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Abbreviations

2-D —two — dimensional;

AFM — atomic force microscopy;

BTO — barium titanate, BaTiOg;

FE — ferroelectric phase;

F-P — ferroel ectric-to-parael ectric phase transition;
FWHM —full width at half maximum;

H —horizontal;

HR TEM - high resolution transmission electron microscopy;
HW — Halder — Wagner approximation;

LAO - lanthanum aluminate, LaAlOg;

LO —longitudinal optic phonons;

LWD - long working distance

NA — numerical aperture;

O'Pr — i-propoxide;

PI MOCVD - pulsed liquid injection metalorganic chemical vapour deposition;
PTO — lead titanate, PbTiOs3;

PZT —lead zirconium titanate, PbZr,4TixOs;

Ra — average roughness,

RS — Raman spectroscopy;

RT — room temperature;

SAPH — sapphire;

SEM — scanning electron microscopy;

STO - strontium titanate, SrTiO3;

T.— Curie transition (ferroel ectric-to-parael ectric) temperature;
Tpep — deposition temperature;

TEC —thermal expansion coefficient;

thd — 2,2,6,6-tetramethyl -3,5-heptandionate;

TO — transverse optic phonons;

V —vertical;

WDS — wavelength dispersive X-ray spectroscopy;
WH — Williamson — Hall analysis;

XAFS — X-ray absorption fine-structure;

XRD — X-ray diffraction;
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| ntroduction

Perovskite-type oxides exhibit an extraordinary richness of physical and structural
properties. They are well-known for their common structural instabilities which can be
driven by external parameters like temperature, electric field, stress etc. An original way
of varying these structural instabilities, and thus the related physical properties, is to use
the interfacial strain when athin film is deposited on a substrate. The physical properties
of thin films can be substantially different from those of bulk materials not only due to
substrate-film interactions, but also because of grain size effects, defects etc. Stresses
can also alter mechanical, optical, structural and electrical properties as well as the na-
ture of phase transitions in thin films which can directly play a part in the reliability of
devices.

Ferroelectric perovskite oxides receive considerable attention for their attractive
physical properties. Thus, studies about epitaxial ferroelectric thin films are of great in-
terest because of their potential application as elements in static random access memo-
ries, high dielectric constant capacitors and optical waveguides. In the past internal stress
levels in ferroelectric films were systematically studied by varying of different parame-
ters: the film thickness, the choice of the substrate to obtain different lattice or thermal
expansion mismatches, the variation of deposition conditions or post-annealing process,
the insertion of athin layer of a different chemical composition in between the film and
the substrate etc. However, the obtained films may have different microstructure or grain
size, which also affects electric properties. It can be noted, that most literature works do
not present a direct measurement of the residual stress in films and results are generally
assigned to be due to one type of stress only (for example, misfit or thermal stress). In
studies where residual stress values are given, it is mainly assumed that residual stress
originates from only one type of stress and this although residual stress at room tempera-
ture is the sum of all stresses developed during the complex process of film preparation.
Furthermore, residual stress values are usually estimated using only one method of
which the accuracy is only rarely discussed. Thus, simple methods to estimate the resid-
ua stress and investigation of its origin using commonly used characterization tech-
niques, such as X-ray diffraction (XRD) and Raman spectroscopy, are of specia interest.

Stress effects on phase transitions in ferroelectric thin films have been studied in lit-
erature as well. It is known that in high quality strained epitaxial films, the transition
temperature can be shifted by a few hundred degrees and primary and secondary order
parameters can be decoupled. However, stress effects on partialy relaxed epitaxial films
remain unclear due to the lack of advanced studies based on the influence of the film re-
laxation degree on the nature of the phase transition.

For our study we have chosen the perovskite-type ferroelectric lead titanate (PbTiO;
(PTO)) which can be considered as a prototype of the wide class of ferroel ectric materi-
als. Also, the physical, structural and spectroscopic properties of bulk PTO are rather
well-known which makes this system a good reference for thin film studies. As a matter
of fact, PTO thin films also have been intensely studied over the last 15 years as
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well which allow us to compare and discuss our results with those reported in literature.

Tension Compression The objective of our study was

o_— O o——0 to investigate the origin of resid-

o % ]’\ ® ual stress and stress effects on

=@ O 0=> &—/—@_ the nature of the phase transi-

‘T ® o9 =0 LO 9= tions and domain state transfor-

e——@ ® ;, o mations in epitaxial PTO films

o ® © (\{ — by using standard characteriza-

O— o ‘W W tion techniques such as X-ray

@ QO ' diffraction and Raman spectros-

&——@ @ @ copy. In order to vary the stress

'@ film ' level in the films, a thickness

® substrate series of PTO films has been de-

_ _ _ _ posited on most commonly used

Flgur'e I-1. Schemtlc representation of_ a'fllm substrates, inducing compressive

;th;rsr;ltted to tensile and compressive misfit and tensile migfit stresses
(Figurel-1).

The thesisis organized as follows.

Before the presentation of our results, the genera properties of ferroelectric
perovskites are described in Chapter 1 where we pay particular attention to phase transi-
tions and phonon modes in bulk samples. Stresses of different origins, stress relaxation
mechanisms and theories on phase transitionsin PTO thin films are presented as well.

The experimental setup, including PTO film growth and characterization techniques
are described in Chapter 2.

The optimization of the metalorganic chemical vapour deposition (MOCVD) process
to obtain PTO films of high quality, stoichiometric composition and with pure tetragonal
phase is shortly described in Chapter 3.

The influence of thickness and lattice mismatch on domain structure, lattice parame-
ters, epitaxial quality, microstrains and defect density has been investigated in Chapter
4. They are the direct traces of stresses induced during the complex process of film
preparation. This information will be a guide to understand the stress relaxation and film
adaptation to the substrate.

The determination of residual stress from Raman spectroscopy results is presented in
Chapter 5. In order to determine the phonon mode wavenumbers with accuracy, a poly-
domain PTO single —crystal has been studied first asit is stress free and other parameters
different from stress can modify the peak profiles Thus, the corresponding Raman shifts
have been used as reference wavenumbers for al film spectra measured in the same ex-
perimental conditions. In order to test the validity of residual stress values determined by
Raman spectroscopy, they have been directly compared with those calculated from lat-
tice parameters issued from XRD data presented in chapter 4.
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The investigation of stress effects on the domain state transformations and on the
nature of the phase transition in epitaxial PTO films using high-temperature XRD and
Raman spectroscopy is presented in Chapter 6. The obtained results are compared to
those obtained for polycrystalline films and bulk PTO.

In Chapter 7, our results on film relaxation process are summarized and on this
basis the origin of residual stressis discussed. Moreover, a particular attention is paid
to the stress related to the phase transformation because it is usually assumed in lit-
erature that such a stress does not exist.

In the last part we will present our General conclusions and per spectives drawn
from our study.
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Chapter 1: PbTiO3- prototypical ferroelectric perovskite

1. PbTiO; — prototypical ferroelectric perovskite

1.1 Perovskites

Perovskite-type oxides, and solid solutions among them, are well known for exhibit-
ing an extraordinary richness of physical and structural properties (1). The perovskite
oxides have a general formula ABO;, where the A site cations are typically larger than
the B-site cations and similar in size to the O*. The A cations are surrounded by
twelve anions in a cubo-octahedral coordination and the B cations are surrounded by
six anions in an octahedral coordination. The oxygen anions are surrounded by two B-
site cations and four A-site cations. The ideal perovskite structure adopts the cubic
space group Pm 3m (for example, SITiOz a 300 K) (Figure 1-1a). However, this
ideal perovskite structure is usually distorted, that results in lower symmetries. There
are two main types of perovskite structural distortions: (i) rotations of BOg octahedra
(tilts) and (ii) A and/or B cation displacements with respect to their oxygen cages
(Figure 1-1 b and c). Generally, cationic displacements drive the ferroelectric proper-
ties and tilts of the BOg octahedra play a critical role in magnetic properties. Even
small structural instabilities which can be driven by externa parameters like tempera-
ture, pressure, stresses, electric and magnetic fields, etc., may change significantly the
physical properties of the perovskites.

Figure 1-1: Perovskite-type structure: ideal perovskite structure with cubic symmetry (a),
example of BOg octahedra tilt (b) and illustration of cation displacements.

1.2 Ferroelectrics
1.2.1 Definition and polarization properties

The ferroelectric materials are characterized by a spontaneous polarization, which
can be inverted by the application of an electric field. They are named in analogy to
ferromagnetic materials, which exhibit a spontaneous magnetization.
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From symmetry considerations, it can be shown that a ferroelectric materials neces-
sarily crystallize in a non-centrosymmetric structure with a single rotation axis. At a
microscopic scale, the polarization is generally due to the displacement of a cation with
respect to the centre of the cage formed by its first anion neighbors. The Figure 1-2 il-
lustrates this point for the ferroelectric perovskite PbTiOs. In that case, the Pb and Ti
cations move out of the centre of their cube-octahedral and octahedral cages, respec-
tively, which leads to atetragonal distortion.

One can define two equivalent polarization states compatible with this symmetry.
Thereis an energy barrier between these two ferroelectric states, which corresponds to
the high symmetry (cubic) phase (Figure 1-2). It can be overcome by an external elec-
tric field, which unbalances the energy wells and enables the transition between them
(Figure 1-3). Due to their finite depths, there is a delay for changing the wells, which
results in polarization hysteresis. The electric field needed for switching between two
states is called the coercitive field E.. The polarization in absence of electric field is
called remanent polarization P,.

Figure 1-2: Free energy double-well, cor-
responding to two equivalent ferroelectric
statesin a tetragonal perovskite. The dif-

ference in sizes of balls do not correspond

to the difference in atom sizes in Figure 1-3: Switching between two equiva-
perovskites. lent ferroelectric states under applied field,
and resulting polarization hysteresis.

Ferroelectric materials can display regions with different polarizations, each region
with a uniform polarization being called a domain. Two neighboring domains with op-
posite polarizations are called 180 ° domains. The total polarization therefore corre-
sponds to the difference in volume of the domains with a polarization parallel to the
polar axis and those with a polarization anti-parallel to the polar axis. Two domains are
separated by domain wall, which displacement leads to a change of domain volumes
and hence, of the total polarization.
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1.2.2 Ferroelectric-to-paraelectric phase transition

When the temperature is being raised, all ferroelectrics undergo a phase transition
at the critical temperature T, towards a paraelectric state, which corresponds to a null
polarization in a centrosymmetric structure. In PbTiO; for instance, the ideal cubic
perovskite structure is recovered above T, = 490 °C.

The application of an electric field to an insulating material (either ferroelectric or
not) generates an induced polarization P;. For a polycrystalline sample, P; is propor-
tional to the electric field amplitude according to:

P=y¢E (1.1)
where y is the susceptibility which depends on the material and ¢ is the permittivity of
free space. In ferroelectric materials,  diverges at T.

The description of ferroelectric-to-paraelectric (F-P) phase transitions may be given
at both macroscopic (Ginzburg-L andau-Devonshire theory) and microscopic scales.

1.2.2.1 The Ginzburg-L andau—Devonshire theory

The Ginzburg-Landau-Devonshire theory (2; 3; 4) describes ferroelectricity by con-
sidering a polynomia expansion of the free energy F as a function of polarization P
(primary order parameter) when applied stressis equal to zero:

I U T
F—EaP +ZbP +€CP ..— EP (1.2

T-T, N
whereb, careconstantsand 2=~ ¢ (T - temperature, Ty - phase transition tempera-

ture, C — constant (C > 0)).
oF

The equilibrium configuration is determined by the condition a_p_o thus,
T-T,

3 5 _E_
P+bP°+cP°...—E=0 (1.3

For practical purposes, only a coefficient is considered to be temperature depend-
ent, while b and c¢ are constant with temperature. To obtain F-P phase transition, a must
pass through zero at transition temperature.

At E = 0, for the second order phase transition Eq. 1-3 can be written as

T-T, .
c TTPPT=0 o) (1.4)

and for the first order phase transition as

T

_Tc 3 5
SEPHPREP =0 gy (15)

10
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where Ty and T, are phase transition and Curie temperatures, respectively. The signs of
a, b, and c parameters were chosen in order to get stable paraelectric and ferroelectric
phasesat P = 0 and P # O, respectively.

In the case of second order phase transition, the solutions of Eq. 1.4 show that polariza-

3a
_ _ _ PS:‘/—(T—TO) _
tion of ferroelectric phase goes continuously 2b to zero approaching
phase transition temperature and paraelectric phase free energy minimumisa P = 0

(Figure 1-4aand b).

At first order phase transition, T = T, the free energies of the paraelectric and the
ferroelectric phases are equal. Thus, the polarization evolution is discontinuous : P =0

“
P s
forT>Toand  \ 4c  atT< To(Figurel-4aandb).

The characteristic macroscopic behaviours of the primary order parameter - polari-
zation parameters of ferroelectrics with associated anomalies and non-linearities are
accompanied by corresponding behaviours of the secondary order parameters — other
mechanical, thermal, piezoelectric and electrothermal properties. For example, absolute

oP
dielectric susceptibility can be expressed as £ = (gj , and it can be easily calculated
for paraglectric phase (T > Ty). T

1
. . == =3
It follows the Curie Law for second order phase transition a(T-T,) and
X = —1 T =T, —3b2
for the first order phase transition a(T-T,) ,where ° ° 16ac (Figure

1-4c). Inthe case of first order phase transition dielectric susceptibility diverges at dif-
ferent temperatures T. and T, in ferroelectric and paragl ectric phases, respectively.

11



Chapter 1: PbTiO3- prototypical ferroelectric perovskite

Second order First order

(@)

(b)

Figure 1-4: Summary of properties of second order (left) and first order (right) ferroelectric
phase transitions, as described by Ginzburg-Landau —Devonshire theory: (a) free energy (To—
phase transition temperature, T—Curie temperature, T,—tangent of horizontal inflection),
(b) square of polarization and ( ¢) inverse dielectric susceptibility as a function of tempera-
tureat E=0.

12
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1.2.2.2 Microscopic description of ferroel ectric-to-paragl ectric phase transition

At a microscopic scale, the ferroelectric phase transitions are usualy described in
the framework of two possible models: the order-disorder and displacive models. The
two transition types lead to substantially different local structures.

Displacive phase transition In the case of an ideal displacive transition,
the phases below and above the transition temperature are both ordered (except for lat-
tice vibrations) but have different symmetries (Figure 1-5). From Cochran’s theory (5;
6), ideal displacive transitions are caused by softening of one of the transverse optical
modes.

Figure 1-5: Schematic diagram of displacive ferroelectric transition. Positive and
negative charge centersin the paraelectric phase (a) and in the ferroelectric phase (b).

Order-disorder phase transition In the case of an order-disorder phase transi-
tion, the crystals are disordered above and partially ordered below the transition tem-
perature (Figure 1-6). No soft modes are expected. Comes et al.(7) first reported the
possibility of such a behavior in the ferroelectric perovskites. They found diffuse X-ray
lines in the parael ectric phase of BaTiOs, indicating the existence of local polar disorder
which averages out to a cubic structure (8-site model). The distinction between the dis-
placive and order-disorder models is not absolute. In recent papers, a mixed character of
the ferroel ectric phase transitions is taken into account (8; 9).

Figure 1-6: Schematic diagram of order-disorder ferroelectric transition. The dipoles
are disordered in paraelectric phase (a) and partially ordered in ferroelectric phase (b).

13
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1.3 Theferroeectric PbTiO; - structural properties

PbTiO; (PTO) undergoes a first order parael ectric—to-ferroelectric phase transition
at T, =490 °C (10; 11). This ferroelectric-to-parael ectric phase transition temperature is
the highest in the family of ferroelectric perovskites. PTO is cubic above T, and tetrago-
nal below T, (Figure 1-7); at room temperature, the c/a ratio value is 1.065.

Figure 1-7: Cubic (left) and tetragonal (right) PbTiOj; cells corresponding to
paraelectric and ferroelectric phases, respectively (blue balls—Ti*", red—Pb*" and
green—0?) .

L ocal dipole moments The value of the polarization is quite
larger in PTO than in BaTiO3 (BTO), which is probably due to the presence of lead. Pb
is not an akaline earth metal and it is more deformable and polarizable than Ba. It was
pointed out by theoretical studies (12; 13) that the hybridization between the Ti 3d states
and O 2p states is essential to the ferroelectric instability in both PTO and BTO. More-
over, the orbital hybridization exists between the Pb 6p states and O 2p states to play a
crucial role for larger ferroelectricity in PTO, whereas the interaction between Ba and O
isalmost ionic in BTO.

Nature of the phase transition in PTO Due to a large Curie-Weiss constant
(~ 85 x 10" K (14)) and a well-behaved soft mode, PTO was considered as an exem-
plary displacive ferroelectric. However, some evidence of order-disorder like behavior
in Pb atoms was given by high resolution neutron diffraction (15). Fontana et al. (16;
17) suggested that PTO has partial order-disorder nature in the vicinity of T.: near the
transition, a central peak appears and its area increases approaching the transition, indi-
cating the presence of disorder. Furthermore, the dielectric constant was found larger

14
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than that expected from Lydane-Sachs-Teller relation, suggesting that an ordinary dis-
placive type model would not be sufficient to account for the dielectric constant (16).
They concluded that up to 430 °C the displacive character governs the PTO properties,
while at higher temperatures the ionic disorder becomes important. The order-disorder
component of the ferroelectric phase transition in PTO was further shown by X-ray ab-
sorption fine- structure (XAFS) experiments (18; 19). It is found that the tetragonality
ratio c/ais almost the same as that determined by XRD at ambient conditions and local

distortions are orientationally ordered.

As the temperature rises, the differ-

ence between the local and average

. O& . distortions increases indicating an in-

0 crease in orientational disorder. Above

the transition XRD data show that c/a

_ = 1, whereas c/a measured by XAFS

‘% * ‘ is as high as 1.06, indicating that even

Z above the transition the loca PTO

structure is tetragonal. Above the tran-

@ sition the local and average structures

< » are different indicating that the system

. is orientationally disordered: there are

equal probabilities that Pb and Ti are

Figure 1-8: Average cubic cell of PTO above displaced in any of the six [001]-type

phase transition (blue balls—Ti*", red—Pb?*" and | directions (Figure 1-8). Sani et al.

green—O?) . The Ti distortions are completely (20) and Sicron et a. (18) proposed

disordered with equal probabilities in displace- that the nonzero distortion in high

mentsin any of six [001] type directions. temperature phase is an indication of

the presence of tetragonal domains in

the cubic phase and of nonnegligible

order-disorder character of the phase transition. These tetragonal domains are ferroel ec-

tric clusters which have a nonzero spontaneous polarization at local scale. The progres-

sive increase of disorder makes the spontaneous polarization of the clusters to be

strongly disoriented one to another, so the cubic phase is formed by tetragonal clusters

of nonzero polarization at local scale. There is no correlation between the long-range
order value and the microscopic values of spontaneous polarization.

1.4 PbTiO3z phonon modes

1.4.1 General considerations

At room temperature PTO is ferroelectric and adopts tetragonal crystal symmetry
(space group C'4) with one formula unit per unit cell. At 490 °C, a ferroelectric to
paraelectric phase transition takes place. It has been reported that this structural phase
transition has both displacive- and order-disorder-like properties (18; 16) just as most
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ferroelectric perovskites. In the cubic high-temperature phase (space group OY), there
are 12 degrees of freedom at k=0, which belong to the irreducible representations 3T, +
T,, where T, is a silent mode since it is neither infrared nor Raman active. The Ty,
modes are only infrared active. Long range electrostatic forces lead to a split of the Ty,
modes into a Ty (TO) mode (polarization transverse to k) and a Ty,(LO) mode
(polarization paralel to k). In the tetragona phase, each Ty, mode splits into A; + E
modes, resulting in 3A; + 3E modes whereas the T,, mode splits into B;+E modes. The
A; and E modes are infrared- and Raman-active and the corresponding phonons are po-
larized in the z- direction or in the xy plane, respectively; the B; mode is only Raman
active. The Raman polarization tensors are presented in Eg. (1.6) for each mode, and
the direction of polarization isindicated in parentheses.

A2=|- a | E®=| - - - | EY=|- - el B=|- -c | (16

Table 1-1: TO-LO assignment of E and A; modes Due to the long-range eectro-

static forces, al A; and E modes

Propagation Phonon assignment split into transverse (TO) and
direction longitudina (LO) components.
E(x) E(y) Aq(2) Depending on the phonon propa-

gation direction (X, y or 2), only

X LO TO TO pure TO or LO can be observed

y TO LO TO in Raman spectra as resumed in
Table1- 1.

Z TO TO LO

Lattice dynamics studies showed
that A;(TO) modes correspond to
PTO lattice vibrations along the c-axis of the tetragonal cell, while E(TO) modes corre-
spond to the lattice vibrations in the ab-basal plane (Figure 1-9) (21).

1.4.2 PbTiO3; Raman spectra

Raman mode assignment and position determination (22; 23; 24; 25) were carried out by
using monodomain PTO single crystals (different ferroelectric structure of c-domainsin
general). TO and LO mode wavenumbers reported by different authors are given in Ta-
ble 1- 2. In the seventies (22; 23; 24) the difference in reported values can be explained
by low resolution spectrometers (4 cm™), which is not the case in Ref. (25) (0.5 cm™).
Unlike other groups (22; 23; 24), Foster et al. (25) have used single ferroelectric domain
crystals (90° and 180° ferroelectric domains were removed) in order to avoid depolari-
zation effects. There was adiscrepancy about A;(1TO) mode assignment in the earliest

16



Q-G)*Q‘
ahin O—--o

E(TO,)

Chapter 1: PbTiOs-

+?~-<:;F~?+
T g, PO

A(TO,)

prototypical ferroelectric perovskite

@
O @& O
+¢»—~O+-‘---¢+

e
OG-0
bmeOpmmd

E(TO,)

Pb

o= O**” o--{ -0 o
‘<;) EE}--%[;) (:) <:) (:) e T
b -{ Y- 0w o—-Q_---o

E(TOs)

Figure 1-9: Graphical representation of zone-center modes of vibrations for PTO with
atoms projected on an ab-basal plane (21).

studies. In the more recent Ra-

] man reports (16; 28; 17), the

: peak at 148 cm™ was assigned to

g ] the A (1TO) mode, based on its
& . polarization.

/\ ] Raman selection rules are

strictly obeyed in polarized Ra-

man spectra of single ferroelec-

] tric domain PTO single-crystals

1\ ] as shown in Figure 1-10 (25). In

the crossed polarization configu-
Qwu k‘"”‘ 1 ration (X(zy)x) only E(TO)
E 400
Raman Shift (cm™")

T T
== E
T
A3TC
1

1TO)
(2TO0)

modes are observed. In parallel
polarization configuration, the
spectra contain only A:(TO)
modes (X(zz)x) or Ay(TO)+B,
modes (X(yy)X).

Figure 1-10: Polarized Raman spectra of a single
ferroelectric domain PTO single-crystal at 300 K re-
corded in parallel (x(yy)x, x(z2)X) and crossed (x(zy)x)
polarization configurations (28).
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Table 1-2: PTO Raman mode shifts at room temperature

Burnsetal. (22) Cerdeiraetd. (23) Freyetd. (24) Foster et a. (25)

(1973) (1975) (1976) (1993)
89 85 88 875
E(TO) 221 205 220 2185
508 502 505 505
128 - 128 128
E(LO) 445 - 439 4405
717 - 723 687
B+E 289 289
1272 1172 147 1485
AL(TO) 364 350 359 359.5
651 634 646 647
215 - 189 194
A(LO) 445 - 465 465
797 - 796 795

1.4.3 Oblique modes

Figure 1-11: Angle ®
between k and the c axis.

This description of the phonons as LO or TO is valid only
when the phonon wavevector k is along one of the principal
symmetry directions of the crystal. For uniaxia crystals, the
phonon mode frequencies disperse as afunction of the angle
® between k and the ¢ axis (Figure 1-11) (i.e., the direction
of the spontaneous polarization in the FE phase). Phonons
observed at ®=0 and n/2 correspond to pure LO and TO
phonons, while at intermediate values of ®, the modes are
termed oblique phonons or “quasimodes’. A scheme of the
frequency dispersion of the LO and TO phonons with ® is
given in Figure 1-12 for cubic O, and tetragonal C', sym-
metries (25). The angular dependence of the peak positions
as obtained by Foster (25) from Raman spectra of single
ferroelectric domain PTO single crystal is shown in Figure

1-13. In passing from k [|a (=90°) to k|| c (©=0), it is observed that high frequency
modes as E(2L.O) and E(3LO) disperse upward to become A;(2LO) and A;(3LO), respec-
tively; Ai(3TO) disperses downward to merge with E(3TO); Ay (2TO) disperses down-
ward to merge with E(2TO). At low frequencies, E(1LO) disperses downward to merge
with E(1TO) and A(TO) disperses upward to connect to Ay(LO). All E(TO) modes are

unchanged by ® variation.
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Figure 1-12: Scheme of the hard
mode frequency dispersion as a
function of @ for cubic (a) and
tetragonal (b) systems (25).

Figure 1-13: PTO phonon frequency dispersion
curves (28).

1.5 Stresses and relaxation mechanismsin PbTiOsthin films

1.5.1 Stressesin PTO thin films

Films are submitted to substantial stresses during growth and subsequent cooling
process from deposition temperature to room temperature (RT). The biaxia stresses re-
sult in in-plane and out-of-plane strains, ¢ and &, respectively. The relation between
the biaxial stress ¢ and the in-plane strain g in PTO films can be expressed as follows

E 1.7)

where v is the Poisson’s ratio (0.22 (26)) and E the Y oung’'s modulus (130 GPa (26)) of
the PTO film. &, can be expressed through ¢ as follows

2v
g=——L g - (18)

1-v

At the growth temperature, stresses are mainly misfit (also caled epitaxial) and in-
trinsic stresses. During the cooling process, additional stresses may develop in the film,
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such as thermal stresses or stresses related to the phase transformation. The different
strains are defined hereunder.

Homogenous strains:
Misfit, thermal and transformation stresses result in ho-
v mogenous strains in the PTO film. Homogeneous
o strains follow Poisson law: when a sample of material is

stretched in one direction, it tends to contract (or ex-
pand) in the other two directions (Figure 1-14).

Misfit strain gm, It comes from the lattice
mismatch between the film and the substrate at the
growth temperature and can be expressed as

Figure 1-14: Schematic rep-
resentation of Poisson law. & = (a,-a) : (2.9
m aS
where a5 and a; are the lattice parameters of the substrate and of cubic PTO, respec-
tively, assuming that the deposition temperature is higher that the structural phase tran-
sition temperature.

Thermal strain g, It originates from the difference between the film and sub-
strate thermal expansion coefficients, os and as, respectively, during the cooling down
from the deposition temperature to RT AT=(Tpe-Tc). For PTO films, the thermal strain
can be expressed as

En =(af —aS)AT (1.10)

Phase transformation strain The PTO films undergoes a paraelectric-to-
ferroelectric phase transition during the cooling down from the deposition temperature.
During the phase transition, the change in bulk PTO volume is 0.45 %, as observed from
high temperature XRD measurements. The transformation strain gpr in a stress-free PTO
single crystal can be expressed as

(¢ —ar) (1.12)

a

where ar and cr are lattice parameters of tetragonal PTO at transition temperature and ac
is the lattice parameter of cubic phase. The transformation stress is tensile. Any condi-
tion of pre-existing strains affects the phase transition.

Epr

H eter ogeneous strains:

The strains resulted from defects or intrinsic stresses are heterogeneous and do not
follow Poisson law. Example of cell under heterogenous strains are given in Figure 1-
15.
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Defects Defects form in thin
2 . films to relax the homogeneous stresses.
However, defects such as oxygen vacan-
cies, misfit and threading dislocations lo-
cally deform the lattice and introduce het-
; _ 5 erogeneous strains in the films.

Intrinsic strain It is related to the
» > growth technique. In the case of
MOCVD, theintrinsic stressis introduced
Figure 1-15: Unstrained (a) and heterogene- by the surface energy reduction associ-
oudly strained (b) unit cell. ated with grain boundary formation dur-
ing island coalescence. This intrinsic
stress inversely proportional to the average grain diameter and is tensile stress as the
film density become lower due to grain boundary relaxation. In the case of physical
methods, the intrinsic stress is generated by the atomic peening during deposition, that
is, the impact of neutrals against the film surface. Whether the intrinsic stress is tensile
or compressive is determined by the momentum of scattering neutrals. Usualy, it is neg-
ligible in the case of MOCVD and rather high when using physical methods.

1.5.2 Stressrelaxation: dislocations and twinning

Two principal mechanisms of stress relaxation in PTO films are the formation of
dislocations and twinning.

Misfit and threading dislocations Two types of dislocations exist in epi-
taxia ferroelectric thin films. they are misfit and threading dislocations. During the
deposition, when afilm exceeds a critical thickness, misfit dislocations form at the film-
substrate interface to reduce the mismatch between the film and the substrate (27).
Threading dislocations cross through the film thickness and also contribute to the stress
relaxation.

The critical thickness for the introduction of the first misfit dislocations is inversely
proportional to the misfit strain (27). The misfit strain accommodation initiates at the
critical thickness and hyperbolically approaches complete relaxation with increasing
film thickness as it was shown by the theory of Speck et al. (27). After amisfit disloca-
tion has developed at the film/substrate interface, the film no longer “sees’ the potential
of substrate, but rather it experiences the potential of the substrate with an array of mis-
fit dislocations. Thus, effective misfit strain &, in the film is controlled by an effective
substrate | attice parameter b*:

oo b —a 1-17
= (1-12)
The b* value depends on the film thickness; therefore, the effective misfit strain is also
thickness dependent.
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Figure 1-16: Srain in STiO; films on
LaAlO; substrates as a function of film
thickness and deposition temperature. A
theoretically predicted curve for strain
relaxation by misfit dislocations taking
into account only the lattice constant
mismatch between the film and the sub-
strate at 800 °C is also plotted (28).

Peng et al. (28) reported on in-situ reflection
high-energy electron diffraction study of strain
relaxation during growth of SrTiOj; thin films
(Figure 1-16). They found that the critical
thickness that marks the start of strain relaxa-
tion is very small for substrates resulting in -
3% and 7.5% misfit strains (LaAlOs; and MgO
substrates, respectively). The mgority of the
strain is relaxed quickly, but the complete
strain relaxation takes place much more
sowly until ~ 50 nm for SrTiO; films depos-
ited at 830 °C. Furthermore, they showed that
the strain relaxes much more slowly when the
deposition temperature is reduced. For exam-
ple, the thickness of complete strain relaxation
increases from ~50 to ~250 nm when the
deposition temperature changes from 830 to
760 °C. This is because less thermal energy is
available at lower deposition temperatures to
overcome the kinetic barrier for dislocation
formation (29).

Twinning Domain formation in epitaxia films undergoing a phase transfor-
mation is a mechanism that relaxes the total strain energy, which is aresult of the phase
transformation, lattice mismatch, and the differences in thermal expansion coefficients
of the film and the substrate (30). The degree of stress relaxation by dislocation genera-
tion plays a critical role in the final domain structure (27; 31). The following variants of
the orientation of domain walls were assumed to be possible in epitaxial c- and/or a-axis
oriented tetragonal PTO films grown on cubic substrates (Figure 1-17):

(i) clalc/a polydomain state, where domain walls are parallel to the {101}
crystallographic planes of the prototypic cubic phase so that they are in-
clined at about 45° to the film/substrate interface. This variant of domain
geometry corresponds to the so-called c/a/c/a structure widely observed in
epitaxial films of perovskite ferroelectrics. It is composed of c- and a-
domains, where the c-axis is perpendicular and paralel to the substrate

plane, respectively.

(i) Domain walls are orthogonal to the film/substrate interface and oriented
along the {110} planes of the prototypic cubic phase. This domain wall
orientation is characteristic of the so-called a;/ay/a;/a, structure, where the
spontaneous polarization develops in the film plane along the [100] and
[010] axes within the a, and & domains, respectively.
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The domains are tilted by a small angle with
respect to the film-substrate normal. The
theoretical tilt angle o can easily be deter-
mined from the geometry of the polydomain
structure (32) (Figure 1-18 a) as

aZZtm_l(zj_%. (1.13)

The tetragonality of bulk PTO is 1.065 at
room temperature, corresponding to a theo-

Figure 1-17: Possible domain structures | 'etical tilt angle of ~3.6°. Generally, the tilt
of strained PTO films (30). The c/ay/c/a, is accommodated in both a- and c-domains,

and c/a,/cla, polydomain structures are = depending on their volume fractions. The tilt
energetically equivalent and will be re- | accommodation in both a- and c-domains

..avasara...

ferred as c/a/c/a structure. (32) is schematically illustrated in Figure
1-18 b. From the geometry, the tilts in each
domain are
tano, _ A ’ (1.14)
tane, 1-A

where A is the fraction of c-domains, and o, and o, are the tilts in the a- and c-domains,
respectively. This domain structure results in afourfold tilt of the (h00) and (00l) planes
from the film-substrate normal along [h0Q], [-h00], [0kO] and [0-kO]. Many groups ob-
served by XRD the fourfold splitting of a-domains (33; 34; 35; 36; 37). However, the
fourfold symmetry of c-domainsis observed only in films having significant fraction of
a-domains (38; 39; 40).

(a) (b) .’/( (101)

[001]

.
.
.
.
.
‘
R
c J .
. >

a

Ak [100] _L | _
H ) L SUBSTRATE f100]

h

Figure 1-18: (a) The tilt in polydomain films consisting of a- and c-domains when brought
together at the (101) interface due to the tetragonality of the lattice. (b) The accommodation
of tilt in films consisting of a- and c- domains. The tilt angles are highly exaggerated (32).
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1.6 Theoretical consider ations on phasetransitionsin PTO
thin films

Koukhar et al. (31) thermodynamically de-

scribed the dense laminar polydomain states

in epitaxial PTO films using Landau-
Ginsburg-Devonshire-type nonlinear phe-

' ¥ 4L . nomenological theory. This theory takes into
account the mechanical substrate effect on

the polarization and lattice strainsin dissimi-

lar elastic domains (twins). It is assumed

Y, ! 1] FIF T that the polarization and strain fields are ho-

mogeneous within each domain. This ap-
X, Y w proximation may be justified for dense poly-
domain states, where the domain widths W
Figure 1-19: Schematic drawing of the are much smaller than the film thickness H.
dense c/a/c/a domain structure in epi- | In this case of dense structure, the polariza-
taxial PTO films. The dashed lines indi- = tion and strain fields become almost uniform
cate a thin layer near the film/substrate = within each domain in the inner region of
interface, where the internal stresses are | the film, because highly inhomogeneous in-
highly inhomogeneous. The xs axisis nor- | terngl fields can exist only in two thin layers
mal to the substrate plane, Wheregs the x; (h‘*’W) near the film surface (Fi gure 1_19)_
grnd igﬁ c?xr&af ﬁirf gfg‘g ttr?et?ﬁ’n']n'elgg? Authors also adopted the effective misfit
y drap P strain concept, proposed by Speck et al.
(27), that drives the formation of polydo-
main structures. For PTO films grown on dissimilar cubic substrates, the “ misfit strain —
temperature’ phase diagrams are constructed, which shows the stability ranges of vari-
ous possible polydomain and single-domain states (Figure 1-20). At the negative misfit
strains, except for a narrow strain range in the vicinity of S,=0, the paraelectric-to-
ferroelectric transformation result in the appearance of the tetragona c-phase with the
spontaneous polarization orthogonal to the substrate. Compressive in-plane stresses in
the ferroelectric phase prevent the film from twinning at relatively high temperatures.
However, during the further cooling the introduction of elastic a-domains into the c-
phase becomes energetically favourable. This leads to the second-order transformation
to the c/a/c/a polydomain state. At larger positive misfit strains, the a;/a/a;/a, polariza-
tion configuration becomes the most energetically favourable thermodynamic state in
PTO films. Therefore, at positive misfit strains, the c/a/c/a structure is expected to form
via nucleation of c-domains inside the a,/a,/a,/a, state at critical temperature. The trans-
formation from the c/a/c/a state to the aj/a,/a;/a, state is of the first order. The equilib-
rium volume fraction of c-domains must increase during the film cooling. The ferroelec-
tric-to-paraelectric phase transition is of the second order at positive and negative misfit
strains S, (except for a narrow range near S,=0, where a direct transformation of the
parael ectric phase to the polydomain c/a/c/a state occurs).
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Figure 1-20: Phase diagram of PTO epitaxial films grown on cubic substrates (a). The con-
tinuous and discontinuous transformations are shown as thin and thick lines, respectively.
Enlarged section of the diagram near S,=0 is shown in (b).
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2. Experimental techniques

In this section we will give the main principles of the deposition method and of the
characterisation techniques. X-ray Diffraction (Section 2.2), Raman Spectroscopy
(Section 2.3) and other used techniques (Section 2.4)

2.1 Thin film deposition by pulsed liquid injection MOCVD system

PbTiO; thin films were deposited by Metalorganic Chemical Vapor Deposition
(MOCVD). The principles of the CVD will not be presented here. Interested authors
will find more information in devoted books. In this section, we will present the pulsed
injection MOCVD (PIMOCVD). The main parameters to take into account for the
process optimization will be resumed in Chapter 3.

2.1.1 PI MOCVD method

PTO thin film depositions were carried out by pulsed liquid injection MOCVD
(Pl MOCVD) techniquein avertical hot wall reactor (Figure 2- 1). The principle of the
film deposition by MOCVD is the therma decomposition of metalorganic precursor
vapours on the surface of heated substrate. Pulsed liquid injection MOCVD is a modifi-
cation of classical MOCVD (1). During Pl MOCVD process, microdoses (few micro-
litres) of an organic solution containing a mixture of metal-organic precursors were re-
peatedly injected into a hot evaporator using a special computer controlled injector. The
solution in the precursor container is under pressure of 1.5 bar Argon. Vapour mixture
(precursor + solvent) formed after flash evaporation of micro-doses was transported by
Ar+0;, gas into areaction chamber to a hot substrate. Main advantages of this technique
are the reliability, an easy control of precursor feeding rate (by the drop frequency or
the opening time), vapour and film composition (solution concentration). Moreover,
precise and reproducible pulsed micro-dosing of precursor solution ensure growth like
“digital”, and consequently a simple control of film thickness by pulse number. More
details about Pl MOCVD system can be found in Ref. (1; 2; 3). In our reactor, the sub-
strate was heated by an external resistive furnace. We worked at low pressure (a few
Torr) created by a mixture of oxygen and argon, and ensured by a rotatory pump. A lig-
uid nitrogen trap was used to condensate the non-reacted vapours. After deposition, the
system was filled with oxygen and the cooling rate was controlled by a programmed
ramp of the furnace.

2.1.2 Metalorganic precursors
Pb(thd), (thd — 2,2,6,6-tetramethyl-3,5-heptandionate) and Ti(thd),(O'Pr), (O'Pr —i

-propoxide) dissolved in toluene were used as precursors for PTO film deposition. They
were synthesized and purified in our laboratory at Vilnius University. It is worth noting
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that the quality of precursors, especially of Pb(thd),, is crucial for obtaining good quality
PTO films. For example, we tried to test some commercial Pb(thd), precursors and we
always had problemsto prepare clear solutions without turbidity.

Substrate Pressure

Holder 'g’ Gauge

Furnace _ Valves

Prefursor
Evgporator |}
H Cold
Argon (1.5 bar) LY = TraP
) ™ Throttle
_ o Ar+0, Valve
Injector Pump
Pb(thd),
= Ti(OiPr),(thd),

solution

Figure 2-1: PI-MOCVD reactor photo and schema. Photos of injector and injection process
are also presented.

2.1.3 Subtrates

The choice of substrate materials for PTO deposition was based on their commer-
cia availability. In order to span a wide range of misfit strains in epitaxial PTO films,
they were deposited on the SITiO; (STO), LaAlO; (LAO) and MgO substrates. In order
to deposit polycrystaline PTO films, Al,O3; (sapphire (SAPH)) and Si substrates were
used, as they have big lattice mismatch with PTO (Table 2-1). The substrates were sup-
plied by CrysTec (Germany). The main characteristics of used substrates are given in

Table 2-1 The substrates were washed for 10 min in toluene with ultrasonic bath before
film deposition.
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Table 2-1: Main characteristics of substrates and bulk PTO and misfit strains for all filrmy
substrate systems.

