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Abstract: A systematic study of domain structure and residual stress evolution with film thickness

and of phase transition in c/a epitaxial PbTiO3/LaAlO3 films using X-ray diffraction and Raman

spectroscopy is reported. Both techniques revealed that the films are under tensile residual stress in

the film plane and that a-domains are more stressed than c-domains. The two components of the

large A1(TO) Raman modes are associated with a- and c-domains and their intensity ratio correlates

to the volume fraction of a-domains. The evolution of the Raman signature with temperature

revealed that the spectrum of a-domains disappears around 480°C whereas c-domains present an

anomaly in their spectrum at 500°C but maintain a well-defined Raman signature up to 600°C.
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I. Introduction

Lead titanate PbTiO3 (PTO) is a classical example of a ferroelectric oxide among the

perovskite family. Thin films of PbTiO3 and other related materials offer key advantages for a

variety of applications in non-volatile memories, microelectronics, sensors technologies and

electromechanical systems [1]. Physical properties of ferroelectrics in bulk material and in thin films

are substantially different due to stresses, grain size effect, domain structure, defects, etc. [2, 3]. For

instance, film stresses can significantly change mechanical, optical and electrical properties,

ferroelectric domain structure and the nature of phase transition, which in turn has a potential

influence on the reliability of devices. Physical properties such as dielectric, piezoelectric, and

optical characteristics critically depend on the ferroelectric domain configuration [4, 5] which also

depends on the various stresses developed during film fabrication. As a consequence of this, several

authors have developed a thermodynamic theory which predicts the domain configuration of

epitaxial ferroelectric films as function of lattice mismatch and temperature [6-9]. Given the

complexity of internal and external stresses, an experimental investigation of residual stress remains

useful for predicting and controlling physical properties for ferroelectric film - based devices.

Films are usually subjected to substantial stresses during growth and the subsequent cooling

process from deposition temperature to room temperature (RT). At the growth temperature, stresses

are mainly misfit stresses (also called epitaxial stresses) which result from lattice mismatch between

the film and the substrate; intrinsic stresses related to growth technique are rather negligible in

metalorganic chemical vapor deposition (MOCVD). During the cooling process, additional stresses

may develop in the film due either to thermal stress arising from different thermal expansion

coefficients between the film and the substrate or to a lattice distortion related to the structural phase

transition. The main stress relaxation mechanisms in epitaxial ferroelectric films are obtained by the

formation of dislocations and domains. Dislocation formation can take place only when the layer

thickness exceeds a critical value [10]. Ferroelectric domains form at and below the cubic-to-

tetragonal phase transition and are generally observed in the form of tweed patterns in the low

temperature phase [11].

In the past, optical fluorescence [12], X-ray diffraction (XRD) [13], wafer curvature

measurements [14], cantilever beam deflection [15], laser reflectance [16] and Raman spectroscopy

[17-24] have been used for stress analysis of ferroelectric materials. Among them, XRD and Raman
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spectroscopy are the most popular techniques, as they are powerful tools for non-destructive

investigation of structure. Raman spectroscopy is complementary to XRD methods as it is a local

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 [18, 19, 25-28].

Here we report a study of domain structure and residual stress evolution with film thickness

and of phase transition in epitaxial PTO films on LaAlO3 (LAO) by using XRD and Raman

scattering. In particular, Raman measurements were performed in all polarization configurations

attainable in the backscattering geometry which allows us to obtain information on both a- and c-

domains.

II. Theoretical considerations

At room temperature PTO is ferroelectric and adopts a tetragonal crystal symmetry (space

group C1
4v) with one formula unit in the unit cell [29]. 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 [30, 31] as is the case for most ferroelectric

perovskites. In the cubic high-temperature phase (space group O1
h), there are 12 vibrational degrees

of freedom at k=0, which belong to the irreducible representations 3T1u + T2u, where T2u is a silent

mode since it is neither infrared nor Raman active. The triply degenerated T1u modes are only

infrared active. According to these selection rules, Raman modes should disappear in the

paraelectric cubic phase. In the tetragonal phase, each T1u mode splits into A1 + E modes, resulting

in 3A1 + 3E modes, whereas the T2u mode splits into B1+E modes. The A1 and E modes are infrared

and Raman active and the corresponding phonons are polarized in the z-direction or in the xy plane,

respectively; the B1 mode is only Raman active.  The Raman tensors are presented in (1) for each

mode, and the direction of polarization is indicated in parentheses.

