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Abstract

Ferroelectric oxides, most notably PZT, are typically used for the
fabrication of high performing piezoelectric MEMS devices for the purpose of
sensing and actuation. An alternative to PZT is the relaxor ferroelectric such as
PMN-PT. Bulk PMN-PT shows a 5-10 times larger piezo-response than bulk PZT
ceramics and has a large electromechanical coupling coefficient of k33~0.9.
Therefore, this material is an auspicious candidate for hyperactive MEMS devices
for sensor and actuator applications. This thesis deals with the study of epitaxial
PMN-PT films for the purpose of sensing and actuation.

Perovskite phase and (001) orientation pure epitaxial PMN-PT films were
fabricated by carefully controlling the fabrication conditions. Within a relative
narrow process window to achieve phase and orientation pure films, the effect of the
growth conditions like substrate temperature, fluence, target-substrate distance and
ambient gas pressure was investigated. This study shows that polarization is more
sensitive to substrate temperature then to target distance and much less to fluence
and least to gas pressure.

It is known that better lattice matching can broaden the processing window.
Superior lattice matching was achieved using a PZT buffer layer between the PMN-
PT and SRO bottom electrode resulting in a significant improvement in crystallinity
and consequently in properties of the PMN-PT films. Furthermore the effect of
lattice strain was investigated by varying the PZT interfacial layer composition in a
wide range. The PMN-PT films showed giant self-bias field which can be tuned by
the composition the of PZT interfacial layer. This is of significance for devices like
energy scavengers and low energy consumption sensors that preferably operate at
zero bias voltage.

The highest longitudinal piezoelectric coefficient (d;;) was achieved for
PMN-PT films deposited on PZT (50/50) interfacial layer with lowest self-bias field.
For some applications, it is desirable to have a higher d;; as well as a high self-bias.
It is known that doped PZTs can produce self-bias field. Therefore, PMN-PT films
were deposited on Nb and Fe doped PZT interfacial layers. PMN-PT films on doped
PZT interfacial layer show a higher self-bias along with a higher ds;. Furthermore
the effect of Nb-doped PZT interfacial layer thickness on the properties of PMN-PT
was investigated, which showed a variation in properties associated with epitaxial
strain.

Besides epitaxial strain, the residual strain (substrate induced strain) due to
the difference of thermal expansion coefficients between substrate and deposited
film, show an influence on the ferro and piezoelectric properties of epitaxial PMN-
PT films. To study the effect of substrate induced strain on the ferro and
piezoelectric properties, PMN-PT films were prepared on a wide range of substrates.
This study shows that substrate induced strain has a significant effect on the



structural properties of PMN-PT films and consequently on the ferro and
piezoelectric properties of these films. The knowledge of strain effect on properties
is useful to engineer a PMN-PT film with certain desired properties.

Silicon is the gold standard substrate for the fabrication of MEMS sensors.
To study the effect of orientation on properties, epitaxial PMN-PT films with
different out of plane orientation [(001) and (110)] were prepared using a CeO,/YSZ
bilayer buffer and symmetric SrRuO; electroded silicon substrates by carefully
controlling the growth conditions. The ferroelectric and piezoelectric properties of
these ferroelectric capacitors exhibited orientation dependence. The (001) oriented
films show a relatively large self-bias voltage compared to the (110) oriented films.
This is ascribed to a strain gradient layer in the relaxor at the interface with the
bottom electrode. The aging behaviour of (001) films was superior compared to that
of (110) films due to less structural defects. Nevertheless a superior effective,
longitudinal piezoelectric coefficient (ds;.f) for (110) oriented films was observed
compared to (001) oriented films, due to a less dense columnar structure.
Furthermore, a PMN-PT thin film based sensing device (cantilever) was also
fabricated and characterized with respect to ferroelectric and piezoelectric response
which showed excellent properties.



All praisesfor Allah who is the entire source of knowledge and
wisdom endowed to mankind
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Chapter Overview:.

This chapter describes brief history of ferroelectric materials together with
evolution of ferroelectric technology. Nucleation and growth of epitaxial
thin films along with hetero-epitaxy induced strain and strain relaxation by
structural defects is briefly explained. The material used in this dissertation
is a solid solution of relaxor and standard ferroelectric. The fundamentals
related with relaxors and standards ferroelectric are also presented. The last
part of this chapter describes the outline of this thesis.




Chapter 1

1.1 Overview of ferroelectric materials

An unusual physical characteristic to attract the other objects
when heated was observed in tourmaline during the beginning of the
18™ century. About half a century later, a Swedish scientist Carl
Linneaus speculates a correlation between this observed phenomenon
and electricity. This speculation was confirmed and the effect named
pyroelectricity within a decade by a German Physist Franz Aepinus.
Pyroelectricity refers to the ability of a material to generate temporary
voltage while heating or cooling [1]. In 1880, pyroelectricity led to the
discovery of the piezoelectricity by Piere Curie and Jacques Curie.
They observed that certain materials (Tourmaline, Quartz, Cane sugar
and Rochelle salt) exhibit charge generation on application of
mechanical stresses on their surfaces. They applied mechanical stress
by placing small weights on the surface of the crystal and found that
the magnitude of the generated charge is proportional to the applied
stress [2]. The German Physicist Wilhelm G. Hankel introduced the
term piezoelectricity derived from ancient Greek words piezo or
piezein (pressed or squeezed) and elektron (Amber: ancient source of
electric charge). The inverse piezoelectric effect was proposed by
French Physicist Gabriel Lippmann and was experimentally verified
by the Curie brothers in the same year [1]. Direct and inverse
piezoelectric effect is schematically described in figure 1.1.

| Direct piezoelectric effect

Mechanical Electrical
Energy < Inverse piezoelectric effect I Energy

Figure 1.1: Schematic description of the direct and inverse piezoelectric effect.

In 1920 Valasek found that the direction of polarization can be
reversed in Rochelle salt (KNaCsH4O6*4H,0) by applying external
electric field. The phenomenon is called ferroelectricity. This was the
first discovered ferroelectric material [3]. This material was entitled
ferroelectric due to the occurrence of spontaneous polarization which
is analogous to spontaneous magnetization in ferromagnetic materials.
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Introduction

It is notable here that although the prefix ferro is used, most of the
ferroelectric material do not contain iron. Subsequently potassium di-
hydrogen phosphate (KH,PO4) having similar properties to Rochelle
salt was reported in 1935.

It was common believe that a hydrogen bond is necessary for a
material to possess ferroelectric properties until Wul and Goldman
identified the presence of ferroelectricity in barium titanate (BaTiOs)
in 1945 [4]. This was the first oxide material with perovskite crystal
structure showing ferroelectric behavior. This discovery initiated the
curiosity to search for ferroelectricity in oxide materials. Due to
structural ~ simplicity, chemical and mechanical stability,
ferroelectricity at room temperature and simplicity in fabrication,
BaTiO; is included in the list of the highly investigated/used
ferroelectric materials. During this era numerous ferroelectric oxide
materials with perovskite structure like KNbOj;, KTaOs;, LiNbOs,
PbTiO; were discovered [5-8].

The struggle to fabricate better and better ferroelectric
materials resulted in the discovery of lead zirconate titanate (PZT) in
the 1950s [9]. PZT is a solid solution of PbTiO; (PTO) with PbZrOs
(PZO). Due to its superior properties compared to BaTiOs, this
material has replaced it in almost all its piezoelectric applications. To
date, this material is the most widely employed piezoelectric material
due to its superior properties and relatively high Curie temperature.

In 1997, S. E. Park and T. R. Shrout reported PZN-PT and
PMN-PT single crystal ceramics with ultrahigh strain up to 1.7% and
large electromechanical coupling coefficient of kss= 0.9. These
materials show one order of magnitude superior piezoelectric response
compared to PZT due to electrical field induced phase transitions from
rhombohedral to tetragonal phase. Subsequently giant piezoelectricity
was reported by S. H. Baek et al. for epitaxial PMN-PT thin films
deposited on silicon substrate in 2011[10-11]. This material got huge
interest to fabricate hyperactive MEMS devices in recent years.
Further details about epitaxial PMN-PT films will be discussed in
chapter 4.

~
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Chapter 1

1.2 Epitaxial thin filmsand misfit strain

Epitaxy is derived from two ancient Greek words epi (placed
or resting upon) and Taxis (arrangements). During thin film growth,
epitaxy refer to extended single crystal film formation on top of a
single crystal substrate. It was most likely first observed to take place
in alkali halide crystals over a century ago [12]. The word Epitaxy
was apparently introduced by French mineralogist L. Royer in 1928
[13].

Epitaxy can be divided into two types, homo-epitaxy and
hetero-epitaxy. Homo-epitaxy refers to the situation when fabricated
film and substrate are of the same material. For instance, epitaxial
growth of silicon thin film on top of the single crystal silicon
substrate. Under optimum conditions, homo-epitaxial layers possess
generally less structural defects compared to the substrate, purer than
substrates with doping possibility independent of the substrate [12].
On the other hand, hetero-epitaxy refers to the situation when the
deposited film and the substrate consist of two different materials. For
example, epitaxial growth of SrRuO; on top of the SrTiO; single
crystal substrates. Hetero-epitaxial growth of functional materials is
commonly performed for the fabrication of electronics, photonics and
MEMS (micro electromechanical systems) devices. The difference
between homo-epitaxy and hetero-epitaxy is schematically
demonstrated in figure 1.2.

Film

Substrate
A

C|

Tensile Strain Matched Compressive Strain

Figure 1.2: Schematic view of the lattice matched or homo-epitaxial structure
together with hetero-epitaxial structure under compressive and tensile strain.
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Introduction

When the deposited film and the substrate crystal are identical
(Homo-epitaxy), there is no bonding strain at the interface due to
perfect lattice matching. However in the hetero-epitaxy case, the
lattice parameters are not identical. The lattice mismatch can be
defined as (equation 1.1).

Lattice mismatch = afa;fas

Where arand a; are lattice parameters of the film and substrate
respectively. The lattice mismatch plays a crucial role during hetero-
epitaxial growth of functional thin films. In case of very small
mismatch (< 1%) between film and substrate, the hetero-interface is
essentially similar to homo-epitaxy. Nevertheless the difference in
thermal expansion coefficients and film-substrate chemistry can still
strongly influence the functional properties of the deposited film. In
case of relatively large lattice mismatch (> 5%), crystallographic
lattice mismatch is either accommodated by the formation of
structural defects (edge dislocations) or by tensile/compressive lattice
strain at the interface. The strain relaxation by structural defects where
the film reflects the bulk lattice parameters is referred to as relaxed
epitaxy. The latter case, where the film is strained to the substrate is

1.1

referred to as strained epitaxy. Strain epitaxy is mainly observed in the
hetero-epitaxial layer of similar structure like perovskite SrRuOs on
top of perovskite SrTiOj; single crystal substrate.

1.3 Thin films nucleation and growth

Interests in thin film fabrication exists since the 1920s from the
experiments performed on evaporated films in Cavendish laboratory
in Cambridge, England [14]. At earliest stage of thin film fabrication,
adatoms (adatoms refer to the atoms that reach to the substrate surface
from the source) with sufficient energy reach the substrate and form
clusters as a result of diffuse process on the substrate surface. These
clusters become stable after a certain critical thickness. The process of
formation of the stable clusters is called nucleation. Many of such

~
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Chapter 1

events take place simultaneously at the nucleation stage. As growth
continues, coalescence of the stable clusters results in continuous film
on the substrate surface. Three growth modes are typically observed
during thin film growth.

1. Layer by Layer growth or Frank-van der Merwe mode
2. Island growth or Volmer-Veber mode
3. 2D followed by 3D growth or Stranski-Karastanov mode

In layer by layer growth mode, the smallest stable cluster
coalesce in two dimensions only to form planner sheets. During
growth, subsequent layers only nucleate with the completion of the
underneath layer. In this growth mode, adatoms are more strongly
bound to the substrate compared to one other which promotes the
layer by layer growth.

In island growth mode, stable clusters nucleate on the substrate
surface which only grows in three dimensions to form islands. In this
case, adatoms are more strongly bound to each other as compared to
the substrate which facilitates the formation of 3D islands.

The Stranski-Krastanove growth mode is a combination of
above two modes. Initially films grow in layer by layer mode followed
by transition to three dimensional mode. Due to lattice mismatch,
strain energy accumulates in the films. After certain critical thickness,
the system releases its energy by triggering the island growth mode.

Besides this, another growth mode (step flow) is also reported
in the literature [15-16]. This mode differs from layer by layer growth
mode in the sense that it occures only in one direction on the terraces
of low miscut angle substrates. Three basic growth modes are
schematically shown in figure 1.3.

Layer by Layer Islands Stranski-Krastanove

Figure 1.3: Schematic view of the basic growth modes.
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1.4 Ferrodectric fundamentals

The family of materials that possess spontaneous polarization
whose direction can be reversed by applying external electric field are
said to be ferroelectric materials [17]. The relationship between ferro,
pyro and piezoelectric materials is schematically shown in figure 1.4.
It is evident from this correlation that all ferroelectric materials are
both pyroelectric and piezoelectric and all pyroelectric materials are
piezoelectric [18]. For instance, PMN-PT possesses spontaneous
polarization and is ferro, pyro and piezoelectric simultaneously,
whereas Tourmaline does not possess spontaneous polarization, is not
ferroelectric, but is pyro and piezoelectric.

Piezoelectric
(e. g. quartz)

Ferroelectric
(e. 9. PZT, PMN-PT)

Figure 1.4: Relationship between ferro, pyro and piezoelectric materials.

Crystalline materials can be categorized into seven basic
crystal systems; i.e. triclinic, monoclinic, orthorhombic, tetragonal,
rhombohedral, hexagonal and cubic. These can be further divided into
32 sub-classes termed as point groups. Twenty point group out of all
32 groups are non-centro-symmetric and exhibit piezoelectric
behaviour which i1s a pre-condition for this. Out of twenty
piezoelectric point groups, half exhibit single polar axis and are
pyroelectric with temperature dependence. The materials that do not
show spontaneous polarization are termed as non-polar or para-
electric [19]. It is valuable to mention here that symmetry
considerations are helpful to predict whether a material possesses such
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Chapter 1

a property (Ferro, Pyro, Piezo) or not. Nevertheless this does not give
any information about quantification of any specific property.
Parameters like fabrication conditions, density, crystal structural etc.
can influence the properties significantly.

Superior properties has been reported for the inorganic
ferroelectric oxides like BaTiO;, BiFeO;, Pb(ZriTi;x)Os and
Pb(Mg;3Nby/3)O3-PbTiO;s. These materials belong to the perovskite
family and can be described with general formula ABOs. Perovskites
are refer to the catagory of materials that have crystal structure similar
to CaTiOs,discovered by Gustave Rose in 1839 and named perovskite
after Count Lev Alekseevich Perovski, a Russian mineralogist [20].
When the unit cell of the perovskite material is cubic, then the atom A
will assemble itself at the corner position of the cube. The atom B and
O (oxygen) will reside in body centre and face centre positions of the
cube respectively. PMN-PT is a perovskite material with one A site
cation and three B site cations. Lead is located at position A whereas
other three (Mg, Nb, Ti) are located at position B. The B site cations
are randomly distributed inside the material. The oxygen will occupy
at face center of the cube. The perovskite unit cell is schematically
shown in figure 1.5.

e /.

o B
° ©| oo

o
° |/

Figure 1.5: Schematic view of perovskite unit cell with atomic locations.

Ferroelectric materials show a paraelectric to ferroelectric
phase transition at a specific temperature. This transition temperature
is named as Curie temperature (Tc). Above Curie temperature
(paraelectric phase), the unit cell is centro-symmetric and does not
exhibit spontaneous polarization. Upon cooling (below Tc), it adapts
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the ferroelectric phase. The symmetry of the unit cell also changes
from centro-symmetric structure to non-centro-symmetric structure.
Inside the perovskite unit cell, the central ion moves from its
equilibrium position within the oxygen octahedra. Consequently the
material transforms from paraelectric phase to ferroelectric phase [21].
Functional ferroelectric material (PMN-PT) discussed in this
dissertation retains cubic crystal structure (paraelectric phase) above
Curie temperature. Bellow Curie temperature, it adopts tetragonal or
rhombohedral crystal structure (ferroelectric phase) as a consequence
of structural transformation from the cubic structure. It is worth to
mention here that there is a composition dependent border line
separating tetragonal from rhombohedral crystal structure below Curie
temperature named as morphotropic phase boundary [22]. The
direction of polarization in tetragonal and rhombohedral crystal
structure is along <001> and <111> respectively. The polarization
refers to the total dipole moment (W) per unit volume (V) and can be
written as

L b
Polarization = 7” 1.2

Typically in ferroelectric materials, the polarization is not
uniformly aligned in the same direction inside the entire crystal. The
region inside the crystal in which spontaneous polarization is aligned
in one direction is named as domain. The interface separating two
domains is called domain wall. The non-uniformly aligned
polarization in bulk ferroelectric materials can be aligned by applying
external field named as poling process. However, the poling is not
needed for epitaxial films due to self-alignment of the domains during
fabrication.

1.5 Relaxor and standard ferroelectrics

Lead magnesium niobate - Lead titanate (PMN-PT) reported in
this dissertation is a solid solution of lead magnesium niobate (PMN)
and lead titanate (PT). The PbMg;sNb,30; (PMN) is a classical
relaxor having cubic crystal structure at high temperature and pseudo-
cubic at lower temperature [23]. The PbTiO; (PT) is a typical
ferroelectric material that shows cubic structure above Curie

~
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Chapter 1

temperature (Tc = 770K) and tetragonal below Tc [24]. The relaxors
can be distinguished from normal ferroelectrics in terms of properties
summarized in table 1.1.

Table 1.1: Property difference between relaxor and normal ferroelectric (Table

adopted from reference 25).

Properties Normal Ferroelectric Relaxor
Dielectric temp. Sharp 1% or 2™ order Broad diffuse phase
dependence transition about Curie transition about Curie
K =K(T) temperature (Tc) Maxima (T,,.,)

Dielectric temp. and
freq. dependence
K=K(T, o)

Week frequency
dependence

Strong frequency
dependence

Dielectric behavior in
paraelectric range (>Tc)

Fellow Curie-Weis law
1 _ C
K T-Tc

Fellow Curie-Weis square
law
(T — Tmax)?
2Kmaxé?

11

K~ Kmax

Remanent Polarisation
(Pr)

Strong remanent
Polarisation (Pr)

Weak remanent
Polarisation (Pr)

Scattering of light

Strong anisotropy
(birefringent, An)

Very weak anisotropy to
light (pseudo-cubic)

Line splitting indicating
spontaneous deformation
(paraelectric—ferroelectric
phase)

No X-rays line splitting
giving a pseudo cubic
structure

Diffraction of X-rays

Relaxor (PMN) typically exhibit diffuse phase transition with
significant dispersion (temperature and frequency dependent) in
dielectric permittivity. Secondly, low temperature behavior under high
alternating fields exhibit unpretentious hysteretic response, a
necessary and sufficient condition for ferroelectricity. Nevertheless,
unlike a normal ferroelectric, the hysteretic response is not lost
suddenly at Tyax but decays more slowly in a nonlinear mode.
Moreover relaxors exhibit longer coherence length while probing with
radiations (light, X-rays) i.e. no evidence of optical anisotropic or x-
rays line splitting even well below Tp.. The model proposed by
Smolensky suggests that the origin of diffuse phase transition is due to
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local compositional fluctuations associated with B-site cation disorder,
resulting in a distribution of Curie temperatures [23]. Subsequently
Cross proposed a super-paraelectric model suggesting that the
existence of localized polar micro-regions which are analogous to spin
clusters behavior in super-paramagnets. This model successfully
explains properties like frequency dependence of the permittivity,
dielectric aging, and metastable switching from micro to macro
domains in relaxors [25-26]. The clear evidence of nonpolar region
(NPRs) came from refractive index measurement experiments
performed by Burns and Dacol. They reported the formation of static
or slowly moving nanopolar-regions (PNRs) about 620K having a size
of a few nm. This temperature is refered to as Burns temperature (Tg)
[27-28]. Subsequent studies performed by different techniques (X-
rays, neutrons scattering, HR-TEM etc.) shows consensus about PNRs
which begin to appear at 618K which grow 2-3nm in size near Tg.
Further cooling up to 160K enhances the size (=10nm) and volume
fraction increases upto 30 percent. A static change in NPRs can be
induced by high electric field and micro domains can be obtained
which lead to the observation of ferroelectricity at lower temperatures
[29-32].

A crystalline solid solution [(1-x)PMN- (x)PT] is shown to be
possible over a whole range of concentrations of x [33]. Colla et. al.
studied the frequency dependence of dielectric permittivity for wide
range of PMN-PT compositions and found that above X ~ 0.3 the
value of Tp.x becomes frequency independent. These investigations
suggest that for PT concentrations higher than ~0.3, the phase
transformation becomes largely like a conventional ferroelectric phase
transition [34]. Xu et.al. investigated the PMN-PT (67:33) single
crystals and found the co-existence of monoclinic and rhombohedral
phase, in the same single crystals. They suggested that electric field
induced polarization rotation takes place via rhombohedral-
monoclinic-tetragonal phase transition in this single crystal.
Subsequent studies performed by Noheda et.al using synchrotron X-
rays confirmed these findings. It was also found that the monoclinic

~
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Chapter 1

phase does not exist as single phase in this composition. These studies
shows that PMN-PT (67/33) system can be characterized by
multiphase components and complex phase behaviour [35-36]. It is
notable that PMN-PT (67/33), which is a bulk morphotropic phase
boundary (MPB) composition, was employed for the investigations
reported in this dissertation.

1.6 ThesisOutline

The scientific investigations reported in this dissertation are
focused on epitaxial PMN-PT thin films for sensor and actuator
applications. This dissertation consists of seven chapters which can be
further sub-divided into two main parts. The first part (Chapter 1 and
2) covers the fundamentals like evolution of ferroelectric technology,
basics of ferro and piezoelectricity, epitaxial thin film nucleation and
growth and difference between relaxors and normal ferroelectrics.
This part also covers fabrication and characterization techniques
which were intensively utilized during this experimental research. The
second part consists of five principal chapters (Chapter 3 - 7) covering
scientific studies performed in this research.

Chapter 3 discusses the issues concerning perovskite phase
development during growth of epitaxial PMN-PT films. The effect of
processing conditions like laser energy density (fluency), substrate
temperature, target-substrate distance and deposition pressure on
perovskite phase formation and properties are investigated in detail.

Chapter 4 deals with the epitaxial PMN-PT films deposited on
a PZT interfacial layer. The epitaxial PMN-PT films were deposited
on wide range of PZT compositions. The influence of PZT interfacial
layer composition on structural, ferro and piezoelectric properties was
investigated in detail.

Chapter 5 describes the effect of doped PZT interfacial layers
on structural, ferro and piezoelectric properties of epitaxial PMN-PT
films. Pb(Zrys5,Tip.43)O3 doped with one mole percent Iron (accepter
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doping) and Niobium (donor doping) was selected for these studies.
Doped PZT interfacial layer samples were compared with undoped
Pb(Zry52Ti0.45)O5 interfacial layer samples. Additionally, the effect of
Nb doped PZT interfacial layer thickness on properties of epitaxial
PMN-PT films was examined.

Chapter 6 refer to the studies of epitaxial PMN-PT film
deposited on different substrates. The effect of misfit strain was
investigated using a wide variety of substrates. The PZT interfacial
layer having very close lattice matching with PMN-PT films was used
as interfacial layer to minimize epitaxial strain and to enhance the
effect of thermal induced strain which was analyzed.

Chapter 7 is designated to epitaxial PMN-PT films deposited
on silicon substrates. Epitaxial PMN-PT films with different out of
plane orientation were fabricated on CeO,/YSZ bilayer buffered
silicon substrate. The effect of crystallographic orientation on
properties of epitaxial PMN-PT films was studied. Besides this, PMN-
PT thin film based free standing cantilevers were fabricated and
characterized.
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Fabrication and Characterization

Chapter Overview:.

This chapter describes the experimental techniques employed to deposit and
characterize epitaxial PMN-PT thin films. All layer stacks reported in this
dissertation are fabricated by the Pulsed Laser Deposition (PLD) and the
specific deposition machine (setup) is described in this chapter. The
characterization techniques used for morphological and structural analysis
along with ferroelectric, dielectric and piezoelectric properties are also
briefly explained in the subsequent sections.




Fabrication and Characterization

2.1 Introduction

Thin film deposition techniques are generally divided into
Physical Vapour Deposition (PVD) and Chemical Vapour Deposition
(CVD). Both film growth methods have their own advantages and
drawbacks. Pulsed Laser Deposition (PLD) belongs to the PVD
category and was employed for the fabrication of the heterostructures
reported in this dissertation.