Lattice —~ < <
a g g ” g = p =
§ g g 3 §- parameters (A) 5 3% g—l 4.
2 e a4 ) > —~ S
) Sa Sé AtRT | At T EO §§ §S§
tetragona 800 126 | With | With
PTO A - o 3974 | (a-axis) | PTO | PTO
cubic at c=4.153 : ;
@ a-axis | c-axis
Toep
STO cubic (oar) 3.905 3932 | 11.5*** | +0.1 -6.3 -1.1
pseudo-
cubic*, o e
LAO . (oan) 3.789 3.814 | 10.2 -2.9 -9.6 -4.2
cubic at
Tbep
MgO | cubic | (00) & 4212 | 4251 1(‘;)8 ¥74 | +74 | +65
rhombo- R-
Al,O3 hedral plane 35 - 45 (5 -114 -18.7 -
S cubic (oo) | 5.431 - 27(6) | +282 | +235 | -

*rhombohedral with « = 90°05' at RT
** indicesrefer to the pseudo-cubic setting
*** agtimated from our high-temperature XRD results

2.2 X-ray diffraction

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals de-
tailed information about the phase composition and crystallographic structure of materi-
as. A crysta lattice is aregular three-dimensional distribution (cubic, rhombic, etc.) of
atoms in space. These are arranged so that they form a series of parallel planes separated
from one another by a distance d, which varies according to the nature of the material.
For any crystal, planes exist in a number of different orientations - each with its own
specific d-spacing (Figure 2-2). Bragg's law says that when a monochromatic X-ray
beam with wavelength A is projected onto a crystalline material at an angle ©, diffrac-
tion occurs only when the distance travelled by the rays reflected from successive planes
differs by a complete number n of wavelengths.

2.2.1 Film characterization in Bragg-Brentano and Shultz geometries

Crystallization, phase purity, in-plane and out-of plane orientation of the films were
studied by XRD in Bragg-Brentano and Schulz geometries using a SSEMENS D5000
diffractometer with monochromatic CuK,, radiation (A = 0.15418 nm) and equipped with
point detector. Standard ®/20-, o- ,x- and ¢-scans and pole figure measurements were
performed.
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Bragg's Law:
nA=2dsin(0)

where
A is the wavelength of the rays
0 is the angle between the incident rays and the surface of the crystal

d is the spacing between layers of atoms
Figure 2-2: Bragg's law and scheme of X-ray diffraction from atomic planes.

Bragg-Brentano geometry By varying the angle O, the Bragg's law conditions
are satisfied by different d-spacings in polycrystaline materials (Figure 2- 3). Only
planes parallel to the surface will satisfy the Bragg's law in Bragg-Brentano geometry,
as shown in Figure 2- 3. Plotting the angular positions and intensities of the resultant
diffracted peaks produces a so- called ®/20 pattern, which is characteristic of the sam-
ple. Thus, in the case of thin films, ®/20 scans are used to identify the phases and pre-
ferred orientations parallel to the normal of the substrate. In the case of polycrystalline
materials, more diffraction reflections are observed than in single crystals due to random
grain orientation asillustrated in Figure 2- 4.

20

A

L

—_—

20 scan

Figure 2-3: X-ray diffraction from planes parallel to the surface and resulting /2@ scan.
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T Randomlv oriented

POl mne sampie
forward dlffracliog/ \\\ | 32

polnt deleclor P

backward dlffraction

Figure 2-4. Space distribution of X-ray diffraction froma single crystal and a polycrys-
talline sample. Scheme corresponding to /20 scan measurement by point detector in
Bragg-Brentano geometry.

Shultz geometry Since the properties of the film, especialy in epitaxia ones
are strongly tied to the degree of texture, it isimportant to quantify the amount and type
of preferred orientation. Moreover, the films may have specific orientation in the plane
or twin structure. In order to characterize the microstructure of films, rocking curves (o-
scans), ¢-scans and pole figure analysis of a single XRD reflection were performed in
Shultz geometry (Figure 2-5).

Rocking curve of (hkl) reflection is measured by scanning o incidence angle from
w=0-3w to @+5m (dw is usually afew degrees) at fixed 20 detector angle correspond-
ing to Bragg's position of this reflection. Rocking curve anaysis is used to quantify
grain size and mosaic spread in crystalline materials.

The ¢p-scans of (hkl) reflection is measured by scanning the ¢-angles from O ° to
360 ° at fixed 20, o= ® and y-angles, corresponding to each (hkl) reflection. The o-
scans are used to determine the film orientation in the film plane and its epitaxial rela-
tion with the substrate.

The - and ¢-scan methods provide useful information about film texture and ori-
entation in the substrate plane, respectively.
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The pole figure analysis enables one to determine the distribution of crystalline ori-
entations within a crystalline thin-film sample. It provides more complete information
than the two simple methods mentioned above. Pole figure of (hkl) plane family is
measured by systematically scanning ¢- (0 ° < ¢ <360 °) and x- angles ( 0 ° <y < 90 °)
at fixed ®/20 angles corresponding to (hkl) reflection. The purpose of this measure-
ment is to bring all the (hkl) family planes to the diffraction conditions. The diffracted
intensity le(y,¢) is proportional to the volume of (hkl) planes, of which orientation is
defined by y and ¢ angles after corrections related to xy and 20 dependence. The pole
figure is atwo-dimensional projection of an hypothetical sphere surrounding the crystal
to the plane (Figure 2-5).

The interpretation of the PTO diffraction diagrams was performed from the ICDD
00-006-0452 presented in Annexe 1.

Four angle goniometer
20, o, ¢, 1 (or y)

Figure 2-5: Four angles goniometer and the principle of measurements in Shultz geometry.

a-domain fraction estimation

In the case of (00I)/(h00) oriented (c- and a-axis oriented domains) epitaxial PTO
films, the percentage of a-axis oriented domains (A, %) in the films was calculated by
integration of peaksin ¢-scans of (102) reflection:

_ 25 (1(102), . +1(102) ) L 100% (2.1)
2%(1(102), . +1(102), ) + 1 (102)

=21

where | isthe area of the peaks in ¢-scans measured at different y angles, corresponding
to a-axis and c-axis oriented crystallites. y angles were determined from x-scans of (102)
reflection. The y-scans of (102) are measured by scanning y-angles at fixed ®/20 and
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¢ angles corresponding to (102) XRD reflection. However, the (102) reflections corre-
sponding to a- and c-domains are measured at distinct y-angles, what may lead to a
variation of intensities due to defocusing of XRD beam on the sample surface. The defo-
cusing corrections should be applied in order to take into account the diffracting volume
change with the variation of y-angle. The same fraction of materia will give lower in-
tensity at higher x angles.

Thus, this a-domain volume fraction estimation method have been used only during
PTO film deposition process optimization, asit is a simple and quick method to observe
a-domain fraction change trend, despite the lower absolute values. In the case of thick-
ness series of PTO films, which is the main object of our study, we chose a more precise
method based on comparing (103), (301) and (310) reflection peaks at approximately
the same y values, which will be discussed in the following section.

2.2.2 Two dimensional w-260, w-y and reciprocal space maps

Difractometers The reciprocal lattice completely describes a crystal, just
as areal space lattice completely describes a lattice. Two dimensional mapping consist-
ing of 10-20 reflections of the reciprocal space was performed using an automatic
Nonius Kappa CCD diffractometer with four circles (Mo Ko radiation A = 0.7071 A)
equipped with a 2-D detector (Figure 2- 6). A detailed study of the PTO film micro-
structure was carried out by analyzing 2-D ®-20 and o-y maps near (103) and (301)/
(310) reflections (corresponding to c- and a-domains, respectively) by using a Bruker
D8 Advance diffractometer with a four circles and General Area Detection Diffraction
System (GADDS) (Ao 1.5418 A, Ni filter) (Figure 2- 7 aand b). The latter measure-
ments were performed at ICMAB, University of Barcelona, Spain. Large y and 20 angle

MWicroscope e E -

Cetector &

- \ e e .
Gonometer Interface Detector Controller Detector Liguid coaoler
Power unit

Host computer

Figure 2-6: Automatic Nonius Kappa CCD diffractometer with four circlesand
equipped with 2-D detector.
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is measured simultaneously by 2-D detectors with both diffractometers. The Bruker D8
Advance diffractometer is also equipped with a sample alignment system, which allows
the correction of the sample height.

Xearay Ganaralor

Area Delecion h i
] Sample Allgnmeant

Gorlometer ard Sample Stage and Manlice

Figure 2-7: Bruker D8 Advance diffractometer with a four circles and General Area Detec-
tion Diffraction System: scheme (a) and photo (b). Raw 2@-y maps of polycrystalline sample
and 26-scan obtained by integration of the y values (c).

2-D area maps The measurements of 2-D ©-20, w-y area maps and recip-
rocal space maps of PTO thin films are performed with the same way by both diffracto-
meters. Therefore, we will explain only the measurements (of ®-20, »-y and reciprocal
space maps) performed with the Bruker D8 Advance diffractometer.
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The way to get the raw data for ©-20, w-y and reciprocal space maps is following.
20-y map near (103) and (301)/(310) PTO reflections (in the range of 70 < 20 < 84 and
-19°< ¢ < 19°) at fixed w-angle are measured simultaneously with 2-D detector. The
example of raw 20-y map of a polycrystaline film is given in Figure 2-7 c. Two hun-
dred of such 20-y maps are collected by varying m-angle from 15° to 25° by step of
0.05°. Hereafter, the integration of y-values is performed in each 20-y map that results
in simple 20 spectrum at corresponding w-angle. From these data, the matrix (x-20, y-
o and z-intensity) is generated and used to plot 2-D w-2@ area maps. The reflections
observed at the same 20 and » angles but at different y angles superimpose in 2-D -
20 area maps.

2-D reciprocal space maps can be plotted from Qy, Q, and intensity values. The Qy
and Q, values can be calculated from the 20 (from 20 scans obtained by integrating
values) and corresponding o values

Q,=snOsn(®-w) (2-2)
And
Q, =sin®cos(® - ) . (2-3)

The 2-D w-y area maps can be obtained by similar way: the integration of 20 val-
ues is performed and matrix is generated from obtained y-scans and corresponding -
angles.

L attice parameter determination

In-plane and out-of-plane lattice parameters of a- and c-domains were estimated
from (301)/(310) and (103) reflection positions (20 and o angles), respectively. In the
case of reflection split due to twinning (for ex. (301) reflection of a-domains), the aver-
age of 20 and o values corresponding to two spots, were used. The substrate reflections
were used as internal standard, assuming that it is strain free. Moreover, as mentioned
above, the sample height was corrected. Q, and Q, values were calculated from corre-
sponding 20 and ® values using Eqg.2.2 and Eq. 2.3, respectively. Further, the in- plane
(Pin-plane) @nd out-of-plane (Poutot-piane) lattice parameters can be expressed through Qy
and Qy of (hKl) reflection asfollows:

P — Mcuka P. _ klcuka
in—plane 20, or in—plane 20, (2- 4)
— lAcuka
and Pout—of—piaﬂe — 20 . (2-5)
'5:'

The accuracy in the determination of the cell parameters is about 0.0005 A if reflec-
tions at sufficiently high 20 are chosen for the analysis.
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The out-of-plane lattice parameters of c-domains and a-domains were also esti-
mated from (00l) reflections observed in standard ®/20 scans, using Bragg's law.

In the case of PTO/SAPH films, for the calculation of the cell parameters we pro-
ceed in a different way, as films were polycrystalline and corresponding ®/20-scans
have a good collection of peak positions. It was assumed that all the grains with differ-
ent orientations have the same lattice parameters. The lattice parameters were cal cul ated
from a least square fitting, using the program UNITCELL (http://www.esc.cam.ac.uk/
astaff/holland/UnitCell.html). The accuracy in the determination of the cell parameters
is about 0.0002 A and 0.0003 A for a and ¢ parameters, respectively.

Domain fraction estimation

The a-domain fraction in epitaxial PTO films was estimated from a-domain (301)/
(310) and c-domain (103) spot in 20-y scans integrated area ratio.

IA301) + IAB10) 1000

Al%) = IA(301) + IA(310) + IA(103) (2-6)

where IA- is an integrated area of spot. The intensities of the different reflections
were corrected to their corresponding structure factors. The intensities for a PTO pow-
der were used for the corrections (given in Annexe 1). The A of (103), (301) and (310)
were divided by 6, 8 and 10 before applying EqQ. 2.6, respectively.

The accuracy in the determination of the a-domain fraction is 1%. This method
was used to estimate the domain fraction in thickness series of epitaxial PTO films.

2.2.3 High-temperature XRD

High-temperature XRD measurements were performed by using the Bruker D8 Ad-
vance diffractometer with a four circles and GADDS in the temperature range from RT
to 300 °C in ICMAB (Barcelona, Spain). The diffractometer is equipped with home-
made high-temperature cell. A thermocouple is inserted into a metal block where the
sample is fixed. The »-20 area maps for PTO films at different temperatures were ob-
tained by the same way as at RT (section 2.2.2).

High temperature XRD measurements in the temperature range from RT to 650 °C
were performed in SPMS (Ecole Centrale Paris). Standard ®/20 scans were collected in
Bragg-Brentano geometry, using a high precision goniometer (1 step = 0.0002° in 20)
with 18 kW rotating Cu anode generator (Acucp = 1.39223 A).
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2.2.4 Determination of microstrains and average grain size

Line profile analysis is used to obtain micro-structural information of the sample
averaged over the diffraction volume. XRD reflections can be described by five parame-
ters: position 20, maximum intensity |, full width at half-maximum FWHM, integral

) [1(20)d(20)

breadth | e and profilefactor 7  (Figure 2- 8). The profile factor
depends on the reflection nature (Lorentz, Gauss, pseudo-Voigt). FWHM and 3 depend
on instrumental resolution and sample microstructure. Thus, it is necessary to correct
observed profiles for the instrumental broadening.

For this reason, the microstructural analysis was performed using the program Full-
prof (via the graphical interface Winplotr) (7). Within Fullprof, the microstructural ef-
fects are treated using Voigt approximation: both the instrumental and the sample intrin-
sic profile are supposed to be described approximately by a convolution of Lorentzian
and Gausian components. The pseudo-Voigt profile function (the linear combination of
Gauss and Lorentz functions) has been used to mimic the exact Voigt function. The
pseudo-Voigt, Gauss and Lorentz functions are given in Table 2-2. All the profile func-
tions (Table 2-2) used in Fullprof are normalized to 1.

Table 2-2: Mathematical functions used for fitting of XRD reflection profiles.

Pseudo-Voigt function Gaussian function L orentzian function
| =1,(nL+(1-7)G) Gzloexp_ﬂ(2®—22®0) L1, 1 :
i 1+ 7(20-20,)

B

The observed FWHM (in the following H) values H°" were corrected for the instru-
mental broadening H™ to determine intrinsic contribution of the sample H¥™':

HE™® = (HE®)? - (HZ®)? @.7)
for Gausian component, and

H Ifarmle — H I(_)bs _ H Ii_nst (28)
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for Lorentzian component.

The integral breadth of the Gaussan and Lorentzian functions are
sample __

aie _H_[HE™ THE

N 2\ In2 and L2 , respectively. In our anaysis, the
instrumental resolution function was deduced from the SrTiO; substrate XRD reflec-
tions measured in the same conditions.

Crystalline materials which do not contain lattice strain and consist of particle sizes
larger than 500 nm, show sharp lines in a powder diffractogram. Imperfections in the
structure of the crystallites result in broadening of the diffraction line profiles. Large
crystallites give rise to sharp peaks; as the crystalite size reduces, the peak width in-
creases and the intensity decreases. Peak broadening can also originate from variations
in lattice spacings, caused by lattice strain. Several analysis methods exist to calculate
crystallite sizes and lattice strain separately from diffraction line broadening for example
Williamson-Hall and Halder-Wagner methods.

Williamson-Hall analysis The classical Williamson-Hall representation
(8) was used to separate the broadening caused by crystallite size from that arising from
local strain (microstrains). This method is applicable for reflections with Lorentzian pro-
files. Theintegral breadth can be expressed as the summation of integral breadths result-
ing from size effect (Bp) and microstrains ()

Y=o+ B (2.9)
In this representation, the reciprocal integral breadth

. Pampie COSO
Pampe =
A , (2.10)
expressed in A, is plotted as a function of the reciprocal -lattice spacing
g* = 2sin®
2 : (2.11)

According to the Williamson-Hall relation

. 1,
Panpe =5 + & (2.12)

the slope of the graph depends linearly on the lattice strain e and the intercept varies as
the inverse of the average grain size D. The average grain size and microstrains are esti-
mated in the direction perpendicular to the (hkl) planes.
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Halder-Wagner approximation Halder-Wagner approximation (9) can
be applied for pseudo-Voigt profiles. In this method, the integral breadth is

B = BBeame+ o (2.13)
The Gausian and Lorentzian integral breadth can be expressed as follows
1 d*
IBL _B and ﬁG - 67 ] (2.14)
Thus, the Eg. 2-13 can be expressed as

(ﬁs*ample ]2 :i[ﬂ;mple]_i_(EJz
d’ D d? 2 (2.15)

* 2 *
[:Bsample) — f [ﬂmplej
The slope of the d d™ curve gives /D and the value of mi-

crostrains can be estimated from the intercept. The average grain size and microstrains
are estimated in the direction perpendicular to the (hkl) planes.

2.3 Raman spectroscopy

Raman spectroscopy is a useful technique for the characterization of ferroelectrics.
The Raman signal is sensitive to internal as well as external perturbation of lattice vibra-
tions. This may affect the position, line width, line shape and intensity of the signal. Ex-
amples of such perturbations are symmetry breakdown due to phase transition, tempera-
ture, strain or lattice disorder. A careful analysis of Raman spectra can provide informa-
tion about different material properties related to these perturbations.

2.3.1 Theoretical considerations

The principle of Raman effect is based on the inelastic scattering of light in matter.
Considering a monochromatic electromagnetic field in a dielectric mater, a weak inten-
sity can be detected at different frequencies due to scattering with the creation (stokes)
or annihilation of vibrations (antistokes) (Figure 2-9). The scattering intensity of Stokes
Raman process assuming a harmonic oscillator approximation is given by

| =CY[6.RI)&[ (2.16)

where Cisaconstant, € and €; arethe polarizations of incident and scattered
lights, and R(I") is the polarization tensor of phonons at I'-point (the center of the Bril-
louin zone).
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Figure 2-9: Raman effect - the inelastic scattering of light in matter with the creation
(stokes) or annihilation of vibrations (antistokes).
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In practical use, Raman scattering is revealed by exciting a material with a mono-

chromatic light (laser) of well known energy v, |, momentum K and polariza-
tion € and collecting scattered photons of different energy vy, , momentum
ks and polarization € . Inthefirst order Raman scattering, the one-phonon proc-
ess must fulfill the energy and momentum conservation:
hv, —hvy =tho, (2.17)

k —ky=d (2.18)

Where 70, and G are the energy and momentum of phonon. From the
above relations, one can see that the phonons correspond to a momentum g~0 (long
wavelength), i.e. belonging to the I'-point of the Brillouin zone.

2.3.2 Spectrometer

Raman spectra were collected using a Jobin-Yvon/Horiba LabRam spectrometer.
Experiments were conducted in the micro-Raman mode at room temperature in a back-
scattering geometry i.e., the wave vectors of incident photons K and scattered pho-
tons Ky areantiparalel (Figure 2— 10).

The incident source is provided by an air cooled multimode lon Argon Laser
(Mélles Griot 35-LAP-431). We used in all experiments the 514.532 nm wavelength. In
this region PbTiO; is transparent and we didn’t observe other sources of radiations such

as fluorescence. The output power measured at the objective was about ~7 mW. No
heating effect has been detected.
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The excited beam is focused and the scattered light is collected through an Olym-
pus BX41 microscope with the objective. We used two different Olympus objectives a
x100 (N.A.=0.9) and x50 Long Working Distance (N.A.=0.5) their characteristics are
givenin Table 2-3.

V/H analyzer
A2 wave polarizer

hole
Notch filter --------- ?
slit
Objective head-.
.- focal length
X-Y-Z table f= 300 mm

grating
1800 tr/fmm

Figure 2-10: Raman spectra collection in backscattering geometry with Jobin-Yvon/Horiba
LabRam spectrometer. The incident (green line) and scattered (red line) beams are repre-
sented and some optical component has been omitted for better reading.

The system is equipped with a notch filter rgjecting the laser line. Figure 2-10
shows that the notch filter is used to send the laser beam to the microscope and to sepa-
rate the Raman signal from sample reflection and Rayleigh scattering. In our investiga-
tion we study optical phonons above 70 cm™ due to the limitation of the notch.

Table 2-3: x50 LWD and x100 objective characteristics.

Olympus objective | N.A. | Half angle | Lateral resolution D | Depth of focus d *
sin Diffraction limit)*
(sing) (¢) ( L2 ) ) ani
D=""C " z(NA)?
NA

X100 MPlan 0.9 64° 0.7 um 1.3 um

X50 LMPlanFi

Long Working dis- 0.5 30° 2um 7 um

tance (~1 cm)

*n-refraction coefficient, A-wavelength
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A 300 mm monochromator and nitrogen cooled 1024 x 256 spectra-one CCD dis-
perse and collect the signal in a single shot from about 0 to 1500 cm™ (Stokes side) with
aspectral resolution of 1.7 cm™.

The polarization of the incident beam is controlled by a I/2 wave plat. Two posi-
tions are used in reference to spectrometer: vertical position (V) or horizontal position
(H) (Figure 2-10). Also, the output polarization is selected before entering into the spec-
trometer by a two-position analyzer in vertical (V) or horizontal (H). For the analyzer in
H position, the spectrometer intensity response is about a third of that in V position. As
a consequence, the counting time should be adapted.

The system was calibrated using Si spectra at ambient temperature. The integration
times were adjusted in order to have a high signal-to-noise ratio.

Dark field Raman spectroscopy measurements were performed with the same type
of spectrometer in LMOPS (Metz, France).

The temperature measurements in the range from room temperature to 600 °C have
been carried out by using acommercial LINKAM hesating stage placed under the Raman
microscope.

The fitting procedure of Raman spectra was performed with program PeakFit of
Jandel using Lorentzian profiles. The background was adjusted by a line subtraction
from spectra

2.4. Other characterization techniques

2.4.1 Atomic force microscopy

Our sample surface morphology and roughness Ra (Ra - roughness average) were
characterized using AFM - Digita instruments Multimode Scanning Probe Microscope
in tapping mode.

2.4.2 Determination of film thickness
PTO film thicknesses were determined by two methods:

i) PTO films on Si were etched with concentrated HF in order to form a step for thick-
ness determination by profilometry.

i1) Thickness of the films on other substrates was determined from the film cross-section
images obtained by SEM (Philips XL30).
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2.4.3 Wavelength dispersive X-ray spectroscopy

Wavelength dispersive X-ray spectroscopy (WDS) analysis was used for the
evaluation of the film composition.

Principle A wavelength-dispersive

“beam G spectrometer uses the characteristic X
V v) \a\ﬂ ;\\ -rays generated by individual ele-

v i A N\ Ay ments to enable quantitative analyses

/ / \\ \ (down to trace element levels) to be

f»’ % \\\\\ performed at spot sizes as small as a
Smple-,é A N few micrometers. When an electron
| Detector = beam of sufficient energy interacts

\ ! with a sample target it generates x-

\ // rays, which are selected using an ana-

- wm;\ F. lytical crystal(s) with specific lattice
Circle\. A spacing(s) (Figure 2- 11). The geome-

o WOSTL g try of the X-ray generating sample

and the analytical crystal is such that

Figure 2-11: Principle of WDSanalysis. they maintain a constant take-off an-

gle. When X-rays encounter the ana

lytical crystal at a specific angle O,
only those X-rays that satisfy Bragg's Law are reflected and a single wavelength is
passed on to the detector. The wavelength of the X-rays reflected into the detector may
be varied by changing the position of the analyzing crystal relative to the samplei.e. the
X-ray source-crystal distance is a linear function of the wavelength. Consequently, X-
rays from only one element at a time can be measured on the spectrometer and the posi-
tion of a given analytical crystal must be changed in order to adjust to a wavelength
characteristic of another element.

Measurements at different acceleration voltages (10, 15 and 20 kV for our samples)
were performed in order to take into account that the film thickness is usualy higher
than penetration depth of electrons. Results were analyzed by specific program for thin
films Strata, which allows estimating the film composition. The accuracy of composi-
tion determination by WDSis 5 %.

2.4.4 Transmission electron microscopy

PTO film domain structure, epitaxial quality and defect density were studied by
transmission electron microscopy (TEM) in cross section. The samples were prepared
by mechanical polishing (tripode technique) perpendicular to the film. The fina thin-
ning was performed by ion beam polishing (beam +8°-8° at 3,5KeV during 30 — 60
min). The observations on the film cross sections were carried out with TEM JEOL
2011.
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3. PbTiO3 thin film deposition by PI MOCVD, process
optimization

High-quality epitaxial ferroelectric films are needed in prospect of new devices
(1, 2) as ferroelectric properties originate from the structural anisotropy. Epitaxial PTO
films have been grown by metalorganic chemica vapor deposition (MOCVD) (3-7),
pulsed laser deposition (PLD) (8, 9) and rf-magnetron sputtering (10). Among various
preparation methods, MOCVD has been recognized as the most promising technique
due to the possibility to grow films on large area with high growth rate and good confor-
mal step coverage.

In the literature, mainly liquid PbEt, and Ti(O'Pr)4 compounds were used as pre-
cursors for MOCVD growth of PTO films by bubbling of carrier gas through containers
of liquid precursors (4, 5, 11-15). However, some other pairs of Pb and Ti precursors
have been also studied: Pb(thd), (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate) and Ti
(OI Pr)4 (16—19), (C2H5)3PbOCH2C(CH3)3 and Tl(()I Pr)4 (20), Pb(OAC)2 and Tl(onBU)4
(21), PbEt, and Ti-n-propoxyde (22) or PbEt, and TiCl, (23). Only several works (24,
25) can be found on the use of solid Ph(thd), and Ti(O'Pr),(thd), or TiO(thd), precursors
for PTO depositions. In these works, the vapor phase was generated by flash evapora-
tion of a mixture of solid Pb and Ti precursors supplied into an evaporator. Solid meta-
lorganic precursors are often preferred because they are non-toxic and more stable at
room temperature as compared with liquid and extremely toxic tetraethyl lead precursor.
In the last years single source liquid injection MOCVD techniques have been more and
more used for the growth of multi-component oxide layers. These techniques addition-
ally offer easier control of multi-component film composition and better process repro-
ducibility than conventional CVD.

Most of PTO film studies are related to structural properties; some papers deal
with ferroelectric and dielectric properties (26-30) and a few ones about piezoelectric
properties are available (29, 30). In our study, Pt/PbTiOs/La «SryMnOs/LaAlO; (Pt/
PTO/LSMO/LAO) heterostructures were grown and their microstructure, morphology
and electrical properties were studied and given in Annex 2, asit is out of scope of this
thesis.

In the present chapter we report on the role of oxygen partial pressure, deposi-
tion temperature and solution composition in the growth of PbTiO; films by pulsed lig-
uid injection MOCVD using Pb(thd), and Ti(O'Pr),(thd), precursors dissolved in tolu-
ene. The influence of such parameters on film microstucture, composition and morphol-
ogy was studied. Also it will be discussed on the role of system pressure, solution con-
centration and injection frequency on the growth rate and composition of PbTiOs films.
The used deposition conditions of PTO films are summarized in Table 3- 1.
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Table 3-1: Deposition conditions for PbTiOs layers grown by PI-MOCVD.

Substrates SITiO3 (100), LaAlO3 (001 —in a pseudo-cubic
setting), sapphire (R-plane), Si (001)

Substrate temperature (Tpep), °C 550 - 750

Evaporation temperature, °C 280

Transport gas Ar+ 0O,

Total gasflow rate, I/h 60

Oxygen fraction (Fq), % 7-50

Total pressure (Py), Torr 2-10

Precursors Pb(thd),, Ti(thd),(O'Pr),

Solvent Toluene

Solution concentration (total, cr), mol/l | 0.02 - 0.08

Injection frequency (viy), Hz lor2

Thickness, nm 100-300

3.1 Partial oxygen pressure effect on the film composition

In order to test the oxygen effect on Pb content of the film, PTO films were
grown (at Tpe=650 °C, Pr =5 Torr, ¢r = 0.04 M, vi; = 2 Hz, and Phb(thd), :Ti(thd),
(O'Pr),=44:56) at four different oxygen partial pressures. Composition analysis showed
that the maximum Pb content in films was obtained using 37.5 % oxygen in the gas flow
(Figure 3-1a). The maximum growth rate (1.03 pm/h) of the films was obtained also at
37.5% 0,. L.S. Hong et a. (12) established that an increase of O, concentration in gas
promotes the PbO formation resulting in higher growth rate. However, too high oxygen
concentration resulted in Pb deficient films, that was explained by stabilization of high
valency Pb;O4 and PbO, at higher O, partial pressures (12). The optimum percentage of
oxygen in the gas flow is highly dependent on the precursor type and its thermal stabil-
ity. For example, in case of Pb(C,Hs), only 1 % of O, in gas flow was sufficient (12),
while in our case it was necessary to use much more of oxygen. In further depositions
we used 37.5 % oxygen in the gas flow.

Pb may be lost from PTO film during post-deposition treatment at higher tem-
peratures or during the slow cooling after deposition at high deposition temperature. To
get more information about the lead loss at high temperatures, severa series of rapid
thermal annealing (RTA) for 10 min at different temperatures and oxygen partia pres-
sures were carried out. The composition of annealed films was analyzed by WDS and
results are given in Figure 3— 1b. The films started to lose Pb at 700 °C and the Pb loss
rate rapidly increased with the further increase of annealing temperature. The lead con-
tent did not change after annealing at lower temperatures. One can see in Figure 3-1 b
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that the Pb desorption rate can be reduced by increasing oxygen partial pressure. It
means that during cooling high oxygen pressure stabilizes the PbTiO;z phase in our
films. In order to minimize the Pb loss, we used 0.4 atm O, pressure during film cooling
from high deposition temperature.

Figure 3-1: Pb content in PTO/LAO films. a) influence of oxygen percentage in gas flow
during deposition, b) influence of annealing temperature and oxygen partial pressure.

3.2 Deposition temperature influence on film composition and
mor phology

Series of films were deposited at different temperatures in varying the composi-
tion of the solution (Pr = 5 Torr, c¢r = 0.04 M, Fo = 37.5 % and v = 2 Hz). The com-
position of films deposited on LaAlO; was analyzed by WDS. The results are given in
Figure 3-2. It is evident, that higher deposition temperatures require higher Pb precursor
content in solution for achieving of the right cationic proportion in film. This may be
related to higher lead oxide desorption at higher temperatures. At low Tge = 550 °C the
Pb content in film increases continuously with increasing the Pb content in solution. At
higher deposition temperatures the Pb fraction in film increases until near stoichiometric
value and after remains almost stable during further increase of the Pb content in solu-
tion. The minimum Pb content in solution necessary for achieving right Pb:Ti ratio in
film may be named as “stoichiometric*. Although films grown from solution with Pb
precursor excess may have right cationic ratio, they consist not only of tetragonal
PbTiO; phase but also have some additional phases (PbTipgO,6, PRO).
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The morphology of PTO filmsis

very dependent on the solution

composition especialy for epi-

taxia films on LAO and SITiO3

substrates (Figure 3-3). Films

grown from Pb deficient or

“stoichiometric” solutions on

both substrates have similar sur-

face morphologies. On the other

hand, the morphology of PTO

films on sapphire is fully deter-

mined by island growth at all

deposition temperatures resulting

in rather rough film surface (Ra

= 3-7 nm). Layers grown from

Figure 3-2: Composition of PTO/LAO filmsinrelation = solution with Pb deficit are made

with film composition. up of two zones, which become

better separated in films depos-

ited at higher temperatures

(Figure 3-3). XRD showed that these films consisted of PTO tetragona and pyrochlore

phases (Figure 3-4). One zone is very smooth and the second one consist of small crys-

tallites. As these different zones are clearly visible by using the optic microscope, Ra-

man spectra in each zone have been measured (Figure 3-5). One can see that the smooth

zone consists only of tetragonal PTO phase. The other zone presents a phase with lower

symmetry than tetragonal PTO—it can be considered as monoclinic pyrochlore phase.

Such film morphology (called “rosette-shaped”) was also observed by other authors (31

—33) and was considered as perovskite islands in a pyrochlore matrix. With the increase

of Pb content in solution, smooth PTO zones increase in size and all the surface become

smooth at Pb/Ti = 1 in film. The morphology of PTO films is defined by two factors:

island growth and twinning (this aspect will be discussed in detail in next section). The

twinning results in a film morphology with perpendicular line shaped zones (34). At

higher temperatures, the twinning becomes the leading factor for surface morphology of

PTO films. For example, the morphology of films grown at 650 °C and higher tempera-

turesis mainly determined by twinning. Less twinned zones are observed in films grown

at 600 °C. The morphology of films deposited at 550 °C is completely determined by

island growth resulting in arather rough surface compared to that of the twinned layers.

Thus, the roughness of the films grown from “stoichiometric” solutions decreases with

the increase of deposition temperature (Figure 3-6), and Ra reaches a very low value,
0.6 nm for films grown at 750 °C.

PTO films grown on STO substrates from solutions with Pb excess consist of
spherical grains forming the structure of lines (Figure 3-3). Such structure becomes
more ordered with increasing growth temperature and at 700 °C the lines are quasi par-
alel. In contrast, films on LAO substrates consist also of spherical grains but the line
shaped structure is not observed.
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Figure 3-3: AFM images (2 x 2 pnt) of various compositions PTO/LAO and PTO/STO films
deposited at different temperatures. The average roughness Ra and Pb/(Pb+Ti) (% in film)
are given on photos.

Figure 3-4. XRD patterns of (a) stoichiometric and (b) Pb deficient PTO/LAQO films grown at
650 °C.
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Figure 3-5: Identification of two zones with _
different morphology in Pb deficient PTO/ Figure 3-6: Roughness average (Ra) of PTO

LAO film: a) Raman spectra of two zones, films versus deposition temperature (Pb/
b) image of optic microscope and ¢) AFM Ti=1).
image.

3.3 PbO desorption control with film growth rate

As shown above, Pb fraction in the film grown at higher temperatures (Tpe> 600
°C) increases until near stoichiomet-
ric value and after remains almost
stable with further increase of the Pb
content in the solution. Thus, Pb ex-
cess cannot be reached in the film. In
order to observe the maximum Pb/Ti
ratio in the film which can be reached
by varying the growth rate, lead defi-
cient films were studied. Series of
PTO films were deposited at 600 °C
by varying the total solution concen-
tration (0.02 M, 0.04 M or 0.08 M)
and injection frequency (1 Hz or 2
Hz) while the precursors' ratio in so-
Figure 3-7: PTO/LAO film composition evolution asa ' |ution (Pb/(Pb+Ti) = 28.1 %) and
function of growth rate. other deposition conditions were kept

constant ( Pr =5 Torr, Fy = 37.5 %,
cr = 0.04 M (varying viy) and 2 Hz (varying cy)). The variation of film composition
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with growth rate is shown in Figure 3-7. Pb content in the film increases with increasing
growth rate from 4.9 to 10.9 nm/min and saturates when sufficiently high growth rates
(> 10.9 nm/min) are reached. Deposition with low growth rate results in high Pb desorp-
tion from the film. For high growth rates, Pb loss highly decreases and film composition
becomes defined mainly by Pb/Ti ratio in solution and precursors decomposition rates
at deposition temperature. In order to obtain Pb/Ti = 1 in the films grown with rates >
10.9 nm/min, Pb/(Pb+Ti) ratio in the precursor solution should be increased from 28.1
% to 31.3 % or more. The 0.04 M total concentration and 2 Hz injection frequency were
chosen as optimal conditions for further deposition investigation.

3.4 Deposition pressureinfluence on growth rate

In order to test the influence of deposition pressure on PTO film growth, films were
grown (at Tpeg=650 °C, cr = 0.04 M, Fox = 37.5 % and vi,; = 2 Hz) at three different
pressures (2, 5 and 10 torr). The surface of layers deposited at 2 torr of pressure was
completely covered by spherical particles, probably due to precursor decomposition in
the reactor volume, thus this pressure was discarded from further investigation.
Stoichiometric film was reached using 0.020 M and 0.023 M Pb(thd), concentrations (at
cr=0.04 M) for depositions carried at 5 torr and 10 torr pressure, respectively. The
growth rates of stoichiometric PTO films at 5 torr and 10 torr were 20.6 nm/min and
18.8 nm/min, respectively. P. Lu et al.(35) also reported a growth rate decrease of PZT
films with increasing pressure. As lower growth rate enhances Pb desorption, higher
concentration of lead precursor was needed to obtain stoichiometric PTO at higher pres-
sures.

The results of our studies on PTO deposition suggest the possibility to control
accurately the film growth rate and film composition is important for reproducing
stoichiometric PTO films. Therefore, PI-MOCVD is a promising method as it offers an
easy control of precursor feeding rate, vapour and film composition.

3.5 Deposition temperature influence on the film microstructure

XRD spectra of PTO films on LAO and STO substrates grown from
“stoichiometric” solutions consist only of (00l) and (h0OO) reflections (Figure 3-8a) cor-
responding to c-axis and a-axis oriented crystallites, respectively (further they will be
called as c-domains and a-domains). The best crystallinity was obtained for films depos-
ited at 650 °C. PTO/SAPH films are polycrystalline with a slightly (101) preferred ori-
entation (Figure 3-8b).

PTO films on both STO and LAO substrates have very good in-plane orienta-
tion, as seen from pole figure for (102) reflection given in Figure 3-9. Double peaks
(splitted in y angle) appear in pole figure of a-domains due to domains twinning (for
more detail s about twinning see in section 1.5.2).
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Figure 3-8: 6/26 X-ray diffraction pattern of 250 'r:éﬁg;g;%fl;?}g‘;?:gefﬁfréloz)
nm thick PTO/LAO (a) and PTO/SAPH (b) films. R
grown at 650 °C.

As it is known, a-domains and c-domains in epitaxial ferroelectric films are
tilted by a small angle from the substrate plane normal due to the twinning phenomenon
(3). The a-domains and c-domains are bounded by the (101) twin plane, and this results
in atilt of [100] axis in a-domains, the tilt angle depending on the tetragonality of the
cell (for c/a= 1.065 thetilt angleis 3.7 °) (3) (section 1.5.2). The tilt angle aso depends
on the domain volume fraction (36). For films with a high fraction of c-domains, the c-
domain tilt angle is very small (37). Twinning is responsible for double rocking curves
of (00l) and (h0O) reflections and for the split in y angle of peaks in pole figures (Figure
3-9) of a-domains. Rocking curves of (001) reflection of PTO/LAO films deposited at
different temperatures are given in Figure 3-10. As mentioned about the surface mor-
phology, twinning becomes a dominant factor when deposition is taken out at 650 °C or
higher temperatures whereas the microstructure of layers deposited at lower tempera
turesis mainly determined by island growth. When layer is fully twinned (grown at Tpe,
> 650 °C), the (001) rocking curve is double (Figure 3-10). The rocking curves for films
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o (%)

Figure 3-10: Evolution of (001) rocking curvesin c-domains
of PTO/LAO films with deposition temperature.

Figure 3-11: Evolution of twinning anglesin a- and c-
domains with deposition temperature.

deposited at lower tempera-
tures are different. They
become triple for films
grown at 600 °C and lower
temperatures. the peaks on
both sides correspond to
twinned zones and the cen-
tral peak to non-twinned
zones. This is in agreement
with the fact that films
grown at temperatures <
600 °C are less or non-
twinned and less textured
than films obtained at
higher temperatures. The
twinning angles (tilt angles)
for a- and c-domains (a,
and o, respectively) in PTO
films grown at various tem-
peratures were estimated from
rocking curves of (001) and
(100) reflections and are given
in Figure 3-11. PTO films on
STO have highly dominant c-
axis texture, so no split of
rocking curve of (001) reflec-
tion in c-domains was ob-
served. It is possible that the
tilt angle of c-domains is too
small to be detected.

PTO films grown at various
temperatures on STO and
LAO substrates consist of both
a- and c-domains (Figure 3-

12). However, the c-domain growth is dominant for all range of deposition temperatures
because the a-parameter of PTO cell matches better the parameter of the substrate cell.
The a-domain fraction was calculated by integration of peaks in ¢-scans corresponding
to a- and c-domains, as explained in section 2.2.1.The quantity of a-axis (A, %) textured
crystallites in PTO films is clearly related to the deposition temperature and reaches
minimum in highly crystalline films grown at 650 °C. As a-domains form only due to
twinning, C.S. Ganpule et al. (34) proposed a relation between the twinning angles of a-
and c-domains and the a-domain fraction (section 1.5.2). This relation perfectly works
for our PTO films on STO and LAO substrates: tana/tana, linearly depends on A/(1-A)
(Figure 3-13). The bigger the amount of a-domains, the bigger the tilt angle of c-
domains and the smaller the twinning angle of a-domains.
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Figure 3-12: Evolution of a-domains percentage (A, %) in
films with deposition temperature.

