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Raman spectroscopy: from ferroelastic domain identification to

strain tuning
1. Introduction

The atoms in a solid oscillate around their equilibrium positions at given finite
temperature. These lattice vibrations, or phonons, are responsible for the
fundamental properties of solid state materials such as heat capacity, thermal
conductivity, lattice expansion, phase transitions, etc. In the particular case of
multiferroic perovskite materials the lattice vibrations are considered to be one of the
most fundamental keys in controlling the functional properties. On the other hand, the
phonon frequencies count as material fingerprints, i.e. they have specific values for a
given chemical composition and for a given crystal structure, and, thanks to their
symmetry, they obey well defined optical selection rules. The lattice vibrations are
commonly investigated by Raman spectroscopy and infrared spectroscopy and the
corresponding Raman and infrared spectra can be used for material identification.
Moreover, given the sensitivity of the phonon frequencies with respect to the
structural parameters, the measured vibrational spectra (Raman or infrared) carry
information related to the presence of structural defects or strain in the investigated

solids.

Despite of enormous amount of research the assignment of the phonons
symmetry in multifunctional materials, such as multiferroic BiFeO3; (BFO), is still
controversial, due to the polar character and the mixed symmetry of the oblique
vibrational modes. We proposed for the first time a method based on the Raman
tensor formalism, which allows an assignment of the BFO Raman modes of pure as
well as mixed character/symmetries. Relying on the assignment done for crystals, it
is shown that Raman spectroscopy is a powerful tool for the investigation of

ferroelastic domain formation in multiferoic crystals and thin films.

Another major finding of this Habilitation thesis is (besides the ferroelastic
domain orientation) that Raman spectroscopy is able to probe the tilt of the domain
walls between the ferroelastic domains with respect to the sample surface. This
knowledge was achieved by performing line scans using different excitation

wavelengths. When employing several excitation wavelengths in the Raman



spectroscopy experiment, one can gain depth information due to the different

corresponding penetration depth of light.

An important direction of the Habilitation deals with the exploitation of strain in
materials for tuning various material properties. In silicon by example, induced strain
provides enhanced carrier mobility compared to the unstrained counterparts. In
ferroelectric or multiferroic materials one can change the electric polarisation by
changing the strain and thereby enhance or reduce the ferroelectricity. Generally,
strain engineering has recently become a powerful method to vary the physical
properties of complex multifunctional oxide thin films [Mar12] having a perovskite or
spinel structure. However, the modification of perovskite structure induced by strain is
difficult to be observed by means of classical X-ray diffraction experiments due to the
poor in-plane sensitivity. Raman spectroscopy can detect even subtle structural
modifications, in particular slight deviations from the cubic structure as occurring in
the class of oxides with perovskite structure. The structural changes induced by
strain can alter the crystal symmetry having a significant effect on the Raman
spectrum. We show that Raman spectroscopy is a viable, non-destructive, and
sensitive method which allows to study the strain in such material systems based on
the exploration of the frequency range of the lattice vibrations. This cumulative
Habilitation thesis summarizes several examples related to the quantitative
determination of strain by Raman spectroscopy, the investigation of coupling
phenomena induced by epitaxially, mechanically or piezoeletrically applied strain, as
well as the understanding of temperature induced phase transitions which are

intimately related to specific phonon modes.

Figure 1 presents a schematic representation of the own contribution to the
progress in the application capabilities of Raman spectroscopy. The Raman tensor
formalism was applied for the first time for unambiguous polar phonon assignment in
multiferroics. Once the phonon assignment is clarified, Raman spectroscopy can be
applied to the imaging of nano- and macro-domains and domain walls in
multiferroics. Furthermore, phase transitions and orbital ordering can be monitored as
a function of temperature by Raman spectroscopy. On the other hand, once the
mode assignment is clear and after a careful calibration, the applied strain can be

determined quantitatively as it was shown in the case of anisotropic strain for the



elemental semiconductor silicon or in the case of epitaxially or piezolectrically applied
strain in the case of the structurally more complex multiferroic materials.

The cumulative Habilitation is based on sixteen published scientific articles in
which the candidate was significantly involved. The list of these publications and the
candidate’s own contribution to each publication can be found on the page 23.
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Figure 1. Schematic representation of the topics addressed in this cumulative Habilitation
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thesis.

The ferroelectric and multiferroic samples investigated were grown by pulsed
laser deposition in the groups of Dr. lonela Vrejoiu (Universitat zu Koln, MPI Halle)
Prof. Dr. Marin Alexe (University Warwick, MPI Halle) and Prof. Dr. Kathrin Dorr
(MLU Halle). The strained Si samples were prepared by the candidate during his
Postdoc period at MPI Halle.

The Raman measurements were performed by the candidate at TUBA
Freiberg and MPI Halle (strained Si part). Ellipsometric measurements were
performed by the candidate at TU Chemnitz (group of Prof. Dietrich R.T. Zahn) or at
BESSY Berlin. Some of the XRD measurements were performed in the group of Prof
David Rafaja (TUBA Freiberg).



2. Motivation

Multiferroic materials that simultaneously show polarization and magnetization
ordering are envisaged to play a significant role in developing devices with large
magnetoelectric coupling, i.e. devices in which the polarization and the magnetization
can be controlled by applying a magnetic or electric field, respectively.[Ram07]
Materials naturally showing occurrence of multiferroism are, however, rather rare. For
example, in multiferroic materials with perovskite ABOs-structure the multiferroism is
hindered by the competition between exhibiting ferromagnetism and ferroelectricity
(the former requires partially filled d orbitals whereas the Ilatter empty d
orbitals).[Spa05] One exception is the case of bismuth perovskites, which are

regarded as good candidates for room temperature (RT) multiferroism.

Bismuth ferrite (BFO) is a rare case of a single phase RT multiferroic with
ferroelectric Curie temperature T,~1100 K and antiferromagnetic Néel temperature
Tn~640 K, well above RT.[Fis80] Multiferroic epitaxial BFO films may find potential
applications in non-volatile ferroelectric memories or novel multiple state memories
as well as in devices based on magnetoelectric effects.[Chu08, Cat09] Another
interesting candidate for intrinsic multiferroism is BiCrO3 (BCO). The magnetism and
ferroelectricity of BCO are still debated because of the lack of definite crystal
structural information, which is an important prerequisite for understanding its
properties. Polycrystalline BCO shows a structural transition from monoclinic to
orthorhombic symmetry at 420 K.[Bel07] On the other hand, Hill et al. [Hil02]
predicted that BCO should have a G-type antiferromagnetic ground state and
antiferroelectric structural distortion on the basis of the hypothetically cubic crystal

structure.

The growth of high-quality single crystalline thin films of multiferroics is
essential for the study of their intrinsic fundamental physical properties, undisturbed
by extrinsic contributions from parasitic phases and extended structural defects, and
finally for their incorporation into practical devices.[Ram10] For example, artificial
lattices of BFO/BCO were found to show ferrimagnetic interactions due to the Fe-Cr
alternating ordering in (111) planes, although BFO and BCO are
antiferromagnets.[lch08]



Strain engineering was established as valuable method to tune the physical
and functional properties of complex oxides [Ope11]. The usual way to induce
different strain in thin films is the growth of films having different thickness on single
crystal substrates with a certain lattice mismatch. This approach was successfully
applied for engineering the magnetoelectric properties in complex multifunctional
oxides. The structural modification induced by strain is difficult to follow. Raman
spectroscopy is a suitable non-invasive methods which has been established for the
detection of subtle structural changes, in particular slight deviations from cubic
structure as occurring in the class of oxides with perovskite [Pez13, Bee12, Kre03,
Ten08, Bea07 ,Pal08, I1ss10, Her07, Lah09] and spinel [lva10, lli11, Fri11] structure.
Raman spectroscopy has found increasing application for the characterization of
ferroelectric thin films, because the ferroelectric phase transition is intimately related
to specific phonon modes. For example, an increase in the number of Raman peaks
may reflect a space group with lower symmetry as it was observed in the case of
BFO films when the symmetry changed from tetragonal to monoclinic [Bea07, Pal08].
Recently, Raman spectroscopy was employed to show that the strain can completely
modify the magnonic response of BFO [San13]. It should be mentioned that there is a
series of extrinsic factors, e.g., the crystalline quality of the substrates, the growth
method, stoichiometry (oxygen content), or the growth induced disorder which can
affect the epitaxy and the substrate-film strain transfer. By applying piezoelectric
strain it is possible to obtain a quantitative correlation between strain and the shift of
the Raman-active phonons, ruling out the influence of extrinsic factors (growth
conditions or crystalline quality of substrates). The lattice strain can be reversibly
modulated using the piezoelectric effects of the substrate and for films that are

epitaxialy grown, this strain can be transferred to the epitaxial films.

In order to extract information related to structural properties and their
changes upon strain, the correlation between a measured Raman spectrum and the
corresponding material/phase has to be established first. In ref [Him19] a decisive
contribution to the clarification of the Raman mode assignment of BFO has been

presented. The main achievements are shortly summarized in 3.1.

In addition to the material/phase fingerprint, the Raman spectra are sensitively
influenced by the measurement conditions such as excitation wavelength or

measurement geometry. An example on how these effects can be exploited for



extracting information about ferroelastic macro-domain and domain walls is shortly
discussed in 3.2. The application of Raman spectroscopy to the orientation
determination for small (nano) domains to the case of BFO and BCO epitaxial films is

addressed in 3.3.

For resonant Raman spectroscopy investigations, the knowledge about the
bandgap of the material is important (3.4.). The complex dielectric function was
determined for the first time by us for some of the materials under study. For
example, the dielectric function of BCO thin films was determined in the energy range
of 0.73-9.8 eV using spectroscopic ellipsometry. By analysing the absorption onset

region, it was shown that BCO is an indirect bandgap material [Him13].

On the other hand, we have demonstrated on two examples (BiCrO3; and
LaVOs3) the strength of Raman spectroscopy in the monitoring of phase transitions or

orbital ordering induced by temperature (3.5.).

Strained silicon (sSi) enables the enhancement of the carrier mobilities
compared to bulk Si. Since the band gap engineering in such devices is almost
exclusively based on the induced strain approach, it is very important that the strain
in the Si layer is retained during various processing steps. Consequently, the
behaviour of the strained state of sSi layers after nanopatterning is of significant
technological importance. Raman spectroscopy has become an important non-
destructive tool for investigation of strain in silicon films and Si based
microelectronics. Moreover due to continuing miniaturization of the microelectronic
devices, the use of short wavelength UV lasers for Raman spectroscopy has been
proven to have significant advantages over the conventional visible lasers due to the

short penetration depth and therefore surface-near probing of the material.

A significant part of this habilitation thesis was dedicated to the correlation
between the effect of strain induced either by epitaxy or by using a piezolelectric
substrate and the corresponding effects on the Raman spectra. Four studies were
dedicated to the investigation of strain in BFO films, one article addressed strain in
spinel films and other five papers were dedicated to strained silicon. These results
are shortly summarized in 3.4. for the BFO and spinel case and in 3.6. and 3.7. for

the silicon case.



3. Results
3.1. Raman tensor formalism: assignment of the BFO polar modes [Him19]

[Him19] C. Himcinschi, J. Rix, C. Réder, M. Rudolph, M.-M. Yang, D. Rafaja, J. Kortus, and
M. Alexe

Ferroelastic domain identification in BiFeOj3 crystals using Raman spectroscopy

Scientific Reports 9, 379 1 9 (2019) doi: 10.1038/s41598-018-36462-5

Although a lot of research was devoted to the properties of BFO, one of the
most fundamental aspects, the lattice vibration, in particular the assignment of the
phonons symmetry is still controversial, due to the polar character and the mixed
symmetry of the oblique modes.

A full assignment of the modes considering mixed symmetry LO/TO and mixed
character A1/E was done by Hlinka et al. [HIi11] based on the dispersion of phonons
frequency on the angle @ (angle between the phonon propagation and the optic axis)
[HIi11]. This method (ref. [HIi11]) is based on the phonon frequency variation with the
angle between the crystal optic axis and the laser beam in randomly oriented

crystalline grains.

We present in our paper [Him19] for the first time a method based on the
Raman tensor formalism, which allows an assignment of the BFO Raman modes of
pure as well as mixed character/symmetries. It should be mentioned that in literature
the Raman tensor approach was only applied until now for pure (not mixed) modes.
This restriction corresponds to the case 6 = 0° (where 6 is the angle between the
phonon propagation and optic axis), i.e. the case of (111),. oriented BFO. Most of the
samples/films investigated in literature were, however, (001),c oriented BFO
corresponding to 6 = 54.7°, which leads to an incorrect interpretation, because in this
case mixed character/symmetry of the modes needs to be considered. The method
presented in our paper [Him19] analyses the in-plane (i.e. in the crystal surface
plane) variation of the Raman intensities upon azimuthal rotation of a single crystal
instead of the phonon frequency dispersion (which was reported in ref. [HIi11]). Since
it is based on the Raman intensity analysis, the Raman tensor method presented
here is highly sensitive to the in-plane orientation of the optic axis projection onto the
sample surface for any angle 6 between the phonon propagation (laser beam
direction) and the optic axis. We present a general approach based on numerical

simulations using the Raman tensor formalism combined with polarisation and
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azimuthal angle-dependent Raman measurements that is capable to identify the
polar modes of mixed symmetries in a (001),c oriented BFO single crystal

unambiguously. This method can easily be extended to any crystal orientation.