The use of the pulsed laser as direct energy evaporation source
for thin films growth has been explored since the discovery of pulsed
laser. The first experiments employing pulsed laser were performed in
1965 [1-3]. Soon after, Schwarz and Tourtellotte demonstrated the
deposition of ferroelectric thin films using PLD in 1968 [4]. Pulsed
Laser Deposition (PLD) was popularized after in-situ growth of the
epitaxial high temperature superconducting thin films [5]. Numerous
features make PLD attractive including stoichiometric transfer of
material from target regardless of complexity of the crystal chemistry,
generation of energetic species, hyperthermal reaction between
ablated cations and background gas in the ablation plasma and its
compatibility with a wide range (ultrahigh vacuum - 1Torr) of
background pressures. Today, PLD is used for the deposition of
superconductors, semiconductors, ferroelectrics, ferromagnetics,
metals, insulators, polymers and even the biological materials [6].

2.2 Thin films fabrication by Pulsed Laser
Deposition

2.2.1 Principleof PLD system

Pulsed laser deposition is based on evaporation of material
utilizing an intense laser beam in a vacuum chamber. A pulsed laser
beam is focused on to a target composed of the material to be
deposited. At sufficiently high laser energy density, each laser pulse
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vaporizes/ablates small amount of the target material creating a
plasma plume. This ablated material is ejected from the target and
expands in a highly forwarded direction normal to target plane
(plume) and provides material flux for the film nucleation and growth.
Laser ablation parameters like the absorption coefficient of the target,
reflectivity of the target material, pulse duration, wavelength and laser
energy density (fluency) influence the characteristics of the plume,
consequently affecting the properties of the deposited films [7-8].
Besides the laser ablation parameters, thin film fabrication conditions
like deposition ambient/pressure, substrate temperature, target-
substrate distance and repetition rate (frequency) are the deciding
factors for the deposition of high quality thin films material.

The fundamental interaction between laser light (photons) and
matter results in the penetration of the laser radiation into the target.
This induces oscillations in the optical electrons of the target material
which thereby converts into the electron excitations. Following this,
the electrons transfer energy to lattice ions by means of electron-
phonon (electron-ion) collisions [6]. This process can heat up the
target material up to very high temperature (4500°C with heating rate
of 10"* K/Sec) in a few nanoseconds [9]. This very high temperature
causes instantaneous evaporation of the target material. This
evaporated material scatters in the laser beam causing even further
absorption of the laser energy. This process results in a very high
pressure in front of the target. Due to pressure gradients, the
evaporated material expands rapidly in the forward direction. These
material particles move perpendicular to the target surface providing
flux for the thin film nucleation and growth [10].

2.2.2 PLD System Structure

The Pulsed Laser Deposition (PLD) setup employed for the
fabrication of heterostructures reported in this dissertation is
schematically shown in the figure 2.1.
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tating t t
rotating farge gas inlet (Ar/O,)

v
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substrate

plasma
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to pump

Figure2.1: Schematic view of the Pulsed Laser Deposition (PLD) setup.

The experimental setup consists of a KrF Excimer laser
(Lamda Physics) which operates at wavelength of 248nm. The
maximum energy per pulse is 1500 mJ with a pulse duration of 25ns
(Pulse full width at half maximum). This laser can be manoeuvered at
a repetition rate (frequency) of 1-50 Hz. The selection of the
homogeneous (uniform energy density) part of the laser beam is
crucial and is performed by a rectangular mask in this setup. The laser
beam enters into the deposition chamber via a quartz window by
making an angle of 45 degree with the target. The laser spot size on
the target can be adjusted by focusing a lens placed close to the quartz
window.

The vacuum chamber is fitted with a turbo molecular pump
capable of attaining a base pressure of 107 mbar. The vacuum
chamber is equipped with the target holder to install a maximum of
four targets simultaneously. The deposition chamber is equipped with
oxygen and argon as background gasses. The laser ablation
experiments can be performed using mixture of oxygen and argon in a
preferred ratio. Similarly deposition experiments can also be
performed in pure oxygen or argon ambient. The deposition pressure
can be adjusted ranging from 10° to 10~ mbar by means of mass flow
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controller (0-40ml/min). The substrate holder designed for this system
is a steel block-style hot stage. The thermocouple is embedded in this
stage to measure the temperature. The substrate temperature during
growth experiments can be adjusted from room temperature (RT) to
850°C with control of cooling/heating rate. The substrates can be fixed
on the substrate holder by silver epoxy (Silver filled Epoxy EE129-4,
Epoxy Technology Inc. Billeria, USA). The substrate holder is placed
in front of the target (parallel) during deposition experiments. The
distance between substrate and target can be adjusted in a range of
3cm to 9cm. The deposition parameters used during the fabrication of
the heterostructures are summarized in table 2.1.

Table 2.1: Investigated materials with deposition conditions used during fabrication
experiments.

Parameters YSZ Ce0O, SrRuO; PZT PMN-PT
Ambient
mbient pressure ) 1 (Ay0,) | 0.016 (05) | 0.13(0y) | 0.1 (0 027 (O)
(mbar)
Deposition
800 800 600 600 585
Temperature (°C)
Ta.rget- Substrate 59 58 49 60 60
distance (mm)
Fluency (J/cm®) 2.1 2.5 2.5 3.5 2.0
Frequency (Hz) 4 4 4 2 4
Spot Size (mm?) 3.35 3.0 1.9 3.0 3.0
Mask (mm?) 98 (7Thole) | 98 (7hole) |  56.5 102 102
Deposition rate 0.023 0.042 0.022 | 0.042 | 0.0253
(nm/pulse)

It is necessary to mention here that substrate temperature,
deposition pressure, target to substrate distance, fluency and repetition
rate are crucial processing parameters which must be carefully
optimized to achieve high quality thin films. It is also necessary to
mention that starting layers (= 6nm) of YSZ films are deposited in
pure argon environment and then growth was continued in pure
oxygen ambient. Deposition experiments were performed by using
YSZ target with 8mole percent Y,Os stabilized in 92mole percent
ZrO,. However PMN-PT target is composed of 67 percent PMN and
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33 percent PT which is the morphotropic phase boundary composition
for bulk PMN-PT ceramics [11].

2.2.3 Epitaxial PMN-PT heterostructures

Epitaxial PMN-PT films reported in this dissertation were
deposited on a variety of single crystal substrates including LaAlOs,
LSAT, NdGaO;, SrTiOs3, DyScOs MgO, YSZ, and silicon. To achieve
an epitaxial growth, the good lattice match of the film with the
underlying layer and/or substrate is a pre-requisite [12]. Material with
perovskite structure such as SrRuOs suits well for epitaxial growth of
PMN-PT films owing to its similar crystal structure and close in-plane
lattice matching. PMN-PT and SrRuO; can grow with cube on cube
epitaxial relation on most of the substrates employed during this work.
The other advantages to use SrRuQOj; as bottom electrode includes
good electrical conductivity, remarkable chemical stability and superb
fatigue resistance. The bulk in-plane lattice parameter of the materials
employed during investigations are given in table 2.2.

Table 2.2: Bulk in-plane lattice constants of the materials (substrates and films)
employed during the studies.

Material apc (R)

LaAlO; 3.79
NdGaOs; 3.86
LSAT 3.87
SrTiO; 3.905
DyScO; 3.95
MgO 4.20
Silicon 543
YSZ 5.14
CeO, 541
SrRuO; 3.93
PMN-PT 4.02
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YSZ was also fabricated as thin films besides single crystal
substrate, however CeO,, STRuO; and PMN-PT are only prepared as
films. It is not suitable to fabricate epitaxial PMN-PT films directly on
silicon owing to the large lattice mismatch. The other processing
difficulty includes interdiffusion and interfacial reactions between
silicon substrate and lead (Pb) from PMN-PT material [13]. To reduce
lattice mismatch and to avoid interfacial reactions YSZ and CeO,
films were employed to achieve epitaxial growth of PMN-PT films on
silicon. A limited number of samples were also deposited on Si coated
with SrTiO; by Molecular Beam Epitaxy [14]. The details of epitaxial
growth of PMN-PT films on silicon substrates will be discussed in
chapter 7.

2.2.4 Devicedesign for analysis

Epitaxial PMN-PT or PZT/PMN-PT bilayer were sandwiched
between SrRuQOj electrodes. These heterostructures were fabricated on
different substrates including buffered silicon. To minimize the risk of
unwanted contaminations, complete heterostructures were prepared
subsequently without breaking the vacuum. The devices in parallel
plate capacitor geometry were patterned by standard photolithography
and argon ion beam etching. The standard photolithography process
involves the following steps.

» Spin coating of the photoresist (OiR 908-17)

» Baking of the photoresist (hardening step)

» Mask alignment and exposure to ultraviolet light

» Developing of the photoresist
During this step, devices with size 200x200um’ were patterned. The
SrRuOs top electrode was etched by argon ion beam. This dry etching
step was performed at 2x10~ mbar in pure argon environment. During
this step, the area which was not protected by photoresist was etched
and vice versa. Finally the photoresist was removed by keeping the
samples in acetone for half an hour. A schematic of the samples
before and after structuring the top electrode is shown in figure 2.2.
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Figure 2.2: Schematic view of the sample before and after pattering of the top
electrode.

Epitaxial PMN-PT thin film heterostructures structured in
parallel plate ferroelectric capacitor geometry were glued on top of
metal plate by silver epoxy (Silver filled Epoxy EE129-4, Epoxy
Technology Inc. Billeria, USA) to perform electrical and
electromechanical investigations. The electrical connection between
bottom electrode and metal plate was established by the same silver
epoxy as shown in figure 2.3. The electrical and piezoelectric studies
were performed by making connection between top electrode and
metal plate (ground). The sample glued by silver epoxy on metal plate
with electrical connections is schematically shown in figure 2.3.

PMN-pT

Electrode
Substrate

Figure 2.3: Schematic view of the sample glued on metal plate with electrical
connections.
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2.3 Characterization Techniques

2.3.1 Structural analysis

X-ray diffraction (XRD) is one of the widely used non-
destructive techniques for the structural characterization of materials.
The structural investigations reported in this dissertation were
performed on high resolution X-rays diffraction (HR-XRD) either by
Bruker D8 Discover or PANalytical X'pert PRO MRD using Cu-ko
radiation source. The XRD technique is based on interference of the
scattered X-rays from the crystal planes according to Bragg’s law
(nA=2dsin). Structural properties of the fabricated heterostructures
were studied by performing 6-26 scans, rocking curves (o-scan), in-
plane scans (¢-scans) and reciprocal space maps of the samples.

0-20 scans also known as out-of-plane measurements are
typically performed diffraction scans. These measurements provide
information only about those planes which are parallel to the substrate
surface. Information like out-of-plane lattice constants (d-spacing),
phases purity, strain (peak shifts) and out-of-plane crystallographic
orientation can be extracted from these scans. However, these
measurements do not provide any information about those planes
which are not oriented parallel to the substrate surface. To obtain the
information about the other planes, one has to perform ¢-scans
commonly known as in-plane measurements. To perform ¢-scans, the
sample is moved in such a way that Bragg conditions are fulfilled for
a specific set of planes. These scans can provide information about the
in-plane alignment of the film with respect to the substrate, in-plane
lattice constants, in-plane strain and in-plane orientations. To
investigate the crystalline quality of the deposition material, rocking
curves (w-scans) are commonly recorded. In this scan, 26 value is
fixed and o is varied to capture the in-plane distribution of diffracted
intensities. Wider distribution means poor crystalline quality.
Reciprocal space maps are very useful and provide variety of
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information about the deposited films such as layer tilt, lattice
relaxation, domain structure, crystalline quality, in and out of plane
lattice constants etc. Lattice parameters reported in this work were
extracted from reciprocal space maps.

2.3.2 Microstructure and morphological studies

The surface quality of the substrate is crucial for epitaxial thin
film fabrication. Thin films with smooth surfaces/interfaces are highly
desirable for multilayer device fabrication. Similarly, the
microstructure of the deposited film has important consequences on
the ferro and piezoelectric properties of ferroelectric oxide thin films.
Considering this, surface morphology and microstructural
investigations of the substrates and deposited films were performed by
atomic force microscope (AFM) and high resolution scanning electron
microscope (HR-SEM).

Atomic force microscopy (AFM) is one of the scanning probe
microscopy techniques that can be used to analyse the surface
properties of the substrates and the thin films. AFM studies reported in
this dissertation were performed on Bruker Icon. This instrument is
capable to analyse topography, conductivity, ferroelectric properties,
piezoelectric properties, elastic properties, thermal properties and
magnetic properties. The images reported in this thesis were acquired
by operating the instrument either in contact mode or tapping mode. In
contact mode operations, the cantilever tip constantly remains in
contact with the sample surface during scanning. This imaging mode
is heavily influenced by frictional forces due to strong tip sample
interactions. This can damage the sample surface or distort the image
data spatially in case of soft samples. Vertical deflection of the
cantilever during scanning provides the dynamic feedback signal
necessary to image the feature height on the sample surface. In
tapping mode operation, the cantilever is oscillated at or near its
resonance frequency. In this mode, forces between cantilever tip and
sample surface cause a change in the initial resonance behavior. A
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phase image can also be created by simultaneously monitoring the
phase shift between drive signal to the cantilever and its response. The
AFM setup is schematically shown in figure 2.4.

Computer

Drive Signal

: el
Sampye

Zz
Stage

Figure 2.4: Simplest schematic view of the Atomic Force Microscope

Scanning electron microscopes (SEM) fall in the category of
electron microscopes because they employ electrons for imaging
instead of light. The scanning electron microscope images reported in
this dissertation were taken by Zeiss Merlin HR-SEM. This instrument
can be operated with an acceleration voltage ranging from 20V to
30kV and have point resolution of 0.9nm in STEM (scanning
tunnelling electron microscope) mode, or 1.2nm in normal SEM mode
working with acceleration voltage of 30kV. This SEM is equipped
with a number of detectors capable of measuring clear topography (SE
& SE-2), compositional and crystal orientation mapping (ASB),
compositional contrast (ESB), elemental analysis (EDX), conductivity
mapping (EBIC) and crystal orientation mapping (EBSD). The
simplest schematic view of the scanning electron microscope is shown
in figure 2.5.

~=
| —



Fabrication and Characterization
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= Anode
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‘ « Magnetic lens
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Sample

Detector
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Figure 2.5: Schematic view of the scanning electron microscope

The electrons are emitted from the source (field emission gun
in this case) and travel through the column that consists of anode,
magnetic lenses and scanning coils placed in vacuum. This beam of
electrons is used to scan the sample by scanning coils. Different kinds
of interactions take place between the electron beam and the sample
generating secondary electrons, back scattered electrons, characteristic
x-rays etc. which are used to acquire the informations of interest. The
interaction between primary electron beam and sample is
schematically shown in figure 2.6.

Primary electron

Beam
Back scattered
electrons
X-Rays / Secondary
electrons

Interaction

Sample Transmitted electrons volume

Figure 2.6: Schematic view of the electron and material interaction used for
imaging in scanning electron microscope.
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2.3.3 Electrical investigations

Polarization hysteresis (P-E) loops corresponding to out of
plane polarization reported in this dissertation were measured by
aixACCT TF Analyzer 3000. These measurements were performed
using triangular wave of amplitude of +150 kV/cm at frequency of
1kHz. The schematic view of the saw-tooth waves and modified
Sawyer Tower circuit used to measure the ferroelectric hysteresis (P-
E) loops is shown in figure 2.7 [15].

Voltage

NN s W’EDI

pulse loop ( A)

Figure 2.7: Schematic view of the saw-tooth wave used for hysteresis loop
measurements (A) and modified Sawyer Tower circuit (B).

The typical result of polarization verses electric field measurements is
a hysteresis curve demonstrating the characteristics of the measured
material. The commonly used nomenclature for the evaluation of the
measured data is described with the help of typical hysteresis curve
shown in figure 2.8.

Polarization

Voltage

Figure 2.8: Schematic view of typical ferroelectric hysteresis curve.
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Where
e P.: Positive remanent polarization
e P,.: Negative remanent polarization
e Vc+: Positive coercive voltage
e Vc-: Negative coercive voltage
® Prax-: Saturation polarization
®  Vpmax: Saturation voltage
e P, Non-switchable polarization
e Py, switchable polarization

To investigate the ferroelectric response stability, polarization
switching behavior (fatigue) tests were performed. Fatigue refers to
the change of the hysteresis loop (P-E) with the number of switching
cycles the ferroelectric capacitor has gone through. The ferroelectric
capacitors were switched multiple times and the influence of the
amplitude and frequency excitation signal on fatigue behavior was
investigated as the number of switching cycles increases. The saw-
tooth wave form excitation signals are usually employed to record the
ferroelectric hysteresis loops whereas the rectangular excitation pulses
are typically employed to achieve highest amount of instantaneous
switching during fatigue treatments. The fatigue treatment process is
schematically illustrated in figure 2.9. This method starts with the
measurement of the initial ferroelectric hysteresis loop followed by
fatigue treatment steps. The fatigue treatment process is interrupted in
regular intervals to record the ferroelectric hysteresis loops in such a
way that a logarithmic plot of data points can be acquired with an
equal spacing. Typically result of the fatigue measurements is a plot
between remanent polarization (extracted from P-E loops recorded in-
between fatigue treatment) versus the logarithm of the total number of
switching cycles.
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Vﬂltﬂge Fatigue treatment Fatigue treatment
Slgnal Slgnal
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VAR

Initial hysteresm Hysteresm
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For hysteresis loop For fatigue treatment
vi: Applied voltage vy. Pulse height
f;: Applied frequency f;. fatigue frequency
t;: Switching time (1/f;) ty: Switching time (1/21;)

Figure 2.9: Schematic view of the fatigue treatment process.

Epitaxial PMN-PT films are sandwiched between metallic
electrodes (SrRuQ;) to form a parallel plate ferroelectric capacitor.
Capacitance of a parallel plate capacitor refers to charge stored in the
ferroelectric capacitor. Capacitance verses electric field (C-E)
measurements reported in this dissertation were performed using a
Keithley 4200 semiconductor characterization system (Keithley
Instruments GmbH, Germany). These measurements were performed
in a frequency range of 10 kHz to 1 MHz by employing a small ac
signal of 4kV/cm. The relation between capacitance and dielectric
constant is given by.

Dielectric Constant: ¢ = % 2.1
0

The correlation between capacitance and dielectric losses (tand) is
given by.

; ; -G
Dielectric loss: tand = p— (2.2)

Where
e ¢ : Permittivity of the material between the
plates/electrodes (PMN-PT)
e (: Capacitance in Farads [F]
e d : PMN-PT film thickness in meters [m]
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&, : Dielectric constant of free space [8.854x10™? F/m]

A : Area of the capacitor in square meters [m’]

G : Conductance in Siemens [S]

f : Frequency in Hertz [Hz]

The leakage current is another important characteristics which
affects the performance of ferroelectric material based devices and
need to be studied. The leakage current investigations (J-E) reported
in this dissertation were performed using a Keithley 4200
semiconductor characterization system (Keithley Instruments GmbH,
Germany).

2.3.4 Electromechanical investigations

The piezoelectric properties of the epitaxial PMN-PT films and
free standing cantilevers reported in this dissertation were measured
with a Polytec MSA-400 Microsystem System Analyzer. This
instrument is a combination of Scanning Laser Doppler Vibrometry,
Stroboscopic Video Microscopy and White Light Interferometry.
Laser Doppler Vibrometer (LDV) is a non-contact based instrument
designed to measure out of plane vibrations [16-17]. The laser beam is
directed towards the surface to be measured. Vibrations in the
piezoelectric material induce changes in vibrational amplitude and
frequency which can be detected through the Doppler shift of the laser
beam. LDV is a Michelson interferometer based instrument that
measures the difference in interference fringes which are caused by
changes in length between the measured laser beam with respect to a
reference laser beam [18]. This instrument can detect deformations
with a resolution of roughly Spm if good vibration filtering and a
frequency higher than 500Hz are employed [19].

The laser doppler vibrometer utilizes a He-Ne laser operating
at wavelength of 632.8nm. It is evident from figure 2.10 that the laser
beam from the source is divided into two beams, one for measurement
and other for reference. The measurement beam, after reflecting from

~
—



Chapter 2

the vibrating sample, reaches the detector where it is combines with
the reference beam to generate interference fringes. From the
interference pattern, vibration frequency and amplitude can be
deduced.

The longitudinal piezoelectric coefficients (ds;3) were derived
from piezoelectric hysteresis loops which were measured by
connecting additional electronics with the LDV [20]. These
measurements were performed by employing dc signal of amplitude
+12 V at 8kHz frequency superimposed with a small ac-signal of 0.5
V. Basic Laser Doppler Vibrometer (LDV) setup is shown in the
figure 2.10.

Reference
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Figure 2.10: Schematic view of basic of Laser Doppler Vibrometer (LDV) setup
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Chapter Overview:

This chapter describes the growth of perovskite phase and (001) orientation
pure epitaxial PMN-PT thin films on SrRuO; electroded SrTiO; substrates.
The effect of fabrication conditions like laser energy density (fluency),
substrate temperature, target to substrate distance and deposition pressure
on phase formation was investigated in detail. Within relatively narrow
processing window to achieve phase and orientation pure films, the effect of
growth conditions on ferroelectric and piezoelectric properties of these
films was studied.

This chapter to be submitted as:
B Optimization of the growth of epitaxial PMN-PT thin films on
(001) SrTiOs substrates.




Chapter 3

3.1 Introduction

Micro-electromechanical ~ systems (MEMS) based on
ferroelectric oxides are among the highest performing devices for the
purpose of sensing and actuation. Lead zirconium titanate (PbZr.
x11xO3 or PZT) is one of the frequently employed piezoelectric
materials for the fabrication of such devices [1-2].

An alternate to PZT are relaxor ferroelectrics like (PMN-PT),
(PZN-PT) etc. which are solid solutions between a relaxor (PMN or
PZN) and a ferroelectric material (PT). Recent developments in
relaxor ferroelectrics yielding giant piezoelectric response compared
to the well-known piezoelectric material PZT have propelled them to
the forefront for sensors and actuators research and development. Park
and Shrout reported ultrahigh strain in [Pb(Mg;3Nby3)Os]67-
(PbTi0O3)33 and [Pb(Zn;;3Nby/3)O03]e1-(PbTiO3)09 bulk single crystals
oriented and poled in the (001) direction. Specifically PMN-PT
(67/33) shows a record high piezo-electric coefficient ds; =
2500 pm/V [3]. In addition these materials exhibit significantly higher
coupling coefficients (ki3 = 0.9) than bulk PZT ceramics. Due to their
superior properties, devices fabricated from these materials may
generate large strains for small applied field or vice versa be sensitive
to very small strain [3-4].

PMN-PT is a crystalline solid solution of a typical relaxor
(PMN) and a classic ferroelectric material (PT). In many ferroelectric
solid solutions, the dielectric and piezoelectric properties are
maximized at the morphotropic phase boundary. This morphotropic
phase boundary occurs at 33 percent of PT in the bulk PMN-PT solid
solution system. Nevertheless thin film boundary conditions like
clamping to the substrate can modify the morphotropic phase
boundary. This behavior is not entirely clear for epitaxial PMN-PT
thin films. Giant piezo response up to 1.7% , an order of magnitude
higher than for bulk PZT ceramics, was observed for (001) oriented
PMN-PT (67/33) single crystal. This ultra-high strain in PMN-PT
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single crystals 1is attributed to electric field induced phase
transformations from the rhombohedral to the tetragonal phase.
Furthermore, the high coupling coefficient (ks3 > 0.9) and low
dielectric losses (<1%) make this material a promising candidate for
the fabrication of new generation sensors and actuators [3].

For many applications, one requires PMN-PT in thin film form
instead of bulk single crystals. This necessity initiated efforts to
synthesize this hyperactive material in thin film form. Epitaxial films
are highly desirable compared to polycrystalline films due to a lower
leakage current and higher piezo response [5-6]. The growth of high
quality epitaxial PMN-PT films is known to be difficult because of the
relatively poor thermodynamic stability of the perovskite phase and
compositional complexity. The prominent, stable pyrochlore phases
like cubic Pb3;NbsO;3, rhombohedral Pb,Nb,O, and tetragonal
Pb;Nb,Og appear during growth. These non-piezoelectric phases cause
degradation of the functional properties of the deposited films [7-8].
Additionally, the properties of PMN-PT films are sensitive to film
stoichiometry and all five elements should be in exact stoichiometry to
achieve good properties. Off stoichiometry not only degrades the film
properties but also can cause the formation of impurity phases
(pyrochlore phases). For instance, epitaxial films are usually deposited
at high substrate temperature which may result into lead loss due to its
high volatility. Lead loss not only promotes higher leakage current but
also can cause the formation of lead deficient pyrochlore phases. It is
noticed that PMN-PT is commonly preferred over PZN-PT, since the
later contains two volatile elements (Zn and Pb) although both exhibit
superior properties compared to the prominent (PZT) ferroelectric
material. Besides the lead stoichiometry, the Mg/Nb ratio is also found
essential to fabricate perovskite phase pure PMN-PT films [9].