Figure 3-13: Relation between twinning angle and a-domain
fraction (A/(1-A)) in PTO films.

Conclusions

The influence of various deposition conditions (deposition temperature, partial
oxygen pressure, deposition pressure, injection frequency, solution concentration and
solution composition) was examined for the growth of PbTiO; films on various sub-
strates by pulsed liquid injection MOCVD.

The oxygen partial pressure influences the Pb loss during the film growth and
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post deposition thermal treatments. The maximum Pb/(Pb+Ti) ratio in the film was ob-
tained using 37.5 % O, in the gas flow during the deposition. The Pb loss during the
cooling from high growth temperature can be reduced using high O, pressure (0.4 atm).

The evolution of film composition, microstucture and morphology with solution
composition at different deposition temperatures was investigated. Higher deposition
temperatures require a higher concentration of Pb precursor in solution to achieve the
right cationic proportion in the film. This may be related to higher Pb desorption at
higher temperatures. The solution composition and growth temperature highly influence
the film morphology and microstructure. Epitaxial films on perovskite substrates consist
of dominant c-axis and minor a-axis textured zones (c-domains and a-domains). The
surface morphology is mainly determined by island growth for films grown at Tpe, <600
°C and by twinning phenomenon for films grown at Tpe, >650 °C.

The growth rate and composition of PTO films were studied as a function of
deposition pressure, solution concentration and injection frequency. It was shown, that
Pb desorption can be governed by changing the film growth rate.

Fully twinned or partially twinned films can be obtained by varying deposition
conditions. Twinning is observed in both a- and c-domains and twinning (tilt) angles
depend on a-domain fraction. The best crystallinity and the lowest a-domain fraction
were obtained in epitaxial films grown at 650 °C on LaAlO; (001) and SrTiOs; (001)
substrates.

The optimized deposition conditions are summarized in Table 3- 2.

Table 3-2: Optimized deposition conditions for PbTiO; layers grown by PI-MOCVD

Substrate temperature (Tpep), °C 650

Evaporation temperature, °C 280

Transport gas Ar+ 0O,

Total gasflow rate, I/h 60

Oxygen fraction (Fqy), % 37.5

Total pressure (Py), Torr 5

Precursors Pb(thd),, Ti(thd),(O'Pr),
Solvent Toluene

Solution concentration (total, cr), mol/l 0.04

Injection frequency (viy), Hz 2
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4. PbTiO5 thin film structure evolution with misfit strain
and film thickness

4.1 Introduction

Macroscopic strain is an important factor in determining the structure and behavior
of ferroelectric films. Because of the strong coupling of strain with polarization, strains
have a substantial impact on the structure, on ferroelectric transition temperatures, and
on related properties such as dielectric and piezoelectric responses. Mechanical clamp-
ing by the substrate is of key importance for the formation of domain patterns in the
film. A number of theoretical works on the effect of mechanical clamping on domain
patterns can be found in the literature (1; 2; 3; 4; 5; 6).

Domain patterns in ferroelectric thin films have become an issue of interest over
the last 15 years. Ferroelectric twin-domain structures have been investigated exten-
sively in epitaxial PbTiO; thin films deposited on various single-crystal substrates, in-
cluding MgO (7; 8; 9; 10; 11), SrTiO3 (12; 7; 13), KTaO3 (7) and LaAlO; (14; 8; 9) sub-
strates using wide variety of deposition techniques. The domain patterns are studied us-
ing different techniques, such as scanning force microscopy (15), transmission electron
microscopy (TEM) (16; 17; 7; 18; 19) and XRD (7; 8; 11; 17). An important domain
structure parameter is domain fraction, which is usually determined by comparing inten-
sities of XRD reflections corresponding to different domain states. For PTO and PZT
films, the a-domain fraction has been evaluated as a function of film thickness by many
authors. It has been found that it is sensitive to the substrate material and film composi-
tion (11; 20). However, the observed thickness dependence of domain fraction is often
difficult to interpret in terms of existing theories due to the difficulty in the theoretical
description of the thickness dependence of the stress release.

For instance, the investigation of the mechanical strain effect on ferroelectric film
properties is studied using epitaxia films as the application of high stresses is possible
by subjecting the film to the effect of the substrate (7; 8; 9). Since residual stressis a
function of film thickness, the evolution of the film properties with thickness has been
used as an experimental way to investigate the strain effect in ferroelectrics (21; 22; 23;
24). Some other ways to influence and to control the mechanical strain aso used in lit-
erature have been: i) by selection of substrates, having different mismatch with the film
(7; 9) or different thermal expansion coefficients (25), ii) by change the deposition con-
ditions (8), iii) by post-annealing process, and iv) by insertion of athin layer of a differ-
ent chemical composition in between the film and the substrate (26).

Nevertheless, the control of the strain utilizing the relaxation process of the grow-
ing film is strongly related to misfit dislocation formation. Therefore it is difficult to
purely separate the influence of mechanical stress in the film from other variables, such
as domain structure, epitaxial quality, grain size, heterogeneous strain, defects and so
on. Moreover, authors do not usually include any direct measurement of the residual
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stress in the film, but just give calculated values or
expected trends. Therefore, the detailed experimen-
tal study of stresses and their influence on film prop-
ertiesis necessary.

Since technologically relevant films for ferroelectric
memories are typically thicker than 120 nm, charac-
terizations and analysis of film properties should be
carried out at comparable length scales. Thus, in or-
o der to study the effects of stresses and their relaxa-
PTO | 0% 139744 tion process in PTO films, 30-460 nm thick PTO
STO 797 (39324 films were deposited on LAO, STO and MgO sub-
strates using optimized deposition conditions
(Chapter 3, Table 3-2). The misfit strain in PTO
films on these substrates varies from large compres-
sive (LAO) and small compressive (STO) to large
tensile (MgO) at deposition temperature Figure 4-1.
To investigate the film relaxation and the origin of
residual stress, a well understanding of film micro-
structure is needed. Therefore, in this chapter we
present the detailed analysis of the film domain
in PTO films on STO, LAO and f”“cuge’.ep'rt]ax'a' q“a.'t'ty’ d?fed;” lattice perame
MgO substrates and lattice pa- _ers, ran homogene y microstrains an _graln
rameters of bulk PTO, STO, Sizes. Moreover the residua stress val ues will .be
MgO and LAO at 650 °C. estimated from XRD data. However, the discussion
on residua stress origin will be given in Chapter 7.

Figure 4-1: Scale of misfit strain

4.2 Domain structure study by reciprocal space mapping

The ®/20 XRD patterns of the 30-460 nm PTO films on STO, LAO and MgO sub-
strates are characteristic of the PTO tetragonal structure consisting only of (00I) or (00I)/
(h0O0) reflections. This indicates a pure c-domain or a c/a/c/a structure, respectively.
Typica ®/20 XRD patterns of epitaxial PTO films are given in section 3.5. The 2-D
mappings of reciprocal space were used for more detailed analysis of our film structure.
First, we will present the principles of the domain structure analysis and the measure-
ment of the PTO thin film reciprocal space maps. The readers familiar with these 2-D
mapping of PTO films may skip this section 4.2.

As explained in section 1.5.2, a c/a/c/a structure consists of twinned a- and c-
domains bounded by a (101) plane (Figure 4-2). The fourfold symmetry may be ex-
pected in both a- and c-domains due to twinning. The scheme in Figure 4-2 is simpli-
fied, as only the tilts of a-domains are presented. The 460 nm thick PTO/STO film, con-
sisting of non-tilted c-domains and a-domains having fourfold symmetry, will be ana-
lysed as an example. The corresponding two—dimensional (2-D) HL reciprocal space
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mapping at K=0 is given

a-domains in Figure 4-3. Six orienta-
\ tion matrices may describe

the reciprocal space map-

ping for thisfilm: amatrix
. of STO substrate, a c-
domain matrix and four a-

domain orientation matri-
ces. In Figure 4-3, there
are presented the orienta
tion matrices of STO, c-
domain and only one a-
domain. The film is epi-
taxial as c-domain orienta-
tion is highly related to

Figure 4-2: Scheme of twinning and tilt of a-domainsin 'Ezgto)of Z‘ljgr?e;ate s(uep))(éritr?f

PTO films. Thetilt angle is overestimated. ;
poses). The a-domain re-

flections are deviated by a
small angle from the principal axes of reciprocal space, indicating the a-domain tilt,
which depends on the tetragonality of the cell (for more details see section 1.5.2).
Thus, in the standar d ®/2 ® scans, corresponding to (00l) reciprocal space axis,

|

[001]

c-domains

- B $o .
o @ .
Figure 4-3: 2-D recip-
1 rocal space mapping
by o 4 P (at K=0) of 460 nm
] thick PTO/STO film.
Red and blue circles
, | 80 . prod represent a- and c-
O ® ¢ 3 e P domain orientation
matrices, respectively.
- = Green crossesrepre-
O O ¢’ @ _,S - sent the STO substrate
orientation matrix.
_ P For more details seein
N & ® & a Foj the text.
\1» ':') £ 3 -
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c-domain and STO reflections should be observed. A fraction of the a-domain reflec-
tion, which does not correspond to the maximum of intensity, usually also appears in
this scan. Moreover, the (101) planes of a- and c-domains superimpose, showing a
bounding (twinning) plane between a- and c-domain.

The detailed analysis of our film structure
is performed using not the genera HKL
reciprocal space mappings but the 2-D -
20 mappings near the (103) and (301)
PTO reflections. An example of ©»-20 con-
tour map is given in Figure 4-4. The »-20
mapping integrates the intensity from dif-
ferent ¢-angles (+ 5 °), making possible to
observe together the (301) and the (310)
reflections, which appear at different -
values. As shown in Figure 4-5, these re-
e 5 flections were found in the reciprocal space
70 72 74 76 78 80 82 sa | mappings collected at ¢=0 and ¢=+2 (p=-
20 (°) 2), where two spots and one spot corre-
spond respectively to the (301) and the
Figure 4-4: 2-D »-20 contour map near | (310) a-domain reflections. In Figure 4-4,
(103) and (301)/(310) reflections of 125 nm | the (103) and (301)/(310) reflections corre-
f[hick PTO/LAO film. The spoFs qorrespond— spond to c- and a-domains, respectively.
ing to a- and_c-domal ns are indicated by a8 ' The coexistence of (301) and (310) reflec-
and ¢, respectively. tions is the indication of the existence of a
- and a,- domains: both types have their c-
axis parallel to the substrate plane, but a,-domains are rotated by 90 ° with respect to the
a;,-domains (as aready explained in section 1.5.2 and 3.5). The (103) spot elongation in
o-angle indicates that c-domains also are tilted by asmall angle.

As mentioned in section 1.5.2 the fourfold tilt of domains is along [h00 ]

[h00] , [OkO] and [Ok O] directions. Thus, two and four reflections
corresponding to a-domains are observed in 2-D reciprocal space mappings at K=0 (or
H=0) and L=3.9, respectively (Figure 4-6). The c-domain fourfold tilt results in analo-
gous reflection split. Therefore, depending on the measurement geometry, from one to
four reflections of the fourfold symmetry may be observed in the different mappings and
in the standard ®-, @- and y-scans. For example, the four spots corresponding to the
fourfold split are indicated in the 2-D - mappings, corresponding to a-domain (301)/
(310) reflections (Figure 4-7). These contour maps are very similar to small pole figure
and are used to study the a- and c-domain twinning and the tilt angles in our films. The
centre corresponds to the direction of an asymmetric (301) (or (103) in the case of c-
domains) reflection of cubic PTO. These maps show again a clear twinning of a-
domains. The deviation of the spot from the centre in - and y-angles indicates that unit
cell is rotated by a small angle around b- and c-axis, respectively (Figure 4-8). Two
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osUY
(103) PTO e '
= — (128) LAO
tc “ 6000 -
(=]
=
75800+
a B
5600-
¢ domains 1600 | 1800 2000/ 2200 2400
_ Q,(10* flu =
©=-2 1] ) Q=+2
6400 (301) PTO 6400
(310) PTO.
. / \6200—
a E)
= 5000
C "c
=
— o800
alL domains
5600+
. 2z Sl Splitted in 4 domains: e P .
1600 1800 2000 2200 2400 2 pairs of reflections splitted 1600 1800 2000 2200 2400
A ant en in p-angle (2 °) and in y-angle Q (10* i

Figure 4-5: 2-D reciprocal space mappings near (103), (301) and (310) reflections of PTO at
p=0,p=-2 and p=+2.

c-domains

Figure 4-6: Detailed 2-D reciprocal space mapping at K=0, H=0 and L=3.9 of 460 nm thick
PTO/STO film.
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Figure 4-7: 2-D y-w contour map corre-
sponding to the a-domain (301)/(310) re-
flections of 125 nmthick PTO/LAO films.

Chapter 4: PbTiOs thin film structure evolution

equivalents possibilities of rotation around
each axis result in fourfold tilt of domains
and consequently in four spots of 2-D y-®
contour maps. The deviation in o- and -
angles is not symmetric, as the c- and b-
lattice parameters of tetragonal PTO are
different. In the case of c-domain fourfold
symmetry, the split of the (103) reflection
is similar to those of a-domain (301)/(310)
reflections. However, in the case of the
(103) reflection, the deviation in o- and x-
angles is symmetric, as a- and b-lattice pa-
rameters are identical. If the domains are
not tilted from the film-substrate normal,
only one corresponding spot appears in
these contour maps.

Figure 4-8: Schematic representation of a-domain tilts along the c- and b-axis and of result-

ing XRD reflection split.
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4.3 Domain structure evolution with misfit strain and film thick-
ness

In this section, we will discuss on the misfit strain, thermal stress and the film
thickness influence on the domain structure: domain fraction, twinned and non-twinned
domain formation, twinning angles and mosaicity.

The 2-D ®-20 contour maps near the (103) and (301)/(310) reflections are shown
in Figure 4-9 for PTO films on STO, LAO and MgO substrates with thickness varying
between 30-460 nm. All the films consist of a c/a/c/a domain structure, except the 30-65
nm thick PTO/STO and the 30 nm thick PTO/LAO films, where only of c-domains were
observed.

4.3.1 Domain fraction

The twinned a-domain fraction

c-domains depends on the misfit and on the
a-domams thermal stresses, as twinning is

one of the man relaxation

mechanisms in PTO films. More-

over, the a-domain and c-domain

compresswﬁ substrate tensrfe formations are favored by tensile

and compressive stresses, respec-
Figure 4-10: Misfit stress influence on domain for- tively (Figure 4-10). The thermal
mation. expansion coefficients (TEC) of

bulk PTO and the studied substrates
(STO, MgO and LAO) are given in Table 4- 1. The calculated misfit stress at the depo-
sition temperature (Tpe, = 650 °C) and thermal stress values accumulated during cooling
from 650 °C to RT for each studied film/substrate system are also given in Table 4- 1. It
is important to note that thermal stresses are independent of film thickness, while misfit
stresses relax with the increase of the film thickness. Thus, the degree of misfit stress
relaxation by dislocations generation plays a critical role in the final domain structures.
The critical thickness for misfit dislocations formation is a good indicator of the film
capability to relax the stresses (2). Lets us remind that the thickness of complete misfit
stress relaxation is much bigger than critical thickness for dislocations generation, as our
films were deposited at relatively low temperature, where the thermal energy needed for
dislocations creation is low (see section 1.5). The critical thicknesses of PTO films de-
posited at 650 °C on STO, MgO and LAO substrates are given in Table 4- 1.

The a-domain fractions in all films were evaluated from the ratio of the integrated
intensities corresponding to the (301)/(310) and (103) reflections, as explained in sec-
tion 2.2.2. Evaluated volume fractions of a-domains as a function of film thickness are
given in Figure 4-11. One can see that the c-domain fraction is dominant in 30-460 nm
PTO films on all three substrates. The thickness evolution of a-domain fraction in each
film/substrate system will be separately discussed.
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PTO/LAO

PTO/STO

i G R

o scale: 15

20 (%)

30 nm.

PTO/MgO

65 nm

125 nm

R B e SELTE ""\-M”' b |2
& i it @ ']

o AR T
L e N

250 nm

460 nm

Figure 4-9: : 2-D w-26 contour maps of 30-460 nm PTO film on STO, LAO and MgO substrates. (20 scale: 70-84

-25 ©)
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Table 4-1: Structural parameters of bulk PTO and substrates, misfit and thermal
stresses and critical thickness of PTO films deposited at 650 °C (see section 1.5.1 for

formula).
o) Lattice = S - Q
< parameters (A) a g | A = ;88 ~=
2 2 X S22 g ¥ =383 32
s | & 5 28 Q% 98¢ gi
g RT | Tow(®) ~ g S8 = 2§ T2
= b * O
@ ~ X @
Do
=3 12.6
—“ao& | a=3.899 .
PTO | 2 &9 =4.153 3.974 (eraxis)
o (11)
E!
2 7.1
STO g 3.905 3.932 11.5** -11 -1.8 +0.11
o (12)
Q.
87 1.1
LAO | 28 3789 | 3814 | 10.2** 42 | -70 | +0.25
g 5 (11)
[¢)
2 0.4
MgO & 4212 | 4251 | 148 (11) | +65 | +108 | -0.23 (11)
o
*nitial values of misfit strain, the relaxation is not taken into account.
** Values estimated from our high-temperature XRD measurements.
50 . ‘ i : ; PTO/STO films The
— a4 -0~ PTOILAO 30-65 nm thick PTO/STO
Q) \ -O- PTOISTO fil . I ;
~ 40 - \;ﬂ o PTO/MgO | mS. COﬂSIS[. Ony O. C-
S - domains, while at higher
8 s gy R thicknesses a-domains start
£ g-----"%" TR e to form and ther fraction
£ 0l ! increases from 1 % to 17 %
£ : 0 with the increase of the
S K e thickness from 125 nm to
s 101 i 460 nm (Figure 4-11). In
B O__ﬂ__-O’ PTO filmson STO substrate,
et T ; the lattice mismatch between
0 100 200 300 400 500

Thickness (nm)

Figure 4-11: The a-domain fraction as a function of film
thickness in PTO films on STO, LAO and MgO sub-

Strates.
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negative at 650°C (Table 4. 1). Thus, c-domain formation is energetically favoured.
Moreover, the critical thickness for dislocation generation is relatively high (Table 4. 1).
Therefore, the compressive misfit stress is not well relaxed by misfit dislocations at low
thicknesses, up to ~100 nm, and determines the domain structure. In 125-460 nm films,
the misfit stresses are more and more relaxed with the increase of the thickness, result-
ing in the appearance of a-domains in the film. The tensile thermal stress is very small
and can influence the domain structure only when misfit stressis relaxed.

PTO/LAO films In PTO/LAO films, the misfit stressis also compressive and ¢
-domain mismatch with substrate is lower than that of a-domains (at RT, -2,9 % and -
9.6 %, respectively). Thus, the c-phase is favoured like in PTO/STO films. However,
high misfit stresses are more released by misfit dislocations during the film growth,
since critical thicknessis much smaller than that of PTO/STO films (Table 4. 1)). There-
fore, only the c-phase is observed for the 30 nm thick film, which is still under partialy
relaxed compressive misfit stresses. When increasing the film thickness from 30 nm to
125 nm, compressive misfit stress relaxes and a-domains may be formed. Thus, their
fraction increases from 7 % to 27 % with increasing film thickness from 65 nm to 125
nm (Figure 4-11). Moreover, tensile thermal stresses also favour the a-domain forma-
tion. However, the thermal stresses are small and can influence the domain structure
only when misfit stressis almost relaxed. With the further increase of the thickness from
125 nm to 460 nm, the a-domain fraction increases less (from 27 % to 31 % (Figure 4--
11)), asthe main part of stresses are probably already relaxed.

PTO/MQO films The misfit strain at the deposition temperature in PTO/MgO
films is positive and ¢- and a-domains have the same mismatch with MgO substrate at
RT (+7.4 %). Therefore, equal a- and c-domain fractions may be expected. Neverthe-
less, the critical thickness for dislocation generation is very small (Table 4. 1) and ther-
mal stresses are compressive. This results in a c/a/c/a polydomain state with dominant ¢
-domain fraction. In the 65 nm thick PTO/MgO film, the a-domain fraction is big (47
%), as film is still under partially relaxed tensile misfit stress. Further increase of film
thickness (from 65 nm to 460 nm) results in a complete misfit stress relaxation. There-
fore, the final domain structure is mainly determined by compressive thermal stresses,
resulting in the reduction of a-domain fraction from 47 % to 26 % (Figure 4-11).

The literature reports on thickness evolution of adomains are consistent with our
results: a-domain fraction decreases with the increase of PTO/MgO film thickness (11),
while in the case of STO and LAO substrates, the increase of a-domain fraction is ob-
served with increasing the film thickness (12; 27). The thickness evolution of domain
fractions in relation with stress relaxation will be discussed again in chapter 7, where we
will explain the origin of residual stressesin PTO films.

4.3.2 Twinned and non-twinned a- and c-domains

In order to investigate the twin structure, o-y contour maps of the c-domain (103)
reflection and the a-domain (301)/(310) reflections have been measured for the 30-460
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nm thick PTO films on STO, LAO and MgO substrates (Figure 4-12 and Figure 4-13,
respectively). The maps reveal twinning in a- and c-domains with fourfold symmetry.
Twinning is usualy very well pronounced in a-domains (Figure 4-13), whereasit isless
evident in c-domains despite the square shape of the spot (Figure 4-12). As explained
in sections 1.5 and 3.5, the c-domain tilt is observed only in films with relatively high a-
domain fraction. However, it is not evident to indicate the spots corresponding to non-
twinned (non-tilted) a- and c-domains, as they appear in the centre of these maps. The
analysis of rocking curve profile is a commonly used method to identify the twinning in
PTO films (9; 17). In order to get more information about the thickness evolution of
twinned and non-twinned c- and a-domains, the corresponding standard rocking curves
of (001) and (100) reflections were measured, respectively (Figure 4-14 and Figure 4--
15). The split of rocking curves indicates that domains are twinned. If the film consists
of twinned and non-twinned c- or a-domains, the rocking curve consists of three compo-
nents. The peak in the middle corresponds to the non-twinned domains and the other
two peaks come from twinned domains. However, their contribution may overlap with
the contribution of twinned domains, of which tilt is observed as split in y-angle. The
other two peaks (side peaks) come only from twinned domains. The fraction of domains
tilted in y and ® angles are identical, as can be seen from Ayx-o maps (Figure 4-12).
Thus, the non-twinned domain can be identified from rocking curve if the middle com-
ponent is more intense than sum of side peak intensities. Thickness evolution of twinned
and non-twinned domain fraction will be discussed only qualitatively. However, in the
case of a-domains in PTO/STO and PTO/LAO films, the substrate peak appears in the
middle position in a-domain rocking curves. Thus, the non-twinned a-domains cannot
be identified from these measurements.

PTO/STO films The a-domain fraction is small in PTO/STO films. The 30-65
nm thick films consist only of c-domains. Thus twinning is not observed. The a-domain
fraction increases from 1 % to 17 % with the increase of the PTO/STO film thickness
from 125 nm to 460 nm. The a-domains are twinned, as the a-domain peaks are clearly
split in both (301)/(310) y-o map and (100) rocking curve (Figure 4-13 and Figure 4--
15). This shows that a-domain origin is the stress relaxation in PTO/STO films. Accord-
ingly, the base of the (001) rocking curve enlarges with the increase of the thickness
from 125 nm to 460 nm, indicating the increase of the twinned c-domain fraction
(Figure 4-12 and Figure 4-14). The c-domain tilt is clearly observed only in 460 nm
thick film, which has 17 % of a-domains. However, the mgjority of c-domains remain
non-tilted in this film. The 250 thick film has only 4 % of a-domains, and the split of the
rocking curve, corresponding to c-domains, is not observed. Nevertheless, the base of
the peak is highly enlarged, what can be clearly seen in corresponding x-o map (Figure
4-12). This indicates that a very small fraction of c-domains are tilted in the 250 nm
thick film.

PTO/LAO films In the case of the 65 — 460 nm thick PTO/LAO films, the c-
domain tilt is clearly observed in both (001) rocking curves and y-o maps (Figure 4-12
and Figure 4-14), as the a-domain fraction is higher (8 - 31 %) than in the PTO/STO
films. It is not observable in the 30 nm thick film, consisting only of c-domains. The
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twinned c-domain fraction increases with the increase of the thickness and the a-domain
fraction. In the 460 nm thick film, the twinned c-domain fraction is aready higher than
the non-twinned c-domain one or al c-domains are twinned. As it can be expected from
the ¢c- and a-domain mismatch with the LAO substrate, a-domains originate from relaxa-
tion process. Thus, al a-domains are twinned in PTO/LAO films (Figure 4-13 and Fig-
ure 4-15). Similar profile evolutions of rocking curves corresponding to ¢c- and a-
domains with the a-domain fraction increase were observed by Kim et al. (17).

PTO/MgO films The case of PTO/MgO films is different, as a- and c-domains
have the same lattice mismatch with the MgO substrate. Unfortunately, we did not suc-
ceed to fit the (001) rocking curves, as no clear thickness evolution is observed (Figure
4-14). Nevertheless, the (103) spots in y-o maps have a square form (Figure 4-12), in-
dicating the tilt of c-domains. The a-domains are also twinned, as rocking curves and
(301) spots are split (Figure 4-13 and Figure 4-15). It is not possible to estimate if non-
twinned a-domains fraction is dominant in these films, but it can be seen that it de-
creases with increasing film thickness. Non-twinned a-domainsin PTO/MgO films were
also observed by Leeet al. (28).

In conclusion, the non-twinned a- and c-domain appearance in the film depends on
their mismatches with the substrate. If the c-domain mismatch with substrate is smaller
than the a-domain one, only c-domains may be non-twinned (ex. PTO/STO and PTO/
LAO films). During the stress relaxation, the twin structure forms in the film. Thus,
twinned a- and c-domains indicates the stress relaxation in the film. In all the three film/
substrate systems, the ratio of twinned domains with non-twinned ones increases with
the increase of the film thickness. This indicates the film relaxation with film thickness.
Furthermore, the twinning occurs between a- and c-domains, resulting in tilt from film-
substrate normal in both types of domains (as explained in section 1.5). Thus, the pres-
ence of tilted a-domains indicates that some fraction of c-domains must be also tilted.
Consequently, the twinned c-domain fraction increases with the increase of twinned a-
domain fraction.

4.3.3 Twinning angles

The twinning angles of a- and c-domains were evaluated directly from the splitting
of (001) and (100) reflections in the rocking curves, as shown in Figure 4- 14 and Figure
4-15, respectively. The thickness evolution of a- and c-domain twinning anglesin PTO
filmson STO, LAO and MgO substrates is presented in Figure 4-16 a. The relation be-
tween a- and c-domain twinning angles are explained in sections 1.5 and 3.5. The twin-
ning angle of c-domains (a-domains) increases (decreases) with the increase of a-
domain fraction (29). This relation between a- and c-domain twinning angles and a-
domain fraction is also observed in the 30-460 nm thick PTO films on STO, LAO and
MgO films. The a-domain fraction increases with the increase of the film thickness in
PTO films on STO and LAO substrates. Thus, the a-domain twinning angle decreases
and the c-domain twinning angle increases with increasing film thickness. The same ten-
dency was observed by Kim et a. (17). The exception is the 65 nm thick PTO/LAO
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Figure 4-14: Rocking curves of the (001) reflection of c-domains in the30-460 nm thick PTO
filmson STO, LAO and MgO substrates. Estimation of c-domain twinning angle is shown on
the rocking curve of 250 nm thick PTO/LAO film.
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Figure 4-15: Rocking curves of the (100) reflection of a-domains in the30-460 nm thick PTO

films on STO, LAO and MgO substrates. Estimation of a-domain twinning angle is shown on
the rocking curve of 460 nm thick PTO/MgO film.
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Figure 4-16: Thickness evolution of (a) twinning
angles of a- and c-domains and (b) rocking curve . ) )
FWHM (for more details see in the text) corre- sented in Figure 4-16 b. One can
sponding to the c-domain (001) reflection in PTO | Se€ that FWHM< depends not only

films on STO, LAO and MgO substrates. on the mosaicity but also on the c-
domain twinning angle. Thus, in the

case of triple rocking curves, mo-
saicity can be described only by FWHM of one component. In the case of PTO/MgO
films, FWHM of one component was not estimated; thus, the thickness evolution of the
mosaicity will not be discussed.

The c-domain mosaicity highly depends on the absolute value of the misfit strain:
the bigger absolute misfit strain the bigger mosaicity. The big misfit strains result in low
epitaxial quality and relatively high mosaicity. In the case of PTO/LAO films, the c-
domain mosaicity gradually increases (from FWHM = 0.29° to 0.81°) with the increase
of the film thickness. In the case of PTO/STO, the c-domain mosaicity is very low
(FWHM = 0.14 °) and remains constant with the increase of film thickness from 30 nm
to 250 nm, indicating a high epitaxial quality. The mosaicity of the 460 nm thick PTO/
STO films is a few times higher (FWHM = 0.51 °) than in the thinner films. The mo-
saicity increase in the thick films can be explained by the increase of defects (such as
twins and dislocations) concentration.

a-domains It is difficult to evaluate the a-domain mosaicity from the (100)
rocking curves, as peaks are usually asymmetric due to the twinning angle distribution.
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However, the thickness evolution of twinned a-domain mosaicity can be estimated
qualitatively from the y-o maps of (301)/(310) reflections (Figure 4-13). The 125 nm
thick PTO/STO film and the 65-125 nm thick PTO/LAO films have a very small frac-
tion of a-domains. Thus, (301)/(310) spots corresponding to a-domains have very low
intensities and are not well defined. In PTO films with significant a-domain fraction (all
PTO/MgO films and 250-460 nm PTO films on LAO and STO substrates), the (301)/
(310) spot broadening is ailmost identical. This indicates that the thickness evolution of a
-domain mosaicity is negligible. Moreover, the a-domain mosaicity is independent of
misfit strain.

In conclusion, the c-domain mosaicity increases with increasing film thickness or
with mismatch with the substrate due to the increase of defect concentration. Twinned a
-domain mosaicity does not depend on substrate material nor on film thickness. This
indicates that twinned a-domain mosaicity is determined by the film matrix. Taking into
account the influence of twinning and instrumental resolution (0.1° in rocking curve) on
FWHM values given in Figure 4-16, the epitaxial quality of PTO/STO is very good and
PTO films on LAO and MgO substrates can be considered as rather well-oriented.

4.4 HR TEM analysis of didocations and twin defects

In order to investigate the epitaxial quality of the film-substrate interface and the
density of twins and dislocations, HR TEM analysis was performed on film cross sec-
tions. The effect of different mismatch between the film and the substrate was studied
by comparison of the 250 nm thick PTO films on LAO and STO substrates. The effect
of film thickness will be
shown by comparing the
65 nm and the 250 nm
thick PTO/LAO films.

PTO/STO films The
high-resolution  cross-
section TEM image of the
250 nm thick PTO/STO
film is given in Figure 4--
17. It can be seen that the ¢
-domain interface is con-
gruent without any misfit
dislocations in this region,
indicating a high epitaxial
quality of the film. Elec-
tron diffraction patterns
taken at the interface, as
seen in the Figure 4-18,
confirmed the in-plane co-
herency, with no splitting

‘-l

)
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4

Figure 4-17: High resolution cross-sectional TEM micro-
graph of the 250 nm thick PTO/STO film.
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Figure 4-18: Electron diffraction patterns measured at the interface zone of the 250 nm thick
PTO/STO film. The TEM micrograph corresponding to the analyzed zone is given in the left
side of figure.

of the (OkO) PTO and STO reflections up to the third order. Such high quality interfaces
were observed also by other authors (18). It is important to note that no splitting of the
(h00) PTO and STO reflections was observed by XRD when probing al the film thick-
ness, that indicates the high quality of the whole film and not only of the interface. The
extra diffraction spots corresponding to a-domains were not observed in electron dif-
fraction patterns, as they were obtained only at c-domain —substrate interface.

The cross-sectional TEM micrographs reveal the presence of a-domains which ap-
pear as wedge-shaped domains and twinned to the c-domain matrix (Figure 4-17). High
resolution images of these twins confirmed the sharing of the (101) plane of both orien-
tations. As explained in section 1.5, the consequence of this common (101) plane is the
tilt of a- and c-domains from the surface normal. As shown above, the tilt angle is big-
ger in a-domains than in c-domains. In the case of the 250 nm thick PTO/STO film, a-
domains are tilted by 3 ° from the surface normal (or from the substrate surface). There-
fore, the tilt of a-domains can be observed in high resolution images: the basal plane of
a-domainsis dightly tilted from the substrate plane.

Furthermore, the interface between a-domain and substrate presents defects as can
be seen in Figure 4-17. The a-domain formation is unfavourable on STO substrate due
to the relatively big mismatch (-6.3 % at RT). In the 250 nm thick PTO/STO films, a
part of the compressive misfit stress should be aready relaxed by the formation of misfit
dislocations, as proposed by Foster et a. (9) Thus, the formation of misfit dislocations at
the interface may provide nucleation sites for a-domains during ferroelectric-
parael ectric phase transition.

In the lower magnification cross-sectional TEM image of 250 nm PTO/STO film
(Figure 4-19), only the primary twinned a-domains is observed, i.e., the twins which
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nucleate at film-substrate interface or
in c-domain matrix. The secondary
twins that nucleate on primary twins
- are also detected in other micrographs.
Threading However, the primary a-domains are
dislocation dominant. The TEM micrograph with
secondary a-domains in PTO/STO
films is not presented here, as similar
secondary a-domains are observed in

PTO/LAO films and corresponding

\W' TEM image will be shown below. An

mnec.f average a-domain width and domain

. —— a-domain period W (or so called domain width,
W, as defined in section 1.5) are ~ 25

STO nm and ~ 240 nm, respectively. Thus,

polarization and strain fields should be
Figure 4-19: Cross-sectional TEM micrograph | highly heterogeneous, as W value is
of the 250 nm PTO/STO film. close to the film thickness (250 nm)
(for more details see in section 1.5).

It can be seen that a-domains nucleate not only at the film-substrate interface, but
also in the film volume. Generally, the defect density in the film volume and at the film
interface increases with the increase of film thickness, providing the additional nuclea-
tion sites for a-domains. As seen in Figure 4-19, the threading dislocations initiate not
in the film interface, but also in the film volume. The a-domain volume fraction is only
4% in the 250 nm thick PTO/STO film. The threading dislocation density is ~ 10" cm™®
and is consistent with literature data for PTO epitaxia films (9). Small a-domain frac-
tion indicates alow defect density in the film volume and in the film-substrate interface.
In conclusion, the misfit dislocation density decreases when decreasing the film thick-
ness as the misfit stresses are less relaxed. Therefore, in the 30-125 nm thick PTO/STO
films, where the misfit dislocations and volume defect density is much lower than in the
250 nm thick film, there are just afew or no nucleation sites for a-domains.

PTO/LAO films The high resolution cross-sectional TEM micrographs corre-
sponding to the 65 nm and 250 nm thick PTO/LAO films are given in Figure 4-20 and
Figure 4-21, respectively. One can see that the PTO/LAO film-substrate interface qual-
ity is lower than the PTO/STO one. This can be explained by a higher PTO lattice mis-
match with LAO substrate (- 4.2 % at Tpep) than with STO substrate (-1.1 % at Tpey).
The high mismatch with substrate results in low epitaxial quality and high misfit dislo-
cation density. Furthermore, the 250 nm thick PTO/LAO film interface quality is lower
than that of the 65 nm thick one: with increasing film thickness, the film relaxes stresses
by generation of misfit dislocations and consequently the interface is of lower quality.

The electron diffraction pattern, measured at the interface zone of the 250 nm thick
PTO/LAO film is presented in Figure 4-22. Only the (010) reflections of PTO and LAO
superimpose, while higher order reflections are split. This indicates that PTO films are
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Figure 4-20: High resolution cross-sectional TEM
micrograph of the 65 nm thick PTO/LAO film.

Figure 4-21: High resolution cross-sectional TEM mi-
crograph of the 250 nm thick PTO/LAO film.

not coherent in the plane with
LAO substrate. Furthermore,
extra diffraction spots corre-
sponding to twinned a-domains
are observed in electron diffrac-
tion pattern.

It can be seen in lower magnifi-
cation TEM micrographs
(Figure 4-23) that primary a-
domains are highly dominant in
the 65 nm thick PTO/LAO film
like in the 250 nm PTO/STO
film. Nevertheless, both primary
and secondary a-domains are
observed in the 250 nm thick
PTO/LAO film. Probably, the
secondary a-domain formation
is dggnificant only in well-
relaxed films. Furthermore, in
the case of both 65 nm and 250
nm thick PTO/LAO films, the
threading dislocations initiate at
the film-substrate interface and
cross the film thickness. More-
over twinned a-domains nucle-
ate also manly at the film-
substrate interface, as misfit dis-
location density is high enough.
However, the twin and disloca-
tion density in the 250 nm thick
PTO/LAO film is considerably
higher than in the 65 nm thick
one. The threading dislocation
density is ~ 10" cm™? in 250 and
65 nm thick films. The average
domain period is 130 nm for the
two thicknesses, which is
smaller than in the 250 nm thick
PTO/STO film. Nevertheless,
the a-domain width is considera-
bly smaler (8 nm) in 65 nm
thick sample than in the 250 nm
thick one (30 nm). Moreover,

the non-twinned a-domains occur in the 250 nm thick film. The boundaries between non

90



Chapter 4: PbTiOs thin film structure evolution

011, .

Figure 4-22: Electron diffraction patterns measured at the interface zone of the 250 nm thick
PTO/LAO film. The TEM micrograph corresponding to the analyzed zone is given in the | eft
side of figure.
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Figure 4-23: Cross-sectional TEM micrographs of the 65 nm and 250 nm thick PTO/LAO
films.

-twinned a- and c-domains are defective: threading dislocation is observed on each
boundary. A schematic representation of boundaries between twinned and non-twinned
a- and c-domainsis given in Figure 4-24. The boundaries between non-twinned a- and ¢
-domains are highly unfavoured, as the mismatch between a- and c-axisis 6.1 % (Figure
4-24). Therefore, non-twinned a-domains may formin c-domain matrix only in highly
relaxed films, where the threading dislocation density is high. It isimportant to note that
non-twinned a-domain fraction is very small asit is not observed by XRD.
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To conclude, the defect (dislocations
and twins) density (or stress relaxation)
increases with the increase of misfit
strain and film thickness. The 250 nm
thick PTO/STO films are coherent in-
plane with substrate, while PTO/LAO
films are epitaxial but not coherent in-
plane with the substrate. The misfit dis-
locations are the main nucleation sites
for a-domainsin PTO films under com-
pressive misfit stress. The secondary a-
domains mainly form in relaxed films.

Figure 4-24: Schematic representation of The non-twinned a-domains are ob-
boundaries between twinned (a) and non- served in films with high density of
twinned (b) a- and c-domains (28). threading dislocations, as non-twinned

a- and c-domain boundaries can be cre-
ated only through defects.

4.5 L attice parametersin a- and c-domains

The in-plane and out-of-plane lattice parameters of a- and c-domains were esti-
mated from the (103) and (301)/(310) reflections in ®-20 area maps, as explained in
section 2.2.2. The substrate peak positions were used as internal standard assuming that
substrate is strain free. The thickness evolution of in- and out-of-plane lattice parameters
of a- and c-domainsis given in Figure 4-25. We would like to note that in-plane and out
of-plane c-domain lattice parameters of the 125-460 nm thick PTO/STO films were also
estimated from 30 reflections in the reciprocal space maps, using orientation matrix.
Moreover, c-lattice parameters of c-domains in the 30-460 nm PTO filmson STO, LAO
and MgO substrates were also checked from five (00l) reflections in standard ®/20
scans. The values obtained by the three different methods were within the error bars.
Therefore, the lattice parameters estimated from one reflection in ©-20 area maps are
precise enough for our analysis. However, higher deviations between values of the in-
plane parameters were observed. Therefore, in the case of in-plane parameters, error
bars are bigger than these of c-axis of c-domain, as shown in Figure 4-25. The lattice
parameters of films on different substrates will be discussed separately.