˙
˙
˙

˚

˘

Í
Í
Í

Î

È

⋅⋅

⋅⋅

⋅⋅

=

b

a

a

zA )(1   

˙
˙
˙

˚

˘

Í
Í
Í

Î

È

⋅⋅⋅

⋅-⋅

⋅⋅

= c

c

B1

˙
˙
˙

˚

˘

Í
Í
Í

Î

È

⋅⋅-

⋅⋅⋅

-⋅⋅

=

e

e

xE )(   

˙
˙
˙

˚

˘

Í
Í
Í

Î

È

⋅⋅

⋅⋅

⋅⋅⋅

=

e

eyE )(       (1)

Due to long-range electrostatic forces, all A1 and E modes split into transverse (TO) and

longitudinal (LO) components. Depending on the phonon propagation direction (x, y or z), only pure

TO or LO can be observed in Raman spectra, as presented in Table 1.
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III. Experimental details

Film depositions were carried out in a vertical hot wall pulsed injection MOCVD reactor

described elsewhere [32-34]. The injector injects micro-doses (a few microliters) of an organic

solution containing a dissolved mixture of metalorganic precursors. After flash evaporation of the

micro-doses, the resulting vapor mixture is transported by an Ar + O2 gas flow towards the heated

substrate. The injector consists of a computer-driven, high-speed, precision electromagnetic valve

operating under a repetitive pulsing regime. The deposition conditions were optimized in order to

obtain a pure and high quality PTO perovskite phase (bulk lattice parameters a=3.899 Å and c=4.153

Å) deposited on a LAO substrate (a=3.791 Å, supplied by CrysTec, Berlin, Germany) with the

surface cut parallel to a (00l) plane (indices refer to the pseudo-cubic setting) [35, 36]. Films of

different thickness from 30 to 460 nm were deposited at 650 °C. The thicknesses were measured

from the film cross-section micrographs obtained by scanning electron microscopy (SEM). XRD

attests a high quality, single phase film. More details concerning deposition techniques and standard

sample characterization can be found in references [35, 36]. Texture analysis of epitaxial films was

carried out using a Bruker D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany) with a

four-circle and general area detection diffraction system (GADDS) (lCuKa1=1.54056 Å, Ni filter).

The LAO substrate was used as an internal standard assuming that it is stress-free.

Raman spectra were collected using a Labram spectrometer (Jobin-Yvon/Horiba, Villeneuve

d’Asq, France) equipped with a N2 cooled charge coupled device detector. Experiments were

conducted in the micro-Raman mode at room temperature in a backscattering geometry. The 514.5

nm line of an Ar+ ion laser was focused on a spot size smaller than 1 mm. The system was calibrated

using Si spectra at room temperature. The temperature measurements in the range from room

temperature to 600 °C have been carried out by using a commercial Linkam heating stage (Linkam

Scientific Instruments Ltd., Survey, UK) placed under the Raman microscope.

IV. Results and discussion

A. XRD results

The q/2q XRD patterns of PTO/LAO films are characteristic of the PTO tetragonal structure

consisting only of intense (00l) and very weak (h00) reflections [37]. This indicates a dominant c-
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domain structure containing a small fraction of a-domains. Two-dimensional reciprocal space

mappings near the (103) and (301) PTO peaks are shown in Fig. 1a. The reciprocal space mapping

integrates the intensity from different j-angles (± 5°), making it possible to observe together the

(301) and (310) reflections, which were found at different j-values. The coexistence of (301) and

(310) reflections indicates that there exists two types of a-domains, a1 and a2: both types have their

c-axis parallel to the substrate plane but a2 domains are rotated by 90 ˚ with respect to a1 domains.

(301) reflection is split in two spots indicating twinning of a-domains. The (103) spot corresponding

to c-domains is elongated which indicates that some twinning also appears in c-domains.

In order to clarify the twin structure, w-c contour maps of c-domain (003) and a-domain (300)

reflections were measured (Fig. 1b and 1c). The maps reveal twinning in a- and c-domains with

fourfold symmetry. Twinning is very well pronounced in a-domains (Fig. 1c), whereas it is less

evident in c-domains despite the square shape of the spot (Fig. 1b). The evolution with film

thickness, of twin angle of a- and c-domains extracted directly from the splitting of the reflections in

the XRD maps, is given in Table 2. One can see that the tilt of c-domains increases whereas the tilt

of a-domains slightly decreases with increasing film thickness.