A number of methods and approaches has been adopted to
fabricate high quality PMN-PT material. For instance, the columbite
process was developed by S. L. Swartz and T. R. Shrout in 1982 for
the synthesis of bulk PMN-PT ceramics. This process bypasses the
pyrochlore phase formation by facilitating the reaction between MgO
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and NbO prior to the addition of and reaction with PbO [10].
Nonetheless, this method is not useful for thin film growth. Maria and
co-workers were the first who successfully deposited epitaxial PMN-
PT (70/30) thin films, using pulsed laser deposition (PLD) on LaAlO3
substrates. They achieved perovskite phase pure epitaxial PMN-
PT(70/30) films by carefully controlling the fabrication conditions.
[11]. Subsequently S. D. Bu et al. adopted the approach of miscut
SrTiOs (STO) substrates to achieve perovskite phase pure epitaxial
PMN-PT(67/33) films. The high density of steps on the miscut
substrate surface was thought to promote the growth of the perovskite
phase by facilitating the incorporation of volatile PbO into the film.
[12]. Afterward S. H. Baek et al. demonstrated the fabrication of high
quality epitaxial PMN-PT(67/33) films with giant piezo response on
SrTiO; buffered miscut silicon substrates [20]. High quality epitaxial
PMN-PT films have been deposited using metal-organic chemical
vapor deposition, sputtering and pulsed laser deposition [11-14].

From the literature, it is clear that the deposition of high
quality PMN-PT films is very sensitive to the deposition conditions
and only a very narrow process window exists. Further within this
window the piezo and ferroelectric properties of the films are varying
strongly with the exact process conditions. It is therefore important to
establish the process window (which is clearly somewhat specific for
the deposition equipment used) and the (qualitative) relation with the
properties.

In the first section of this chapter we describe the optimization
of the growth of epitaxial PMN-PT thin films on STO substrates by
varying the deposition conditions and find a very narrow process
window for phase-pure growth. In the second part the variation of the
ferroelectric properties within this process window is investigated.
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3.2 Experimental Procedure
3.2.1 Samplesfabrication

For this study (001) oriented STO substrates with B-site
termination were used for their well-defined crystalline surface and
close lattice match to the thin films. The STO substrates were pre-
treated to achieve B-site termination using method developed by
Koster and co-workers [24]. 100nm thick SrRuO; (SRO) thin films
were deposited as top and bottom electrodes, because SRO can grow
uniformly on a TiO, terminated STO substrate with a high crystalline
quality [17]. Secondly the use of oxide electrodes is very beneficial
for the long-term stability of ferroelectric oxides, as compared to
metal electrodes [18,19]. For the ferroelectric the PMN-PT(67/33)
composition was selected because of its giant piezoelectricity in thin
film form on STO-buffered silicon demonstrated in ref.[20]. All films
have been deposited with Pulsed Laser Deposition (PLD) using a KrF
Excimer laser operating at 248nm, using commercial targets on a
heated substrate. The deposition conditions are given in table 3.1.

Table 3.1: Growth conditions of SRO electrodes and PMN-PT films on STO(001)
substrate. (In brackets the initial conditions used prior to the optimization)

Parameters SrRuO5 PMN-PT
Gas Oxygen Oxygen
Pressure p (mbar) 0.130 0.158 - 0.318 (0.278)
Laser fluency F (J/cm®) 2.50 2.0-2.5 (2.5)
Laser repetition rate (Hz) 4 4
Substrate temperature T (°C) 600 550 - 625 (575)
Target-Substrate distance D (cm) 4.90 5.5-6.5 (5.5)
Film thickness t (nm) 100 300

The complete SRO/PMN-PT/SRO heterostructure was
deposited without breaking the vacuum. After deposition the samples
were cooled down to room temperature in a pure, 1 bar oxygen
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atmosphere during one hour (cooling rate = 10°C/minute). The growth
conditions SRO electrode are given in table 3.1. The PMN-PT the
deposition conditions were varied around a set of conditions used for
Pb(Zr; xTix)O3.

3.2.2 Samplescharacterization

Structural properties and epitaxial relationships were
investigated by High Resolution X-Ray Diffraction (Bruker DS
Discover). The lattice parameters were obtained from reciprocal space
maps. The surface morphology and cross-sectional images were
measured with atomic force microscopy (Bruker Icon) and high
resolution scanning electron microscopy (Zeiss Merlin HR-SEM).
Ferroelectric capacitor structures (200x200pm?) were patterned with a
standard photolithography process and structured by argon ion beam
etching. Polarisation-electric field (P-E) hysteresis loops were
measured using a modified Sawyer Tower circuit (AixACCT TF
Analyser 2000) at a scan frequency of 1kHz using a bipolar triangular
pulse with an amplitude of 170 kV/cm. Fatigue measurements were
performed using a rectangular pulse train at a frequency of 10 kHz and
an amplitude of 170 kV/em. The longitudinal piezoelectric
coefficients (dsz3) were obtained with the Polytec MSA-400 Micro
Scanning Laser Doppler Vibrometer. Capacitance versus electric field
vs. capacitance (C-E) curves were measured with a Keithley 4200 at
10kHz frequency.

3.3 Resultsand discussions
3.3.1 Phaseoptimization and structural properties

In the first optimization step the laser fluence was optimized to
achieve uniform ablation of the target material to avoid droplet
formation in the plasma plume, which can be incorporated in the
growing film. No droplet formation was found in the range F = 1.5 —
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2.5 J/em?’, consistent with frequently employed values found in
literature [7,9,11]. Figure 3.1 shows the 0-20 scan of the samples
deposited at a fluence F = 2.0, 2.25 (sample P1) and 2.5 J/cm?,
keeping the other deposition conditions equal to the initial conditions
given in table 3.1.

(A)] |(B)

PMN-PT (101)

SIS B

STO (101)

2.50 Jem®

log Intensity

log Intensity

225 Jiem®

2.0 Jiem®

[ 1

40 45 50 -180 -120

20 25 30 -60 0 60 120 180
¢ (degrees)

35
20 (degrees)

Figure 3.1: Diffraction pattern of epitaxial PMN-PT films deposited with different
laser fluency (a) ¢ scans of the PMN-PT (101) reflection and the STO substrate
(101) reflection of sample P1, showing cube-on-cube epitaxial relation with the
substrate.

The extra diffraction peaks at approximately 34° in the
samples made with a fluence of 2.0 and 2.5 J/cm® are due to the
pyrochlore phase (PbsNb4O,3) , which is caused by a lead deficiency
in the film. For the high fluence case this may be ascribed to re-
evaporation of PbO from the substrate, due to the energetic
bombardment by atoms and ions from the plasma [7]. In the low
fluence case it is assumed that the PbO particles do not have enough
kinetic energy to reach the substrate in sufficient amount. In both
cases the optimum film stoichiometry is lost. The perovskite phase
and (001) orientation pure film P1 was analysed further. The
azimuthal ¢-scan of the PMN-PT (101) reflection of this film shows
in-plane epitaxy with a cube-on-cube epitaxial relation with the STO
substrate. The full width at half maximum (FWHM) of the w-scan of
the PMN-PT (002) reflection is 0.53°, and a broad shoulder of this
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reflection is observed at lower angles in the 6-20 scan. This indicates
that part of the film is in-plane compressively strained, as may be
expected from the lattice mismatch of the film (the literature value of
the pseudo-cubic lattice constant of PMN-PT is apynpr = 4.022 A
[20]) with the substrate (asto = 3.905 A). The main diffraction peak
corresponds to a PMN-PT out-of-plane lattice parameter of ¢ = 4.034
A, whereas the maximum of the shoulder due to the strained layer
corresponds to cs = 4.091 A. From the reciprocal space map the out-
of-plane and in-plane lattice parameters ¢ and a were determined,
from which a c/a ratio equal to 1.0057 and a pseudocubic lattice
parameter (defined as ap. = (ca?)'/3, of 4.024 A were calculated.
Thus the bulk of the film is largely relaxed and has a pseudo-cubic
lattice parameter practically equal to that of the rhombohedral phase
of PMN-PT(67/33) single crystals [20].

Table 3.2: Summary of deposition conditions and structural properties of the
perovskite phase and (001) orientation pure epitaxial PMN-PT films fabricated
during optimization process. The F, D, T, P and t corresponds to fluency, target-
substrate distance, deposition temperature, deposition pressure and film thickness
respectively.

Deposition Structure (PMN-PT)
Sample | F D T P B o FWHM t Roughness
@en?d) | ©em | o) | mbar) | (A) a ©02) | (m) (Ra)nm
Pl 225 | 55 | 575 | 0278 | 4024 | 1.0057 | 053 300 1.80
P2 225 | 55 | 600 | 0278 | 4.026 | 1.0035 | 0.50 300 0.78
P3 225 | 60 | 600 | 0278 | 4.025 | 1.0045 | 048 300 0.78
P4 225 | 60 | 600 | 0238 | 4.027 | 1.0052 | 044 300 055
P5 225 | 60 | 600 | 0.198 | 4.031 | 1.0060 | 0.60 300 0.90

Maintaining the other deposition parameters the same as for
sample P1, the substrate temperature was changed to 550, 600 (sample
P2) and 625 °C. Figure 3.2(a) shows the €-268 scan of these samples.
For T = 550 and 625 °C the pyrochlore phase appears again as well as
a large increase of the shoulder of the (002) reflection, whereas for
T>600 °C also peaks corresponding to PbO show up. The shoulder on
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the (002) reflection and the FWHM of the (002) ®-scan slightly
decrease when the substrate temperature is increased to 600 °C. The

lattice parameters of sample P2 are within the error margins equal to
that of P1 (see table3.2), however the film is slightly PbO enriched.

(A)

log Intensity

~
—

P2 5.5 cm
2 20 25 3.5 4.0 4.5 50
20 (degrees)
PMN-PT  SRO ST ©)
0.318 mbar Strained PMN-PT

0.238 mbar, P4 _4.-«/ /,\ hk )
0.198 mbar < ““”"“/ /N /\]k
P2 \J

0.158 mbar, P1 _,,/ : \\'*wmm

0 45 50 42 43 46 47 48

log Intensity
log Intensity

20 25 30

35 4 44 45
20 (degrees) 20 (degrees)

Figure 3.2: (a) Diffraction pattern of PMN-PT films deposited at different substrate
temperatures T. The other deposition parameters are those of sample P1. (b) Idem
for different target to substrate distances D, with the other parameters equal to those
of P2. (c) Idem for different deposition pressures p, with the other parameters equal
to those of P3. (d) Detail of the diffraction pattern of the PMN-PT (002) reflections
of the samples P1-5 showing the variation in shoulders.

The adjustment of the Pb stoichiometry was accomplished by
changing the target-substrate distance D, which is believed to
influence the scattering chance of the incoming Pb and PbO particles.
Secondly, a larger distance is expected to improve the surface
smoothness, due to a reduction of the energy of the incoming
particles. Figure 3.2(b) shows the @ -26 scans of samples fabricated
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with the conditions of sample P2, but with a target-substrate distance
of 6.0 and 6.5 cm. For D = 6.0cm (sample P3) no PbO reflection is
observed and the scan does not show any sign of any other phase than
pure (001) oriented PMN-PT, whereas for D = 6.5cm strong
pyrochlore phase reflections are present. For P3 there is hardly any
effect on the shoulder of the (002) reflection, compared to sample P2,
and the lattice parameters are nearly equal to that of P1 and P2.
However, no improvement in surface roughness is observed and is
similar to P3 below 1 nm (See table 3.2). It is important to note that
roughness reported in table 3.2 is the roughness of the PMN-PT film
without top electrode. The deposition of StRuO; top electrode further
smoothen the surface and decrease the surface roughness.

The deposition pressure has also an important effect on the
crystal structure when growing films at high substrate temperature.
For example Catalan et al. reported the influence of oxygen partial
pressure on the electromechanical properties for PLD deposited PMN
films [27-28]. Using the deposition conditions of sample P3, the
deposition pressure was varied in the range p = 0.158-0.318 mbar. For
low pressure p = 0.158 mbar both the pyrochlore and the PbO phase
are present in the XRD scans (fig. 3.2c), whereas for the highest
pressure the pyrochlore phase is observed. In the narrow intermediate
pressure range p = 0.198-0.278 mbar no spurious phases are observed
and smooth films are obtained. The lowest FWHM (002) = 0.44° was
obtained for p = 0.238 mbar (sample P4).

In conclusion of this section: phase pure, (001) oriented,
smooth, 300nm thick PMN-PT films were obtained in a narrow
window of deposition conditions, p = 0.198 - 0.278mbar, T = 575 -
600°C, F =2.25 J/em®, D = 5.5 - 6.0cm.

3.3.2 Ferroelectric and piezoelectric properties
For all samples that showed no spurious crystal phases the

polarisation loops of capacitor devices were measured. Figure 3.3(a)
shows the loops of the devices (P1 — P5). All loops show the
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characteristic slanting of relaxor type films. A second common feature
is the shift of all loops due to a positive field bias. As a characteristic
polarization parameter we use the average out-of plane component of
the spontaneous polarizations |Ps;| estimated from the extrapolated
value Pe(Eg) of the tangents at the loop at the applied field strength
E=(#120+Eg) kV/cm of the decreasing (increasing) section of the
loop, where the switching is nearly complete and above (below) which
the loops become approximately linearly depending on the field. This
parameter is a measure for the fraction of the spontaneous polarization
that is not affected by screening or strain induced rotation of the
polarization vector away from the [<111>] easy axes of a (001)
oriented, unstrained single crystal.
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Figure 3.3: (a) polarization hysteresis loops of the samples P1-5; (b) Coercive field
and (c) self-bias field during aging.

Figure 3.4 shows Pe as function of deposition pressure p.
There is a shallow maximum for p=0.238 mbar. The investigated
changes of the fluence or substrate target distance at p=0.278 mbar
result in a lower polarization value. The maximum value of 0.29
C/em® of P4, is close to the value expected for the out-of-plane
component of the spontaneous polarization directed along the body
diagonal of the rhombohedral distorted pseudocubic lattice of single
crystal PMN-PT, Py; = P,/v/3=0.32 C/m”. The lower values for the
other samples are ascribed to increased screening by charged defects,
for example in grain boundaries, or by more rotation of the
polarization vector towards the film plane due to strain. The latter
seems less likely, considering the observation that for all films the
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lattice is slightly tetragonal, with the long axis in the out-of-plane
direction, which would give an increased Ps instead of a decreased
value. Therefore we believe that the differences are mainly due to
differences in screening and thus to the defect concentration. The
polarization vector in a relaxor material can easily rotate under
influence of external influences, hence the presence of for example
charged grain boundaries is expected to have a significant reducing
effect on the measured polarization value. To estimate the relative
effect of the different deposition parameters on the polarization value
P(0) in the regime in which smooth, phase pure films are obtained, the
normalized parameter sensitivities Sare estimated as,

AP. 3 APs3 APS3
Sp = (Pav 32) St = (Tay 32 Sp = (Dgyp 252
14 Pav 80 Jerp T W ar )y e D @ ap )y pr’

AP
S — (F S3
F av afp

>p.T,D

Here the average and the gradient are taken over the maximum
differences of the measured P(0) values of the dataset P1-5, for which
the other deposition conditions are (nearly) constant. We find $,=0.34,
S=1.76, S=1.16, S=0.50 ( (C/mz)/%change ), hence change in the
substrate temperature has the largest relative effect on Pg, followed by
the variation of the target-substrate distance. The system is least
sensitive to pressure variations, as long as one is in the (narrow) range
of deposition conditions that allows phase-pure growth of smooth
films. The number of samples is limited and the above numbers
therefore are only qualitative indications of the sensitivities relative to
each other. However we think that the observed trends are systematic
and are related to small changes in the crystal structure, and especially
in the quality of the grain boundaries.
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Figure 3.4: Pg of 300nm thick PMN-PT films on STO, as function of deposition
pressure (p), varying target-substrate distance (D), substrate temperature (T) and
fluence (F).

This extreme sensitivity is also reflected in the large variation
of the zero-field relative dielectric constant with a factor 2, between
975 and 1806 (these values are close to the maximum values at E=Esb
for the samples P1-5, although the high field values drop off to the
range 400-500 at E=200kV/cm for all samples. On the other hand the
maximum effective piezoelectric constant dz;.¢ hardly depends on
the deposition conditions and varies between 46 and 54 pm/V, but the
loops are field-shifted with a magnitude approximately equal to that of
the PE-loops.

In figure 3.3b and 3.3c the average coercive field E, =
(Ef —E7)/2 and the self-bias field Eg, = (E} + EZ)/2 are shown
as function of the number of fatigue cycles. Apart from sample P1,
which shows a steady increase of E. with cycling, indicative for an
increase of the domain wall pinning, thus probably of the (charged)
defect density, all other films are very stable up to the maximum
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number of cycles. In reference [33] the self-bias in PMN-PT capacitor
devices grown on 25nm thick PZT seed layers of different
compositions was discussed. There it was shown that the observed
very large self-bias (up to 101 kV/ecm) could be related to a strain
gradient layer in the PZT seed layer. In the case of the 200nm thick
PMN-PT film without PZT seed layer (SO) discussed in that reference,
it was argued that the effect of the strain gradient in the PMN-PT layer
was largely cancelled by the incorporation of free charge. The data
suggested that this free charge was introduced in the film immediately
after deposition in the case of SO, whereas for the devices with PZT
seed layer it was slowly incorporated during cycling, resulting in a
decreasing self-bias. Here we see that Eg, and E. of sample P1,2,3 and
P5 are somewhat changing with cycling, which is interpreted as being
due to a change of the mobile charge distribution in the (grain
boundaries) of the film. It is noted that the polarization values hardly
change upon cycling, except for a shift of the loop due to a changing
self-bias field, and changing/opening of the hysteresis loops, due to a
changing coercive field. Sample P4 is the most stable upon cycling.
This is also the sample with the highest polarization value Pss, close to
that expected for a single crystal film, without screening by charged
grain boundaries. These findings suggest that the deposition
conditions for P4 are close to the best that can be achieved with the
PLD system used.

The ferroelectric, dielectric and piezoelectric properties of the
samples P1 — P5 are summarized in table 3.3. The difference in
dielectrics constants (max and @0V) is due to self-bias which reduces
the relative permittivity at zero volt by shifting the electric field verses
relative dielectric constant curves. Similarly the difference in
longitudinal piezoelectric coefficient (max and average) is due to self-
bias which enhances the response in preferential direction.
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Table 3.3: Summary of the ferroelectric, dielectric and piezoelectric properties of
perovskite phase and (001) orientation pure sample (P1-P5) deposited during phase
optimization steps.

Polarization Dielectric Constant daserr
Sample Pg Eg |Ec| Er Er ds3 efr. d3etr
(C/m?) | (kV/em) | kV/em (max) @ov (max) (av.)
P1 0.11 8.6 13.6 886 975 51 49
P2 0.19 8.3 18.0 1399 1341 57 53
P3 0.27 94 15.3 1917 1806 55 49
P4 0.29 4.7 17.4 1529 1483 47 46
P5 0.23 4.0 16.1 1622 1587 46 45

3.3.3 Surface morphology and microstructure

Surface morphology and microstructure of epitaxial PMN-PT
film at optimum deposition condition on SrRuO; electroded and TiO,
B-site terminated SrTiOs substrate is shown in figure 3.5.

0 um 1 2 3 4

Figure 3.5: AFM image showing surface morphology of the PMN-PT film (left).
HRSEM crossectional image of sandwiched PMN-PT film (dark) between SrRuO;
electrodes (right).

It is important to mention here that AFM image (left) is
without top electrode showing the morphology of the PMN-PT film.
The surface roughness (Ra, av.) is 0.78 nm demonstrating very
smooth growth of PMN-PT film on SrRuOj; bottom electrode. The
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HRSEM image (left) showing dense microstructure of the PMN-PT
film.

3.4 Conclusions

The growth of PMN-PT 300nm thick thin films by pulsed laser
deposition on a STO(001) substrate with SRO electrodes was
optimized with respect to phase purity and smoothness of the film, by
varying the deposition conditions, the substrate temperature, laser
fluence, oxygen background gas pressure and substrate-target
distance. A narrow parameter regime was found in which phase pure
and smooth films were obtained. The properties of the polarization
hysteresis loop of devices made with growth conditions in this regime
were investigated. In the optimized parameter regime the polarization
value is most sensitive to variations in the substrate temperature, then
to substrate-target distance and much less to fluence and least to gas
pressure. The highest polarization value at the self-bias field,
extrapolated from the loop at high fields, corresponds well to the value
expected for rhombohedrally distorted pseudocubic lattice of PMN-
PT, with a <111> easy axis.

The variation of the coercive field, and the self-bias field
during cycling is small (approximately 0.5 kV/cm) , except for the
sample P1 for which both substrate temperature and substrate-target
distance are both not optimal and the variation is of the order of 2-3
kV/em.

The PMN-PT film discussed in this chapter are inferior in
terms of crystallinity compared to bulk PMN-PT single crystals. The
crystallinity of these film can be improved using buffer layer having
superior in-paln lattice matching with PMN-PT film. One of the
suitable candidate for this purpose is PZT which have superior in-
plane lattice matching with PMN-PT compared to SRO-PMN-PT
layer stack. The deposition of PZT (50/50) buffer layer in-between
SRO-PMN-PT film expected to improve crystallinity for PMN-PT
films.
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PMN-PT filmson PZT
Interfacial layer

Chapter Overview:

Perovskite phase and (001) orientation pure epitaxial PMN-PT
(67/33) films are fabricated on a wide range of Pb(Zr_Tix)O3
interfacial layer compositions (x = 0.2 - 0.8). PMN-PT/PZT bilayer
stacks are prepared on SrRuO; electroded and TiO, (B-site)
terminated SrTiO; substrates. The effect of PZT interfacial layer
composition on structural, ferroelectric and piezoelectric properties of
PMN-PT films was investigated in detail. The deposited films are
highly crystalline, as is indicated by rocking curve measurements
performed on these samples. Devices fabricated using these
heterostructures show a giant self-bias field whose magnitude
depends upon the PZT interfacial layer composition. The dielectric
and piezoelectric properties of these devices also influenced by PZT
interfacial layer composition.

Part of this chapter is published as
H M. Boota, E. P. Houwman, M. Dekkers, M. Nguyen and G. Rijnders, Appl.
Phys. Lett., 104 (2014) 182909.
B Dielectric and piezoelectric properties of epitaxial PMN-PT films
controlled by PZT interfacial layer composition (To be submitted)




Chapter 4

4.1 Introduction

In the previous chapter, the growth of perovskite phase and
(001) orientation pure epitaxial PMN-PT (67/33) films is
demonstrated on SrTiO; substrates using SrRuO; symmetric
electrodes. However, the crystalline quality of the PMN-PT films
reported to date, including the PMN-PT films reported in chapter 3 is
inferior compared to the bulk PMN-PT single crystals [1-5]. Maria
and co-workers studied the growth of epitaxial PMN-PT (70/30) films
and observed the broadening of the processing window with superior
lattice mismatch. Superior lattice matching was also found to be
helpful to stabilize the pure perovskite phase [3]. It is well-known that
the crystallinity of a film can be improved by reducing the lattice
mismatch between the film and substrate. Zhu et al. reported the
growth of polycrystalline PMN-PT films using a PZT interfacial layer
on a silicon substrate. The use of PZT interfacial layer was found to be
helpful to stabilize the perovskite phase [1].

The bulk lattice parameters of the PMN-PT, PZT, SrRuO; and
SrTiO; are summarized in table 4.1. From this table, it can be noted
that the crystal lattice mismatch between PMN-PT and SrRuOs;
bottom electrode can be reduced using a PZT layer between the two.