In Figure 2, the azimuthal dependence of the intensity of the ordinary Ero
modes and of extraordinary modes with mixed symmetries: Eto<>E 0, Eto<>A1T0,
AiLoA1710, and Ay o<ELo obtained by Raman tensor formalism simulations are
shown to be in good agreement with the polar dependence of the experimentally

measured peak areas for both parallel and cross polarisation.
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Figure 2. (taken from [Him19]) Polar plots of the azimuthal angle dependence of the
measured peak areas for the BiFeO; modes at 520 cm™ (a), 288 cm™ (b), 172 cm™ (c) 220
cm™ (g) and 370 cm™ (h) and the simulated intensity dependence using Raman tensor
formalism for the ordinary E+o (d), Ero>A110 (€), AlLoE o (f), AlLo>A110 (i) and EroE o
(j) mixed modes in the case of an (001),. BFO scattering surface, for parallel (continuous

line) and crossed (dashed line) polarisation configurations.



3.2. Resonant / non-resonant Raman spectroscopy on BFO: information

about ferroelastic macro-domain and domain walls [Him19]

[Him19] C. Himcinschi, J. Rix, C. Réder, M. Rudolph, M.-M. Yang, D. Rafaja, J. Kortus, and
M. Alexe

Ferroelastic domain identification in BiFeOj3 crystals using Raman spectroscopy

Scientific Reports 9, 379 1 9 (2019) doi: 10.1038/s41598-018-36462-5

For an accurate assignment of the phonon modes, Raman spectroscopy
should be performed using a laser excitation energy which does not match any
electronic transition in the studied material. In the case of resonant Raman
spectroscopy, i.e. when the laser energy is resonant with an electronic transition
energy, a breakdown of selection rules was observed in Raman scattering. [Mar71]
This leads to effects such as occurrence of anomalous multiple-phonon lines or the
appearance of Raman-allowed phonon lines in a forbidden polarization configuration.
[Wil73] In order to exclude any ambiguity in the interpretation of the mode character
we focused on the comparison of the Raman tensor formalism predictions with
azimuthal dependent measurements performed under off-resonant conditions using
the 633 nm (1.96 eV) laser line (see Figure 3). Once the mode characters have been
unambiguously determined, we took advantage of the different penetration depths of
the two laser lines in BFO (76 nm @442 nm and 7um @633 nm) and performed line

scans using both excitations in order to win depth information.

By performing line scans using different excitation wavelengths we
demonstrated that Raman spectroscopy is able to probe tilting of the domain walls
between the ferroelastic domains with respect to the sample surface (as shown in
Figure 4 of the paper [Him19]). An advantage of Raman mapping/line scans
performed at different excitation wavelengths (having different light penetration
depths in BFO) with respect to other techniques such as XRD or polarisation
microscopy is the depth sensitivity of the information regarding the tilt of the domain

walls relative to the surface.

The sensitivity of the Raman signal to the ferroelastic domain orientation on
one hand, combined with the variable depth information when using appropriate laser
wavelengths for excitation on the other hand, provide a unique advantage when
using Raman spectroscopy for domain imaging. Raman spectroscopy can be used to

11
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image the ferroelectric domains and at the same time to gain additional depth

information regarding the tilt of the domain walls relative to the surface.
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Figure 3. (taken from [Him19]) Typical BFO Raman spectra measured in parallel polarisation
using the 633 nm excitation line on the two types of ferroelastic domains (as seen in inset in
the polarisation microscopy image). The unit cell and the relation of the pseudo-cubic and
rhombohedral crystallographic axes are shown on the right side of the figure.

3.3. Raman spectroscopy on BFO and BCO epitaxial films: orientation of

small (nano) domains [Tal12, Tal15]

[Tal12] A. Talkenberger, C. Himcinschi, T. Weilbach, K. Vijayanandhini, I. Vrejoiu, C.
Roéder, D. Rafaja, and J. Kortus

Raman spectroscopic and X-ray diffraction investigations of epitaxial BiCrOj thin films

Thin Solid Films 520, 4590-4594 (2012) doi: 10.1016/j.tsf.2011.10.196
[Tal15] A. Talkenberger, I. Vrejoiu, F. Johann, C. Rdder, G. Irmer, D. Rafaja, G. Schreiber, J.
Kortus and C. Himcinschi

Raman spectroscopic investigations of epitaxial BiFeOj; thin films on rare earth scandate

substrates
J. Raman Spec. 46, 1245 (2015) doi: 10.1002/jrs.4762

With the knowledge of the phonon symmetry we performed polarisation
dependent Raman measurements (in parallel and cross polarisation configuration) for
the BFO film deposited on different scandate subtrates. [Tal15] In this case the
samples were thin films consisting of thin ferroelastic domains (ca. 150 nm in lateral
direction) having different crystallographic orientations. The laser focus was about 2
pMm, so that several tens of domains were measured simultaneously. Consequently,

the measured intensity and its dependence on the azimuthal angle are averaged



over several domains. However, remarkable is the 90 degree periodicity of the peaks
position (Figure 2b, in [Tal15]) and of the full width at half maximum (Figure 2c, in
[Tal15]) mode for both parallel (vv) and cross (hv) polarisation. For both polarisations
the four maxima in positions correspond to the minima in FWHM. Such a behaviour
can be explained considering a twin family of crystals with a very well defined
orientation to each other. Simulations of the Raman intensity as a function of the
azimuthal angle, taking into account the symmetry of the Raman tensor, showed that
the behaviour of the peak position and FWHM can be reproduced considering the
presence of two ferroelastic domains in the films. Formation of two families of
domains was also experimentally confirmed by XRD and visualised using

piezoelectric force microscopy.

To determine the structural properties of BCO fiims we used a similar
procedure as the one presented in [Him19] based on Raman tensor formalism. The
epitaxial relation between films and substrates was verified by using polarisation
dependent Raman spectroscopic experiments and theoretical calculations based on
symmetry. [Tal12] In order to obtain information about the crystal structure of the
films, about their quality, and about the mutual crystallographic orientation between
the films and the substrates, complementary investigations by means of high
resolution X-ray diffraction and pole figure measurements were performed on
epitaxial BCO thin films grown on NdGaOs; (110)- and (LaAlO3)o3-(Sr2AlTa0g)o.7
(100)-oriented substrates. These studies confirmed the findings of Raman spectra
analysis, including the fact that the monoclinic (111) plane of BCO was found to be

parallel to the substrate surface.

3.4. Strain influence on optical properties of BFO films: from epitaxial to

piezoelectric strain [Him10a, Him10b, Him15, Him16]

[Him10a] C. Himcinschi, |. Vrejoiu, M. Friedrich, E. Nikulina, L. Ding, C. Cobet, N. Esser, M.
Alexe, D. Rafaja, and D.R.T Zahn

Substrate influence on the optical and structural properties of pulsed laser deposited BiFeO3
epitaxial films

J. Appl. Phys. 107, 123524 _1-5 (2010) DOI: 10.1063/1.3437059
[Him10b] C. Himcinschi, |. Vrejoiu, M. Friedrich, L. Ding, C. Cobet, N. Esser, M. Alexe, and
D.R.T Zahn

Optical characterisation of BiFeQO3 epitaxial thin films grown by pulsed-laser deposition
physica status solidi ¢ 7, 296-299 (2010) DOI: 10.1002/pssc.200982414
[Him15] C. Himcinschi, A. Bhatnagar, A. Talkenberger, M. Barchuk, D.R.T. Zahn, D.
Rafaja, J. Kortus, and M. Alexe

Optical properties of epitaxial BiFeOs thin films grown on LaAlO;

13
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Appl. Phys. Lett. 106, 012908_1-5 (2015) doi: 10.1063/1.4905443

[Him16] C. Himcinschi, E.J. Guo, A. Talkenberger, K. Doérr, and J. Kortus

Influence of piezoelectric strain on the Raman spectra of BiFeQs; films deposited on PMN-PT
substrates

Appl. Phys. Lett. 108, 042902 (2016) doi: 10.1063/1.4940973

Epitaxial thin films of bismuth ferrite deposited by pulsed laser deposition on
SrTiO3; (STO) (100), DyScO3; (DSO) (110), TbScO3; (TSO) (110) and LaAlO; (LAO)
(100) were investigated by ellipsometry and Raman spectroscopy in order to check
the influence of the epitaxial strain on the dielectric function and on the phonon
modes. [Him10a, Him10b, Him15]

The Raman spectra revealed a clear blue shift of the BFO modes when going
from the films deposited on DSO to those deposited on STO or when decreasing the
film thickness. [Him10b] The blue shift of the Raman peaks indicates an increase of
compressive strain in the films. This means that the BFO films deposited on STO
have a higher compressive strain than those deposited on DSO. These results
confirm the behavior observed in the dielectric function and the bandgap for these
BFO films. [Him10a, Him10b] The thin films are more compressed than the thick
ones, a fact which can be well understood considering the lattice mismatch between
the BFO films and the STO and DSO substrates. These findings were supported by

the results of complementary XRD measurements. [Him10b]

On the other hand, highly strained (tetragonal-like) and nearly pseudomorphic
(rhombohedral) BFO films were PLD deposited on LAO and TSO respectively.
[Him15] The symmetry of the tetragonal-like BFO films was analysed based on
polarisation dependent Raman measurements and on the comparison with Raman
spectra measured for rhombohedral films deposited on TSO. The evaluation of
ellipsometric spectra revealed that the films deposited on LAO are optically less
dense and the dielectric function is blue-shifted by 0.3 eV as compared to the
rhombohedral films. Bandgaps of 3.10 eV and 2.80 eV were determined for the films
deposited on LaAlO3 and TbScOs3, respectively. The shift in the optical bandgap and
dielectric function is nearly preserved also for thicker films, which indicates that the
tetragonal structure is formed even in films with thicknesses above 100 nm as also

confirmed by XRD investigations. [Him15]



By employing piezoelectric single crystal substrates (as for example
[Pb(Mg1/3Nb2/3)O3]-PbTiO; (PMN-PT)), the strain in both substrate and film can be
simultaneously modified by using an external electric field, so that extrinsic factors,
which could affect the film strain (growth conditions, different thicknesses, different
substrates quality), are excluded. The lattice strain can then be reversibly modulated
using the piezoelectric effects of the substrate and if the films are epitaxialy grown,
this strain can be transferred to the epitaxial films. (1-x)PMN-xPT with a
concentration near to the morphotropic phase boundary x=0.3 possesses excellent
piezoelectric activity. The strain can be effectively transferred to the films in the case
of an efficient elastic coupling at the interface substrate/film using a structure as
schematically shown in figure 4 [Him16]. The lattice parameters change linearly with
the electric field applied and the effect is reversible. Using the lattice parameters
measured by XRD and the Poisson ratio for BFO, the relative volume change
induced by strain was determined. Using the shifts of the phonons measured by
Raman and the relative volume change as determined by XRD we calculated for the
first time the Grlneisen parameters for BFO films. [Him16] The method of
piezoelectrically induced strain allows one to directly obtain a quantitative correlation
between the strain and the shift of the Raman-active phonons. This is a prerequisite
for making Raman scattering a strong tool to probe the strain coupling in multiferroic

nanostructures.

Conductive layer
(SrRuO,, or La, ,Sr, ;MnO,)

Figure 4. (taken from [Him16]) Schematic diagram of the BFO /buffer /piezo-PMN-PT

structure used for Raman measurements and for the determination of Griineisen parameters.

15
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3.5. Raman spectroscopy: phase transition and orbital ordering [Him11,
Him13, Vre16, Vre17]

[Him11] C. Himcinschi, |. Vrejoiu, T. Weillbach, K. Vijayanandhini, A. Talkenberger, C.
Réder, S. Bahmann, D. R. T. Zahn, A. A. Belik, D. Rafaja, and J. Kortus

Raman spectra and dielectric function of BiCrO3: Experimental and first-principles studies

J. Appl. Phys. 110, 073501_1-8 (2011) doi:10.1063/1.3642985
[Him13] C. Himcinschi, |. Vrejoiu, G. Salvan, M. Fronk, A. Talkenberger, D.R.T. Zahn, D.
Rafaja, and J. Kortus

Optical and magneto-optical study of nickel and cobalt ferrite epitaxial thin films and
submicron structures

J. Appl. Phys. 113, 084101_1-8 (2013) doi: 10.1063/1.4792749
[Vre16] I. Vrejoiu, C. Himcinschi, L. Jin, C.-L. Jia, N. Raab, J. Engelmayer, R. Waser, R.
Dittmann and P. H. M. van Loosdrecht

Probing orbital ordering in LaV O3 epitaxial films by Raman scattering

APL Mater. 4, 046103 (2016) doi: 10.1063/1.4945658
[Vre17] I. Lindfors-Vrejoiu, L. Jin, C. Himcinschi, J. Engelmayer, F. Hensling, C.-L. Jia, R.
Waser, R. Dittmann and P.H.M. van Loosdrecht

Structure and orbital ordering of ultrathin LaVO3; probed by atomic resolution electron
microscopy and Raman spectroscopy

physica status solidi (rrl) 11, 1600350 (2017) doi: 10.1002/pssr.201600350

Structural changes induced by phase transitions alter the crystal symmetry,
which determines the number of Raman peaks, their relative intensity and
polarisation dependence in the Raman spectra. Temperature-dependent Raman
spectroscopy was employed to study the structural phase transition in polycrystalline
BCO and to determine the transition temperature. [Him11] The measured Raman
modes can be correlated to a reversible phase transition from the “low-temperature”
monoclinic to the “high temperature” orthorhombic phase (see figure 5). This phase

transition was confirmed by in situ powder X-ray diffraction investigations.

Further, we exemplified how Raman spectroscopy can be used as a tool to
probe phase transitions such as orbital ordering in the case of 3d transition metal
oxides. [Vre16, Vre17] Miyasaka et al. [Miy05, Miy06] showed that it is possible to
measure orbital excitation bands in single crystals of vanadium oxides using resonant
Raman spectroscopy. These bands were assigned to orbiton processes and are
sometimes difficult to distinguish from phonons, the resonance of the excitation line
to the mode transition being one of the prerequisites for distinction. In our case
[Vre16, Vre17] the phase transition to orbital ordering for LaVOs3; thin films grown on
different crystalline substrates was evaluated by Raman spectroscopy. For this

purpose, temperature-dependent measurements were carried out in the range from



90 K to 300 K using resonant excitation. The dependence of the orbital ordering on

the film orientation on the different substrates was addressed.