 The proportion of c- and a-domains was quantified as the percentage of a-domains (A, %) in

the films and was calculated by peak integration of the (102) reflection in j-scans corresponding to

the different domains:

A =
2 * (I(102)c =58° + I(102)c =62°)

2* ( I(102)c =58° + I(102)c =62°) + I(102)c= 27°
*100 (2)

, where I is the peak integrated intensity in j-scans measured at different c angles, corresponding to

a-axis (c = 58 ° or c = 62 °) and c-axis (c = 27 °) oriented crystallites (i.e., a- and c- domains). More

details on domain structure can be found in Ref. 35. An evaluation of the volume fraction of a-

domains, applying Eq. (2), is given in Table 2 as a function of PTO/LAO film thickness.

The evolution of the c lattice parameter in c-domains with film thickness is given in Fig. 2. The

lowest value is observed in thinnest films and it gradually increases with thickness without reaching

the bulk c value even in the 460 nm thick film. The c lattice parameter in PTO/LAO films is lower

than the value reported in the literature for bulk PTO. Thin films are usually considered to be

subjected to biaxial stresses in the film plane and we thus consider that the normal direction is stress-

free. If the films are subjected to a biaxial compressive in-plane stress, the in-plane values would be

strained: the in-plane parameter would be shorter and the c-axis (out-of-plane parameter) larger.
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Therefore, the c-parameter decrease in c-domains should arise from biaxial tensile stress in the film

plane although a compressive misfit stress is expected. The fact that we do not observe a

compressive stress at RT indicates that the films do not retain the strain induced by the mismatch

with substrate. A more important source of strain is probably produced by other types of stresses. We

will address this apparent contradiction later in the manuscript.

B. Raman spectroscopy results

1- Effect of polarization

Raman spectra were measured in crossed and parallel polarization configuration (VH and VV,

respectively) on the film surface or cross section, i.e. the incident and scattered laser beams are

normal or parallel to the substrate plane, respectively. The consideration of the crystallographic

reference setting of the films in our system (a- and c-domain structure) and the use of the above-

discussed Raman selection rules allows us the assignment of the Raman modes as schematically

illustrated in Fig. 3.

It follows that when a spectrum is recorded on the film surface, E(TO) modes observed in VH

configuration come from a-domains only, whereas A1(TO) modes obtained in VV configuration

originate in a-domains and A1(LO) in c-domains. The spectrum recorded on the film cross section 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 A1(LO) modes

related to a-domains and A1(TO) modes, which come from c- and 50 % a-domains. Considering that

the c-domain fraction is greater than 80 % in films of all thicknesses, we can assume that E(TO) and

A1(TO) modes come mainly from c-domains when spectra are collected on the film cross section. As

seen in Fig. 3, E(LO) modes cannot be observed in our measurement conditions if selection rules are

strictly obeyed. In conclusion, modes relative to a- and c-domains can be separated in polarized

Raman spectra recorded on the film cross section as well as on the film surface.

As predicted by the C4v point group selection rules, only E(TO) modes are observed in the

PTO/LAO spectrum recorded in VH configuration on the film surface and cross section (Fig. 4); this

attests to a good crystalline quality and epitaxy of the film. The spectrum measured in a parallel

polarization configuration (VV) contains a mixture of A1(TO), A1(LO), E(TO) and E(LO) modes

instead of the only allowed A1 modes. Furthermore, when spectra are recorded on film surface,

A1(TO) modes coming from both c- and a-domains are observed as seen in Fig. 4. This probably is
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related to the existence of ferroelectric domains leading to a depolarization of the laser beam. In

spectra recorded on film surface, the separation of A1(TO) modes coming from both a- and c-

domains is not evident; as the volume fraction of a-domains is quite small, c-domain A1(TO) modes

resulting from depolarization may have higher intensity than a-domains modes. Nevertheless,

A1(TO) modes coming from different domains can be separated because the intensity of A1(TO)

modes related to c-domains markedly increases in spectra recorded on the cross section.

