expansion of PWs and the core part is projected on a radial grid at the atom center.
This PAW scheme allows good convergence with much smaller basis sets. In this thesis, we
consider the PAW scheme proposed by Blochl in the 90s [106]

2.3.4 Convergence study

DFT is a successful theory to characterize the properties of many materials. Yet, it needs
some convergence study in choosing the energy cut-off for PW basis sets, density of the
k-point mesh, and the number of valence electrons explicitly considered in the simulation.

As regards the last point, in this work we have adopted typical choices in the literature
on hafnia and transition metal oxides treated with the PAW method. Thus, we consider
the following electrons explicitly in the calculations; 2s and 2p for oxygen, 6s and 5d for
Hf (we use 5s, 5p, 6s and 6d for Hf in Chapter 5 & 6), 4s, 4p, 5s, and 4d for Zr, 3s and
3p for Si, 5d, 6s, and 6p for Pb, 3p, 4s, and 3d for Ti, 3d, 4s, and 4p for Ge. All our
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results seemed perfectly reliable and consistent with previous theoretical calculations and
experimental information; thus, we did not explore other choices.

As regards the cut-off for the PW basis set, the more plane waves that are incorporated in
a specific calculation, the better the wavefunctions are represented. Similarly, the density of
the k-point mesh largely controls the BZ integration, which has an important role in getting
accurate results. However, the higher the density of the k-point grid and the value of E .y,
the higher the computational cost. Finding an optimum density of the k-point grid and
FE.ut within a specific tolerance is a significant part of any DFT calculations. In principle,
the convergence of E¢,t and k-point grid needs to be checked for the properties of interest
of a given system (e.g. lattice parameter, dielectric constant, elastic constant).

Here we consider the usual ferroelectric phase (orthorhombic-Pca2;) of HfO2 to perform
the convergence study. The structural and electromechanical properties of the ferroelectric
phase in this material are of special interest in this thesis work. Therefore we study the
convergence of lattice parameters and the dielectric tensor to determine the optimized value
of Eqyt and k-point grid.

All the calculations are carried out within the DFT framework as implemented in the
Vienna ab initio Simulation Package (VASP) [107,|108]. We perform a structural relaxation
of the ferroelectric structure of the material, where we allow the system to relax until the
residual forces fall below 0.01 eV/A and residual stresses fall below 0.1 GPa. Here we
show the convergence of the properties mentioned above using LDA, PBE, and PBE-sol
xc-functional. Figures (a), (b), and (c) show the lattice parameters of the ferroelectric
phase of HfO, for different choices of E.y and k-point grid. Figures (d,e,f), show
the corresponding relative error for each functional. We calculate the relative error by
considering the value corresponding to the highest considered FE., and k-point grid as
reference.
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Figure 2.3: Convergence in E.; and k-point grid of lattice parameters of the ferroelectric
phase by using three different xc-functionals (a) LDA (b) PBE and (c) PBE-sol. In the
second row, we show the relative error as a function of F.,t and k-point grid with respect to
the highest F.y and k-point grid considered. We show the results for three xc-functionals
(d) LDA) (e) PBE and (f) PBE-sol.
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From Figure we find that E.; = 500 eV and 3x3x3 k-point grid is giving well-
converged results with less than 0.1% error for the lattice parameters irrespective of the xc-
functional. The value of the lattice parameters of the ferroelectric phase using this F¢, and
k-point grid are tabulated in Table The calculated lattice parameters are in reasonable
agreement with previous literature for all the xc-functionals as shown in Table 2.1]

Lattice Parameter LDA PBE PBE-sol
This work | Ref. [109] | This work | Ref. [110] | This work | Ref. [111]
a 4.96 5.02 5.04 5.01 5.00 5.00
b 5.16 5.22 5.26 5.24 5.20 5.21
¢ 4.98 5.04 5.07 5.05 5.02 5.02

Table 2.1: Computed lattice parameters of the ferroelectric phase of HfO5 in A using LDA,
PBE and PBE-sol xc-functionals with E.y; = 500 eV and 3x3x3 k-point grid . The values
of the lattice parameters are in well agreement with the literature.

Next, we check the convergence of the dielectric tensor. Figures (a), (b), and (c)
show the three non-zero diagonal components of the dielectric tensor as a function of Feyut
and k-point grid for the three xc-functionals. Similarly, the relative errors are calculated
and presented in Figures|2.4] (d), (e), and (f) . In this case, we also observe that E.,; = 500
eV and 3x3x3 k-point grid is showing good convergence in dielectric tensor with less than
1 % error for all the three xc-functionals. Therefore, 500 eV cut-off and 3x3x3 k-point
grid yield well converged structural and response properties of HfO2. We also check the
convergence of the lattice parameter and dielectric tensor in ZrOs (HfO2 and ZrO, present
very similar physical and chemical-bonding features.). We find the same optimized values
of F¢yt and k-point grid in ZrOs.
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Figure 2.4: Convergence of E¢yt and k-point grid in dielectric tensor of the ferroelectric
phase of HfO2 by using three different exchange-correlation functionals (a) LDA (b) PBE
and (c) PBE-sol. In the second row, we show the relative error as a function of E.,; and
k-point grid with respect to the highest E.,; and k-point grid considered. We show the
results for three exchange-correlation functionals (d) LDA) (e) PBE and (f) PBE-sol.
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It is worth noting here that the choice of the k-point grid depends on the size of the unit
cell. If two structures have similar unit-cell parameter, the same k-point mesh can be used.
However, for structures with different cell size, equivalent k-point sampling is needed. The
structure with a larger unit-cell has a smaller BZ associated to it. Therefore, to sample the
smaller BZ, the k-point mesh should be chosen as a subset of the k-point mesh in the larger
BZ.

In order to ensure a tight convergence, we consider F.,; = 600 eV for all the calculations
of HfO9 and ZrOs present in this thesis. We adapt the k-point grid according to the size of
the unit-cell of each polymorph. A 4x4x4 k-point grid has been used for the ferroelectric
phase of HfO9 and ZrOs.

2.4 Additional methodological details

2.4.1 Calculation of polarization

To calculate the polarization of the material, we use the Berry’s phase theory [2] as im-
plemented in VASP. The polarization is multivalued for a bulk solid. Depending upon the
choice of the unit cell of the periodic solid, we can get different values of polarization. The
collection of polarization values are called polarization lattice. The polarization value in-
creases if we consider the ferroelectric distortion of a lattice from its paraelectric phase. The
polarization values along the distortion from paraelectric to the ferroelectric state forms a
branch. Different branches are separated by a “quantum of polarization”, which corresponds
to transferring a unit charge from one unit-cell to the next. The difference in polarization
within the same branch between the final polarized and initial unpolarized state is the spon-
taneous polarization of a ferroelectric system. The critical part for obtaining the correct
value of the spontaneous polarization is to make sure one stays in the same branch.

200 T T T T T T T T T

]
160 I/M
120¢ p

Polarization (MC/cm?)

FE-distortion

Figure 2.5: Calculated polarization as a function of the ferroelectric distortion from the
high-symmetric cubic state (labeled by space group Fm3m) to low-symmetric ferroelectric
state (labeled by space group Pca2;) of HfO,.

To get the correct value of the spontaneous polarization of the ferroelectric phase of
HfO,, we consider the cubic phase with space group Fm3m as the high-symmetry para-
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electric state and calculate the polarization for several structures along the deformation
path from high-symmetry cubic phase to low-symmetry ferroelectric phase with space
group Pca2,. Figure shows the values of the polarization along the deformation path.
Note that the polarization value for the high-symmetry paraelectric structure, labeled with
‘Fm3m’, can be taken to be 0 uC/cm?. Therefore it is clear from the evolution of the
polarization with the distortion along that branch that the correct value of the spontaneous
polarization of the ferroelectric state, labeled by ‘Pca2;’ is 55.43uC/cm? which is in good
agreement with previously reported values|[112].
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Chapter 3

Preliminary first-principles study
of HfOy and ZrO»-

In this chapter, we present some preliminary results of the structural and response properties
of HfO9 and related material ZrOs using the first-principles DFT. To gain confidence in
producing reliable data, we compare our obtained values with the literature. This chapter
also reflects our understanding of calculating the response properties of these materials
using the DFPT-method.

Here we discuss the structural details of the polymorphs of HfO, and ZrO, reported
experimentally and theoretically. Additionally, we show the result of a comparative study
of structural and response properties in both the materials with the literature.

3.1 Polymorphs in HfO, and ZrO,

HfO4 and ZrO, are known as ‘twin oxides’ because they exhibit very similar structural and
chemical properties. They are rich in polymorphism. All the reported polymorphs of these
materials are discussed below.

The important nonpolar phases:

Figure shows the important nonpolar phases of HfOs which have been experimentally
and theoretically found in the literature. These nonpolar crystal phases are very similar in
ZrO9; hence they are not shown here. The high symmetric cubic phase with space group
Fm3m (c-phase) appears at very high temperature (around 2800 K in HfO5 [113H116] and
at 2300 K in ZrOg [117,118]) in both materials. All the Hf and O atoms are symmetrically
equivalent in this phase. In the c-phase, the Hf atoms bond with eight nearest neighbor O
atoms reflecting the compact packing in the phase. All the Hf—O bond distances are equal
to 2.17 A.

Further, with decreasing temperature, there is a phase transition from cubic to tetrago-
nal phase (t-phase) with space group P4s/nmc around 2000 K in HfO9 [113H116] and 1300
K in ZrOs [118},[119]. Compared to the high symmetric c-phase, the position of the O atoms
has been displaced in the plane in the t-phase. Here, the coordination number of the Hf
atoms is similar to that of the c-phase.

At ambient conditions, HfOy and ZrOs have the monoclinic baddeleyite-like structure
with space group P2;/c (m-phase) as their ground state (GS)[115, [120, 121]. All the Hf
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with decreasing temperature

Ground state:m-phase

oll-phase ol-phase

-

with increasing pressure

Figure 3.1: Structural view of the m-phase, t-phase, c-phase, ol-phase and oll-phase. t-
phase and c-phase appear at high temperature; ol and oll phase appear in high pressure
regime.

atoms in the unit cell of the m-phase are symmetrically equivalent, but there are two types
of symmetrically inequivalent O atoms. The coordination of Hf atoms reduces to seven in
this phase. As a result, unlike in the c-phase and t-phase, where an O atom is shared by
four nearest neighbor Hf atoms, here it is shared by three.

Additionally, with increasing pressure, the m-phase sequentially transforms into the
orthorhombic-Pbca (ol-phase) and then into the orthorhombic-Pnma (oll-phase) crystal
phase in both materials as shown in figure In comparison to the other three
phases stated above, the unit-cell of the ol-phase gets doubled in the plane. The distortion
in this phase due to the movements of the O atoms can be clearly understood with respect
to the t-phase. Some of the O atoms are moving up in a part of the cell and moving down
in another part of the cell resulting in an antipolar displacement. The coordination number
of Hf has been reduced to seven from t-phase to ol-phase. In HfOs9, the ol-phase is found to
be stable between 4-14.5 GPa below 1250-1400°C; whereas in ZrOs it can be found between
3-11 GPa [115] 116} 118} 123] 124].

Furthermore, the oll-phase appears above 14.5 GPa, and is stable up to 21 GPa and
1800°C in HfO5 and in the pressure range of 9-15 GPa in ZrOq , . The
coordination of Hf atoms is also seven here.
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Figure 3.2: Structure of the (a) paraelectric c-phase and (b) FE-phase of HfO2. In the
c-phase, all Hf and O atoms are symmetrically equivalent. In the FE-phase all Hf atoms are
symmetrically equivalent but there are two types of symmetrically inequivalent O atoms-
named as Oj (in light orange) and Or (in red colour). The arrows denote the movement
of the Or and Or atoms from the high symmetric position in the paraelectric phase to low
symmetric FE phase. The black arrow denotes the direction of the polarization.

The usual Ferroelectric phase

The origin of ferroelectricity in HfO9 has been attributed to the formation of the orthorhom-
bic phase with Pca2; space group (FE-phase) by Boske et al. in 2011 . Figure
illustrates the ferroelectric distortion of the FE-phase from the paraelectric c-phase. In the
high symmetric c-phase all the Hf atoms are equivalent among them by symmetry, and so
are all the O atoms among them (4 Hf and 8 O atoms). However, in the unit-cell (4 Hf
and 8 O atoms) of the FE-phase, all the Hf atoms are symmetrically equivalent, but there
are two types of symmetry inequivalent O atoms, O and Orp;. The polar distortion involves
the downward movement of the O1 sublattice as compared to its high symmetric position
in the c-phase. This movement of the O; sublattice is shown by the arrow in figure [3.2]
(b), resulting in a finite spontaneous polarization pointing upwards. The Oj atoms move
in-plane from paraelectric to ferroelectric phase but do not contribute to the development
of the polarization of the materials.

After the discovery of ferroelectricity in HfOs, J. Muller et al. found a polarization
hysteresis loop in 7.5-9.5 mm thick Hfy5Zrg 502 films integrated into TiN-based metal-
insulator-metal capacitors in 2011 . In another study in 2012, J. Muller et al. performed
a composition and temperature-dependent ferroelectric phase transition considering the
whole mixing range of HfO,-ZrO thin films [72]. The ferroelectricity in the mixed oxides
has also been attributed to the same FE-phase. The FE-phase in pure ZrO; is confirmed
by B.T.Lin et al. through high-resolution transmission electron microscopy in 2016 .
The same explanation holds for the ferroelectric distortion of the FE-phase in ZrOs as it
does for HfOs.
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Theoretically predicted new polymorphs

Apart from the phases mentioned above, Huan et al. proposed a few more crystal phases of
HfO9 by performing a structural search using the minima hopping method in 2014 [38]. This
structural search led to one new nonpolar phase and four new polar phases of HfO5: nonpolar
monoclinic with space group P2;/m (ml-phase) and polar monoclinic Pm (mlII-phase),
monoclinic C'c (mIII-phase), triclinic P1 (tric-phase), and orthorhombic Pmn2; (oIlI-phase)
phases. The phonons and band structure calculations reported by the author show the
dynamical stability of all the phases at zero temperature and pressure up to 30 GPa except
the ml-phase, which is stable below 15 GPa .