Intensity (a.u.)

1 " A 1 Al An A .A L 1 L A
100 200 300 400 500 600

Raman Shift (cm™)

Figure 5. (taken from [Him13]) Temperature dependence of the Raman spectra of
BCO from 87K up to 500K, illustrating the reversible phase transition from the monoclinic to

the high temperature orthorhombic phase.

Another example relates to the crystalline structure in NiFe,O4 and CoFe;04
thin films and sub-micron structures which were investigated by Raman
spectroscopy. In these cases we evidenced a strain induced symmetry lowering.
[Him13] A larger number of phonon bands was observed in the polarization
dependent Raman spectra of the ferrite films than expected for the cubic spinel
structures. This is explained by short range ordering of the Ni** (or Co?*) and Fe®*'
cations at the octahedral sites inducing a lowering of the symmetry. The same
behaviour was also observed in the Raman spectra measured for the submicron
structures, suggesting the same cation distribution as in the films.
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3.6. Characterization of strained Si after nano-pattering using UV Raman

spectroscopy [Him06, Him07c]

[Him06] C. Himcinschi, |. Radu, R. Singh, W. Erfurth, A. Milenin, M. Reiche, S.H.
Christiansen, and U. Gosele

Relaxation of strain in patterned strained silicon investigated by UV Raman spectroscopy
Materials Science Engineering B 135, 184-187 (2006) DOI: 10.1016/j.mseb.2006.08.023
[Him07c] C. Himcinschi, R. Singh, |. Radu, A.P. Milenin, W. Erfurth, M. Reiche, U. Gésele,
S.H. Christiansen, F. Muster, and M. Petzold

Strain relaxation in nanopatterned strained silicon round pillars

Applied Physics Letters 90, 021902 (2007) DOI: 10.1063/1.2431476

Biaxially tensile strained silicon on wafer level has been widely explored for
performance enhancement since, in this case, the strain engineering in the silicon
channel was successfully carried out by established heteroepitaxial growth
processes. Biaxial tensile strain of the order of ~1% in silicon increases the electron
and hole mobilities due to the effective mass reduction and the band structure
modification induced by strain. To achieve biaxial tensile strain, a thin silicon layer is
epitaxially and pseudomorphically grown on a thick relaxed SiGe layer that itself is
epitaxially deposited and plastically relaxed on a Si(100) wafer. Subsequently, the
thin strained Si layer can be transferred onto silicon oxide using the Smart-Cut©
[Bru94] technology resulting in the so called strained Si on insulator (sSOIl). With this

approach tensile strain around 1% in the Si layer could be realized.

However, due to the miniaturization of the microelectronic devices the strained
Si layers have to withstand various processing steps. The strain retention in the
layers and structures after all these processing steps is an essential issue. One of the
most critical processing steps with regard to the strain retention is the nano-
patterning. It is, therefore, of significant technological importance to define a method
that is able to monitor the behavior of the strain state of strained Si (sSi) layers after

nanopatterning.

The strain in periodic arrays of sSi round nano-pillars fabricated on sSi layers
deposited on SiGe virtual substrates was determined using high-resolution UV micro-
Raman spectroscopy. [Him07c] The strain was found to relax significantly upon
nanostructuring: from 0.9% in the unpatterned sSi layer to values between 0.22%

and 0.57% in the round sSi pillars with diameters from 100 nm up to 500 nm.



[HimO7c] Similar relaxation of the strain was proved by means of UV Raman
spectroscopy in the case of patterning the strained Si ion rectangular pillars [HimO0G].
We found that the strain relaxation is mediated by the large free surface area at the
edges of the pillars. The strain relaxation depends on the nanopattern size and
geometry and should be considered in designing the chips since it critically influences

the strain engineering.

3.7. Method for obtaining uniaxial strain at wafer level in tension and

compression [Him07a, Him07b, Him08]

[Him07a] C. Himcinschi, M. Reiche, R. Scholz, S.H. Christiansen, and U. Gdsele
Compressive uniaxially strained silicon on insulator by prestrained wafer bonding and layer
transfer

Applied Physics Letters 90, 231909 (2007) DOI: 10.1063/1.2747182
[Him07b] C. Himcinschi, |. Radu, F. Muster, R. Singh, M. Reiche, M. Petzold, U. Gdsele,
and S.H. Christiansen

Uniaxially strained silicon by wafer bonding and layer transfer

Solid State Electronics 51, 226-230 (2007) DOI: 10.1016/j.sse.2007.01.018
[Him08] C. Himcinschi, R. Sing, O. Moutanabbir, R. Scholz, M. Reiche S.H. Christiansen, U.
Gosele, and D.R.T. Zhan

Etching-back of uniaxially strained silicon on insulator investigated by spectroscopic
ellipsometry

physica status solidi (a) 205, 841-844 (2008) DOI: 10.1002/pssa.200777753

The biaxial strain leads to substantial mobility enhancement for electrons
[Cur01], but the enhancement of the hole mobility in the case of biaxial strained
silicon is minor. Uniaxial straining was proposed as an alternative method for hole
mobility enhancement. Even uniaxial strain below 0.05% yields to mobility
enhancement of up to 15% [Hau03]. The amount of uniaxial strain at wafer level,
which can be obtained in 200 mm wafers is smaller than 1%, of the order of 0.05-
0.1% [HimO7a]. However, this strain can result in a mobility enhancement of more
than 35% in SOI and bulk MOSFETs [BelO1].

We proposed an approach that allows to create uniaxial strain flexibly in
tension [Him07a] or compression [Him07b] on wafer level by exploiting mechanical
straining of the material upon bending (see figure 6). For mechanical uniaxial
straining, two wafers were bent over a cylinder (bending over a sphere would lead to
biaxial strain), following the concept introduced first by Belford et al. [Bel02]. The bent

wafers are brought into contact via direct wafer bonding and covalent bonds across

19
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the bonded interface form upon annealing in the bent state. By thinning one of the
wafers, using the Smart-Cut© process, to less than 1 uym thickness the bonded pair
assumes an almost flat surface and substantial strain is transferred to the thinned

wafer. [HImO8] This strain is essentially uniaxial and can be exploited in devices.

Wafer bonding
over a cylinder

B Compressive Uniaxial Strain
Rc
Release Splitting

Figure 6. (taken from [HimO7a, HimO7b]) The bonding set-up and the schematic

drawing of the concept for realising uniaxial compressive strain at wafer level.

UV-Raman spectroscopy was employed to determine the strain in the thin
transferred layer as a function of radius of curvature of the initial bending. The strain
values, as determined from Raman spectroscopy, can be controlled by varying the
curvature radius of the bending cylinder used for bending the wafers before bonding.
A maximum compressive uniaxial strain of 0.1% was obtained for a radius of

curvature of 0.5 m.



4. Summary

The main results presented in this cumulative habilitation thesis are

summarized in the following.

A method relying on the Raman tensor formalism, which allows an assignment
of the BiFeO; (BFO) Raman modes having pure as well as mixed character
/symmetries is proposed. Based on the Raman mode assignment, a novel procedure
for the identification of the ferroelastic domains in multiferroic materials using Raman
spectroscopy mapping is presented. This method takes advantage of the sensitivity
of some mixed Raman modes of BFO to the arrangement (in-plane orientation) of the

ferroelastic domains.

Raman studies have confirmed the very good epitaxy of the tetragonal-like
BFO films grown on LaAlO3; substrates, as indicated by the remarkable azimuthal /
polarisation dependence of the Raman spectra. The larger number of phonons
observed in the spectra of tetragonal-like BFO films as compared with that of
rhombohedral BFO films is consistent with a Cc monoclinic structure, with a large
tetragonal c/a ratio. The changes of the structures seen in Raman spectroscopy are
accompanied by changes in optical properties: the dielectric function and the
bandgap of tetragonal-like BFO films are blue shifted by ca. 0.3 eV as compared with

the relaxed films.

Gruneisen parameters for BFO epitaxial thin films have been determined from
the relative volume change and the relative shifts of the Raman modes induced by

the piezoelectric strain and related to the anharmonicity of the vibrations.

Raman spectrum of BiCrO3; (BCO) and its assignment based on symmetry
considerations was reported for the first time. Temperature-dependent Raman
spectroscopy and X-ray diffraction measurements were employed to study the
structural phase transition between monoclinic and orthorhombic phases in
polycristalline BCO and to determine the transition temperature, contributing to solve
the structural controversies for this material. The epitaxial relation between BCO films
and different substrates was determined by using polarisation-dependent Raman
measurements corroborated with simulations dependent on crystal symmetry, and

with X-ray diffraction and pole figure results. On the other hand, the dielectric function
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and the band gap of BCO films were determined for the first time from spectroscopic

ellipsometry results.

The crystalline structure in NiFe;O4 (NFO) and CoFe,04 (CFO) thin films and
sub-micron structures was investigated by Raman spectroscopy and thereby a strain
induced symmetry lowering was evidenced. The band gap as well as the diagonal
and the off-diagonal components of the dielectric function of ferrimagnetic NFO and
CFO epitaxial thin films were determined in the spectral range from 0.7 eV (diagonal)
and from 1.7 eV (off-diagonal) to 5 eV by combining spectroscopic ellipsometry and

magneto-optical Kerr effect measurements.

Raman spectroscopy was successfully applied as a tool to probe also other
types of phase transitions such as orbital ordering in the case of 3d transition metal
oxides. The transition to orbital ordering in epitaxial LaVOs3; films grown by PLD was

probed and evidenced by temperature-dependent measurements.

A method of producing uniaxial strain in Si wafers based on mechanical
bending and bonding of Si wafers, followed by thinning one of the wafers by ion-
implantation induced splitting (known as the smart-cut process), was proposed. This
method allows to create uniaxial strain flexibly in tension or compression on wafer
level and UV-Raman spectroscopy can be employed to determine the strain in the
thin transferred layer.

The relaxation of the strain in strained silicon nanostructures of different
dimensions and different shapes was analysed by means of UV Raman

spectroscopy.
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5. List of the papers on which this cumulative Habilitation is based

The cumulative Habilitation is based on sixteen published scientific articles in which
the candidate was significantly involved. The candidate’s own contribution to each

publication is indicated after the list.

[Him19] C. Himcinschi, J. Rix, C. Réder, M. Rudolph, M.-M. Yang, D. Rafaja, J. Kortus, and
M. Alexe

Ferroelastic domain identification in BiFeOj3 crystals using Raman spectroscopy

Scientific Reports 9, 379 _1 9 (2019) doi: 10.1038/s41598-018-36462-5

[Vre17] I. Lindfors-Vrejoiu, L. Jin, C. Himcinschi, J. Engelmayer, F. Hensling, C.-L. Jia, R.
Waser, R. Dittmann and P.H.M. van Loosdrecht

Structure and orbital ordering of ultrathin LaVO; probed by atomic resolution electron
microscopy and Raman spectroscopy

physica status solidi (rrl) 11, 1600350 (2017) doi: 10.1002/pssr.201600350

[Him16] C. Himcinschi, E.J. Guo, A. Talkenberger, K. Dorr, and J. Kortus

Influence of piezoelectric strain on the Raman spectra of BiFeQs; films deposited on PMN-PT
substrates

Appl. Phys. Lett. 108, 042902 (2016) doi: 10.1063/1.4940973

[Vre16] I. Vrejoiu, C. Himcinschi, L. Jin, C.-L. Jia, N. Raab, J. Engelmayer, R. Waser, R.
Dittmann and P. H. M. van Loosdrecht

Probing orbital ordering in LaVO; epitaxial films by Raman scattering

APL Mater. 4, 046103 (2016) doi: 10.1063/1.4945658

[Him15] C. Himcinschi, A. Bhatnagar, A. Talkenberger, M. Barchuk, D.R.T. Zahn, D. Rafaja,
J. Kortus, and M. Alexe

Optical properties of epitaxial BiFeOs thin films grown on LaAlO;

Appl. Phys. Lett. 106, 012908 _1-5 (2015) doi: 10.1063/1.4905443

[Tal15] A. Talkenberger, |. Vrejoiu, F. Johann, C. Réder, G. Irmer, D. Rafaja, G. Schreiber, J.
Kortus and C. Himcinschi

Raman spectroscopic investigations of epitaxial BiFeOj; thin films on rare earth scandate
substrates

J. Raman Spec. 46, 1245 (2015) doi: 10.1002/jrs.4762

[Him13] C. Himcinschi, |. Vrejoiu, G. Salvan, M. Fronk, A. Talkenberger, D.R.T. Zahn, D.
Rafaja, and J. Kortus
Optical and magneto-optical study of nickel and cobalt ferrite epitaxial thin films and
submicron structures
J. Appl. Phys. 113, 084101_1-8 (2013) doi: 10.1063/1.4792749

[Tal12] A. Talkenberger, C. Himcinschi, T. Weillbach, K. Vijayanandhini, |. Vrejoiu, C.
Roéder, D. Rafaja, and J. Kortus

Raman spectroscopic and X-ray diffraction investigations of epitaxial BiCrOj thin films

Thin Solid Films 520, 4590-4594 (2012) doi: 10.1016/j.tsf.2011.10.196

[Him11] C. Himcinschi, |. Vrejoiu, T. WeilRbach, K. Vijayanandhini, A. Talkenberger, C.
Rdéder, S. Bahmann, D. R. T. Zahn, A. A. Belik, D. Rafaja, and J. Kortus
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Raman spectra and dielectric function of BiCrO3: Experimental and first-principles studies
J. Appl. Phys. 110, 073501_1-8 (2011) doi:10.1063/1.3642985