2- E(TO) modes and residual stresses

It has been reported in earlier studies [18] that Raman modes are sensitive to pressure; their

positions in wavenumber w as a function of pressure can be described by tan empirical law. If only

E(TO modes are considered,

w[E(TO)] = w0[E(TO)]+ (dw[E(TO)] /dP)P (3)

 where w0[E(TO)] is the mode wavenumber at ambient conditions (1 bar, 25 °C), and dw[E(TO)] /dP

is the empirical pressure coefficient as determined from measurements under hydrostatic pressure

[18, 19].  However, stresses in thin films correspond to non-hydrostatic conditions, and we thus have

to introduce the effect of anisotropy in the phonon deformation potential. Supposing the harmonic

approximation and using symmetry arguments, the relation between doubly degenerate E mode

frequency and applied stresses can be described as follows [38]

E(TO )Dw =
E(TO )a' (

XXs +
YYs ) +

E(TO)b' ZZs (4)

where 
E(TO )Dw =

E(TO )w - 0E(TO )w ,  
E(TO )a'   and 

E(TO )b'  are the deformation potential constants

expressed in terms of compliance and 
XXs , 

YYs  and 
ZZs  are stresses along a-, b- and c-axis of

tetragonal PTO cell, respectively.  In the case of hydrostatic pressure P, Eq. (4) can be written as

E(TO )Dw =
E(TO)(2a' +

E(TO)b' )P  (5)

Epitaxial PTO films, grown on cubic substrates, are under biaxial stress 
bs  in the substrate

plane. Thus, the shift of E(TO) mode due to biaxial stress in c-domains can be expressed as

E(TO )Dw =
E(TO)2a' bs (6)

and in a-domains as

E(TO )Dw =
E(TO)(a' +

E(TO)b' )
bs (7)

Although PTO films are not in hydrostatic conditions, it has been argued in the literature that

hydrostatic pressure instabilities offer a guide as how a material will react to an external stress as
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Raman modes also shift linearly under biaxial stress; only the relation coefficients differ. It is to be

noted that the stress values in tensile-strained PTO films are, in the literature, often estimated from

the shift of the E(1TO) soft mode using Eq. (3) [17, 20, 22, 24]; however, its pressure coefficient  is

experimentally known only for compression (hydrostatic pressure) (
E(1TO)dw /dP  = -5.8 ± 0.2 cm-1

GPa-1
 [18]) and the soft mode is anharmonic. For this reason, we performed stress value calculations

from the shift of the E(3TO) mode which is a real (harmonic) hard mode in the sense that its pressure

coefficient is positive (
E(3TO)dw /dP  = +7.1 ± 1 cm-1 GPa-1 [18]). The obtained values were in good

agreement with the stress values calculated from the c-lattice parameter obtained by XRD (Table 3),

as described in Ref. 37.  The similarity between stress values allows us to consider that Eq. (3) can

be used for E(3TO) in the case of PTO/LAO films.  Therefore, Raman data obtained from hydrostatic

pressure experiments can be used in our case to provide an understanding and reasonable estimate of

the stress state from E(3TO) hard mode in c-domains in PTO films. From comparison of Eqs. (3) and

(4), it results that 
E(3TO)b' <<

E(3TO)a'  and then from Eqs. (6) and  (7), that the shift of the E(3TO) mode

E(3TO)Dw  in a-domains should be half of that in c-domains for a given biaxial stress value.

Indeed, the E(3TO) mode is observed at a lower wavenumber in PTO/LAO films than in a

single crystal (506.2 cm-1) (Table 3). This observation provides evidence that films are under tensile

residual stress. Stress values evaluated in c-domains decreased from 1.3 to 0.5 GPa when the

thickness increased from 30 to 460 nm (Table 3) [37]. E(3TO) modes related to a-domains are

shifted to lower wavenumbers in comparison with modes coming from c-domains (Table 3);

accordingly, a-domains are more stressed than c-domains. The higher stress in a-domains should

result from a larger lattice mismatch between the film and the substrate and more probably from the

nano-size of a-domains as they form thin sheets in a matrix of c-domains [11], which may generate a

supplementary stress at c/a domain interfaces. Therefore, stresses in a-domains are probably not

biaxial and the stress relation with 
E(TO )Dw  should then be described by Eq. (4). Thus, residual stress

value in a-domains cannot be estimated from the shifts of Raman modes, because the stress

symmetry in a-domains is unknown.

Qualitatively, one can see that the difference in residual stress in a- and c-domains is

considerable. Thus, residual stress value in c/a/c/a epitaxial PTO films with dominant c-domain

structure can be determined only from polarized Raman spectra recorded on film cross section. The

case of polycrystalline films is different as Raman selection rules are not respected and residual

stresses can be evaluated from spectra collected in common way on the film surface. Only few
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literature reports can be found on residual stress values in c-domains in epitaxial PTO films [24], and

calculations are made by using anharmonic E(1TO) soft mode and  Eq. (3).