The primitive cell of the nonpolar ml-phase contains six atoms. The coordination num-
ber of the Hf atoms is seven in this phase. Above 15 GPa, this phase collapses to the t-phase
following the unstable phonon modes.

Next, the author reported that the total energy of the nonpolar mlII-phase, mIII-phase,
and tric-phase is unfavorable by roughly 250 meV/atom compared to the GS phase. The
unit-cell of the polar mll-phase contains twelve atoms. The coordination of all the Hf
atoms is not the same in this phase. Hf atoms are bonded with nine, seven, or five O atoms.
The mllII-phase presents a large monoclinic angle of 123°; the coordination of Hf atoms is
reduced to seven and six. In contrast, the tric-phase shows a large Hf coordination number
compared to the high symmetric phase. The coordination of Hf atoms is nine and eight in
this phase.

Interestingly, it has been found by Huan et al. that the newly predicted olll-phase and
FE-phase are very close in energy and compete with the other equilibrium phases. All the
Hf atoms are bonded with seven O atoms in this phase. Recently, Y. Qi et al. proposed
that wake-up cyclings are not required to produce a steady P—E hysteresis loop in the
(111)-oriented olIl-phase[110], which is unavoidable in the usual FE-phase. This indicates
that further investigation of this newly predicted ferroelectric phase could improve the
performances of the HfOs-based films in memory applications.

In 2017 S. Barabash predicted a few more crystal phases of HfO9 [127]. In this study,
six new crystal phases of HfO2 have been found, namely: orthorhombic-Pbcn (oIV-phase),
tetragonal- P4y /mnm (tI-phase), tetragonal-P4/nbm (tII-phase), cubic-P43m (cI-phase),
cubic-Pa3 (cll-phase) and rhombohedral-R3 (RI-phase) phases. Among them, only the
olV-phase, tI-phase, and RI-phase are dynamically stable at 0 K and may potentially be
observed under suitable experimental conditions [127].

The unit-cells of the olV-phase and tl-phase consist of 12 atoms; the Hf atoms are
coordinated with six nearest neighbor O atoms. In both phases, the O atoms involve an
antipolar displacement in the unit-cell resulting in the nonpolar systems. In the unit-cell of
the polar RI-phase, there are 32 atoms; the Hf atoms form three parallel layers perpendicular
to the c-axis. The Hf coordination number is eight here.

S. Barabash reported that the tIl-phase, cI-phase, and cll-phases are dynamically un-
stable at 0 K. Additional relaxation triggered by the unstable phonon modes is relatively
small for tIl-phase and cl-phase, indicating that it can possibly be stabilized at a finite
temperature. However, the cll-phase appears very high in energy compared to the ground
state of HfO9, indicating the low probability to be found in the experiment.

In 2018, Y. Wei et al. performed a structural search by using a genetic algorithm
approach for pure HfOo and ZrOs to identify their experimentally found rhombohedral
phase in Hfp5Zrg 502 thin films [128]. The authors discovered two rhombohedral phases
with R3 (RI-phase) and R3m (RII-phase) symmetry and polarizations of 0.1 C/cm? and
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41 C/em?, respectively in HfOo. The Hf atoms are bonded with eight nearest neighbor
O atoms in these two phases. All the Hf—O bond lengths are 2.18 A in the RI-phase,
whereas two different types of Hf—O bond distances are present in the RII-phase. Among
eight nearest neighbor Hf—O bonds, four bonds are equal to 2.12 A, and the other four
are equal to 2.24 A in RII-phase. Interestingly, Y. Wei et al. experimentally showed that
the RII-phase also does not require any wake-up cycling to show the ferroelectric behavior,
which may lead to potential applications in next-generation memory devices [128].

Furthermore, the RII-phase has also been found theoretically in ZrOs by Y. Wei et al.
[128]. Recently, Silva et al. have grown the epitaxially strained rhombohedral thin films in
ZrOs. In collaboration with them, we identified the R3m symmetry of the film [129] by
performing the first-principles calculation. The structural details of the RII-phase in ZrO»
are very similar to that of HfOy discussed above.

3.2 Relative stabilities of the polymorphs in HfO, and ZrO,

The preliminary calculations of the structural properties of the polymorphs of HfOs and
ZrOy are shown in this section. Here, we compare our obtained total energy values by
performing the structural relaxation calculations of all the discussed polymorphs of HfO-
and ZrOs with previously reported values. The primary goal of this study is to make sure
that our DFT approach allows us to reproduce the data in the literature.

Table [3.1] shows the lattice parameters, unit-cell volume, and relative energies of the
polymorphs compared to the GS m-phase of HfO,. The relative energies are calculated as
follows:

AFEx = Ex — Eggs (3.1)

where Ex is the energy of any particular polymorph X and Fgg is the ground state energy
(energy of the m-phase). The values of the energy are given in per formula unit.

Here, we use LDA and GGA-PBE xc-functional to compute the lattice parameters, unit-
cell volumes, and the relative energies of all the polymorphs mentioned above. Table
shows an excellent agreement with the previous literature for GGA-PBE functional in all
the polymorphs of HfO5. The present results are also in a satisfactory agreement with
Ref.[109] at the LDA level. However, we find slight disagreement in the LDA results with
Ref.[121], which may come from the use of different pseudo-potentials, F., and k-point
grids.

Similarly, Table presents the computed lattice parameters, unit-cell volumes, and
relative energies of all the polymorphs in the case of ZrO,. Our results for ZrQO, are also in
good agreement at the LDA level with Ref.[109]. However, we notice that the values of AE
obtained by J.E. Jaffe et al. using LDA and GGA-PBE are low compared to the present
results and the other literature [121]. The difference in pseudo-potentials, as well as the
selection of Eyt and k-points, could be the reason for this discrepancy.

Figures (a) and (b) show the relative energy (AE) obtained from the GGA-PBE
calculations of all the polymorphs in HfOy and ZrOs respectively. It is also interesting to
note that the common polymorphs in both materials follow the same ordering. Among all
the polymorphs, m-phase [120], c-phase[132], t-phase |120} 133], ol-phase [115} 122], oll-
phase [115| 122], FE-phase|19} 126], and RII-phase[128,|129] phase have been experimentally
observed. We notice that the relative energies of all the experimentally observed polymorphs
are below 250 meV/fu. except for the oll-phase, which appears at very high pressure.
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Phases LDA GGA-PBE
\% a b c AE AE \% a b c AE AE
(This work) (Literature) (This work) (Literature)
m  33.05 5.04 5.12 5.13 0 0 34.93 5.14 5.19 5.24 0 0
t 31.37 4.98 4.98 5.05 107 929,99 |33.41 5.06 5.06 5.20 170 170¢
¢ 30.83 4.98 4.98 4.98 147 1374, 152° |32.47 5.06 5.06 5.06 249 250°¢
ol  31.71 9.87 5.16 4.98 30 24,29 |31.41 10.04 5.24 5.08 68 65¢
oll 28.19 546 3.24 6.38 173 167¢ 29.89 5.54 3.32 6.50 393 394¢
FE 31.86 5.16 4.96 4.98 51 62¢ 33.57 5.25 5.04 5.07 91 83¢
olll 31.97 3.36 5.06 3.76 107 33.62 3.42 5.16 3.81 142 143¢
oIV 35.22 5.63 5.14 4.86 201 37.21 5.78 5.25 4.91 71 71¢
cl 3293 5.09 5.09 5.09 526 34.62 517 5.17 5.17 472 472¢
cll 31.17 4.99 4.99 4.99 118 32.98 5.09 5.09 5.09 198 199¢
tric  28.65 3.17 5.56 6.68 764 30.24 3.23 5.66 6.81 966 >800¢
tI  36.25 5.73 5.73 4.78 258 38.09 5.83 5.83 4.87 97 97¢
tII  31.21 5.00 4.98 5.00 116 33.05 5.11 5.07 5.11 193 193¢
ml  32.07 5.14 3.47 3.62 136 35.06 5.43 3.46 3.86 79 80°¢
mll  30.22 5.43 3.24 6.92 705 32.54 549 3.35 7.14 802 >800°¢
mlIT 32.00 7.10 7.16 6.03 226 33.92 7.26 7.30 6.09 254 ~250¢
RI  31.94 7.04 7.04 8.93 182 33.76 7.17 7.17 9.09 218 216¢, 2214
RII  31.18 7.07 7.07 8.65 206 32.95 7.20 7.20 8.81 200° 209¢

Table 3.1: Computed lattice parameters in A, unit-cell volume in A3 /fu., and energy differ-
ence AE (This work) in meV /f.u. with respect to the GS m-phase of the HfO9 polymorphs.

AFE (Literature) refers the same energy difference available in the literature.

@ Ref.[109], ® Ref.[121], © Ref.[127], and ¢ Ref.[110].

Phases LDA GGA-PBE
V. a b ¢ AE AE v a b ¢ AE AFE
(This work) (Literature) (This work) (Literature)
m  34.19 5.09 5.18 5.25 0 0 36.05 5.19 5.25 5.37 0 0
t 32.41 5.03 5.03 5.11 51 499,38 |34.61 5.12 5.12 5.27 110 109°
c 31.84 5.03 5.03 5.03 92 96%, 67° |32.47 5.06 5.06 5.06 249 171°
ol  32.77 9.98 5.22 5.03 27 267, 14 |34.49 10.15 5.30 5.13 67 49°
oll 29.19 5.52 3.29 6.43 123 30.92 5.60 3.37 6.54 344 2620
FE 3295 5.22 5.02 5.03 40 37%,39.7¢ [34.79 5.32 5.10 5.13 72 72¢
olIl 33.04 3.43 5.13 3.75 80 80.24 34.80 3.50 5.25 3.79 120 -
RIT 3221 7.14 7.14 8.75 62 34.04 7.27 7.27 891 154 -

Table 3.2: Computed lattice parameters in A, unit-cell volume in A3 /fau., and energy differ-
ence AE (This work) in meV /f.u. with respect to the GS m-phase of the ZrOs polymorphs.

AE (Literature) refers the same energy difference available in the literature.

@ Ref.[109], ® Ref.[121], © Ref.[130], and ¢ Ref.[131].

Therefore, it seems safe to assume that beyond this threshold, the polymorphs are not
experimentally relevant. For this reason, we do not consider them for this thesis work.
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Figure 3.3: Relative energy of the reported polymorphs of (a) HfO2 and (b) ZrOgy using
GGA-PBE xc-functional. The relative energy has been calculated by taking the GS m-
phase as a reference structure. The dashed line at 0 in the y axis denotes the energy of the
GS m-phase.

3.3 Dielectric Tensor

In this section, we report the calculated dielectric tensor (€) of the m-phase, t-phase, and
c-phase of HfOs and ZrOs to get familiar with the DFPT-method as implemented in VASP
code. Here, we use LDA xc-functional to compare the present values with the literature

Phase HfO- ZrOs

This work  Previous work [134] Present Previous [135|

13.9 0.0 0.8 13.1 0.0 1.8 [16.3 0.0 0.97 [16.7 0.0 0.9]

m 0.0 12.1 0.0 0.0 10.8 0.0 0.0 14.5 0.0 0.0 15.6 0.0
0.8 0.0 9.3 1.8 0.0 7.5 109 0.0 10.9] | 0.9 0.0 11.7]

[40.9 0.0 0.0 [92.3 0.0 0.0 [42.1 0.0 0.07 [41.6 0.0 0.0]

t 0.0 40.9 0.0 0.0 92.3 0.0 0.0 42.1 0.0 0.0 41.6 0.0
|00 00 13.7] [0.0 0.0 10.7] [0.0 0.0 14.9] 0.0 0.0 14.9)

[24.5 0.0 007 [239 0.0 0.0 [30.2 0.0 0.0 [31.8 0.0 0.0]

¢ 0.0 24.5 0.0 0.0 23.9 0.0 0.0 30.2 0.0 0.0 31.8 0.0
0.0 0.0 245 [0.0 0.0 239] |00 00 30.2] |00 0.0 318

Table 3.3: Computed lattice part of the dielectric tensor (/") of m-phase, t-phase and

c-phase of HfO2 and ZrQO,. All the values are calculated using LDA.

since there is no published data (full tensor) available for the PBE and PBE-sol functionals.

Table represents the computed lattice part of the e tensor (€/%) for the m-phase,
t-phase, and c-phase. We find that the values of €% change dramatically with the crystal
phases in both HfO, and ZrO,. Additionally, €% is always higher in ZrO, irrespective of
the crystal phases.

Next, we observe that our results are in reasonably good agreement with the reported
values in the literature [135|136] except for the t-phase of HfOy. The el)“(t)t( = el%} component
of the dielectric tensor of the t-phase in the Ref. [136] is more than twice the present value.
However, our result matches reasonably well in the case of ZrO,. We also find that the value

of the €!@% of the t-phase of HfOy reported by D.Fischer et al. is 25-40 [137] and by G.-M.
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Rignanese et al. is 32.8 [138], which are reasonably close to our value. We also check that
the experimental value of the dielectric constant for a polycrystalline HfOo sample is 22-25,
and for ZrOs is 17-18 [139]. Therefore, the obtained values in the present study seem to be
in reasonably good agreement with other reported values[137-139]. Nevertheless, we have
been intrigued to know the reason behind the substantial discrepancy in el)‘}?( component
in t-phase of HfOy with Ref. [136].