[Him10a] C. Himcinschi, |. Vrejoiu, M. Friedrich, E. Nikulina, L. Ding, C. Cobet, N. Esser, M.
Alexe, D. Rafaja, and D.R.T Zahn

Substrate influence on the optical and structural properties of pulsed laser deposited BiFeO3
epitaxial films

J. Appl. Phys. 107, 123524 1-5 (2010) DOI: 10.1063/1.3437059

[Him10b] C. Himcinschi, I. Vrejoiu, M. Friedrich, L. Ding, C. Cobet, N. Esser, M. Alexe, and
D.R.T Zahn

Optical characterisation of BiFeQO3 epitaxial thin films grown by pulsed-laser deposition
physica status solidi ¢ 7, 296-299 (2010) DOI: 10.1002/pssc.200982414

[Him08] C. Himcinschi, R. Sing, O. Moutanabbir, R. Scholz, M. Reiche S.H. Christiansen, U.
Gosele, and D.R.T. Zhan

Etching-back of uniaxially strained silicon on insulator investigated by spectroscopic
ellipsometry

physica status solidi (a) 205, 841-844 (2008) DOI: 10.1002/pssa.200777753

[HimO7a] C. Himcinschi, M. Reiche, R. Scholz, S.H. Christiansen, and U. Gésele
Compressive uniaxially strained silicon on insulator by prestrained wafer bonding and layer
transfer

Applied Physics Letters 90, 231909 (2007) DOI: 10.1063/1.2747182

[Him07b] C. Himcinschi, I. Radu, F. Muster, R. Singh, M. Reiche, M. Petzold, U. Gdésele,
and S.H. Christiansen

Uniaxially strained silicon by wafer bonding and layer transfer

Solid State Electronics 51, 226-230 (2007) DOI: 10.1016/j.sse.2007.01.018

[HimO7c] C. Himcinschi, R. Singh, I. Radu, A.P. Milenin, W. Erfurth, M. Reiche, U. Gdsele,
S.H. Christiansen, F. Muster, and M. Petzold

Strain relaxation in nanopatterned strained silicon round pillars

Applied Physics Letters 90, 021902 (2007) DOI: 10.1063/1.2431476

[Him06] C. Himcinschi, I. Radu, R. Singh, W. Erfurth, A. Milenin, M. Reiche, S.H.
Christiansen, and U. Gdsele

Relaxation of strain in patterned strained silicon investigated by UV Raman spectroscopy
Materials Science Engineering B 135, 184-187 (2006) DOI: 10.1016/j.mseb.2006.08.023

5.1. Description of own contribution

[Him19] The candidate had the idea of the paper, wrote the manuscript (except the
EBSD part), performed part of the Raman measurements and analysed the Raman
mapping data.

[Vre17] The candidate performed and analysed the Raman spectroscopy
measurements contributing in writing the Raman part of the manuscript.

[Him16] The candidate had the idea of the article, wrote the manuscript, performed
the Raman measurements and analysed part of the Raman data.
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[Vre16] The candidate performed and analysed the Raman spectroscopy
measurements contributing in writing the Raman part of the manuscript.

[Him15] The candidate had the idea of the paper, wrote the manuscript, designed
and performed the Raman measurements under electric field and analysed part of
the Raman data.

[Tal15] The candidate had the idea of the project, assisted and guided A.
Talkenberger in the measurements and analysis the Raman measurements and in
elaborating the manuscript.

[Him13] The candidate had the idea of the article, wrote the manuscript, performed
and analysed the ellipsometry measurements and part of the Raman spectroscopy
data.

[Tal12] The candidate had the idea of the project, assisted and guided A.
Talkenberger in the measurements and analysis the Raman measurements and
contribute in writing part of the manuscript.

[Him11] The candidate had the idea of the article, wrote the manuscript, performed
and analysed the ellipsometry measurements and part of the Raman spectroscopy
data.

[Him10a] The candidate had the idea of the article, wrote the manuscript, performed
and analysed the Raman measurements, applied for and performed the ellipsometry
measurements at BESSY.

[Him10b] The candidate had the idea of the paper, wrote the manuscript, performed
the ellipsometry measurements and analysed them.

[Him08] The candidate had the idea of the paper, wrote the manuscript, performed
the ellipsometry measurements and analysed them.

[Him07a] The candidate designed the uniaxial bonding set-up, had the idea of the
paper, wrote the manuscript, performed part of the bonding experiments, and
performed the Raman measurements and their evaluation.

[Him07b] The candidate designed the uniaxial bonding set-up, had the idea of the
paper, wrote the manuscript, performed part of the bonding experiments, and
performed the Raman measurements and their evaluation.

[Him07c] The candidate proposed the project had the idea of the paper, wrote the
manuscript, performed and analysed the Raman spectroscopy measurements.

[Him06] The candidate proposed the project had the idea of the paper, wrote the
manuscript, performed and analysed the Raman spectroscopy measurements.
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. Multiferroic BiFeO; crystals were investigated by means of micro-Raman spectroscopy using the laser
wavelengths of 442 nm (resonant conditions) and 633 nm (non-resonant conditions). The azimuthal
. angle dependence of the intensity of the Raman modes allowed their symmetry assignment. The
experimental data are consistent with a simulation based on Raman tensor formalism. Mixed
symmetries were taken into account, considering the orientation of the crystal optic axis along a
pseudo-cubic <111> direction. The strong anisotropic intensity variation of some of the polar Raman
modes was used for line scans and mappings in order to identify ferroelastic domain patterns. The line
scans performed with different excitation wavelengths and hence different information depths indicate
a tilt of the domain walls with respect to the sample surface. The domain distribution found by Raman
spectroscopy is in very good agreement with the finding of electron back scattering diffraction.

Due to its multiferroic properties at room temperature, the visible-light photovoltaic effect, and related potential
. applications, BiFeO; (BFO) attracts a lot of scientific interest'~%. Under ambient conditions, BFO crystallizes in
© the trigonal space group (SG) R3¢ with the rhombohedral lattice parameters a = 5.6343 A and o= 59.348°, or
. alternatively hexagonal lattice parameters a = 5.5876 A and c = 13.867 A>S. Neglecting the mutual rotation of
: neighbouring FeOg octahedrons, the crystal structure of BFO can be approximated by a sheared perovskite struc-
© ture (see the inset on the right-hand side of Fig. 1) that was reported by Tomashpolskii et al.” to crystallize in the
© space group R3m and with the lattice parameters a=3.962 A and o= 89.4°. The sheared perovskite structure is
frequently reported as a pseudo-cubic (pc) structure of BEO®. In the pseudo-cubic structure, the polarisation axis
is parallel to a crystallographic direction <111>, which is thus the polar (i.e. optic) axis. In such a case, four var-
- iants of ferroelastic domains and eight degenerated states for the electric polarisation (eight variants of ferroelec-
. tric domains taking also the polarisation orientation into account) are expected®’. The knowledge and the control
. of the domain configurations are essential for the field of “domain engineering” which is striving for tuning the
functionalities of devices based on BFO'®!!. Raman scattering yields information on lattice dynamics. Thus, it is
an established method to detect subtle structural changes in BFO!?-1°, For the BFO with the space group R3c,
group theory predicts 27 optical phonon modes T, »;. = 4A; + 5A, + 9E. The A, and doubly degenerated E
modes are both Raman and IR active, while the A, modes are silent. This means that 13 modes are observable by
: Raman spectroscopy from (111),,. BFO scattering surface's"'®. The Raman tensors of the Raman modes are given
© by

c
—c d
d

a d
A(2) —[ a |, Ex) =|c , E(y) =

(1)

The modes are polarised along the directions x, y, or z, as shown the inset on the right-hand side of Fig. 1;z
denotes the optic axis parallel to the [111],, direction; y||o,||[121],.. A; and E are polar modes, thus, due to the
macroscopic electric field, they split into longitudinal optical (LO) and transversal optical (TO) modes with dif-
ferent frequencies. According to the group theory, polar phonon modes with A, symmetry are polarised along the
z-direction (i.e. optic axis //(111),,.), while in the case of vibrations with E symmetry, the atomic displacement is
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Figure 1. Typical Raman spectra measured in parallel (VV) polarisation using the 633 nm excitation line on
the stripe domain (continuous line) and on the large domain (dotted line) of a (001),, BFO crystal shown in
the middle inset of the figure (polarisation microscopy image). Right inset: Alternative structural descriptions
of BFO and their crystallographic relationship, using VESTA program®. Thick black lines terminate the
rhombohedral unit cell (R3c¢). The unit cells plotted in purple and filled by the atoms are pseudo-cubic (R3m).
The orange arrows mark the polarisation axis. The orthogonal (x,y,z) axes used for the Raman tensors are
plotted in cyan. The gray object is an extended hexagonal elementary cell according to Doig et al.**.

perpendicular to the z-axis. The frequency of the polar modes depends on the direction of the phonon propaga-
tion with respect to the optic axis, so that a directional dispersion occurs**-22, For this reason the oblique modes
(propagating along a direction which forms an angle 0 with the [111],,. optic axis) have usually a mixed symmetry
character?*?*, Consequently, due to the LO/TO splitting 22 modes should be observed by Raman spectroscopy
from scattering surfaces different from (111),,.. This is also the case for backscattering from the (001), oriented
surface of BFO, for which 6 =54.7°. Unfortunately, this aspect was neglected in some of the Raman analyses per-
formed on the (001),, oriented BFO, which yielded to some controversies in the mode assignments®-%. A full
assignment of the modes considering mixed symmetry LO/TO and mixed character A,/E was done by Hlinka
et al. based on dispersion of phonons frequency on the angle 6 (angle between the phonon propagation and the
optic axis)**. The method presented in ref.?* is based on the phonon frequency variation with the angle between
the crystal optic axis and the laser beam in randomly oriented crystalline grains.

In this work we present a method based on the Raman tensor formalism, which allows an assignment of the
BFO Raman modes of pure as well as mixed character/symmetry. It should be mentioned that the Raman tensor
approach was only applied until now for pure (not mixed) modes. This restriction corresponds to the cases 6 =0°
and 6=90° (where 0 is the angle between the phonon propagation and optic axis), i.e. the case of (111),,. oriented
BFO. Most of the samples/films investigated in literature were, however, (001),, oriented BFO corresponding to
0=>54.7°, which leads to an incorrect interpretation, because in this case mixed character/symmetry of the modes
needs to be considered. The method presented in this work analyses the in-plane (i.e. in the crystal surface plane)
variation of the Raman intensities upon azimuthal rotation of a single crystal instead of the phonon frequency
dispersion (which was reported in ref.?!). Since it is based on the Raman intensity analysis, the Raman tensor
method presented here is highly sensitive to the in-plane orientation of the optic axis projection onto the sample
surface for any angle 0 between the phonon propagation (laser beam direction) and the optic axis. Using the 180°
periodicity of the azimuthal angular dependence of the intensity of some BFO Raman modes, this method allows
for identification of the ferroelastic domains. Thanks to the sensitivity of the Raman signal to the domain orien-
tation that is combined with the depth information when using two appropriate laser wavelengths for excitation,
Raman spectroscopy can be used for domain imaging in BFO, as an alternative to other methods such as birefrin-
gence? or circular dichroism photoemission®.

Material and Methods

The samples investigated in this work were 150 um thick (001),, oriented BFO crystals containing macroscopic
ferroelastic domains. The crystals were grown in Bi,O; + B,O; flux using a method similar to that originally
proposed by Kubel and Schmid?*'. The top solution crystals were harvested and polished parallel to the (001),.
surface. The final polishing was performed using a SiO, colloidal solution diluted with water in a 1:1 ratio in order
to remove residual mechanical strain.

Raman spectroscopy. Raman spectroscopic measurements were performed in backscattering geometry
at room temperature using Horiba Jobin Yvon HR 800 spectrometers equipped with 2400 mm ™' or 1800 mm™!
gratings. The 442 nm line of a HeCd laser and the 633 nm line of a HeNe laser were used for excitation. The light
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was focused and collected through a 50x magnification objective (about 2 pm focus diameter). The laser power
was kept below 1.5mW in order to avoid changes in the Raman spectra induced by laser heating. The light of the
incident and scattered beam was polarised either parallel (VV) or perpendicular (HV) to each other.

Electron backscatter diffraction. The distribution of ferroelastic domains was verified by electron backs-
catter diffraction (EBSD) measurements that were performed on a scanning electron microscope (Zeiss LEO
1530 GEMINI) operating at an acceleration voltage of 20kV. The Kikuchi patterns were recorded with a Nordlys
IT detector (Oxford Instruments) at the step size of 0.2 um, and subsequently indexed by the HKL Channel 5
software. For indexing, the crystal structure suggested by Moreau et al.’ was used. The EBSD measurements
confirmed the almost single-crystalline nature of the BFO crystals and their orientation (001),, parallel with the
sample surface. Because of the pseudo-cubic symmetry of BFO and the centrosymmetry of the EBSD patterns,
EBSD cannot distinguish easily between the orientation variants, which are mutually rotated about approximately
90°, 180° or 270° around the axis perpendicular to the sample surface®2. Still in this particular case, the EBSD
measurement was able to trace the local orientation of the polarisation axis through the elastic distortion of the
crystal structure that is caused by the polarisation/ferroelastic effect. Thus, the smallest mean angular deviation
(MAD) between the measured and simulated Kikuchi patterns of BFO was utilized as a decision criterion for the
respective orientation variant and for the corresponding orientation of the polarisation axis.