PTO films are under in-plane tensile stress whatever the film thickness, which is in agreement

with XRD results. Thus, the origin of the tensile residual stress is not only the mismatch between the

film and the substrate, because this would lead to a compressive stress. Other possible origins of

tensile stress are related to phase transition and to a difference in film and substrate thermal

expansion coefficients. Thermal stress is usually rather small; thus the high residual stress values,

especially in thin films, cannot be explained if the stress related to the phase transition is assumed to

be completely relaxed. As a matter of fact, residual stress measured in films at room temperature is

the sum of all stresses developed during the complex process of film preparation, and it cannot be

associated to only one origin of stress. At the present state of our work we cannot say if the epitaxial

stress is relaxed to zero or if only the other types of stress are dominating the physics of the system.

3- Domain structure and A1(TO) modes

Similar to E(TO) modes, A1(2TO) and A1(3TO) modes are also shifted to lower wavenumbers

in comparison with A1 bulk modes (Fig. 5 and [37]). As mentioned before, both types of A1(TO)

modes related to c-domains and coming from a-domains are observed in VV spectra recorded on the

film surface due to a depolarization effect (labeled a- and c-components in Fig. 5). Since a-domains

are more stressed than c-domains, it results that a-components appear at lower wavenumbers in

comparison with c-components. The intensity ratio between a- and c- components is correlated to the

volume fraction of a-domains as shown in Fig. 5; it follows the same thickness dependence as the a-

component is the more intense feature in the 125 nm thick film spectrum. Intensities of the A1(TO)

mode coming from a-domains are increased in comparison with those from c-domains resulting from

the depolarization effect. In a recent study of Pb(Zr,Ti)O3 /MgO epitaxial films [39], a remarkable

correlation was found between the intensity of the A1(1TO) mode and the c-domains volume fraction

, thus providing a useful probe for domain characterization.

4- Effect of temperature

The evolution with temperature of VH Raman spectra (E(TO) modes) related to a- and c-

domains in a 250 nm thick PTO/LAO film is shown in Fig. 6. Up to 400 °C, spectra are rather

similar in both a- and c-domains. However, when the temperature is further increased, the spectral
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signature of a- and c-domains becomes different: On the one hand, Raman modes in a-domains

become gradually larger and less intense and the spectrum almost vanishes. On the other hand, the c-

domains maintain a fairly well-defined Raman signature up to 600 °C. This observation suggests that

the structural instabilities, with respect to temperature, are different for a- and c-domains. This

difference may be explained by various factors, such as the different size and/or orientation of a- and

c-domains with respect to the substrate, or a change in the domain structure with temperature.

However, further investigations are necessary to understand this behavior in more detail.

In order to determine the temperature at which the phase transition occurs, the temperature

evolution of the E(2TO) mode profile was analyzed for a- and c-domains. The evolution in

wavenumber of the E(2TO) mode as a function of temperature is reported in Fig. 7. It can be seen

that a- and c-domains indeed show similar behavior at low temperature, in agreement with the above

qualitative remarks. On the other hand, while the spectrum of a-domains disappears around 480 °C

and is no longer allowed to follow the E(2TO) mode evolution, this mode coming from c-domains

presents an anomaly at 500 ˚C. This anomaly provides evidence for a structural rearrangement and

we note that this temperature coincides with the ferroelectric-to-paraelectric (tetragonal-to-cubic)

phase transition in bulk PTO. Although this coincidence suggests that the c-domains become cubic,

the presence of a Raman signature above 500 °C is a direct evidence that the c-domains are not

strictly cubic at least on a local level. Although we do not know in detail the stress state of our films,

it is interesting to see how our results stand within theoretical predictions. We note that a transition

from c/a/c/a to a c-phase and to a paraelectric phase is predicted by Koukhar et al. [7] and  Li et al.

[9],  which is similar to our experimental observation. However, further investigations are needed to

clarify where our films are situated in the so-called Pertsev diagrams. Lets us finally note, that

various ferroelectric perovskites present (large) Raman bands even within a cubic average structure,

and this is understood by the different coherence lengths obtained by the Raman and XRD

techniques. If we consider that XRD probes the long range structure while Raman is a local probe,

then the Raman signature of an average cubic structure finds its origin in the existence of local polar

disorder which averages out to a cubic structure (one well-known example is the so-called 8-site

model [40]). This could also explain our observed persisting Raman signal. However, the fact that

the two bands between 200 and 300 cm-1 remain fairly well-defined also leaves the place for an

interpretation where the c-domains adopt above 500 °C a new crystal or domain structure. Raman
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spectroscopy alone, unfortunately, does not allow to conclude in favor of the first or the second

scenario, and high temperature XRD is under way to clarify this point.