Epitaxial PMN-PT film can be deposited on a range of Pb(Zr ;.
x11x)O3 interfacial layer compositions (x = 0.2 — 0.8) and the effect of
superior lattice matching together with crystal lattice strain (strain
imposed by the difference of lattice parameters) on the structure,
ferroelectric and piezoelectric properties of epitaxial PMN-PT thin
films can be investigated. It is essential to mention here that PZT films
deposited on SrRuO; electroded SrTiO; substrates are under
compressive strain. Compressive strain reduces in-plane lattice
parameters of PZT interfacial layer compared to the bulk values. From
the table 4.1, we anticipate that PMN-PT films are close in-plane
lattice matching with PZT (50/50) interfacial layer composition.
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Table 4.1: Bulk lattice parameters of PMN-PT, PZT, SrRuO; and SrTiO;. The “pc”
and “ICDD” refer to pseudocubic and international centre for diffraction data

(ICDD) respectively.
Material a(A) c(A) Reference
PMN-PT (67/33) (4.022), (4.022),, 5]
PZT (20/30) 3.948 4151 [6]
PZT (30/70) 3.975 4154 6]
PZT (40/60) 4.001 4157 6]
PZT (50/50) 4.028 4.16 [6]
PZT (60/40) 4.087 x 6]
PZT (80/20) 4129 x 6]
SrRuO; 3.954 3.954 01-087-1243 (ICCD)
SrTiO; 3.905 3.905 00-005-0634 (ICCD)

In this chapter, we present experimental study of high
crystalline quality epitaxial PMN-PT (67/33) thin films deposited
using PZT interfacial layers of varying composition. Tetragonal
compositions introduces a large build-in self-bias field, that is
remarkably stable on prolonged cycling. The self-bias field can be
tuned by the PZT composition. Such a tunable self-bias may be of
great importance for devices like energy harvesters, which are
operated at zero bias. By tuning the self-bias one can optimize
operation point and potentially the device performance.

4.2 Experimental Procedure
4.2.1 Samplesfabrication

Capacitor stacks of a 100nm SrRuO; (SRO) base electrode,
25nm thick PbZr TixO3 (PZTx), buffer layer, 200nm PMN-PT, and a
100nm thick SRO top electrode were grown on TiO, terminated low
miscut (001) oriented STO substrates, using the substrate treatment
described by Koster and co-workers [7]. The deposited layers stacks
are SRO/PMN-PT/SRO denoted as SO, SRO/PZT(20/80)/PMN-
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PT/SRO-S1, SRO/PZT(30/70)/PMN-PT/SRO-S2,
SRO/PZT(40/60)/PMN-PT/SRO-S3, SRO/PZT(50/50)/PMN-
PT/SRO-54, SRO/PZT(58/42)/PMN-PT/SRO-S5 and

SRO/PZT(80:20)/PMN-PT/SRO-S6 respectively. All layers are
subsequently deposited by Pulsed Laser Deposition (PLD) using a
KrF Excimer laser (248nm) without breaking the vacuum. The PMN-
PT films were deposited at a substrate temperature of 600°C, at an
pure oxygen pressure of 0.28 mbar, a target-substrate distance of 6 cm
and at a laser fluence of 2.25 J/em® at 4 Hz repetition rate. The
deposition conditions of the PZT buffer layers are similar except for
the oxygen pressure (0.10 mbar). The deposition conditions of the
SRO electrodes are reported in chapter 2. The layer stack is cooled
down from deposition temperature to room temperature in a 1 bar pure
oxygen atmosphere using cooling rate of 10°C/minute.

4.2.2 Samples Characterization

Structural properties and epitaxial relationships were
investigated by High Resolution-X-Ray Diffraction (Bruker D8
Discover). The lattice parameters were obtained from reciprocal space
maps. Ferroelectric capacitor structures (200x200um?) are defined by
photolithography, Ar ion beam etching and wet etching. Polarisation-
electric field (P-E) hysteresis loops were measured using a modified
Sawyer Tower circuit (AiXACCT TF Analyser 2000) at a scan
frequency of 1kHz using a bipolar triangular pulse with an amplitude
of 10V. Fatigue measurements were performed using a rectangular
pulse train at a frequency of 10 kHz and an amplitude of 10V. The
longitudinal piezoelectric coefficients (ds3) were obtained from dj3
loops recorded with the Polytec MSA-400 Micro Scanning Laser
Doppler Vibrometer. Capacitance versus electric field vs. capacitance
(C-E) loops were measured with a Suss MicroTech PM300 probe
station equipped with a Keithley 4200 at 10kHz frequency.
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4.3 Resultsand discussions
4.3.1 Structural properties

The 6-26 spectra of the PMN-PT film stacks with PZT (50/50)
interfacial layer and without PZT interfacial layer are shown in figure
4.1(a). Rocking curve measurements were also performed on both
samples and are shown in the inset of the figure 4.1(a). The rocking
curves corresponding to PMN-PT films deposited using PZT(50/50)
interfacial layer exhibit full width at half maximum (FWHM) 0.05°
and without interfacial layer 0.52°. This analysis distinguishly
demonstrates significant improvement in the crystalline quality of the
PMN-PT films deposited using PZT interfacial layer. The narrowness
of the rocking curves of PMN-PT films distinguishably demonstrates
the high degree of oriented growth and excellent crystallinity. The
improvement in crystallinity is due to superior in-plane lattice
matching of PMN-PT film with PZT layer underneath compared to
SrRuO; bottom electrode. The azimuthal ¢-scan (figure 4.1b) of the
PMN-PT (101) reflection shows in-plane epitaxy with a cube-on-cube
epitaxial relation with the SrTiOs substrate.

—Fem:cae o0 (A) PMN-PT (101) (B)
£ 2 |
: 1
- 34 @ "
£ 20 21 22 23 24 25 =3 [ e
g, (@ (degrees) ;
= N s o || sTO (101)

S0 J

20 25 30 35 40 45 50 186 -124 62 O 62 124 186
20 (degrees) (degrees)

Figure 4.1: Diffraction pattern of epitaxial PMN-PT films deposited with and
without PZT interfacial layer with insect showing rocking curves for both samples
(a) ¢ scans of the PMN-PT (101) reflection and the STO substrate of sample S4
showing the cube-on-cube epitaxial relation with the substrate (b).
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The 0-20 spectra of the PMN-PT films deposited on wide
range of PZT interfacial layer compositions and without PZT
interfacial layer are shown in figure 4.2. The reflections from the
substrate, electrodes, PZT interfacial layer and PMN-PT peaks are
indicated.

The PMN-PT reflections can all be attributed to (001) growth
orientation only, for all samples. In the full range spectrum no extra
peaks representing secondary phases (pyrochlore phase) or
orientations are detected. Azimuthal ¢-scans of these PMN-PT films
show in-plane epitaxy with a cube on cube relation with the substrate.
Rocking scans of the PMN-PT reflections have a full width at half
maximum of 0.05-0.21° for the films with PZT buffer layer and 0.52°
for the PMN-PT film deposited directly on the SRO bottom electrode.
The narrowness of these peaks demonstrates the high degree of
oriented growth and good crystallinity of these films. In conclusion
the XRD investigations show that the deposited films are perovskite
phase and orientation pure as well as epitaxial within the detection
limit of the instrument.

From figure 4.2 it is seen that the PMN-PT reflection in most
cases are slightly shifted from the angle expected for rhombohedral,
unstrained PMN-PT. The broad shoulder at lower angles causing the
asymmetric PMN-PT reflection for samples with PZT(x>0.6) and for
sample SO, without PZT, indicates compressive strain relaxation from
the in-plane lattice constant of the underlying layer to that of the bulk
value of PMN-PT. This is also reflected in the reduced height of the
PMN-PT peak relative to the substrate peak for these samples,
indicating that part of the signal is shifted to lower reflection angles.
For buffer layers PZT(x<0.6) there is a small in-plane tensile strain in
the PMN-PT layer and thus a marginally decreased out-of-plane
lattice parameter. From the RSMs we have determined the in-plane
and out-of plane lattice parameters and find marginal tetragonal
distortion of the bulk of the layer in the out-of-plane direction,
depending on the PZT layer underneath.
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Figure 4.2: X-ray diffraction spectra of 200nm PMN-PT ferroelectric capacitors on
STO substrates with 100nm SRO electrodes without (sample S0) and with (S1-S6)
25nm PZT buffer layers with varying compositions. The bars indicate the positions
of reflection peaks of unstrained PZT and PMN-PT films. The square denotes the
position of PZT and PMN-PT strained fully to the substrate [Figure attained from
ref. 8].

The 26 angles of the bulk, unstrained lattice parameters are
denoted in the spectra of figure 4.2. For PZT(x<0.5) a single PZT
reflection (intensity 11(X) ) is observed, whereas for the tetragonal
compositions a second, weaker peak ( 12(X) ) appears with a larger out-
of-plane lattice constant. For the tetragonal compositions there is no
signature of domains with the long axis in plane (a domains), which
would show up near the angles indicated by 8etr pzT, unstrained- The main
out-of-plane reflections for x=0.7 and 0.8 correspond well with an
unstrained long-axis value of the unit cell (Cier pzT unstrained). The second
lower intensity peak corresponds to strong in-plane compression with
an in-plane lattice parameter of about 3.95 A, approaching that of the
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STO substrate (3.905 A). (If the PZT were fully strained to the
substrate, the out-of-plane reflection would appear at the positions
denoted by Cpzr strained to sT0-) The broad plateau in between the peaks
(x=0.7 and 0.8) and the wide shoulder (for x=0.6) at the low angle
side of the main PZT reflection of the tetragonal composition films is
attributed to a gradual strain relaxation from the highly strained layer
to the bulk of the film. From the measured (integrated) intensities,
knowing the total thickness of the PZT layer (25nm), the thickness of
the highly strained layers are estimated as 5 nm and 10 nm for x=0.8
and 0.7 respectively.

For x=0.6 and 0.5 the out-of-plane lattice parameters are
clearly reduced form the expected value, indicating tensile strain. For
the rhombohedral PZT compositions the unit cell is slightly
compressively strained. The c/a ratio obtained from the XRD data as
function of the PZT-composition is depicted in figure 4.3 (a), together
with the values for bulk PZT as obtained from the description of the
PZT-series by Rosetti et al. [6]. In figure 4.3(b) the unit cell volumes
(Mue) are given, showing constant V¢ for all buffer layers. The data
points corresponding to the reflections | on the other hand correspond
to an extremely large compressive strain (large (c/a) and slightly
enhanced V.

For x=0.6 and 0.5 the out-of-plane lattice parameters are
clearly reduced form the expected value, indicating tensile strain. For
the rhombohedral PZT compositions the unit cell is slightly
compressively strained. The c/a ratio obtained from the XRD data as
function of the PZT-composition is depicted in figure 4.3(a), together
with the values for bulk PZT as obtained from the description of the
PZT-series by Rosetti et al. [6]. In figure 4.3(b) the unit cell volumes
(Vuc) are given, showing constant V,c for all buffer layers. The data
points corresponding to the reflections I, on the other hand correspond
to an extremely large compressive strain (large (c/a) and slightly
enhanced V..

The XRD analysis indicates that the PZT layers with
rhombohedral compositions and the main part of the tetragonal PZT
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films are slightly strained. The tetragonal films with large bulk c/a
ratio show a relaxing strain gradient with maximum strain at the base
electrode/PZT interface, relaxing into the film. Strain relaxation
occurs by the incorporation of lattice defect, which is generally
accompanied by defect charges. Further, the high strain and an
increased defect density increases the PZT unit cell volume.

1.10 74
O relaxed PZT a)| b)
O strained PZT
1084 ® relaxed PMN-PT + m relaxed PMN-PT {72
® strained PMN-PT O relaxed PZT
bulk PZT O strained PZT
1064 bulk PMN-PT — bulk PZT 170
e MPB-region + ————— bulk PMN-PT
[ of PZT, <
3 1.04 // 1o
K + / E
>
1.02 4 - 66
I [ TR B g BN g
o ]
[]
1.00 e 64
] n ¥
S0 S6 S5 S84 S3 S2 o1
0.98 T T T T T T T T T T 62
0.0 0.2 04 0.6 0.8 0.0 02 04 0.6 0.8 1.0

XTi

Figure 4.3: Measured ratio of the out-of-plane and in-plane lattice parameters (c/a
ratio) of the largely relaxed bulk, respectively, strained fractions of the PZT and
PMN films in the PZT/PMN-PT ferroelectric capacitors. The curve is according to
the model of ref. [6]. The hatched region denotes the region arround the
Morphotropin Phase Boundary (a) Measured unit cell volume of the largely relaxed
bulk, respectively strained fractions of the PZT and PMN-PT films (b) [Figure
attained from ref. 8].

4.3.2 Ferroelectric properties and aging behaviour

The polarization hysteresis loops were measured and for the
analysis below the self-bias field Eg, = (E} + EZ)/2, the coercive
field E. 4, = (Ef —EZ)/2 and the saturation polarization field were
determined. The latter is defined here as the cut-off of the high-field
tangent with the E = E, axis. In figure 4.4 (b) the self-bias field and
the coercive field are shown as function of the PZT-composition of
the buffer layer. The devices with large E¢ correspond to those with a
large strain relaxation layer at the base-electrode/ferroelectric
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interface, both in the devices with (S1 and S2) and without PZT-buffer
layer (S0O). The devices with predominantly constant (small) strain in
the PZT and PMN-PT layers (S3 to S6) have negligible self-bias. The
coercive field shows a similar trend.

45
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Figure 4.4: Polarization hysteresis loops before cycling indicating PZT interfacial
layer composition dependent self-bias (a) Measured self-bias field Eg, and coercive
field E, (before aging) of PZT/PMN-PT ferro-electric capacitors. The data point at
x1;=0 corresponds to the device without PZT bufferlayer. The lines are guides to the
eye (b). [Figure adopted from ref. 8]

In figure 4.5(a) Eg is shown as function of the number of
aging cycles (cycling through the complete PE-loop up to +/- 500
kV/cm) for the devices S0, S1, S2 and S5. The devices SO and S3-6,
are very stable up to the maximum number of cycles, 10 implying
that the charge density profile in the device is very stable upon
cycling. For S1 as well as S2 the self-bias and coercive field both
decrease monotonically upon cycling and stabilize after about 10’-10°
cycles, which indicates a new, stable charge configuration has been
established. We expect that the main reason is that compensating
charges enter the film and reduce the charge density. We think that the
coercive field values of the devices S1 and S2 are strongly linked to
the (charged) defect density through domain wall pinning and that
therefore E; of these devices also decreases with decreasing charge

~=
| —



PMN-PT films on PZT interfacial layer

density. For E.<2.5 MV/m another pinning mechanism is dominant,
that is apparently not linked to the charge density.

7x10°
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Figure 4.5: Self-bias field Esb as function of number of cycling(up to +/- 5x10’
V/m) (a) and coercive field E. as function of number of cycling through the
hysteresis loop (up to +/- 5x10” V/m) (b) [Figure adopted from ref. 8].

In spite of many theoretical and experimental work on possible
causes of field bias in ferroelectric capacitors the physical mechanism
behind the built-in fields are often hard to identify, since many
extrinsic (such as asymmetric electrodes; inhomogeneous oxygen
distribution; charged defect layers; ‘dead’ dielectric layers near the
electrodes) and intrinsic factors (bi- or multilayer structures or
compositionally graded structures causing inhomogeneous strain and
polarization gradients) may play a role. In the devices SO, S1 and S2
we identified compressively strained layers next to the base electrode,
of which the thicknesses were estimated. In such a layer the strain is
relaxed by dislocations, which can be accompanied by charged
defects. This charged layer may be the (extrinsic) mechanism behind
the field bias. On the other hand the strain gradient can also give rise
to an internal field. This is then considered an internal cause.
Assuming that the self-bias is due to a homogeneous charge
distribution p(X) due to dislocations in the strain relaxation layer with
thickness a, we calculate the field in the dielectric by applying Gauss
law to a Gaussian pillbox around the charged layer in the capacitor
with grounded electrodes as

~
—



Chapter 4

pap Ay __,
L >
. £o&p 2L Cx X =
S 1+ e 0<x< @
£0&p \2L a, Cx X<

Here, ¢, is the dielectric constant of the background dielectric,
which is assumed to be constant over the total stack thickness L and is
of the order of 10 [9]. The space charge layer thickness a,, is a fraction
of the PZT layer and is estimated from the integrated XRD intensity
ratio to be 5 and 10nm respectively for S1 and S2 and 16 nm for SO.
Since a, is small compared to the total thickness of the stack the

observed self-bias field is largely due to the constant field for x>a,,.

The space charge density is estimated from the measured self-bias
field of the order of p=1.6x10" C/m’ or 6.4x107 [e|/unit cell for the
sample S1 with the largest bias field, Eg,=101 kV/cm, is found. This
corresponds to a positive charge of one |e| in each cube of 5.4x5.4x5.4
unit cells, thus a fairly low defect density, consistent with defects
concentrated at grain boundaries and defect planes, that create the
necessary stress relaxation.

In this picture the very small self-bias fields for S3-6 (|Eg| <
10°® V/m ) are ascribed to a very thin, lightly charged layer, or ‘dead’
(passive) dielectric layer adjacent to the electrodes and/or dielectric
grain boundaries [9].

Upon continuous cycling the self-bias and the coercive field
decreases. This can be interpreted as being due to compensation of the
positive charges in the strained layer by electrons injected from the
electrode in an irreversible process.

The observed strain gradient in the devices with large self-bias
suggests a second possible cause, the flexoelectric effect. This
mechanism was introduced by Abe et al. [10] and later well explained
by Tagantsev and Gerra [9]. Due to the strain gradient in the stress
relaxation layer at the bottom electrode a large effective electrical
field E.¢ can be created in this layer (with thickness d) through the
flexoelectric effect
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Eeit = E3 = 11 + 2¢126— (2)

a5, as,
0x3 X3

Here ¢;; are the strain gradient — electric field coupling
coefficients. In our case we also have taken into account the gradient
in the out-of-plane lattice parameter, which effect is not considered in
literature. For the tetragonal films considered here the out-of-plane
gradient term can be estimated as
0S5/0x3 = AS;/d =(c(d) — c(0))/a.d, where ¢(0) is the
(measured) ¢ —axis length of the strained layer and c(d) of the
unstrained PZT. The upper limit of the in-plane gradient term is
0S1/0x3 = AS;/d = (a(d) — a(0))/a.d, where a is the measured
in-plane lattice parameter. The values of the flexoelectric tensor
components have been estimated as |¢ij| = e/4meya;, with e the
electron charge and a; a typical lattice parameter of the order of a..
|¢i j| /a; = E4; is the so called typical atomic electric field, equal to
about 100MV/cm for perovskites. Further it seems reasonable to
assume that ¢;, has a sign opposite to that of ¢;,. The resulting
estimate of the absolute value of the effective field in the strained
layer is |Ecfe| = |Eq¢(AS3 — 2AS;)(ac/d)|.

The effective field can be so large that the thin layer can
become non-switchable for all applied external field values, so that a
fixed polarization Py is present in the non-switchable layer, that
corresponds to the value of the effective field. This polarization is
directed away from the bottom electrode. Further, at the interface of
the non-switchable layer and the switchable layer a free charge layer
with charge density ¢ may be present. The self-bias voltage V, (or
(apparent) self-bias field Eg, =V,,/h , where h is the total
ferroelectric stack thickness which is contrast with ref. 9. In our
configuration the bottom electrode is grounded, therefore the signs of
all voltages are inverted)

st -
Sogf,str

(Py + 0) + dEg 3)
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&g and d are the relative dielectric constant and thickness of
the strained layer. We have observed that over time Vg, changes with
cycling and reaches a new stable value. Assuming that in the initial
state the free interface charge density is (negligible) small, one has
initially a large self-bias voltage, V¥ = dPy,/ Eo&f str T AEr. After
long cycling free charge builds up at the interface and compensates
the field in the strained layer, reaching a value 0 = —&y&f 54y Ecsr, S0

that the final self-bias voltage is ngin = dPy/&o&f str-

From the measured self-bias voltages and strained layer
thickness, we estimate E.=1.7x10® V/m for S1. This is only a factor 3
larger than the value estimated above from the flexoelectric effect.
Assuming the value of Py to be equal to the spontaneous polarization
Ps<=0.70 C/m” of bulk material, one obtains & str=274 and the free
interface charge density is then -0.40 C/m” This suggests that the
permittivity of the strain-gradient layer is significantly enhanced over
that of the bulk value (&5 ;=86 for x=0.8). This may be ascribed to
the fact that the layer is not only subjected to a strain gradient but also
to a very large strain, considering that the c/a ratio reaches a value of
approximately 1.09 in this layer. In fact this will also cause an
increase of Py.

The large self-bias voltage of S2 and its cycling dependence
can be explained in the same way. SO does not show any cycling
dependence of Esb, suggesting that the displacement of free charges
does not take place. The self-bias voltage is low compared to the
initial Vg values in S1 and S2. The lowest value that can be obtained
i1s when the effective field is fully compensated by trapped free charge
from the very first fatigue cycle onwards, thus Vg, = dPy/€o&f str. In
this case the polarization is directed approximately in the body
diagnonal of the rhombohedrally distorted pseudocubic lattice of

PMN-PT, hence Py =~ P;/v/3 = 0.32 C/m’>. With this value one
obtains &, =1240, which enhanced by a factor 2 with respect to the
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literature value 680 for poled PMN-PT [12]. From this argument one
has to conclude that already during cool down after fabrication of the
SO device free charge is trapped in the PMN-PT that compensates the
effective field.

The samples S3-6 do not show any significant self-bias nor any
significant strain gradient in the PZT and the PMN-PT layer. This is
taken as a strong indication that the strain gradient is the dominating
mechanism behind the large self-biases in the devices S0-2.

The observation that the very thin tetragonal PZT layers (S1-2)
grow in a single c-domain phase with the long axis out-of -plane is in
accordance with the model of Pertsev et al. [13] for strained, single
domain PZT thin films. In this model there is a transition to the
(thombohedral) r-phase for &gy, and d are the relative dielectric
constant and thickness of the strained layer. We have observed that
over time Vg, changes with cycling and reaches a new stable value.
Assuming that in the initial state the free interface charge density is
(negligible) small, one has initially a large self-bias voltage, Vi =
APy /€o&r str + dEqg. After long cycling free charge builds up at the
interface and compensates the field in the strained layer, reaching a
value 0 = —&y&f sy Eerr, 50 that the final self-bias voltage is Vsiin =

dPM/SOSf,str-

From the measured self-bias voltages and strained layer
thickness, we estimate E,=1.7x10® V/m for S1. This is only a factor 3
larger than the value estimated above from the flexoelectric effect.
Assuming the value of Py to be equal to the spontaneous polarization
P<=0.70 C/m” of bulk material, one obtains & str=274 and the free
interface charge density is then -0.40 C/m”. This suggests that the
permittivity of the strain-gradient layer is significantly enhanced over
that of the bulk value (&5 ,,;x=86 for x=0.8). This may be ascribed to
the fact that the layer is not only subjected to a strain-gradient but also
to a very large strain, considering that the c/a ratio reaches a value of
approximately 1.09 in this layer. In fact this will also cause an
increase of Py.
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The large self-bias voltage of S2 and its cycling dependence
can be explained in the same way. SO does not show any cycling
dependence of Esb, suggesting that the displacement of free charges
does not take place. The self-bias voltage is low compared to the
initial Vg, values in S1 and S2. The lowest value that can be obtained
is when the effective field is fully compensated by trapped free charge

from the very first fatigue cycle onwards, thus Vs, = dPy/&o&f 5t In

this case the polarization is directed approximately in the body
diagnonal of the rhombohedrally distorted pseudocubic lattice of

PMN-PT, hence Py, =~ P,/v/3 = 0.32 C/m’. With this value one
obtains & g, =1240, which enhanced by a factor 2 with respect to the
literature value 680 for poled PMN-PT [12]. From this argument one
has to conclude that already during cool down after fabrication of the
SO device free charge is trapped in the PMN-PT that compensates the
effective field.

The samples S3-6 do not show any significant self-bias nor
any significant strain gradient in the PZT and the PMN-PT layer. This
is taken as a strong indication that the strain gradient is the dominating
mechanism behind the large self-biases in the devices S0-2.

The observation that the very thin tetragonal PZT layers (S1-2)
grow in a single c-domain phase with the long axis out-of -plane is in
accordance with the model of Pertsev et al. [13] for strained, single
domain PZT thin films. In this model there is a transition to the
(rhombohedral) r-phase for PZT(x=0.6) on STO. We observe a
transition at approximately this value from the highly strained initial
growth layer to what can be interpreted as a slightly tetragonally
distorted rhombohedral phase, in accordance with this model. Further
it appears that in the samples S1-2 the high initial strain relaxes
largely within the first 5-10nm, whereas in S3-6 it is practically
immediately relaxed, which is indicative for a high density of misfit
dislocations p and therefore short strain relaxation layer thickness.
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4.3.3 Dielectric and piezoelectric properties

The voltage verses capacitance (V-C) curves and dj3 loops are
recoded to study the dielectric and piezoelectric properties of the
ferroelectric capacitors fabricated from the PMN-PT films grown on
wide range of PZT compositions along with without PZT interfacial
layer. The relative dielectric constant verses voltage curves derived
from capacitance verses voltage curves and di; loops for selected
samples are shown in figure 4.6.
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Figure 4.6: Dielectric constant verses voltage curves derived from capacitance
verses voltage curves measured at 10kHz of selected samples (a) dj; loops of the
same samples (b).