Results and Discussions

Raman spectroscopy. Assignment of the oblique phonon modes.  The inset in the middle of Fig. 1
shows a polarisation optical microscopy image of one of the BFO crystals (ca. 250 um x 500 um) investigated in
this work, presenting two large homogeneous ferroelastic domains: a dark diagonal stripe and the remainder of
the sample (further denoted as large domain). The optical contrast between the two domains is due to different
orientations of the spontaneous electric polarisation. In both cases the spontaneous polarisation lies along a
<111>, diagonal, but the two polarisation projections on the sample surface are forming an angle of 90° with
one another. The contrast of the image can be reverted by rotating the sample by 90° around the surface normal
under the polarisation microscope and keeping the polariser and the analyser of the polarisation microscope
fixed. Piezoresponse force microscopy (see Supplementary Material, Fig. 1s) indicates that for both domains
the polarisation points downwards along <111 > . diagonal, which means that 71° domain walls should be
formed?!3>34,

Figure 1 shows characteristic Raman spectra measured on the two different domain regions, which are marked
by asterisks in the inset, with the analyser being parallel to the polarisation of the incident light (VV). The spectra
were excited with a laser line of 633 nm, which ensures non-resonant conditions and a relatively high integrated
intensity of the first order Raman signal at room temperature®. On one hand the 633 nm excitation allows the use
of the Raman tensor formalism for the assignment of Raman modes. On the other hand, the penetration depth of
the laser light is very large because of the low extinction coefficient k= 1.2 x 10743 Thus, BFO is nearly trans-
parent for the 633 nm light; the excited volume is actually given by the focus depth (~7 pm). The Raman spectra
measured on the stripe domain and on the remainder of the sample (large domain) have very different relative
intensities. However, considering a flat (001),,. scattering surface of the sample (as in our case), one expects for
both types of domains the same angle 6 = 54.7° formed by the direction of laser light propagation and the optic
axis. This is confirmed by the fact that the peaks have the same frequency position, as no angular dispersion is
expected in this case???*. Therefore the differences between the spectra are given by the different in-plane orienta-
tion of the optic axis in the two types of domains. In order to check this in detail Raman measurements have been
performed by rotating the sample azimuthally around the laser beam direction (keeping the measurement point)
every 15° for both parallel (VV) and crossed (HV) polarisation configurations, and on both types of domains.

Figure 2a) shows the spectra measured in HV polarisation configuration on the azimuthally rotated stripe
domain. It can be seen that most of the Raman modes show a 90° periodicity of the intensity as a function of azi-
muthal rotation angle ¢'. The azimuthal rotation angle ¢ = ¢’ + 30° is the angle between the [010],. BFO crystal
direction and the direction of the polarisation of the incident laser light. For ¢ = 0° the [010],,. BFO crystal direc-
tion is parallel to the polarisation of the light. In order to obtain the intensity angular dependence of the modes
each spectrum has been fitted using Lorentzian functions. In Fig. 2b) the fit obtained for the first spectrum in
Fig. 2a), measured for ¢/ =0° and HV polarisation, is shown as an example. The same procedure was applied for
all rotation angles, both HV and VV polarisation configurations, and both domains. In all cases the peak areas
depend periodically on the azimuthal angle. Exemplarily, the polar dependence of the peak areas for the peaks
located at 520cm ™!, 288cm ™!, 172cm ™!, 220cm ™! and 370 cm ™ is plotted in Fig. 3a-c,g and h) respectively, for
both VV (squares) und HV (circles) polarisation configurations and for the measurements performed on the
stripe domain. We chose to present these modes because they have a high enough intensity for both polarisation
configurations. Moreover, their positions are well separated from that of neighbouring modes. The peak area of
the modesat 172cm™!, 288 cm ™!, and 370 cm ™! shows a 180° periodicity for VV polarisation and a 90° periodicity
for HV polarisation. In case of the 520 cm™! mode a periodicity of 90° was obtained for both polarisation config-
urations. The polar dependence of the intensity of the peaks when measuring on the large domain is rotated by
90° as compared with the measurements on the stripe domain. A comparison of the intensity for the modes at
138cm™! and at 370 cm™! on stripe and large domains is exemplarily shown in the Fig. 2s in the Supplementary
material. The anisotropic behaviour (180° periodicity) of the intensity allows us to distinguish between the mac-
roscopic ferroelastic domains as will be shown in the line scans and maps discussed in the next section of the
paper.

As mentioned above, for a (001),, scattering surface the laser beam direction has an angle of § = 54.7° with
respect to the direction of the spontaneous polarisation, which is alonga < 111 >, direction (parallel to the optic
axis). In this case, as discussed in the introduction, the polar E and A; modes show a directional dispersion as
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Figure 2. (a) Raman spectra measured in crossed (HV) polarisation on the stripe domain for different
azimuthal rotation angles ¢’. (b) Example of spectrum evaluation (fit) for ¢’ =0°.

function of 6%*. Besides the ordinary E;o modes, whose frequencies are independent on the angle 6, there are four
types of extraordinary modes with mixed symmetries: Erg<—E; o, Erg<—A 10, Ao Ao, and Ay o E; % For
the assignment of these oblique phonon modes the mixed character of the modes which correspond to 6 =54.7°
should be taken into account.

The Raman tensor formalism allows for consideration of mixed phonon mode character based on a unit
vector of phonon polarisation (cf. Yang et al.** and Talkenberger et al.*®). For calculation of the Raman scattering
intensity as function of the azimuthal angle, equation (9) from Talkenberger ef al.*® and the corresponding Raman
tensors (equation 1) were used. The unit vectors of incident and scattered light as well as the phonon polarisation
of ordinary and extraordinary modes were expressed with respect to the crystal (x,y;z) coordinate system assum-
ing backscattering geometry. Using the method described above the azimuthal dependence of the intensity of all
symmetries: ordinary Eq, Ero= A 10, Ao Ero, AjLo2A 10 and Epo«—E| o were simulated for both VV and
HYV polarisation configurations in agreement with the experimental data as shown in Fig. 3d-£,i,j), respectively.
It should be mentioned that each specific vibration has unique tensor elements. For their accurate determination,
crystals with several differently oriented scattering surfaces would be needed. However, using the values of the
Raman tensor elements given in the Table 1, a very good agreement between the simulated and the experimental
data could be obtained for all five symmetries as shown in Fig. 3. At a closer look, when comparing experimental
and simulated data, one can see that some of the experimental curves in parallel polarisation are not going to
zero intensity as some of the simulated curves do. Possible reasons for this may be: the used angular step size of
15° could skip the very narrow minimum in intensity, the correlation errors in the fitting procedures (especially
for neighbouring modes), a slight tilt of the sample surface, and/or polarisation leakages which are softening the
selection rules. Nevertheless, our method allows a clear assignment of mixed symmetries of most of the BFO
modes in the case of (001),, scattering surfaces. The azimuthal dependence of the 220cm ™' and the 172cm ™"
modes looks similar. In this case the phonon dispersion (where only one mode at 220 cm ™! has A, o-A ;1o mixed
symmetry)***, has to be used to distinguish between their symmetry. It should be mentioned that for all the
modes mentioned in Table 1 the same symmetry assignment was found as expected from the dispersion curves
from Hlinka et al.?* for 6 =54.7° which corresponds to our (001),, oriented BFO.

Imaging of the ferroelastic domains.  Using the 180° periodicity of the azimuthal angle dependence of
the modes at 138 cm™! (Erg«>A ) and 172 cm ! (A 5E| o) one can now use Raman spectroscopy for a quick
distinction between different domains. A Raman spectroscopic line scan was realised along a 54 um line crossing
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Figure 3. Polar plots of the azimuthal angle (¢) dependence of the peak areas for the modes at 520 cm™
(a),288cm ™! (b),172cm ! (¢) 220cm™! (g) and 370 cm ! (h) measured on the stripe domain using parallel
(squares) and crossed (circles) polarisation configurations. Simulated intensity dependence using Raman tensor
formalism for the ordinary Erq (d), Ero— Al (e), Al g—E; o (f), Al g Alrg (i) and Erg—=E g (j) mixed
modes in the case of an (001),. BFO scattering surface, for parallel (continuous line) and crossed (dashed line)
polarisation configurations.

the stripe domain, with measurements done every 3 um as can be seen in the inset of Fig. 4a). In the same figure,
the Raman spectra measured with the 442 nm excitation line in parallel polarisation (VV) are shown. The grey
dotted spectra correspond to points measured on the large domain, while the black continuous spectra are meas-
ured on the stripe domain. The 442 nm (2.81 eV) excitation line is slightly above the BFO bandgap of ~2.75eV
which means that near-resonant Raman scattering can be observed when using this line. In such conditions a
breakdown of selection rules can occur which can affect the intensity of the modes**~*2. In order to exclude any
ambiguity in the interpretation of the mode characters, the Raman tensor formalism combined with azimuthal
dependent measurements was only applied for the case of off-resonant measurement performed with 633 nm
(1.96 eV). Once the mode characters have been unambiguously determined, one can take advantage of the dif-
ferent penetration depth of the two laser lines in BFO (76 nm @442 nm and 7 um @633 nm)?’. Thus, line scan
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Ordinary Ego 520cm~1,237cm™}, 347cm ™! Ccro=02,dro=12
. -1 -1 -1 aro=—1.1,bro=0.6
Ero-Aito 288cm™', 138cm™}, 545cm cro=0.2,dpo=1.2
R . . 0 |ap=04,by=04
Ao-Ero 172cm™1,470cm™, 620 cm clo=1.0,dj0—17
) . a,0=—1.0,b;o=1.0,
Ao-Aito 220cm arg—02,bro—12
: " - clo=02,do=1.0,
Ero-Ero 370cm~!,432cm Cra=—05,do=0.9

Table 1. The modes and their assigned symmetry. The tensor elements correspond to the phonon modes for
which the simulations were shown in Fig. 3 (the first mode in each table line).
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Figure 4. (a) Raman spectra measured using 442 nm in a line scan crossing the stripe domain. The spectra
measured on the large domain are plotted by dashed lines, and those measured on the stripe domain by
continuous lines. (b) The peak areas of the 138 cm ™! and 172 cm™! modes show well separated stripe and large
domains when measuring with 442 nm excitation line (full symbols). The interface region shows a continuous
change in the peak areas when measuring with 633 nm excitation line (open symbols). The inset shows
schematically the interface between the two domain types.

measurements were performed using both excitations in order to obtain depth information on the domain walls.
Considering the low penetration depth of the light for 442 nm excitation these measurements are very sensitive to
the surface of the sample. The spectra have been evaluated using a similar fitting procedure as for the azimuthal
angle dependent measurements. In Fig. 4b) the peak areas for the modes at 138 cm™! and 172 cm™! are plotted by
full symbols. It can be seen that the intensities (as peak areas) of these two peaks can be used to identify the two
types of ferroelastic domains showing a sharp interface (in the limit of the 3 pm steps) between them.

The same measurement procedure was carried out in addition using the 633 nm laser as an excitation source.
As discussed previously, the extinction coeflicient is very low for this wavelength, thus the information depth is
given by the focus depth (~7um). Under such conditions, the information obtained from the experiment is not
limited to the surface of the sample, but stems also from the “bulk”. For this reason, the transition at the domain
wall between the intensities (as peak areas) of the two Raman modes measured with 633 nm (open symbols in
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Figure 5. (a) Intensity of the 172 cm™! mode shown as Raman map on an area of 24 pm x 24 um (3 um

steps) indicated by the square in the polarisation microscopy image (in the top-left side). The arrows indicate
the projections of the spontaneous polarisation on the sample surface. (b) Local EBSD map and (c) the
corresponding idealized schematic domain structure. The domain boundaries are highlighted by dashed
lines. The area marked in (b) by black square corresponds to the Raman map presented in (a). All four
domains contain regions with crystallographically equivalent orientations. Different colours of the spots (red,
brown, pink and blue) result from different local rhombohedral distortions that are associated with different
orientations of the polarisation axis. The polarisation axes are depicted by orange arrows in figure (c), where
also the dominant orientation variants are illustrated.

Fig. 4b)) is not as sharp as for the 442 nm excitation. This indicates that the interfaces between the two neighbour-
ing domains are not vertical but inclined, as schematically shown in the inset of the figure. Such inclined domain
walls are typically formed in the case of so called 71° domain pattern!®**%, as was confirmed by piezoresponse
force microscopy (Fig. 1s, Supplementary Material). Thus, the Raman spectroscopy offers not only a tool for dis-
tinguishing between differently oriented ferroelastic domains in BFO crystals, but is also capable to supply infor-
mation about the depth profile and shape of the domain interfaces if different excitation wavelengths are used.
The Raman line scans can easily be extended to two-dimensional Raman mapping. In the upper left part of
the Fig. 5a) macroscopic ferroelastic domains forming a diagonally tiled structure are revealed by polarised light
microscopy on another BFO sample. The arrows in the polarisation microscopy image correspond to the projec-
tion of the spontaneous polarisation for the two domain types on the sample surface and they are perpendicular
to each other. Raman mapping on this sample was carried out on an area of 24 um x 24 um indicated by the
square, with a step size of 3 um between measurements using the 442 nm laser for excitation. Each single Raman
spectrum was fitted as described previously. The integral intensity (peak area) of the 172 cm™! peak, that shows
180° periodicity of the azimuthal angle dependence in VV polarisation in Fig. 3¢), is plotted in the Fig. 5a) as a
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map. In the intensity map a very clear distinction between the two types of domains can be seen. The shape of
the Raman map is very similar compared to that of the polarisation microscopy image, which shows again the
capability of Raman spectroscopy to distinguish between different ferroelastic domains.