4.5.1PTO/STO films

c-domains The a lattice parameters of c-domains in PTO/STO films re-
main constant in the limits of error bars with the change in film thickness from 30-460
nm. Their values are very close to those of STO and bulk PTO (Figure 4-25). The out-
of-plane lattice parameters of c-domains are smaller than c-parameter of bulk PTO
whatever the film thickness. Compressive stress in the [00I] direction, dominant in the
substrate/c-domains interface region, could explain such a difference with the bulk val-
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Figure 4-25: Thickness evolution of in-plane and out-of-plane lattice parameters of a- and c-
domainsin the 30-460 nm thick PTO films on STO, LAO and MgO substrates. Error bars of c-
domain out-of-plane lattice parameters are within symbols. Bulk values are indicated by a

ues. However, thin films are usually considered as subjected to biaxial stresses in the
film plane whereas the normal direction is stress free. Therefore, the ¢ parameter de-
crease in c-domains should rather arise from biaxial tensile stress in the film plane. Fur-
thermore, when increasing film thickness the c-lattice parameter decreases, indicating
the increase of the biaxial tensile stressin the film.

a-domains In the case of a-domains, the out-of-plane lattice parameter (a-
axis perpendicular to the substrate plane) is the same as the a-lattice parameter of c-
domains in the 250-460 nm thick PTO/STO films. However, the in-plane a-lattice pa-
rameter is considerably increased comparing to the out-of-plane a-parameter. Moreover,
the c-parameter of a-domainsis also increased comparing to that of c-domains. The in-
crease of in-plane lattice parameter in a-domains could not result from compressive mis-
fit strain. He et a.(30) also observed significantly increased in-plane lattice parameters
comparing to out-of-plane ones in cubic STO/LAO epitaxial films. Janolin et al. (31)
reported on increased in-plane lattice parameters due to misfit dislocations as it is pro-
posed by Speck et al. (2). As shown by TEM analysis of the 250 nm PTO/STO film,
there is no defects in the c-domain/substrate interface, while some defects are observed
in the a-domain/substrate interface. Therefore, the increase of in-plane lattice parame-
ters of a-domains probably results from interfacial defects. The c-domains are coherent
in the plane with the substrate. Thus, c-domain in-plane parameters show reasonable
values. Furthermore, the out-of-plane a-parameters are the same as those of c-domains,
as out-of —plane | attice parameters are not affected by interfacial defects.
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4.5.2 PTO filmson LAO and MgO substrates

I n-plane lattice parameters

As shown by TEM analysis of PTO/LAO films, the a- and c-domain interfaces with
substrate have defects. In the case of PTO/MgO films, TEM analysis was not performed
but these films should have defective interfaces due to high mismatch with substrate.
Moreover, XRD diffraction analysis showed that the PTO/MgO film crystalline quality
is lower than that of PTO/STO and PTO/LAO films, indicating that films have a high
concentration of defects. Therefore, the in-plane lattice parameters of a- and c-domains
in PTO films on LAO and MgO substrates are highly affected by misfit dislocations or
other interfacia defects. Thus, they do not show any clear evolution with film thickness
and highly differ from out-of-plane lattice parameters, as seen in Figure 4-25. More-
over, the in-plane lattice parameters depend more on the defects than on the applied
stresses. Therefore, they cannot be used for stress relaxation study and for estimation of
stress values.

Out-of-plane | attice parameters

c-axis of c-domains The evolution of the c lattice parameter in c-domains with
film thicknessin PTO films on LAO and MgO substrates is given in Figure 4-25. Gen-
erally speaking, the c lattice parameter is lower in both PTO/LAO and PTO/MgO films
whatever the film thickness comparing to the values reported in literature for bulk PTO.
In the case of PTO films on LAO and MgO substrates, the lowest value of c lattice pa
rameter of c-domains is observed in the thinnest films, and it gradually increases with
the thickness without reaching the bulk ¢ value even in the 460 nm thick film. However,
this evolution is less pronounced in PTO/MgO films. This indicates that PTO films on
both LAO and MgO substrates are under tensile stress in the film plane whatever the
film thickness, although compressive and tensile misfit stresses are expected, respec-
tively. Furthermore, the increase of c lattice parameter shows the relaxation of tensile
stresses with the increase of film thickness. However, the strain relaxation is slow due to
low thermal energy, as our films were deposited at relatively low temperature (650°C).
Thus, the bulk PTO lattice parameter value is not reached even in the 460 nm thick
films.

a-axis of a-domains In the 30-460 nm thick PTO/LAO and PTO/MgO films,
the out-of-plane lattice parameters of a-domains are dightly higher than a lattice pa-
rameter of bulk PTO. In the case of PTO/LAO films, a-domain a parameter is very close
to that of bulk PTO and is constant with the increase of film thickness in the limits of
error bars. On the other hand, it decreases with the increase of the PTO/MgO film thick-
ness, reaching the bulk PTO values in the 250-460 nm thick films.

In conclusion, the in-plane lattice parameters of a-domains are affected by interfa-
cia defects, while the out-of-plane lattice parameters are more determined by the c-
domain matrix. Our estimated a-parameters of c-domains are consistent with those re-
ported in literature (24; 19; 32). According to Poisson law, tensile stress in the plane re-
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sults in the increase of the in-plane lattice parameters and in the decrease of the out-of -
plane lattice parameters. In the case of our films, the c-lattice parameter is smaller than
the corresponding bulk value whatever the mismatch with the substrate. Other groups
also reports on the decrease of c-axis on substrates inducing tensile or compressive mis-
fit stress (19; 32; 24). However, the c-axis deformation with stresses is higher, as it is
about four times more elastic than the a-axis (corresponding stiffness moduli will be
given in section 4.6 (Table 4-2)). Furthermore, the in-plane lattice parameters usually
are blocked by substrate and do not evolve with stress relaxation. Thus, we will use the
c lattice parameter of c-domains to estimate the residual stressin the films.

4.6 Residual stress

In this section, first, we will shortly present the theoretical considerations on esti-
mation of the residual biaxial (in-plane) stress from out-of-plane lattice parameters. In
the following, we will present the residual stress values obtained for our films.

4.6.1 Theoretical considerations

Hooke' s law for anisotropic materialsis of the form

& = Sy (4.1)

or, inverting the equation and expressing stresses in terms of strains:

o =Cjucu . (4.2)

Here g;(ew) is the strain, oy(oj) — the stress and S;, Ciju are the compliance and
stiffness moduli of the crystal under consideration, and both are tensors of the fourth
rank (33).

In the case of the tetragonal c-axis oriented thin film on cubic substrate, the film is
under biaxia stress in the basal xy plane and z direction is stress free. Therefore, the
principal stress components are equal 6,=oyx=o0y, and we assume that there is no shear
stress/strain component. For symmetry reasons, the basal strain is also biaxia ex=¢cyy=¢p
and we get in two index notation (Nye) the mechanical equilibrium relation:

Oy Cu Cp CuYeé
o, |=]Cn Cy Cy| &
0 Cs Cu Cyule, (4.3

Developing line 3in Eq. 4.3 and isolating the &, component, we get:

_ C33(C"zz

E, = ———=
b 2C, (4.4)
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Linesland 2in Eq. 4.3 areidentical:
Op = (Cn +Cyp, )5 b+ Ciaéy, (4.5

Substituting in Eq. 4.5, the &, component from Eqg. 4.4, we obtain the result:

o =|— (Cll + C12)C33 + C c
b 2C13 13 7z

(4.6)

The elastic compliance and stiffness moduli are the same for both tension and com-
pression (33). Asit is only dependent on the variation of the interatomic forces with in-
teratomic distance about the equilibrium position, the modulus is a basic material prop-
erty and is not significantly affected by processes such as heat treatment or plastic defor-
mation for most common engineering materials. Furthermore, since along various direc-
tions in the point lattices the spacing between the atoms is different, hence the elastic
modulus will change the direction, causing anisotropy. The elastic modulus is constant
along given direction through the crystal volume. The PTO stiffness moduli used in
stress determination from Eq. 4.6 are given in Table 4- 2.

Table 4-2: PbTiO;s stiffness moduli (34). The strain in c-domains of epitaxial

PbTiO; thin films can be evaluated from

Stiffness modulus (GPa) the film c-lattice parameter, using equa-
tion:

Cn 237+3

Cas 60 + 10 g =%

C 90+5 Ct (4.7)

Cis 70+ 10 where ¢,=4.1532 A is the bulk PTO c-

|attice parameter.

4.6.2 Residual stressin PTO films

The residual stress valuesin PTO films on STO, LAO and MgO subtrates were es-
timated from Eqg. 4.6 and are given in Figure 4-26. The positive stress values of o}, sug-
gest that all films are under tensile stress in the film plane whatever the mismatch with
the substrate and the film thickness. The fact that we do not observe a compressive
stress in PTO/LAO films at RT indicates that the films do not retain the strain induced
by the mismatch with the substrate. A more important source of strains is probably pro-
duced by other types of stresses. We will address this apparent contradiction later in
chapter 7.

Residual stress gradually relaxes from 1 GPa down to 0.4 GPa with increasing
PTO/LAO film thickness from 30 to 460 nm. Residua stress remains almost constant

96



Chapter 4: PbTiOs thin film structure evolution

A PTO/MgO within the error bars with the
124 O PTO/STO increase of PTO/MgO film
1 Bt 0O PTO/LAO t_hickness, Whilg in PTO/S‘I_' @)
films, the tensile stress in-
creases with increasing the
a4 T film thickness. In the case of
the 30-125 nm thin films, the
residual stress is highest (1.1-
0.85 GPa) in PTO/LAO films,
while it is as low as 0.3 GPa
in PTO/STO films. The resid-
_ _ _ _ . ua stress values are almost
0 100 200 300 400 500 the same within error bars in
the 460 nm thick films on
STO, LAO and MgO sub-
Figure 4-26: Thickness dependence of residual stress in | Strates (0.48 GPa, 0.44 GPa
PTO films on STO, LAO and MgO substrates. and 0.62 GPa, respectively).

An exhaustive discussion on
residual stress evolution with film thickness, relaxation and residual tensile stress origin
will be given in chapter 7.
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4.7 Heterogeneity of strainsin PTO films

The primary origin of homogeneous film strain is the stresses resulted from the sub-
strate. In addition, defects can produce heterogeneous strains that can affect the techno-
logical relevance properties of thicker relaxed films (35). Furthermore, the heterogene-
ous strains couple strongly to the polarization and it has been shown by phenomenologi-
cal theory that they significantly affect the phase transition temperature. Thus, it is of
importance to study the heterogeneity of strains. In epitaxial films, the quantitative
analysis of heterogeneous strain fields is based on modeling of the two-component XRD
profiles (i.e. profiles made of the superposition of a narrow coherent Bragg peak and a
broad diffuse scattering profile) (36; 37). Such analysis is out of scope of this study.
Thus, our study of heterogeneous strain will be limited to qualitative analysis of XRD
line profiles.

In order to study the strain distribution in the film, the diffraction peak profile
analysis was performed. Figure 4-27 shows the evolution of the (003) reflection line in
®/20 scans as a function of PTO film thickness on STO, LAO and MgO substrates. The
analysis of the line profile indicates an important line broadening in PTO films on LAO
and MgO substrates. Reflection profiles of the 125-460 nm PTO films on LAO and
MgO substrates present a marked asymmetry on the low d side which we attribute to an
heterogeneous deformation of the c lattice parameter by defects. As shown above, these
films have a higher defect density than 30-65 thick ones. Therefore, this asymmetry is
not observed in very thin films. It isimportant to note that film volume heterogeneously
strained is much smaller than that homogenously strained. In the case of PTO/STO
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PTO/STO PTO/LAO PTO/MgO
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Figure 4-27: Evo-
lution with thick-
ness of the (003)
XRD reflection
profile correspon-
ding to c-domains
in PTO filmson
STO, LAO and
MgO substrates.
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films, the peaks are very thin for the 30-250 nm thin films, and a remarkable change in
the peak profile is observed only for the 460 nm thick film. The epitaxial quality of
PTO/STO filmsis high and the defect density is very low. Thus, defect effect on strains
inthefilmsis negligible.

In order to compare the strain homogeneity along the c- and a-axis, the (113) and
(131) reflections corresponding to c-domains in the 460 nm PTO films on LAO and
STO were studied and are given in Figure 4-28. The (113) and (131) reflections have
bigger contribution of c- and a-axis, respectively. This can be also seen qualitatively
from the positions of the peaks:
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2@(113)ﬁ|m > 2@(113)bulk aS Ctilm < Coulk s
20(13D)prorao < 20(131)puk 8S proao > Bk,
20(131)prosto = 20(131)puk 8S 8proisto = Bk .

It isimportant to note, that the peak positions are not corrected and that a deviation from
the real positionsis possible.
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In the case of PTO/STO films, the strains along the a- and c-axis are homogeneous,
as both (113) and (131) reflection profiles are symmetric. A significant asymmetry in
the low d side is observed in the (113) reflection corresponding to c-domains in the 460
nm PTO/LAO film. As explained above, this indicates a strain heterogeneity. However,
the (131) reflection profile of the PTO/LAO films is symmetric, indicating homogene-
ous strain of a lattice parameter.

To study the homogeneity of strains in a-domains, the a-domain reflections corre-
sponding to the same planes as in c-domains were measured and are shown in Figure
4-29. We denote these reflections as (113) and (131) by analogy with c-domains but
they are the (131) and (113) reflections in a-domain coordinates, respectively. The
(113) reflection profile is asymmetric in high-d side, while the (131) reflection profileis
symmetric, indicating heterogeneous strain of c-axis, while a-axisis strained homogene-
ously. However, as shown above, a-axis deformation under stressis very small due to it
small elasticity. Thus, if the a lattice parameter deformation gradients exist, they are too
small to be observed. The c-axisis elastic, thus stresses or defects result in high defor-
mations and in observable asymmetry in the case of heterogeneous strain. The asymme-
try difference of peaks corresponding a— and c-domains results from out-of— and in-
plane stress effects.
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Figure 4-29: Pro-
files of the (113)
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tions of a-domains
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4.8 Microstrainsand average grain size

X-ray diffraction line broadening may come from strain and size effects. For exam-
ple, the FWHM=0.40° observed for the (001) reflection in 125 nm PTO/LAO film is
almost four times larger than the instrumental resolution (0.1° 20 evaluated from the
substrate line profile). The individual contributions from strain and size effects to the
(0QI) reflection line broadening were estimated using both the Williamson-Hall analysis
(WH) and the Halder-Wagner approximation (HW) as explained in section 2.2.4. The
deconvolution of the instrumental contribution and profile fitting using a pseudo-V oigt
function approximation were carried out using the program WinplotR. Calculations were
performed using the five (00I) reflections obtained for the 30-460 nm PTO films on
STO, LAO and MgO substrates, and the results are given in Figure 4-30. Both methods
give the same tendencies in the average grain size and in microstrains in each case.
Nevertheless, the absolute values obtained by WH and HW analysis differ but are of the
same order.

4.8.1 Average grain size

As a general observation from the Figure 4-30, the grain size increases with the
film thickness. The only exception is the 460 nm thick PTO/STO film, whose grain size
(118 nmin WH and 68 nm in HW analysis) is smaller than that of the 250 nm thick one

100



Chapter 4: PbTiOs thin film structure evolution

(250 nm in WH and HW analysis). Furthermore, the grain size decreases with the in-
crease of the misfit strain. The average grain size is close to the thickness value in 30-
250 nm thick PTO/STO films, indicating that films are almost single crystalline, i.e.
there is no grains. In the 460 nm PTO/STO film, a-domain fraction is relatively high (~
17 %). Thus, the domain size and consequently the average grain size decrease.

The grain size increases from 23 nm to 133 nm in WH analysis and from 18 nm to
76 nm in HW approximation with increasing the PTO/LAO film thickness. The grain
sizes of the PTO/LAO film are smaller than film thickness and than those of PTO/STO
films, except in the 30 nm thick PTO/LAO film, which consists only of c-domains. The
grain sizes are relatively small (33-52 nm in WH and 22-37 nm in HW analysis for the
125-460 nm films) and the thickness dependence is smaller in PTO/MgO films than in
PTO/LAO or PTO/STO films. In PTO films on LAO and on MgO the mismatch with
the substrate is bigger than in PTO/STO films, resulting in lower crystalline quality.
Moreover, domains are small due to high a-domain fraction. This results in a decrease
of grain size comparing to PTO/STO films.

- Williamson-Hall analysis Halder-Wagner approximation
o 30
1.2- O /
o L25
s o
= 09 u| 20 3
B 0 A A ————A a
iy o =
g e 102
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Figure 4-30: Evolution with thickness of microstrains and average grain sizes, estimated by
using Williamson-Hall and Halder-Wagner analyses in PTO films on STO, LAO and MgO
substrates.
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4.8.2 Microstrains

Concerning microstrains, the lowest microstrain values (0.3 %) are estimated in
PTO/STO films, where mismatch with the substrate is very small. PTO films have rela
tively big mismatch with MgO and LAO substrates, thus the microstrains are rather
high. Moreover, they reach 3% in HW and 1.5 % in WH analysis in the 460 nm PTO/
LAO films, where the misfit stress is already relaxed. This indicates that an other phe-
nomenon than misfit stress may increase the microstrainsin the film.

In the case of PTO/STO films, microstrains first decrease with film thickness reach-
ing a minimum value (0.2 % in WH and 0.5 % in HW analysis) in between a thickness
of 65 and 125 nm and then increase (up to 1.4 % (WH) and 1.2 % (HW)) in 460 nm
thick film). The same behaviour was reported by de Keljser et a (38) in PTO/STO
films. As the PTO/LAO film thickness increases from 30 nm to 65 nm, the misfit
stresses relax, resulting in the decrease of microstrains from 1.1 % to 0.9 % (WH) and
from 2.6 % to 1.8 % (HW). Further increase of the PTO/LAO film thickness up to 460
nm leads to the generation of defects, dislocations and twins, resulting in higher disorder
and thus, in higher microstrains (up to 1.4 % (WH) and 2.9 % (HW)). However, the mi-
crostrain evolution with film thickness is more pronounced in PTO film on LAO sub-
strate, than that on STO substrate. This can be explained by high stresses (section 4.6.2)
in very thin films and by high defect concentration (section 4.4) in thicker PTO/LAO
films.

In the case of the 125-460 nm thick PTO/MgO films, the microstrains are rather
high and are independent (0.8 % (WH) and 1.8 % (HW)) of film thickness. As shown
above, even thin PTO/MgO films consist of twinned and non-twinned a- and c-domains.
Thisindicates, that PTO/MgO film structure has a high concentration of defects, such as
twins and misfit and threading dislocations, resulting in high microstrains in films. Mi-
crostrains remain constant with the film thickness, as the defect concentration probably
does not vary significantly in 125 -460 nm thick PTO/MgO films.

Both WH and HW analyses converge and give evidence that the line broadening is
mainly due to strain effect but grain size effect cannot be neglected especialy in the
thinnest films. In conclusion, the high microstrains result from misfit stress in very thin
films and from high defect concentration in thicker ones.

Conclusions

30 - 460 nm thick epitaxial PTO films were deposited on STO, LAO and MgO sub-
strates by Pl MOCVD. Epitaxial quality of PTO/STO filmsis very good and PTO films
on LAO and MgO substrates can be considered as rather well oriented films. The c-
domain mosaicity increases with the increase of film thickness and mismatch with the
substrate, while it is thickness and substrate independent in the case of a-domains.
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The a-domain fraction increases with increasing thickness in PTO films on STO
and LAO substrates, inducing compressive misfit stresses, while in the case of tensile
misfit stresses (PTO/MgO films) it decreases. In al three film/substrate systems, the
twinned/non-twinned domain volume ratio increases with the increase of film thickness,
indicating a stress relaxation. The twinning angle of twinned a-domains decreases with
the increase of total (twinned and non-twinned) a-domain volume fraction and as a con-
sequence, thetilt angle of c-domains increases.

TEM and XRD analysis revealed that high defect (dislocations and twins) density is
observed in thick PTO filmswith high lattice mismatch with the substrate.

In-plane lattice parameters of a- and c-domains are affected by the presence of de-
fects, while the out-of-plane parameters is stress dependent.

Residual stress values in c-domains were estimated from c-lattice parameters. The
films are under tensile stress in the film plane whatever the substrate and the film thick-
ness. With increasing film thickness, the residual stress decreases in PTO films on MgO
and LAO, whileit increasesin PTO/STO films,

The analysis of XRD reflection profiles indicated a small volume fraction heteroge-
neously strained in the films with a high defect density. This shows that homogeneous
stress resulting from substrate is more important than heterogeneous stress induced by
defects.

Both Williamson-Hall and
Halder-Wagner analyses
give evidence that XRD
line broadening is mainly
due to strain effects but
grain size effect cannot be
neglected especially in
thinner PTO filmson LAO
and STO and in 125-460
nm PTO/MgO films. The
high microstrains result
from misfit stress in thin

30- 460 nm

Thickness

Compressive Tensile

LaAIO, SrTiO, MgO _ .
(-4.2 %) (-1.1%) (+6.5 %) films and from defects in
Misfit stress thicker ones.
Figure 4-31: Schematic representation of stress relaxation To summarize, the stress
with film thickness and misfit stress. relaxes by formation of

defects such as twins and
dislocations with the increase of the film thickness and the increase of lattice mismatch
between the film and the substrate (Figure 4-31). Nevertheless, high defect density re-
sults in heterogeneous strains and microstrains.
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Chapter 5: Raman modes and residual stress

5. Raman modes and residual stress
5.1 Introduction

Physical properties of ferroelectrics in bulk material and in thin films can be sub-
stantialy different due to stresses, grain size effect, domain structure, defects ... (1,2)
For instance, film stresses can significantly change mechanical, optica and electrical
properties, ferroelectric domain structure and the nature of phase transition, which in
turn has a potential influence on the reliability of devices. Ferroelectric properties such
as dielectric, piezoelectric, and optical characteristics critically depend on the ferroel ec-
tric domain configuration (3,4) which in turn depends on the various stresses devel oped
during film fabrication. Therefore, an experimental investigation of residual stress is
useful for predicting and controlling physical properties for ferroelectric film-based de-
vices.

Films are usually submitted to substantial stresses during growth and subsequent
cooling process from deposition temperature to room temperature (RT). At the growth
temperature, stresses are mainly misfit stresses (also called epitaxia stresses) and intrin-
Sic stresses related to the growth technique, which are negligible in MOCVD. During
the cooling process, additional thermal stresses and transformation stresses may develop
in the film. Stresses in epitaxial ferroelectric films are mainly relaxed by the formation
of dislocations and by twinning.

In the past, optical fluorescence (5), X-ray diffraction (XRD) (6), wafer curvature
measurements (7), cantilever beam deflection (8), laser reflectance (9) and Raman spec-
troscopy (10; 11; 12; 13; 14; 15; 16; 17) have been used for stress analysis in ferroel ec-
tric materials. Among them, XRD and Raman spectroscopy are the most popular tech-
niques, as they are powerful tools for non-destructive investigation of structure. Raman
spectroscopy is complementary to XRD methods as it isalocal probe and is sensitive to
even subtle changes of symmetry. Moreover, ferroelectricity and, thus, Raman modes
are strongly influenced by mechanical deformation of the sample resulting, for example,
from hydrostatic pressure or stress (11; 12; 18; 19; 20; 21).

Even though epitaxia films often have physical properties superior to polycrystal-
line films (i.e. in terms of polarization), only few papers on stress evaluation by Raman
spectroscopy are known in such epitaxial films (16; 17) and most reports concern stress
evaluation in polycrystalline films on sapphire or Si substrates (10; 13; 14; 15). Differ-
ent theoretical studies analyze the stress state (22) and the possible mechanisms for
stress relaxation (23) in epitaxial PTO thin films.

This chapter reports on the Raman study of the residual stress evolution with film
thickness in epitaxial PTO films. The depolarization effects due to polydomain structure
and the influence of the numerical aperture of the objective on Raman modes were stud-
ied. In particular, Raman measurements have been performed in al attainable polariza-
tion configurations in the backscattering geometry, which allows to obtain information
on both a- and c-domains.
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5.2 General considerations: Raman modes and their activity in
bulk PbTiO3

We will see in the following that the analysis of the Raman spectra of PTO thin
filmsis complex. It isfor instance important to remind that our films consist of a- and c-
domains and should have 180 ° ferroelectric domains, as they are directly grown on di-
electric substrates and are unpoled. Thus, Raman modes are not only affected by stresses
in the film but also by depolarization effects of the laser beam resulting from 90 © and
180 ©° ferroelectric domain structure. Therefore, the various depolarization effects have
to be taken into account before the evaluation of residual stress. In order to interpret in a
meaningful manner the polydomain structure with its Raman modes and to eliminate
residual stress effects, we present hereafter an analysis and discussion of the Raman sig-
nature of a PTO single crystal which contains 90 © and 180 ° ferroel ectric domains (just
as our thin films).

5.2.1 Raman Selection Rules

Let usfirst discuss the Raman selection rules, which apply to a polydomain PTO
single crystal. The crystallographic reference setting of the single crystal and of the
filmsin our system (a- and c-domain structure) and the Raman selection rules, allow the
assignment of the Raman modes as schematically illustrated in Figure 5- 1.

in film Vv: ;0‘.}'); x(zo)x ."(-tl‘).l" i
» P 7 - g w0y | 4,0
I‘ d h }x E?
| o vy
Single o 7 .
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Figure 5-1: Raman scattering geometries and polarization configurations used for the Ra-
man mode assignment in a- and c-domain PTO single crystals and thin films. In the case of
the PTO single crystal the crystallographic axes are noted for c-domains.

When a spectrum is recorded on the film surface or in equivalent orientations when

using asingle crystal, E(TO) modes observed in VH configuration come from a-domains
only whereas A;(TO) modes obtained in VV configuration originate in a-domains and A,
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(LO) in c-domains (Figure 5-1). The spectrum recorded on the film cross section (or in
equivalent orientations in single crystal) in VH configuration consists also of E(TO)
modes, which come from c- and 50 % a-domains, according to Raman selection rules.
VV spectra measured on cross section consist of A;(LO) modes related to a-domains and
A;(TO) modes which come from ¢- and 50 % a-domains. Considering that the c-domain
fraction is greater than the a-domain fraction in both single crystals and films, whatever
the thickness, we can assume that E(TO) and A;(TO) modes come mainly from c-
domains when spectra are collected on the cross section or in equivalent orientations in
single crystals. As seen in Figure 5-1, E(LO) modes cannot be observed in our measure-
ment conditions if selection rules are strictly obeyed. In conclusion, modes relative to a-
and c-domains can be clearly separated in polarized Raman spectra recorded on the
cross section as well as on the surface.

5.2.2 Polarized Raman spectra

Table 5-1: PbTiO; Raman mode shiftsat ~ We now discuss experimental polarized Rar

room temperature. man spectra of PTO. As expected from Raman
our Foster et selection rules (section 1.4, Figure 5-1), E(TO)

work al. (24) modes are observed in polydomain PTO single

89.5 875 crystal spectra measured in VH configuration

(Figure 5-2). Peaks with low intensity related

ETo) | 2199 2185 to Ay(LO) and A(TO) modes alowed in W
506.2 505 configuration can be considered as polarization

leakage, their small intensity indicates the va

Bi+E 289.7 289 lidity of the applied selection rules. The analy-
123.2 128 sis of spectra recorded in VV configuration is

more complex, as they consist not only of a-

E(LO) ) 440.5 lowed Ay (TO) and A(LO) modes but also of
718.4 687 forbidden E(TO) and E(LO) modes (Figure 5--

2). Some depolarization effect of the laser
beam due to the presence of domains can ex-
A(TO) 355.0 3595 plain the presence of the E(TO) modes usually
6407 observed in VH configuration but not that of

' 647 E(LO) modes which are forbidden in the back-
184.3 194 scattering geometry. Moreover, E(TO) modes
263.9 observed in VV configuration are shifted to-
A(LO) 465 wards higher wavenumbers in comparison with
7954 795 modes measured in VH configuration. Thus,
such anomalies concerning E(TO) and E(LO)
modes should result from another phenome-
non. The A;and E(LO) (E(TO)) peak positions obtained from VVV (VH) spectra are given
in Table 5- 1. Observed E(TO) mode frequencies are rather close to those reported by
Foster et al. (24), however some of other mode positions differ by more than 10 cm™
(ex. E(3LO) and A1(1LO)), asit will be discussed in the following section.

150.5 1485
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Figure 5-2: Palydomain PTO single crystal Raman spectra recorded in crossed (VH) and
parallel (VV) polarization configurations. All modes come from a-domains, the exception is
A:(LO) modes of c-domains (blue indexations).
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5.2.3 Origin of the so-called oblique modes (or “ quasimodes’)

We propose that the forbidden modes and the shift of the E(TO) modes can be
related to “quasimodes’ as defined in Section 1.4. “Quasimodes’ are usually observed
when 0<@<z/2 (with ® being the angle between k and the direction of the spontaneous
polarization) (24) and theoretically, they should not be observed in c/a/c/a PTO Raman
spectra, as @ = 0° or 90°.

The peak positions of all modes measured in VV polarization configuration agree
rather well with Foster’s PTO phonon positions as a function of @ (Figure 5-3). How-
ever, our experimental points appear at different angles on the corresponding curves,

1 1
B c-domain modes

m a-domain modes

A (3LO)
E(3LO)
A (3T0)
600 -
—~ E@ET10) SE(3TO)
EA@O}f———u
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L 4004 -
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|
()]
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g /
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A,m_O)\_—
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0 ' T ! T ' 7 Y T
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Figure 5-3: Comparison of the peak positions of our polydomain PTO single crystal Ra-
man modes (large symbols on the curves) with PTO phonon frequency curves as a func-
tion of @ asreported by Foster et al. (24).
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depending on the type of modes: A; or E, LO or TO. As mentioned above, E(TO) modes
are not affected by @. The deviation A® from ® = 0°in c-domainsand from® =90°in
a-domains ranges from 20 to 30 ° in the case of E(LO) modes whereas it is smaller for
all other modes (A1(TO) and A;(LO)) (10—-20°9).

The deviation A®, which causes the presence of oblique modes in c/a/c/a PTO
single crystal or film spectra, can be due to different intrinsic and extrinsic phenomena
such as the ferroelectric domain structure, the sample misorientation, the numerical ap-
erture and the misalignment in the system.

In agreement with literature we have experimentally observed that profiles of
Raman modes in VV polarized spectra depend strongly on the sample orientation: a PTO
sample exactly aligned with our crystallographic reference setting axes and turned from
20 ° in the base plane does not give identical Raman spectra as seen in Figure 5-4. In-
tensities and symmetry of A;(TO) modes are especially affected in comparison with E
(TO) modes. This observation can be understood by the consideration of quasimodes in
the spectra.

All modes profiles are also sensitive to the numerical aperture (NA) of the objective as
observed in Figure 5-4, where the VV polarized spectra were collected using long work-
ing distance (LWD) x50 (NA = 0.5) and x100 (NA = 0.9) objectives. The peaks are
systematically shifted towards higher wavenumbers and A;(TO) modes become more

asymmetric and their

i —% Slighea = s intensities decrease in
1@s g o 5 x100 spectra collected with
=1 <% 3 s . s x100 objective in com-
s 13 ¥ g @ & & parison to LWD x50
- 13 < I objective. From these
; _ observations, the effect
2 % 'misaligned | ' X80 | of the numerical aper-

[Pl & | L ture of the objective on

£ the incident and scat-
< tered laser beams has
to be considered. In

order to understand this

100 200 300 400 500 600 700 800 900 observation we need to

Wavenumber (cm'1) consider the angular

dispersion ¢4 of the

Figure 5-4: : VV polarized Raman spectra collected on the PTO/ incident laser beam: it
MgO filmaligned cross section (a) and on cross section turned is 64 ° or 30 ° when
using x100 or LWD

x50 objective, respec-

tively (Figure 5-5). When the laser light reaches the crystal or film surface and due to
the change in refraction index n, the angular dispersion of the incident light also
changes. Calculations (N,i;SIN@air = NproSIN@pTo, Where Ny, = 1 and npro = 2.7) indicate
that it variesfrom 64° to 20° with the x100 objective and from 30 ° to 10 ° with the
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LWD x50 objective. Such an angular dispersion results in the deviation A® = 20° or 10
©and in the appearance of A(TO), A;(LO) and E(TO) related oblique modesin VV spec-
tra. In conclusion, quasimode appearance can be reduced but not eliminated by using
LWD x50 objective, having lower angular dispersion than x100 objective. Because of
this it would in principle be even more preferable to work with a x10 objective, but this
would have the disadvantage of an enhanced optical depth, which in turn leads to a sig-
nificant decrease of the signal coming from the thin film.

Figure 5-5: Schematic representation of maximum deviation from backscattering geometry
and effects of laser light reflections from the a/c domain walls using x100(a) and x50 (b) ob-
jectives.

Next, both initial and scattered light can be scattered on a ¢/a domain wall before/
after being scattered by phonons resulting in a 90° scattering geometry (Figure 5-5).
Thus, the modes alowed in 90 ° scattering geometry can appear in the VV spectra col-
lected in the backscattering geometry (Figure 5-6). The A;(LO) and E(LO) modes com-
ing from a-domains can be observed in addition to the modes allowed in backscattering
geometry. Furthermore, quasi-E and quasi-A (quasi-LO and quasi-TO) coming from a—
and c-domains corresponding ® = 45 ° at low wavenumbers < 200 cm™(at high
wavenumbers > 200 cm™) can be also observed. The reflected and initial beams have the
same angular dispersion resulting in oblique modes in the case of real modes and in de-
viation from 45 ° angle in the case of oblique modes. In the case of the E(LO), the de-
viation A® = 20 — 30 ° from 90 ° (Figure 5-3), indicates that these modes originated
from a-domains as expected from Raman selection rules (Figure 5-6). 3(TO) oblique
modes appear at lower wavenumbers than real modes of a-domains, as expected for A®
=45 ° in Foster’ s phonon curves (Figure 5-3), and result in an asymmetry of a-domain
A:(TO) mode profile (Figure 5-2) Finally, the E(LO) oblique modes are not observed in
VH polarized spectra, where “quasimodes’ are not allowed.

Angular resolved backscattering Raman spectroscopy experiments were performed
in order to analyze the scattered light at different places in the scattering cone during the

116



Chapter 5: Raman modes and residual stress

A. LlLX)£ — yuds] E

Y /4) ei*%# ‘ B: z(xx)z — quasiA

vt 4 ; NLI_@?‘;}/ ZEI\ a-domains yj—ﬁ

ne A vivzYywy — F(l ON

Figure 5-6: Raman 90 ° scattering geometries resulting from light reflections on domain walls
and a few examples of polarization configurations used for the Raman mode assignment in a-
and c-domain PTO single crystals and thin films in the case of VVV polarization configuration .
The crystallographic axes in the film are presented for c-domains. Oblique modes are indi-
cated for wavenumbers < 200 cmi* where anisotropic forces dominate. In the case of high fre-
guencies, electrostatic forces dominate and quasi-LO and quasi-TO modes will be observed.

collection of WV
spectra. To do this,
a mobile mask with
a hole was placed
over the scattering
cone (Figure 5-7a)
and was moved to
select the light to
anayze near the
cone centre
(position {3}) or on
the sides (positions
{2} and {4}). The
evolution of E

Through the
spectrometer

Opening

Incident Mobile Mask

LASER beam \

Aperture of

objective lens \-C:

T1/ J—_ Analysis cone
ey d 5
i/ of scattering

I—L\ sample o o 0 110

A
Vi (o) (1TO) mode profile
for the different
Figure 5-7: Angular resolved backscattering Raman spectroscopy selections of the
experimental setup (a) and E(1TO) soft mode profiles collected for scattered light is
different selections of the scattered light in the scattering cone (b) shown in Figure
(x100 objective, VV polarization configuration). 5-7b. Position {1}

corresponds to the
normal scattered cone without mask. It appears that the position and shape of the E
(1TO) mode vary inside the scattered cone. A thorough analysis of the E(1TO) line pro-
file gives evidence of the presence of two components under the E(1TO) lineshape,
more separated in situation {2} and {4}, i.e. in the light scattered in the cone sides. An
intense sharp line centered near 91-92 cm™ and a shoulder near 89 cm™* corresponding to

117



Chapter 5: Raman modes and residual stress

the E(1TO) peak position in the normal VV spectrum {1} are observed. The sharp lineis
the oblique mode related to E(1TO). In the central zone of the scattering cone {3}, in-
tensities of both modes are rather close which leads the whole peak to shift dightly to-
wards lower wavenumbers. When the entire scattering cone is analyzed {1}, i.e. in the
normal conditions to collect the VV sprectra, E(1TO) is the dominant mode but it is very
asymmetric and dlightly shifted towards higher wavenumbers in comparison with VH
spectra, due to the oblique mode component on the right side. Therefore, it appears that
VH polarization configuration is essential to measure E(TO) modes with accuracy since
obligue modes are forbidden. This condition is fundamental for stress evaluation in PTO
films based on E(TO) mode peak position. As mentioned above, A;(TO) and A, (LO)
modes can be obtained only in VV spectra; accordingly, due to the presence of quasi-
mode, their position cannot be accurately determined. Therefore, they can be used only
for qualitative analysis. The same disadvantages related to quasimodes are observed in
depolarized spectra.

5.3 Effect of polarization in PbTiOz films

Having set the framework of the interpretation of Raman scattering in polydomain
PTO single crystals, we will now present and discuss polarized Raman spectra of PTO
films on three different substrates (STO, LAO, MgO).

Raman spectra of PTO/LAO and PTO/MgO film have been measured in a crossed
and parallel polarization configuration (VH and VV, respectively) on the film surface or
on the film cross section. In the case of PTO/STO films, Raman spectra recorded on
film surface were completely masked by the signal of STO substrate. Nevertheless, PTO
modes were separated from STO modes in the spectra of 125-460 nm thick PTO film
recorded on the film cross section.

As predicted by the C,4, point group selection rules and already mentioned for PTO
single crystal, only E(TO) modes are observed in the PTO film spectrum recorded in VH
configuration on the film surface and cross section (Figure 5-8); this attests a good crys-
talline and epitaxial quality of the film. The spectrum measured in a parallel polarization
configuration (VV) contains a mixture of A;(TO), Ay(LO), E(TO) and E(LO) modes in-
stead of the only allowed A; modes. Furthermore, when spectra are recorded on film
surface, A;(TO) modes coming from both ¢c- and a-domains are observed as seen in Fig-
ure 5-8, although only a-domain modes should be alowed. The separation of both types
of A¢(TO) modes is not straightforward. Nevertheless, the higher intensity of c-domain
modes in spectra recorded on cross section undoubtedly allows the identification of the
different components (Figure 5-9).

In the case of polycrystalline PTO/SAPH, A; and E modes are observed whatever
the polarization configuration but the A; and E(LO) intensities decrease in VH geometry
in comparison with VV configuration and they do not completely disappear (Figure 5--
10). This indicates that films on SAPH are polycrystalline with only a minor preferred
orientation, in agreement with results from XRD.
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Figure 5-8: Polarized Raman spectra of 250 nm thick PTO/LAO, PTO/MgO and PTO/STO
filmsrecorded in a parallel and crossed polarization configuration on the film surface and on

the film cross section.
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5.4 Estimation of residual stress by using the E(TO) mode

5.4.1 Theoretical considerations

It has been reported in earlier studies (11) that Raman modes are sensitive to pres-
sure; their positions in wavenumber  as afunction of pressure can be described by
an empirical law. If only E(TO) modes are considered

W 10y = WDog(o) T (aa)E(TO) /oP)P (5.1

where  @ogroy IS the mode wavenumber at ambient conditions (1 bar, 25 °C), and

OWe(roy /0P isthe empirical pressure coefficient as determined from measurements
under hydrostatic pressure (11; 12). However, stresses in thin films correspond to non-
hydrostatic conditions, and we have thus to introduce the effect of anisotropy in phonon
deformation potential. Supposing the E mode frequency under applied stresses can be
described as follows (25)

. > 2
Wg (o) = A g(r0) (O-xx +o, E(TO) 04 \/C E(TO) ny) +d E(TO) (O-xy) (5.2

where  A®g o) = @0y ~ Doeroy  and a;E(TO) , bI‘E(TO) , CIE(TO) , dIIE(TO)
are deformation potential constants expressed in terms of compliance and oxx, oyy and
ozz are stresses along a-, b- and c-axes of the tetragonal PTO unit cell, respectively.