The relative permittivity curves shown in figure 4.6 (a)
measured for different samples are significantly different. The relative
dielectric curves are shifted in positive field direction for the sample
S1, S2 and SO similar to P-E loops shown in figure 4.4(a) while the
curve corresponds to S5 is slightly shifted towards negative field
direction. The shifting trend of dielectric curves either in positive field
direction or negative field direction is found similar to the trend
observed for P-E loops recorded for these devices. The shifting trend
for relative permittivity curve similar to ferroelectric loop was also
observed for epitaxial PMN-PT films deposited on silicon substrate
[4] Nagarajan and co-workers studied the effect of strain on dielectric
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and piezoelectric properties of epitaxial PMN-PT (91/10) films and
observed the enhancement of dielectric constant with strain relaxation
[15]. The similar trend was observed in our case. The strain in the film
not only results self-bias in the films which reduces relative dielectric
constant at zero volts by shifting the relative permittivity curves but
also the magnitude of relative dielectric constant. The low dielectric is

2
beneficial because it increases the figure of merit (FOM = Eei) for
ogr

sensors operating in voltage sensing mode, as well as for piezoelectric
energy harvesting systems. The dielectric and piezoelectric properties
are summarized in table 4.2.

Table 4.2 Summary of dielectric and piezoelectric properties of PMN-PT films
deposited on a range of PZT interfacial compositions and without PZT interfacial
layer.

PZT buffer
Sample Z0Ti Er, (max) Er@ov ds3er, (Max) | dsz e, (av.)
S1 20/80 267 231 49 41
S2 30/70 674 549 62 51
S3 40/60 1312 1248 62 60
S4 50/50 1495 1461 71 67
S5 58/42 1129 1122 63 61
S6 80/20 1309 1300 56 54
SO No PZT 1810 1654 59 57

The ds; loops recorded for the selected samples are shown in
figure 4.6(b). The shift of these loops is also similar to P-E loops and
relative dielectric curves. The effective longitudinal piezoelectric
coefficient (ds3) is lower compared for those samples which show
higher self-bias and vice versa. However, higher transverse
piezoelectric coefficient (e3;) is expected for those film which have
higher self-bias. Furthermore, it is also evident from these loops that
self-bias enhances the longitudinal piezoelectric coefficient (ds3) in
certain preferential direction. For instance, the SO show positive
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imprint and higher dj; in negative field direction compared to positive
field direction. Similarly the S5 shows negative imprint and show
higher ds; in positive field direction. The enhancement of dj;; in
preferential direction might be interesting for some devices which
needs higher dj; in certain preferential direction.

4.4 Conclusions

In conclusion, we have grown ferroelectric capacitors
consisting of a 25nm PZT buffer layer of varying composition and a
200nm PMN-PT(67/33) layer on STO substrates with SRO electrodes,
as well as a device without PZT buffer layer. XRD analysis shows that
all layers are grown with (001) orientation. The PMN-PT layers are
perovskite phase pure and do not show any signatures of the
pyrachloric phase. The PZT buffer layers with tetragonal composition
(x1i >0.6) are initially compressively strained to the substrate and relax
fully over the layer thickness. The PZT compositions which have
nearly cubic bulk lattice structure (x<=0.6) are only slightly and
homogeneously strained. The PMN-PT layers on PZT(x<=0.6) buffers
show a small homogenous strain, whereas those on the highly
tetragonal compositions and grown directly on the base electrode
show a strain gradient.

The samples with strain gradients near the bottom electrode
show large and fairly stable self-bias voltages. The large self- bias
samples also show strongly increased coercive fields. The large self-
bias was discussed in two ways. Firstly in the strain gradient regions
the enhanced defect density can be associated with trapped charges.
However, in this model the charge density and its sign are free
parameters. Secondly, the strain gradient layers can create a self-bias
field through the flexoelectric effect. The observed self-bias voltages
are consistent with the measured strain gradients and layer
thicknesses.

The self-bias voltage can be tuned in a fairly wide range by the
composition of the buffer layer. This is of significance for devices like
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energy scavengers and low energy consumption sensors that
preferably operate at zero bias voltage.

The higher longitudinal piezoelectric coefficient (ds;s3) was
observed for the PMN-PT films deposited on PZT (50/50) interfacial
layer with very small self-bias. It is know that doped PZTs can show
self-bias due to extra defected dipoles resulted from doping. So it is
interesting to study growth of epitaxial PMN-PT film on doped PZT
(52/48) interfacial layer to achieve higher ds; as well as self-bias.
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Interfacial layer

Chapter Overview:

Perovskite phase and (001) orientation pure epitaxial PMN-PT
(67/33) thin films were fabricated using a hard (Fe-doped) and soft
doped (Nb-doped) PZT(52/48) interfacial layer. Heterostructures
were prepared on SrRuOs electroded and TiO, B-site terminated
SrTiO; substrates. The effect of doping types on the structural,
ferroelectric and piezoelectric properties of PMN-PT films was
investigated in detail. It was found that a self-bias voltage in the
PMN-PT films can be introduced by using an appropriate interfacial
layer. The deposited films are highly crystalline, as was indicated by
rocking curve measurements performed on these samples.
Furthermore, the effect of the thickness of the Nb-PZT interfacial
layer on properties of PMN-PT films was analyzed in detail.

This chapter to be submitted as:
H The effect of hard and soft PZT interfacial layer on structural, ferroelectric
and piezoelectric properties of epitaxial PMN-PT films




PMN-PT films on doped PZT interfacial layer

5.1 Introduction

In the previous chapter, it was demonstrated that epitaxial
PMN-PT films deposited on a thin PZT layer (25nm) at the bottom
electrode/PMN-PT interface can exhibit a giant self-bias voltage. The
magnitude of this built-in bias depends upon the composition of the
PZT interfacial layer. The highest longitudinal piezoelectric
coefficient (dsscsr) was observed for PMN-PT films deposited on a
Pb(Zry50Ti050)O3 interfacial layer with very small (1.7kV/cm) self-
bias voltage. For some applications, it may be desirable to have a
higher build-in bias as well as longitudinal piezoelectric coefficient
(dszefr). It is known that donor (Niobium) and acceptor (Iron) doped
PZT thin films show self-bias due to oxygen vacancies and space
charges. Dopants introduce extra aligned defected dipoles in PZT
films which result into an asymmetric polarization hysteresis loop
(imprint) [1]. To study the field shifted influence of a Niobium and
Iron doped Pb(Zry5,Tip43)O3 interfacial layer on the ferroelectric and
piezoelectric properties of epitaxial PMN-PT films, heterostructures
were prepared on TiO, plane terminated and SrRuOs; electroded
vicinal SrTiOs substrates. For sake of comparison, one sample using a
Pb(Zry.52Ti0.43)O3 interfacial layer without doping was also prepared.

5.1.1 Hard verses Soft doped PZTs

Doping elements used for bulk and thin film PZT ceramics are
typically categorised into hard doping and soft doping. Hard doping
usually refers to acceptor doping whereas soft doping refers to donor
doping [2]. PZT is a perovskite material which crystal structure is
typically described with the formula ABOs. Further information about
the perovskite crystal structure can be found in chapter 1. PZT
consists of two positively charged ions i.e. A*" and B*" (cations) and
three negatively charged ions i.e. O* (anion) which are simultaneously
bonded with the A and B ions. Hard doping refers to the situation in
which one of the A-site atoms (A®") are replaced by monovalent
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dopant elements (X'") or some B-site atoms (B*") are replaced with
trivalent dopant elements (X°"). This situation is universally known as
A-site acceptor doping and B-site acceptor doping respectively.
Similarly soft doping refers to the situation in which the A-site atom
(A™) is replaced with a trivalent dopant element (X*") or the B-site
atom (B*") is replaced with a penta-valent dopant element (X°"). This
situation is commonly identified as A-site and B-site donor doping
respectively. The induced charge resulting from the deficiency of one
electron caused by acceptor doping is neutralised by creation of a
double positively charged oxygen vacancy (V,;*), thus Fe doping leads
to Fe’*-V;* complexes. In the case of donor doping, the extra electrons
are compensated by double negatively charged lead vacancies (Vp).
Thus for Nb-doping Nb>*-V}, complexes are formed. In this way
dipoles are created in the ferroelectric domains [3]. The selection of
the doping element depends upon the specific application. The soft
doped PZT ceramics exhibit superior piezoelectric coefficients, low
conductivity, low coercive field, high dielectric constant along with
high dielectric losses while hard doped PZTs performs in the opposite
way [4].

The nomenclature ‘hard’ is used for acceptor doped PZTs
owing to the stable domain wall structure, which makes poling and de-
poling more difficult. The compensating defect [Oxygen vacancies
(V5°)] in this case can move relatively easily within the oxygen
octahedral (unit cell) network leading to a relative low stability of the
defect dipole direction. These defect dipoles tend to align themselves
in the direction of polarization vector within the domain. This
alignment results stable domain structure and a relatively high
coercive field. The nomenclature ‘soft’ is used for donor doped PZTs
owing to ease in domain wall motion which makes poling and de-
poling process comparatively easy. Easily moving compensating
defect [electrons or lead vacancies Vp,] in this case results softening in
donor doped PZTs. In the perovskite ABO;s crystal structure, cations
are separated by entire unit cell (0.4nm) from the neighbouring cations
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of same kind due to network of oxygen octahedral surroundings. The
separation between the cations and anions (0.28nm) is smaller as
compared to above case. This small separation between oxygen sites
results easy motion of the domains walls in soft ceramics as compared
to hard ceramics [5-7]. However, the mechanism responsible for
softening effect in donor doped PZTs is still not completely
understood.

5.1.2 Iron and Niobium doped PZTs

Pb(Zr( 5, Ti9.43)O3 doped with Iron (Fe3+) and Niobium (Nb5+)
at B-site acting as acceptor and donor dopant respectively were
selected to use as interfacial layer in this study. The ionic radii of Fe'",
Nb>, Ti*" and Zr*" are 0.65, 0.64, 0.61 and 0.72 respectively. The
ionic radius of the acceptor and donor doping element is close to those
of the B-site elements of the PZT material. This illustrates that these
elements can de doped easily in the B-site of perovskite oxide crystal
structure [8]. Doping concentrations of 1.0 mole % Nb”" as donor and
1.0 mole % Fe’* as acceptor (both at Zr*'/Ti*" site) were selected
based on reported work [9], where for these concentrates maximum
ds3 values were obtained.

Haccart and co-workers performed a study on the effect of the
Nb concentration on the properties of PZT films deposited by
sputtering on platinised silicon. They observed a relatively high self-
bias for low Nb doping level (2 atomic percent) compared to high
doping level (7 atomic percent) related with dipolar defects, composed
of Nb’*-V;, complexes aligned within the bulk of the film [10].
Subsequent work performed by different groups shows the effect of
Nb-doping on the electrical properties (self-bias) of textured PZT
films. They reported the enhancement of ferroelectric and
piezoelectric properties of PZT film doped with niobium [11-12]. The
effect of the B-site acceptor dopant (Fe) concentration was studied by
Majumder and co-workers, who showed a decrease of the remanent
polarization with increasing acceptor dopant concentration [13]. Bai
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et.al. studied the effect of the Fe concentration on the properties of
PZT thin films deposited by the sol gel method. They observed a Fe-
concentration dependent shift of the ferroelectric loop, which was
ascribed to oxygen vacancies [14]. In Fe-doped PZT films, the
acceptor species introduces changes in the domain contribution by
increasing oxygen vacancy density. Dawber and co-workers reported
that mobile charged defects such as oxygen vacancies can easily
accumulate near the film/electrode interfaces due to the higher
mobility of the oxygen vacancies than those of lead. This results in the
formation of interfacial layers under an external field. These can result
in a shift of the hysteresis loops [1, 15].

It is noticed here that most of the work reported on doped PZT
films is about polycrystalline thin films. The physical mechanisms
behind the origin of different characteristics in acceptor and donor
doped PZT films is not fully understood yet. Furthermore, the ferro
and piezoelectric properties of epitaxial thin films and the physical
mechanisms behind these may be different from polycrystalline thin
films.

To study the effect of doped PZT interfacial layers on ferro
and piezoelectric properties of epitaxial PMN-PT films,
heterostructures were prepared using a Pb(Zrg 52Ti9.43)O3 target doped
with 1 mole % Fe*" or 1 mole % Nb’*. The Nb-doped PZT interfacial
layer has thus the composition Pb(Zr s5,Ti9.48)0.99Nbg 0103 and the Fe-
doped PZT  interfacial layer @ has the  composition
Pb(ZI‘O.52Ti0.48)0.99F€0‘0103. For comparison, epitaxial PMN-PT(67/33)
films were also prepared using a Pb(Zrys,Ti45)O3 interfacial layer
without doping. The results of these investigations were discussed
with respect to ferro and piezoelectric properties of epitaxial PMN-PT
thin films. The deposited heterostructure is schematically shown in
figure 5.1.
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Figureb5.1: Schematic of the layer stack used to study the effect of doped PZT
interfacial layer.

5.2 Experimental Procedure

5.2.1 Samplesfabrication

The PMN-PT/PZT (200nm/25nm) bilayer stack was
sandwiched between 100nm SrRuO; -electrodes. The complete
heterostructure (SrRuO3;/PMN-PT/PZT/SrRu0O;) was deposited on a
0.5mm thick and (001) oriented SrTiOs; substrate. The SrTiO;
substrates were pre-treated prior to deposition to achieve TiO; single
termination using the method developed by Koster and co-workers
[16]. The substrates were heated by fixing them on the steel block
type hot stage (substrate holder) using silver epoxy. The temperature
was measured using a thermocouple embedded inside the substrate
holder. All films have been deposited by Pulsed Laser Deposition
(PLD) using a KrF Excimer laser operating at 248nm. The complete
heterostructure was deposited without breaking the vacuum to avoid
unwanted contaminations. The layers stack were cooled down
immediately after deposition from deposition temperature to room
temperature in an one bar oxygen ambient using cooling rate of
10°C/minute. The specific growth conditions for SrRuO;, PZT and
PMN-PT films and details about the pulsed laser deposition can be
found in Chapter 2. The PZT doped with iron and niobium in addition
to undoped PZT were used as interfacial layer in this study were
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deposited using similar fabrication conditions and are given in table
5.1

Table 5.1 Specific growth conditions of SRO electrode, PZT interfacial layer and
PMN-PT films.

Parameters SrRuOs PZT PMN-PT
Ambient Oxygen Oxygen Oxygen
Laser energy density (J/cm?) 2.50 3.5 2.0
Temperature (°C) 600 600 585
Target-Substrate distance (cm) 4.90 6.0 6.0
Pressure (mbar) 0.13 0.10 0.270
Repetition rate (Hz) 4 2 4

5.2.2 Samplescharacterization

Structural properties and the epitaxial relationships were
investigated by HR-XRD (PANalytical X'pert PRO MRD). The in-
plane and out-of-plane lattice parameters were derived from reciprocal
maps. Ferroelectric capacitor devices (200><200um2) were patterned
by a standard photolithography process and structured by argon ion
beam etching. Polarization-electric field (P-E) hysteresis loops were
measured using a modified Sawyer Tower circuit (AixACCT TF
Analyser 3000) at a frequency of 1kHz using a bipolar triangular pulse
and with 150 kV/cm amplitude. Fatigue measurements were
performed using a rectangular pulse train at a frequency of 10 kHz and
using an amplitude of 150 kV/ecm. The longitudinal piezoelectric
coefficients (dszefr) were obtained using a Polytec MSA-400 Micro
Scanning Laser Doppler Vibrometer. The electric field vs. capacitance
(E-C) measurements have been performed using Suss MicroTech
PM300 probe station equipped with Keithley 4200 semiconductor
characterisation at 10kHz frequency. The corresponding dielectric
constants has been calculated from these E-C curves. More details
about characterization techniques can be found in chapter 2.
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5.3 Reaultsand discussions

5.3.1 Structural properties

Figure 5.2(a) shows the 6-20 diffraction patterns of the
epitaxial PMN-PT films deposited on an iron and niobium doped PZT
interfacial layer, as well as with an undoped PZT interfacial layer. The
reflections corresponding to the substrate, electrode, PMN-PT and
PZT layers are indicated [Figure 5.2(b)]. The solid green lines are
specify the reflection positions corresponding to the bulk materials.
The diffractograms show the peaks corresponding to (001) growth
orientation of PMN-PT and PZT films only. No diffraction peaks due
to impurity phases (pyrochlore phase) or other orientations were
observed for both (PMN-PT, PZT) ferroelectric materials. This
demonstrates that the deposited films are perovskite phase and (001)
orientation pure within the detection limits of our instrument.

The PZT interfacial layer reflections are shifted from the
expected angle for c-axis oriented unstrained PZT. The peak shift
towards a lower angle indicates a change in the out-of-plane lattice
constant. Due to the difference in lattice parameters between the PZT
interfacial layer (a = 4.05A) and the STO substrate (a = 3.905 A), the
deposited PZT interfacial layers are under in-plane compressive strain
causing an increase in the out-of-plane lattice constant. It is noted that
the SRO bottom electrode is fully strained to the substrate, as was
concluded from the peak shift from the unstrained value. The lattice
parameters for the different PZT interfacial layers, derived from
reciprocal space maps, are shown in table 5.2. We note that the in-
plane lattice parameter (a) and out-of-plane lattice parameter (c) of the
interfacial layer decrease slightly when changing the composition
from undoped, Fe-doped to Nb-doped, although the c/a ratio does not
change. This corresponds to a decrease of the average unit cell volume
in this order of doping.

Similarly, the PMN-PT reflections are also shifted from the
expected angle of unstrained, rhombohedral bulk PMN-PT. The shift
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Chapter 5

of the PMN-PT diffraction peak towards a higher angle as compared
to the unstrained value indicates that the deposited films are under
tensile stress. The highest tensile stress was observed for the PMN-PT
films deposited on the undoped PZT interfacial layer, while the
lowest tensile stress was observed for the films on the Nb-doped
interfacial layer. The lattice parameters derived from reciprocal space
maps for PMN-PT films are given in table 5.2. The decreasing trend
of the in-plane lattice parameter reflects the change in the in-plane
lattice parameter of the (doped) PZT interfacial layers. Consequently
the c/a ratio is most reduced for the undoped PZT layer and least for
the Nb-doped PZT.

PZT PMN-PT SRO STO

i 0.08 (A) . U (B)
FWHM £ 0,07 '
. 4 )
i 5 |
/ : \\//:\4/:
20 21 22 23 24 25 PZT i f N
) (degree) L

Nb-PZT| [ Nb- W
i lu

20 25 30 35 40 45 50 42 43 45 46 a7 48
20 (degrees) 26 (degrees)

Intensity (z u)

Fe-PZT

log Intensity
log Intensity

Figure 5.2: XRD pattern of epitaxial PMN-PT films deposited using Nb doped, Fe
doped and undoped PZT interfacial layer with insect showing PMN-PT rocking
curves for (002) reflections (a) Zoom in of the (002) diffraction peaks indicating
peak shift (variation in out of plane lattice constants) based on nature of the
interfacial layer material. Bulk peak positions are marked with solid green lines and
peak shits are indicated by the dotted grey lines (b).

The in-plane and out of plane lattice constants for both PZT
interfacial layer and PMN-PT films derived from reciprocal space
maps are summarized in table 5.2.

Table 5.2 In-plane and out-plane lattice parameters of PZT interfacial layers and
PMN-PT films deposited on SRO electroded STO substrates.
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PMN-PT films on doped PZT interfacial layer

Interfacial layer (PZT) PMN-PT
a(A) | cA) | V@A) | ca [ a@A) | cA) | V(A | cla
Bulk | 405 | 411 | 6741 | 1.015] 4022 | 4022 | 65.06 | 1.000

Sample

undoped | 4.043 | 4.129 67.49 1.021 | 4.035 | 4.007 65.24 0.993

Fe-PZT | 4.041 | 4.125 67.36 1.021 | 4.030 | 4.009 65.11 0.995

Nb-PZT | 4.038 | 4.122 | 67.21 1.021 | 4.024 | 4.014 | 65.00 0.998

The rocking curve measurements were also performed on these
samples and are shown in the insect of the figure 5.2 (a). Rocking
curves corresponds to PMN-PT films exhibit full width at half
maximum (FWHM) of 0.06° - 0.11° for (002) w-scan and 0.70° for
(101) phi ¢-scan respectively. Commercially available PMN-PT single
crystals have FWHM of 0.14° and 0.27° of the rocking curve and ¢-
scan respectively [23]. The FWHM value for the reflections
corresponds to PMN-PT in-plane scans (¢-scans) for our deposited
PMN-PT films are broader as compared to bulk PMN-PT single
crystals. The in-plane lattice parameters of the PZT interfacial layers
are slightly bigger than bulk in-plane lattice parameters of PMN-PT
ceramics. So the PMN-PT unit cell is stretched in-plane to fit on top of
the unit cell of PZT interfacial layer. Due to this stretching, the in-
plane diffraction peaks are broader as compared to bulk PMN-PT
single crystals. The narrowness of the rocking curves corresponds to
PMN-PT films distinguishably demonstrates the high degree of
oriented growth and excellent crystalline quality of the deposited
epitaxial PMN-PT films.

5.3.2 Ferroelectric and piezoelectric properties

The ferroelectric hysteresis loops recorded for the different
samples are shown in the figure 5.3 (a).
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Figure 5.3: Polarization hysteresis loops of the PMN-PT films deposited using
doped and undoped PZT interfacial layer (a) relative dielectric constant curves
derived from electric field verses capacitance measurements (b) ds;; loops with zoom
in for epitaxial PMN-PT films deposited using doped and undoped PZT interfacial
layers (c). All loops are measured before aging of the samples.

It is seen that the polarization hysteresis loops are notably
different. A significantly higher polarization was observed for the
PMN-PT film on the Nb-doped PZT interfacial layer. Also the
polarization of the PMN-PT films on Fe-PZT is slightly higher than of
the films on undoped PZT. Another difference is the presence of a
self-bias field which value depends on the type of PZT material used
as interfacial layer. The presence of a self-bias is of great importance,
because it affects the performance of devices made from these films.
Due to the shift of the polarization hysteresis loop, the self-bias
increases the positive or negative remanent polarization (positive in
our case) [17]. The maximum value of the dielectric constant is
strongly dependent on the type of interfacial layer, reaching nearly
double the maximum value for the Nb-doped PZT interfacial layer, as
compared to the undoped layer. On the other hand the increased built-
in bias reduces the relative dielectric constant at zero field, due to the
loop shift, as is seen in figure 5.3(b). At high fields the dielectric
constant become approximately equal, reflecting the nearly parallel
slopes of the P-E loops at high fields. Besides this, it was reported that
films with built-in bias are more robust against depolarization due to
voltage and temperature excursions [18-19], however as seen in the
next paragraph this is not the case for our devices, where it is shown
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that the device with least self-bias i1s most stable. The ferroelectric and
piezoelectric properties are summarized in table 5.3.

Table 5.3 The ferroelectric and piezoelectric properties of the epitaxial PMN-PT

films deposited using doped and undoped PZT interfacial layers.

Sample (pggr)n% (E\C;/:rvri) (k\l;:/im) Eoma | &@OV ii;/\f;
Nb-PZT 19.16 12.81 -15.31 3455 3030 67
Fe-PZT 13.56 9.95 -11.96 2800 2743 74
Undoped 12.42 11.32 -4.92 1970 1958 66

The self-bias is expected to be due to the combined effect of
the flexoelectric effect, caused by the strain gradient layer in the
interfacial layer and a charge doped layer. The effect of the strain
gradient layer is likely to be comparable between the different
interfacial layers, since the thickness and (average) c/a ratio of these
layers are equal. On the other hand the doping of the interfacial layer
is different, either undoped, donor or acceptor doped. The doped
layers show a significantly larger self-bias field than the undoped
layer, but as is seen in the next section are also less stable upon field
cycling. This indicates a change a the (defect) charge distribution.
Similarly the variation in coercive field between the different samples
can then ascribed to the different domain wall pinning strength of
(charged) defects.