V. Conclusions

A systematic study of domain structure and residual stress evolution with film thickness and of

phase transition in c/a epitaxial PTO/LAO films is reported by using XRD and Raman spectroscopy.

The results obtained by both techniques provide evidence that the films are under tensile residual

stress in the film plane although a compressive misfit stress is expected. The a-domains are more

stressed than c-domains, with a significant difference in stress values evaluated from the Raman shift

of the E(3TO) mode. Residual stress is partially relaxed with increasing film thickness. As expected

by the Raman selection rules, residual stress values in epitaxial PTO films with a dominant c-domain

structure can be obtained only from polarized Raman spectra coming from c-domains, i.e. from

spectra recorded on the film cross section. The large A1(TO) modes are split into two components,

respectively assigned to a- and c-domains; their intensity ratio was correlated to the volume fraction

of a-domains.

The evolution with temperature of Raman spectra of PTO films shows that Raman modes of a-

domains gradually evolve until the spectrum almost vanishes at 480 °C whereas modes in c-domains

remain well defined up to 600 °C despite an anomaly in the spectrum evolution at 500 °C. This

suggests a structural rearrangement at a temperature close to the bulk structural phase transition

temperature. Let us finally note, neither the phase transition temperature. Let us finally note that

neither the phase transition temperature nor the high temperature symmetry of epitaxial c/a PTO

films can be determined from Raman spectra recorded on film surface in backscattering geometry,

but that a cross section geometry, as in this work, should be used.
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Figure captions

Fig.1: (a) X-ray diffraction omega-2 theta mapping near the (103) and (301)/(310) PTO /LAO peaks.

Omega-chi contour maps of (b) c-domain (003) reflection, and (c) a-domain (300) reflection.

Fig. 2: Film thickness dependence of the PTO c lattice parameter in c-domains.

Fig. 3: Raman scattering geometries and polarization configurations used for the Raman mode

assignment in a- and c-domain PTO/LAO films.

Fig.4: Polarized Raman spectra of PTO/LAO films recorded in parallel and crossed polarization

configurations on the film surface and on the film cross section.

Fig. 5: Evolution of the A1(2TO) and A1(3TO) modes as a function of PTO/LAO film thickness. The

a- and c-components of each A1(TO) mode refer to modes coming from a- and c-domains,

respectively. The volume fraction of a-domains (%) is given in the figure for each film thickness.

Fig. 6: Temperature dependence of the VH Raman spectra related to a- and c-domains in a 250 nm

thick PTO/LAO film.

Fig. 7: Evolution in wavenumber of the E(2TO) mode in a- and c-domains as a function of

temperature in a 250 nm thick PTO/LAO film.
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Tables

Table 1: TO-LO assignment of the A1 and E modes.

Table 2: X-ray characterization of PTO/LAO films of different thicknesses comprised in the range

30-460 nm.

Film thickness (nm) 460 250 125 65 30

Twinning angle of a-domains (˚) 2.36 2.4 2.42 - -

Twinning angle of c-domains (˚) 0.69 0.50 0.33 0 0

Volume fraction of a-domains  (%) 4.7 14.4 19.4 9.0 -*

* Undetermined due to very low peak intensities

Phonon assignmentPropagation

direction E(x) E(y) A1(z)

x LO TO TO

y TO LO TO

z TO TO LO
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Table 3: E(3TO)  phonon wavenumbers  and residual stress values estimated from E(3TO) mode
wavenumber and XRD data in PTO/LAO films of different thicknesses comprised in the range

30-460 nm.

w(E(3TO)) (cm-1)
Residual stress in

 c-domains (GPa)

Thickness (nm) a-domains c-domains E(3TO) XRD [37]

460 500.8 503.2 0.45 ± 0.07 0.40 ± 0.06

250 499.4 502 0.59 ± 0.10 0.58 ± 0.08

125 498 501.2 0.70 ± 0.11 0.79 ± 0.11

65 - 499.7 0.88 ± 0.14 1.00 ± 0.14

30 - 496.9 1.30 ± 0.21 1.02 ± 0.15
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