C;E(TO) isrelated to the split of double degenerate E(TO). If a and b-axis are affected
by different stresses or ab-plane is under shear stresses, the E(TO) mode splits into two

components. However, C;E(TO) isusually quite small and the split of E(TO) modesis
obscure. We assume that there is no shear stresses oxy = 0 in films. In the case of hydro-

static pressure P, 0y =0w =0, =P and Eq. (5.2) can be written as
A®g 10y = (Za';E(TO) + bI‘E(TO)) P (5.3)

Epitaxial PTO films, grown on cubic substrates, are under biaxial stress oy, in the sub-

strate plane. Thus, oy =0y =0, and the shift of E(TO) modes due to biaxial stress
in c-domains can be expressed as

Awg o) = Za;E(TO)O-b (5.4)

Ina-domains Oy =0z =0, thus,

Og o) = @'g(r0) O + b'E(TO) o, ty C'e(r0) O (5.5

Although PTO films are strictly speaking not in hydrostatic conditions, it has been ar-
gued in the literature that hydrostatic pressure instabilities offer a guide how a material
will react to an external stress as Raman modes also shift linearly under biaxial stress,
only the relation coefficients differ. It is to be noted that, in literature works (10; 13; 15;
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)

17), the stress vaues in tensile-
strained PTO films were estimated
from the shift of E(1TO) soft mode
using Eqg. 5.1. However, its pres-
sure coefficient is experimentally
only known for compression
(hydrostatic pressure
O g0y | OP=—5.8+0.2cm'GPa ™

and the soft mode is by definition
anharmonic. Eg. 54 and 5.5 be
1™ enny  E (1T0) come more complex for anhar-
"y monic modes and its behavior un-

der tensile stress cannot be pre-
dicted (Figure 5-11). In order to

4 5 o 5 1 test the validity of such an ap-

. Pressure (GPa) proach, we performed stress value
Figure 5-11: Soft E(1TO) and hard E(3TO) mode calculation not only from the shift

wavenumber evolution with hydrostatic pressure (P.
Bouvier, personal communications) and their ex- of E(lTO.)’ bl.Jt dso from E(3T.O)
mode which is a real (harmonic)

trapolation to tensile stress side. : X
hard mode in the sense that its pres-

sure coefficient is positive (0@, /0P =+7.1£1.0cm 'GPa™ ). Thus, o(P) can be
linearly extrapolated to the tensile stress side.
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The condition of conservation of wave vector has to be considered with some care
in the case of nanostructures (for ex. nanocrystallites, a-domains, which are nano-sheats
in the c-domain matrix, nano grain size in thin films). In nanostructures, a range of

A k of phonon wave vectors can be excited. The range of phonon wave vectors
that contribute to the Raman line shape is determined by the crystallite size | and is
givenby Ak =27/l . The spectraof nanomaterials give continuathat probe modes
of wave vectors that span some part of / whole Brillouin zone of the crystal. The soft
mode profile should be more modified due to this confinement effect, as wgqro) varies
more with k than wavenumbers of hard modes. This effect results in the asymmetry of
profile or shift of soft mode to higher wavenumbers. Further, the decrease of size results
in so called field effect— the decrease of tetragonality and T.. As a consequence, the E
(1TO) soft mode shifts to lower frequencies. In the case of hard modes, both effects usu-
ally resultsjust in the increase of peak width.

In the following residual stress values estimated from E(1TO) will be used for compari-
son with the reported values of other groups.

5.4.2 Relation between residual stress and misfit strain

In 250 nm thick PTO films on SAPH, MgO, LAO and STO substrates, the E(1TO)
soft mode is observed well below that observed in bulk PTO (89.5 cm™): it is located at
roughly 83, 86.2, 87 and 88.3 cm™, respectively. In order to determine the sign of resid-
ual stress in films, the position of the E(3TO) hard mode has been also considered. As
for E(1TO) , E(3TO) mode wavenumber is always lower for PTO films 504.3, 502.4,
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15] "B E(1TO) 502.0 and 504.0 cm™ when the sub-
= E:Eggol strate is SAPH, MgO, LAO and STO
& 101 respectively instead of 506.2 cm* for
% il PTO single crystal. This fact sug-
@ - gests that PTO films are under ten-
¥ 06- R sile stress whatever the substrate,
E // S, which is in agreement with XRD re-
= °-4‘-?§0 MgO T~ a sults (see section 4.6.2).

7]
o Uz%TO | 8APH Stress values in 250 nm thick films

0 2 4 6 8 10 12
Absolute misfit strain (%)

on SAPH, MgO, LAO and STO sub-
strates were calculated from E(3TO)
and E(1TO) mode wavenumbers us-
ing EQ. 5.1 and reported as a function
of the film misfit strain in Figure 5--
12. For comparison, stress values
obtained from lattice parameters
measured by XRD are also given in Figure 5-12. In the epitaxial films, the values esti-
mated from the shift of E(3TO) are in good agreement with XRD values while those ob-
tained from E(1TO) are more different. The three estimations carried out for PTO/SAPH
films give distinct stress values. The soft mode is anharmonic; therefore, the relation
between the applied stress and the shift of the soft mode is nonlinear. Furthermore, the
soft mode is also highly sensitive to the grain size (26). Thus, the anharmonic E(1TO)
soft mode should not be used for an accurate evaluation of the residual stress in both
epitaxial and polycrystalline PbTiOs thin films. In polycrystalline films, the grains have
different crystallographic orientations, which results in dispersion of ® angle and in the
appearance of oblique modes. Furthermore, as mentioned above the Raman selection
rules are not respected in polycrystalline films. Thus, the E(3TO) mode profile is modi-
fied by related quasimodes even in the VH spectra. Therefore, the E(3TO) hard mode
position can be shifted upward and thus stress values estimated from this mode are
lower than values obtained from lattice parameters. Accordingly, residual stress values
cannot be estimated from E(TO) Raman modes in polycrystalline PTO films. The simi-
larity between stress values estimated from E(3TO) mode and XRD data allows us to
consider that Eq. 5.1 can be used for E(3TO) mode in the case of epitaxial PTO films
and then, that Raman data obtained from hydrostatic pressure experiments can provide
us an understanding and reasonable estimate of the stress state from E(3TO) hard mode
in c-domainsin PTO films.

Figure 5-12: Residual stress evolution with abso-
|ute misfit strain in c-domains of 250 nm thick
PTO films on different substrates.

Itisat first sight surprising that residual stress does not depend directly on the sign
of the misfit strain. Stress values as determined by XRD in PTO films on SAPH, MgO
and LAO substrates are similar; they are lower in PTO/STO films, which have a very
good epitaxy with the substrate. This indicates that residual stressis not only dominated
by epitaxial stressin 250 thick PTO films; except in films having a very low mismatch
with the substrate, thus other types of stresses contribute to the residual stress. The stress
values related to 50-950 nm thick polycrystalline films were reported by different au-
thors to be in the range of 2.6-0.9 GPa (10; 13; 15; 27; 28; 29). Doba et al. (15) re-
ported higher stress value (1.5 GPa) for the 250 nm PTO/SAPH film in comparison with
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our measured value (0.6 GPa). Stress values were measured as high as 2 GPa in epi-
taxia 250 nm thick PTO/MgO films (17), while it reaches only 0.6 GPa in our epitaxial
PTO/MgO films. The hardening of soft mode (or shift towards highest wavenumbers) in
PTO films on compressive NdGaO; substrates was reported by Sun et a. (16). The au-
thors assume that the hardening of the soft mode is the result of compressive misfit
stress. Let us remind that the E(1TO) soft mode shifts to lower wavenumbers under
compressive hydrostatic pressure as well as under tensile stress. Furthermore, their study
is based on non-polarized spectra only and they did not take the quasimodes into consid-
eration and, last but not least, they used PTO single crystal wavenumbers coming from
literature. Thus, the shift to higher wavenumbers of the soft mode probably results from
guasimodes and not from soft mode hardening. Stress values estimated in our films are
rather lower than literature values but it is to be noted that literature studies only use the
disputable and non reliable E(1TO) soft mode (which we only used for comparison with
literature values). However, we note that stresses are not only lattice mismatch depend-
ent, but are highly sensitive to the deposition method and experimental conditions.

5.4.3 Residual stressin a—and
c-domains

a-domains

1 PTO/MgO

c-domains
bulk

The Raman spectra of 250 nm
thick PTO/LAO and PTO/MgO

3 3 by films recorded in a- and c-
=g S _ PTOLAO £ domains, using both scattering
= = geometries, are given in Figure

_ L 5-13. It appears that the devia-

1 tion of the E(TO) mode

- wavenumbers from the values
measured in single crystals is
more important in a-domains
than in c-domains. The Raman
shifts of E(1TO), E(2TO) and E
(3TO) are given in Table 5- 2.

by
LAO

100 200 300 400 _ 500 600
Wavenumber (cm™)
Figure 5-13: Comparison of Raman spectra measured

on 250 nm thick PTO/MgO and PTO/LAO film surface

(a-domains) and on cross section (c-domains) in VH
polarization configuration. The wavenumbers of E

modesin PTO single crystal are shown as dashed lines.

of a-domains. From comparison of Eq. 51 and Eg. 53 ,

Unfortunately, the E(3TO) mode
is partially masked by the in-
tense LAO Ey mode in the thin-
ner PTO/LAO films in the case
it results that

bI'E(STO) << a"E(STO) and then from Eqg. 5.4 and Eq. 5.5, that the shift of the E(3TO)

mode A® o)
stress value, if

in a-domains should be half of that in c-domains for a given biaxial
Ceqroy is very small. We observe that E(3TO) modes related to a-

domains are more shifted to lower wavenumbers than modes coming from c-domains
(Table 3), which indicates that a-domains are more stressed than c-domains.

E(TO) modes correspond to lattice vibration in the ab-plane of the tetragonal PTO
unit cell, therefore c-domains are under biaxial stressin the film plane (Figure 5-14). In
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Table 5-2: E(1TO) phonon wavenumbersin PTO films of different thicknesses on LAO, MgO
and STO substrates. The a- and c-domain values wer e obtained from film surface and cross sec-
tion spectra recorded in VH polarization configuration, respectively.

Mode | Bulk | 460nm | 250nm | 125nm | 65nm | 30nm
E(1ITO) | 895 86.4 86 85.8 79.6 78.1
a-domains | E(2TO) | 2199 | 2105 | 2088 | 2065 | 2043 | 204.3
g E(TO) | 506.2 | 500.8 | 499.4 498 - -
S E(1TO) | 895 87.4 87.0 - 84.8 83.1
O | cdomains | EQTO) | 2199 | 2146 | 2124 | 2108 | 2086 & 2043
E(BTO) | 506.2 | 5030 | 502.0 | 5012 | 499.9 | 496.9
E(1TO) | 895 88.1 85.8 84.8 84.2 -
a-domains | E(2TO) | 2199 | 2156 | 209.8 | 206.6 | 205.7 -
§ E(3TO) | 5062 | 5041 | 5004 | 499.7 | 499.5 -
§ E(1TO) | 895 | 875 | 862 | 855 | 841 -
O | cdomains | E2TO) | 2199 | 2134 | 2127 | 2108 | 2074 -
E(RTO) | 506.2 | 5030 | 5024 | 500.6 | 499.8 -
T E(1TO) | 895 87.2 88.3 89.1 - -
O | cdomains | C@TO) | 2199 | 2151 | 2165 | 217.0 - -
3 E(BTO) | 506.2 | 503.1 | 504.0 - - -

Figure 5-14: Schematic representation
of the direction of vibration in E(TO)

modes of PTO a- and c-domains.

the case of the a-domains, ab-plane is perpen-
dicular to the substrate plane. Thus, one axis
basal plane of tetragonal cell is under biaxial
stress while second one is stress free.

Furthermore, E(TO) modes can be affected by
stress generated by c/a domain interfaces
(interfacial stress) in addition to the biaxial
stress, as a-domains form thin sheet zones in
a matrix of c-domains (30; 31, chapter 4.4).
However, stresses aong a- and b-axis of a-
domains are different and the split of E(TO)
modes can be expected.

The evolution of the E(1TO) soft mode as a

function of film thickness in PTO/LAO films is reported in Figure 5-15. An E(1TO)
mode splitting is systematically observed in a=domain whatever the film thickness, and
similarly in 65 and 125 nm thick PTO/MgO films (Figure 5-16). However, no split oc-
curs in E(TO) hard modes of a-domains nor in any E(TO) modes of c-domains. The E
(1TO) component at higher wavenumber cannot be related to quasimodes, as they are
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c-domains a-domains Ei c-domains a-domains
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Figure 5-15: Film thickness evolution of the
PTO/LAO E(1TO) soft mode recorded on
cross section (a) and on film surface (b) in
VH configuration. The E(1TO) wavenumber
in PTO single crystal is shown as dashed
line. The two components of the E(1TO)
mode are marked by dashes and asterisks.

Wavenumber {cm'1}

Figure 5-16: Film thickness evolution of the
PTO/MgO E(1TO) soft mode recorded on
cross section (a) and on film surface (b) in
VH configuration. The E(1TO) wavenumber
in PTO single crystal is shown as dashed
line. The two components of the E(1TO)
mode are marked by dashes and asterisks.

not observed in VH spectra. The following hypotheses can be considered to explain the
E(1TO) splitting. First, as mentioned above, non biaxial stress in the ab-plane should
result in the split of doubly degenerate E(TO) modes into two components; the fact that
the split is only visible in the soft mode could be explained by its anharmonicity. The
split in hard modes is probably too small to be observed. Second, the E(1TO) is close to
the notch filter cutting. However, it is difficult to explain the behavior of the anharmonic
soft mode. If interfacial stresses in adomains are non negligible, the stress relation with

At 510y should be given by Eq. 5.2. Thus, residual stress values cannot be estimated

from the shifts of Raman modes as far as the stress symmetry and  Ce(roy  (constant)
are unknown. The absence of E(1TO) splitting in c-domains indicate that they are under
biaxia stressin ab-plane (Figure 5-15a and Figure 5-16a). Lee et al. also reported that a
-domains are more stressed than c-domains in epitaxial 250 nm thick PTO/MgO films
(17), but the given stress values (2.45 GPa and 2.11 GPa, respectively) are not exactly
the right values since estimations were made from anharmonic E(1TO) mode using Eq.
5.1

Qualitatively, one can see from the E(1TO) wavenumbers in Table 5-2 that the differ-
ence in residual stress in a- and c-domains is considerable, especially in PTO/LAO
films. As c/a/c/a epitaxial PTO films have a dominant c-domain structure and because
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of the complexity of the spectrain a-domains, the residual stress valuesin such films
have been only determined for c-domains, i.e. from VH polarized spectra measured on
film cross section.

5.4.4 Effect of film thickness on theresidual stressin c-domains

The E(TO) Raman shifts in c-domains of epitaxial PTO films on LAO, MgO and
STO substrates are given in Table 5-2. The E(2TO) and E(3TO) hard modes follow the
same behaviour in wavenumber with film thickness as E(1TO) soft mode. The E(2TO)
mode is also anharmonic, thus it should not be used for the estimation of residual stress.
The degenerate silent B,+E (©=290.1 cm'™) mode remains almost constant in wavenum-
ber whatever the film thickness or the misfit strain. However, the polarized Raman spec-
train Figure 5-8. indicate that the E mode can be entirely isolated from the B; mode in
the VH geometry, as previously observed by Lee and Foster (17; 24).

Stress values in c-domains calculated from the shift of E(3TO) hard modes using
Eq. 1 are given in Table 5-3 (the values estimated from the shift of E(1TO) are given for
comparison with literature values) and in Figure 5-17. In Table 5- 3 we compare stress
values measured by XRD to values obtained by the hard E(3TO), it can be seen that
there is a good agreement between both techniques, which further validates the reliabil-
ity of the E(3TO) mode. Only a few papers report on residual stress values in c-domains
in epitaxial PTO/MgO films (¢ = 2.11 GPa (17)) and, as mentioned above, calculations
are made using anharmonic E(1TO) soft mode.

Table 5-3: Residual stress values (GPa) in c-domains determined from E(1TO) and E(3TO) and
from lattice parameters (XRD) in PTO films of different thicknesses on LAO, MgO and STO
substrates.

Thickness (nm) 460 250 125 65 30
XRD | 040+0.08 | 0.58+0.08 | 0.79+ 0.11 | 1.00+0.14 |1.02+0.15
PTO/LAO | E(1TO) | 0.36+0.05 | 0.43+0.09 - 0.81+0.17 | 1.10+0.35
E(3TO) | 0.45+0.07 | 0.59+0.10 | 0.70+0.11 | 0.88+0.14 |1.30+0.21
XRD | 062+0.08 | 0.60+0.09 | 0.63+0.09 | 0.73+0.09 -
PTO/MgO E(1TO) | 0.34+0.05 | 0.57+0.09 | 0.69+0.12 | 0.93+0.17 -
E(3TO) | 0.45+0.07 | 0.53+0.09 | 0.78+0.13 | 0.90+ 0.15 -
XRD | 0.48+0.08 | 0.30+0.08 | 0.28+0.08 | 0.26+0.08 | 0.34+ 0.08
PTO/STO E(1TO) | 0.40+0.05 | 0.21+0.09 | 0.07+0.12 - -
E(3TO) | 0.43+0.07 | 0.31+0.05 - - -
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Figure 5-17: Residual stress evolution in c-domains with film thickness in PTO films on STO,
LAO and MgO substrates. The residual stress was estimated from E(3TO) mode shift and

XRD data.

5.4 Analysis of the domain structure from A;(TO) modes
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Figure 5-18: A;(TO) modes of PTO lat-
tice vibrations corresponding a- and c-
domains. The arrows indicate the possi-
ble directions of atom vibrations.

A;(TO) modes correspond to lattice vibrations
along the c-axis of the tetragonal unit cell, i.e.
aong the spontaneous polarization axis
(section 1.4 and Figure 5-18). The relation
between the shift of A;(TO) mode and applied
stresses can be written as

A®y 10y = 8p(10) (Txx + Oy ) + 0y 10022 (5.6)

The c-axis is stress free in c-domains (

6,=0 ) as films are under biaxial
siresses  Oyy = 0w =0y, in the film plane.
Thus, the shift of A;(TO) modes due to biaxial
stress in c-domains can be expressed as

AW (r0) = 284 10)0, (5.7)

In a-domains the c-axis lies in the film plane

Oy =0, =0, and thusthe effect of stresses can be expressed as follows

A@p oy = (aAl(TO) + bAl(TO))O-b

(5.8)

If stresses are not biaxial, Eq. 5.6 should be applied.
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However, A(TO) mode profiles are highly sensitive to the depolarization effects and
numerical aperture, as discussed in section 5.2. As a consequence, their wavenumbers
cannot be used for the estimation of residual stress due to appearance of oblique modes.

Furthermore, the coefficients aAl(TO) and b:Al(TO) are unknown, therefore we can-
not assume from those mode shifts what type of domains is more stressed.

Table 5-4: A(TO) phonon wavenumbersin PTO films of different thicknesses on LAO, MgO
and STO substrates. The a- and c-domain values wer e obtained from film surface and cross sec-
tion spectra recorded in VV polarization configuration, respectively.

Mode Bulk | 460nm | 250nm | 125nm | 65nm | 30 nm

g_ A(1TO) | 1505 - - - - -

3 é_ A(2TO) | 3550 | 3344 | 3286 | 3279 - -
o 7z | ABTO) | 640.7 | 5875 | 5817 | 576.4 - -
E @ | A(1TO) | 1505 - - - - -
© é_ A(2TO) | 3550 | 3529 | 3498 - - -
@ | A(3TO) | 640.7 | 6329 | 622.6 - - -

g_ A(1TO) | 1505 1514 | 150.8 149 148.7 -

3 é. A(2TO) | 3550 | 329.0 | 3327 | 3235 | 3208 -
o) 7 | A(3TO) | 640.7 | 5920 | 586.8 | 579.4 | 575.2 -
E g_ A(1TO) | 1505 1514 | 150.8 152.9 151.7 -
© %1 A(2TO) | 3550 | 3496 | 351.3 | 3418 | 3375 -
7 | A(3TO) | 640.7 | 6298 | 625.6 | 604.3 | 5849 -

g_ A(1TO) | 1505 148.2 150.5 - - -

g g g. A(2TO) | 3550 | 3534 | 351.2 - - -
o | A(3TO) | 640.7 | 6317 | 6219 - - -

5.4.1 A;(1TO) soft mode

The A;(1TO) soft mode shifts under hydrostatic pressure is not known, because E
(1LO) mode was anayzed as A;(1TO) mode in hydrostatic pressure studies. In PTO
films on MgO and STO substrates, the A;(1TO) peak position is close too that in bulk
PTO and it remains rather constant with varying film thickness (Table 5-4). A small
variation in position can be explained by the appearance of oblique mode. It means that
this mode is rather insensitive to stresses (or hydrostatic pressure) in the film (crystal).
The A;(1TO) mode in PTO/LAO has not been accurately observed due to the too close
LAO soft mode.
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5.4.2 A1(TO) hard modes and domain structure

A1(2TO) and A;(3TO) modes appear as broad bands split into two components cor-
responding to a- and c-domainsin VV spectra recorded on epitaxial PTO/LAO film sur-
face. The components are labelled a and ¢ in Figure 5-19; their intensity ratio varies
with film thickness. As already mentioned in section 5.2, A;(TO) modes arise from a
domains in VV spectra collected on film surface, those coming from c-domains result
from depolarization. In the case of PTO/MgO films, A(TO) modes related to a-domains
are mainly observed in VV spectra recorded on film surface due to the high a-domain
fraction in the films; while in VV spectra recorded on the film cross section, A;(TO)
modes mainly comes from c-domains, as c-domain fraction is dominant in the films.
The A;(2TO) and A.(3TO) modes coming from ¢c- and a-domains were separated as ex-
plained above and corresponding positions are given in Table 5-4 and Figure 5-20. The
A(2TO) and A;(3TO) modes were observed at lower frequenciesin adomains than in c-
domains whatever the film thickness and the mismatch with the substrate (Figure 5-20).
The A (3TO) wavenumber increases with film thickness in both a- and c-domains indi-
cating relaxation of stresses. The difference in wavenumbers between a- and c-domains
remains aimost constant in PTO/LAO films while in PTO/MgO, the c-domain A,(3TO)
mode shifts quickly to lower frequencies with decrease of film thickness. 65 - 125 nm
thick PTO/MgO films have significant non-twinned a-domain fraction (for more details
see section 4.3). As was shown by TEM analysis (section 4.4), the interfaces between
non-twinned a- and c-domains are highly unfavourable, resulting in higher stressesin c-
domains.

—460 nm | A (3TO)
— 250 nm /A
— 125 nm {

65 nm /| B
30 nm

—

bulk

640 -

/ﬂ c-domains:
620 [m| -0~ PTO/STO
/ —{1- PTO/LAO
O ~{' PTO/MgO
a-domains:

I (a.u.)

A4(3TO) wavenumber (cm'1

JaY
] —&-PTOILAO

600 / - PTOMgO
/‘f ——“""’fﬁ

580 e
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Figure 5-19: Evolution of the A,(2TO) Figure 5-20: Evolution with film thickness of

and A,(3TO) modes as a function of PTO/ | | A(3TO) mode wavenumber in a- and c-
LAO film thickness. a- and c-components | | domains of epitaxial PTO films on MgO, LAO

of each Ay(TO) mode refer to modescom- | | and STO substrates.
ing from a- and c-domains, respectively.
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Conclusions

The polydomain PTO single crystal Raman spectra analysis revealed that:

Raman mode positions and peak profiles are modified due to the presence of
obligue modes in VV polarized spectra. The oblique modes may result from different
intrinsic and extrinsic phenomena such as the ferroelectric domain structure, the sample
misorientation, numerical aperture and the misalignment in the system.

The analysis of the scattered light at different places in the scattering cone during
collection of VV spectra was performed using angular resolved backscattering Raman
spectroscopy. This study confirmed the presence and the importance of oblique modes
in VV spectra and their influence on the asymmetry of peak profiles and positions.

VH polarization configuration is essential to measure E(TO) modes with accuracy
since obliqgue modes are forbidden. This condition is fundamental for residual stress
evaluation in PTO films based on E(TO) mode peak position.

From the PTO thin film Raman spectrum analysis we can conclude that:

The E(1TO) soft mode cannot be used for residual stress estimation, as it is anhar-
monic and thus, the relation between the applied stress and the shift of the soft mode is
nonlinear and it is also sensitive to grain size effect.

Raman data obtained from hydrostatic pressure experiments can provide us an un-
derstanding and reasonable estimate of the tensile and compressive stress state from E
(3TO) hard mode in c-domainsin epitaxial PTO films.

30-460 nm PTO films are under tensile stress in the film plane whatever the tensile
and compressive misfit stress and the film thickness. The a-domains are more stressed
than c-domains. There is a good agreement between residual stress values in c-domains
estimated from XRD and Raman spectroscopy data, which validates the reliability of the
E(3TO) mode.

A;(TO) hard modes corresponding to a- and c-domains were identified by compari-
son of the VV spectrarecorded on the film surface and film cross section.
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6. Effect of temperature on PbTiOs; powder and thin films
6.1 Literaturereview

Phase transitions in PTO single crystals have been well studied by several tech-
niques (XRD (1; 2), Raman spectroscopy (3; 4; 5), XAFS (6; 7), neutron diffraction (8),
birefringence (2) (see chapter 1) etc. On the other hand, they are less studied and under-
stood in thin films. Epitaxial films are bound to the underlying substrate; therefore, the
in-plane lattice parameters of the films are strained which prevents them to attain the
bulk values. This is known as the substrate clamping effect, which forces the in-plane
lattice parameters of films to vary as the substrate parameter with temperature. It has an
important effect on phase transitions and domain formation in thin films (9; 10; 11; 12;
13). The out-of plane lattice parameters of the films must adapt to accommodate the vol-
ume change necessary for the phase transition by means of stresses which can modify
the phase transition order, the transition temperature and the phase sequence (9).

Generaly speaking, the primary and the secondary order parameters indicate the
occurrence of a phase transition in bulk materials. However, a decoupling of these pa-
rameters has been recently observed in epitaxia thin films. For instance, He et al. (9)
showed that only the internal order parameter, the TiOg octahedron rotational angle,
drives the phase transition in STO films. The secondary order parameter, the c/aratio or
tetragonality, didn’t show any change during the phase transition. In the case of BTO
films, several authors observed the decoupling between the polarization and the tetrago-
nality (10; 14). Moreover, the phase transition in BTO films becomes a second order
phase transition while in bulk BTO, all the phase transitions are of first order (10). Re-
cently, Janolin et al. reported a partial decoupling between the strain and the polarization
in monodomain epitaxial PZT/STO films (13).

In recent years, theoretical efforts were made to understand the effects of strain on
phase transitions in epitaxial PTO (PZT) films. Pertsev et . (15; 16; 17) developed the
misfit strain-temperature phase diagrams in PTO films, using the Landau-Ginzburg-
Devonshire-type nonlinear phenomenological theory. These diagrams calculate the sta-
bility range of the various polydomain and single-domain states. Chen et al. (18; 19; 20)
revisited the stability diagrams by adopting a phase-field approach, which does not give
any priority to the possible domain structures that may appear for a given temperature
and agiven strain.

It was found that the Curie transition temperature (T.) increases in monodomain
epitaxial PTO and PZT films whatever the strain state. This result is consistent with the
Pertsev diagrams (13; 12). In fact, a similar increase of T. is reported for other
perovskite oxide epitaxial films (9; 10; 21; 11; 14) in agreement with the phenomenol -
ogical theory. In theory, the phase transition temperature increases when films are sub-
mitted to tensile or compressive stresses. Fong et al. reported the decrease of the ferro-
electric-to-parael ectric phase transition temperature due to a size effect in ultrathin PTO/
STO films (22).

136



Chapter 6: Effect of temperature on PbTiO; powder and thin films

According to the theoretical phase diagrams, T, can be infinitely enhanced by in-
creasing strain. In fact, the driving force for film relaxation increases with strain and
film thickness. The critical thickness at which dislocations begin to form varies approxi-
mately in a reverse order to the lattice mismatch (23). When films are grown to attain
thicknesses greatly exceeding critical values, the relaxation toward a zero-strain state
starts by the formation of dislocations. The thickness allowing complete relaxation of
misfit stresses is much higher than the critical thickness for dislocation generation and
highly depends on deposition temperature (24) (more details are given in section 1.5).
Therefore, in order to study the influence of stress on the phase transition, it is important
to grow films with thicknesses lower than the thickness corresponding to complete re-
laxation.

Moreover, stresses can be relaxed by the formation of periodic domain structures
(of the type c/a/c/a, c- or ai/a,/ai/a,). The domain structure results from the competition
of polarization, electric field and strain effect. The temperature and related stress effects
can then induce changes in the domain structure. In the case of PTO (PZT) films, a
transformation of c/a/c/a to a/a)/a;/a; and c-phase was observed by XRD for films
grown on tensile MgO (25; 26; 27; 28) and on compressive PtYMgO substrates (26), re-
spectively. In addition, a small decrease of the transition temperature associated to the
polydomain structure was observed by XRD in films on MgO and LAO substrates (29;
30; 31) but the authors misinterpreted the disappearance of domain structure as a ferro-
el ectric-to-parael ectric phase transition. Moreover, their films were completely relaxed.

Furthermore, little progress has been made in the understanding of Raman mode
behaviour associated to phase transitions and domain transformations in epitaxial PTO
films. A number of papers can be found on Raman studies of phase transitions in poly-
crystalline PTO films (32; 33; 34; 35; 36), but to our knowledge, only few papers report
on a Raman study of phase transitions in PTO/MgO epitaxial films (37,38,39). In this
study, the PTO/MgO film under investigation, 1 mm of thickness, was completely re-
laxed. Some of the authors in references (34; 33; 37) have observed a Raman signature
of PTO single crystal and thin films above the phase transition temperature. Y uzyuk et
a. (37) interpreted it as an effect of precursor contamination, while Fu et al. believed
that the high-temperature phase was still ferroelectric (34; 33). Thus, the persistence of
the Raman signature above the phase transition temperature requires further investiga-
tion to clarify itsorigin and its nature.

In order to investigate the influence of misfit stresses on the phase transition in
polydomain epitaxial PTO films, partially relaxed PTO films have been studied by using
high-temperature XRD and Raman spectroscopy. Our results are compared to those ob-
tained with completely relaxed epitaxial and polycrystalline PTO films and with bulk
PTO. Moreover, the phase transition in bulk PTO has been re-examined by Raman spec-
troscopy in order to have our own reference spectra of the high-temperature phase and
thus, to determine accurately the phase transition temperature T...
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6.2 Temperature evolution of domain structure and lat-
tice parametersin PbTiO3 thin films

High-temperature XRD measurements have been performed on PTO films depos-
ited on LAO, MgO and STO substrates in order to investigate the effects of misfit and
thermal stresses on the domain structure. Films of 460 and 65 nm of thickness were ana-
lyzed. Unfortunately, measurements stopped at 250 °C due to a furnace break. Never-
theless, it appears that structural data differ as a function of the substrate and film thick-
ness.

In order to determine the twinning angles in a- and c-domains, the in-plane and out-
of-plane lattice parameters and to quantify the domain fractions, two-dimensional (2-D)
®-20 area scan maps near the (103) and (301) reflections have been collected. STO,
LAO and MgO reflections were used as internal standards, assuming that the substrate is
unstrained. The 2-D mappings of 460 and 65 nm thick films on different substrates
measured at RT, 150 °C and 250 °C are given in Figure 6-1 and Figure 6-2, respec-
tively. The reciprocal space mapping integrates the intensity from different gp-angles (+
5°), making possible to observe together the (301) and (310) reflections which are found
at different p-values. As explained in section 4.2, the coexistence of (301) and (310) re-
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Figure 6-1: 2-D mapping of 460 nmthick PTO films on STO, LAO and MgO substrates at RT,
150 °C and 250 °C (see detailsin the text).
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flections indicates that there exist two types of a-domains, a; and a,. (301) reflection is
split into two spots indicating a twinning of the corresponding a-domains. As it was
mentioned before, the elongation along the w-axis of the (103) spot corresponding to c-
domains indicates that some twinning also appearsin c-domains.
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Figure 6-2: 2-D mapping of 65 nmthick PTO films on STO, LAO and MgO substrates at RT,

150 °C and 250 °C (see details in the text).

6.2.1 Domain structure

W= ’ ! O PTOILAO
ED o prosto | | PTO films, 460 nm of thickness, have the c/a/
s s 1! c/a polydomain structure whatever the STO,
3 e LAO and MgO substrate (section 4.3). Figure
LM % 6- 1 shows that the distance between spots cor-
z = f' responding to a- and c-domains gets closer as
g 15 ™ temperature increases from RT to 250 °C
o which indicates a decrease of the tetragonality.
1.0 y ; : : : . Exhaustive results concerning the evolution of
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Figure 6-3: Evolution of twinning an-
gles with the temperature in a-domains
in 460 nm thick PTO films on STO, LAO
and MgO substrates.

lattice parameters with temperature will be
given further. The twinning angle in a-
domains has been evaluated from the distance
in o between both (301) reflections and their
evolution with increasing temperature is given
in Figure 6-3 in the case of the 460 nm thick
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PTO films. The twinning angle evolution is similar for films on the three substrates de-
spite different angle values at RT: it decreases with increasing temperature, as reported
by other groups in PTO/MgO films (26; 40). Similarly, the elongation of the (103) re-
flection in c-domains also decreases with increasing temperature which indicates a
smaller tilt angle of c-domains from the substrate plane.

PTO films, 65 nm of thickness, have a fully c-domain structure on STO, consist of
c-domains with a very small fraction of a-domains on LAO and have ailmost equal frac-
tions of ¢- and a-domains on MgO. Corresponding 2-D mappings are given in Figure
6-2. Qualitatively, the spot positions are less ® and 2@ shifted with temperature than in
the 460 nm thick films, except for PTO/MgO where the evolution is similar.

6.2.2 Lattice parameters

Epitaxial films In-plane and out-of-plane lattice parameters in a- and c-
domains were determined from the positions of (301)/(310) and (103) reflections, re-
spectively (see in section 2.2.2). Their temperature dependence in 65 nm and 460 nm
thick PTO films on STO, LAO and MgO substrates as well as the substrate thermal ex-
pansion are shown in Figure 6-4. The values of the thermal stresses developed during
cooling down from Tpe, are given in Section 4.3. Note that during the heating up, the
sign of the thermal stress has opposite sign. It appears in the Figure 6-4, that lattice pa-
rameters are quite similar in c- and a-domains whatever the temperature. Therefore, they
will be labeled with a and ¢ without distinguishing domains in the following. The films
on STO present a similar thermal expansion whatever the 65 or 460 nm film thickness,
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Figure 6-4: Temperature evolution of c- and a-domain lattice parametersin 460 nm and 65
nmthick PTO films on STO, LAO and MgO substrates. The thermal expansion of the three
substrates is shown as black dashed lines.
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and the expansion along the a-axis is the same as that of the substrate. This indicates
that both PTO/STO films are highly substrate-dependent. In the case of PTO/LAO
films, the film and substrate thermal expansions are dightly different which indicates
that films are less substrate dependent than PTO/STO films. The c-axis evolution is
thickness dependent and is almost the same for the thinner films on LAO and on STO
which indicates that the 65 nm thick PTO/LAO film is more substrate dependent than
the thickest one. Concerning PTO/MgO films, the thermal expansion along the c-axisis
the same whatever the film thickness; it is higher in the thinner film along the a-axis.
This can result from higher tensile thermal stresses in thinner films.

The thermal expansion along a- and c-axes in films of both thicknesses and in bulk
PTO is shown in Figure 6-5. Along the a-axis, it is aways higher in bulk PTO than in
the thickest films whatever the substrate; as for the c-parameter, its decreaseis similar in
films on LAO and MgO and in bulk PTO and is much smaller in films on STO. This
means that the PTO thermal expansion along the a-axis is governed by the STO sub-
strate whereas PTO films on LAO and MgO are aimost “free” from the substrate influ-
ence. In 65 nm films on STO and LAO, the c-axis decrease with temperature is similar;
it is slower than that in PTO single-crystal, indicating the substrate dependence of the

film. Therefore, the a-

4164 _ d 416 axis expansion in these
T L R - films is expected to be
412 "--;“- '---._.-4.12 also h|gh|y dependent
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MO e PR, S that in the other films,
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Figure 6-5: Comparison of thermal expansion in bulk PTO (9) stresses.

and in 460 nm and 65 nm thick PTO films on STO, LAO and MgO

substrates. In conclusion, 65 — 460

nm PTO/STO films
and 65 nm films on LAO and MgO are highly substrate dependent. Thus, the c-
parameter decrease with temperature is smaller than that in bulk PTO and thermal ex-
pansion of a-axisis mainly governed by the thermal expansion of the substrate. The 460
nm films on LAO and MgO are amost “free” from the substrate influence.

Polycrystalline films In polycrystalline films, misfit stresses do not exist
and films are only affected by internal and external thermal stresses. External thermal
stresses result from the difference in thermal expansion between the substrate and the
film whereas internal thermal stresses result from the difference in thermal expansion

141



Chapter 6: Effect of temperature on PbTiO3; powder and thin films

4.16 o

4124 e

4.08 -Mﬁm

4.04

-—— bulk PTO

— 460 nm PTO/LAO

—— 460 nm PTO/MgO
O 250 nm PTO/SAPH

4.00

Cell parameter (A%)

3.96 -

3.92 4

3.88

5:0‘160I1é0.2éol250

Temperature (°C)
Figure 6-6: Temperature evolution of
lattice parameters in a 250 nm PTO/
SAPH film and comparison to bulk
PTO and to 460 nm thick PTO films on
MgO and LAO. Error bars are within
the symboals.

6.2.3 Domain fraction

The proportion of a-domains
was estimated from the ratio of inte-
grated intensities of (301)/(310) and
(103) reflections as explained in sec-
tion 2.2.2. The evolution of a-
domain fraction with temperature is
given in Figure 6-7. It greatly in-
creases with increasing temperature
in the 65 nm film on MgO, as the
formation of a-domains is favoured
by tensile thermal stresses. In the
460 nm film on MgO, the a-domain
fraction increases more slowly since
the film is less substrate-dependent
than the 65 nm one. These observa-
tions are in agreement with reported
results on PTO/MgO films (26, 27,

between each grain and its surrounding. In or-
der to compare the evolution of lattice parame-
ters with temperature in epitaxial and polycrys-
talline films, 250 nm thick PTO/SAPH films
have been also studied by wusing high-
temperature XRD. SAPH has a much smaller
thermal expansion coefficient (~5x10° K™
(41)) than PTO (12.6x10° K™ (1)) which alters
the lattice parameters and the PTO thermal ex-
pansion. Lattice parameters of PTO films on
SAPH films have been calculated by fitting
with the least square method, assuming the
same lattice parameters for all grains (Section
2.2.2). The evolution of lattice parameters with
temperature is shown in Figure 6-6 and com-
pared to that of bulk PTO and of PTO films on
LAO and MgO. The evolution along the c-axis
Is quite similar to that of bulk PTO and 460 nm
films on LAO and MgO. The a-axis expansion
is similar to that in PTO/LAO film and then,
smaller than that in bulk PTO.
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Figure 6-7: Temperature evolution of a-domain
fraction in PTO films on STO, LAO and MgO sub-
strates. The a-domain fraction in 65 nm PTO films
on STO and LAO was not possible to measure, asa
-domain XRD reflection intensities were very weak.

28). Furthermore, a transformation from the c/a/c/a polydomain structure to the a;/a,/a;/
a, structure has been observed with increasing temperature in PTO/MgO films by Jano-
lin et al. (25). PTO/STO films are submitted to compressive thermal stress, therefore the
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c-domain fraction increases with increasing temperature. In the 460 nm film on LAO,
the a-domain fraction is almost constant with the increase of the temperature. As men-
tioned above, the c-domain fraction increase with increasing temperature is expected to
be due to compressive stress in PTO/LAO films. Indeed, Lee et a. have observed sig-
nificant changes in domain fractions only at temperatures higher than 400 °C in PTO/Pt/
MgO films (26).

To conclude, we expect that 460 nm thick epitaxial PTO films on LAO and MgO
substrates should have similar high-temperature phase transition to that of the polycrys-
talline PTO/SAPH films and the bulk PTO. Different behaviour at high-temperature is
expected for 65-460 nm thick PTO/STO and 65 nm thick PTO films on LAO and MgO
substrates, as they are highly substrate dependent. Transformation from the c/a/c/a poly-
domain state to the c-phase may be expected in PTO/STO and PTO/LAO, while in
PTO/MgO case the c/alc/a state should be replaced by the aj/a)/a;/a, state at high-
temperature.