The applied field dependence of the dielectric constant
measured for epitaxial PMN-PT films deposited on doped and un-
doped PZT interfacial layers are very different. It is lowest for PMN-
PT deposited on undoped PZT interfacial layer and highest for a Nb-
PZT interfacial layer. The PMN-PT film deposited using PZT
interfacial is under highest tensile strain and is lowest on Nb-PZT
interfacial layer. The variation in the dielectric constant in our film is
related with strain and is consistent with observation by Nagarajan and
co-workers for epitaxial PMN-PT (90/10) films [22].
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5.3.3 Ferroelectric response stability behaviour

The ferroelectric response stability (aging behaviour) of the
epitaxial PMN-PT films on doped and undoped PZT interfacial layer
were tested by subjecting them to a high number (10°) of switching
cycles. Aging behaviour in terms of remanent polarization ,positive

and negative coercive field [E., and E._], self-bias field [E, =

Eey+ Ee_ Eey— Ec_
% ”TC] versus number

of cycles are shown in figure 5.4.

The PMN-PT film on undoped PZT interfacial layer shows a
very good ferroelectric response stability against the number of
switching cycles. No change in the self-bias field was observed for
these films, whereas the average coercive field only slightly increases,
indicating a small increase in domain wall pinning, hence defect
density. The epitaxial PMN-PT films on a Fe-PZT interfacial layer
exhibit a small change in the built-in bias field, indicating that the
charge and dipole density and/or distribution in the film slightly
changes upon cycling. On the other hand the coercive field is very

] and average coercive field [E, 4, =

stable. Dipolar defect complexes, Fe**-V, and V;b-VO are present in
the Fe-doped PZT interfacial layer. These oxygen vacancies are very
mobile and can therefore relatively easily be aligned in an external
electric field. The high stability of the ferroelectric properties of the
sample with Fe-doped PZT layer, indicates that any redistribution of
the charge apparently already happens in the first cycles, after which
the distribution is stable upon cycling. The film with Nb-doped PZT
interfacial layer shows a similar change in coercive field as for the
undoped PZT layer, whereas the self-bias field shows the behaviour of
the Fe-doped PZT layer. The charge and dipole distribution of the
much less mobile Vp, — Nby; defects only change upon long-term
cycling, as is reflected in the long-term change of self-bias field and
coercivity.
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Figure 5.4: Remanent polarization verses number of cycles performance of epitaxial
PMN-PT films deposited using doped and un-doped PZT interfacial layer (a)
Coercive field verses number of cycles performance (b) Average coercive field
verses number of cycles (c) and Self-bias verses number of cycles (d).

5.4 Effect of Nb-PZT layer thickness on PM N-
PT properties

The highest self-bias field was observed for devices with a Nb-
PZT interfacial layer, compared to the Fe-PZT and undoped PZT
interfacial layer samples. To investigate the effect of the Nb-PZT
interfacial layer thickness on the ferro and piezoelectric properties of
PMN-PT films, layer stacks (SRO/PMN-PT/Nb-PZT/SRO) with four
different thicknesses of Nb-PZT interfacial layer (13nm, 25nm, 50nm
and 100nm) were fabricated using SRO electroded STO substrates.
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5.4.1 Structural properties

Figure 5.5(a) shows the 0-20 diffraction patterns of the
epitaxial PMN-PT films with different thicknesses of Nb-PZT
interfacial layer. The reflections correspond to the substrate,
electrodes, PMN-PT and Nb-PZT interfacial layer [Figure 5.5(b)]. The
solid green lines indicate the reflection positions of the bulk materials.
The reflections correspond to (001) growth of all layers. No
diffraction peaks from impurity phase (pyrochlore phase) or other
orientations were observed. This demonstrates that the deposited films
are perovskite phase and (001) orientation pure with in the detection
limits of our instrument.

Nb-PZT PMN-PT SRO STO

log Intensity (a.u.)
log Intensity (a.u.)

20 25 30 35 40 45 50 4 42 43 44 45 46 47 48
20 (degrees) 20 (degrees)

Figure 55: XRD patterns of PMN-PT films deposited using four different
thicknesses of Nb-PZT interfacial layer (a) Zoom in of the (002) diffraction peaks
area indicating peak shift (variation in out of plane lattice constants) based on
interfacial layer thickness. The bulk peak positions are marked with solid green lines
while dotted lines are drawn to highlight peak shifts (b).

The Nb-PZT interfacial layer reflections are slightly shifted
from the unstrained PZT value. This indicates that these films are in-
plane slightly compressively strained, giving rise to a small expansion
of the unit cell in the out-of-plane direction. This is expected because
of the in-plane compressive strain imposed by the STO substrate. A
broad shoulder on the Nb-PZT reflection towards lower angle side is
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also observed for all Nb-PZT layer thicknesses. The shoulder indicates
the presence of a strain gradient in the interfacial layer. The strain
relaxes with increasing film thickness and is typically observed in
epitaxial PZT films on STO [20]. The formation of structural defect
like misfit dislocations are generally believed to be the reason for the
strain relaxation [21]. The thickness of the strain gradient layer is of
the order of the thinnest layer, 10-20nm. .

Similarly, the XRD reflections of the PMN-PT films
deposited on top of different thicknesses of Nb-PZT interfacial layer
are also shifted from the bulk angle of unstrained, rhombohedral
PMN-PT. The interfacial layer thickness dependent peak shift of the
PMN-PT films can also be observed and is highlighted by the dotted
grey line. This demonstrates interfacial layer thickness dependent
decay in the out of plane PMN-PT lattice parameter. The PMN-PT
film (a = 4.02A) deposited on top of Nb-PZT interfacial layer (a =
4.05A) is under in-plane tensile strain. The in-plane tensile strain
increases in PMN-PT film increases with the increase in the interfacial
layer thickness. Due to strain relaxation with the formation of
structural defects with the increase in interfacial layer thickness, the
in-plane lattice mismatch between interfacial layer and PMN-PT
increases. This results higher tensile strain in the PMN-PT film. The
lattice parameters derived from the reciprocal space maps for PMN-
PT and Nb-PZT interfacial layers are summarized in table 5.4.

Table 5.4 In-plane and out-plane lattice parameters for Nb-PZT interfacial layers
and PMN-PT films deposited on SRO electroded STO substrates.

t Nb-PZT interfacial layer PMN-PT (t =200nm)
mm) | a(A) | cA) | Ve @A) | ca [ ad) | cA) | V(A | cla
13 4.025 | 4.137 | 67.02 1.028 | 4.021 | 4.013 | 64.88 0.998
25 4.038 | 4.122 | 67.21 1.021 | 4.024 | 4.014 | 65.00 0.998
50 4.050 | 4.119 | 67.56 1.017 | 4.029 | 4.007 | 65.04 0.995
100 | 4.053 | 4.113 | 67.56 1.015 | 4.035 | 4.004 | 65.19 0.992
Bulk | 4.05 | 4.11 67.41 1.015 | 4.022 | 4.022 | 65.06 1.00
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Figure 5.5(a) shows the in-plane and out-of-plane lattice
parameters of the interfacial layer and PMN-PT layer as function of
thickness of the interfacial layer. It is seen that the lattice parameters
of the Nb-PZT layer relax to approximately the bulk PZT value after
30-50nm. On the other hand the tensile strain in the PMN-PT
approximately linearly increases with Nb-PZT layer thickness. Figure
5.5 (a) shows the c/a ratio of the Nb-PZT and the PMN-PT layer. Here
the same trend is observed. The unit cell volume is shown in figure
5.5 (c). Again V. of Nb-PZT saturates to a value slightly larger than
of bulk undoped PZT, which suggests that the unit cell volume of Nb-
doped PZT is slightly enhanced over that of undoped PZT. The V. of
PMN-PT shows an approximately linearly increase with Nb-doped
PZT layer thickness and with strain.

—8—a (Nb-PZT) ——a (PMN-PT) —@—a (bulk Nb-PZT)
~@—a (bulk PMN-PT) —@—c (Nb-PZT) - ¢ (PMN-PT)
416 —2=C (bulk Nb-PZT)

414
E412\\.\.
g 410
1‘3408
4os .
g404

0] —8—vuc (utk PN
Vue (bulk N-PZ
o _‘.._————‘P’_’_"' 1.000 Py : I
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Figure 5.5: Lattice parameters of Nb-PZT and PMN-PT (a) c/a ratio of Nb-PZT and
PMN-PT (b) Unit cell volume of Nb-PZT and PMN-PT (c).

The rocking curve measurements (not shown) on PMN-PT
films show a full width at half maximum (FWHM) of 0.4° - 0.11° for
the (002) w-scans. The narrowness of the rocking curves demonstrates
the high degree of oriented growth and the excellent crystalline quality
of the deposited epitaxial PMN-PT films. The rocking curve
measurements also exhibit excellent sample to sample reproducibility
and thus of crystalline quality of the deposited heterostructures also in
this study.
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5.4.2 Ferroelectric and piezoelectric properties

The ferroelectric hysteresis loops [(Fig. 5.6(a)], relative
dielectric constants curves derived from the electric field versus
capacitance curves [(Fig. 5.6(b)] and d33 loops [(Fig. 5.6(c)] recorded
for the Nb-PZT/PMN-PT capacitor devices are shown in figure 5.6.
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Figure 5.7: Electric field verses polarization hysteresis loops of PMN-PT films
deposited on top of four different thicknesses of Nb-PZT interfacial layer (a) relative
dielectric constant verses electric field curves (b) and ds; loops (c).

The ferroelectric hysteresis loops are significantly different for
different Nb-PZT layer thicknesses. Higher self-bias field was
observed for the PMN-PT films deposited on thinner interfacial layer
as compared to thicker ones. The self-bias field for the 25nm
interfacial layer is higher than for the 13nm interfacial layer. This is
most probably due to higher number of defected dipole in thicker
films (25nm) compared to thinner ones (13nm). With further increase
of the interfacial layer thickness (50nm and 100nm), the strain in the
Nb-PZT films relaxes towards the Nb-PZT/PMN-PT interface due to
the formation of structural defects [21]. Due to the strain relaxation of
the Nb-PZT interfacial layer with increasing thickness, the in-plane
crystal lattice mismatch with the PMN-PT layer increases which
results in a higher tensile strain in the PMN-PT films. The total
polarization of the device arises from the thickness weigthed sum of
the polarizations in the Nb-PZT and PMN-PT layer. The polarization
contribution from the Nb-PZT layer scales as
tnp—pzr/ (Enp—pzr + tpun—pr), thus varies from 13/213 to 100/300.
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But the average length of the out-of-plane component of the Nb-PZT
polarization vector decreases because the average compressive strain
in the Nb-PZT decreases. This reduces the tetragonality of the unit cell
and thus the polarization strength. Further the average tensile strain in
the PMN-PT increases with Nb-PZT layer thickness. This causes the
polarization vector to rotate into plane, reducing the measured out-of-
plane component. This explains the overall reduction in polarization
with increasing Nb-PZT thickness. However for small thicknesses the
balance between the Nb-PZT and PMN-PT layer contributions
appears to be such that it gives a larger polarization for the 25nm Nb-
PZT layer than for the 13nm layer.

A second feature of the loops are the differences in the self-
bias fields, which are much more negative for the thin Nb-PZT
interfacial layers than for the thick layers. The self-bias field is likely
to be due to the combined effect of the charged Nb-PZT layer and the
strain-gradient layer which contributes to the build-in electrical field
through the flexo-electric effect [20]. It is not straightforward to
disentangle to combined effect of these two mechanisms.

The high slopes and high polarization of the PE-loops of the
devices with thin Nb-PZT layers are reflected in the high peaks in the
relative dielectric curves of these devices. Also here the shift in the
electric field is observed. This shift reduces the relative dielectric
constant at zero bias somewhat. Nagarajan and co-workers
investigated the effects of strain on the dielectric properties of
epitaxial PMN-PT (90/10) films and increase of the zero-field
dielectric constant with strain relaxation in the PMN-PT was
demonstrated [22], as we see here as well for decreasing Nb-PZT
thickness. The ferroelectric and dielectric and piezoelectric properties
summarised in table 5.5.

Table 5.5 The ferroelectric and piezoelectric properties of the epitaxial PMN-PT
films deposited using four different thicknesses of Nb-PZT interfacial layers.
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. Nb-PZT P (0) Ec, av. Eq & € dszerr. |
! thickness [uC/em?] | (kV/em) | (kV/em) | (' max) (oV) pm/V !
1 13nm 16.70 8.88 -12.77 3722 3308 88 1
i 25nm 19.12 12.81 1531 | 3455 3030 67
| 50 nm 13.55 11.88 -4.50 | 2070 = 2005 66
' 100 nm 14.03 15.23 5.1 1310 1234 62 !

The ferroelectric response stability (aging behaviour) of the epitaxial
PMN-PT films with different thicknesses of the Nb-doped PZT
interfacial were tested by subjecting them to a high number (10%) of
switching cycles. Aging behaviour in terms of remanent polarization,
coercive field, self-bias field, and average coercive field are shown in

5.4.3 Ferroelectric response stability analysis

figure 5.7.
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Figure5.7: Remanent polarization verses number of cycles performance of epitaxial

PMN-PT films deposited using different thicknesses of Nb- PZT interfacial layer (a)
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The PMN-PT films deposited on a 13nm thick Nb-PZT
interfacial layer show a very good ferroelectric response stability.
Hardly any change in remanent polarization, coercive field and self-
bias field can be observed in this case. However with the increase in
the interfacial layer thickness, a change in the ferroelectric response
upon cycling is observed. This variation increases slightly with
increasing interfacial layer thickness, but for the largest thickness a
rapid change in properties sets in above about 3x10° cycles. The
coercive field and increases significantly, indicating an increase of
domain wall pinning, which we attribute to a change of the defect
charge distribution in the Nb-PZT layer under the cycling electrical
field. The increased mobility of the defect charges is likely related to
the more relaxed strain state of the major part in this film. We expect
that the change in self-bias field is related to the same effect. The
slight decay in the self-bias field in the beginning is due to depletion
of the space charges as a result of switching process. With the increase
in the number of switching This analysis demonstrates that PMN-PT
films deposited on top of a thin interfacial layer show superior
ferroelectric response stability compared to films deposited on thicker
interfacial layers.

5.5 Conclusions

Perovskite phase and (001) orientation pure epitaxial PMN-PT
films have been prepared on a STO substrate, using hard and soft
doped PZT interfacial layer in addition to undoped PZT interfacial
layer. PMN-PT films deposited on an undoped PZT layer are under
slight tensile strain, which decays slightly for the PMN-PT films
deposited on a Fe-PZT and Nb-PZT interfacial layer respectively.
Interfacial layers are under compressive strain due to difference of
lattice parameters between interfacial layer and STO substrate. The
highest compressive strain was measured in the Nb-PZT layer while
the lowest was observed in the undoped PZT interfacial layer. These
strains play a key role in the differences in ferroelectric, dielectric and
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piezoelectric properties of epitaxial PMN-PT thin film based
heterostructures, STO//SRO/(doped)PZT/PMN-PT/SRO.

PMN-PT films were also deposited on a Nb-PZT interfacial
layer of varying thicknesses. These heterostructures also show strain
variations in both ferroelectric layers (PMN-PT, Nb-PZT). With
increasing interfacial layer thickness, the (average) strain relaxes in
this layer. This strain relaxation causes an increasing crystal lattice
parameter mismatch between PMN-PT and Nb-PZT layer. This causes
a higher tensile strain in the PMN-PT films with increasing interfacial
layer thickness, which has a noticeable effect on the ferroelectric and
dielectric of the PMN-PT films. This strain behavior is consistent
which was observed in above case.

It is evident from the investigations reported in chapter 4 and 5
that crystal lattice strain (strain imposed by mismatch of lattice
constants) affects the ferroelectric, dielectric and piezoelectric
properties of PMN-PT films significantly.
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Substrate induced strain in
PMN-PT films

Chapter Overview:

Difference of thermal expansion coefficients between substrate and
clamped epitaxial films give rise to strain upon cooling from growth
temperature to room temperature. To study the effect of thermal
(residual) strain on structural, ferro and piezoelectric properties of
epitaxial PMN-PT (67/33) films, heterostructures were prepared on
SrRuOs; electroded various substrates in a large misfit strain range
using PZT(52/48) as interfacial layer. The deposited films are
perovskite phase and (001) orientation pure in the entire investigated
range. The ferroelectric and piezoelectric investigations shows
influence of internal stresses imposed by the nature of the substrate
on these properties.

This chapter to be submitted as
B The effect of substrate induced strain on the ferroelectric and
piezoelectric behavior of epitaxial PMN-PT thin films.
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6.1 Introduction

Epitaxial PMN-PT thin films based heterostructures generally
and reported in this dissertation explicitly are deposited at high
temperature (585 °C). Upon cooling from growth temperature to room
temperature, the difference in crystal lattice parameters and/or thermal
expansion coefficients between substrate and clamped film give rise to
strain in the films universally known as misfit and/or residual strain
[1]. In previous chapters (chapters 4 and 5), the impact of crystal
lattice strain (strain imposed by mismatch of lattice parameters) on
structural, ferro and piezoelectric properties of epitaxial PMN-PT
films grown on SrTiO; substrates is discussed. In this chapter, the
influence of the substrate induced strain on the epitaxial PMN-
PT(67/33) films will be discussed.

The strain imposed by the mismatch between substrate and
film in ferroelectric thin films usually and in epitaxially films
particularly has a strong influence on crystal structural, domain
structure, ferroelectric and piezoelectric properties. The knowledge of
strain factors like misfit strain and/or thermal strain and the
transformation strain occurring near Curie temperature is crucial in
tailoring the domain structure and consequently physical properties of
ferroelectric thin films [2-3].

Epitaxial ferroelectric thin films are typically deposited at high
temperature (600 °C) and are in paraelectric phase. During cooling
down from growth temperature to room temperature, films transform
from paraelectric phase to ferroelectric phase and large spontaneous
strain emerges during this phase transformation [4]. The difference of
thermal expansion coefficient restricts the free in-plane shrinkage of
the deposited film. This leads to significant strain in the film that
effects the unit cell parameters and ferroelectric domain formation [5].
The lattice parameters of the film and the substrate can be analyzed as
a function of temperature to gain the insight about the thermal strain
and strain relaxation process. With increasing film thickness, the
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lattice strain (strain due to difference of lattice parameters) relaxes
more rapidly as compared to thermal strain with the formation of
structural defects like misfit dislocations and/or ferroelectric domains
[6]. Due to higher substrate thickness as compared to deposited films,
the impact of the substrate induced strain on ferro and piezoelectric
properties of the deposited films is generally more prominent. The
epitaxial strain of different substrates can be used to control the
ferroelectric domain fraction and hence the ferroelectric and
piezoelectric properties of these films can be tuned [7].

The effect of crystal lattice and/or residual strain and strain
relaxation mechanisms in ferroelectric thin films and its effect on
physical properties was studied by various research groups. The
mechanism of strain relaxation in epitaxial PZT thin film with the
formation of misfit dislocations at growth temperature as well as with
the formation of an a/c/a/c polydomain structure had been observed.
During thin film growth, part of the strain energy is relaxed with the
formation of misfit dislocation at growth temperature. After film
deposition, the strain relaxation was also observed with the formation
of polydomain structure at the paraelectric to ferroelectric phase
transformation stage. The c-lattice parameter decreases when the film
relaxes via polydomain formation. This consequences decay in c/a
ratio of the ferroelectric layer which effects the static and dynamic
ferroelectric response. The epitaxial strain also relaxes with the
increase of film thickness [8].

Lee and co-workers investigated and found the strong effect of
tensile misfit strain on domain formation of epitaxial PbTiO; thin
films deposited using pulsed laser deposition on MgO substrates. They
studied the effect of elastic misfit strain imposed by heteroepitaxy on
domain formation. The strain relaxation with increasing film thickness
via domain formation had been observed in this case using
synchrotron radiations. A close relation between the domain
population and misfit strain had been recorded in this case. The tensile
strain facilitate the formation of a-domains in very thin films [9].
Subsequently Kim and co-workers studied the effect of compressive

~=
| —



Substrate induced strain in PMN-PT films

misfit strain on ferroelectric domain structure of epitaxial PbTiOs thin
films and obtained almost pure c-domain structure. The compressive
strains acts in opposite way and facilitate the formation of c-domain.
The strain relaxation with increasing film thickness consequences
reduction in c-domains abundance. The c-domain fraction found to be
critical for higher piezo response rather than domain switching from a-
domain to c-domain [10]. The tensile strain found to facilitate a-
domain formation and compressive strain behaves in opposite way in
pulsed laser deposited epitaxial PbTiO; thin films.

Bai and co-workers found robust impact of epitaxial strain on
BaTiO; films deposited by pulsed laser deposition. They found that
epitaxial strain energy increase the phase transition temperature
significantly. Strain relaxation by insertion of buffer layer
significantly reduces the phase transition temperature in this material
system [11].

The impact of mechanical constraints on dielectric and
piezoelectric properties of pulsed laser deposited epitaxial PMN-PT
(90/10) films was studied by the Nagarajan and co-workers on
LaSrCoO; electroded LaAlO; substrate. They observed gradual stain
relaxation with increasing film thickness and improvement in
crystallinity with in the films. The strain relaxation with increase in
film thickness results decay in phase transition temperature. The
significant enhancement in dielectric and piezoelectric response with
strain relaxation was measured in these films [12]. This study was
further extended to investigate the impact of substrate induced strain
(compressive or tensile) on dielectric and piezoelectric properties of
epitaxial PMN-PT(90/10) films. For these investigations, PMN-PT
films were deposited using LaAlO;, LSAT, STO and MgO substrates.
XRD analysis indicates that PMN-PT films deposited on LaAlOs,
LSAT, STO substrates are under compressive strain while on MgO
are under tensile strain. The strong dependence of the dielectric and
piezoelectric properties on misfit between substrate and PMN-PT
films was observed. The enhancement of dielectric and piezoelectric

~
—



Chapter 6

properties with decay in the in-plane compressive strain was observed
in this study [13].

In this chapter, experimental study is presented focusing on the
effect of substrate induced strain on crystal structure, ferro and
piezoelectric properties of epitaxial PMN-PT(67/33) films. For this
analysis, the PMN-PT thin films were prepared using PZT(52/48)
interfacial layer on SrRuO; electroded various substrates in a large
misfit strain range. The PZT(52/48) had been selected to use as
interfacial layer due to its close in-plane lattice matching with PMN-
PT (67/33). The wuse of interfacial layer expected to
minimize/eliminate the effect of strain induced by difference of crystal
lattice parameters between PMN-PT and SrRuOs; bottom electrode.
The deposited heterostructures were analyzed focusing on the impact
of difference of thermal expansion coefficients on structure,
ferroelectric and piezoelectric properties of epitaxial PMN-PT thin
films.

6.2 Substratesand substrate pre-treatments

To study the substrate induced strain on structure, ferroelectric
and piezoelectric properties of epitaxial PMN-PT (67/33) films, the
selected substrate with their lattice parameters, crystal structure and
thermal expansion coefficients are summarized in table 6.1.

Table 6.1: Lattice parameters of PMN-PT film and the substrates at room
temperature (RT) used in these experiments together with their thermal expansion
coefficients [13-15].

Material Bulk Iatt;c(?&c):onstants Crystal Structure (x ;Ef K
PMN-PT (67/33) 4.02 Pseudo-Cubic ~10
CeO,/YSZ/Si 5.43 Cubic 2.6
LaAlO; 3.79 Cubic 10
LSAT 3.87 Cubic 12
NdGaOs; 3.86pc) orthorhombic 9
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SrTiOs 3.905 Cubic 11
DyScO; 3.950) orthorhombic 8.4
MgO 4.212 Cubic 14.8
CeOyYSZ 5.125 Cubic 11.4

Before thin films growth, SrTiO;, LSAT, NdGaO; and
DyScO; substrates were pre-treated to get single termination (B-site)
by using methods developed by Koster et. al. and Kleibeuker et. al.
Rest of the substrates were ultrasonically cleaned using acetone and

ethanol prior to deposition to remove surface contaminations except
MgO [16-18].