To understand the reason behind the disagreement in the el)%t)t( component in the t-phase
with Ref. [136], we pay attention to the reported structural parameters (lattice-parameters,
unit-cell volume) of the systems. We observe that the given unit-cell volume in Ref. [136] is
around 2.5% larger than the present value. This difference in the unit-cell volume between
the current study and then that of Ref. |136] indicates a difference in strain between the
two systems.

Therefore, we decide to study how the three components of the € tensor vary with the
hydrostatic strain in the t-phase of HfOs. We consider hydrostatic strain to the volume of
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Figure 3.4: Computed lattice part of the dielectric tensor of (el“tt) the t-phase as a function
of hydrostatic strain.

the tetragonal unit-cell up to 5% with the step size of 1%, and relax the atomic positions
within the strained unit-cell. The dielectric tensor at each strain value is then computed.
Figure [3.4] shows the variation of the dielectric tensor as a function of strain. We find
that the elZatZt component of the dielectric tensor is nearly constant throughout the strain
range, but the el)“(ff( component varies significantly with the strain values. el)‘}t}( increases
rapidly with increasing the hydrostatic strain indicating the occurrence of a soft mode

along this direction in the t-phase. This indicates that a polar instability develops in-plane
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in this phase. Note that the usual orthorhombic ferroelectric phase (FE-phase) develops
a polarization perpendicular to the tetragonal axis, suggesting the potential connection to
the t-phase—FE-phase transition.

We find that our calculated value of the eé‘}'} is around 70 at 2.5% strain, which is
relatively close to the reported values in the Ref. [136]. Although we could not get the actual
value of ef)‘}'}t( reported in Ref.[136], the application of strain seems to partly explain the
disagreement with the present study. We think that the use of the different pseudopotential,

different E.. and k-point grid or distinct methods may also make a difference in the result.

3.4 Summary and Conclusions

In this chapter, we show the preliminary results of the structural and response properties
of HfOo and ZrOs. We discuss all the polymorphs of HfOy and ZrOs that have been
experimentally and theoretically reported. Additionally, we describe the polar distortion
of the FE-phase, resulting in a spontaneous polarization in both materials. We calculate
the total energy of each polymorph using LDA and GGA-PBE and compare them with the
previously reported values. Overall, we find that our results are in good agreement with
the literature. We get the expected total energy ordering of the crystal phases as reported
in the literature.

To learn the DFPT-method as implemented in the VASP code, we reproduce the dielec-
tric tensor of a few phases of the materials present in the literature. We believe that this
study indeed helps us to get confidence in producing reliable data.

In the rest of this thesis, we only work with HfOy. For our purposes, we ignore the high
energy lying polymorphs of HfO4. In the following chapters, we work with the GS m-phase,
FE-phase, and t-phase of HfOs.
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Chapter 4

Impact of the dopant ordering in
stability of ferroelectric HfO-

In this chapter, we will discuss the stability issue of the usual ferroelectric phase (FE-phase)
of HfOs. In addition, based on a theoretical prediction, we will discuss a strategy to stabilize
the FE-phase. Finally, we will provide some insights into practical implications.

4.1 Background & Motivation

In the past decade, extensive research has been carried out to understand the origin of
the ferroelectricity in HfOo. The ferroelectric behavior in this material is caused by the
formation of the metastable noncentrosymmetric orthorhombic phase (FE-phase). Several
strategies have been tried to stabilize the FE-phase.

Surprisingly, unlike perovskites, the ferroelectricity in HfOs becomes robust with de-
creasing the film thickness or the size of the grains [140]. This suggests that surface energy
may play a vital role in stabilizing the polar phase. R.Materlik et al. calculated the
Gibbs/Helmholtz free energy with varying stress and film strain to explain the existence of
the ferroelectric phase in nanoscale thin films. The authors found that the energies are un-
likely to become minimal in Hfy 5Zrg 504 thin films under technologically relevant conditions
[109]. They also predicted a surface energy model in which the grain size of undoped HfO,
and epitaxial Hfy 5Zrg.502 must be around 4 nm and less than 5 nm, respectively. However,
the experimental observations in HfOs-ZrO9 solid-solutions thin films by M.H.Park et al
contradict the theoretical surface energy model proposed by Materlik et al |66].

Moreover, the role of the local strain [67, 68|, oxygen vacancies |69} 70|, grain size [66]
in the stability of FE-phase have also been discussed in the literature. Y. Zhou et al. have
shown that the bulk oxygen vacancies promote the ferroelectric phase transition by reducing
the energy difference between m-phase and FE-phase[69]. E.D.Gimley et al. demonstrated
the complex structure near the phase boundaries, suggesting a probable continuous transi-
tion between m-phase and FE-phase in the region of the boundary walls [141].

Interestingly, it is experimentally known that the chemical doping with Si [19], Al
73], Y [142], Zr [72] and La [57], Mg [143], Ca [143] facilitate the formation of the FE-
phase using various deposition techniques including metal-organic-chemical vapor deposi-
tion (MOCVD), sputtering, chemical solution deposition (CSD), pulsed laser deposition
(PLD) and atomic layer deposition (ALD). This suggests that the Hf;_,A,;Oy compound
might undergo a paraelectric to ferroelectric phase transition for a suitable dopant A as
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x increases, which would be very similar to the morphotropic phase boundary that many
perovskites exhibit [144]. For example: Sr;_,Ba,TiO3 shows a paraelectric to ferroelectric
phase transition with increasing Ba content. Among all the dopants, the HfO2-ZrO4 solid
solutions are most intensively studied, where the ferroelectricity exists in a wide composition
range. In contrast, the Y-doped HfO5 system shows a very narrow compositional window,
and high-temperature thermal treatment is needed to obtain the ferroelectricity [143]. Such
morphotropic tansitions are usually revealed by first-principles calculations. However, the
existing DFT studies predicted that doping alone is not enough to make the FE-phase the
most stable phase [74-78, |145].

In this study, using first-principles methods, we decided to reexamine this fact by con-
sidering the chemical dopants as an external tuning factor. Surprisingly, in our preliminary
simulations, we observe that some dopants have a strong preference to adopt specific ar-
rangements. However, with the exception of Ref.[77] and Ref.|75], most of the DFT studies
assumed that the dopant located randomly inside the HfOy lattice, which we here prove to
be inappropriate. Thus, what are the preferred spatial arrangements of the dopants inside
the HfO5 lattice? Does that affect the stabilization of the FE-phase of HfO5?

4.2 Computational Approach

For the sake of simplicity, we consider two tetravalent dopants Si and Zr, which are exten-
sively studied experimentally and theoretically. Due to the same valency of the dopants as
of the Hf atoms, we can replace the Hf atom with the dopant without inducing any charge
states or oxygen vacancies inside the lattice.

In the following, we focus on the usual ferroelectric phase (FE-phase), the GS m-phase,
and another nonpolar t-phase. This t-phase has been discussed in the literature as a bridge
state, which leads to the stabilization of the FE-phase [38,/146]. We will discuss the relevance
of this t-phase in the following section .

In this study, we work with a 48-atom cell with a’ = v/2a, b’ = /2b, ¢/ = 2c, where &/,
b’, and ¢’ are the lattice vectors of the simulation cell, and a, b, and ¢ are lattice vectors of
the primitive unit-cell of HfOy lattice. Our simulation cell contains 16 Hf; _,A,O> formula
units. This cell is compatible with a compositional step Az=0.0625 (6.25%). We study the
doping concentration ranging from Ax=0.0625 (6.25%) to Az=0.5 (50%).

In the unit-cell, wherever we have more than one dopant, we consider a representative
number of arrangements of the dopants. Figure shows the different spatial arrangements
of the dopants at different concentrations, which includes the cases: dopants forming layers
in different crystallographic planes, forming quasispherical aggregates, intercalating between
Hf atoms, etc. At £=6.25%, there is only one case to consider, which is an isolated dopant.
We study 4 different arrangements for 12.5%, 12 for 25%, 17 for 31.25%, 16 for 37.5%, 12
for 43.75%, and 12 for 50% doping concentration for the three polymorphs.

We realize that the size of the cell is not compatible with considering different dopant
arrangements at low doping concentration (at £=6.25%). Thus we also consider an elon-
gated supercell of 192-atoms with a’ = v/2a, b’ = v/2b, ¢/ = 8c, where a’, b/, and ¢’ are
the lattice vectors of the simulation cell, and a, b, and ¢ are lattice vectors of the primitive
unit-cell of HfOo lattice. At this concentration, we only consider some particular dopant
arrangements, which are previously identified as the most energetically favorable in high
doping concentration levels. Figure depicts the special dopant arrangements considered
in the 192-atoms supercell. Figures [£.2(a) and (b) represent the cases where the dopants
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Figure 4.1: Dopant arrangements considered in our 48-atom cell at each doping concentra-
tion. We sketch only the cations (Hf, Si, Zr) for the clarity.
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Figure 4.2: Schematic of 192-atom supercell of the considered cases at low doping con-
centration. (a) m-phase with a region of intercalated Hf atoms and dopants, (b) t-phase
with a region of intercalated Hf atoms and dopants, (c) t-phase with a layer of dopants
perpendicular to the a-axis, and (d) FE-phase with a dopant layer perpendicular to c-axis.

[ [

are intercalated between Hf atoms in the m-phase and t-phase, respectively, whereas the
Figures (c) and (d) present the configurations where dopant layers are oriented in a
particular crystallographic direction for t-phase and FE-phase, respectively.

4.3 Results

We performed a structural relaxation and calculated the total energy of all the considered
configurations at all concentrations for all the polymorphs. Then we calculate the formation
energies of each compound following the equation below:

Efor(x) = E(SC) — (1 — .:I:)EHf02 — SCE]AO2 (4.1)

where E(z) is the energy of the Hf;_;A,O2 compound for a given configuration, Fyso, is
the energy of HfO, in it’s ground state, and Eao, is the ground state energy of pure AO,.
For HfO5 and ZrOs, we use the m-phase and for SiOg, we use the 142d structure
reported in Ref. as a ground state.

Si-doped & Zr-doped HfO,: We discuss our obtained results gradually following the
discoveries based on our simulations. Initially, we focused on the GS m-phase and FE-
phase using the 48-atom cell. Figures (a) and (b) show the formation energy of all
the considered configurations of Hf;_,Si,Os and Hf;_,Zr,O- systems, respectively. The
results using the 48-atom cell are shown by the open red symbol for the m-phase and the
open blue symbol for FE-phase. In Figure we use different symbols for different dopant
arrangements: the triangles represent the configurations when dopants form a full layer,
the square represents the Hf/dopant intercalation, and the circle denotes the other cases.
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Figure 4.3: Formation energies of different polymorphs in various dopant configurations are
shown for (a) Si doped and (b) Zr doped systems. The different polymorphs are marked in
different colours. Triangles are used to denote the structures forming a full layer, squares
correspond to the perfect dopant/Hf intercalation, and the circles are used to represent
other cases. The colored arrows placed at x=0 represent the energies of m-phase (red),
FE-phase (blue) as computed for the pure HfOy considering the m-phase as the zero of
energy. In (a), the values for the m-phase and FE-phase are slightly shifted horizontally for
better visibilty at each doping configuration.

At first sight, we notice a marked difference between the behavior of the two systems.
The formation energy difference between the least stable and the most stable configurations
are huge (up to 400 meV /formula unit (f.u.)) in the case of Hf;_,Si,Oy. Contrastingly,
the Hf; _,7Zr,O2 shows much weaker tendency towards ordering. The difference between the
most stable and least stable configurations is a maximum of ~62 meV /f.u. for the Zr-doped
System.

Next, we also observe that the formation energy for Si doping is always positive, implying
that Hf;_,Si,O2 mixtures are metastable. This means that at equilibrium, the system will
minimize its free energy by phase separation. Contrastingly, the formation energy of the
m-phase of Hf;_,Zr,Os is always negative throughout the doping concentration range,
indicating the thermodynamic drive towards forming the HfO2-ZrO5 solid solutions.

Interestingly, it is worth noting that the structures of m-phase and FE-phase occupy the
same energy level and compete among themselves in the case of Si doping. On the other
hand, for Zr doping, all the configurations of the m-phase win over the FE-phase in the
whole concentration range. From this inspection we conclude that the Si-doped system is
more interesting than the Zr-doped system.

Si-doped HfOs: Let us discuss the results of the Hf;_,Si, Os system progressively. Fig-
ure [4.4] presents the results for the Si-doped system. At this point, we realized that some
of the structural relaxations yield a different solution. By inspecting the structures care-
fully, we find that the new solution belongs to the t-phase of HfOy represented by the
open green symbols in Figure [£.4] It is noticeable in Figure [£.4] that the t-phase becomes
very stable, even showing the lowest formation energy for a specific dopant configuration
at 50% Si concentration. Having discovered that the t-phase can be very stable upon Si
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Figure 4.4: Formation energies of Si-doped HfOs as a function of Si concentration. The
different polymorphs are marked in different colours.Triangles are used to denote the struc-
tures forming a full layer, squares correspond to the perfect dopant/Hf intercalation, and
the circles are used to represent other cases, as mentioned in Figure All the filled
symbols represent the calculations with a 192-atom supercell. The colored arrows placed
at x=0 represent the energies of m-phase (red), FE-phase (blue), and t-phase (green) as
computed for the pure HfOy considering the m-phase as the zero of energy. The values
for the m-phase and FE-phase are slightly shifted horizontally for better visibilty at each
doping configuration.

doping, we consider this phase and run simulations for all the dopant arrangements previ-
ously considered for the m-phase and FE-phase. Our results indicate that the t-phase starts
to dominate with increasing the Si concentrations. In 2018, M.Falkowski et al. have also
reported a similar stabilization of the t-phase|77].