6.3 Domain transformations and phasetransitionsin PbTiO3

4.2 6.3.1 High-temperature XRD study
| . of epitaxial system PTO/STO films
OEO‘!O“!OJ
< 4 O‘O‘;anﬂg&‘)};g;(’ film In order to investigate the misfit
3 " o, stress influence on the phase transi-
£ . tion in PTO films, a coherent epi-
§40 PTO bulk taxia 250 nm thick PTO/STO film
3 .;,“" s was studied by high-temperature
% _uunt : XRD in ©/20 standard scans. The a-

3
w
|

domain fraction is very small (~ 4 %)

in this film, indicating that misfit

0 100 200 300 400 500 600 700 | Siress governs the domain structure
Temperature (°) and the transformations.

Figure 6-8: Temperature evolution of lattice pa- The a- and c-lattice parameters were

rameters in 250 nmthick PTO/STO filmand in calculated from the (004) and (400)
bulk PTO. The solid line shows the thermal expan- | "€flections (for more details see in
sion of STO substrate. section 2.2.2), respectively, stress

governs the domain structure and the
transformations. The a- and c-lattice parameters assuming that out-of -plane a-parameter
of a-domains is the same as in-plane a- parameter of c-domains. The XRD measure-
ments were carried out from RT up to 650 °C. The temperature evolution of a- and c-
|attice parameters of the PTO film is given in Figure 6-8 for comparison with bulk PTO.
In the whole temperature range (RT to 650 °C), the PTO/STO film has a c/a/c/a polydo-
main structure and no phase transition is evidenced. Recently, smilar observations were
reported for monodomain PZT and PTO films on STO substrate by Janolin et al. (12,
13). High-temperature phase transition was no more observed in PTO/BTO superlattices
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(42). Furthermore, a ferroelectric-to-paraelectric phase transition in 50 nm thick PZT
film was evidenced by piezoforce microscopy measurements at temperature as high as
787 °C (43). The main difference between our films and the reported ones is the exis-
tence of the c/a/c/a polydomain state at high-temperature. Indeed, theory predicts the
stability of c- or aj/a)/a;/a, phase at high-temperatures whereas the c/a/c/a domain
structure should be stable only below the bulk PTO phase transition temperature. In our
films, the film thickness H is almost the same as the domain width W ( W = 240 nm)
(see for more details section 1.6 and section 4.4 ). Therefore, the polarization and strain
internal fields are highly inhomogeneous. This can explain the deviation observed from
the theoretical phase diagrams developed for dense domain structures, where W<<H
(section 1.6). However, comparable temperature shifts have been reported for the
parael ectric-to-ferroelectric phase transition in other high-quality thin films of
perovskite oxides such as STO and BTO (21, 11).

6.3.2 Raman spectroscopy results

In order to investigate phase transitions and domain state transformations in epi-
taxial PTO films, high-temperature Raman spectroscopy measurements have been per-
formed. The evolution of the E(1TO) and A,(1TO) soft modes with temperature will not
be studied because they shift towards low wavenumbers very quickly and out of our at-
tainable spectral range and this long below the transition temperature (notch filter cut-
ting at about 70 cm™). Therefore, our analysis of the phase transition in the different
filmswill be based on the concept of hard mode spectroscopy (44, 45, 46).

In the first part, the tetragonal-to-cubic phase transition in PTO powder and in PTO
polycrystalline films will be studied. On the basis of these results, phase transitions and
domain state transformations will be investigated in epitaxia films of different thick-
nesses and mismatch with substrates.

6.3.2.1 PTO powder

Let us first discuss results on PTO powder samples which we will then consider in
the later work as our own proper reference system for the understanding of thin films.
The temperature evolution between RT and 600°C of depolarized Raman spectra of
PTO powder is given in Figure 6-9. A considerable change is observed in the spectrum
at 520°C: the intensities decrease abruptly and the line widths greatly increase. It is
known that the increase of Raman line widths results from a shortening of phonon life-
time at high temperature. The temperature dependence of the mode wavenumbers in
Figure 6-10 shows that all modes shift to lower wavenumbers and that hard E(TO) and
A(TO) modes merge. These results are consistent with the works of Burns et al. (3) and
Idrissi (47). As shown in section 1.4.3 and 5.2, A;(TO) modes are highly sensitive to the
crystal orientation. Crystallites in a powder have random orientations, thus, A;(TO)
mode positions are an average of the positions of all oblique modes appearing between a
- and c-axis orientations (Fig. 1-13). Therefore, we will discuss only the general trends
of the evolution of A;(TO) modes. E(TO) mode profiles are less modified by quasimode
appearance; accordingly their positions can be qualitatively compared to those obtained
inour PTO films.
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The abrupt change observed at 520°C in the
spectra of PTO powder give evidence of the
expected structural phase transition. How-
ever, the Raman signature remains signifi-
cant in the spectra above 520°C (Figure
6.9), while Burns et al. (3) reported the dis-
appearance of the modes at 496°C. In the
same high-temperature range, Fontana et al.
(4) observed a quasi-elastic scattering in the
Raman spectra of the high-temperature
phase. The high brightness of the spec-
trometer has probably made possible the
observations of the weak Raman signature
of PTO at high temperature, unlike Burns
and Fontana (3, 4).

As mentioned in Section 1.3, some XAFS
measurements have given evidence of a
local tetragonal structure of PTO even at
high-temperature, whereas an average cubic
structure is observed by XRD (section 1.3)
(6, 7). Therefore, the PTO high-temperature
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phase can be considered as a disordered cubic structure, as observed in BTO or KNbOs
and probably any other perovskite-type ferroelectric at high-temperature (48, 49). In-
deed, this discrepancy between XAFS and XRD results can be explained by the fact that
XAFS probes the direct atomic environment only while the coherence length of XRD
provides information about long-range order (> several hundred A). Raman scattering
stand somehow in-between the two latter techniques and can probe short-range polar
regions on the length scale of several 10 A.

The abrupt change in the line intensities and widths indicates a significant increase
of disorder in the tetragonal structure, i.e. a non negligible order-disorder character of
the phase transition. This was aso suggested by the occurrence of a central peak in PTO
crystal Raman spectra above 600 K (4; 5). Therefore, the high-temperature ferroel ectric-
to-paraelectric phase transition can be interpreted as a transition from a tetragonal to a
disordered cubic structure. It is to be noticed that the difference in T, values could be
ascribed to the way temperature is measured; in our heating stage, the thermocouple was
placed under the sample holder and a dlight temperature difference may appear between
the sample and the thermocouple. Nevertheless, the temperature of 520°C measured as
the phase transition temperature in bulk PTO will be used for comparison with tempera-
ture determined in our thin films, as the measurements were carried out in the same ex-
perimental conditions. The increase of the line widths during further increase of tem-
perature up to 600 °C may come from an increased thermal disorder.

6.3.2.2 Polycrystalline PTO films on sapphire substrate

To investigate the influence of thermal stresses on phase transitions in PTO films
without any contribution of misfit stresses, Raman measurements have been performed
on polycrystalline films. Raman spectra of 250 nm thick PTO/SAPH films were col-
lected in the temperature range from RT to 600 °C and reported in Figure 6-9. Their
evolution with temperature is rather similar to that of PTO powder spectra, and the Ra-
man modes also shift to lower wavenumbers. However, the positions of the different
Raman lines differ in wavenumbers for a given temperature, especialy the A;(TO) and
the E(2TO) modes (Figure 6-10). PTO/SAPH films are polycrystalline with some pre-
ferred orientations and differences between peak positions can be explained by the exis-
tence of oblique modes. Unlike PTO powder, only certain oblique modes are collected
in the polycrystalline film in addition to the real TO and LO modes, depending of the
preferred orientation of the film. The tetragonal-to-disordered cubic phase transition in
PTO/SAPH films was observed at 510 °C; T, isthus dlightly lower than in PTO powder.

Finally let us shortly recall and discuss previous literature results of similar films.
Fu et a. reported an increase of more than 40° C of the tetragonal-to-cubic transition
temperature of PTO/SAPH films in comparison with bulk PTO (33; 34). Unfortunately,
the authors have considered the high-temperature phase Raman spectra as spectra of the
ferroelectric tetragonal phase. They have observed an anomaly in the soft mode evolu-
tion at 480 °C but did not interpret this change as a ferroel ectric-to-paraglectric transi-
tion. Dobal et al. have reported a T, decrease with decreasing thickness in PTO/SAPH
films (35) and interpreted the temperature shift of T, as the result of hydrostatic pressure
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related to the clamping of each grain by its neighbours. However, spectra in Ref.35
show that the E(3TO) mode is shifted to lower wavenumber while it should be shifted
upward under hydrostatic pressure. This suggests the existence of tensile stressesin their
films and throws questions on their model. They have aso reported a ¢ parameter de-
crease with decreasing the film thickness that clearly indicates an increase of tensile
stresses in the films. Taguchi et al. have observed the tetragonal-to-cubic phase transi-
tion at 476 °C in PTO/Pt/Si films, which were under tensile stress, as the authors re-
ported a shift of the E(3TO) mode to lower wavenumbers (36). Therefore, the downshift
of the transition temperature reported in different previous papers probably result from
tensile stresses which originate from thermal stresses in polycrystalline PTO films on
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Figure 6-11: Temperature evolution of 460
nm PTO/STO film spectra recorded on film
cross sectionin VH and VV polarization
configurations. At 520-530 °C STO Raman
mode intensities relatively increase in VV
spectra.

SAPH and Si. It isimportant to note that in
the case of polycrystalline films the tensile
stress is probably non-biaxial but 3-D.

6.3.2.3 Strained epitaxial PTO films
on STO substrate

Although no structural phase transition
should be observed in 250 nm thick PTO/
STO films by XRD (section 6.3.1), we
have undertaken a Raman study of these
films as a function of temperature because
this technique can revea even subtle
changes in symmetry. To our knowledge,
no report exists in literature about such a
Raman study of PTO (PZT) films on STO
substrates. Unfortunately, in normal meas-
urement conditions (film surface), the PTO
Raman signature is masked by a huge scat-
tering signal coming from the STO sub-
strate, this probably explains the absence
of literature data. A way of decreasing the
STO signal in our work has been to collect
the spectra on the film cross section, which
also increases the intensities of PTO Ra-
man lines as PTO/STO films consist
mainly of c-domains (section 5.3). Polar-
ized Raman spectra of 250 and 460 nm
PTO/STO films were recorded on the film
Cross section in the temperature range from
RT to 600 °C (Figure 6-11 and Figure 6--
12, respectively). VV polarized spectra of
250 nm films are not presented as the PTO
lines are completely masked by the intense
Raman lines from the STO substrate. The

147



Chapter 6: Effect of temperature on PbTiO3; powder and thin films

figures show that the hard modes remain well defined and intense up to 600°C in both
films without any visible anomaly in their evolution.

As explained in section 5.2, E(TO) and Ay(TO) wavenumbers have been determined
the wavenumbers of each mode from VH and VV polarized spectra, respectively, and
their temperature evolution is shown in Figure 6-13. Unlike powder and polycrystalline
PTO, the decrease in wavenumbers in both 460 nm and 250 nm PTO/STO filmsis con-
tinuous up to 600°C without any significant anomaly in the fitting curves and this evolu-
tion attests the absence of a phase transition in this temperature range. The modes shift
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Figure 6-12: Temperature evolution of 250
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Figure 6-13: Temperature evolution of Ra-

] ] ] man mode wavenumbers in 460 nm and 250
to lower wavenumbers with a slight in- | nmthick PTO/STO films.

crease in line width and decrease in inten-
sity. The decrease in wavenumbers is
dlightly smaller than in bulk PTO (Figure 6-13).

In the case of the 250 nm thick film, the downshift of the E modes is dlightly
slowed down in comparison with the 460 nm film. As a consequence, we can expect that
T, should be higher in the 250 nm film than in the 460 nm film. While the E(1TO) soft
mode shifts quickly to lower wavenumbers with increasing temperature in bulk PTO
(3),it is still well observed at ~ 74 cm™ at 600 °C in the case of the 250 nm PTO/STO
film (Figure 6-14). However, the soft mode position is not easily determined at high-
temperature due to the close cutting of the notch filter. These results are in agreement
with those obtained in the high-temperature XRD analysis of PTO/STO films.
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Figure 6-14: Temperature evo-

lution of the E(1TO) soft mode

profilein the 250 nm thick

PTO/STO film.

As a conclusion, the Raman study of epitaxia PTO/
STO films has revealed that 250 and 460 nm thick
films remain tetragonal and do not undergo a phase
transition up to 600 °C. Therefore, these films are ex-
pected to be ferroelectric at temperatures as high as
600 °C. The comparison of the Raman spectrum evo-
lution of both films with temperature favours a higher
transition temperature in the 250 nm thick film due to
higher compressive stresses.

6.3.2.4 Domain state transfor mations and struc-
tural phasetransitionsin partially or completely
relaxed PTO/LAO and PTO/MgO films

Transformations between domain states

The epitaxial property of PTO films on LAO and
MgO is of lower quality when compared to films on
STO. As discussed in section 6.2, a transformation

from the c/a/c/a polydomain structure to a c-phase or a a;/a,/a;/a, state may occur be-
fore the ferroel ectric-to-parael ectric phase transition (15). It has been reported in Section
5.3 that Raman lines related to adomains and a- & c-domains are obtained from polar-
ized spectra recorded on film surface and on film cross section, respectively. A possible
change in the domain structure can be easily observed in comparing the temperature
evolution of VH spectra measured on film surface and on film cross section. A detailed
report on such domain transformations in 460 nm thick PTO/MgO and PTO/LAO films
will be presented in the following as well as a short discussion about transformations in

thinner films.
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Figure 6-15: Temperature evolution of VH polarized spectra recorded on the surface of 460
nm thick PTO/LAO and PTO/MgO films.
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The temperature evolution of VH polarized spectra related to a- and c-domains in
460 nm PTO films on MgO and LAO is presented in Figure 6-15 and Figure 6-16, re-
spectively. It appears that the Raman signature of a-domains vanishes at 490 °C in PTO/
LAO films while it is observed up to 600 °C in PTO/MgO films (Figure 6-15). Spectra
recorded on the film cross section reveal that the Raman signature is retained in the
whole temperature range up to 600°C in PTO films on both substrates (Figure 6-16).
This indicates a transformation from the c¢/a/c/a polydomain structure to the c-phase in
PTO/LAO. On the other hand, the domain transformations in PTO/MgO films remain
unclear.
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Figure 6-16: Temperature evolution of VV and VH polarized spectra measured on the cross
section of 460 nmthick PTO films on LAO and MgO substrates. The intensities were normal-
ized to the most intense mode.

The temperature evolution of band positionsin a- and c-domains is shown in Figure
6-17. It isto be noted that E(TO) modes observed in spectra collected on the film cross
section come from both types of domains in c/a/c/a phase and only from a-domains in
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ay/a/a;/a; state. As a consequence, the interpretation of E(TO) evolution curves in Fig-
ure 6-17 is much easier for PTO/LAO films than in PTO/MgO films. The temperature
evolution of E(TO) modes in a- and c-domains is similar for PTO films on both sub-
strates. As shown in Figure 6-17, an anomaly is observed at 500°C in the evolution of E
(TO) wavenumbers in 460 nm PTO/MgO films. This anomaly occurs in VH spectra re-
corded on the film cross section as well as on the film surface. It is not related to domain
transformation and will be discussed in the following section. The E(TO) wavenumbers
plotted in Figure 6-17 for a- and c-domains are very close each other.
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Figure 6-17: The a- and c-domain Raman mode evolution with the temperature in 250 nm
and 460 nm thick PTO/LAO and 460 nm thick PTO/MgO films (more details are given in the
text).

The A(2TO) (MgO) and A(3TO) (MgO and LAO) mode wavenumbers are signifi-
cantly different in a- and c-domains which allow them to be easily identified in compar-
ing VV spectra recorded on the film surface and on the film cross section (section 5.2).
Unfortunately, A;(2TO) modes are very close to the intense B;+E mode. Thus, the mode
separation is possible only at low temperatures. The downshift of A(3TO) modes in
PTO films on both substrates is similar in a- and c-domains up to 200°C despite lower
wavenumbers in a-domains. At 300 — 400 °C A,(3TO) double modes become a single
one, i.e. the intensity of one of the two components, corresponding to a- or c-domains,
vanishes. This indicates that an abrupt change in domain proportions occurs in both
films. This observation is consistent with reported XRD results on PTO/MgO films (26).
With a further increase of temperature, the A;(3TO) mode continuously follows the tem-
perature evolution of c-domain mode in PTO/LAO film and of a-domain mode in PTO/
MgO film. This shows that PTO films on LAO and MgO become mainly c- and a-
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domain oriented, respectively. However, in the case of PTO/LAO films, a-domains
completely disappear only at 490 °C. Unfortunately, we cannot estimate the c/a/c/a to
ay/a/a;/a; transformation temperature in PTO/MgO films, as the E(TO) modes are ob-
served for both a- and c-domains in the spectra collected on the film cross section. The
transformation from the c/a/c/a to the a;/ay/a;/a, domain structure can be expected from
Pertsevs diagram ((15) and section 1.6) at temperatures lower than the phase transition
temperature in bulk PTO phase transition. This transformation was observed by XRD in
200 nm PTO/MgO films at 460°C which is close to the phase transition temperature in
bulk PTO (26). It is to be noted that during the transformation of the domain structure,
no anomaly was observed in the temperature evolution of the Raman modes.

BTO/LAO The temperature evolution of VH
polarized spectra recorded on 250
nm thick PTO/LAO film surface
and cross section are presented in
Figure 6-18 and Figure 6-19. The
Raman signature of a-domains
vanishes at 480 °C which indicates
the c/a/c/a to c-phasedomain struc-
ture transformation. It takes place
at a lower temperature than in the
460 nm thick PTO/LAO film. As
shown above and expected intui-

250 nm

—600°
——550°
—500°
—— 480 °
—470°
——440°
—400°

CO00000000

/ .
| ——300
//J Al'\,/ ;\— ——200 tively, thin films are more stressed
h EAOE{ZTO} £ Jlﬁ\__, A by the substrate than thick ones and
}/Egm?) LAORSTO) compressive thermal stresses in

l T I LI | L] I . . . .
100 200 300 400 500 600 PTO/LAO films increase with in-

creasing temperature. Therefore,
250 nm films should be under
Figure 6-18: Temperature evolution of VH polarized | higher compressive stresses than
spectra recorded on the surface of 250 nm thick the 460 nm ones. As expected from
PTO/LAO and PTO/MgO films. Pertsevs diagram  (15), higher
compressive stresses stabilize the ¢
-phase and as a consequence the temperature of the c/a/c/a to the c-phase transformation
decreases. As shown in Figure 6- 17, the temperature evolution of the Raman modesin a
- and c-domainsis similar in 250 nm and 460 nm PTO/LAO films.

Wavenumber (cm- )

The a-domain fraction is very small (7.8 %) in 65 nm thick PTO/LAO films. Thus,
the a-domain Raman signal in VH spectra has a rather low intensity and is masked by
the LAO Raman signature (Figure 6-20). No increase in intensity is observed during the
temperature increase from RT to 600 °C which indicates that c/a/c/a to c-phase transfor-
mation may be expected in these thin films. On the contrary, a well-defined Raman sig-
nature is observed in VH spectra of 65 nm thick PTO/MgO films recorded on film sur-
face and cross section up to 600 °C (Figure 6-20). In this film the a-domain fraction
quickly increases with the increase in temperature, as was shown by high-temperature
XRD analysis. Thus, a transformation from the c/a/c/a to the aj/a,/a;/a, domain state
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should take place. The a-domain fraction increases slower in the 460 nm PTO/MgO film
than in the 65 nm thick one. Therefore, the transformation temperature can be expected
to be lower in the thinner film.

Figure 6-19: Temperature evolution of VH polarized spectra collected on the cross section of
250 nm thick PTO films on LAO and MgO substrates. The intensities were normalized to the
most intense mode.
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Figure 6-20: Temperature evolution of VH polarized spectra recorded on the surface of 65
nm thick PTO/LAO and PTO/MgO films. The VH polarized spectra of LAO substrateis given
in the inset.
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In conclusion, we have observed transformations from the c/a/c/a polydomain state
to the c-phase and to the a)/a/a;/a, state take place in PTO/LAO and PTO/MgO films,
respectively. The transformation temperature decreases with decreasing film thickness
due to increased tensile/compressive stresses. No anomaly is observed in the tempera-
ture evolution of the mode wavenumbers during domain state transformations. The
mode downshift is continuous and only line intensities of a-domains (PTO/LAO) or of ¢
-domains (PTO/MgO) vanish. It is important to note that Raman investigations on the
high-temperature phase transition in PTO/LAO films must be performed by using only
spectra recorded on the film cross section whereas both types of spectra (film surface
and film cross section) can be used in PTO/MgO films.

Structural phase transitions

A further investigation of phase transitions in epitaxial films will be based on the
analysis of Raman spectra recorded on the film cross section, where Raman modes re-
lated to a- and c-domains are allowed by Raman selection rules. In this section we will
discuss anomalies observed in the temperature evolution of the mode wavenumbers
which are not related to transformations between domain states. As expected from XRD
results, the structural phase transition in 460 nm thick PTO films on LAO and MgO sub-
strates should be similar to that in bulk PTO while the 65 nm films should behave differ-
ently. In order to present the influence of film thickness on phonon high-temperature
behaviour, the PTO films of different thicknesses will be discussed in the following or-
der: 460 nm, 250 nm and 65 nm on LAO and MgO substrates.

The temperature evolution of VV and VH polarized spectra in 460 nm thick PTO/
MgO and PTO/ LAO films is presented in Figure 6-16. A similar temperature-
dependent spectral signature is observed in PTO films on LAO and MgO. The E(TO)
and A;(TO) modes shift continuously to lower wavenumbers and line widths increase
with increasing temperature up to 490 °C. An abrupt change in VV and VH polarized
spectra is observed at 500 °C which suggests a first order phase transition. The high-
temperature phase spectra are similar to those observed for bulk PTO (Figure 6-9). A
further increase of temperature up to 600 °C results in an increase of the line broaden-
ing. Furthermore, the temperature evolution of the mode wavenumbers is alike in the
460 nm films on MgO and LAO substrates and in the PTO powder (Figure 6-21).
Therefore, this change can be identified as a tetragonal -to-disordered cubic phase transi-
tion, which corresponds also to the ferroel ectric-to-parael ectric phase transition.

The temperature evolution of VH polarized spectra of 250 nm thick PTO/LAO and
PTO/MQO films is shown in Figure 6-19. The spectra are similar to those observed in
460 nm thick PTO films on LAO and MgO substrates (Figure 6-19 and Figure 6-16).
The temperature evolution of the mode wavenumbers in both film thicknesses is also
quite similar, as shown in Figure 6-21. The first order phase transition takes place at
500 °C and at 510 °C in PTO/LAO and PTO/MgO films, respectively. However, the
profile of the high-temperature mode is less broadened than those in 460 nm thick PTO/
LAO and PTO/MgO films or in a PTO powder. This suggests a smaller disorder in di-
pole orientations or an increase in the ferroelectric cluster size (ferroelectric correlation)
in the 250 nm PTO films on LAO and MgO.
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It isimportant to note that above T, the PTO Raman signature is still dependent on
the used configuration of polarization: VV and VH polarized spectra are different (Figure
6-16) which we can understand by considering that the local structure of PTO remains

tetragonal .

The temperature evolution of VV and VH polarized spectra in 65 nm thick PTO/
LAO and PTO/MgO films is reported in Figure 6-22. It is significantly different from

that in 250 and 460 nm thick PTO filmson LAO and MgO substrates:

All the downshift, line width increase and intensity decrease with temperature are
smaller than in thicker films;

At temperatures higher than 430 °C, the E(2TO) mode does no more shift signifi-

cantly;

The E(TO) mode profiles remain well-defined in the whole temperature range (20-

600°C) which indicates a limited disorder.

| (a.u.)

I({a.u.)

Figure 6-22: Temperature evolution of VV and VH polarized spectra in 65 nm thick PTO/LAO
and PTO/MgO films . Spectra were recorded on film cross section. The dotted lines corre-
spond to E(2TO) and A4(3TO) positions at 600 °C in VH and VV polarized spectra, respec-

tively.
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The temperature evolution of the mode wavenumbers is presented in Figure 6-21.
One can see that the decrease in wavenumber of the E(2TO) mode in 65 nm films is
rather continuous in the whole temperature range just as in PTO/STO films (Figure 6--
21) unlike PTO powder and thicker films on LAO and MgO for which an anomaly is
observed in the curves at 520, 500 and 510°C, respectively. The downshift of the A
(3TO) mode is lower in the 65 nm film than in the thicker films but above ~ 500 °C this
mode wavenumber remains constant like in thicker PTO/MgO and PTO/LAO films.
This indicates that a structural rearrangement occurs at this temperature. The modes are
less broadened above 500 °C in the 65 nm films than in thicker films which indicates
that the structure is more ordered compared to the 250 and 460 nm PTO/LAO and PTO/
MgO films. The 65 nm PTO/LAO and PTO/MgO films are likely to be an intermediate
case between the substrate-dependent PTO/STO films and the aimost “free” from sub-
strate influence 250 and 460 nm thick PTO/LAO and PTO/MgO films. However, Ra-
man spectroscopy results do not allow to judge if the films are macroscopically
parael ectric above 500 °C. Moreover, spectra of the high-temperature phase also follow
Raman selection rules as in thick films and the Raman signature of 65 nm films is con-
siderably different in VV and VH polarized spectra (Figure 6-22) due to local tetragonal-

ity.

The fact that E(TO) and A,(TO) are two distinct modes is a direct indication of tet-
ragonality. The merger of these modes in the high-temperature phase indicates that local
tetragonality is identical in the PTO powder, polycrystalline PTO/SAPH and partially/
completely relaxed PTO/LAO and PTO/MgO films.

Discussion

To summarize our results on phase transitions in PTO powder, polycrystalline and
epitaxia films, we propose an hypothetical model for phase transitions developed in
PTO films. It is presented in Figure 6-23. Bulk PTO passes from atetragonal to a disor-
dered cubic structure at 520 °C. This high-temperature phase has a local tetragonal
structure and Ti atoms displacements along the three possible directions (6 sites) have
equal probabilities; this results in an average cubic structure. Moreover, very small
ferroelectric clusters (below the diffraction limit) may exist. The polarization of clusters
is macroscopically disordered, resulting in the paragl ectric phase. The high-temperature
behaviour of the polycrystalline film is similar to that of bulk PTO except the phase
transition temperature T, which is slightly lower due to tensile thermal stresses.

The phase transition in epitaxial films is considerably different from that in a PTO
powder or polycrystalline films. The orientation of completely and partially relaxed
films is governed by the substrate. Thus, transformations from the c/a/c/a polydomain
state to the c-phase and the a;/a,/ai;/a; state are observed whatever the thickness of films
on compressive and tensile substrates, respectively. XRD and Raman spectroscopy re-
sults have shown that the temperature at which domain transformations take place de-
creases with decreasing film thickness.
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In the case of completely relaxed films such as the 250 and 460 nm thick PTO/LAO
and PTO/MgO films, the high-temperature phase transition is quite similar to that ob-
served in PTO powder and polycrystalline films. Above T., the Raman line widths of
460 nm thick films are significantly broadened which indicates disorder and that any
size of ferroelectric clusters has to be very smal and comparable as in the high-
temperature phase of bulk PTO. In the case of 250 nm thick films, the mode widths are
dlightly decreased compared to those of 460 nm films, indicating the increase of ferro-
electric correlation. However, the epitaxial relation with substrate prevents the film to be
completely disordered. This favours an elastic distortion and thus a Ti displacements
along the normal to the substrate plane or along both directions in the substrate plane in
PTO films on LAO and MgO substrates, respectively.

In the partialy relaxed films as in the 65 nm thick PTO/LAO and PTO/MgO films,
the temperature evolution of the film orientation and structure is highly substrate-
dependent and some structural rearrangement takes place at 500 °C. The high-
temperature phase is highly c- and a-axis oriented in PTO/LAO and PTO/MgO sub-
strates, respectively. Raman line widths are less broadened which indicates an increase
of the cluster size as compared with the relaxed films. The possibility of Ti atom dis-
placement is higher along one or two directions in films on compressive and tensile sub-
strates, respectively. The tetragonality of the average structure should be increased in
comparison with that in completely relaxed films. However, we cannot judge if this
phase is macroscopically ferroelectric or not.

It isimportant to note that local tetragonality is the same in PTO powder, polycrys-
talline and partially/completely relaxed epitaxial films, as the A;(TO) and E(TO) modes
merge at ~ 500 °C. However, the tetragona cell orientations are highly limited by the
substrate in epitaxial thin films. Thus, the possibilities of Ti displacement in some direc-
tions are reduced, resulting in sightly tetragonal average structure. It is possible that this
tetragonality is no more coupled to the primary order parameter (polarization) as it was
observed in other perovskite films (9; 13). Therefore, partially/completely relaxed films
may be/are paraelectric in the high-temperature phase.

Finally, in strained coherent epitaxial films (PTO/STO), no phase transition is ob-
served in the temperature range from RT to 600 °C. The average structure isidentical to
the local tetragonal structure. The Ti displacements are possible only aong one direc-
tion. Moreover, the ferroelectric correlation should be large, even at high temperature,
resulting in the ferroelectric phase. However, even though the Raman signature is simi-
lar at low and high-temperature, strictly speaking, our Raman data does not allow to
confirm this hypothetical model. This needs precise measurements of the in-plane and
out-of-plane lattice parameters as well as electrical characterizations at high-
temperatures.

158



Chapter 6: Effect of temperature on PbTiO3; powder and thin films

'swili [eixelids pue auljeisAioAod ‘lepmod Ol d ulsuonisuen aseyd Uo S1NsaJ PazZIeluwns :£2-9 a4nbi4

pauioss paxojai Ajjpiriod paxpjay  uIvis oN

osiibiite—

1Y

asoyd 4ojod [p3of si)snp siapsnp

o/3/0/> .NW ...._;ﬂ oy i+..a£
QOls uo obwuo oQvijuo obwuo gvjuo obwuo Qvijuo 9
wu 09¥ -0sZ wu g9 wu sz wu g9
swiif O.Ld [oixoyd3

159



Chapter 6: Effect of temperature on PbTiO3; powder and thin films

Bibliography

1. G. Shirane and S. Hoshino. 4, s.l. : J. Phys. Soc. Jap., 1951, Vol. 6, p. 265.
2. S.A. Mabud and A.M. Glazer. s.l. : J. Appl. Cryst., 1979, Vol. 12, p. 49.
3. G. Burns and B.A. Scott. 3, s.l. : Phys. Rev. Lett., 1970, Vol. 25, p. 167.

4. M.D. Fontana, H. Idrissi, G.E. Kugel, and K. Wojcik. s.I. : J. Phys.: Condens. Matter, 1991,
Vol. 3, p. 8695.

5. M.D. Fontana, H. Idrissi, G.E. Kugel, and K. Wojcik. s.I. : Ferroelectrics, 1988, Vol. 80, p.
117.

6. Y. Yacoby, Y. Girshberg and E.A. Stern. s.l. : Z. Phys. B, 1997, Vol. 104, p. 725.

7. N. Sicron, B. Ravel, Y. Yacoby, E.A. Stern, F. Dogan, and J.J. Rehr. 18, s.l. : Phys. Rev.
B, 1994, Vol. 50, p. 13168.

8. R.J. Nelmes and W.F. Kuhs. s.l. : Solid State Commun., 1985, Vol. 54, p. 721.

9. F. He, B.O. Wells, Z.-G. Ban, S.P. Alpay, S. Grenier, S.M. Shapiro, W. Si, A. Clark, and
X.X. Xi. s.l. : Phys. Rev. B, 2004, Vol. 70, p. 235405.

10. F. He and B.O. Wells. s.l. : Appl. Phys. Lett, 2006, Vol. 88, p. 152908.

11. K.J. Choi, M. Biegalski, Y.L. Li, A. Sharan, J. Shubert, R. Uecker, P. Reiche, Y.B. Chen,
X.Q. Pan, V. Gopalan, L.-Q. Chen, D.G. Schlom, C.B. Eom. s.Il. : Science, 2004, Vol. 306, p.
1005.

12. P.-E. Janolin, F. Le Marrec, J. Chevreul, and B. Dkhil. s.I. : Appl. Phys. Lett, 2007, Vol.
90, p. 192910.

13. P.-E. Janolin, B. Fraisse, F. Le Marrec, and B. Dkhil. s.I. : Appl. Phys. Lett., 2007, Vol. 90,
p. 212904.

14. Yu. I. Yuzyuk, P. Simon, I.N. Zakharchenko, V.A. Alyoshin, and E.V. Sviridov. s.|. :
Phys. Rev. B, 2002, Vol. 66, p. 052103.

15. V.G. Koukhar, N.A.Pertsev, and R. Waser. s.l. : Phys. Rev. B, 2001, Vol. 64, p. 214103.

16. N. Pertsev, V. Khukar, H. Kohlstedt, and R. Waser. s.l. : Phys. Rev. B, 2003, Vol. 67, p.
054107.

17. N. Pertsev, A. Zembilgotov, and A. Tagantsev. s.l. : Phys. Rev. Lett, 1998, Vol. 80, p.
1988.

18. Y.L. Li, S.Y. Hu, Z.K.Liu, L.Q. Chen. s.I. : Appl. Phys. Lett., 2001, Vol. 78, p. 3878.
19.Y.L. Li, S.Y. Hu, Z.K. Liu, L.Q. Chen. s.I. : Acta Mater., 2002, Vol. 50, p. 395.
20. L.Q. Chen. s.l. : Annu. Rev. Mater. Res., 2002, Vol. 32, p. 113.

21. J.H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, Y.L. Li, S. Choudhury, W. Tian,
M.E. Hawley, B. Craigo, A. K. Tagantsev, X.Q. Pan, S.K. Streiffer, L.Q. Chen, S.W. Kirchoe-
fer, J. Levy, D.G. Schlom. s.I. : Nature, 2004, Vol. 430, p. 758.

160



Chapter 6: Effect of temperature on PbTiO; powder and thin films

22. D.D. Fong, A.M. Kolpak, J.A. Eastman, S.K. Streiffer, P.H. Fuoss, G.B. Stephenson, C.
Thompson, D.M. Kim, K.J. Choi, C.B. Eorn, I. Grinberg, and A.M. Rappe. s.l. : Phys. Rev.
Lett., 2006, Vol. 96, p. 127601.

23.J.S. Speck and W. Pompe. s.l. : J. Appl. Phys., 1994, Vol. 76, p. 466.

24.L.S.-J. Peng, X.X. Xi, B.H. Moeckly, and S.P. Alpay. 22, s.l. : Appl. Phys. Lett., 2003, Vol.
83, p. 4592.

25. P.-E. Janolin, F. Le Marrec, E. Ringgaard, B. Fraisse, and B. Dkhil. s.I. : Appl. Phys.
Lett., 2007, Vol. 90, p. 162906.

26. K. Lee and S. Baik. 81, s.I. : Annu. Rev. Mater. Res., 2006, Vol. 36, p. 81.

27. S.P. Alpay, A.S. Prakash, S. Aggarwal, P. Shuk, M. Greenblatt, R. Ramesh, and A.L.
Roytburd. 10, s.I. : Scripta Materialia, 1998, Vol. 39, p. 1435.

28. M. Y. El-Naggar, D.A. Boyd, D.G. Goodwin. 11, s.I. : J. Mater. Res., 2005, Vol. 20, p.
2969.

29. Y.-F. Chen, T. Yu, J.-X.Chen, L. Shun, P.Li, and N.-B. Ming. 2, s.I. : Appl. Phys. Lett.,
1995, Vol. 66, p. 148.

30. R.S. Batzer, B.M. Yen, D. Liu, H. Chen, H. Kubo, G.R. Bai. 11, s.l. : J. Appl. Phys., 1996,
Vol. 80, p. 6235.

31. B.M. Yen and H. Chen. 2, s.I. : J. Appl. Phys., 1999, Vol. 85, p. 853.
32. P.S. Dobal and R.S. Katiyar. s.l. : J. Raman Spectrosc., 2002, Vol. 33, p. 405.
33. D.S. Fu, H. Suzuki, and K. Ishikawa. s.l. : Ferroelectrics, 2001, Vol. 259, p. 79.

34. D.S. Fu, H. Iwazaki, H. Suzuki, and K. Ishikawa. s.I. : J. Phys.: Condens. Matter, 2000,
Vol. 12, p. 399.

35. P.S. Dobal, S. Bhaskar, S.B. Majumder, and R.S. Katiyar. s.I. : J. Appl. Phys., 1999, Vol.
86, p. 828.

36. I. Taguchi, A. Pignolet, L. Wang, M. Proctor, F. Levy, and P.E. Schmid. s.l. : J. Appl.
Phys., 1993, Vol. 73, p. 394.

37.Yu. l. Yuzyuk, R. Farhi, V.L. Lorman, L.M. Rabkin, L.A. Sapozhnikov, E.V. Svidorov,
and I.N. Zakharchenko. 1, s.l. : J. Appl. Phys., 1998, Vol. 84, p. 452.

38. S. Srinivas, S. Bhaskar and R.S. Katiyar. s.I. : Ferroelectrics, 1999, Vol. 232, p. 141.

39. E.V. Sviridov, I.N. Zakharchenko, V.A. Alyoshin, L.A. Sapozhnikov, Yu. |. Yuzyuk, R.
Farhi, V.L. Lorman. s.l. : Ferroelectrics, 1999, Vol. 235, p. 131.

40. R.S. Batzer, B.M. Yen, D. Liu, H. Chen, H. Kubo, and G.R. Bai. 11, s.I. : J. Appl. Phys.,
1996, Vol. 80, p. 6325.

41. http://Iwww.crystec.de/daten/al203.pdf.

42. F. Le Marrec, R. Farhi, B. Dkhil, J. Chevreul, M.G. Karkut. s.I. : J. Eur. Ceram. Soc.,
2001, Vol. 21, p. 1615.

161



Chapter 6: Effect of temperature on PbTiO3; powder and thin films

43. P. Paruch and J.M. Triscone. s.l. : Appl. Phys. Lett., 2006, Vol. 88, p. 162907.
44. E.K.H Salje and U. Bismayer. s.l. : Phase transitions, 1997, Vol. 63, p. 1.

45. E.K.H. Salje and Y. Yogal. 10, s.l. : J. Phys. Chem. Solids, 1996, Vol. 57, p. 1413.
46. U. Bismayer. s.l. : Phase transitions, 1990, Vol. 27, p. 211.

47. Etude par spectroscopie Raman des transitions structurales de PbTiO3. E.H. Idrissi raport
DEA. s.I. : Universite de Metz, 1986.

48. Ph. Pruzan, D. Gourdain and J.C. Chervin. 10-12, s.I. : Phase transitions, 2007, Vol. 80, p.
11083.

49. C.H. Perry and D.B. Hall s.l. : Phys. Rev. Lett., 1965, Vol. 15, p. 700.

162



Chapter 7:

Origin of residual stress



164



Chapter 7
7 Origin of residual stress

Chapter 7: Origin of residual stress

163

7.1 Misfit strain

166

7.2 Thermal stresses

168

7.3 Phase transformation stress

168

7.4 Stresses and a-domain fraction

Conclusions

169

170

Bibliography

170

165



Chapter 7: Origin of residual stress
7. Origin of residual stress

We have already discussed in section 1.5 that PTO films are submitted to substan-
tial stresses during growth and subsequent cooling process from deposition temperature
to RT. At the growth temperature, stresses are mainly misfit and intrinsic stresses. Usu-
ally, the intrinsic stresses are negligible in films deposited by MOCVD. During the
cooling process, additional stresses may develop in the film either due to thermal
stresses or to stresses related to the phase transformation. Heterogeneous stresses may
also appear in the films due to defects such as dislocations, grain boundaries and vacan-
cies. As shown in section 4.7, heterogeneous stresses are observed in the 125 and 460
nm thick PTO films on LAO and MgO, where the defect concentration is relatively
high. However, the film volume fraction which contains heterogeneous strains seems to
be much smaller than the volume fraction with homogeneous strains. Therefore, we as-
sume that heterogeneous strain resulted from intrinsic stresses and relaxation process are
negligible and do not influence residual stress values. The residual stress measured at
RT is the sum of all stresses developed during the complex process of film preparation.