6.3 Experimental procedure

6.3.1 Samplesfabrication

PMN-PT/PZT (200nm/25nm) bilayer stack is sandwiched
between 100nm SrRuOj; electrodes. It is notable here that PZT (52/48)
layer is sandwiched between PMN-PT bottom electrode. The used
substrates to deposit heterostructure (SrRuO;/PMN-PT/PZT/SrRuO3)
include MgO(001) denoted as B1, CeO, buffered YSZ (001)-B2,
LSAT(001)-B3, LaAlO3(001)-B4, DyScO3(001),-BS, SrTiO3(001)-
B6, NdGaO;(001),.-B7 and CeO,/YSZ bilayer buffered silicon (001)-
B8. The SRO used as bottom electrode can grow with cube on cube
epitaxial relation on all selected oxide substrates. In case of B2 and
B8, buffer layers were applied to overcome large lattice mismatch
between substrate and SRO bottom electrode. The (001) orientation of
PMN-PT films on silicon and YSZ substrate (B2 and BS8) was
achieved using (001) oriented SRO film which was fabricated using
growth method developed by Dekkers and co-workers [19]. The
complete layer stack was deposited subsequently to avoid un-wanted
contaminations. Substrates were heated by fixing them using silver
epoxy on a substrate holder and deposition temperature refers to the
temperature measured by thermocouple embedded inside substrate
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holder. All samples have been deposited by Pulsed Laser Deposition
(PLD) using a KrF Excimer laser operating at 248nm. The layer stacks
have been cooled down immediately from deposition temperature to
room temperature in oxygen ambient using 1bar pressure with cooling
rate of 10°C/minute. The specific growth conditions for SrRuOs, PZT
and PMN-PT films and further details about deposition system
(Pulsed Laser Deposition) can be found in chapter 2.

6.3.2 Samplescharacterization

Structural properties and epitaxial relationship were
investigated by HR-XRD (PANalytical X'pert PRO MRD). The in-
plane and out of plane lattice parameters were derived from reciprocal
space maps. Device in ferroelectric capacitor geometry (200x200um?)
were patterned by standard photolithography process and structured
by argon ion beam etching. Polarisation-electric field (P-E) hysteresis
loops were measured using a modified Sawyer Tower circuit
(AiXxACCT TF Analyser 3000) at a frequency of 1kHz using a bipolar
triangular pulse and with 150 kV/cm amplitude. The longitudinal
piezoelectric coefficients (dss.f) were obtained using Polytec MSA-
400 Micro Scanning Laser Doppler Vibrometer. The electric field vs.
capacitance (E-C) measurements have been performed using Keithley
4200 at 10kHz frequency. The corresponding dielectric constants has
been calculated from these E-C curves. More details about
characterization techniques can be found in chapter 2.

6.4 Resultsand discussions

6.4.1 Structural properties

Figure 6.1(a) shows the 6-20 diffraction patterns of the
epitaxial PMN-PT films deposited using PZT (52/48) interfacial layer.
The zoom in the range of 41° — 49° (figure 6.1b) shows (002)
reflections area on different substrates.
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Figure 6.1: HR-XRD diffraction pattern of epitaxial PMN-PT films deposited on
different substrates using PZT(52/48) as interfacial layer (a) Zoom in of the (002)
diffraction peaks area. The bulk reflection positions for PZT(52/48) and PMN-PT
are marked with solid green lines.

The diffraction peaks corresponds to substrates, electrodes,
PZT and PMN-PT can be observed from XRD spectra.These spectra
show diffraction peaks corresponding to (001) growth orientation only
for both ferroelectric materials (PMN-PT and PZT). No diffraction
peaks corresponds to impurity phases (pyrochlore phase) or other
orientations were observed for both (PMN-PT, PZT) films. This
analysis noticeably demonstrates that the deposited films are
perovskite phase and (001) orientation pure within the detection limits
of our instrument. The rocking curves (w-scan) measurements for
PMN-PT (002) reflection on different substrates were also performed
(not shown) which show full width at half maximum (FWHM) in the
range of 0.05° - 0.95°.

The solid green lines are drawn to specify the reflection
positions corresponding to the bulk PZT (52/48) as well as PMN-PT
(67/33) ceramics (figure 6.1 b). The reflections corresponds to PZT
film are shifted from the expected angle corresponds to tetragonal
unstrained bulk PZT. Similarly, the diffraction peaks corresponds to
PMN-PT films are also shifted from the expected angle for unstrained
pseudocubic bulk PMN-PT. The reflection corresponds to PMN-PT
film deposited on MgO substrate is shifted towards lower angle
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compared to bulk PMN-PT ceramics. However, the diffraction peaks
representing PMN-PT film on all other substrate are shifted towards
higher angle compared to the bulk PMN-PT ceramic. The PMN-PT
diffraction peak shift is different for different substrates indicating
substrate dependent strain variation in the deposited heterostructure.
The diffractograms are arranged in a such a way that diffraction peak
shift from lower angle towards higher angle can be observed easily.

The in-plane and out-of-plane lattice parameters are obtained
from reciprocal space maps which were performed on the four fold
reflections (103) of PZT and PMN-PT thin films. Furthermore, the
(103) reciprocal space maps appears as one single reflection for the
both ferroelectric materials (PZT, PMN-PT) with in the resolution of
the diffracto-meter in all cases. This clearly demonstrates that no a-
and c-domain formation is present in the crystallographic structure of
the films. Since the composition is at morphotropic phase boundary,
the PZT and PMN-PT unit cell is assumed to be nearly cubic for an
unstrained free standing film. After cool down, the strain induced by
the substrate, however distort the cubic unit cell and can be calculated
using formula [20]

Sy = (6.1)

Where Sy, refers to the misfit strain. The a is the measured in-
pane lattice parameter while a, refers to the unstrained pseudocubic
in-plane lattice parameter of the film. The unstrained pseudocubic in-
plane lattice parameter (a,) for PZT (52/48) interfacial layer and
PMN-PT film is obtained from

a, = 3/ (a.a.c) (6.2)

Where a and C are the measured in-plane and out-plane lattice
parameters of PZT (52/48) interfacial layer and PMN-PT film
respectively. The misfit strain calculated using formula 6.1 for PZT
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interfacial layer and PMN-PT film is summarized in table 6.2. The
reciprocal space maps for the selected samples are shown in figure
6.2.

Silicon - Ysz | ‘ (B)

7 -1088 -166 -1.64 162 -1.6 -1.58 -1.56 -1.54 -1.62 1.5 -1.48 -1.46

Q out-of-plane

LAO - o - . - (C)

489

48

470"

46

45

-17 -166 -1.66 -164 -1.62 -16 -1.58 -1.56 -1.54 -1.52 1.5 -1.46 -1.46 4 4'51 7 -168 -166 -164 -162 -16 -158 -156 -1.54 -152 -15 -1.48 -1.46

Q in-plane

Figure 6.2: XRD reciprocal space map for PMN-PT film grown on (001)
CeOy/YSZ/Si (a) (001) CeO/YSZ (b) (001) LAO (c) and (001) STO (d) substrates.
The (103) planes of the CeO,/YSZ/Si can be detected due to in-plane 45° rotation
with respect to electrode and PZT/PMN-PT bilayer stack.

Table 6.2 shows the misfit strain [Sy (107)] ranging from 0 to
-8 for PZT (25/48) interfacial layer. The misfit strain values show that
PZT film deposited on different substrate is under compressive strain
except on silicon substrate which shows complete strain relaxation in
this case. The strain in the PZT films deposited on silicon can relax by
the formation of structural defects as well as domains. The first is less
likely because film show good crystalline quality as well film
thickness is much smaller than critical thickness for epitaxial strain
relaxation. Most probably, the strain relaxation took place via domain
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formation. The exact mechanism behind this unexpected behavior is
not clear. The calculated misfit strain for PZT interfacial layer is much
higher than reported for 250nm thick epitaxial PZT (52/48) film
deposited by pulsed laser deposition on similar substrates [14]. This
significantly higher strain calculated in our case is due to the combine
effect of thermal strain (strain due to difference of thermal expansion
coefficients) and epitaxial strain (strain due to different of crystal
lattice parameters). The PZT thickness in our case is much less that
critical thickness reported for complete crystal lattice (epitaxial) strain
relaxation for epitaxial PZT thin films. The reported critical thickness
for epitaxial strain relaxation is >80nm [6].

The table 6.2 also show Sy(107) calculated for epitaxial PMN-
PT films deposited on different substrates using PZT interfacial layer.
It ranges from -2.3 to 2.7. The PMN-PT film deposited on MgO
substrate is under compressive strain while on other substrates is
under tensile stain except YSZ which shows complete strain
relaxation. The PMN-PT film grown on MgO substrate is under
compressive strain due to higher thermal expansion coefficient
compared to PMN-PT film. The PMN-PT films grown on STO, YSZ
and LSAT substrates is expected to show compressive strain due to
higher thermal expansion coefficients than PMN-PT. The PMN-PT
films show tensile strain which is unexpected. This indicates that Sy is
not proportional to the difference of thermal expansion coefficients.
Additional factors like strain relaxation mechanism that may differ
from substrate to substrate as well as additional crystal lattice
(epitaxial) strain can influence the total strain in the film [14]. The
crystal lattice strain seem the possible reason for tensile strain in
PMN-PT films deposited on STO substrates. The FWHM for this
sample is 0.05 indicating very crystalline quality of this films. This
indicates that crystal lattice strain is not relaxing completely via
structural defects in this case. The thermal expansion coefficients of
other substrates are lower compared to PMN-PT. Hence, the deposited
films are under tensile strain which is expected.
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Table 6.2: In-plane and out-plane lattice parameters and Sy of PZT interfacial
layers and PMN-PT films deposited on SRO electroded different substrates.

Interfacial Layer (PZT) PMN-PT
Sample
a® | | a | o fa® | e | ath | s

MgO-B1 4.037 = 4.113 4.062 -6.2 4.007 @ 4.035 4.016 -2.3
YSZ-B2 4.039 | 4.112 4.063 -5.9 4.018 | 4.019 | 4.018 0.0
LSAT-B3 4.036 @ 4.110 4.061 -6.2 4.026 = 4.015 4.022 1.0
LAO-B4 4.039 = 4.112 | 4.063 -59 4.029 @ 4.010 4.023 1.5
DyScO;-BS | 4.032 ¢ 4.130 | 4.064 -8.1 4.034 | 4.004 : 4.024 2.5
STO-B6 4.043 | 4.129 | 4.072 -6.9 4.035 | 4.007 : 4.026 2.2
NGO-B7 4.055 | 4.100 @ 4.071 -3.5 4.038 | 4.006 | 4.027 2.7
Si-B8 4.056 | 4.057 | 4.056 0.0 4.032 | 3.999 | 4.021 2.7
Bulk 4.05 4.11 4.070 XXX 4.022 | 4.022 4.022 XXX

6.4.2 Ferroelectric and piezoelectric properties

To investigate the effect of substrate induced strain on
ferroelectric and piezoelectric properties of epitaxial PMN-PT films,
three samples out of eight are selected for further analysis. The PMN-
PT films deposited on MgO substrate (B1) is under highest
compressive strain in this study while the PMN-PT film grown on
STO substrates (B6) is under tensile strain. These two samples are
selected due to almost equal magnitude of strain (compressive for B1
and tensile for B6). The third sample (B6) was selected because it
shows intermediate strain (tensile) within these samples.

The P-E loops, dielectric curves and di; loops for selected
samples are shown in figure 6.3. Although all three samples have
similar orientation but their P-E characteristics are substantially
different. The common feature of these P-E loops is characteristics
slanting of relaxor type films. The second common feature is the
imprint i.e. the shift of the P-E loops due to negative bias field whose
magnitude is different for different samples.
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Figure 6.3: P-E loops of the PMN-PT films deposited using PZT as interfacial layer
for B1, B3 and B6 (a) the dielectric curves for the same samples derived from the
electric field verses capacitance measurements (b) ds; loops for the same samples
from which longitudinal piezoelectric coefficient are derived (c).

The PMN-PT film which is under compressive strain shows
very large polarization (B1). The magnitude of the polarization
decreases as the misfit strain corresponds to PMT-PT film increases to
positive value i.e. from high compressive strain to intermediate
(tensile) strain (B3) and further towards even higher tensile strain
(B6). The similar trend is expected for other samples which are not
shown here.

Table 6.3 shows the out-of-plane polarization P(0) at zero field
obtained from the high field extrapolation for selected samples. The
decreasing trend can be observed from compressive strain towards
tensile strain. This trend is attributed to the rotation of the polarization
vector away from the film plane. It is necessary to mention here that
polarization vector is along the [<111>] easy axes of a (001) oriented,
unstrained PMN-PT single crystals. The PMN-PT film deposited on
MgO substrate (B1) is under compressive strain which will rotate the
polarization vector towards film plane. Due to this rotation, this
sample showed higher polarization. The other two samples (B3 and
B6) are under tensile strain. The lower polarization P(0) is observed
for these samples (B3 and B6) compared to the sample which is under
compressive strain (B1). Considering these two samples which are
under tensile strain, the higher polarization P(0) for the sample under
lower tensile strain (B3) is observed compared to the sample which is
under higher under tensile strain (B6). Tensile strain causing rotation
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the polarization vector away from the easy axes in the opposite
direction of film normal. The rotation of the polarization vector is
higher for the sample which have higher tensile strain (B6) result
larger decay in the polarization compared to the sample having
relatively lower tensile strain (B3).

Another striking difference in terms of P-E loops is the
existence of the self-bias. The higher self-bias was observed for the
B1 which decays for the B3 and even further decreases for B6. This
self-bias is associated with the combine effect of the strain in the PZT
interfacial layer and PMN-PT main ferroelectric layer. The overall
strain in this sample (B1) is higher compared to the other two samples.
Hence this sample shows higher self-bias field. The higher strain
results higher number of defected dipoles causing higher built-in-bias
for this sample. However for the sample B3, the strain in the PZT
interfacial is almost similar to Bl but still this sample shows
comparatively lower self-bias field. This is attributed to overall lower
strain compared to sample B1. This sample have less number of
defected dipoles caused by strain, hence lower self-bias is observed in
this case. For B6, the strain in the PZT interfacial layer is also almost
similar to other two samples. Still this samples shows lowest self-bias.
This sample possess very high crystalline quality (FWHM= 0.05) of
the PMN-PT film. Due to exceptionally high crystalline quality of this
film, the number of defected dipoles are very small. That’s why this
sample have very small self-bias field. In this analysis, it is noticed
that self-bias field is consequence of strain as well as density of
structural defects in the PMN-PT film.

The dielectric properties of these samples are also different.
The shift of the dielectric curve is similar to P-E loops. This shift
decreases the permittivity at zero field and enhances the figure of
merit which is beneficial for devices (sensors and actuators operating
at zero volts). Nagarajan and co-workers studied the effect of epitaxial
strain relaxation in PMN-PT films and found improvement in
dielectric properties with strain relaxation. The PMN-PT film
deposited on LSAT substrate is more relaxed compared to other two
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samples. Hence this film shows higher dielectric properties. The other
samples shows almost similar strain but opposite sign (compressive
and tensile). These two films show different dielectric seems due
different strain relaxation mechanisms on different substrates.

The longitudinal piezoelectric coefficient show similar trend. It
is higher for the relaxed film. The electric field induced phase change
(pseudocubic to tetragonal) can occur in PMN-PT films which can
enhances the piezoelectric response. This effect is more likely in
relaxed film. As the compressive strain already deform the unit cell
from pseudocubic to tetragonal. So chance of this contribution
diminishes. That’s why the PMN-PT films under tensile strain have
relatively higher piezo response compared to compressively strained
film. The ferroelectric, dielectric and piezoelectric properties of the
selected samples are summarized in table 6.3.

Table 6.3: The ferroelectric, dielectric and piezoelectric properties of PMN-PT
films deposited on MgO, LSAT and STO substrates.

Sample SM P(O) Ec.av Esb &r &r d33
(x107%) | (nC/em?) | (kV/em) | (kKV/em) (max) | (ov) | (Pm)

Bl 2.3 25.78 16.5 -16.32 | 2525 | 2266 60

B3 1.0 16.80 13.5 -13.35 | 2879 | 2614 68

B6 22 12.42 11.32 -4.92 1970 | 1958 66

6.5 Conclusions

The perovskite phase and (001) orientation pure epitaxial
PMN-PT films have been fabricated on wide range of substrates using
PZT as interfacial layer. The PZT interfacial layer is under
compressive strain on all substrates except silicon. PMN-PT films are
under tensile strain except MgO and YSZ substrate. The PMN-PT
films on MgO substrate is under compressive strain while on YSZ is
completely relaxed. The PMN-PT films on YSZ, LSAT, STO
substrate are under tensile strain which is unexpected. The epitaxial
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strain and/or strain relaxation mechanism appears the dominating
factor over strain induced by the difference of the thermal expansion
coefficient. The samples analyzed with respect to ferroelectric,
dielectric and piezoelectric properties show that strain can effect the
properties of epitaxial PMN-PT films significantly. The knowledge of
strain effect on properties of epitaxial PMN-PT films is useful to
engineer a PMN-PT film to achieve desired properties for specific
applications.
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Chapter Overview:

Epitaxial PMN-PT films with different out of plane orientation [(001) and
(110)] sandwiched between symmetric StTRuOs; electrode were deposited on
a CeO,/YSZ bilayer buffered silicon substrate. The orientation switch from
(110) to (001) of the SrRuO; bottom electrode was achieved by carefully
controlling the fabrication conditions. Subsequent PMN-PT layer follows
the orientation of the bottom electrode. The ferroelectric and piezoelectric
properties of the (SrRuO;/PMN-PT/SrRuOs;) ferroelectric capacitors with
two different crystallographic orientation were compared which showed
orientation dependence. Additionally, epitaxial PMN-PT thin film based
sensing devices (cantilevers) were also fabricated using SrTiO; buffered
silicon substrate. To fabricate cantilevers, PMN-PT film were prepared
using PZT (20/80) as interfacial layer on SrRuOs; electroded and SrTiO;
buffered silicon substrate. The SrTiO; buffered silicon substrates were
preferred over CeO,/YSZ bilayer buffered silicon due to remarkably better
crystalline quality of the former template compared to later.

This chapter is submitted as:
B Epitaxial PMN-PT films with different out of plane orientation on silicon.
M Fabrication of epitaxial PMN-PT film based free standing cantilever.
(to be submitted)




Chapter 7

7.1 Introduction

Silicon is a gold standard substrate for ferroelectric oxide thin
film based electronic, photonic and MEMS (Micro Electromechanical
Systems) devices [1-2]. It is readily available at comparatively low
cost with very high crystalline and surface quality essential for thin
film growth. Other advantages of silicon include good thermal
conductivity and well developed processing options/tools from
standard silicon technology. The main drawback of silicon for the
fabrication of MEMS devices is its passive nature that it needs
metallic electrodes to capacitively displace MEMS devices.

The direct growth of lead (Pb) based materials on silicon
substrates at high temperature (= 600°C) is mostly difficult owing to
interdiffusion and interfacial reactions between lead (Pb) and silicon
substrate. This interaction degrades both silicon and functional
properties of the deposited thin films [3-5]. To achieve epitaxial
growth of Pb based materials on silicon substrates, buffer layer(s) is
required. The selection of the suitable buffer layer(s) is crucial. Buffer
layer(s) not only prevents the interfacial reactions but also plays a key
role in controlling the crystallinity and crystallographic orientation of
the subsequent layer [5-6]. During the selection of buffer layer(s),
issues like lattice mismatch, thermal expansion coefficient, thermal
stability, chemical inertness, crystal structure etc. have to be
considered. The epitaxial growth of PMN-PT thin films on silicon
substrates had been demonstrated using appropriate buffer layer(s)
which not only prevent interfacial reactions but also reduce large
crystallographic lattice mismatch between silicon (5.43A) and PMN-
PT (=4.02A) [6-10].

Ferro and piezoelectric properties of the most noticeable
ferroelectric oxides (the pure ferroelectric PbZrTi,.xO3 (PZT) and the
relaxor ferroelectric (PbMg;/3Nb2/303)067-(PbTi03)033 (PMN-PT)
etc.) are strongly correlated with the crystallographic orientation of the
thin films. Therefore, A strong effort have been paid to fabricate
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epitaxial PZT and PMN-PT thin film based devices on silicon with
desirable orientation. Here we discuss specifically the PMN-PT thin
films. It is challenging to overcome the large lattice mismatch
between the PMN-PT and the silicon substrate and appropriate buffer
layer(s) is required to achieve epitaxial growth. The crystallographic
orientation is also influenced by the buffer layers, hence it is highly
desirable to engineer the buffer layer to achieve optimised films with
high crystallinity and desired orientation.

Bulk relaxor ferroelectrics like PMN-PT exhibit superior
piezo-response, and 5 to 10 times larger piezoelectric coefficients than
bulk PZT ceramics. This material has also a very large
electromechanical coupling coefficient, k33 = 0.9 [11]. Hence it is an
auspicious candidate for hyper active MEMS for sensor and actuator
applications.

A number of buffer layers have been developed to achieve
epitaxial growth of PMN-PT films on silicon. Baek et al. reported the
deposition of highly crystalline, epitaxial PMN-PT films on SrTiOs
buffered silicon substrate [6]. W. Wang and co-workers developed a
SrTiO3/TiN/Si heterostructure while W. S. Tsang et al. demonstrated
that the MgO/TiN/Si bilayer system can be successfully used to obtain
epitaxial growth of PMN-PT on silicon [7-8]. The Yttria-stabilized
zirconia/ceria (YSZ/CeO,) heterostructure is one of the most
extensively investigated layer stacks for epitaxial growth of
ferroelectrics oxide films on silicon [9,12-13]. There are reports on the
deposition of (001) and (110) oriented epitaxial PMN-PT films using
appropriate buffer layer(s) and/or electrode material [6,9]. However,
there is no literature about the control of the -crystallographic
orientation of epitaxial PMN-PT films on a silicon substrate without
changing the buffer layer(s) and/or the electrode material.

This chapter deals with epitaxial PMN-PT (67/33) films with
(001) or (110) orientation which are controllably fabricated on silicon
substrates using the same buffer layer/base electrode materials stack.
This offers the opportunity to investigate the effect of structure and
crystallographic orientation on the ferro and piezoelectric properties of
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epitaxial PMN-PT films on a silicon substrate. Furthermore PMN-PT
thin film based sensing devices (cantilever) has been fabricated. To
fabrication cantilevers, PMN-PT thin film based heterostructures were
deposited in SrTiOs buffered silicon substrates [14]. This template
was preferred over CeO,/YSZ bilayer buffered silicon substrates for
the fabrication of cantilevers because of its exceptionally high
crystallinity and surface quality. The PMN-PT films based
heterostructures which will be discussed in this chapter are
schematically shown in figure 7.1.

Figure 7.1: Schematic of the epitaxial PMN-PT layer stack deposited for the
fabrication of cantilevers (left) and the heterostructure used to study the effect of two
different out of plane orientation of PMN-PT films on silicon substrate (right).

7.2 Orientation control of PMN-PT films[(001)
and (110)]

7.2.1 Thin filmsgrowth

200 nm thick epitaxial PMN-PT (67/33) films were fabricated
using 100 nm thick SrRuO; (SRO) base and top electrodes. The
SRO/PMN-PT/SRO structures are deposited on a (001) oriented
silicon substrate buffered with a CeO,/YSZ bilayer stack (each layer is
50 nm thick). To avoid undesirable contaminations, the full
heterostructure (Si/YSZ/CeO,/SRO/PMN-PT/SRO) was deposited
without breaking the vacuum. All samples are deposited via Pulsed
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Laser Deposition (PLD) using a KrF Excimer laser (248 nm
wavelength). YSZ can grow heteroepitaxially on silicon as it
scavenges the native silicon dioxide layer by the interaction with the
metal Zr (or Y), which can occur under specific deposition conditions.
This allows the reproducible coherent growth of the oxides on a
silicon substrate without the need of a hydrofluoric acid (HF) pre-
treatment of the silicon substrate [15]. Ceria (CeO;) grows on YSZ
buffer layer with a cube on cube epitaxial relationship and is therefore
used as a second buffer layer to further reduce the lattice mismatch
between YSZ and the base electrode SRO layer. The in-plane
mismatch between the fluorite structure of CeO, and the perovskite
pseudocubic SRO crystal is only 2.2% if the perovskite cubic unit cell
of SRO is rotated in plane by 45° with respect to the CeO, unit cell
[16-17]. The detailed deposition conditions for the SRO/CeO,/YSZ
layer stack were reported elsewhere [12]. The PMN-PT films were
deposited at a substrates temperature of 585°C keeping the oxygen
pressure at 0.27 mbar. The substrate was placed at a distance of 6 cm
from the target. The PMN-PT films deposition was performed at a
laser fluence of 2.0 J/cm? and 4 Hz repetition rate. After deposition the
samples were cooled down in-situ from deposition temperature to
room temperature under a 1 bar oxygen pressure.