Most interestingly, we find that the FE-phase dominates over the GS m-phase for Si
concentrations of 12.5-25% in some particular dopant arrangements. Figures (a) and
(b) represent the structures becoming more stable in the FE-phase, and in the t-phase. In
Figure (a), the dopants form a layer perpendicular to the c-axis, and this particular
dopant arrangement yields the lowest energy solution at 25% doping concentrations for the
FE-phase. On the other hand, in Figure b), the Si atoms are intercalated between the
Hf atoms, and is typically the case for the stable t-phase at 50%. Further, a group of lowest
energy structures of m-phase is also characterized by the intercalation of Si and Hf atoms
like that of figure (b). In addition, some of the stable solutions of the t-phase form a
dopant layer perpendicular to the a-axis. Yet, the intercalation or layering alone does not
assure the low formation energy of a given structure as the data shows in Figure [£.4]

Chemical environment of the atoms: We have carefully studied the chemical environ-
ment of the atoms inside the lattice to understand the traits that result in the most stable
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Figure 4.5: Representative low energy structures in 48-atom cell of the Hf;_,Si, O2 system.
(a) the most stable configuration obtained for the FE-phase at 25% Si concentration, (b)
most stable atomic arrangement obtained for the t-phase at 50% Si concentration.

and least stable arrangements.

Covalent radii Tonic radii
Hf 1.87 HfT 0.7
Si 1.11 Sidt 0.4

Table 4.1: Covalent and ionic radii (of coordination IV) of Hf and Si in A. The values of
the covalent radii and ionic radii have been taken from Ref.[149] and Ref.[150] respectively.

Table presents the values of the covalent radii of Hf and Si, and ionic radii of Hf**
and Si**. Note that the Hf—O coordination number is seven in the m-phase, the FE-phase,
and eight in the t-phase. But the size difference of the atoms in Table implies that,
as compared to Hf, Si dopants will choose relatively low oxygen coordination numbers.
Figure displays the chemical environment of Si and O atoms in the low and high lying
energy configurations. Indeed, in Figures[4.6|(a),(b) and (c) we find lower Si—O coordination
in the Hf;_,Si, O lattice.

We observe that some of the most stable structures exhibit SiO4 groups, which look
nearly like tetrahedra (see in Figure a)). All the Si—O bond lengths are equal here.
This typical Si—O coordination has been found in the case of the lowest energy t-phase.
Another important Si—O coordination involves SiOg groups forming square-based pyramids
(see Figure [4.6(b)). The SiOs groups can be found in all the low-lying structures of the
m-phase and FE-phase. Next, we also find the SiOg groups forming quasioctahedral as
shown in Figure (c) This type of Si coordination has been found in the high-lying
configurations of m-phase and FE-phase.

Additionally, we pay attention to the chemical environment of O atoms in all the struc-
tures. We see that the O atom is bound to one Si and two Hf atoms, as shown in Fig-
ure d) in all the low-lying structures, whereas the high-lying structures show the O
atoms are coordinated with two Si and one Hf as those in Figure (e). We also notice
complex O coordination like that of Figure (f) displayed by the even less stable configu-
rations. Therefore, our findings imply that the lowest-energy states are those in which the
chemical-bond topology permits the dopants to form the most stable bonding complexes,
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(d)

Figure 4.6: Chemical environments of (a-c) Si and (d-f) O atoms in relaxed structures. The
bond lengths and the bond angles are indicated in A and in degrees, respectively.

such as those shown in Figures (a), (b), and (d).

Effect of dopant arrangements at low concentration: Having found that the order-
ing of the dopant affects the stability of the phase we were curious to see the effect in the
limit of low doping concentration. We realize that our 48-atom cell is not compatible with
considering the different orderings of the dopants at 6.25% concentration. Therefore we use
the supercell of 192-atom as discussed in the previous section (see Figure. At this level,
we consider only the previously identified most energetically favorable doping arrangements
(i.e., the intercalation between the Hf/Si atoms and a dopant layer perpendicular to the dif-
ferent crystallographic axis.). The formation energies of these newly considered structures
are shown by the filled symbol in Figure [1.4]

Excitingly, the results with the supercell indicate that the FE-phase with a full Si
layer perpendicular to the c-axis dominates over the m-phase and t-phase for 6.25% doping
concentration, which means the FE-phase can be thermodynamically stable GS of HfO5 at
low Si concentration. With increasing Si concentration, at 12.5%, the layered FE-phase and
intercalated t-phase show almost the same energy, and the t-phase starts to dominate for
the further increment of Si concentrations.

It is worth noting here that the difference of formation energies between the m-phase
and FE-phase for the isolated dopant at 6.25% doping concentration, presented by the open
circle in Figure [£.4] reflects the energy difference of the same phases in the undoped system
(denoted by the colored arrows at x=0 in Figure . Nevertheless, the energy has been
reduced once the dopants are allowed to accommodate themselves in their preferred manner
inside the lattice in the case of FE-phase and t-phase. In contrast, this energy reduction is
comparatively less for the m-phase. Due to this different behavior, the FE-phase dominates
over the m-phase.

Finally, it seems that the main findings of this study are related to the size and chem-
ical environment of the dopants and the way of accommodating them inside the lattice
of FE-phase and t-phase. Based on such prediction, we ran simulations for another small
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tetravalent dopant, Ge. Figure presents the preliminary results for the Ge-doped system.
Indeed, we find that Ge too shows a strong tendency towards ordering. At lower concentra-
tions, the m-phase dominates over the FE-phase. However, it stabilizes the FE-phase with
a full Ge layer perpendicular to the c-axis similar to that of Figure [4.2(d) at 25% doping
concentration.
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Figure 4.7: Formation energies of Ge-doped HfOq as a function of Ge concentration. The
formation energies are calculated considering the tetragonal structure with space group
P45 /nmce as a ground state of GeOg. The different polymorphs are marked in different
colours. Triangles are used to denote the structures forming a full layer, squares correspond
to the perfect dopant/Hf intercalation, and the circles are used to represent other cases,
as mentioned in Figure All the filled symbols represent the calculations with the 192-
atom supercell. The values for the m-phase and FE-phase are slightly shifted horizontally
for better visibilty at each doping configuration.

In contrast, we see that the Zr has much weaker tendency towards ordering, and the
m-phase prevails throughout the doping concentration range. The other big tetravalent
dopants Ti, Sn, and Pb also follow the same trend according to our preliminary calculations.
Therefore, it is clear that the effect of dopant ordering in the stabilization of FE-phase of
HfO45 does not work for the big dopants like Zr.

System Dopant Ordering Si-concentration Polarization
HfO, 0 55
Hfo.9375510.0625 02 layered 6.25 53
Hifp.75510.2502 layered 25 44

Table 4.2: Calculated polariztaion of Hf;_,Si, O9 at different concentrations including the
pure HfOo using the Berry’s phase theory as discussed in Chapter 2. The values of the
polarization are in uC/cm?. The polarization is calculated for the doped systems where
dopants form a layer perpendicular to the direction of the polarization.
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Polarization of the Si-doped sytem At this state, one may be curious about the value
of the polarization of the doped systems compared to the pure FE-phase of HfO,. Table
presents the calculated polarization for pure HfO2, which is in agreement with the literature
, , and for the most stable structures at 6.25% and 25% Si concentrations.
The values indicate that the Si dopants do not significantly harm the polarization of the
materials.

4.4 Discussion, practical implications

It is worth discussing the practical implications of our theoretical predictions in this section.
Our findings suggest that one can grow a sample in the FE-phase by depositing a thin layer
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Figure 4.8: This image is taken from Ref. . a) STEM image of a 10 nm thick Si:HfO,
sample with 24:1 ALD cycle ratio showing evidence of SiOs interlayers within HfOs b)
integrated line profile of the STEM intensity in comparison to c¢) ToF-SIMS results of
TiN/Si:HfO2/TiN capacitor structure. The black lines indicate similar positioning of the
SiOq interlayers.
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of SiO5 during the growth of HfOs films, which will add «~6-12% of Si content. Since the FE-
phase is the thermodynamic ground state, the need of the wake-up step (the application
of alternate electric fields, typically along the out-of-plane direction) to observe the FE
hysteresis loop, which is very common in HfOy thin films [50, 51|, would be largely reduced
in the obtained films. According to our prediction, the direction of the polarization lies
along the growth direction in the most stable configuration, which is ideal for maximizing
the remnant polarization of the films.

Interestingly, most of the FE films of HfO5 are grown using the ALD technique, where
the dopant ratio is achieved by performing a dopant oxide ALD cycle after a certain num-
ber of HfOy cycles [60]. After that, the obtained films go through a thermal treatment to
induce crystallization. In this step, the dopants may diffuse in the films. However, the
resulting samples present a modulation in dopant concentration along the growth direction,
which indicates the presence of dopant layers [56, 151]. Figure shows the scanning trans-
mission electron microscopy (STEM) and Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) measurements performed by C.Richter et al. [56] to characterize the chemi-
cal composition in a 10 nm Si:HfOy dielectric. This figure has been taken from Ref.[56].
Figure (a) presents a STEM image with discontinuous areas of darker contrast running
across the center of the 10 nm Si:HfO, dielectric. Further, the integrated line profile of
the STEM intensity in Figure (b) displays two dips around the film’s center, indicating
dopant layering. Even after the crystallization anneal (at 1000°C for 1 s), the ToF-SIMS
measurements demonstrate the presence of a periodic change in the Si concentration in-
side the HfO, layers. Hence, the ALD samples are adequately preconditioned to yield the
FE-phase when they are subjected to the wake-up treatment—that is, the application of
alternating electric fields along the out-of-plane direction. Thus, our theoretical predictions
are consistent with the experimental evidence when the actual films are successfully grown.
Further, it also suggests that the techniques with control of epitaxial growth, such as PLD,
could follow the proposed preparation strategy in obtaining even better FE films.

Nevertheless, one has to bear in mind that the practical situation is far from the ideal
crystals of doped HfO9 considered in our simulations. In general, the ALD films are com-
posed of randomly oriented grains. Therefore, a perfect alignment between the dopant layers
and specific crystallographic axis is possible only in a fraction of grains [112]. Similarly,
there are also complexities involved in the wake-up treatment [69} |152, 153]. Thus, using
our predictions as a fail-safe technique for obtaining perfect samples of FE hafnia would be
naive. However, we believe that our findings provide a new sight to explore in the direction
of dopant ordering.

4.5 Conclusion

In this chapter, the stability issue of the FE-phase of HfOs has been discussed. We have
considered the chemical dopants as an external factor to tune the stability of this phase of
the material. In this study, we have found that some dopants have a very strong preference
towards ordering inside the lattice: a fact which is largely ignored by most of the DFT
studies. Most interestingly, this ordering of the dopants results in the stabilization of the
FE-phase of HfO,. We have predicted that the FE-phase with a full Si layer along the
direction of the polarization constitutes the thermodynamically stable GS of the material.
In contrast, Zr-like big dopants are not prone to ordering. Thus, the m-phase always prevails
throughout the considered concentration range in Hf; _,Zr,O9 system.
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Notwithstanding our predictions are based on an ideal situation, we believe that this
study would definitely bring some insights into how doping affects HfOo, and how the
ordering of the dopants stabilizes the FE-phase of the material.

Note that this study could be extended for other low-lying metastable phases of poly-
morphic HfOs. Other dopants could also be considered. Furthermore, advanced DFT
approaches for structure discovery might be used to discover even more stable dopant or-
derings. Such research, which may influence the expected relative stability of doped HfOq
polymorphs, is worthwhile to pursue in the future.
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Chapter 5

Piezoelectricity in HfO»

In this chapter, we will discuss the piezoelectric response properties of HfOs. In order to
understand the response properties of the material in a better way, we will provide a detailed
theoretical comparison with conventional piezoelectric PbTiOg.

5.1 Background & Motivation

HfO5 may become a promising candidate for applications as a piezoelectric due to its ma-
ture processing technology and CMOS compatibility compared to the perovskite oxides.
However, the electro-mechanical response properties of the material have received little
attention. Very recently, it has been predicted by first-principles that hafnia exhibits a
negative longitudinal piezoelectric effect (NLPE) [154, [155], which means upon application
of a compressive strain along the polar axis, the polarization will be enhanced.

Nevertheless, a positive longitudinal piezoelectric effect has been found in the experimen-
tal literature [19, 156} [157]. Thus, this creates a conflict with the existing first-principles
studies. In addition, there is a lack of satisfying understanding of the atomistic reason
behind this NLPE displayed by HfOs.

In this study, we present a first-principles prediction of the piezoelectric properties of
HfO9. Our first-principles calculations confirm the NLPE found by J.Liu et al. [154} [155].
Here we consider a paradigmatic piezoelectric PbTiOg3 to perform a comparative study to
understand the atomistic underpinnings leading to an opposite behavior in the case of HfOs.

5.2 Results and Discussion

In this section, we present the results of our first-principles calculations of response prop-

erties of HfO, and PbTiO3. We discuss our results for HfO, and PbTiO3 in parallel to
highlight the peculiarities in HfO,.

5.2.1 Ferroelectricity in PbTiO3; and HfO,

The ferroelectricity in PbTiOj is caused by the cubic (Pm3m) to tetragonal (P4mm) phase
transition. Figure (a) and (b) show the paraelectric cubic phase and the ferroelectric
tetragonal phase of PbTiOj3, respectively. There are 5 atoms in the unit cell of cubic
and tetragonal phases of the material. The tetragonal phase presents two symmetrically
inequivalent O atoms, namely O; and Ojy;. The spontaneous polarization is related to the
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upward movement of the cations with respect to the O atoms as indicated by the arrows
in Figure (b). In this compound, the Pb and Ti cations are coordinated with 12 and 6
nearest neighbor O atoms in the cubic phase. However, the ferroelectric distortion results
in a reduction in the coordination number of the cations. The Pb and Ti cations pass
from being 12-fold and 6-fold coordinated in the paraelectric phase to 8-fold and 5-fold
coordinated in the ferroelectric phase. All the Ti—O bond distances are equal to 1.96 A in
the cubic phase. However, the central Ti atom forms the shortest and strongest bond with
one of the O atoms belonging to the type I family with a bond length of 1.77 A as marked
in Figure [5.1|(b).