Both XRD and Raman techniques reveal that 30 — 460 nm PTO films are under ten-
sile stress in the film plane whatever the tensile or compressive misfit stress (Figure 7-
1b). The residual stress is strongly thickness-dependent. In the case of PTO/LAO and
PTO/MgO films the thinner films are more stressed and residual stress is partially re-
laxed with increasing film thickness. The residual stress evolution in PTO/STO films is
quite unexpected: tensile residual stress slightly increases with increasing thickness
from 125 to 460 nm. Indeed, XRD and TEM analyses have shown (section 4.3 and 4.4)
that twin and dislocation density increase with increasing film thickness in PTO films
on STO, LAO and MgO substrates, which gives evidence of film relaxation during the
thickness increase.

In the following, we will address the open questions related to the origin of residual
stress and its thickness evolution in PTO/STO films. We will specifically discuss the
contribution of misfit, thermal and transformation stress to the residual stress estimated
at RT. Furthermore, residual stress and a-domain fraction will be considered.

7.1 Misfit strain

Calculations of misfit stress in PTO films on STO, LAO and MgO substrates at the
deposition temperature lead to the following values: -1.8 GPa (compressive), -7 GPa
(compressive) and +10.8 GPa (tensile), respectively. Of course, such high stress values
are not observed in the films as misfit stresses are relaxed by the formation of misfit dis-
locations during the film deposition. The critical thickness for dislocation generation is a
good indicator of the capacity of the film to relax stresses. It is 7.1 nm, 1.1 nm and 0.4
nm in PTO films deposited at 650 °C on STO, LAO and MgO substrates, respectively
(1). However, the thickness for complete relaxation of films is much higher than that for
dislocation generation. XRD and Raman spectroscopy results indicate that misfit
stresses relax quickly with increasing thickness in PTO/LAO and PTO/MgO films and
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should be almost completely relaxed in 250 and 460 nm thick films (2). The film/
substrate interface is coherent in PTO/STO films, i.e. the alignment of atomic rows
across the interface is perfect, as the mismatch is rather small. Thus, the relaxation is
slow in these films, and even the 460 nm film is only partially relaxed. The thickness
evolution of misfit stresses inthe three PTO/substrate systems given in Figure 7-1a

PTO/STO PTO/LAO PTO/MgO

Misfit stresses | *10-8GPa

(a) 0 k
"

-1.8 GPa
7 GPa
Thermal stresses
+0.11GPa +0.25 GPa
0
-0.23 GPa
Trapsformation stresses
0
Residual stresses
(b ) ~—{}— Residual stress (RS) o - S0

1.2 —O— Residual stress (XRD) : \p
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Figure 7-1. Diagram showing misfit, thermal and transformation stress evolution in PTO
films on STO, LAO and MgO substrates as a function of film thickness (a). The figure presents
only trends of the evolution with thickness, absolute values do not correspond to real ones.
The misfit, thermal stresses are given only for c-domains. Film thickness evolution of residual
stress, in c-domains and a-domain fraction in PTO films on LAO, STO and MgO substrates
(b). Residual stress values have been evaluated from Raman spectroscopy results (RS) and
XRD data, a-domain fraction from XRD data.
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shows a strong disagreement with the evolution of residual stresses at RT, especially in
films on substrates inducing compressive misfit stresses. This indicates that films are
submitted to quite high additional stresses.

7.2 Thermal stresses

Thermal stresses are not thickness-dependent and are usually rather small in PTO
films on perovskite substrates. Thermal stresses developed in our PTO films during the
cooling down (from Tpe, = 650 °C down to RT) are evaluated to 0.11 GPa, 0.25 GPa
and -0.23 GPa on STO, LAO and MgO substrates, respectively (Figure 7-1a). However,
these small values cannot explain themselves tensile residual stresses as high as 0.4 to
1.2 GPa in PTO films on LAO and STO substrates. Moreover, both misfit and thermal
stresses are more or less relaxed in the films. Therefore, the thermal stress contribution
to residual stress should be smaller than values given above.

7.3 Phase transformation stress

As discussed above and especially in the thinnest films on substrates inducing
compressive misfit stress, residual stress values cannot be explained if the stress related
to the phase transition is neglected or to be completely relaxed. In-situ curvature meas-
urements indicated that stresses are not completely relaxed during phase transition as it
was expected (3, 4). As it was observed by high-temperature XRD and Raman spectros-
copy, the nature of the phase transitions which take place in epitaxial PTO films de-
pends on the film thickness and on the substrate nature. In order to illustrate the effect of
thickness and mismatch on the transformation stress, we have plotted the deviation in
wavenumbers of the E(2TO) mode position measured in PTO films, 65 to 460 nm of
thickness, from its position in bulk PTO (Figure 7-2), which is linearly proportional to
residual stress values.

One can see that an anomalous phonon behavior is observed in strained/partially
relaxed films (250-460 nm PTO/STO and 65 nm PTO films on MgO and LAO sub-
strates) in comparison with bulk PTO, especially at temperatures higher than 300°C. As
shown by high-temperature XRD analysis, the thermal expansion in these films is gov-
erned by the substrates, i.e. the cell volume cannot expand freely. This creates an addi-
tional stress as temperature gets closer to the bulk PTO phase transition temperature. As
seen in Figure 7-2, the film is reminiscent of its phase transition (the order parameter is
still temperature-dependent) at temperatures a few hundred degrees lower than T.. Thus,
this stress cannot be neglected even in films deposited below bulk PTO phase transition
temperature.

Completely relaxed films (250 and 460 nm PTO/LAO and PTO/MgO films) do not
present this anomalous phonon behaviour up to T.. However, above T, the phonon be-
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Figure 7-2: : Temperature evolution of the deviation in wavenumbers 4w of the E(2TO)
mode position in PTO films on STO, LAO and MgO from its position in bulk PTO. 460 nm,
250 nm and 65 nm thick films are considered.

haviour is similar in completely and partially relaxed films: the E(2TO) mode downshift
is slower in the films than in bulk PTO. This maybe understood as follows: in the high
temperature phase, the epitaxy with substrate does not allow the creation of a disorder as
in bulk PTO. Therefore, transformation stresses induced by the phase transition cannot
be neglected even in relaxed films. These observations show the importance of transfor-
mation stresses in epitaxial films and especially in partially relaxed films, where the
thermal expansion is governed by the substrate.

The film thickness dependence of the transformation stress evolution in PTO/LAO
films is given in Figure 7-1a. It is consistent with the evolution of residual stress, indi-
cating that residual stress mainly results from transformation stress in these films. Misfit
stresses should be completely relaxed in 250 and 460 nm thick PTO/MgO films, thus
the tensile stress of ~ 0.6 GPa mainly comes from the transformation stress. PTO/STO
films, 30-460 nm of thickness, are submitted to both misfit and transformation stresses.
Tensile residual stress indicates that the transformation stress is higher than the misfit
stress. Furthermore, the misfit stress relaxes more quickly with increasing film thickness
than the transformation stress. As a consequence, the tensile residual stress increases
with increasing film thickness.

7.4 Stresses and a-domain fraction

One of the main stress relaxation mechanisms in PTO (and other ferroelectrics) thin
films is twinning. As seen in Fig. 7-1b, the a-domain fraction increases with increasing
film thickness in PTO films on substrates inducing compressive misfit stress, and it de-
creases on tensile substrates as MgO. Furthermore, the thickness-dependence of the a-
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domain fraction is consistent with that of misfit stress (Figure 7-1a). Compressive misfit
stresses prevent the formation of a-domains but during their relaxation, misfit disloca-
tions are created at the interface and serve as nucleation sites for a-domains. Therefore,
the relaxation of compressive misfit stress results in an increase of the a-domain frac-
tion. Tensile thermal stresses can also contribute to the formation of a-domains, espe-
cially in thick films where compressive misfit stresses are almost relaxed.

The formation of a-domains is highly favored by tensile stress in the plane. As a
consequence, the relaxation of tensile misfit stresses allows the increase of the c-domain
fraction which is also favored by compressive thermal stresses.

During film cooling from Tp,p, twinning may occur through the formation of a- and
c-domains in c- and aj;/a,/a;/a, domain states. Thus, transformation stress relaxation re-
sults in the increase of a- and c-domain fraction in films on substrates inducing com-
pressive (STO, LAO) and tensile (MgO) misfit stresses. The transformation strain was
systematically varied by a change in Zr concentration (x) in PbZr,Ti;.<O3 films, which
induced corresponding tetragonality change (1). It was observed that the a-domain frac-
tion decreases with decreasing the transformation strain.

Conclusions

To summarize the discussion about the origin of the tensile residual stress in PTO
films, we can say that different types of stresses contribute to the residual stress. They
are not only related to the mismatch between the film and the substrate but also to the
difference in film and substrate thermal expansion coefficients and to the phase transi-
tion itself. The contribution of transformation stresses to the residual stress is dominant
while that of misfit stresses is significant at low thicknesses and that of thermal stresses
is small. Concerning the a-domain fraction, it depends on misfit, thermal and transfor-
mation stresses.
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General conclusions and perspectives

This work has been done in the context of a collaboration between LMGP/CNRS-
INPG (France) and Faculty of Chemistry at Vilnius University (Lithuania). The elabora-
tion and characterization of perovskite films are the main research topics in both labora-
tories. The aim of this collaboration is to improve our understanding of the intrinsic
properties underlying the electronic and magnetic functions of relaxor ferroelectric ox-
ides, traditional ferroelectrics, multiferroics, giant magnetoresistant manganites, and
nickelates. The physical properties of films are strongly influenced by their conditions
of growth, their structure, and by the stresses and consequences of final size. This thesis
has focused on the residual stress estimation methods and the stress origin and their ef-
fects on the nature of the phase transitions in ferroelectrics PbTiOj3 thin films.

General conclusions

In this study, Raman spectroscopy, XRD and TEM were used to investigate the ori-
gin of residual stress and stress effects on phase transitions in PTO epitaxial films de-
posited by MOCVD. In order to vary the stress level in the films a series of epitaxial
PTO films with different thicknesses was elaborated on different substrates which in-
duce either a compressive (STO and LAO) or a tensile (MgO) misfit stress.

Our Raman analysis of a stress-free polydomain PbTiO; single crystal and dark
field Raman spectroscopy revealed that phonon mode profiles can be significantly modi-
fied by the existence of oblique modes in VV polarized and depolarized Raman spectra.
We note that obliqgue modes exist in all ferroelectrics but surprisingly, they are almost
never taken into account in the current literature for the analysis of Raman scattering in
ferroelectric films reported in literature. Moreover, most works on residual stress in
these films are based on Raman modes coming from depolarized spectra. On the other
hand, our result illustrates that the use of a VH configuration of polarization and the con-
sideration of oblique modes are essential to obtain spectra allowing an accurate estima-
tion of residual stress values.

In the literature the residual stress in PTO films is mainly analyzed by considering
the shift of the E(1TO) soft mode. We argue in our work that this choice is questionable
because of the anharmonic nature of the soft mode and because the existing data cannot
be extrapolated for the case of tensile strain. Other papers report on residual stress val-
ues determined from E(LO) or A(3TO) modes, which are highly modified by oblique
modes. Moreover, residual stress values could not be estimated from Raman modes for
polycrystalline PTO films. As a consequence we propose and apply an alternative analy-
sis based on the behaviour of the E(3TO) mode which is a hard mode and possibly the
unique reliable mode for such a determination. Residual stress values obtained from the
E(3TO) mode are consistent with those calculated from lattice parameters issued from
XRD data.
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We note that hydrostatic pressure data, and specially the pressure coefficient of the
E(3TO) mode, can be used in good approximation for the determination of residual
stress in epitaxial PTO films in the case of c-domains because the stress is biaxial in the
substrate plane and b*(E(3TO)) << a'(E(3TO)) of PTO. In other cases where the stress
is not biaxial (a-domains probably), the a‘, b* and c* deformation potential constants
should be known to allow calculations of stress values from the shift of Raman modes.

Further to the choice of the right Raman mode for a meaningful analysis we argue,
on the base of Raman selection rules, that Raman spectra should be collected on the film
Ccross section to obtain information about c-domains which are dominant in the film. The
measurements on the film surface give information about a-domains only.

XRD and Raman results reveal that PTO films are under tensile stress on STO,
LAO and MgO substrates and that residual stress values are strongly thickness depend-
ent. XRD and TEM analyses show that twin and dislocation density increase with in-
creasing film thickness of PTO films, which gives evidence of film relaxation with film
thickness.

The analysis of the evolution of residual stress with thickness and the analysis of
film relaxation indicate that the residual stress originates from various types of stresses
and not only from misfit stress as usually proposed in literature. We have shown that the
dominant stress in our films is related to the phase transformation while it is usually as-
sumed in literature that it does not exist or is completely relaxed by domain structure.

Our study illustrates that an investigation of the high-temperature behaviour, close
to the phase transition, is instructive and allows to evidence and discuss the influence of
the substrate on the film. It is important to note that the confusion between domain state
transformations and the phase transition in epitaxial PTO films can be avoided by inves-
tigating the high temperature behaviour of both a- and c-domains using XRD and Ra-
man spectroscopy.

As a general trend, we have observed the following tendency: The smaller the lat-
tice-mismatch with substrate, the greater the influence of the substrate and the more
stressed film. The influence of the substrate also increases with decreasing film thick-
ness. High temperature XRD and Raman spectroscopy give evidence that residual
stresses do not indicate the substrate dependence of the films, as they are the sum of all
contributions of induced stresses. For example, residual stress values are lower in PTO/
STO films which are more substrate dependent than PTO films on MgO and LAO sub-
strates.

Finally, our observations show that phase transitions in epitaxial films are consid-
erably different from that in PTO powder or polycrystalline films. Domain state trans-
formations are observed at lower temperatures in thin epitaxial films than in thicker ones
due to the stronger influence of ferroelectric correlation in the high temperature phase
increases with decreasing film thickness. Furthermore, no thickness dependence of the
phase transition temperature is observed in such films. A manifestation of the substrate
effect is found in 250 nm PTO/STO strained films which remain ferroelectric and have a
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c/a/c/a domain structure up to 650 °C whereas theory predicts the stability of the c¢/a/c/a
domain state only below the phase transition temperature in bulk PTO.

Perspectives

The high temperature XRD analysis of in-plane and out-of-plane lattice parameters
in PTO films on different substrates should be completed in order to determine the aver-
age structure of the high-temperature phase in our films.

The next step to our study would be the analysis of stress effects on the electrical
properties of thin films. For this purpose, PTO films should be deposited on an elec-
trode/substrate system before proceeding to a similar study of residual stress in the dif-
ferent films.

It would be also interesting to investigate stress effects, using the same techniques,
in other ferroelectric perovskite films in which several phase transitions take place.
Thus, the relaxation of the transformation stress might be different for each phase transi-
tion due to the difference in the available thermal energy.
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Résumé
Introduction

Les oxydes de type pérovskite présentent une extraordinaire richesse de propriétés
physiques et structurales. Ils sont bien connus pour leurs instabilités structurales qui
peuvent étre controlées par des parametres extérieurs comme la température, le champ
électrique, les contraintes,... Une méthode originale de varier ces instabilités structura-
les, et ainsi les propriétés associées, consiste a utiliser les contraintes interfaciales quand
un film est dépose sur un substrat. Les propriétés physiques des films peuvent ainsi étre
considérablement différentes de celles des matériaux massifs, non seulement a cause de
I’interaction film-substrat, mais a cause de la taille des grains, des défauts,... Les
contraintes peuvent aussi altérer les propriétés mécaniques, optiques, structurales et
électriques ainsi que la nature des transitions de phases de films minces ce qui peut jouer
un role sur la fiabilité et performances.

Les oxydes perovskites ferroélectriques ont recu considérablement d’attention pour
I’attractivité de leurs propriétés physiques. Ainsi, les études concernant les films épi-
taxiaux ferroélectriques sont de grand intérét a cause de leur potentielle application
comme composant dans les mémoires, les diélectriques hautes permittivités et des gui-
des d’onde. Par le passé, les contraintes internes dans les films ferroélectriques ont été
systématiquement étudiées en variant différents paramétres: I’épaisseur des films, le
choix des substrats pour obtenir différent désaccord et différence de dilatation thermi-
que, les variations des conditions de déposition et de traitements thermiques, I’insertion
d’une fine couche intermédiaire de composition chimique intermédiaire entre le film et
le substrat,...

Cependant, les différents films obtenus peuvent présenter des microstructures et
taille de grains différentes qui peuvent affecter les caractérisations électriques. On peut
ainsi noter que dans la littérature peu de travaux présentent une mesure directe des
contraintes et ces dernieres sont en général associées a une origine unique de contraintes
(par exemple d’épitaxie ou thermique). Dans les systemes ou les contraintes résiduelles
sont données, il est souvent supposé que les contraintes ont une unique origine, et ce,
bien que les contraintes résiduelles a température ambiante sont la somme de toutes les
contraintes se développant pendant le processus complexe de préparation des films.
D’autant plus, les contraintes résiduelles sont le plus souvent estimées par une méthode
unique dont la validité est rarement discutée. Ainsi, les méthodes simples pour estimer
les contraintes résiduelles et étudier leur origine utilisant des techniques de caractérisa-
tions telle que la diffraction des rayons X et la spectroscopie Raman sont d’un intérét
particulier.
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L’effet des contraintes sur les transitions de phase dans les films ferroélectriques a
été déja étudié dans la littérature. Il est connu que dans les films contraints de haute qua-
lité épitaxiales, la transition de phase peut étre décalée de plusieurs centaines de degrés,
aussi, les parameétres de premier et de second ordre peuvent découplés. Cependant, I’ef-
fet des contraintes sur des films partiellement relaxé ne reste pas clair di au manque d’é-
tudes poussées basés sur I’influence du degré de relaxation sur la nature des transitions
de phases.

Dans notre etude, nous avons choisi le ferroélectrique titanate de plomb PbTiO3
(PTO) de structure pérovskite car il peut étre considéré comme un prototype d’une large
classe de matériaux ferroélectriques. Aussi, les propriétés physiques, structurales et
spectroscopiques de PTO sont plutdt bien connues ce qui en fait un matériau de référen-
ce pour I’étude des films minces. Il se trouve que les films de PTO ont été intensivement
étudiés ces 15 derniéres années ce qui nous permet de comparer et discuter nos résultats
avec ceux déja rapportés dans la littérature.

L’ objectif de notre étude était d’étudier I’origine des contraintes résiduelles et leur
effet sur la nature des transitions de phase et de la transformation des structures de do-
maine dans les films epitaxial de PTO en utilisant la diffraction des rayons X et la spec-
troscopie Raman. Afin de varier le niveau de contraintes résiduelles dans les films, une
série d’épaisseur de films de PTO ont été déposés sur des substrats tres courants, indui-
sant des contraintes de désaccord en compression ou en tension (Figure 1.1, page 3).

Dépbt de films de PbTiO3 par PI MOCVD. Procédure d’ optimi-
sation.

La croissance de films épitaxiaux de PTO a été effectuée par dépot chimique des
composés metal-organiques en phase vapeur (MOCVD) (Chap. 3, Ref. 3-7), dép6ts par
ablation laser pulsé (PLD) (Chap. 3, Ref. 8-9), rf-magnetron sputtering (Chap. 3, Ref.
10). Parmi les différentes méthodes de préparation, la MOCVD a été reconnue en tant
que technique la plus prometteuse & cause de la possibilité de croitre des films sur de
larges aires avec un taux de croissance rapide.

Dans la littérature, les composés PbEt, et Ti(O'Pr),ont principalement été utilisés com-
me précurseurs pour la croissance MOCVD en faisant buller le gaz vecteur a travers des
fioles de précurseurs liquides (Chap. 3, Ref. 4, 5, 11-15). Dans ce travail, la phase va-
peur est générée par évaporation flash du solution de Pb(thd), et Ti(thd),(O'Pr), dissouts
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dans du toluene. Les précurseurs sont solides a la température ambiante et ils sont sou-
vent préférés car ils sont non toxiques et plus stables a température ambiante par rapport
aux précurseurs liquides. Dans les années passees, les sources uniques ont été de plus en
plus utilisées pour croitre des composes multiples d’oxyde. Cette technique offre de plus
un meilleur contréle de la composition et une meilleure reproductibilité que la CVD
conventionnelle.

L’influence de différentes conditions de dépdts (température, pression partielle
d’oxygeéne, fréquence d’injection, concentration et la composition de la solution) a été
examinée pour la croissance de films de PTO sur différents substrats par injection pulsée
(P1) MOCVD.

La pression partielle d’ oxygene influence la perte de plomb pendant la croissance
et les traitements thermiques (Figure 3-1, page 56). Le maximum du ratio Pb/(Ti+Pb)
dans les films a été obtenu en utilisant 37.5 % de O, dans le flux de gaz. La perte de
plomb pendant I’étape de refroidissement peut étre réduite en utilisant une haute pres-
sion d’oxygeéne (0.4atm).

Température de dépot L’évolution de la composition des films, la micros-
tructure et la morphologie a été étudiée pour différentes compositions injectées et tem-
pératures de substrat. A haute température, il est nécessaire d’augmenter la concentra-
tion de précurseur de plomb pour avoir la bonne proportion de cations dans les films.
Ceci peut étre relié a une grande désorption du plomb a haute température (Figure 3-2,
page 57). La composition de la solution et la température de croissance influence forte-
ment la morphologie et la microstructure (Figure 3-3, page 58). Les films épitaxiaux sur
les substrats de pérovskite consistent principalement en des domaines c et peu de domai-
nes a. La morphologie de surface est principalement déterminée par la croissance d’ilots
pour la croissance de films a T<600°C et par le phénoméne de maclage pour la croissan-
ce de film Tge> 650°C.

Le taux de croissance et la composition des films de PTO ont été étudiés en fonc-
tion de la pression de dépdt, la concentration en solution et la fréquence d’injection. Il a
été montré que la désorption en Pb peut étre contrélée par le changement du taux de
croissance (Figure 3-7, page 59).

Maclage Les films totalement et partiellement maclés peuvent étre obtenus
en variant les conditions de dépét (Figure 3-10, page 62). Les macles sont observées
pour les domaines a et ¢ (Figure 3-11, page 62). L’angle de tilt dépend de la fraction de
macles (figure 3-13, page 63). La meilleur cristallinité et la plus basse fraction de do-
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maine a été obtenue dans des films épitaxiaux obtenus a 650°C sur des substrats de
LaAlO; (001) (LAO) et SrTiO3(001) (STO).
Les conditions de dépbts sont résumées dans le Tableau 1.

Tableau 1: Conditions optimisées de dépbt pour la croissance de PbTiOs par Pl
MOCVD

Température du substrat (Tpep), °C 650

Température d’évaporation , °C 280

Gaz de transport Ar+ 0,

Flux total de gaz, I/h 60

Fraction d’oxygeéne (Fox), % 375

Pression totale (Pt), Torr 5

Précurseurs Pb(thd),, Ti(thd),(O'Pr),
Solvant Toluene

Concentration de la solution (total, ct), mol/Il 0.04

Fréquence d’injection (vin), Hz 2

Evolution dela structure des films de PbTiO; avec |le désaccord
de maille et I’ épaisseur des films

Puisque la technologie de films appropriées aux mémoires ferroélectriques est typi-
quement supérieure a 120 nm, les caractérisations et I’analyse des propriétés films doi-
vent étre menée sur des épaisseurs équivalentes. Ainsi, dans le but d’étudier les effets
des contraintes et les procédés de croissance de films de PTO, des films d’épaisseur de
30-460 nm ont éte depose sur des substrats de LAO, STO et MgO utilisant des condi-
tions optimisée de dépot (Tableau 1). Le désaccord de maille dans les films de PTO sur
ces substrats varie de fortement compression (LAO) et de faible compression (STO) a
forte tension (MgO) aux conditions de dép6ts (Figure 4-1, page 71). Pour étudier la re-
laxation de films et I’origine de contraintes résiduelles, une compréhension de la micros-
tructure est nécessaire. Ainsi, dans ce chapitre nous présentons une résumé d’analyse
détaillée de la structure de domaine, de la qualité d’épitaxie, des défauts, des parametres
de réseau, de I’homogénéité des contraintes et de la taille des grains. De plus, les valeurs
des contraintes résiduelles seront estimée d’apres les données de DRX.
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Relaxation des contraintes par maclage et disocations

I ntroduction Les films sont d’ordinaire soumis a une contrainte conséquente
pendant la croissance et le refroidissement de la température de dépdt a la température
ambiante. A la température de croissance, les contraintes proviennent essentiellement du
désaccord (aussi appelées contraintes épitaxiales) et de la technique de dépdt
(contraintes intrinseques) ce qui est négligeable en MOCVD. Pendant le refroidisse-
ment, des contraintes additionnelles thermiques et de transformation peuvent se déve-
lopper dans les films. Les contraintes de épitaxiales de films ferroélectriques sont princi-
palement relaxées par la formation de dislocation et de macles (domaines).

La fraction de domaines a dépend du désaccord et des contraintes thermiques en
tant que mécanisme de relaxation dans les films PTO. De plus, la formation des domai-
nes a et c est favorisée par les contraintes de tension et compression, respectivement
(Figure 4-10, page 76). Il est important de noter que les contraintes thermiques sont in-
dépendantes de I’épaisseur des films, tandis que les contraintes de désaccord sont re-
laxées avec I’augmentation de I’épaisseur. Ainsi, le degré de relaxation des contraintes
par la génération de dislocation de désaccord joue un rdle critique dans la structure fina-
le de domaines. L’épaisseur critique pour la formation de dislocation de désaccord est
un bon indicateur de la capacité des films de se relaxer des contraintes (Tableau 2). L’é-
paisseur de complete relaxation des contraintes est bien plus grande que I’épaisseur cri-
tique pour la génération de dislocations. Comme nos films ont été déposés a relative-
ment basse température, I’énergie thermique nécessaire pour la création de dislocations
est faible.

Fraction des domaines Les fractions de domaine a dans tous les films ont
été évaluée d’apres le rapport d’intensité intégrée correspondant aux réflexions (301)/
(310) et (103) (section 2.2.2, page 41). Les fractions de volume évaluées de domaines a
sont donnés en fonction de I’épaisseur des films dans la figure 4-11 (page 78). Les films
d’épaisseur de 30 a 460 nm sur les substrats STO, LAO et MgO présentent une structu-
re c/alcla, excepté pour les films d’épaisseur de 30 et 65 nm de PTO/STO et de 30 nm
de PTO/LAO ou seul les domaines c ont été observeés. La littérature reporte I’évolution
en épaisseur des domaines a conforme avec nos résultats : la fraction des domaines a
décroit avec I’augmentation de I’épaisseur de PTO/MgO tandis que dans le cas des
substrats de STO et LAO, I’augmentation de la fraction des domaines a est observée
avec I’accroissement de I’épaisseur des films.
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Maclage L’apparence des domaines a et ¢ non maclés dans les films dé-
pend du désaccord avec le substrat. Si le désaccord des domaines c avec le substrat est
plus petit que celui des domaines a, seul les domaines les domaines ¢ peuvent étre non
maclés (par exemple pour les films PTO/STO et PTO/LAOQ). Pendant, la relaxation des
contraintes la structure de domaines se forme dans les films. Ainsi, le maclage des do-
maines a et c indique une relaxation dans les films. Dans les trois systéemes film/
substrat, la proportion de domaines maclés augmente avec I’épaisseur des films. Le ma-
clage apparait entre les domaines a et c, résultant en un en une inclinaison depuis la nor-
male du film des deux types de domaines (I’explication est donnée en section 1.5, page
19). Ainsi, la présence d’une inclinaison des domaines a indique qu’une fraction des do-
maines ¢ doit aussi étre inclinée. Par conséquent, la fraction de domaines ¢ macls
s’accroit avec I’augmentation des domaines a. L’angle d’inclinaison des domaines ¢
(domaines a) s’accroit (décroit) avec I’accroissement de la fraction de domaines a
(Figure 4-16, page 86).

Tableau 2: Paramétres structuraux de PTO massif et des substrats : désaccord de maille,
contraintes thermiques, épaisseur critique des films PTO déposés a 650 °C.

%, . @) ) Q)
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s maille (A) =g 2 | o = 3= D,
< =} x S = = B T~ + 2 | T4
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g 5o | c=4.153 (11)
55
& &
3 7.1
STO 2 3.905 | 3.932 11.5%* -1.1 -1.8 +0.11 '
= (11)
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o
273 1.1
LAO | © & 3.789 | 3.814 10.2** -4.2 -7.0 +0.25
a5 (11)
&
g 0.4
MgO =2 4212 | 4251 | 148 (11) | +65 | +10.8 -0.23 (1'1)
c
D

**\/aleursinitiales du désaccord de maille, la relaxation n’ est pas prise en compte.

** Valeurs estimées depuis nos mesures de diffraction des rayons X a haute température.
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Densité des défauts Dans le but d’étudier la qualité épitaxiale de I’in-
terface film substrat et la densité de macles et dislocations, une analyse HRTEM a été
effectuée sur la section de la couche. L’effet des different désaccord entre le film et le
substrat a été étudié pour les couches de 250 nm d’épaisseur sur LAO et STO. L’effet de
I’épaisseur est comparé entre les films de 65 nm et 250 nm d’épaisseur des films PTO/
LAO.

La densité de défauts (dislocation et macles) ou de relaxation des contraintes aug-
mente avec I’augmentation du désaccord et de I’épaisseur. Les films de 250 nm d’épais-
seur PTO/STO sont cohérents et dans le plan avec le substrat (Figure 4-17, page 87),
tandis que PTO/LAO est epitaxial mais n’est pas cohérent dans le plan avec le substrat
(Figure 4-21, page 90) . Les dislocation de désaccord sont principalement des sites de
nucléation pour les domaines a dans les films sous compression. Les domaines a se-
condaires se forment principalement dans les films relaxés (Figure 4-23, page 91). Les
domaines a non maclés sont observés dans les films avec une grande densité de disloca-
tion traversantes, alors que les domaines a et ¢ non maclés ne peuvent étre créé que par
I’intermédiaire des défauts (Figures 4-23 et 4-24, pages 91 et 92).

La mosaicité des domaines ¢ augmente avec I’épaisseur des films ou le désaccord
de maille du & I’augmentation de la concentration de défauts (Figure 4-16, page 86) . La
mosaicité des domaines a maclés ne dépend pas des matériaux de substrat ni de I’épais-
seur des films. Ceci indique que la mosaicité des macles est déterminée par la matrice
du film. En prenant en compte I’influence des macles et la résolution instrumentale (0.1°
en rocking-curve) sur les valeurs de la largeur (Figure 4-16, page 86) la qualité épitaxia-
le de PTO/STO est trés bonne alors que PTO/LAO et MgO peut étre considerée comme
bien orientée.

L es contraintes

Les contraintes résiduelles dans les couches minces peuvent étre estimees a partir
des déformations des parametres de maille. Selon la loi de Poisson, les contraintes de
tension dans le plan résultent par I’augmentation des parameétres hors du plan.

Parametresde maille Les parameétres dans le plan et hors du plan des domaines
a et c ont été etudiés par les réflexions (103) et (301)/(310) en images »-20 (section
2.2.2, page 40). Dans le cas de nos films, le parametre c est plus petit que celui d’un
massif pour n’importe désaccord de maille (Figure 4-25, page 93). La relaxation thermi-
que est négligeable car nos films ont été déposé a relativement basse température
(650°C). Ainsi, les valeurs du massif ne sont pas atteintes méme pour des épaisseurs de
460 nm. D’autres groupes ont aussi rapporté que la diminution de I’axe c sur les substrat

185



Résumé

induisent des contraintes compressives ou de tension. Cependant, la déformation de
I’axe c avec les contraintes est plus grande, plus de 4 fois plus élastique que I’axe a
(correspondant au module élastique donné en section 4.6 Table 4-2, page 96). De plus,
les paramétres dans le plan sont d’ordinaire bloqués par le substrat et n’évoluent pas
avec I’évolution de la relaxation. L’évolution du paramétre a dépend plus des défauts
que des contraintes appliquées. Ainsi, ils ne peuvent étre utilisé pour une étude de la re-
laxation des contraintes et pour I’estimation de la valeur des contraintes. Nous utilise-
rons le parametre ¢ des domaines ¢ pour mesurer les contraintes résiduelles dans les
films.

Contraintesrésiduelles Les contraintes résiduelles biaxiales dans les films
PTO sur STO, LAO et MgO ont été estimes a partir de la formule ().
1)
C,.,+C.)C
o, = _( 11 12) 33+C13 £,
2C,,

Ou, g;i est la déformation, oj; est la contrainte, Ciji=( Sijk.)'l est le tenseur de compliance
(rigidité) du cristal consideré.

L’évolution des contraintes résiduelles avec I’épaisseur est donnée sur la figure 4-
26 (page 97). La valeur positive de oy, suggere que tous les films sont en tension pour
tous les substrats et leur épaisseur. Les contraintes résiduelles se relaxent graduellement
de 1 GPa a 0.4 GPa en augmentant I’épaisseur des films PTO/LAO de 30 a 460 nm. La
contrainte résiduelle reste constante aux incertitudes expérimentales pres sur les couches
PTO/MgO tandis que sur les films PTO/STO, la contrainte de tension augmente en aug-
mentant I’épaisseur. Pour les couches de 30 & 125 nm, les contraintes residuelles sont
les plus importantes (1.1 a 0.85 GPa) pour PTO/LAO, tandis gu’elle descendent jusqu'a
0.3 GPa sur PTO/STO. On retrouve environ les mémes contraintes sur les films a 460
nm pour STO, LAO et MgO (respectivement : 0.48 , 0.44 et 0.62 GPa).

Contraintes hétérogenes La premiére cause de contraintes
homogenes est la contrainte du substrat. S’ajoute les défauts qui produisent des contrain-
tes hétérogenes ce qui peut affecter I’intérét technique et les propriétés des films. D’au-
tant plus que les déformations hétérogenes se couplent trés fortement avec la polarisa-
tion comme il a été montré par des theories phénoménologiques ou elles modifient la
température de transition de phase. Ainsi, il est important d’étudier les déformations
hétérogenes. Ces déformations peuvent étre analysées par diffraction des rayons X de
I’axe c car il est le plus élastique. La relaxation par les défauts des déformations comme
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les dislocations de désaccord et traversantes réduisent ou éliminent I’énergie associée
aux contraintes homogeénes. Cependant, tous défauts dans le film génerent de déforma-
tion hétérogene. Ainsi la déformation est peu hétérogene dans les domaines a et ¢ avec
une forte densité de défauts. Le volume de déformation hétérogéne est plus faible que
celui homogene, ceci indiquant que les contraintes du substrat restent trés importantes
par rapport a celle induite par les défauts (Figures 4-27, page 98).

Effet de taille et microdéformations L’élargissement des pics de la dif-
fraction des rayons X peut venir des déformations et de I’effet de taille. La contribution
individuelle des contraintes et de I’effet de taille sur la réflexion (00I) ont été estimés en
utilisant I’analyse de Williamson-Hall et I’approximation de Halder-Wagner. Les deux
analyses convergent et donnent une preuve que la contribution principalement est I’effet
des déformations bien qu’a faibles épaisseurs, I’effet de taille ne puisse étre aussi negli-
gé (Figure 4-30, page 101). En conclusion, de fortes microdéformations résultent du dé-
saccord de maille dans les films tres minces et de la concentration de défauts dans les
films épais.

Modes Raman et contraintesrésiduelles

La spectroscopie Raman est complémentaire de la diffraction des rayons X car
c’est une sonde locale et sensible a de petits changements de symétrie. De plus, la fer-
roélectricité et ainsi les modes Raman sont fortement influencés par la déformation mé-
canique résultant de la pression hydrostatique ou des contraintes ( Chap. 5, Ref. 11; 12;
18; 19; 20; 21).

Nous verrons par la suite que I’analyse des spectres Raman de PTO est trés com-
plexe. Il est par exemple trés importante de se rappeler que nos films consistent dans des
domaines a et ¢ et peuvent présenter des domaines a 180° puisqu’ils sont obtenus sur des
substrats diélectriques et sont non polarisés. Ainsi, les modes Raman ne sont pas seule-
ment affectés par les contraintes dans les films mais aussi par la dépolarisation du laser
résultante des domaines a 90 et 180°. Par conséquent, les causes de dépolarisation doi-
vent étre prisent en compte avant I’évaluation des contraintes. Pour interpréter d’une
maniére utile la structure polydomaine, nous présentons par la suite une analyse et une
discussion de la signature des modes Raman de monocristal de PTO présentant des do-
maines a 90 et 180 ° comme dans nos films.
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Les modes Raman relatifs aux domaines a et ¢ peuvent étre clairement discernés
par I’enregistrement de spectres polarisé en surface et en section (Figure 5-1, page 111).
Quand un spectre est enregistré sur la surface, ou sur un monocristal, les modes E(TO)
sont observés en VH alors que les modes A;(TO) proviennent des domaines a et les mo-
des A;(LO) des domaines c. Les spectres obtenus sur la section en VH montrent des mo-
des E(TO) qui proviennent des 50% des domaines a et domaines c. En VV, les modes A
(LO) sont relatifs aux domaines a et A(TO) proviennent de 50% des domaines a et do-
maines c. Les modes durs A;(TO) correspondant aux domaines a et ¢ ont été identifie
par comparaison des spectres VV en surface et sur la tranche (Figure 5-9, page 119).

Monocristaux polydomaines de PTO

L’ analyse des spectres Raman révéle que :

La position des modes Raman et le profile des pics sont modifiés par la présence de
modes obliques en configuration VV (Figures 5-2 et 5-3, pages 113-114). Les modes
obliques peuvent résulter d’une origine intrinseque et extrinseque comme la structure de
domaines ferroélectriques, la mauvaise orientation des échantillons, I’ouverture numéri-
que et le mauvais alignement du systeme Raman.

L’analyse de la lumiére diffusée a différent endroit du cone de lumiére pendant une
acquisition en VV a été effectuée en utilisant une modification du Raman en champ som-
bre (Figure 5-7, page 117). Cette étude confirme la présence et I’importance de modes
oblique en spectres VV et leur influence sur I’asymetrie des profiles et des positions.

Les spectres en polarisation VH sont essentiels pour mesurer les modes E(TO) avec
précision puisque les modes obliques ne sont pas possibles. Cette condition fondamenta-
le pour I’évaluation des contraintes résiduelles dans les films de PTO basée sur la posi-
tion des pics E(TO).

Détermination des contraintes résiduelles

La fréquence des modes E(TO) wgro) €n fonction des contraintes hydrostatiques P
peuvent étre décrite de la maniére suivante :

A®g 10y = (Za;E(TO) + bI‘E(TO)) P (2)

ou a’ et b’ sont les constante du potentiels de déformation exprimes en terme de com-
pliance. Dans le cas des domaines ¢ sous contraintes biaxiales o,, ®(E(TO)) peut s’écri-
re:

' 3
AwE(TO) = 2aE(T0)(7b (3)
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Bien que les conditions dans les films ne soient strictement pas hydrostatiques, il a
été supposé que les instabilités des contraintes hydrostatiques offrent un guide sur com-
ment un matériau va réagir a une contraintes extérieure. Comme les modes Raman va-
rient linéairement avec les contraintes biaxiales, seules les coefficients sont différents. Il
peut étre noter que dans la littérature (Chap. 5, Ref. 10; 13; 15; 17), la valeur des
contraintes en tension de PTO ont été estimées par le décalage du mode mou E(1TO).
Cependant, les coefficients en pression ont été déterminé uniquement en compression

(pression hydrostatique O, /0P=-5.8+020m"GPa™ ) et le mode mou est par défi-
nition anharmonique. Ainsi, la relation entre la contrainte appliquée et le décalage Ra-
man est non linéaire et sensible a I’effet de taille. Ce mode ne peut donc pas étre utilisé
précisément pour déterminer les contraintes résiduelles sur les films epitaxiales et poly-
cristallins. Nous avons donc utiliser le mode E(3TO) qui est un mode dur (harmonique)
dans le sens ou sa dépendance en pression montre un décalage positif et linéaire (

O g0y OP =+7.1+1.0cm™GPa™ ), Dans les films polycristallins, les grains ont diffé-
rentes orientations cristallographiques ce qui resulte en I’apparition de modes obliques.
D’autre part, comme mentionné plus haut, les régles de sélection ne sont pas respectée
dans les films polycristallins. Ainsi, méme le profile du mode E(3TO) est modifié par
les modes obliques dans les films polycristallins. Le mode dur E(3TO) peut ainsi étre
décalé vers les hautes fréquences et ainsi déterminer des contraintes apparemment plus
faibles que déterminées par diffraction des rayons X. Il s’en suit que les valeurs des
contraintes résiduelles ne peuvent pas étre estimée a partir des modes E(TO) en milieu
dans les films polycristallins de PTO. La similarité des contraintes estimées par DRX et
la spectroscopie Raman du mode E(3TO) (Figure 5-12, page 122) nous permet de consi-
dérer I’equation 2 valide puisque b’<<a’ pour ce mode. Les données obtenues par pres-
sion hydrostatiques peuvent donc nous fournir une compréhension et une estimation cor-
rect de I’état de contraintes a partir du mode dur des domaines c dans les films de PTO.