The results of the optical polarisation microscopy and the Raman map (Fig. 5a)) were supported by local EBSD
measurements (Fig. 5b)). As the smallest MAD value was employed as the main criterion for the selection of the
respective orientation variant by means of EBSD, the different colours stand for different local rhombohedral dis-
tortions of the pseudo-cubic cell of BFO that are associated with different macroscopic orientations of the polari-
sation axis [111],,.. Generally, four different orientations of BFO were detected in the examined area (red, brown,
pink and blue, see Fig. 5b)), which were assigned to domains with idealized orientations as shown in Fig. 5¢).
These domains are rotated by 0°, 90°, 180° and 270° with respect to a laboratory coordinate system. However,
as the rhombohedral distortion is small and close to the resolution limit of EBSD, the domain assignment using
MAD is complicated by various microstructure phenomena and defects. This leads to an apparent switching
between individual orientations of the polarisation axis within a domain. Nevertheless, the domain structure
pattern revealed by the EBSD measurement agrees well with the domain structure arrangement obtained from
the polarisation microscopy image and from the Raman mapping, where the projected polarisation axes of the
neighbouring and opposing domains were approximately perpendicular and parallel, respectively, cf. Fig. 5a).
This finding is consistent with the domain structure, which is typically reported in the BFO domains having the
surface orientation {001},.**. A good agreement between the EBSD map and polarisation microscopy image was
achieved even in the interface regions with a complex domain structure. A small tail penetrating into the upper
domain that was detected by the polarisation microscopy (Fig. 5a)) was also very well reproduced by the EBSD
mapping (Fig. 5b)).

Conclusions

In summary, we present a general approach based on numerical simulations using the Raman tensor formalism
combined with polarisation and azimuthal angle-dependent Raman measurements that is capable to identify the
polar modes of mixed symmetries in a (001),,. oriented BFO single crystal unambiguously. This method can easily
be extended to any crystal orientation. The intensities of some modes are sensitive to the arrangement (in-plane
orientation) of the ferroelastic domains. The anisotropic 180° periodicity of the azimuthal angular dependence of
their intensity in parallel polarisation can be used for quick identification of the domains and for mapping large
domains in BFO, even though the spatial resolution and the scan velocity is low. An advantage of Raman map-
ping/line scans performed at different excitation wavelengths having different light penetration depths in BFO is
the depth sensitivity of the information regarding the tilt of the domain walls relative to the surface.
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Orbital ordering has been less investigated in epitaxial thin
films, due to the difficulty to evidence directly the occurrence
of this phenomenon in thin film samples. Atomic resolution
electron microscopy enabled us to observe the structural de-
tails of the ultrathin LaVO; films The transition to orbital or-
dering of epitaxial layers as thin as =4 nm was probed by

1 Introduction Orbital ordering is a fascinating or-
dering phenomenon, which has been largely studied in
bulk single crystals with perovskite structure, such as
LaVO;. Mott—Hubbard insulator LaVO; exhibits almost
concomitant spin ordering (C-type antiferromagnetic) and
G-type orbital ordering along with a structural change from
orthorhombic to monoclinic below ~140 K [1-3].

More measurement techniques can be readily em-
ployed for probing orbital ordering in bulk samples. Inves-
tigations of phase transitions and especially of orbital or-
dering in thin film samples are often rendered very difficult
by the hindering and often dominant contributions of the
substrates. Temperature-dependent Raman scattering in-
vestigations of LaVO; (and other RVO;) single crystals
were performed in great detail, in order to study the cou-
pling between structure and electronic properties in the
spin (SO) and orbital ordered (OO) states [3—6]. Below
Too = 140 K, the oxygen stretching mode arising from the

Wiley Online Library

temperature-dependent Raman scattering spectroscopy of
multilayer samples. From the occurrence and temperature de-
pendence of the 700 cm™' Raman active mode it can be in-
ferred that the structural phase transition associated with or-
bital ordering takes place in ultrathin LaVO; films at about
130 K.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystal distortion coupled with the G-type OO contributes
to the Raman scattering spectra around 700 cm ' and
serves as a very convenient way to probe the occurrence of
the OO phase transition. Recently by temperature-
dependent Raman scattering spectroscopy we probed and
evidenced the transition to orbital ordering in relatively
thick (55 nm) epitaxial LaVO; film samples grown by
pulsed-laser deposition (PLD) on various single crystal
substrates [7]. Here we address whether the orbital order-
ing and the structural phase transition occur also in ultra-
thin epitaxial films, as thin as about 4 nm. Commonly
structural phase transitions are inhibited in epitaxial films,
especially ultrathin ones, grown on dissimilar substrates,
because of strain and structural accommodation effects.
For example Raman investigations of epitaxial films of
BaTiO; revealed them to remain in the same ferroelectric
tetragonal phase down to 5 K, despite the fact that BaTiO;
has two structural phase transitions to orthorhombic (at

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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278 K) and rhombohedral (at 183 K) structure [8, 9]. For
Lay 7Sro3:MnO;/SrTiO; epitaxial multilayers Raman spec-
troscopy could reveal that a structural change from the ex-
pected thombohedral structure of the bulk to orthorhombic
was undergone by the La,;Sro;MnO; layers [10].

Raman spectroscopy investigations of ultrathin films is
however very difficult, due to the very low volume of ma-
terial interacting and Raman scattering the incident laser
light. In order to have a larger total volume of LaVO;, we
have fabricated multilayers in which the ultrathin LaVO;
layers were sandwiched between layers that are expected
to be Raman inactive and thus do not contribute to the
measured Raman scattering signal. We used a material that
is chemically compatible and structurally similar to LaVOs,
and can be grown under very similar conditions by PLD,
namely Lag75S19,5VO;. In La; ,Sr,VO; single crystals the
substitution with Sr for x > 0.18 results in an insulator to
metal transition and melting of the G-type OO. Further-
more, for x > 0.26 the material becomes orbital-disordered,
paramagnetic metallic at all temperatures, and undergoes a
structural change of the orthorhombic distortion towards
cubic structure, with a tolerance factor ¢ approaching
closely =1 (i.e., =~ 0.97 for x = 0.25) [11, 12]. This struc-
tural change makes it inactive for first order Raman scat-
tering. Raman spectroscopy of Nd;_.Sr,VO; single crystals,
for x>0.12, allowed to infer that the orbital ordering
was destroyed, because the characteristic Raman peak (at
~700 cm") corresponding to the structural phase transition
and to orbital ordering was not observed down to 5 K [12].

The microstructure of epitaxial multilayers similar to
what we investigated here, namely superlattices combining
orthorhombic LaVO; with cubic SrVOs;, was studied in de-
tail [13, 14]. The evolution of the oxygen octahedral rota-
tions across the LaVO;/SrVO; superlattices grown on cu-
bic SrTiO;(100) was observed by means of synchrotron
X-ray diffraction. The LaVO; layers were 6 unit cells thick
and the SrVO; layer thickness was varied between 1 and
6 unit cells [15]. It was found that the oxygen octahedra ro-
tations in LaVO; were gradually suppressed when the
SrVO; layer thickness increased to 6 unit cells, ultimately
resulting in severe structural changes of the LaVO; adja-
cent layers. Therefore, here we chose to study superlattices
grown on orthorhombic LaGaO; substrates. We also used
for the multilayer almost cubic Laj75S1),5VO5 rather than
cubic SrVQO;, in order to prevent to a larger extent the pos-
sible suppression of octahedral tilts of the ultrathin LaVO;
layers.

2 Experimental methods Epitaxial films and multi-
layers were fabricated by PLD using a KrF excimer laser
for laser ablation, as we previously reported [7]. Twinned
LaGaO;(110)/(001)o single crystal substrates were em-
ployed for the epitaxial growth. A multilayer with 20 lay-
ers of nominally 10 unit cells thick LaVO; and 7 unit cells
thick Lag75Srp,5VO; was made under the same growth
conditions as the bare films [7]. LaGaO; substrates (pseu-
docubic a,. =3.88 A) are a good choice because of the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

very good lattice match with both LaVO; (. = 3.925 A)
and Lag75Sr925VO; (ap = 3.896 A) at room temperature
(RT) [7, 11, 16]. Moreover, LaGaO; is suitable for Raman
scattering spectroscopy of LaVO; films as it has no Raman
active modes and has low background in the vicinity of the
main Raman bands of LaVO; [17]. Cross-sectional lamel-
lar samples for (scanning) transmission electron micro-
scopy ((S)TEM) studies were prepared by focused ion
beam milling using an FEI Helios Nanolab 400 s dual-
beam system [18], followed by an Ar ion milling by a
Bal-Tec Res-120 system. High-angle annular dark-field
(HAADF) imaging and energy dispersive X-ray spectro-
scopy (EDS) mapping were performed at 200 kV on an
FEI Titan 80-200 ChemiSTEM microscope [19]. Negative
spherical aberration imaging (NCSI) was carried out using
an FEI Titan 80-300 microscope operated at 300 kV [20].

Raman scattering spectra were recorded in back-scatter-
ing configuration using an Horiba—Jobin—Yvon Labram
HR 800 spectrometer equipped with an Olympus Micro-
scope, a 600 grooves/mm grating, and a Peltier cooled
CCD detector. For excitation the 632.8 nm (1.96 eV) line
of a HeNe laser was used. The beam was focused on the
sample (spot size ~2.5 um) and collected through a 50x
magnification long distance microscope objective (numeri-
cal aperture NA = 0.55). The laser power at the sample was
kept below 1.5 mW. Temperature-dependent Raman meas-
urements from 90 K up to RT were carried out with a
Linkam THMS-600 cooling-heating stage placed under the
Raman microscope [21]. At each temperature two meas-
urements were made: for the first measurement the laser
was focused at the sample surface (film plus substrate sig-
nal); during the second, the laser was focused about 30 pm
under the sample surface (substrate signal). As-measured
Raman spectroscopy data are shown in the supplementary
online material (SOM) (Fig. S1). The Raman scattering
signal belonging to the epitaxial films or multilayers was
obtained by normalizing the two spectra and their subse-
quent subtraction [7].

3 Results and discussion The microstructure of the
LaVOs/Laj75Srp,5sVO; multilayer was investigated by
HAADF-STEM and EDS. Figure 1(a) shows a low magni-
fication HAADF-STEM micrograph of the multilayer.
Figure 1(b) shows a zoom-in of the multilayer in a region
where the twinned LaGaO; substrate was found to be in
the (001)o orientation, as derived from the analysis of the
fast Fourier transform (FFT) of a substrate image, shown at
the bottom right of Fig. 1(b). The micrograph shown in
Fig. 1(b) allows to observe domains of the multilayer with
the long c-axis ([001]p) of the LaVOj; oriented in the plane
of the substrate, but in two perpendicular directions indi-
cated on the micrograph (see SOM, Fig. S2). These two di-
rections could be assigned from the analysis of the two dif-
ferent FFT patterns (see insets) [7], considering the posi-
tions of the extra spots yielded by an orthorhombic Pbnm
structure (marked by the white hollow arrows shown on
the FFT patterns). Because the Laj75Sr;,5VOs; layers are
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Figure 1 Scanning transmission electron microscopy investiga-
tions of the LaVO; (LVO)/Lag 75S19,5VO; (LSVO) multilayer: (a)
low magnification HAADF-STEM overview image; (b) high
magnification HAADF-STEM image, showing two domains with
two different in-plane [001]q orientations (orthorhombic c-axis in
the plane of the LaGaOj; substrate, but with two different orienta-
tions (90° rotated). The yellow line marks the domains boundary.
The FFTs of images taken in the two neighbouring domains and
in the substrate area are also included as insets. The arrows in
FFTs mark the extra spots yielded by an orthorhombic Pbnm
structure.

www.pss-rapid.com

almost cubic (vide infra), they cannot yield these extra
spots. Antiphase boundaries are present in the multilayer,
starting from the top layer and propagating towards the
substrate, as observed for bare LaVO; films too [7].
Chemical elemental analysis based on EDS of the multi-
layer is shown in Fig. 2. It allows to ascertain that Sr was
incorporated mainly in the nominally Lay 75Sry,5VO5 layers
(Fig. 2b), with corresponding less La signal in the
Lag 7551925 VO; layers as compared to the nominally LaVO;
layers (Fig. 2c and d). Vanadium signal was uniform across
the entire heterostructure (Fig. 2¢) and Ga signal was de-
tected only in the LaGaO; substrate area (Fig. 2f). The in-
terfaces are affected by A-site intermixing: by EDS analy-
sis (Fig. 2b and d) Sr was found also beyond the nominal
thickness of the Lag75Srg,5VO; layers. Uneven interfaces
due to preferential surface diffusion and segregation of Sr
were observed in LaVO3/SrTiO; superlattices as well [22].
The structure of the LaVO; and Laj 75Sry,5VO5 layers
was investigated at atomic scale by NCSI technique. The
aim of the analysis was to map the tilt of the LaO and
Lag 7551950 planes in the two types of layers at RT. The
expectation was that the LaVOj; layers, having orthorhom-
bic [2, 5] or rather slightly monoclinically-distorted struc-
ture [23], exhibit tilted LaO planes, whereas the tilts should
be much smaller or rather absent in Laj75Sr;,5VOs5 layers.
In Fig. 3(a) a typical NCSI micrograph taken across a few
adjacent layers is shown. The tilt of the LaO/Lay 75Sr,50
planes was analyzed for the entire image and a quantitative
map was drawn as shown in Fig. 3(b). The lengths of the
arrows scales with o (given in degrees). Inside the LaVO;
layers the LaO planes have sizable values of the tilt angle
a (for the definition of « see the magenta solid lines and
the schematic at the bottom right in Fig. 3(a)). The sign of
a as denoted by the red versus blue colour alternates in ad-
jacent unit cells in the x direction (i.e., || [001]o), yielding a
zig-zag structure specific to orthorhombic Pbnm, in

agreement also with the FFT patterns shown in Fig. 1(b).