Here, we recapitulate the development of ferroelectricity in HfO9 through the formation
of an orthorhombic phase with space group Pca2; (FE-phase). The spontaneous polariza-
tion in the FE-phase can be understood by comparing the high symmetry cubic paraelectric
structure with space group F'm3m (c-phase). Figure (c) and (d) show the paraelectric

(a) (b)

Figure 5.1: The structures of the (a) paraelectric cubic (Pm3m)and (b) ferroelectric tetrag-
onal phase (P4mm) of PbTiOs, and (c) paraelectric c-phase (Fm3m) and (d) FE-phase
(Pca21) of HfO9. The black arrows represent the direction of the polarization in both
materials. The distortions from paraelectric to ferroelectric states are shown by the blue
arrows. The ferroelectric state of PbTiOg3 (tetragonal phase) and HfOo (FE-phase) present
two symmetry inequivalent O atoms labeled by O; (shown in orange) and Op; (shown in
red). The relevant bond distances marked in the figure are in A.
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c-phase and the FE-phase, respectively. As mentioned in Chapter 3, all the Hf and O atoms
are symmetrically equivalent in the c-phase. In contrast, the Hf atoms are symmetrically
equivalent in FE-phase, but it features two symmetry inequivalent O atoms labeled by Oy
(shown in orange color in Figure[5.1{d)) and Ory (shown in red color in Figure[5.1(d)). The
upward spontaneous polarization is caused by the downward movement of O; sublattice
in the FE-phase with respect to the high symmetry c-phase, as shown by the blue arrows
pointing downward in Figure (d). The displacements of the O atoms do not contribute
to the development of the polarization. Note that the Hf cations pass from being 8-fold
coordinated in the paraelectric phase to 7-fold in the ferroelectric phase. All the Hf—O
bond lengths are equal to 2.17 A in c-phase, whereas the Hf—O; bonds become shorter to
2.13 A, 2.11 A, and 2.03 A in the FE-phase as also marked in Figure (d).

We will discuss the response properties of HfOo and PbTiOj3 in parallel in the following
sections.

5.2.2 First-principles prediction of piezoelectric response in PbTiO; &
HfO,

The piezoelectric tensor e, is defined as :

eaj = 22 (5.1)

where P, is the component of the polarization along direction «, and 7; is the strain
labeled with Voigt notation (j=1...6). It is important to mention that we work with the
FE-phase with positive polarization in both PbTiO3 and HfO,. As discussed in Chapter 2,
the piezoelectric tensor eq; is decomposed into a frozen-ion contribution (€,;) and a lattice-
mediated part (defined as enj — €4;). We decompose these two contributions for the sake
of the analysis.

System  Index é elatt e d

PbTiO3 31 0.23 1.39 1.62 -39
33 -0.30 5.25 4.95 208
15 0.03 4.55 4.58 78
HfOq 31 -037 —-094 -131 -1.71
32 -034 -099 -133 -1.77
33 0.62 —-2.06 —-144 —-2.51
15 —0.28 0.08 —-0.20 —-2.03
24 —0.20 0.84 0.64 6.74

Table 5.1: Computed piezoelectric tensors for PbTiO3z and HfOy. We present the frozen-ion
(e), lattice-mediated part (e'?tt) | total (e) direct piezoelectric tensor (in C m™2), as well
as the total converse piezoelectric tensor d (in pm V~1). All indices are in voigt notation.

Table [5.1] shows the computed values for e, &, and d tensor of PbTiO3 and HfO5 using
DFPT. The relation between the d tensor and e tensor (also discussed in Chapter 2) is as

follows: op
daj = ?; = OjkCak (52)
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System Index C C S S
PbTiO3 11 288.3 251.3  4.62 6.93
12 1225 103.2 —-1.41 0.19
13 118.5 745 —-1.35 —10.24
33  281.7 518 4.69  48.72
44 85.7 58.6 11.66  17.05
66  100.2 100.2 9.98 9.98
HfO4 11 465.3 413.6 2.65 2.99
12 181.3 162.3 —-0.78 —0.99
13 151.7 1234 —-0.61 —0.60
22 485.0 407.8  2.59 3.08
23 165.6 1328 —-0.69 —0.73
33 445.7 394.6 2.71 297
4 127.0 944 7.87  10.59
55  116.7 98.0 8.56  10.20
66  169.3 140.4 5.90 7.12

Table 5.2: Computed elastic and compliance tensors of the ferroelectric state of PbTiO3
and HfO,.The C tensor is in GPa and S tensor is in TPa~!. We show the frozen-ion and
total elastic and compliance tensor.

where o is the stress labeled in Voigt notation, and S is the inverse of the elastic tensor
(C1), known as the compliance tensor. Note that the d tensor is of particular relevance
because of its easy accessibility in the experiments and applications.

Let us focus on the “33” entries in both systems. The value of esg is positive in PbTiOg,
indicating that a positive strain of the unit-cell along the direction of polarization will yield
an enhancement of polarization. In contrast, the value of the es3 is negative in HfOy. We
recall that the unperturbed state has P3 > 0, and P, = P, = 0. Therefore, the negative
value of e33 suggests that upon an application of a positive strain along the polar direction,
the polarization will be reduced compared to its unperturbed state.

Interestingly, we observe that the lattice-mediated part is larger than the frozen-ion part
in both systems, and they have opposite signs. Thus, it is clear that the lattice-mediated
part is controlling the sign of the ess.

We notice that the e,; and d,; coefficients are larger in magnitude in PbTiO3 than in
HfO,. Interestingly, the difference becomes much larger for the d,; coefficients: for example
we find a dsz of 208 pm V! for PbTiO3 and -2.51 pm V™! in the case of HfO5. This massive
ds3 response of PbTiOg is in agreement with previous experimental [158] and theoretical
[159] literature. We find that the main reason behind the giant response is the softness of
the compound along the polar direction. Table presents the values of the elastic tensor
of PbTiO3 and HfOs. The values of Cy3 = 51.8 GPa and S35 = 48.72 TPa~! for PbTiOs3,
which is much softer than HfOy with C33 = 394.6 GPa and S33 = 2.97 TPa~!, explaining
the large ds3.

In addition, it is also interesting to note that the transverse components of the e tensor,
i.e., e31 and ess, are also negative for HfOs, which indicates an overall contraction upon an
application of electric field £ along the direction of P. Auxetic materials exhibit a negative
Poisson’s ratio, which is characterized by a lateral expansion in the direction perpendicular
to the applied expansive stress or vice versa. J.Liu et al. introduced HfO5 as an‘“electric
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auxetic” material where the material will expand or contract in all directions in response
to an electric field [155].

5.3 Origin of NLPE

Having found the negative piezoresponse of HfOo, it is of fundamental interest to investi-
gate the origin of this phenomenon. The DFPT calculations allow us to track down the
constituents of the lattice-mediated part of the e tensor. As presented in Chapter 2, we
write the piezoelectric tensor as

€qj = €qj + Qalzma(q)_l)mnA”j ) (5'3)

where the second part in the right-hand side of this equation presents the lattice-mediated
part of the e tensor. The lattice-mediated part depends on the unit-cell volume €2 of the
unperturbed system, the Born effective charges Z, the force-constant matrix ®, and the
force response internal strain tensor A.

3.76 0 0

PbTiO3 Pb 0 3.76 0
L0 0 3.46 |
620 0 0

Ti 0 620 0
L0 0 5.24 |
213 0 0

O 0 —213 0
L0 0 —443
—518 0 0

O 0 —264 0
0 0  —214

5.17 —0.01  0.04 |
HfO, Hf —-0.36 546  0.15
—-0.04  0.23 499 |

—250 —0.96  0.31 ]
O | —0.76 —2.94 —0.68
0.32 —0.63 —2.48 |

[ —2.68 —0.15 0.25 ]
On —0.09 -2.51 0.16
0.29 0.12 —-2.50 |

Table 5.3: Computed Born effective charges of PbTiO3 and HfO2 (in units of electronic
charge).
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Table shows the computed Born effective charge tensors for PbTiO3 and HfO,. By
inspecting the values of the Born effective charges in both materials, we do not identify any
noteworthy feature. HfOo shows the expected sign and charge values exceeding the nominal
charges of +4 for Hf and —2 for O atoms. This characteristic indicates a mixed ionic-covalent
character of the chemical bonds in the material, which is typical for other ferroelectrics like
in PbTiO3. Due to low symmetry, HfOy presents small non-zero off-diagonal components.
However, that does not affect the negative sign of ess.

We also note that there is nothing peculiar in the force-constant matrices ® of both
materials. They are positively defined tensors representing the ferroelectric phase as a
stable equilibrium state. Thus, the force-constant matrices are not relevant for the present
discussion.

PbTiO3 r 0 0 0 0 3.34 0 T

Pb 0 0 0 3.15 0 0

L 6.89 6.89 5.01 0 0 0 _

r 0 0 0 0 —0.51 0 T
Ti 0 0 0 0.50 0 0

L —-3.18 -3.18 30.76 0 0 0 i

r 0 0 0 0 —0.44 0 T
O1 0 0 0 —0.69 0 0

L —5.19 —5.19 —34.26 0 0 0 _

r 0 0 0 0 —2.94 0 T
On 0 0 0 -0.12 0 0

L —2.04 3.55 —0.81 0 0 0 _

HfO9 r —4.02  0.00 —-2.29 8.39 0.83 0.79 7

Hf —-1.04 1152 —-1.40 4.50 3.58 5.87

L —1.87 1.45 —4.07 —-283 -2.61 342 |

r 2.06 —0.63 1.09 —-587 —3.29 0.91 1
O1 -197 —-1.7 —-143 =271 —-4.60 -—-2.34

L —1.61 0.42 3.22 1.36 0.29 —-4.53 |

r —5.87 1.10 —1.07 4.67 2.46 0.06 7
On 0.79  7.87 0.54 —1.71 4.10 0.52

L 3.46  1.86 0.85 1.27 —-1.36 544 |

Table 5.4: Computed force-response internal-strain tensor (A) (eV/Angstrom) for the sym-
metry inequivalent atoms in PbTiO3 and HfOs. The 3 rows correspond to the 3 spatial
direction x, y, and z; the 3 columns correspond to the 6 strain indices, which are in Voigt
notation. We mark the entries in bold controlling the eg3 as discussed in the text.

Table shows the computed force-response internal strain tensors of PbTiO3 and
HfOs. As mentioned in Chapter 2, the A tensor quantifies atomic forces resulting from
strain. Here we focus on the “33” entries for each of the atoms in both systems, where it
quantifies force along direction 3 caused by a positive strain (n3 > 0). Note that the strain-
induced forces are positive for the cations and negative for the two symmetry-inequivalent
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O atoms in PbTiOs. This suggests that the cations will move up, and the O atoms will
move down upon a vertical stretching in this material. This movement of the atoms will
result in an enhancement of polarization, since the unperturbed state has P; > 0; hence
the e3s is positive.

Contrastingly, the value of the Ass is negative for Hf and positive for two symmetrically
inequivalent O atoms, which means that, upon a vertical stretching, the Hf atoms will tend
to move down while the O atoms will tend to move up inside the lattice. As a result, this
strain-induced movement will yield a reduction of polarization, since the unperturbed state
has P3 > 0. Therefore, we get the negative sign of es3. The key to understanding the sign
of the es3 is thus in the A tensor.

5.4 Physical insight

The above discussion provides an explanation of the NLPE in HfO5 from a numerical point
of view. However, a physical understanding is still missing.

Figure 5.2: (a) Cubic phase (Pm3m), and (b) tetragonal phase (P4mm) of PbTiOg similar
like in Figure In panel c, the tetragonal phase is subjected to a vertical strain ns > 0.
In the sketch the strain is exaggerated for better visibility. The green arrows in panel ¢
represent how the atoms react in response of the strain. Panels d,e,f are analogous to the
top panel, but represents the (d) paraelectric, (e) ferroelectric phase of HfOg, and (f) the
response of the atoms in an application of the vertical tensile strain.

In the following sections first we discuss the behavior of PbTiO3 and then of HfOs.
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PbTiO;

We start by explaining the bonding mechanism in PbTiOg3, which will allow us to understand
the piezoelectric response of the material. As discussed above, the ferroelectric distortion
from a paraelectric cubic state yields a ferroelectric tetragonal structure where the cations
tend to move up with respect to the O atoms in PbTiO3 as shown in Figure (a) and
(b). Now, imagine we apply a positive strain (n3 > 0) to the ferroelectric state along the
polar direction as shown in Figure (c). We assume that as a response, the atoms will
rearrange themselves inside the lattice and try to maintain the suitable bond lengths of
the dominating bonds. Let us focus on the central Ti atom. From a paraelectric to a
ferroelectric phase transition, the central Ti atom forms the strongest and shortest bond
with the type I O atoms (O1) marked in orange color in Figure (b). Therefore, as a
response to the applied positive strain, the Ti atom tends to move up, and O atom tends
to move down to preserve the strongest bond between them as shown by the green arrows
in Figure (c), which is indeed reflected by the values of Ags. Similarly, we can explain
the movement of Pb and Or; atoms as a response of 13 > 0. This movement of the atoms
results in an enhancement of polarization. Thus we get a positive sign of ess.

HfO,

To identify the strongest Hf—O bond is not easy in HfOs because of its complex chemical
bond environments. However, we find an interesting picture that may allow us to better
understand our results.

Again we focus on the ferroelectric distortion of FE-phase from a paraelectric c-phase as
shown in Figure[5.2] (d) and (e), which involve downward displacement of the Oy sublattice.
(The movement of the Oy atoms does not contribute to the development of the polarization.)
Further, if we stretch the cell along the polar direction as shown in Figure (f), the O
atoms tends to move up.