7.2.2 Thin filmscharacterizations

Crystallographic properties and epitaxial relationships were
examined by High Resolution X-Ray Diffraction (XRD) (PANalytical
X'pert PRO MRD). The ferroelectric capacitor devices, 200200 pum?
in size, were patterned by photolithography and structured by argon
ion beam milling. Ferroelectric hysteresis (P-E) loops were measured
with a ferroelectric tester (AixACCT TF Analyser 3000), using a
bipolar triangular pulse at a frequency of 1 kHz and with 150 kV/cm
amplitude. Fatigue measurements were performed using a rectangular
pulse train at a frequency of 10 kHz and the same amplitude. The
effective longitudinal piezoelectric coefficient (ds3crr) loops were
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measured with a Laser Doppler Vibrometer (Polytec MSA-400). The
electric field vs. capacitance (E-C) measurements were performed
with a Keithley 4200 at 10 kHz. The crossectional samples were
prepared to analyse microstructure of the deposited films which was
performed using high resolution scanning electron microscope (Carl
Zeiss Merlin HR-SEM).

7.2.3 Resultsand discussions

Figure 7.2(a) shows the #-26 profile of a PMN-PT film grown
on the SRO/Ce0,/YSZ heterostructure using a (001) silicon substrate.
In this case, the SRO bottom electrode was deposited at a substrate
temperature of 600°C and a constant oxygen pressure (0.13 mbar ).
The reflection peaks indicate that the PMN-PT film is in the
perovskite phase and has (110) orientation. No extra peaks that
correspond to impurity phases or other orientations are observed
within the detection limits of our instrument. To investigate the
crystalline quality rocking curve measurements were performed. The
FWHM of the rocking curve of the PMN-PT (110) peak is 1.6°. This
indicates that the (110) plane tilt angle varies significantly within the
film.

The in-plane  epitaxial relations of the PMN-
PT(110)/SRO(110)/Ce02(001)/YSZ(001)/Si(001) stack were studied
using ¢-scans as shown in figure 7.2(b). The @-scan of the CeO,/YSZ
bilayer stack shows four identical sets of peaks located at the same ¢
angles as the Si-substrate separated by 90°, proving that
Ce02(001)/YSZ(001) bilayer is grown with a cube-on cube epitaxial
relationship with the Si(001) substrate, as is typically observed [9,13].

The ¢-scan in figure 7.2(b) corresponds to the SRO bottom
electrode and shows peak doubling of the SRO(002) peaks positioned
at +10° and —10° with respect to the position of the silicon peak. This
indicates the presence of twin domains in the film as was previously
also observed by Hou et al. [18] for SRO directly on YSZ/Si(001) and
by Dekkers and co-workers [12] for SRO on CeO,/YSZ/Si(001). The
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(110) oriented growth of the SRO means that the unit cell is rotated
over 45° with respect to the film normal. Because of the very small
lattice mismatch between the SRO bottom electrode and the
successive PMN-PT layer, the growth of PMN-PT follows the
orientation of the bottom electrode. Therefore the twin domain
structure also exists in the PMN-PT film as was indicated by XRD
analysis (not shown). The fairly large rocking curve width of the
PMN-PT (110) peak is ascribed to the twin domain structure. The out-
of-plane lattice constant of the PMN-PT(110) is obtained as 0.5667
nm, which is slightly (-0.4%) less than that of an unstrained 45° tilted
pseudocube (0.5688nm=v/ 2a,., with a,,. = 0.4020 nm as determined
from the #-26 scan of the (001) film), hence the PMN-PT appears to
be slightly tensily strained in the film plane. From Figure 1(c) it is also
deduced that part of the PMN-PT (002) reflection is slightly shifted to
lower angles from the angle expected for rhombohedral, unstrained
PMN-PT. The broad shoulder (see inset) indicates a compressive
strain of the in-plane lattice constant of the part of the layer on top of
the bottom SRO layer, relaxing to the bulk value. It was previously
shown that such a layer with a decreasing gradient of tetragonally
strained PMN-PT induces a large self-bias field in the device, causing
a large shift of the PE-loop [19].

Figure 7.2(c) shows the 6-26 scan of the (001) oriented PMN-
PT films. Also here no additional peaks corresponding to impurity
phases or other orientations were detected. The FWHM of the rocking
curve of the PMN-PT (002) peak is 0.7°, which is half that of the
(110) oriented PMN-PT films, reflecting the observation that there is
no twinning in the (001) film. In this case, the first few atomic layers
(= 4 A) of the SRO bottom electrode was deposited under a reduced
oxygen plasma pressure (<10~ mbar) and high substrate temperature
of 800°C. Apart from this, the deposition conditions for the rest of the
stack were equal to that of the (110) oriented film. The ¢-scan
measurements shown in figure 7.2(d) demonstrate the in-plane
epitaxial relations of the SRO(001) with the Si(001) substrate. All the
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layers have a four-fold rotational symmetry confirming the epitaxial
growth of all the Ilayers. The epitaxial relation between
Ce0,(001)/YSZ(001)/Si(001) is similar to the former case. However
the ¢ scan of the subsequent SRO layer is notably different. It is
rotated in-plane by 45° with respect to the buffer layers and silicon
substrate. Thus the SRO unit cell is in-plane rotated. This epitaxial
relation  has  earlier been  observed for the same
SRO/CeO,/YSZ/Si(001) heterostructure [12, 17]. A set of four
identical peaks of the successive PMN-PT layer (not shown) are
positioned at the same ¢ angles as the SRO, reflecting the cube-on-
cube epitaxial relation with the SRO bottom electrode.

Thus the increase in deposition temperature, together with
lowering the oxygen pressure during the growth of the first SRO unit
cell layer is found to have a profound effect on the film stoichiometry.
The mismatch of 45° in-plane rotated (001)- oriented SRO on CeQO; is
less than that of (110) oriented SRO on CeO,. The reason that under
normal deposition condition SRO grows (110) oriented on the CeO,
must be that, when both elements (Sr and Ru) are present in equal
amounts, the nucleation of a (110) oriented SRO unit cell is
energetically more favorable than that of a (001) oriented unit cell.
SRO grows (001) oriented when only Sr is present on the CeO, when
SRO is deposited under reducing conditions (loss of volatile Ru). It is
believed that this is due to the evaporation of the Ru during the initial
deposition, which consequently gives rise to a Sr enriched starting
layer, favouring the formation of a SrO monolayer that acts as a (001)
oriented base plane for the perovskite block of SRO. Continuation of
the growth under normal conditions causes the (001) oriented growth
of the SRO bottom [12].
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Figure 7.2: (a) XRD 0-20 diffractogram of 200nm thick (110) oriented PMN-PT
film deposited on SRO(110)/CeO,(001)/YSZ(001) tri-layer system on a silicon
substrate. The inset shows an expansion of the (110) reflection. (b) Corresponding ¢
scan associated with silicon substrate and SRO bottom electrode. (c) XRD pattern of
200nm thick (001) oriented PMN-PT films with inset of the (002) reflection
deposited on a SRO(001/CeO,(001)/YSZ(001) buffered silicon substrate; (d)

corresponding ¢ scan of the silicon substrate and SRO bottom electrode.

The ferroelectric hysteresis loops (P-E) of the PMN-PT films
with different crystallographic orientation, measured after 10° cycles,
are shown in figure 7.3(a). The loops show the strong slanting and
narrow hysteresis typical for bulk relaxors, and are very symmetric.
The polarization of the (110) oriented film is significantly larger than
of the (001) oriented film. This is interpreted as being due to the
different orientations of the pseudocubic [111] direction, which is the
preferential polarization direction in bulk PMN-PT, in these films.
The projection of this axis on the film normal direction (3-direction),
in which the 3-component of the polarization is measured, is a factor

\/2/3 for a (110)-oriented film, and /1/3 for a (001) oriented film,
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of the length of a vector in the [111],. direction. Thus one would
expect in a first approximation that the ratio of the measured
polarizations for the films with different growth orientations to
be P3 (110)/ P3,001) = /2. Experimentally the ratio is about 1.2. The
difference may be due to the films being still far from saturation.
Another striking difference between the loops is the large shift of the
loop of the (001) film towards positive field direction indicating the
existence of a positive self-bias Eg, ( = (EF + EZ)/2 ). of magnitude
+ 8.1 kV/cm. The P-E loop of the (110) oriented PMN-PT films shows
a comparatively small, negative self-bias of -2.0 kV/cm. It is worth
noting that the self-bias may be beneficial since it can affect the
performance of the devices fabricated from these films. For instance
self-bias enhances the magnitude of (positive or negative) remanent
polarization. Additionally, the build-in bias has the advantage of
stabilizing the polarization in certain directions, which may affect
positively the aging properties of devices usually caused by voltage
and temperature excursions [20-21].

Typically, in perovskite ferroelectrics a compressive in-plane
stress results into a positive imprint, whereas in-plane tensile stress
acts in the opposite way [22]. Part of the PMN-PT films with (001)
orientation are under compressive stress, as was deduced from the
shoulder of the PMN-PT(002) reflection, whereas the (110) oriented
films are under a slight tensile stress. The observed field shifts of the
P-E loops are in the positive and negative direction as expected. Note
that the difference of thermal expansion coefficients between PMN-
PT and the silicon substrate would suggest the presence of in-plane
tensile strain, which cannot explain the difference in field shift for
both cases. The XRD analysis showed that the tetragonally strained
part of the (001) oriented PMN-PT film shows a strain gradient, with
most likely maximum strain at the base electrode/PMN-PT interface
and relaxing into the film. This strain relaxation occurs by the
incorporation of lattice defects. It was previously shown that a strain
gradient can give rise to a large build-in electrical field which is a
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possible cause for the self-bias voltage of these films [19]. The (110)
oriented films show different ferroelectric behaviour compared to the
(001) films, especially the self-bias is much smaller and has opposite
sign. In these films strain relaxation is much easier due to the high
density of structural defects, due to the twinning of the crystal
structure of the bottom electrode and PMN-PT film. This is consistent
with the XRD rocking curve measurements which show that the (110)
oriented films have more peak broadening, hence a larger tilt angle
range of the crystallites within the film and likely a higher density of
structural defects compared with the (001) films. The much increased
strain relaxation causes the strain gradient layer to be very thin, as is
evidenced by the fact that the 8-26 (110) reflection does not show an
obvious asymmetry (shoulder). The self-bias voltage is low and
negative, suggesting that the build-in field is (over-) compensated by
charged defects [19].

The relative dielectric constant curves of the deposited PMN-
PT films are shown in figure 2b. The lower slope of the polarization
loop of the PMN-PT(001) film is reflected in the lower dielectric
constant for this film compared with that of the (110) film. The self-
bias voltage slightly shifts the CE-loop of the (001) film.

The loops of the piezoelectric coefficient d33 = (0S5/0E3),
(the strain in the out-of-plane direction under an applied field in the
same direction, under constant stress conditions) is very symmetric for
the (001) oriented film, but is asymmetric for the (110) film. The
width of the (sloped) switching part of the hysteresis loops is
approximately as wide as the opening of the P-E loops. The coercive
field in the d;;-loops is significantly larger than that of the PE-loops,
indicating that there is an additional mechanism contributing to the
value of d3;, most likely domain wall pinning. From theoretical
modelling it was concluded that the interaction between domains is an
important factor in determining the dielectric and piezoelectric
response in clamped thin films [23]. There is also a remarkable
difference between the ds;-loops of the two types of films. The loop of
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the (001) oriented film is square and symmetric, but with a slight
voltage bias, and saturates at about 38 pm/V. In contrast the loop of
the (110) film shows strong maxima near the coercive field, which are
asymmetric for negative applied field. The nearly constant ds; of the
(001) film implies that the unit cell height increases linearly with
applied field, whereas the unit cell height in the [110] direction of the
(110)-film is more sensitive to the change in field at low fields than at
higher field strengths, where d3; saturates at nearly the same value as
for the (001)-film. In the (001) film the polarization vector rotates in a
(110) plane from the [111] direction towards the + [001] direction
under the influence of the applied field in the = [001] direction,
whereas in the (110) film it rotates in the opposite direction towards
the £ [110] direction in a field in the = [110] direction. Apparently the
latter rotation direction coincides with a larger displacement of the
Zr/Ti ion with respect to the O-lattice, causing a larger polarization (as
can be seen from the larger polarization values in the PE-loop) as well
as a larger expansion of the lattice (larger ds;). For an increasing field
in the direction of the top electrode (negative bias voltage) the lattice
expansion is easier (d3; is larger over a large field range) than for
decreasing field in the same direction. This suggests that the film is
more elastic when the Zr/Ti ions, positioned closer to the top electrode
within the unit cell, are moving towards the top electrode, than away
from the top electrode towards the bottom electrode, On the other
hand for positive bias, the Zr/Ti ions are positioned closer to the
bottom electrode and movement towards the bottom electrode appears
to be approximately as easy as away from it.

The maximum d3; values attained in these films are
significantly smaller than the bulk values reported, up to 2500 pm/V
[11]. The large effective ds; values reported for PMN-PT single
domain, single crystals, poled in the (001) or (110) direction is
ascribed to the large contribution of the large shear component d;s to
ds3 ¢ [24]. However in the films considered here, shearing is likely to
be largely obstructed by the shear in different directions of adjacent
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grains with the <I111> polar axis in different in-plane directions. In
addition the dj3; contribution is reduced by the clamping to the
substrate. We think that both factors contribute to the relatively small
ds3 ¢ values found.
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Figure 7.3: (a) Polarization hysteresis loop; (b) capacitance loop; (c) piezoelectric
coefficient ds;cr of 200nm thick (001) and (110) oriented PMN-PT films on
Ce02/YSZ buffered (001)-oriented Si substrate, using SRO electrodes.

To analyse the effect of orientation and structure on the
stability of the ferroelectric response, both films were subjected to a
large number (10°) of switching cycles. The main feature is the shift
along the field axis of the PE-loop upon cycling, reflected in shifting
coercive fields and thus a changing self-bias field (fig 7.4b). Both
films show a shift in the negative field direction upon cycling. The
relative change in self-bias of the (110) film is larger than that of the
(001) film, although the absolute values are nearly the same. We
interpret this shift as being due to an increased density of defect
related charges in the ferroelectric, probably at the interface with the
bottom electrode, where the strain gradient is present. The average
coercive value |E;| = |Ef — EZ|/2 of the (001) oriented film only
slightly increases with cycling, although beyond about 3x10® cycles a
stronger increase seems to be present. Cycling of the (110) oriented
PMN-PT films beyond 10’ cycles causes opening of the P-E loop due
to an increased leakage current, which is reflected in a strongly
increasing value of |E.|. This is ascribed to the existence of the
electrically less stable grain boundaries due to the twins in the (110)
oriented PMN-PT. Apparently the grain boundaries in the (001)
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oriented film are much more stable, so that deterioration of the loop
and increase of |E.| only sets in at a much larger cycle number.
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Figure 7.4: (a) Coercive fields, (b) self-bias field, and (c) average coercive field
versus number of aging cycles performance of (001) and (110) oriented PMN-PT
films on CeO2/YSZ buffered (001)-oriented Si substrate, using SRO electrodes.

The microstructure of the epitaxial PMN-PT film with two
different out-of-plane orientation (001 and 110) is shown in the figure
7.5.
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54

Figure 7.5: HRSEM image of the (001) oriented epitaxial PMN-PT film deposited
using YSZ/CeO, buffered silicon substrate (left image) and (110) oriented epitaxial
PMN-PT film (right image).

It can be observed that microstructure of the two films is
entirely different. The change of the microstructure originate from the
bottom electrode. The deposition of few monolayers of SRO bottom
electrode (SRO (001) orientation case) using low pressure and
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temperature not only change the orientation but also the
microstructure of the bottom layer. The bottom electrode
microstructure seems to effect the microstructure of the successive
layers. The (001) oriented PMN-PT film possess dense microstructure
compared to (110) oriented film which is columnar. The less dense
columnar structure might be the possible reason of superior
longitudinal piezoelectric response of these films [25].

7.3 Fabrication of PMN-PT film based free
standing cantilever

7.3.1 Deposition of PMN-PT films stack for
cantilever beam

Epitaxial PMN-PT/PZT bilayer stack is sandwiched between
60 nm thick SrRuO; (SRO) base and top electrodes. The film
thickness of PMN-PT (67/33) and PZT (20/80) is 300nm and 25nm
respectively. Heterostructure (SRO/PMN-PT/PZT/SRO)
schematically shown in figure 7.1 (left) are deposited on a (001)
oriented SrTiO; buffered silicon substrates provided by D. G. Schlom,
Cornell University, USA [14]. The PZT (20/80) composition was
preferred over other compositions owing to superior self-bias
demonstrated by this interfacial layer. More details about the effect of
PZT interfacial layer compositions on ferro and piezoelectric
properties of epitaxial PMN-PT films can be found in chapter 4. To
avoid undesirable contaminations, the full heterostructure was
deposited subsequently without breaking the vacuum. All samples
were deposited via Pulsed Laser Deposition (PLD) using a KrF
Excimer laser (248 nm wavelength). The growth conditions for PMN-
PT, PZT and SRO are similar to that already described in chapter 4.
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7.3.2 Structure, ferroelectric and piezoelectric
characterization

Crystallographic properties and epitaxial relationships were
examined by High Resolution X-Ray Diffraction (XRD) (PANalytical
X'pert PRO MRD). The ferroelectric capacitor devices, 100x100 pm?
in size, were patterned by photolithography and structured by argon
ion beam milling in addition to free standing cantilever on the same
structure. Ferroelectric hysteresis (P-E) loops were measured using
these capacitors with a ferroelectric tester (AiXACCT TF Analyser
3000), using a bipolar triangular pulse at a frequency of 1 kHz and
with 150 kV/cm amplitude. The electric field vs. capacitance (E-C)
measurements were performed with a Keithley 4200 at 10 kHz and
relative dielectric constants were derived from E-C measurements.
The piezoelectric properties of free standing cantilevers were
measured with a Laser Doppler Vibrometer (Polytec MSA-400).

7.3.3 Structural propertiesof PMN-PT films stack

Figure 7.6 shows the 6-260 profile of a PMN-PT/PZT film
grown on the SrTiO; buffered silicon substrate. The reflections
corresponds to (001) orientation for both PMN-PT and PZT layer
detected. There are no additional peaks corresponding to impurity
phases or other orientations. The FWHM of the rocking curve of the
PMN-PT (002) peak is 0.36°. These measurements explicitly
demonstrate that our heterostructure is in perovskite phase and pure
(001) orientated within the detection limits of the instrument. The ¢-
scan measurements (not shown) demonstrate the in-plane epitaxial
relations of the PMN-PT (001) with the Si(001) substrate. All the
layers have a four-fold rotational symmetry confirming the epitaxial
growth of all the layers. The detailed analysis (¢-scans) of the
complete stack shows that SrTiO; unit cell is rotated in-plane by 45°
with respect to the silicon substrate [26]. A set of four identical peaks
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corresponds to successive layers (SRO, PZT and PMN-PT) are
positioned at the same ¢ angles (not shown) as the SrTiOs, reflecting
the cube-on-cube epitaxial relation with the SrTiO; buffer layer. The
complete film stack is rotated in-plane by 45° with respect to the
silicon substrate. This epitaxial relation has earlier been observed in
PMN-PT films deposited on SrTiOs buffered silicon substrate [6].

PMN-PT (002)
PMN-PT (001)

FWHM = 0.36

Intensity (a.u.)
SRO (002)

20 21 22 23 24 25
() (deg.)

Intensity (a.u.)

> PZzT (001)
RO (001)

A
(2]

25 30 40

N
o

35 50
20 (deg.)

Figure 7.6: XRD 6-26 diffractogram of 300nm thick (001) oriented PMN-PT film
deposited on SrTiO; buffered silicon substrate using PZT (20/80) interfacial layer.

7.3.4 Fabrication process of free standing cantilever

Figure 7.7 shows the flow chart diagram describing step by step
fabrication process of free standing PMN-PT thin film based free

standing cantilever beam.
; (0) iy ©) g .
y  / ~/
I _;

Top electrode etched by PMN-PT/PZT film etched [ porom electrode and
ion-beam (Ar) milling by wet-chemical etching STO layer etched by
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-
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release the cantilever
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Figure 7.7: Fabrication steps of the free-standing PMN-PT thin film based
cantilever: (a) Pulsed laser deposited SRO/PMN-PT/PZT/SRO layer stack deposited
on SrTiO; buffered silicon substrate, (b) Ar-beam etched SRO top-electrode, (¢)
wet- chemical etched PMN-PT/PZT bilayer, (d) Ar-beam etched SRO bottom-
electrode and SrTiO; buffer-layer, (e) Cantilever was released by etching the
underlying silicon using SFs, and (f) Cross-sectional view of a free-standing
cantilever beam.

It is necessary to mention here that figure 7.7 which describe
process flow diagram shows only the etching steps involved for the
fabrication of free standing cantilever. This diagram does not show
steps of coating and patterning of the photoresist. These steps were
performed by standard photolithography process. It is important to
mention here that all heterostructures that were used to fabricate the
free standing cantilevers were characterized with respect to perovskite
phase and (001) orientation purity to ensure the good quality of the
heterostructure. The etching of the top electrode (SRO) was performed
using argon-beam etching. The sandwiched piezoelectric layers (PMN-
PT/PZT) were etched subsequently using wet-chemical etching. Then
the bottom electrode (SRO) and SrTiOs buffer-layer were etched using
argon-beam milling. Finally, the cantilevers were released by isotropic
etching of silicon substrate using SFe (Figure 7.7(e)). Using this
process, the cantilevers with a width of 25 pm and a length of 70 pm
were fabricated. The schematic view of a suggested structure is shown
in Figure 7.7(f). The scanning electron microscope (SEM) image of as
fabricated PMN-PT thin based free-standing cantilever fabricated using
steps described is shown in figure 7.8.

Figure7.8: SEM image of the PMN-PT thin film based free-standing cantilever beam.
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7.3.5 Analysis of the free standing cantilever beam

The Polytech MSA-400 micro-system analyzer was used for
the analysis and visualization of the structural vibration and surface
topography of microstructures such as piezoelectric cantilevers. A
fully integrated optical microscope with a scanning laser Doppler
vibrometer (LDV) and a white light interferometer allowed for the
measurement of the piezoelectric actuation and initial bending of
cantilevers. A schematic diagram for measuring mechanical
characteristics can be found in reference [27]. The tip-displacement
(Jr) of the cantilevers was measured under a sinusoidal ac-voltage of
1 V and at 8 kHz frequency. Figures 7.8 shows a typical piezoelectric
vibration response of a free-standing cantilever with 70um in length and
25um in width. The laser scanning area covered the top electrode.

Yib Displacement

Magnitude

Figure 7.8 LDV measurement showing the displacement of a 70-um-length free-standing
cantilever, measured at 1V,-1V4.-8kHz.

The value of transverse piezoelectric coefficient (e3;) can be calculated
by formula 7.1.

3y 5,5pt;(t; + 1)LV

)

3 = 5
214 3 22 3 r
sity +AsgSpldy + 65spITt0 + Asgspllty + spt] 71

In this formula, ¢ is the cantilever tip displacement, s, and s, are the
mechanical compliances of the substrate and the PMN-PT/PZT bilayer
respectively, # and 7, are the thicknesses of the substrate and the
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PMN-PT/PZT bilayer respectively, L is the length of the cantilever
and V is the excitation voltage. The compliance is related to the
Young’s modulus E by s = 1/E. The values for the Young’s moduli are
taken from reference [6]. The figure of merit (FOM) can be calculated
by formula 7.2.

2

FOM = 3¢ 7.2

Eoér

PMN-PT film based free standing | PMN-PT film based free

cantilever standing cantilever

@ Published in Journal @ From this study
Science” [6] e, =-25.6C/m’

€y, =-27 C/m FOM = 39.6 GPa

FOM =48 GPa

7.4 Conclusions

In conclusion, relaxor PMN-PT thin films were epitaxially
grown on Si substrates using PLD with a CeO,/YSZ buffer layer. By
adapting the growth conditions of the first monolayer of the bottom
SRO electrode the growth orientation was switched between the (001)
and (110) direction. All oxide layers show in-plane epitaxial relation
with the substrate. The PMN-PT films are phase pure and relax to
bulk rhombohedral lattice parameters over a thin layer. The (001)
oriented film shows a relatively large self-bias voltage, which is
ascribed to a strain gradient layer in the relaxor at the interface with
the bottom electrode. On long term cycling the self-bias is slightly
reduced, probably due to the introduction of charged defects in this
strained layer. In the case of the (110) oriented film the self-bias is
small and has opposite sign and increases further on cycling. The
effective piezoelectric coefficient ds; ¢ 1s about 40 pm/V, significantly
smaller than that of bulk PMN-PT, which is attributed to the granular
nature of the film and clamping by the substrate.
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Furthermore, PMN-PT thin film based free standing cantilever

beams are fabricated and characterized with respect to transverse

piezo-response (€31.fr) Which shows excellent response.
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