Figure 2 EDS eclemental analysis
performed during scanning trans-
mission electron microscopy imag-
iIlg of the LaVO3/Lao_758r0,25VO3
multilayer: (a) a typical HAADF-
STEM image and its corresponding
elemental maps for (b) Sr, (c) La,
(e) V and (f) Ga. In (d) the intensity
profiles for Sr and La across sev-
eral layers are shown.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 NCSI analysis of the LaVO;/Lag 75Srg,5 VO3 multilayer
at RT. (a) A typical NCSI micrograph, comprising about four ad-
jacent LaVO; and Lag75Sry,5VO; layers from the top (z is the
growth direction and x || [001]p). (b) Two dimensional map of the
LaO plane tilt, corresponding to the NCSI image in (a). The
length of the arrows scales with the value of « in degrees (color
bar in radians, 1.571 corresponds to m/2, grey zone). The black ar-
row at the top right corner of (b) is equivalent to & = 5°. The al-
ternate red-blue sizable arrows indicate zig-zag tilts of the LaO
plane, specific to the orthorhombic LaVOj; structure (see the ma-
genta solid tilted lines marked on the micrograph and plotted
again at bottom right of (a)). @ = 0 corresponds to a structure with
non-tilted LaO planes (see the yellow marked oxygen octahedron
fingerprint at bottom left in (a)).

The angle a decreases across the interfaces with the
Lag 75S19,5VO; layers and it is zero in the middle of the
Lag75S19,5VO; layers, as expectable for the al/most cubic
structure, with almost straight oxygen octahedra (see the
marked yellow oxygen octahedron in Fig. 3(a)). Thus at
RT the core of the LaVOs layers has preserved an ortho-
rhombic structure and the core of the Lay 75Sry,5VO; layers
an almost cubic structure, while the interfaces between the
two type of layers, which are also affected by Sr intermix-
ing, have an intermediary structure between orthorhombic-
like and a/most cubic.

The subtracted Raman scattering spectra of the multi-
layer measured at temperatures between RT and 90 K al-
lowed the observation of several Raman bands that can be
assigned to the LaVOs; layers. The most important in our
study are the bands at ~500cm™' and at ~700 cm '
(marked by the dashed vertical lines) (Fig. 4(a)). In bulk
these bands are both related to the structural phase transi-
tion and to the orbital ordering in LaVOs;, below ~140 K
[3-7, 12]. In particular, the band at 700 cm ' corresponds

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to an out-of-phase oxygen stretching mode along the ortho-
rhombic c-axis, which has a B;, symmetry in the ortho-
rhombic phase and an A, symmetry in the monoclinic
phase that is G-type OO [3-7, 12, 24]. In the Raman spec-
tra of the LaVOs/Lag75Sr),5VO; multilayer the intensity
of this band has a marked increase below ~130 K. This
marked increase of the Raman signal is better seen in
Fig. 4(b), where the temperature dependence of the Raman
intensity for the 700 cm™ band is plotted. For the integra-
tion the Raman signal was fitted with a Lorentzian oscilla-
tor at each temperature, and the plotted integrated signal in
Fig. 4(b) represents the area under the fitted Lorentzian.
The temperature dependence of the Raman intensity is
very similar to the temperature dependence we observed
for the same Raman mode of epitaxial LaVOs; films (55 nm
thick) grown on DyScO; and LaGaOj; substrates [7], indi-
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Figure 4 Temperature-dependent Raman spectra of the

LaVOsj/Lag 75Srg,5VO; multilayer, (a) after subtracting the Ra-
man scattering contribution of the LaGaO; substrate. In (a) for
the sake of comparison, the Raman spectra of a 50 nm thick
Lay75S19,5VO;3 (LSVO) film are displayed in the lower part of the
graph. The vertical dashed lines mark the position of the two Ra-
man bands that are used for observing the orbital ordering phase
transition of LaVOs. The spectra were given a vertical offset for
clarity. In (b) the integrated intensity of the mode at ~700 cm™" is
plotted, after subtracting the Raman scattering signal measured at
RT and evaluating the data by using Lorentzian fits (the straight
red and blue dashed lines are guides for the eye).
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cating that OO sets in the LaVOs layers of the multilayer
sample below ~130 K. In contrast to single crystal samples
[3-6] that can be achieved in a single domain state, the
phase transition of thin epitaxial LaVOs; films is affected
by the influence of the epitaxial growth conditions that
lead to strain effects, domain formation and accommoda-
tions of the oxygen octahadra rotation patterns (see the
SOM). Due to the unavoidable formation of domains of
different orientations of the [001]y axis in epitaxial layers
[7, 23] (see Fig. 1 and also Fig. S2), our multilayer has
mixed orientations of the c-axis of the LaVOs layers, of
undetermined fractions. However, these domains of differ-
ent orientation preserve epitaxial relationship to the La-
GaO; substrate. Despite all these additional effects present
in epitaxial LaVO;, the orbital ordering/structural phase
transition is quite robust, being not suppressed in ultrathin
layers grown on substrates with Pbnm structure (see also
SOM). In Fig. 4(a), for comparison we show also the Ra-
man spectra acquired for a Lay;5Srg,5VO; epitaxial layer
(50 nm thick), grown also on LaGaO;. In the Raman spec-
tra of the Laj75Sry,5sVO;3 at RT there are very weak and
very broad bands at about 505 cm™' and 685 cm ', which
persist in the spectra down to 90 K, without any detectable
increase of intensity or Raman shift changes (Fig. 4(a)).
This indicates that no structural phase transition occurs
down to 90 K in the 50 nm thick epitaxial Laj75Sry,5VO3
film, in agreement with the behaviour of bulk
Lag75Sr9,5VO; [1, 11, 12]. This is supported also by resis-
tivity measurements as a function of temperature of the
Lag75S19,5VO; film grown on LaGaO; (not shown here),
which showed no indication of a phase transition and had
metallic conductivity down to at least 30 K similar to the
bulk [1, 11, 12]. We infer that the temperature-dependent
behaviour of the Raman band from 700 cm ' in the spectra
of the LaVOs/La;75S1),5VO3; multilayer can be attributed
solely to the structural phase transition accompanied by
orbital ordering undergone by the LaVOs; layers. The other
Raman band that is related to the orbital ordering of
LaVO; and occurs at 500 cm ™' also starts developing be-
low ~140 K in our spectra (Fig. 4(a)). For the measure-
ments of the multilayer sample the band at 500 cm ™' has
much weaker intensity with respect to the 700 cm ™' band.
This is likely related to the different symmetries of these
two Raman active modes, which result in strong depend-
ence on the light polarization configurations with respect
to the c-axis orientation of LaVOs, as discussed in [3-5, 7,
12, 24].

4 Conclusion In summary, by atomic resolution trans-
mission electron microscopy investigations we demon-
strated that ultrathin epitaxial LaVO; layers grown on
LaGaOj; substrates preserve an orthorhombic-like structure
at room temperature. Furthermore, temperature-dependent
Raman scattering spectroscopy enabled us to probe the
structural and orbital ordering transition and observe the
occurrence of the 700 cm™' Raman active mode at ~130 K
in 4 nm thin LaVOs;, which is indicative of the phase tran-

www.pss-rapid.com

sition. This is in contrast to the behaviour of other ultrathin
epitaxial perovskite films, which do not undergo the struc-

tural phase transitions exhibited by the bulk compounds [9].

Supporting Information Additional supporting informa-
tion may be found in the online version of this article at the pub-
lisher’s website.

Acknowledgements We thank Lena Bussmann for assis-
tance with some of the Raman measurements and Doris Meertens
for (S)TEM sample preparation.

References

[1] S. Miyasaka, T. Okudo, and Y. Tokura, Phys. Rev. Lett. 85,
5388 (2000).

[2] P. Horsch, A. M. Oles, L. F. Feiner, and G. Khaliullin, Phys.
Rev. Lett. 100, 167205 (2008).

[3] S. Miyasaka, Y. Okimoto, M. Ywama, and Y. Tokura, Phys.
Rev. B 68, 100406(R) (2003).

[4] S. Miyasaka, S. Onodo, Y. Okimoto, J. Fujioka, M. Ywama,
N. Nagaosa, and Y. Tokura, Phys. Rev. Lett. 94, 076405
(2005).

[5] S. Miyasaka, J. Fujioka, M. Ywama, Y. Okimoto, and
Y. Tokura, Phys. Rev. B 73, 224436 (2006).

[6] B. Roberge, S. Jandl, A. A. Nugruho, T. T. M. Palstra, L. D.
Tung, and G. Balakrishnan, J. Raman Spectrosc. 46, 1157
(2015).

[7] L Vrejoiu, C. Himcinschi, L. Jin, C.-L. Jia, N. Raab, J. En-
gelmayer, R. Waser, R. Dittmann, and P. H. M. van
Loosdrecht, APL Materials 4, 046103 (2016).

[8] D. A. Tenne, X. X. Xi, Y. L. Li, L. Q. Chen, A. Soukiassian,
M. H. Zhu, A. R. James, J. Lettieri, D. G. Schlom, W. Tian,
and X. Q. Pan, Phys. Rev. B 69, 174101 (2004).

[9] D. A. Tenne, A. Bruchhausen, N. D. Lanzillotti-Kimura,
A. Fainstein, R. S. Katiyar, A. Cantarero, A. Soukiassian,
V. Vaithyanathan, J. H. Haeni, W. Tian, D. G. Schlom, K. J.
Choi, D. M. Kim, C. B. Eom, H. P. Sun, X. Q. Pan,Y. L. Li,
L. Q. Chen, Q. X. Jia, S. M. Nakhmanson, K. M. Rabe, and
X. X. Xi, Science 313, 5793 (2006).

[10] J. Kreisel, G. Lucazeau, C. Dubourdieu, M. Rosina, and
F. Weiss, J. Phys.: Condens. Matter 14, 5201 (2002).

[11] A. V. Mahajan, D. C. Johnston, D. R. Torgeson, and F. Borsa,
Phys. Rev. B 46, 10973 (1992).

[12] J. Fujioka, S. Miyasaka, and Y. Tokura, Phys. Rev. B 72,

024460 (2005).

P. Boullay, A. David, W. C. Sheets, U. Liiders, W. Prellier,

H. Tan, J. Verbeeck, G. Van Tendeloo, C. Gatel, G. Vincze,

and Z. Radi, Phys. Rev. B 83, 125403 (2011).

H. Tan, R. Egoavil, A. Béché, G. T. Martinez, S. Van Aert,

J. Verbeeck, G. Van Tendeloo, H. Rotella, P. Boullay,

A. Pautrat, and W. Prellier, Phys. Rev. B 88, 155123 (2013).

U. Liders, Q.-R. Li, R. Feyerherm, and E. Dudzik, J. Phys.

Chem. Solids 75, 1354 (2014).

L. Hu, X. Luo, K. J. Zhang, X. W. Tang, L. Zu, X. C. Kan,

L. Chen, X. B. Zhu, W. H. Song, J. M. Dai, and Y. P. Sun,

Appl. Phys. Lett. 105, 111607 (2014).

[17] L. Gasparov, T. Jegorel, L. Loetgering, S. Middey, and
J. Chakhalian, J. Raman Spectrosc. 45, 465 (2014).

[18] D. Meertens, M. Kruth, and K. Tillmann, J. Large-Scale
Res. Facil. 2, A60 (2016).

[13]

[14]

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

41



o 5 rrl
=
wn

1600350 (6 of 6) I. Lindfors-Vrejoiu et al.: Structure and orbital ordering of ultrathin LaVO,

[19] A. Thust, J. Barthel, and K. Tillmann, J. Large-Scale Res. [22] L. Fitting Kourkoutis, D. A. Muller, Y. Hotta, and H. Y.

Facil. 2, A41 (2016). Hwang, Appl. Phys. Lett. 91, 163101 (2007).
[20] A. Kovacs, R. Schierholz, and K. Tillmann, J. Large-Scale [23] H. Rotella, O. Copie, G. Steciuk, H. Ouerdane, P. Boullay,

Res. Facil. 2, A43 (2016). P. Rousse, M. Morales, A. David, A. Pautrat, B. Mercey,
[21] C. Himcinschi, I. Vrejoiu, T. Weissbach, K. Vijayanandhini, L. Lutterotti, D. Chateigner, and W. Prellier, J. Phys.: Con-

A. Talkenberger, C. Rdder, S. Bahmann, D. R. T. Zahn, dens. Matter 17, 175001 (2015).

A. A. Belik, D. Rafaja, and J. Kortus, J. Appl. Phys. 110, [24] E. Sirandi, D. Lampakis, D. Pallas, E. Liaorokapis, and

073501 (2011). T. T. M. Palstra, J. Phys.: Conf. Ser. 150, 042184 (2009).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-rapid.com



APPLIED PHYSICS LETTERS 108, 042902 (2016)

@ CrossMark 43
€ click for updates

Influence of piezoelectric strain on the Raman spectra of BiFeO; films

deposited on PMN-PT substrates

Cameliu Himcinschi,® Er-Jia Guo,>®* Andreas Talkenberger,' Kathrin Dorr,?3

and Jens Kortus'

'TU Bergakademie Freiberg, Institute of Theoretical Physics, 09596 Freiberg, Germany

2Institute of Physics, Martin-Luther-University Halle-Wittenberg, 06099 Halle, Germany

3Institutef0r Metallic Materials, IFW Dresden, 01069 Dresden, Germany

*Quantum Condensed Matter Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA

(Received 2 November 2015; accepted 15 January 2016; published online 27 January 2016)