(a) niy (b ()

—— Hf(1)-0,(1)/
—— Hf(2)-0,(1)
—=— HI(3)-0,(1) ]

Charge density (eA-3)

0.0 0.5 1.0 1.5 2.0
Distance (A)

Hf(2) Hf(3)

Figure 5.3: Sketch of the ferroelectric state of HfOy where one representative O atoms and
its three nearest neighbour Hf atoms are marked. All the three Hf—O1(1) bond distances
are mentioned. The computed electronic charge density of unstrained HfO5 are ahown in
panels (b) and (c). Panel (b) shows the contour plot within a plane containing highlighted
Or atom and its three nearest neighbor Hf atoms ((as shown in panel (a)). Panel (c) shows
the line profile of the charge density along the bond lengths connecting Or(1) atom with
three nearest Hf atoms.
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To understand the movement of the atoms as a response to the applied strain, we focus
on the atomic environment of the Or atom highlighted in Figure (a). We use a number
in parenthesis to refer the individual atoms, which belong to a particular sub-lattice in this
Figure (a). The Og(1) atom has three nearest neighboring Hf atoms. As mentioned
above, we notice that the Hf—Op bonds in the FE-state get shorter compared to its cubic
phase. The Hf(1)—Ox(1), Hf(2)—O1(1), and Hf(3)—Or(1) bond distances are 2.13 A, 2.03
A, and 2.11 A, respectively as also indicated in Figure (a).

Additionally, Figures (b) and (c) present the computed equilibrium charge density,
which suggests that the Og(1) has similar strong bonds with all the three nearest neighbor Hf
atoms. However, we can make a critical observation by inspecting the atomic environment
of the O1(1) atom and how the strain along the polar direction affects the position of the
O1(1) ion. Since all the bonds are similarly strong, the bond that is affected the most
due to the applied perturbation can be expected to dominate the response to the applied
positive strain. It is noted that only the Hf(1)—O1(1) bond is aligned with the polar axis.
Therefore, this bond will be most affected by vertical stretching. On the other hand, the
other two bonds Hf(2)—O1(1) and Hf(3)—O1(1) lie mostly in the horizontal plane as shown
in Figure (a), and will be less affected by the stretching along the vertical direction.
Thus, the O1(1) atom will tend to move up to maintain the bond distance with Hf(1) under
application of n3 > 0. This is exactly what we see in Figure (f) as well as in the A
tensor. Interestingly, this upward movement of Or(1) (Figure[5.2|(f)) opposes the downward
shift of the same ion when the polar phase condenses (Figure (e)). As a result, we get
a reduction of polarization, which yields a negative ess.

The difference between PbTiO3 and HfO4 is represented schematically in Figure In
PbTiOg, the reaction of the atoms adds on to the spontaneous polarization, whereas the
ionic reaction of the atoms in HfOy goes against the distortion responsible for spontaneous
polarization as illustrated in Figures (c), (d) and (e), (f), respectively. In the end, the
chemical environment of the Or(1) atoms inside the HfO5 lattice controls the NLPE.

5.5 Prediction of a tunable longitudinal piezoelectric coeffi-
cient in HfO,

Based on the explanation above, we make a hypothesis: by controlling the preferred bond
lengths of piezoelectrically active Or(1) atoms, we may affect the magnitude of the ess.
Therefore, esz3 would be more negative if we decrease the bond length of Hf(1)—Ox(1),
whereas it will be less negative if we increase the bond length of Hf(1)—O;(1). In the latter
case, the response will thus be controlled by the stronger in-plane lying Hf(2)—O;(1) and
Hf(3)—0O1(1) bonds.

To test our hypothesis, we decided to apply in-plane epitaxial strain to the unit-cell of
the FE-phase of HfO9, and allow the out of plane lattice parameter to relax. This approach
could give us the desired control of the Hf(1)—O;(1) bond length. We first performed a
structural relaxation by applying the isotropic epitaxial strain in the plane perpendicular
to the polar direction on the FE-phase of HfOs. In this simulation the magnitude of the
in-plane lattice parameters are fixed to a = ag(1 + nepi) and b = bo(1 + 7epi), Where ag and
by are the lattice constants of the unperturbed state, and the angle is fixed to 90 °. We
allow the out of plane lattice parameter to relax. The schematic of our simulation cell under
epitaxial strain (1ep;) is shown in Figure

We find that the FE-phase is a stable structure in a wide range of epitaxial strains.
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epitaxial compression

Figure 5.4: Schematic of the applied epitaxial compression to the FE-phase of HfO5. The
strain is applied to the in-plane lattice parameter. The in-plane lattice parameters are fixed
at the strain value, while the out of plane lattice parameter is allowed to relax. The epitaxial
expansion is also applied in a similar manner.
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Figure 5.5: Evolution of ¢ lattice parameter as a function of epitaxial strain.

Beyond —7% on the negative side and +4% on the positive side, this phase becomes unstable
and transforms into other structures, which are not relevant here. Figure shows the 7ep;
dependence of the ¢ lattice parameter, which grows with increasing compressive strain in
the plane.

We monitored the bond lengths of the Or(1) atom with its three nearest neighboring Hf
atoms as marked in the Figure a). Figure shows the evolutions of these three bond
lengths as a function of 7.p;, which follows the expected behavior. The vertically aligned
Hf(1)— O1(1) bond length is increased with increasing compressive strain (7ep; < 0), which
follows the same trend as c lattice parameter, as shown in Figure On the other hand,
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Figure 5.6: Hf(1)—Og, Hf(1)—Oj, and Hf(1)—Oj bond distances as defined in Figure (a)
are computed as a function of epitaxial strain.

the Hf(2)— O1(1) and Hf(3)— Oz(1) bonds, which are largely parallel to the plane get shrunk
upon in-plane compression.
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Figure 5.7: (a) Computed longitudinal piezoelectric coefficient (es3) of FE-phase of HfOq
as a function of epitaxial strain. The total response (black) is decomposed into frozen-ion
(blue), and lattice-mediated (red) part. (b) Computed polarization at each strain values as
a function epitaxial strain.

Figure (a) presents the epitaxial strain dependence on the es3 obtained from DFPT
calculations. Note that the frozen-ion contribution of the ess is nearly constant throughout
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the strain range. In contrast, the lattice-mediated part of the e33 changes massively. Thus
the total response also changes with strain as shown in Figure (a). It reaches its most
negative response value at the largest tensile strain here considered, whereas it becomes
positive as we apply compressive strain of about —5%.
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Figure 5.8: The A component, as a function of epitaxial strain. The shown component of A
quantifies the forces acting on the Hf, Oy and O atoms along the third (vertical) direction
as a consequence of an applied strain 73>0.

Figure (b) presents the computed polarization for the structure at each strain values.
It is important to note that the sign change of es3 occurs despite the fact that all the
considered structures in the whole range of 7, have P3 > 0. The polarization grows
beyond 70 pC/cm? for an epitaxial compression of —5%, exactly where the e33 becomes
positive. This evolution of the polarization is consistent with the structural distortions as
shown by the enhancement of the Hf(1)— O1(1) bond distance in Figure Thus, the
material remains in the same polar state but ess changes sign. This is the first time that
we see such an interesting effect in a ferroelectric.

Having found this surprising behavior of e33 as a function of 7.p;, we decide to track
down the reason behind the sign changes. Let us monitor the A tensor in this case as we
have done for the 7y = 0% case.

Figure presents the A,, component for Hf, O; and Or; atoms as a function of 7.
Interestingly, we find that the response is mainly driven by the movement of Hf and Og
atoms, whereas the response associated to O anions is largely independent of the epitaxial
strain. The sign change of e3s is consistent with the evolution of the A,, component as a
function 7p;, where we see the direction of the displacements of Op atoms is reversed at
—5% compression.

Finally, we can verify whether these findings are consistent with our physical explanation
of the sign change of e33. To understand the physical picture behind the sign change, we
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consider two limiting cases with 7e, = —7% and ey = +4%. Figure displays the
computed charge density for the limiting cases with 7¢, = —7% (panel a and b) and
Nepi = +4% (panel ¢ and d). Figures (b) and (d) display the line profile of the charge
density connecting the highlighted Oy atom in Figure[5.3[(a) (Or(1)) with its all three nearest
neighbor Hf atoms.
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Figure 5.9: Computed electronic charge density of epitaxially strained HfOo at nepi=—T7%

(panels a and b), and at nepi==+4% (panels ¢ and d). Panels (a) and (c) show a contour

plot within a plane containing the highlighted O; atom and its three nearest neighbor Hf

atoms as shown in Figure (a). Panels (b) and (d) show the line profile of the charge

density along the bond lengths connecting O1(1) atom with three nearest Hf atoms.

First, we focus on the —7% compressed case. Due to strong in-plane compression, the
vertical lying Hf(1)— Or(1) bond becomes very weak, which is also consistent with the large
Hf(1)— O1(1) bond length in Figure[5.6] In this state, the response will be controlled by the
stronger nearly-in-plane Hf(2)—O;(1) and Hf(3)— O;(1) bonds. The charge density plots
in Figure (a) and (b) are also consistent with our expectations. It clearly shows that
the two in-plane Hf(2)—O1(1) and Hf(3)—O1(1) bonds are stronger than the Hf(1)—O1(1)
bond. Therefore, we expect that, as a result of a vertical stretching, the O anions will
move downwards, while Hf(2) and Hf(3) will move upwards to preserve the suitable bond
lengths between them. This exactly follows the way O; atoms move while condensing the
ferroelectric distortions from a c-phase to FE-phase. Hence, it yields a positive value of ess.

Next, in the case of +4% strained system, we see that the Hf(1)—Op(1) and Hf(2)—Or(1)
links are stronger than the Hf(3)—O1(1) bond. Like the unstrained case, the vertical lying
Hf(1)—O1(1) bond will be more affected by the vertical stretching than the Hf(2)—0z(1)
bond in this case. Therefore, the Or(1) anion will move up to maintain the bond length with
Hf(1). The only difference with the unstrained case is that the vertical bond is expected to
become more dominant, which results in a stronger negative ess.
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Hence, we confirm that the longitudinal piezoelectric coefficient of HfO4 is tunable and
can even be reversed by controlling the chemical environment of the piezoelectrically active
Or atoms. We achieve this control by applying epitaxial strain. The sign of e33 is determined
by the peculiar environment of the said atoms and the tendency to maintain their preferable
bond lengths with nearest neighboring Hf atoms. Thus, we achieve the key to control the
magnitude as well as the sign of ess.

5.6 Connection with Experiments

In this section we compare our theoretical result of the longitudinal piezoelectric coeflicient
of HfO5 with the experiment. In this context, one has to consider a vital feature of most of
the samples of HfO9, which is they are polycrystalline. The typically measured piezoelectric
response in a polycrystalline film corresponds to an effective average. The randomly oriented
grains are poled to display a polarization with a positive P3 component. Thus the estimated
effective dss g will be as follows [160, [161]:

dss et = (cos 0 [(dis + ds1)(sin® 0 sin® @) + (doa + d32)(sin? 6 cos® ) + ds3 cos® 6] )
= (d15 + da1){cos 0 sin? 0) (sin? ) + (dag + d32){cos sin? B)(cos® ) + dz3(cos® )

1 4
= —(d d d d —d:
37r( 15 + ds1 + das + 32)+37T 33

(5.4)

where (...) represents an average over the Euler angles ¢ and 6. The Euler angles span over
all possible orientations with P3 > 0 (i.e. 0 < § < 7/2 and 0 < ¢ < 27). Interestingly, our
obtained value of d33 g is —0.94 pm V~!, which indicates that even for the polycrystalline
HfO4 samples we expect to measure the negative longitudinal piezoelectric response. There-
fore, we predict that the value of ds3 of HfOy can be between —2.5 pm V~! (single-crystal
limit) and —0.94 pm V~! (untextured, fully-poled polycrystalline limit).

The previous experimental studies claim the presence of a positive longitudinal piezore-
sponse in the HfOy sample, which include 10 nm Si-doped HfOqy [162], 70 nm Y-doped
HfOq [157], and 1 pm thick La-doped HfO2|156]. However, there is one experimental result
available in the literature [163] which points to a negative piezoresponse [164].

Recently, the group of Alexei Gruverman has reported negative dgsz in a 20 nm thick
La-doped HfO, sample. They use the materials with well-known piezoelectric properties
to compare with: PbZr;_,Ti;O3 (PZT) (with =0.6) characterized by a positive piezo-
electric coefficient [165] [166], and polyvinylidene fluoride (PVDF) [167, |168] characterized
by a negative piezoelectric coefficient. Figure displays the dynamical measurements
of longitudinal piezoelectric coefficient using piezoresponse force microscopy (PFM) for (a)
PZT, (b) PVDF, and (c) La:HfO2. In Figure (a), the clockwise rotation of the PFM
loop in case of PZT indicates the positive sign of d33 .. Contrastingly, in Figure (b),
the PFM loop rotates anti-clockwise in the case of PVDF, suggesting the negative sign of
d33,eff -

Interestingly, under the same conditions, the PFM phase loop measured in 20 nm thick
La-HfO9 samples demonstrate an anti-clockwise rotation similar to PVDF films and opposite
to PZT, as shown in Figure (c). This behavior of La:HfOq clearly suggests the negative
sign of d33 . Their measured value of d33 s is between —2 pm V~! and —5 pm V!, which
is in reasonably good agreement with our theoretical values between —0.9 pm V~! (in the
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Figure 5.10: The results of dynamic measurements of piezoelectricity using piezoresponse
force microscopy (PFM). Measured (top panel) PFM phase, and (bottom-panel) corre-
sponding amplitude of (a) PZT, (b) PVDF, and (c) HfO,.

polycrystalline limit) and —2.5 pm V~! (for the single-crystal). The detailed information
about the sample preparation and measurement techniques of this experimental study can
be found in Ref.|164].