Les films de 30 a 460 nm sont en tension dans le plan du film lorsqu’ils sont en dé-
saccord de maille compressif ou de tension (Figure 5-17, page 127) . Les domaines a
sont plus contraints que les domaines c. Cependant, nous ne pouvons pas estimer les va-
leurs des contraintes dans les domaines a tant que la symétrie des contraintes et le poten-
tiel de déformation n’est pas connu. Il y a toutefois un trés bon accord entre les valeurs
des contraintes estimées par DRX et par la spectroscopie Raman, ce qui justifie bien
I’emploi du mode E(3TO).
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Effect de la température sur PbTiO; poudre et en films

Dans le but d’étudier I’influence du deésaccord de maille sur la transition de phase
dans les films de PTO polydomaines, les films partiellement relaxés en utilisant DRX et
la spectroscopie Raman en température. Nos résultats sont comparés a ceux
completement relaxés des films épitaxiaux et polycristallins ainsi qu’avec un échantillon
massif (poudre). De plus, la transition de phase dans le massif PTO a été & nouveau étu-
diée par spectroscopie Raman dans le but d’avoir une référence connue des spectres a
haute température et ainsi d’étudier précisément la transition de phase a la température
T..

Pour résumer nos résultats sur la transition de phase sur poudre (massif), films po-
lycristallins et epitaxial, nous avons proposé un model hypothétique de la transition de
phase développée dans les transitions cubiques désordonnées. Ceci est présenté sur la
figure 6-23 (page 159). Le PTO massif traverse la phase quadratique a la phase cubique
désordonnée a 520 °C (Figures 6-9 et 6-10, page 145). Cette phase haute température a
une symétrie local quadratique avec les ions de Ti suivant les trois directions possibles
(6 sites) ont une probabilité équiprobable. Ainsi la structure est en moyenne cubique. De
plus, des petits domaines ferroélectriques peuvent exister (inférieure a la limite de dif-
fraction). La polarisation des domaines est macroscopiquement désordonnée, résultant
en une phase paraélectrique. Le comportement haute température des films polycristal-
lins de PTO est similaire (Figures 6-9 et 6-10, page 145) au massif excepté que la transi-
tion de phase est plus basse a cause des contraintes thermiques de tensions.

La transition de phase dans les films épitaxiaux est considérablement différente de
celle du massif. L’orientation des films complément et partiellement relaxé est gouver-
née par le substrat. Ainsi, les transformations de phase des polydomaines c/a/c/a en do-
maines ¢ ou domaines a;/a,/a;/a, sont observés pour toutes les épaisseurs sur substrats
en compression et en tension respectivement. Les résultats de DRX (Figure 6-7, page
142) et la spectroscopie Raman (Figures 6-15 (page 149), 6-17 (page 151) et 6-18 (page
152)) montrent que la température, a la quelle les transformations de domaine ont lieu,
diminuent avec I’épaisseur.

Dans le cas des films completement relaxés tels que les films PTO/LAO ou PTO/
MgO de 250 et 460 nm, la température de transition est similaire a celle du massif
(Figures 6-16 (page 150), 6-19 (page 153) et 6-21 (page 155)). Au dessus de T, la lar-
geur des raies Raman de I’échantillon a 460 nm est nettement plus grande ce qui indique
un désordre plus important avec des clusters ferroélectriques plus petits et comparable
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au massif. Dans les films de 250 nm, la largeur est légerement plus faible indiquant une
augmentation de la corrélation ferroélectrique. Ceci permet une distorsion élastique et
ainsi un déplacement du titane suivant la normale au plan du substrat ou dans les deux
directions du plan du substrat pour LAO ou MgO respectivement.

Dans les films partiellement relaxés de LAO et MgO de 65 nm d’épaisseur, I’évo-
lution de la température de I’orientation des films et de leur structure dépendant forte-
ment du substrat. Un réarrangement structurale se produit a 500°C. La phase haute tem-
pérature est fortement orienté suivant c ou a dans les films sur LAO et MgO respective-
ment. Les raies Raman sont plus fines ce qui indique encore un déplacement préférentiel
des ions titanes dans les clusters suivant la normale au plan (Figure 6-20 (page 153) et 6
-22 (page 156)). La structure doit &tre en moyenne plus quadratique mais nous ne pou-
vons pas juger si la phase est ferroélectrique ou pas.

Il est important de noter que la distorsion quadratique est la méme dans les poudres
et les films polycristallins, partiellement et complétement relaxés puisque les modes A et
E se confondent a environ 500°C (Figure 6-21, page 155). Cependant, les orientations
quadratiques sont fortement limiteées par le substrat dans les films épitaxiés. Ainsi, les
possibilités du déplacement du titane dans certaines directions sont réduites, résultant en
une structure en moyenne quadratique. |l est possible que cette distorsion quadratique
ne soit plus couplée au premier paramétre d’ordre (polarisation) comme il a été observé
sur d’autres films de structure pérovskite. Ainsi, les films partiellement et complétement
relaxés peuvent/sont paraélectriques a haute température.

Finalement, dans les films épitaxiaux cohérents (PTO/STO), aucune transition de
phase n’est observée entre la température ambiante et 600°C (Figures 6-8 (page 143), 6-
11 (page 147), 6-12 et 6-13 (page 148). La structure moyenne est identique & la structure
locale quadratique. Les déplacements du titane ne sont possibles que dans une direction.
De plus, la corrélation ferroélectrique est plus grande résultant en une phase ferroélectri-
que a haute température. Cependant, bien que la signature Raman est similaire a basse
et haute température, nos données Raman ne peuvent a proprement parler confirmer cet-
te hypothese. Ceci nécessite des mesures dans le plan et hors du plan plus précises ainsi
que des caractérisations électriques a haute température.
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Origine des contraintes résiduelles

Nous avons discuté dans la section 1.5 (page 19) que les films de PTO sont soumis
a des contraintes importantes pendant la croissance et le refroidissement. A la tempéra-
ture de dépdt, les contraintes ont principalement du au désaccord de maille et des
contraintes intrinseques. D’ordinaire, les contraintes intrinseques sont négligees dans les
dépbts MOCVD. Pendant le refroidissement des contraintes supplémentaires peuvent se
développer dans les films soi par les contraintes thermiques soi par les contraintes asso-
ciées a la transition de phase. Les contraintes hétérogénes peuvent aussi apparaitre dans
les films a cause des défauts telles que les dislocations, les joints de grains et les lacu-
nes. Comme montré dans la section 4.7 (page 97). Les contraintes hétérogenes ont été
observées dans les films de 125 et 460 nm déposé sur LAO et MgO, ou la concentration
en défaut est relativement élevée. Cependant, la fraction volumique qui contient des
contraintes hétérogenes semble étre nettement plus faibles que le volume homogene.
Ainsi, nous avons supposé que les contraintes résultant des contraintes hétérogénes sont
négligeables et n’influence pas la mesure des contraintes résiduelles.

Les deux techniques spectroscopie de Raman et DRX montrent que les films de 30
a 460 nm sont sous tension dans le plan des films pour tous les substrat étudiés. Elles
dépendent tres de I’épaisseur des substrats. Dans le cas de PTO/LAO et PTO/MgO, les
films les plus fins sont les plus contraints et les contraintes se relaxent en augmentant
I’épaisseur. L’évolution des contraintes résiduelles dans PTO/STO est cependant inat-
tendue, les contraintes de tension augmentent avec I’épaisseur entre 125 et 460 nm. En
effet, les études TEM et DRX montrent que les macles et la densité de dislocation en
augmentant I’épaisseur. Ceci confirme une augmentation de la relaxation avec I’épais-
seur.

Dans la suite, nous allons ouvrir le débat sur I’origine des contraintes résiduelles et
leur évolution avec I’épaisseur sur les films de PTO/STO. Nous discuterons spécifique-
ment de la contribution des contrgintes du désaccord, des contraintes thermiques et des
contraintes de transformation sur les contraintes résiduelles mesurée a température am-
biante. De plus, les contraintes résiduelles seront discutées au vu des fractions de domai-
nes.

Contrainte de désaccord de maille

Les calculs des contraintes de désaccord dans PTO sur les substrats de STO, LAO
et MgO a la température de dépbt a conduit aux valeurs de -1.8 GPa, -7 GPa et +10.8
GPa respectivement. Bien sur, des contraintes aussi importantes ne sont pas observées

192



Résumé

dans les films car les contraintes sont relaxées par la formation de dislocations pendant
le dépbt. L’épaisseur critique pour la génération des dislocations est un bon indicateur
de la possibilité des films de se relaxer. Elle est de 7.1, 1.1, 0.4 nm pour les films dépo-
sés a 650°C sur STO, LAO, MgO respectivement. Cependant, I’épaisseur pour la relaxa-
tion compléte est plus grande que celle pour la génération de dislocation. Les résultats
de DRX et spectroscopie Raman indiquent que le désaccord se relaxe rapidement avec
I’augmentation de I’épaisseur dans les films de PTO/LAO et PTO/MgO (Figure 4-31,
page 103). Les contraintes sont presque complément relaxé dans les films de 250 et 460
nm d’épaisseur. L’interface film/substrat est cohérente dans les films de PTO/STO, c'est
-a-dire, que I’alignement des colonnes atomiques a travers de I’interface est parfait, en
effet le désaccord est faible. Ainsi, la relaxation est lente dans ces films, méme le film a
460 nm, elle est seulement partiellement relaxée. L’évolution de I’épaisseur avec les
contraintes de désaccord dans les trois substrats est donnée sur la figure 7.1a (page 167).
Cette derniére montre un désaccord avec I’évolution des contraintes résiduelles a tempé-
rature ambiante. Spécialement dans les films sur substrats qui induisent des contraintes
de compression. Ceci indique que les films sont soumis a de fortes contraintes addition-
nelles.

Contraintes thermiques

Les contraintes thermiques ne dépendent pas de I’épaisseur et sont d’ordinaire
plutdt faibles dans les films de PTO sur les substrats pérovskites. Ces contraintes se dé-
veloppent dans nos films de PTO pendant le refroidissement depuis la température de
dépdt. Elles sont évaluees a 0.11, 0.25 et -0.23 GPa sur STO, LAO et MgO respective-
ment. Cependant, ces petites valeurs ne peuvent pas expliquer elles-mémes les contrain-
tes résiduelles de tension. De plus, des contraintes thermiques sont aussi relaxées. Elles
sont donc plut petites que celles estimées.

Contraintes de transformation.

Comme discuté plus haut, et spécialement dans les films les plus fins sur substrat
induisant de fortes contraintes de compression, les contraintes résiduelles ne peuvent pas
étre expliquées si I’on néglige les contraintes de transition de phase. Les mesures de
courbure indiquent que les contraintes ne sont pas complétement relaxées pendant la
transition de phase comme attendue (Chap. 7; Ref. 3, 4). Comme il a été montré par DR
X et spectroscopie Raman, la nature de la transition qui prend place dans les films épi-
taxiaux dépendant de I’épaisseur des films et la nature du substrat. Dans le but d’illustrer
cela, nous avons tracé sur la figure 7.2 (page 169) la déviation de la position des modes
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E(2TO) des films PTO de 65 a 460 nm d’épaisseur et sur la poudre. Cette séparation est
alors supposée proportionnelle aux contraintes résiduelles.

Les films completement relaxés (250 et 460 nm sur LAO et MgO) ne présentent
pas cette anomalie jusqu'a la transition. Cependant, au dela de T, le comportement est
similaire que dans les films complétement et partiellement relaxés : Le mode E(2TO) se
décalent plus lentement vers les basses fréquences que la poudre. Ceci peut étre compris
comme si dans la phase haute température, les contraintes épitaxiales avec le substrat ne
peuvent permettre la création d’un désordre. Ainsi, les contraintes de transformation in-
duites par la transformation de phase ne peuvent étre négligée, méme dans les films re-
laxés. Ces observations montrent I’importance des contraintes de transformation dans
les films épitaxiaux et spécialement dans les films partiellement relaxés, ou I’expansion
thermique est gouvernée par le substrat.

La dépendance en épaisseur des films de la contrainte de transformation dans les
films PTO/LAO est donnée sur la figure 7-1a (page 167). Celle-ci est compatible avec
I’évolution des contraintes résiduelles, indiquant que les contraintes résiduelles résultent
principalement des contraintes de transformation dans ces films. Les contraintes de dé-
saccord doivent étre complément relaxées dans les films de PTO/MgO de 250 et 460 nm
d’épaisseur, ainsi la contrainte de 0.6 GPa doit provenir essentiellement des contraintes
de transformation. Les films de PTO/STO de 30 a 460 nm d’épaisseur sont soumis a la
fois & des contraintes de désaccord et de transformation. Les contraintes de tension me-
sures dans les films indiquent que la contrainte de transformation est plus importante
que celle du désaccord. De plus, les contraintes de désaccord se relaxent plus rapide-
ment avec I’épaisseur que la contrainte de transformation. En conséquence, les contrain-
tes de tension augmentent lorsque I’épaisseur des films augmente.

Contraintes et fraction de domaine a

L’une des plus importantes sources de relaxation dans les films de PTO (et les au-
tres ferroélectriques pérovskites) est le maclage. Comme montré sur la figure 7-1b (page
167), la fraction de domaine a augmente avec I’épaisseur quand les films sont déposés
sur des substrats de désaccord de compression (LAO, STO) et décroit sur des substrats
en tension (MgO). De plus, la dépendant en épaisseur de la fraction de domaine a est en
accord avec celle des contraintes de désaccord (figure 7-1a, page 167). Les contraintes
de compression empéchent la formation de domaines a mais pendant la relaxation, des
dislocations de désaccord sont générées a I’interface ce qui sert a la nucléation de do-

194



Résumé

maines a. Ainsi la relaxation des contraintes de compression résulte en I’apparition de
domaines a. Les contraintes thermiques en tension peuvent aussi contribuer a la forma-
tion de domaines a, spécialement dans les films épais ou les contraintes de désaccord
sont presque totalement relaxées.

La formation de domaines a est fortement favorisée par les contraintes de tension
dans le plan. En conséquence, la relaxation du désaccord de maille en tension permet
I’augmentation de la fraction de domaines a, ce qui est favorisé par les contraintes ther-
miques de compression.

Pendant le refroidissement de la température de dépdt T, les macles peuvent
apparaitre a travers la formation de domaines a et ¢ dans les domaines c et a;/a,/a;/a,.
Ainsi, la relaxation des contraintes de transformation résulte dans I’augmentation des
fractions de domaines a et c dans les films sur substrat induisant des contraintes com-
pressives (STO, LAO) et en tension (MgO). Les contraintes de transformation ont été
étudiées en variant la concentration en zirconium dans le systeme PbZr,,Ti,Os. Ce qui a
conduit a un changement de la quadracité. 1l a ainsi été aussi observé une décroissance
de la fraction de domaine a en diminuant les contraintes de transformation (Chap. 7,
Ref. 1)

Conclusions générales et perspectives

Dans cette étude, les techniques de DRX, microscopie électronique en transmission
haute résolution (HRTEM) et spectroscopie Raman ont été utilisées pour étudier I’origi-
ne des contraintes résiduelles et I’effet des contraintes sur la transition de phase des
films épitaxiaux de PTO déposés par MOCVD. Dans le but de varier le niveau de
contraintes dans les films une série de films avec différentes épaisseurs a été élaborée
sur différents substrats. STO et LAO présentent un désaccord de maille en compression
et MgO un désaccord en tension.

Notre analyse sur un monocristal de PbTiO3z polydomaine sans contrainte par spec-
troscopie Raman a révelé que le profile des phonons peut étre singulierement modifié
par I’existence des modes obliques en polarisation VV et sans polarisation. Nous avons
noté que les modes obliques existent toujours dans les ferroélectriques mais qu’a notre
surprise ils sont la plupart du temps pas pris en compte dans la littérature pour I’analyse
Raman de ferroélectriques. De plus, la plupart des travaux sur les contraintes résiduelles
dans ces films sont basés sur les modes Raman issus de spectres non polarisés. D’un au-
tre coté, nos résultats montre que I’utilisation de la configuration de polarisation VH et
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la considération des modes obliques permet d’obtenir des spectres qui permettent une
estimation des contraintes résiduelles.

Dans la littérature, I’analyse des contraintes résiduelles est principalement basée
sur I’analyse du décalage du mode mou E(1TO). Nous avons montré dans notre travail
que ce choix est questionnable car I’anharmonicité du mode mou et les données existan-
tes ne peuvent étre utilisées pour mesurer des contraintes en tension. D’autre travaux
rapportent des contraintes mesurée par les modes E(LO) et A(3TO) ceux mémes qui sont
tres sensibles aux modes obliques. De plus, les contraintes résiduelles ne peuvent étre
estimees & partir des modes Raman de poudre de PTO. Par conséquent nous avons pro-
posé et utilise une analyse alternative basée sur le comportement du mode E(3TO) qui
est un mode dur et possiblement le seul mode pour une détermination des contraintes
résiduelles. Ces mesures ont montré un trés bon accord avec les données issues des
parameétres de maille de DRX.

Nous avons montré que les données de pression sur le mode E(3TO) peuvent étre
utilisées pour une estimation des contraintes résiduelles biaxiales dans les films épi-
taxiaux de PTO des domaines c. Effet, le potentiel de déformation donne b’ garo) << @'e
@ro). Dans les autres cas ou les contraintes residuelles ne sont pas biaxiales
(probablement dans les domaines a), le seul décalage ne suffit pas pour calculer la va-
leur des contraintes.

D’autant plus, le choix du bon mode Raman E(3TO) pour une analyse précise est
basée sur une analyse en polarisation respectant les regles de sélection. Les spectres
collectés en section apportent des informations a propos domaines ¢ qui sont prédomi-
nant. Les mesures sur la surface ne donnent accés qu’aux domaines a.

DRX et la spectroscopie Raman révelent que les films sont sous tension sur les
substrats STO, LAO et MgO et que les contraintes dépendent de I’épaisseur des films.
Les analyses de diffraction des rayons X et HRTEM montrent que les macles et la densi-
té de dislocation s’accroissent avec I’épaisseur des films de PTO, ce qui met en évidence
la relaxation des films.

L’analyse de I’évolution des contraintes résiduelles avec I’épaisseur et I’analyse de
la relaxation indique que les contraintes ont plusieurs origines et pas seulement le désac-
cord de maille comme proposé dans la littérature. Nous avons montré que les contraintes
dominantes dans nos films sont reliée a la transformation de phase alors que la littératu-
re indique que celle-ci n’existent pas ou sont completement relaxées par la structure de
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domaine.

Notre étude illustre que le comportement a haute température, proche de la transi-
tion de phase est tres instructif et permet de mettre en évidence et discuter de I’influence
du substrat sur les films. Il est important de noter que la confusion entre la transforma-
tion de domaine et la transition de phase dans les films épitaxiaux peut étre évitée par
une étude du comportement a haute température des domaines a et ¢ par DRX et spec-
troscopie Raman.

La tendance genérale que nous avons observée est la suivante : plus le désaccord de
maille est faible avec le substrat, plus grand est I’influence du substrat et plus les films
sont contraints. L’influence du substrat est aussi accrue quand I’épaisseur du substrat
diminue. DRX et la spectroscopie Raman a haute température donne une preuve que les
contraintes résiduelles ne déterminent pas la dépendance avec le substrat car elles sont la
somme de toutes les contributions des contraintes induites. Par exemple, les valeurs des
contraintes résiduelles sont plus basses dans les films sur STO qui dépendent tres forte-
ment du substrat que dans les films sur MgO et LAO.

Finalement, nos observations montrent que les transitions de phase dans les films
épitaxiaux sont considérablement différentes que dans les poudres et dans les monocris-
taux polydomaines. Les transformations de domaines sont observées a plus basse tempé-
rature dans les films minces épitaxiés que dans les plus épais a cause de la forte dépen-
dance de la corrélation ferroélectrique dans la phase a haute température. De plus, pas
de dépendance de température de la transition de phase n’a été observée dans de tels
films. Une manifestation de I’effet du substrat est trouvée dans les films de 250 nm
PTO/STO ce qui montre une ferroélectricité et des domaines c/a/c/a jusqu'a 650°C. Ceci
contredit la théorie qui prédit que les domaines c/a/c/a ne sont stables que sous la tem-
pérature de transition du PTO massif.

Per spectives

La structure a haute température par DRX devrait étre poursuivie sur les
parameétres de maille dans le plan et hors du plan dans le but de déterminer la structure
moyenne dans les films a haute température.

L’étape suivante de notre étude devrait étre I’analyse de I’effet des contraintes sur
les proprietés électriques des films. Dans ce but, les films devraient étre déposes sur des
systemes électrodes/substrat avant de procéder a des études similaires sur les contraintes
résiduelles.
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Il serait aussi intéressant d’étudier I’effet des contraintes en utilisant les mémes
techniques sur d’autres ferroélectriques pérovskites dans lesquels plusieurs transitions
de phase se produisent. Ainsi, la relaxation des contraintes de transformation devrait étre
différente pour chaque transition de phase a cause de la différence d’énergie thermique
accessible.
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Abstract

The influence of deposition conditions (pressure, growth rate, solution concentration, etc.) on the growth of ferroelectric PhTiO, films by
pulsed liquid injection MOCWYD was examined. Pb(thd)s and Ti(OiPr)g(thd]g (thd=22.6,6-tetramethy]-3,5-hepanedionate) dissolved in wluene
were used as precursors. Films were grown on LaAlQ, (001) substrates for deposition process optimisation. PbTi0y/La; _ Sr.MnOy/LaAlO,
heterostructures were elaborated at optimized deposition conditions. The microstructure of the heterostructures was characterized by X-ray
Diffraction and by Raman spectroscopy. PUPbTIO«La; - Sr.MnOy/LaAlD, structures were used for ferroelectric, dielectric and piezoelectric

characterisations of PbTiD, films.
©@ 2007 Elsevier B.V. All rights reserved.

Keywords: MOCVYDy; PbTiO; films; Ferroelectric and piezoelectric properties

1. Introduction

Femoelectric PbTiOs (PTO)and PbTi; — . Zr, 03 (PZT) thin films
are extensively studied since their properties offer a great promise
for various applications [1]. High-quality epitaxial feroelectric
films are needed in prospect of new devices; moreover, lerro-
electrics can be combined with other functional oxides, such as
high temperature superconductors and magnetic oxides. Hetero-
structures of ferroelectries with manganites (La; _ Sr(Ca),MnO;)
exhibiting colossal magnetoresistance are of interest due to the
possibility of achieving electric-field-tuned metal-insulator phase
transitions, an 1dea that is being explored for applications based on
oxide channel field-effect transistors operating at room tempera-
ture [2]. For some applications, epitaxial ferroelectric films must be
grown on electrode/substrate. Stresses in such lattice mismatched

* Corresponding author. LMGF, INP Grenoble-Minatec, 3, parvis Louis Néel,
BF 257, 38016 Grenoble Cedex 1, France. Tel.: +33 4 56 5293 00; fax: +33 4 56
529301,

E-mail address: Ausrine. Bartasyte{@gmail.com (A. Bartasyte).

0257-8972/8 - see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10, 1016/ surfeoat 2007 05,006

heterostructures significantly influence both the structural and
electrical properties of the films [3]; therefore residual stresses
should be evaluated in addition to electrical measurements.

Epitaxial PTO films have been grown by metalorganic
chemical vapour deposiion (MOCWVD) [4,5], pulsed laser
deposition [6] and rf-magnetron sputtering [ 7]. Among various
deposition methods, MOCVD has been recognized as the most
promising technique due to simple apparatus, excellent film
uniformity, good control of composition and possibility to grow
films on large area with high growth rate and good conformal
step coverage. Most of PTO film studies are related to structural
properties; some papers deal with ferroelectric and dielectric
properties [8—12] and a few ones about piezoelectric properties
are available [11,12].

In the present paper, we report on the role of system pressure,
solution concentration and injection frequency on the growth
rate and composition of PbTiO; films grown by pulsed liguid
injection MOCVD. Further, the PYPbTiOs/La; — Sr,MnOs/
LaAlOs (PtPTO/LSMO/LAQ) heterostructures were grown
and their microstructure, morphology and electrical properties
were studied and discussed.
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2. Experimental details -
« xperanenta clans 2 Hz 2 Hz
- ——n
40+ ~ 0.08 M

Film depositions were carried out in a vertical hot wall
pulsed injection MOCVD reactor. This technique is largely
described elsewhere [13]. A computer controlled injector
repeatedly injects microdroplets of organic solution containing
a mixture of metalorganic precursors into a hot evaporation
zone. After flash evaporation of microdroplet, resulting vapour
is carried to a deposition zone by an Ar+0; gas flow.
Deposition conditions of PTO and LSMO films are summarized
in Table 1. More details and discussions on the influence of
solution composition, deposition temperature, oxygen partial
pressure and film annealing in different atmospheres on PTO
film properties can be found in previous paper [14]. Details
about deposition, structural and physical properties of LSMO
films are given in Ref. [15].

Film composition was determined by wavelength dispersion
spectroscopy (WDS) using Cameca Sx-50. The film texture and
microstructure were studied by XRD using a SIEMENS D5000
4-circle diffractometer with monochromatic CuKa radiation
(A=0.15418 nm). Analysis of the microstructure was carried out
through standard ©-, ¥ -, @-scans. More details concerning this
analysis can be found in Ref. [14]. Percentage of a-axis oriented
domains in the films was calculated by peak integration of (102)
reflection in @-scans measured at different y angles,
corresponding to a- and c-axis oriented crystallites (i.e. a- and
c-domains respectively) [14]. The c-parameter of PTO c-
domains was calculated from the position of three (00/) peaks in
6/26 scans. 3D mapping of the reciprocal space was performed
with an automatic Nonius Kappa CCD diffractometer (Mo Ka
radiation 1=0.7071 A). Film morphology was examined by
atomic force microscopy (AFM) using a Digital Instruments

Table 1
Deposition conditions for PbTiO; and La; Sr,MnO; layers by PI MOCVD
PbTIOs La; Sr,MnO;
Substrates LaAlO; (001 LaAlQ; (001
in a pseudo- in a pseudo-
cubic setting) cubic setting)
Substrate temperature, 600 or 650 200
“C
Evaporation temperature, 280 310
“C
Transport gas Ar+0, Art Oy
Total gas flow rate, 60 95
Ih
Oxygen fraction, % 377 35
Total pressure, 2-10 5
Torr
Precursors * Pb(thd),, Ti(thd), La(thd)s, Mn(thd)s,
(O'Pry, Sr(thd),
Solvent Tolene Monoglyme
Solution concentration 0.02-0.08 0.049; with proportion
(total), mol/1 of the precursors:
Sr(thd),: La(thd)s:
Mn(thd)s=1:1.5:1.58
Injection frequency, Hz lor2 2
Thickness, nm 200340 200

* All the precursors were synthesized in Vilnius University.
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Fig. 1. PTO/LAO film composition evolution as a function of growth rate.

Multimode Scanning Probe Microscope, in the taping mode.
Thickness of films was determined from cross-section images
obtained by SEM Philips XL30.

Raman spectra were collected using Jobin Yvon/Horiba
Labram spectrometer equipped with liguid nitrogen cooled
CCD detector. Experiments were conducted in the micro-
Raman mode at room temperature, in a backscattering geometry.
The Raman spectra were recorded from the film surface. The
514.5 nm line of an Ar" laser was focused to a spot size smaller
than 1 pm. Spectra from different experiments were calibrated
using Si spectra at ambient temperature.

To characterise the ferroelectric properties of PTO films from
an electrical point of view, 235x235 um® square capacitors
were designed by UV photolithography using a metallic
shadow, and then top contacts were patterned by lift off
Ferroelectric hysteresis loops were observed using a Sawyer—
Tower circuit driven at 50 kHz by a sine wave. Capacitance—
voltage (C-J) curves and dielectric constants &, were
determined from small signal capacitance measurements
performed at 50 kHz with a HP Agilent LCZ meter
Piezoelectric coelficients o33 were measured by laser Doppler
vibrometry using a Polytec OFV512 as described in Ref. [16].

3. Results
3.1. Effects of film growth rate

As shown in our previous paper [14], Pb fraction in the film
grown at higher temperatures (=600 °C) increases until near
stoichiometric value and alter remains almost stable with further
increase of the Pb content in the solution; thus, Pb excess cannot
be reached in the film. In order to observe the maximum Pb/Ti
ratio in the film which can be reached by varying the growth rate,
lead deficient films were studied. Series of PTO films were
deposited at 600 °C by varying the total solution concentration
(0.02 M, 0.04 M or 0.08 M) and injection frequency (1 Hz or
2 Hz) while the precursors” ratio insolution (Pb/{Pb+Ti)=28.1%)
and other deposition conditions were kept constant as given in
Table 1. The variation of film composition with growth rate is
shown in Fig. 1. Pb content in the film increases with increasing
growth rate from 4.9 to 10.9 nm/min and saturates when
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Fig. 2. 2D sections of the reciprocal space of a PTO/LSMO/LAO structure: (a)
k=0 plane; (b) /=—3.9 plane; (c) [=—3.7 plane.

sufficiently high growth rates (>10.9 nm/min) are reached.
Deposition with low growth rate results in high Pb desorption
from the film. For high growth rates, Pb loss highly decreases and
film composition becomes defined mainly by Ph/Ti ratio in
solution and precursors’ decomposition rates at deposition
temperature. In order to obtain Pb/Ti=1 m the films grown with
rates = 10.9 nm/min, Pb/{Pb+Ti) ratio in the precursor solution
should be increased from 28.1% to 31.3% or more. The 0.04 M
total concentration and 2 Hz injection frequency were chosen as
optimal conditions for further deposition investigation.

3.2, Effects of deposition pressure

In order to test the influence of deposition pressure on PTO
film growth, films were grown at 650 °C at three different
pressures (2, 5 and 10 Tomr). The surface of layers deposited at
2 Torr of pressure was completely covered by spherical particles,
probably due to precursor decomposition in the reactor volume,
thus this pressure was discarded from further investigation.
Stoichiometric film was reached using 0.020 M and 0.023 M Pb
(thd), concentrations (at 0.04 M total concentration of solution)
for depositions carried at 5 Torr and 10 Torrpressure, respectively.
The growth rates ofstoichiometric PTO films at5 Tor and 10 Torr
were 20.6 nm/min and 18.8 nm/min, respectively. P. Luetal. also
reported a growth rate decrease of PZT films with increasing
pressure [17]. As lower growth rate enhances Pb desorption,
higher concentration of lead precursor was needed to obtain
stoichiometric PTO at higher pressures.

The results of our present and previous studies on PTO
deposition suggest the possibility to control accurately the film
growth rate and film composition is important for reproducing
stoichiometric PTO flms. Therefore, PI MOCVD 1s a
promising method as it offers an easy control of precursor
feeding rate, vapour and film composition.

3.3. PTOVLSMO/LAO heterostructures

PTO/LSMO heterostructures consisting of stoichiometric
300 nm thick PTO film and 200 nm LSMO film were grown on
LAO at 650 °C and 5 Torr using optimal conditions described
above and given in Table 1. The microstructure, surface

roughness, residual stresses and electrical properties of the PTO/
LSMO/LAO heterostructure are presented and discussed below.

3.3.1. Microstructure and surface roughness

XRD 2D reciprocal space mapping of this heterostructure
(Fig. 2a) shows successive epitaxial growth of probably
rhombohedral LSMO and tetragonal PTO on LAO substrate
along the [001] direction (referred to pseudo-cubic settings for
LSMO). More precise investigations are needed to confirm
rhombohedral LSMO structure. Weak reflections in Fig. 2b
indicate the presence of PTO crystallites with g-axis onented
almost perpendicular to the substrate plane (a-domains). The e-
parameter (4.111£0.005 A) of c-domains was reduced compared
to the bulk value (4.1532 A), indicating that PTO film is under
tensile stress in-plane. As it is known, the a- and c-domains are
bounded by the (101) twin plane and this results in a tilt of
domains by angle from the substrate plane normal depending on
the cell tetragonality and domains fraction [ 18]. The splitinto four
peaks (Fig. 2b) confirms the existence of twinning resulting inthe
tilt of a-domains by ~2% angle with respect to the substrate plane.
No split was observed for the central reflection in Fig. 2e
corresponding to c-domains of PTO. The volume fraction of a-
domains in PTO film was 13.7%. FWHM of PTO and LSMO
rocking curves were 0.64° and 0.22° respectively, indicating a
good texture of the heterostructure. Heterostructure had good 1n-
plane orientation, as FWHM of PTO and LSMO @-scans were
1.7° and 1° respectively.

Film surface roughness was evaluated by AFM. Higher
roughness of PTO films in heterostructure (Ra=4.3 nm), in
comparison with PTO films on LAQ (Ra=0.96 nm), may result
from LSMO film roughness (Ra=2.6 nm). Roughness values
are comparable to reported ones for similar heterostructures
grown by pulsed laser deposition [19].

3.3.2. Residual stresses

Polarized Raman spectra of PTO/LSMO/LAO heterostruc-
ture measured in crossed polarization configuration (VH)
confirmed the presence of pure tetragonal PTO phase (Fig. 3),
as only E(TO) modes are observed [20]. PTO E(1TO) soft

mode 18 very pressure sensitive and, as a consequence, its

——PTOVLAD
—— PTO/LSMO/LAOD|
LSMO/LAO

L

[_‘
2
C

I (a.u.)

100 200 300 400 500 600
Wavenumber (cm ')

Fig. 3. Polarized Raman spectra of PTO/LAQ, PTOVLSMO/LAO and LSMO/
LAQ films measured in V'H polarization configuration.
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Fig. 4. Electrical characterizations of PTO/LSMO/LAO films: (a) polarization hysteresis loop; (b) capacitance—electric-field curve; (c) piezoelectric displacement

versus Eg loop.

wavenumber shifts as a function of increasing pressure
according to the following relation:

w[E(1TO)] = wo + (dew/dP)P (1

! is the soft mode wavenumber at zero

where w@y=89 cm™
pressure and room temperature, and fo/6P=—-5.8 cm™ ' GPa !
is the pressure coeflicient [21,22]. The shift value is used to
evaluate the residual stress o in PTO films. PTO E(1TO) mode
was observed at 81 em™' for PTO/LSMO/LAO and at
86.6 em ™! for PTO/LAO. These values, as well as all other E
(TO) mode wavenumbers are quite below those observed in
single crystal (89 cm ' for E(1TO)). This gives evidence that
PTO films on LSMO/LAO and on LAO are under tensile stress
in-plane in agreement with XRD results. Comresponding stress
values calculated from Eq. (1) are closed to 1.38 and 0.41 GPa
in PTO/LSMO/LAO and PTO/LAO, respectively. Despite
bigger misfit strain in PTO/LAO system, PTO films on
LSMO/LAQO were more stressed than PTO/LAO films probably
due to distortion induced by rhombohedral structure of LSMO.

3.3.3. Electrical properties

Ferroelectric properties of PTO films on LSMO/LAO were
characterized by measuring polarization hysteresis (Fig. 4a).
The films displayed hysteresis loops typical of ferroelectric
materials for an applied voltage of 6 V. Remanent polarization
and average coercive field values were 2.4 pC/em? and 65 kV/
cm, respectively. Quite low remanent polarization values
comparing to reported ones [8,9,11] can be due to incomplete
reversal of the switching domains [11]. However, increasing the
applied voltage up to 10V led to inflating loops typical of non
linear lossy dielectrics [23]. The saturation of polarization was
not achievable and it was indeed difficult to reach the coercive
field due to the leakage currents. The coercive fields are
expected to be rather high (=100 kV/em) due to the strain in the
film resulting from epitaxial growth. This fact combined with
the leakage current made difficult to observe large polarization
in the range of applied voltage. Deposition of stoichiometric
PTO films on LSMO/LAO at 10 Torr resulted in films
characterized by elliptical hysteresis loops, which is character-
istic of excessive leakage currents i the film [24]. Hence,
leakage current can be reduced by decreasing lead desorption
and then probably the resulting defects.

PTO film deposited at lower pressure displayed capacitance—
electric-field curve (Fig. 4b) typical of ferroelectric materials.
The dielectric constant of this film reached 325, which is higher
than reported values [or bulk materials (210 perpendicular to
and 120 along polarization direction [25,26]) and than values
published by many authors for PTO films [8-10]. However,
Kighelman et al. measured dielectric constant higher than 300
[11]. Higher dielectric constant in our films in comparison with
bulk value may be consistent with an increased number of
domain walls and with film stresses. Raman spectroscopy
results confirmed that PTO films on LSMO/LAO are under
tensile stress in the plane parallel to the substrate, despite
negative misfit stress. Unlike our results, Haeni et al. reported
enhancement of dielectrical permittivity of SrTiOs films in case
of positive misfit strain but information about stresses was not
specified [27]. Dielectric losses (tgae=0.02) obtained in our
films were similar to the reported values.

Using the procedure described in Rell [16] for an accurate
measurement, a small top electrode and a clamped sample have
been used to reduce the substrate bending and eliminate the
resonant effects. We can illustrate the evolution of the
piezoelectric properties of PTO thin films in Fig. 4¢c. The day
versus £y loop, measured by laser Doppler vibrometry, was
rectangular, with some asymmetry. The piezoelectric coefficient
dyy measured in PTO films was around 50 pm/V (V=1 V,
48.5 kHz), which is comparable to values reported for PTO
films [11] and even for Pb,_,Ca, TiO3 or PZT films [28,29].
The asymmetry of piezoelectric and ferroelectric hysteresis and
C—F loop resulted from the different nature of bottom (LSMO)
and top (Pt) electrodes. In fact, the film properties are correlated
to the film orientation and control of the film growth results in
optimum piezoelectric activity.

4. Conclusions

The growth rate and composition of PTO films were studied
as a [unction of deposition pressure, solution concentration and
injection frequency. It was shown, that Pb desorption can be
governed by changing film growth rate. Epitaxial PTO/LSMO/
LAO were elaborated at optimized deposition conditions. PTO
films in such heterostructure were under tensile stress in-plane;
they showed piezoelectric activity and very good dielectric
properties, but remanent polarization values were quite low.
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Résume

Cette étude réalisée par Spectroscopie Raman, Diffraction de Rayons X et Microscopie
Electronique en Transmission porte sur I’origine et I’effet des contraintes sur la transi-
tion de phase dans des couches épitaxiées de PbTiOz (PTO). Des films minces de PTO
de différentes épaisseurs ont été déposeés sur plusieurs substrats de fagon a faire varier le
désaccord de maille film-substrat pour générer des films sous contrainte de compression
(SrTiO; et LaAlOg) et sous tension (MgO).

Les contraintes résiduelles dans les films PTO ont été déterminées a partir des spectres
Raman mesurés exclusivement en configuration de polarisation VH pour éliminer les
modes obliques; le mode dur E(3TO) est apparu le seul mode fiable pour I’estimation
des contraintes. Pour caractériser les domaines ¢ qui sont prépondérants, les spectres ont
da étre mesurés sur la tranche des films. Les contraintes résiduelles proviennent non
seulement du désaccord de maille, mais aussi de contraintes thermiques ou liées a la
transition de phase.

Les transitions de phase et les changements d’états de domaines dans les films ont été
analysés par diffraction des RX et spectroscopie Raman a haute température. Il est appa-
ru que la taille des clusters ferroélectriques a haute température est plus grande et Tc
plus élevée dans les films tres contraints.

Mots clés: Couches minces de PbTiO; MOCVD, contraintes, transitions de phase,
structure de domaines

Abstract

Raman spectroscopy, X-ray diffraction (XRD) and Transmission Electron Microscopy
were used to investigate the origin and stress effects on phase transitions in PbTiO;
(PTO) epitaxial thin films. A thickness series of epitaxial PTO films were deposited on
substrates inducing compressive (SrTiOz and LaAlOs) and tensile (MgO) misfit stresses
to vary the stress level in the films.

We showed that the VH polarization configuration is essential for Raman investigation
of residual stress in PTO thin films as oblique modes are absent, and that E(3TO) hard
mode is the unique reliable mode. In order to obtain information about the dominant c-
domains, spectra must be collected on the film cross section. The residual stress origi-
nates not only from misfit stresses, but also from thermal and phase transformation
stresses.

Phase transitions and domain state transformations were investigated using high tem-
perature XRD and Raman spectroscopy. It was found that ferroelectric cluster size in
high temperature phase is increased and T, is higher in highly stressed films.

Keywords: PbTiOs thin films, MOCVD, stress, phase transition, domain structure
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