Hence, we have evidence of a positive longitudinal piezoresponse in the 10 nm Si-doped
HfOy [162], 70 nm Y-doped HfOs [157], and 1 pm thick La-doped HfO2[156] samples,
whereas recent experimental study performed by the group of Alexei Gruverman has re-
ported negative longitudinal piezoresponse in 20 nm thick La-HfOs samples. Thus, it seems
that the piezoelectric properties of HfOo are sample dependent. A rigorous and systematic
characterization is required to discover the factors driving the piezoresponse, as well as its
sign.

5.7 Summary & Conclusions

In this chapter, we have provided a simple and conceivable explanation of the NLPE in
HfO5. We have performed a comparative study by taking PbTiOg3 as a reference with well-
studied piezoelectric properties. We have shown that when the material is subjected to a
vertical stretching along its polar direction, the O; anions responsible for the development
of the polarization move to preserve the suitable distance of the relevant Hf—O; bond.
This movements of the Or anions result in a reduction of polarization when the material is
expanded along the polar axis, yielding an NLPE.

Based on this observation, we have identified a strategy to tune the longitudinal piezore-
sponse of HfO,. By applying the epitaxial strain, we have achieved the controls of the chem-
ical environment of the piezoelectrically active Op atoms, which enhanced or reduced the
magnitude of the eg3. Interestingly, by using this control knob, we could even reverse the
sign of ez3. We admit that this strategy may not be applicable in practice since it involves a
large compressive strain. However, the physical picture of our findings is clear. More impor-
tantly, to our best knowledge, such behavior had never been observed in any ferroelectrics
where the sign of the eg3 is switchable without switching the sign of the polarization.

In addition, we have compared our computed value of d33 ¢ for the polycrystalline HfOq
sample with the experimental results obtained by the group of Alexei Gruverman. Our
result is in reasonable good agreement with the experimental estimation. Notwithstanding,
there is experimental evidence of positive longitudinal piezoelectric effect in HfOo samples
present in the literature. Thus, it seems that the piezoelectric response in HfO9 is sample-
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dependent. An extensive experimental study is needed to know the factors (extrinsic vs
intrinsic) controlling the piezoelectric response and its sign in this material.
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Chapter 6

Engineering the piezoelectric
response of HfO- by isovalent
doping

In the previous chapter, we have learned about the piezoelectric properties of pure HfOs.
Next, this thesis has made an effort to improve the piezoelectric properties of pure HfOq
by considering the isovalent chemical dopants, which replace the Hf atoms. We will discuss
the results in this final chapter.

6.1 Motivation

PZT-based materials are the most widely used in piezoelectric device applications [21} 24].
Nevertheless, the thin-films of ZnO and AIN are recently used in bulk acoustic devices and
MEMS applications due to their reasonable piezoelectric coupling [25-H27, 31}, 33, 34, [169].

In the search of novel piezoelectric materials, HfOs can be a promising candidate for its
well-suited piezoelectric properties as well as CMOS compatibility, as already discussed in
this thesis. Although the piezoelectric coefficient is relatively very small compared to PZT
1164} [170], it can stand with AIN, ZnO-based thin films. Due to the large elastic constants,
HfOg4 is very hard compared to PZT. Thus, it can show excellent mechanical quality.

Materials scientists have successfully modified the functioning of materials throughout
the last century by chemical substitution (cation and anion) or alloying. Recently, it has
been reported that the piezoelectric properties of AIN are enhanced more than two times
of the pure system by Cr and Sc doping |[171H173].

In this present work, we have tried to engineer the piezoelectric coefficient of HfOy by
considering the isovalent dopants Si, Ge, Ti, Zr, and Pb. We will discuss our approach in
the following sections.

6.2 The Model System

For the sake of simplicity, we consider tetravalent dopants Si, Ge, Ti, Zr, and Pb, which
can replace Hf without any accompanying charge states or defects inside the lattice. In this
study, we work with the 48-atom supercell of the usual FE-phase of HfO5 as described in
Chapter 4.
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Figure 6.1: Considered dopant arrangements at (a) 25% and (b) 50% doping concentrations
in 48-atom supercell, where A represents the dopants (in violet).

The 48-atom supercell allows us to consider various dopant arrangements at different
concentrations in Hf;_,A,.Oo system, where A represents the dopant and x denotes the
doping concentration level. However, we discovered that the FE state with a layer of small
dopants perpendicular to the polar axis offers the lowest energy solution at all doping
concentrations. In fact, with substantial Si doping, this layered FE-phase can be dominant
over the m-phase (ground state phase) and t-phase of the material (discussed in detail in
Chapter 4). These layered configurations of the dopants also can be expected from the
way most of the HfOy films are grown (and doped) via the atomic layer deposition (ALD)
technique. Thus, to explore the effect of dopants on the piezoelectric characteristics of HfOq,
we consider the layered structure perpendicular to the direction of polarization at 25% and
50% concentrations. Figure[6.1]shows the schematic of the model system considered in this
work. Our cell size is compatible for considering the full layer of dopants only at 25% and
50% doping concentrations. We expect this ”ordered doping” will yield results easier to
analyze.

6.3 Results & Discussion

We start our first-principles calculations by relaxing the considered dopant configurations
for each dopant at each concentration level. Then, we compute the piezoelectric tensors
using DFPT for all the Hf;_;A, Oy compounds, where A is the corresponding dopants (Si,
Ge, Ti, Zr, and Pb) and x is the doping concentration level (25%, 50%).

The total piezoelectric coefficient eg’; is decomposed of the purely electronic contribution
latt

a7 ) as follows (also discussed in Chapter2):

(€qj) and lattice-mediate part (e

el = aj + ey’ (6.1)
where « represents the cartesian direction of polarization, and j is the strain in Voigt
notation. Here we focus on the ‘33’ component of the piezoelectric tensor. Figures (a),
(b), and (c) represent the evolution of €33, ef4*, and el3!, respectively as a function of doping
concentration for all the dopants. We note that ess is always positive and nearly constant
throughout the doping concentration range for all the dopants. Importantly, the lattice-
mediated part presents a dopant-dependent behavior throughout the doping concentration

range. At first glance, we notice two distinct behaviors exhibited by two different sorts
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Figure 6.2: Computed piezoelectric coefficient es3 as a function of doping concentrations.
(a) frozen-ion part (€s3), (b) lattice-mediated part (e!4), and (c) total piezoresponse (el3)
of Hf;_;A;O3 compound, where A denotes the dopant: Si (in orange), Ge (in cyan), Ti (in

olive), Zr (in blue) and Pb (in red). The piezoreponse of the pure system is indicate by 0%.
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Figure 6.3: Computed polarization as a function of Si-concentration.

of dopants. The negative longitudinal effect of e}}* decreases for dopants smaller than Hf

atoms, such as for Si, Ge, and Ti, whereas it increases for the big dopants Zr and Pb at
both concentrations levels. The total piezoresponse also follows the same trend as eg%tt.
Most interestingly, we find that the e&* changes sign at 50% Si concentration. Figure
shows the evolution of polarization with increasing the Si concentration. We notice that
the ess changes sign even though the material remains in the same polar state (i.e., the
polarization has the same sign throughout the doping concentration range). Switching signs
of the es3 without switching the polarization is a very interesting feature that is unheard of
in any ferroelectric perovskites. Note that, in Chapter 5, we have discussed such a situation

where switching the sign of es3 is also possible by applying in-plane epitaxial compression.

65



Dopants 1 33 emt el a b c P

Si 0.40 041 -1.10 -0.69 7.16 7.15 9.66 42
Ge 0.3 044 -142 -098 721 720 9.85 38
Ti 0.60 0.58 -1.48 -090 7.23 7.23 9.94 46
Pure 0.71 0.62 -2.06 -1.44 722 7.21 10.056 55
Zr 0.72 0.60 -2.27 -1.67 7.24 7.23 10.07 54
Pb 0.77 062 -241 -1.79 730 7.29 10.22 53

Table 6.1: Tonic radius r (A), frozen-ion (€s3), lattice-mediated (e54*) and total (efg!) re-
sponse in (C/m?), a (A), b (A), and ¢ (A) lattice parameter of the relaxed cell and Polar-
ization P (uC/cm?) of 25% doped systems. Data corresponding to the pure system is also
present for comparison.

6.3.1 Correlation with ionic radius and lattice parameter

Here, we try to find some correlation between ess and basic characteristics of the dopants,
which could help us to understand the trend in e33. Let us focus on the cases of 25% doping
concentration.

Table presents the ionic radius, decomposed piezoelectric coeflicient ess, e%,fgtt, and
ey, the lattice parameters of the relaxed cell, and the calculated polarization for all the
doped compounds. Interestingly, we find an overall correlation between the ionic radius
and lattice-mediated part of the piezoresponse. The magnitude of the negative longitudinal
piezoelectric effect in eg}ft increases with increasing the ionic radius of the dopants. Ad-
ditionally, we notice that the a, b, and c lattice parameters of all the systems follow the
same trend. Thus, it indicates a size-dependent behavior of the dopants in the value of egs.
It is worth noting here that the relaxation of the Hf; _,A,Os cell results in a contraction
in the c direction if the dopant is smaller than Hf, whereas it causes an expansion if the
dopant is larger than Hf. Nonetheless, according to our estimated polarization values, all

the compounds sustain the polarization with doping.

(a) (b)
Strain-mediated effect Strain-mediated effect
emt=_4.17 oM _1.96
Pure-Hf02 Hf0.75Si0.2502 Pure-HfOz Hf0_75Zl‘0'2502
I I I
e33'= -2.06 €53 =-1.10 €33 = 2.06 €53 =-2.27
Local dopant-response effect Local do?ant-response effect
latt att
e33 =-0.11 €33 =-2.38

Figure 6.4: Schematic of the decomposed strain-mediated effect and the local dopant-

response effect on elga?ft in Hfy 75519.9502 and Hfy 75Zrp.509 systems.

6.3.2 Strain-mediated effect vs local dopant-response effect

Having found two distinct behavior of the dopants, we choose two representative cases: Si
among the small dopants and Zr among the large dopants, for further investigation. Let us
note that the presence of the dopant imposes compressive or expansive strain in the HfOq
lattice depending on the size of the dopants (see the value of lattice parameters of the doped
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systems in Table . Thus, the changes in e33 may come from the strain in the unit-cell
imposed by dopants or from the local response associated to dopants themselves.

To discriminate the strain-mediated effect from the particular response of the dopant
atoms themselves (which we call ”local dopant-response effect”), we have performed two
different types of calculations. For the sake of the investigation, we focus on the 25% doping
concentration level. At first, we consider Hfy 75A0.2502 system where A=Si/Zr inside the
pure HfOs cell. Then we have fixed the lattice parameters to those of the pure HfOs cell
and relaxed the atomic position of Hfy 75A0.0502 system. After that, we have calculated the
piezoelectric coeflicient e33 to see the local response of the dopants on it.

Next, we consider the pure HfOy system inside the relaxed Hfy75A0.2502 cell. In this
scenario, we've fixed the cell’s lattice parameter to that of a Hfy75A0.0502 cell and relaxed
the atomic position of Hf and O atoms. The piezoelectric coefficient ess is then calculated
to see the effect of the strain imposed by the dopants.

Figures [6.4 . ) and (b) present the schematic of the decomposition of strain-mediated
effect and local dopant response effect on elatt for Hfjy.75Si9.0502 and Hfy 75712502 systems,
respectively. Here we focus on the elatt since the lattice-mediated response is larger and
mainly reflects the trend of the esg Wlth various dopants.

Let us now discuss the results for two different kinds of dopants systematically We
find that the value of elatt in a relaxed cell of Hfy 75Si0.2502 is —1.10 C/m?, which is closer
to the value obtained by considering the local response of the dopants. Thus the local
dopant-response effect dominates over the strain-mediated effect on elatt in Hfy 75Si9.2505.

On the other hand, we obtained the value of ek’“tt for the relaxed Hfy 757199509 is
—2.27 C/m?2. Both the values obtained by considering the strain-mediated effect and the
local dopant response, in this case, are close to the relaxed cell value. However, the local
response of the dopants dominates over the strain-mediated response. This suggests that
the modest increase in elatt in the relaxed Hfjy 75Zrg.0502 cell compared to the pure HfOo
system is caused by the local response of the dopants.

Hf(L1)
Oy (L1)
Hf(L2)
0,(L2)

HIf(L3)

Oy (L3)

Hf(L4)

Oy (L4

Figure 6.5: Schematic of the A3 component in pure HfO4 with polarization pointing upward
(denoted by black arrow). The arrows indicate the direction of force in a response of applied
strain.The arrows do not reflect the magnitude of the forces. We mark the sub-lattices of
each type of atoms in the figure for the sake of the explanation.
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6.3.3 Physical insight

While the above discussion gives an understanding about the factor controlling the changes
in e33 from the numerical point of view, the reason behind the different trend in ess for
different sizes of dopants can be further analyzed.

To understand the effect of dopants on ez3, we can track down the lattice-mediated part
of the piezoresponse. We can write the e}jjt-t as (also presented in Chapter 2 and 5)

€lo?jtt = Q()Zma(q)_l)mnAnj (62)

where (g is the volume of the unit-cell, Z is the Born effective charge, ® is the force constant
matrix, and A is the force response internal strain tensor. Here o denotes the Cartesian
direction of the polarization, m and n are combined indices that run over all the atoms in
the unit cell and the spatial directions of the displacement of each atom, j represents the
direction of strain in Voigt notation.

In chapter 5, we have seen that the As3 component is the key in understanding the
magnitude and sign of ess3 in pure HfOs. The As3 component quantifies the forces felt
by atoms along z direction as a response to an applied strain along the same direction.
Figure shows the pictorial view of the Az3 component for pure HfO5 system in a 48-atom
supercell. We notice that the strain-induced forces are negative in Hf atoms and positive
in O and Ogg atoms for all the sub-lattices marked in the Figure The piezoelectrically
active O1 atoms in all the sub-lattices move upward to preserve the vertical lying Hf—Oy
bond in an application of vertical stretching. These movements of the O atoms are opposite
to the movements of the very same atoms while developing the polarization. Additionally,
in all sub-lattices, downward forces on Hf atoms and upward forces on O1; atoms contribute
to the lowering of polarization as a result of vertical stretching. This is consistent with
getting a negative sign of ess in pure HfOs.

We will discuss our observations for the two representative doped cases in the following.

Hf,_,Si, 02

Let us start with the Az3 component in Hf;_,Si, Oy system. Figures (a), (b) show the
pictorial view of the A3z component at 25% and 50% Si concentrations, respectively. For the
sake of explanation we divide the unit-cell into sub-lattices of each kind of atom as marked
in Figures (a) and (b). The forces on each sub-lattice contributes to either negative or
positive value of eg3. Table tabulates the contribution in eg3 coming from the sub-lattice
of each kind of atom.

At 25%, we notice that the first two sublattices (L1 & L2) of each atoms behave the
same way as they do in the pure system, contributing to the negative ess (see Table .
However, the forces on the L3 & L4 sublattices of each kind of atom are opposite to the
pure system (except for the Oy(L4)), which contribute to the positive es3, as mentioned in
Table[6.2] This behavior of the L3 & L4 atoms partly compensates the negative longitudinal
effect in es3. Hence, overall, this is consistent with the less negative ez3 obtained at 25% Si
concentration.

We notice that the forces on the O; atoms at the interface feel the forces towards the
Si atoms. Due to the shorter Si—Op (1.91 A) bond length compared to that of the Hf—Ox
bonds (2.17 A), the Oy atoms feel downward forces to maintain the suitable bond length
with Si in an application of vertical stretching. This seems to be the main consequence of
the Si doping, and the main mechanism by which it affects the response.
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Figure 6.6: Schematic of the A3 component in Hf;_,Si,Os system with polarization point-
ing upward (denoted by the black arrow) at (a) 25%, and (b) 50% doping concentrations.The
arrows indicate the direction of force in a response of applied strain. But they do not reflect
the magnitude of the forces. We mark the sub-lattices of each type of atoms in the figure
for the sake of the explanation.

Next, let us focus on the 50% case where we find the positive sign of es3 (see Figure[6.6|(b)
and Table .The first sub-lattice L1 exhibits the same behavior as the pure system,
whereas the next three sub-lattices (L2, L3, and L4) tend to exhibit the opposed behavior.
Note that Or(L3) & O1(L4) continue to behave like the pure system. Nevertheless, the
contribution to the positive es3 dominates over the contribution to the negative ez3, which
is consistent with getting a positive sign of ez3 at 50% Si concentration.

The other small dopants, such as Ge and Ti, show similar behavior as of the Hf; _,Si,O-
system. Although in these two cases es3 does not switch the sign, the magnitude is reduced
with increasing the doping concentrations.
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Sub-lattice Pure 25%-Si 50%-Si 25%-Zr 50%-Zr
HI(L1) - - - - -
Oq(L1) - - - - -
On(L1) - - - - -

Hf(L2)
O1(L2) - -
Oq(L2) - -

+ o4+t

- -

onLd) - i ) ] )
On (L4) - + + + +

Table 6.2: The unit-cell of Pure, Si-doped HfO», and Zr-doped HfO2 are decomposed into
layers as shown in Figure Figure and Figure respectively. We tabulate the
contribution in es3 from each layer. A represents Hf/Si (Hf/Zr) depending on the doping
concentration. The positive sign represents the contribution of the layer to positive ess, and
negative sign represents the contribution of the layer to negative ess.

HflfmZI'wOQ

In contrast, here we will discuss the enhancement of the negative longitudinal effect in ess in
the Hf;_,Zr,O4 systems. Figures (a) and (b) show the pictorial view of A3z component
of Hf;_,Zr,O49 system at 25% and 50% doping concentrations. Table presents the
contribution in positive or negative es3 coming from the sub-lattices of a particular kind of
atom in the system. We notice that the Hf;_,Zr, O follows the trend in pure HfO5 system
at both concentration levels, except for the Or(L4) atoms where the direction of forces
invert to the negative direction. Moreover, the magnitude of the forces on all the atoms is
increased in these two cases compared to the pure system. Therefore, although the forces
on the part of the Oy atoms contribute to a positive e33, we get an overall enhancement of
negative longitudinal effect in eg3 with increasing the Zr concentration.

The Hf;_,.Pb,O5 follows the same trend as the Zr-doped system. We find that the value
of e33 is enhanced at most 47% compared to the pure system by 50% of Pb doping.

6.4 Effect of isolated dopants

Finally, to further test the piezoelectric properties of doped HfO5 in a less stable configu-
ration, we calculate the es3 at 6.25% doping concentrations, where the dopant is isolated
inside the lattice.

Figures (a), (b), and (c) show the computed é33, efit, and ey, respectively for
the isolated dopant configuration in Hf;_,A,O9 compound, where x=0.0625. €33 remains

a positive quantity for all the dopants. Interestingly, the e}fgtt part is always negative, and

increases in magnitude, for all the dopants, and so does the ef3. Surprisingly, we find that
the magnitude of e}y is highest for Si and lowest for Pb, which is exactly opposite of what

we see in the layered configurations. These surprising results remain to be understood.
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Figure 6.7: Schematic of the As3 component in Hf; _,Zr, O+ system with polarization point-
ing upward (denoted by the black arrow) at (a) 25%, and (b) 50% doping concentrations.The
arrows indicate the direction of force in a response of applied strain. But they do not reflect
the magnitude of the forces. We mark the sub-lattices of each type of atoms in the figure
for the sake of the explanation.

6.5 Conclusion

In this chapter, the dependence of the piezoelectric coefficient e33 on the isovalent dopants
has been discussed. Our first-principles study predicted two distinct behavior of two differ-
ent kinds of dopants for the configuration where dopant forming layer. The dopants smaller
than Hf have lowered the negative effect in the value of e33, whereas the dopants bigger than
Hf have enhanced it. We find that the value of es3 is enhanced by 22% by Zr doping and
47% by Pb doping compared to the pure system. Conversely, we observe a situation where
ess switches sign at 50% Si doping. In Chapter 5, we have discussed that it is possible to
switch the sign of ess without switching the direction of polarization by applying in-plane
epitaxial compression. Here we find another possible way to control the sign of the ess.
This research is still ongoing, and we’re working to better understand the dopant’s
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Figure 6.8: Computed piezoelectric coefficient e33 for isolated dopant configuration at 6.25%
doping concentration. (a) frozen-ion part (€s3), (b) lattice-mediated part (e5i'), and (c)
total piezoresponse (e53') of Hf;_,A,O2 compound, where A denotes the dopant: Si (in
orange), Ge (in cyan), Ti (in olive), Zr (in blue) and Pb (in red). The piezoreponse of the

pure system is indicate by 0%.

behavior in HfOs to come up with a simple and plausible explanation, particularly for the
50% Si-concentration where dopants change the sign of e33. In addition, we are trying to
understand the behavior of e33 in an isolated dopant configuration.

Nevertheless, this work has demonstrated the effect of isovalent dopants in the piezo-
electric response of HfOs. Additional studies can be done by considering other dopants as
well as other possible modifications to tune the piezoelectric properties of HfOo to the point
required for potential applications.
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Chapter 7

Conclusions & Outlook

After the extensive investigation of ferroelectric random access memory for more than 60
years, it had been clear that the success or failure of ferroelectric memory depends on
the choice and engineering of the ferroelectric material. The perovskite ferroelectrics have
suffered from several issues including CMOS-incompatibility and scalability. Thus, the
future development of memory technology had to rely on a material revolution. The emer-
gence of ferroelectric HfO2 in 2011 has generated tremendous attention due to the CMOS
compatibility and the ability to retain the ferroelectricity in a few nanometer thicknesses.
Consequently, the ferroelectricity in HfO5 has become a general interest in both academic
and industry communities. This thesis work started with the aim of understanding its
piezoelectric response properties. However, our research efforts have developed through
time.

The widely recognized ferroelectric orthorhombic phase of HfO5 is believed to be metastable.
Thus, understanding the origin of ferroelectricity in this material remained difficult. Many
research works had focused on this issue by considering the role of the surface energy ef-
fects, chemical dopants, local strain, oxygen vacancies. Although the experimental reports
suggested that dopant may facilitate the formation of the FE-phase of HfO,, existing first-
principles studies had reported that dopant alone is not sufficient to stabilize the FE-phase.
In this thesis work, we have reconsidered the impact of dopants on the stability of the
FE-phase. Surprisingly, we have noticed that some dopants have very strong preferences
towards ordering inside the lattice: a fact that had been ignored by most of the first-
principles studies in the literature. Most importantly, the ordering of the dopants impacts
the stability of the ferroelectric phase of the material. We have predicted such a situation
where the ferroelectric phase wins over the monoclinic phase (i.e. the usual ground state
phase) and a competing paraelectric tetragonal phase with a full Si-layer perpendicular to
the direction of polarization. The stability of the ferroelectric phase is mainly related to
the size and the chemical environment of the comparatively small Si atoms. These find-
ings are consistent with how most of the FE films of HfOy are grown using atomic layer
deposition. Notwithstanding that our prediction is based on the ideal ferroelectric phase of
HfO4, the present study will change our perception of dopants inside the HfOs lattice and
introduce a unique concept about how dopant ordering might help in the stabilization of
the ferroelectric phase of HfOs.

The discovery of lead-free and Si-technology compatible piezoelectrics has been increas-
ingly important for the advancement of new technologies. In this context, the Si-compatible
HfO4 can be a promising candidate. However, the piezoelectric properties of HfOs have not
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been extensively studied. Part of this thesis work has been focused on this domain. Recently
it was revealed that HfOy presents a negative longitudinal piezoelectric effect, the origin of
which was not clearly elucidated. Here, we have provided the physical insights behind the
negative longitudinal piezoelectric effect in HfOy. We have found that the piezoresponse of
the material is controlled by the chemical environment of the piezoelectrically active oxy-
gen atoms and its own way to maintain the suitable bond distance with the neighboring Hf
atom as a response to applied strain. Most interestingly, we have predicted a way to control
its magnitude and sign by applying epitaxial strain. To our best knowledge, switching the
sign of the piezoelectric coefficient without switching the polarization is unheard of in any
ferroelectrics prior. Since our prediction involved a large compressive strain, we admit that
it may not be applicable in a practical situation. Nevertheless, our result is consistent with
the physical explanation and suggests that HfOo may provide us with novel opportunities
to tune its electromechanical response properties. It is worth mentioning here that there is
experimental evidence of having a positive longitudinal piezoelectric coefficient as well as a
negative longitudinal piezoelectric coefficient, depending on the FE sample of HfOo. This
finding reverberates with our prediction that the piezoresponse of HfOs can be switched
without reversing its polarization state. Thus, the experimental question about the sign of
the piezoelectric coefficient opens a new door for further research.

This thesis work has also engrossed in optimizing the piezoelectric response of HfO9
by considering the isovalent chemical dopants Si, Ge, Pb, and Zr. We have predicted that
the longitudinal piezoelectric coefficient of HfOy can be enhanced up to 47% compared
to its pure system by doping with large isovalent atoms. On this note, further research
in improving the piezoelectric coefficient in HfOs can be done considering other dopants.
In addition, more possible ways (e.g. by applying the epitaxial strain) to optimize the
piezoelectric coefficient of HfOy up to the point needed for applications can be investigated.

This work proves the importance of the dopant ordering in the phase stability and
discusses the novel aspects of piezoelectricity in HfO2. Thus, an interesting possible way
forward would be to conduct similar research on other polar polymorphs of HfOy and ZrOa,
which are known to be important e.g. a recently reported rhombohedral phase that poses
no wake-up effect and thus has great technological advantages [128] [129]. In the course of
this thesis, we have studied the nature of ferroelectricity in this phase of HfOo. However,
the final outcomes of this investigation are not provided here due to a lack of time.

In sum, this thesis work has made some important discoveries regarding the way to sta-
bilize the usual ferroelectric phase of HfO2 on one hand. On the other hand, it has provided
a detailed understanding of the piezoelectric properties of the material, which presents novel
features unheard of among classic ferroelectric materials. This makes HfOs even more in-
teresting and promising, and it has the potential to open new avenues for research both
experimentally and theoretically. Thus, we believe that this work will contribute to the
future development of this discipline.
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Appendix A

List of publications

Published journal articles:

e Effect of Dopant Ordering on the Stability of Ferroelectric Hafnia
S. Dutta, H. Aramberri, T.Schenk, and J.Iniguez, Physica Status Solidi 14, 2000047
(2020).

e Piezoelectricity in Hafnia
S. Dutta, P. Buragohain, S. Glinsek, C. Richter, H. Aramberri, H. Lu, U. Schroeder,
E. Defay, A. Gruverman, and J.Iniguez, Nature Communications 12, 7301 (2021)

e Wake-up Free Ferroelectric Rhombohedral Phase in Epitaxially Strained ZrOs Thin
Films
J.P.B. Silva, R.F. Negrea, M.C. Estrate, S. Dutta, H. Aramberri, J.fﬁiguez, F.G.
Figueiras, C. Ghica, K.C. Sekhar, and A.L. Kholkin, ACS Applied Materials & Inter-
faces 13, 43 (2021)

In-preparation:

e Piezoelectric properties of Hafnia as a function of doping
S. Dutta, N. Federova, and J.Iniguez
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