BiFeOj; epitaxial thin films were deposited on piezoelectric 0.72Pb(Mg;,3Nb,,3)03-0.28PbTiO5
(PMN-PT) substrates with a conductive buffer layer (Lag-;Sro3MnO5; or SrRuQOs) using pulsed
laser deposition. The calibration of the strain values induced by the electric field applied on the
piezoelectric PMN-PT substrates was realised using X-Ray diffraction measurements. The method
of piezoelectrically induced strain allows one to directly obtain a quantitative correlation between
the strain and the shift of the Raman-active phonons. This is a prerequisite for making Raman scat-
tering a strong tool to probe the strain coupling in multiferroic nanostructures. Using the Poisson’s
number for BiFeOj;, one can determine the volume change induced by strain, and therefore the
Griineisen parameters for specific phonon modes. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940973]

It has recently been shown that strain engineering is a
powerful method to control physical properties of oxide thin
films having a perovskite or a spinel structure.' The usual
way to induce different strains in thin films is the growth of
films on single crystal substrates with different lattice mis-
matches. The disadvantage when using this path is that a
series of extrinsic factors, for example, different thicknesses,
the crystalline quality of the substrates, the growth method,
the stoichiometry, or the growth induced disorder can affect
the epitaxy and the substrate-film strain transfer. As an alter-
native way of strain engineering, a piezoelectric component
in multiferroic thin film nanostructures is often employed to
induce electrically controlled strain in an adjacent magneto-
strictive component, thereby causing a large magnetoelectric
effect. The structural modification induced by strain is often
difficult to assess, especially in the nanostructured films.
However, its characterization is vital for understanding the
local magnetoelectric coupling. Raman spectroscopy is an
established method to detect subtle structural changes, in
particular, slight deviations from cubic structure as occurring
in the class of oxides with perovskite structure.®®

In order to avoid possible influence of extrinsic factors
on the strain and the Raman shifts, piezoelectric single crys-
tal substrates (as, for example, [Pb(Mg;,3Nb,/3)O3]-PbTiO;
(PMN-PT)) with large piezoelectric coefficients can be
employed to control the in-plane strain of thin films. In this
case, the lattice strain can be reversibly modulated using the
piezoelectric effect of the substrate and, if the films are epi-
taxially grown, this strain can be transferred to the epitaxial
films. (1 — x)PMN-xPT with a concentration near to the mor-
photropic phase boundary at x ~ 0.3 possesses excellent pie-
zoelectric activity’™'! (piezoelectric strain coefficients of
thousands of pm/V),'? having a perovskite structure with

YE-mail: himcinsc@physik.tu-freiberg.de

0003-6951/2016/108(4)/042902/5/$30.00

108, 042902-1

lattice constant of 4.02A.'> The PMN-PT substrates used
have a monoclinic My structure,'* with the polarization
along one of the pseudocubic space diagonals, so that the
poled crystals contain a stable domain configuration with
four domain variants. For x = (.28, the biaxial strain of the
pseudoquadratic surface lattice is rather uniform as shown
by X-ray diffraction (XRD), enabling meaningful quantifica-
tion of strain effects.'*

The large piezo-strain of the PMN-PT substrates and the
elastic coupling at the film-substrate interface was used to
tune the magnetisation, the Curie temperature,lsf17 and the
transport properties of rare-earth manganates.18

In this work, we used piezoelectric PMN-PT substrates.
By means of an external electric field, the strain in epitaxial
BiFeO; (BFO) films was accurately calibrated using XRD.
Subsequently, the Raman spectra were monitored as a func-
tion of applied electric field. This method delivers a quantita-
tive correlation between strain and the shift of the Raman-
active phonons, allowing for determination of Griineisen pa-
rameters in the BFO films. Establishing the strain-dependent
Raman response provides a powerful tool to characterize
strain coupling in multiferroic composite nanostructures.

BFO epitaxial thin films were deposited on piezoelectric
0.72Pb(Mg,/3Nb,/3)03-0.28PbTiO; substrates using pulsed
laser deposition. The details of the deposition process can be
found elsewhere.'”?® Conductive buffer layers of
Lag ;SrgsMnO3z (LSMO) or SrRuO3; (SRO) with the thick-
ness of ~15 nm were deposited between the film and the sub-
strate for realising the top electrical contact. The BFO layer
deposited on LSMO/PMN-PT was ~160 nm thick, while that
deposited on SRO/PMN-PT was ~200 nm thick. The effects
of strain were investigated by applying an external dc elec-
tric field across the PMN-PT substrate through the buffer
conductive upper electrode (SRO or LSMO) and the bottom
electrode on the backside of the substrate as is schematically

© 2016 AIP Publishing LLC
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(SrRuO,, or La, ,Sr, ;MnO,)
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FIG. 1. Sketch of the BFO/buffer/PMN-PT structures used for the XRD and
Raman measurements.

shown in Figure 1. This configuration was used for both XRD
and Raman measurements, and voltages of 200V, 300V, and
400V which correspond to electric fields values of 6.7 kV/cm,
10kV/cm, and 13.3kV/cm, respectively, were applied. Before
the Raman measurements, the samples were annealed at
250°C for 30 min in order to eliminate the electric polarisa-
tion history of the substrate, and subsequently poled at 300 V
(corresponding to an electric field of 10kV/cm). At the begin-
ning, the poling is necessary for the reorientation of the
domains so that a maximum of piezoelectric effect is
expected. Raman spectroscopic measurements were per-
formed using a LabRam spectrometer (Horiba Jobin Yvon)
equipped with a 2400 grooves/mm grating and a Peltier
cooled CCD detector. The measurements were realised in
backscattering geometry with the incident/scattered light
being focused/collected through a 50x magnification micro-
scope objective (numerical aperture 0.55). For excitation, the
442 nm line of an HeCd laser was used, which implies pre-
resonant conditions for the Raman measurements.

The calibration of the strain induced in the BFO films and
PMN-PT substrates by the applied voltage (electric field) was

(a) BFO (200 nm) /SRO/PMN-PT

Appl. Phys. Lett. 108, 042902 (2016)

realised using XRD measurements. The 0-20 scans for both
samples exhibit (001) pseudo-cubic reflections of the BFO
films and PMN-PT substrates indicating epitaxial growth.
Figure 2(a) shows the reciprocal space mapping (RSM)
around the (103) asymmetric pseudo-cubic reflection of BFO
(200 nm)/SRO/PMN-PT indicating epitaxial growth. Figure
2(b) shows the 0-20 XRD scans measured for the BFO/
LSMO/PMN-PT sample, for the different electric fields
applied, in the region of the (002) pseudo-cubic reflections.
As it can be seen, the increase of the electric field induces an
in-plane shrinkage of the substrate accompanied by an
increase in the out-of-plane lattice parameters, due to the pie-
zoelectric nature of PMN-PT. This compressively induced
strain is further transmitted via the buffer layer to the BFO
film whose out-of-plane parameter also increases. Figures 2(c)
and 2(d) show the nearly linear dependence of the out-of-
plane strain of BFO films and PMN-PT with increasing elec-
tric field for the samples grown with LSMO and SRO buffer
layers, respectively. The BFO lattice parameter is larger than
the lattice parameters of both SRO and LSMO buffer layers,
but closer to that of the SRO. This provides a better accommo-
dation of the BFO film on the SRO buffer layer and conse-
quently a lower compressive strain in this BFO film.

In Figure 3(a), the measured Raman spectra of the 160 nm
BFO films deposited on the PMN-PT substrates with the
LSMO buffer layer for different applied voltages are shown. It
can be observed that the increase in the electric field induces
an increase in the Raman scattering signal. For an applied elec-
tric field of 13.3kV/cm, the enhancement of the intensity is
about 10% in respect to the spectra measured without voltage.
A similar enhancement of the Raman scattering intensity was
also measured for the BFO films deposited using an SRO
buffer layer. An electric field-induced light scattering was
recently observed in the PMN-PT and PMN-PZT ceramics.”!
The behaviour was attributed to the growth of polar

(© BFO (160 nm) /LSMO/PMN-PT

0.77 0.7 BFO film

0.0.p. strain / %
o
N

PMN-PT substrate

FIG. 2. RSM around the (103) pseudo-
cubic reflection of BFO (200nm)/
SRO/PMN-PT sample (a). 0-20 XRD

023 024 025 026 027
h (rlu)
(b) BFO (160 nm) /LSMO/PMN-PT
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FIG. 3. The Raman spectra of the
BFO/LSMO/PMN-PT sample meas-
ured for different applied voltages. The
grey dashed line shows the spectrum
of the PMN-PT substrate scaled for the
same intensity at 100cm™ ! (a). The
subtracted Raman spectra of the BFO
film for different applied voltages (b).
Example of fitting the Raman data
using Lorentzian oscillators (c).
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nanoregions, where larger domains and larger domain walls
induce an increase in the overall light scattering.**

In Figure 3(a), the Raman spectrum of the PMN-PT sub-
strate at 0 V normalised for the same intensity at 100cm ™" is
shown for comparison. LSMO and SRO buffer materials
have low Raman signal at room temperature. Their contribu-
tion to the overall Raman spectrum for thicknesses of 15 nm
can be neglected. The spectra corresponding to the BFO
films are obtained by subtracting from the film/substrate
spectra, the corresponding intensity normalised substrate
spectrum. For example, the spectra of the BFO film for the
sample grown using an LSMO buffer layer are shown in
Figure 3(b) for different applied voltages.

For an epitaxial orientation of (001) pseudo-cubic planes
of BFO parallel to the (001) planes of the PMN-PT substrate
and for backscattering geometry, the angle between the
transferred phonon vector and the c-axis of the rhombohedral
BFO structure is 54.7°. For this orientation, the three most
intensive peaks in the Raman spectra are polar and have a
mixed character, namely, 136 cm ! Eto — Aito, 170 cm !
Ao — Eio, and 218cm ™' Ay o — Ajro.22* These peaks
shift to higher wavenumbers with increasing applied voltage.
This blue shift in the position of the Raman phonon modes
indicates an increase in the compressive strain,zs’26 also in
agreement with the XRD data.

To determine the position of the BFO phonon modes,
the subtracted spectra were evaluated in the spectral range
from 80 to 300cm . In this region, the spectra were fitted
using 4 Lorentzian oscillators. Figure 3(c) displays the
Lorentzian fit to the Raman data for the sample with the
LSMO buffer layer without electric field, as an example. The

AV

100

1 1 1 L
150 200 250

Raman Shift / cm™

14 1/2x (1 =1/vp) X ga]* X (1 +602) — [1+1/2x (1 = 1/vp) x e1]* x (1 + 1)

positions of the first three most intensive phonons deter-
mined by using this fitting procedure for both BFO films are
plotted in Figures 4(a) and 4(b). For both samples and all
three peaks, the shift of the position of the phonons to higher
energies with the increasing applied electric field can be fol-
lowed. The Raman-active phonons shift by a different
amount depending on the phonon symmetry and on the
atoms involved in the vibration, which will be discussed
later. The magnitude of the shifts was used for the determi-
nation of the Griineisen parameters of BFO as it is explained
in the following.

The Poisson’s ratio vp is defined as the ratio between
the in-plane strain to the strain along the deformation direc-
tion in case of a uniaxial stress. In case of biaxial in-plane
deformation, considering an elastic isotropic medium and
using Hooke’s law, one can determine the relationship
between the Poisson’s ratio vp, out-of-plane (¢.), and in-
plane strain (g,, &) values as

&
&c — (80 + gb) .

v, =

(1
For the in-plane equal deformation, one obtains equal in-
plane strain values: ¢;, = ¢, = &5, which relates to the out-of-
plane ¢,,, = & strain value by the equation

gip=1/2x (1 = 1/vp) X €o0p- 2)

Using Equation (2), one can determine the relative volume
change between two different states which correspond to an
initial (&) and a final (&») out-of-plane strain value as
follows:

v

For similar BFO films as the films investigated in this
work, Biegalski et al."* determined a value of 0.34 for the
Poisson’s ratio for BFO, measuring both in-plane and out-of-
plane film lattice parameters.

The Griineisen parameter 7 describes the change of
vibrational frequency induced by a change of the crystal lat-
tice. The isothermal Griineisen parameter yr relates the rela-
tive frequency change (Aw/w) of a vibrational mode caused

[14+1/2 % (1= 1/vp) x ea1]* X (14 &)

. 3)

by a change in the lattice parameter to the relative volume
change (AV/V) at a constant temperature>’

O(In )

o Aw/w
T T o)

CAV)VC

“4)

Please note that Equation (4) used for the calculation of the
Griineisen parameter represents the simple case of cubic
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FIG. 4. The position of the Raman
phonons obtained from the fits of the
data as a function of the applied elec-
tric field (voltage) for the samples hav-
ing a LSMO buffer layer (a) and SRO
buffer layer (b).

lattice symmetry and isotropic change in volume in the qua-
siharmonic approximation.?® In our case, an in-plane equal
deformation is applied to the thin film BFO material so that
the use of Equation (4) gives only an approximation of the
Griineisen parameters, in the absence of the knowledge of
the anisotropic elastic coefficients of BFO.

Using the out-of-plane parameters of the BFO films as
obtained from XRD measurements and using Equation (3),
one can determine the volume change AV /V between two dif-
ferent strain states in the film. Volume changes of 0.21% and
0.22% between the initial and final states were obtained for
the samples BFO/SRO/PMNPT and BFO/LSMO/PMNPT,
respectively. The calculated values of volume change, the lev-
els of the strain induced in the BFO films, and the values of
the out-of-plane lattice parameters (see Figure 2) correspond
to the rhombohedral phase of BFO.?°3! On the other hand,
the relative frequency change has been determined from
Raman spectroscopy.

The values of the Griineisen parameters determined for
BFO films using the method described above and Equation
(4) are listed in Table I. The highest values of the Griineisen
coefficients are obtained in both samples for the lowest
measured Raman-active mode at ca. 135cm ™. Such a high
value (nearly 3) can be correlated to a higher degree of

TABLE I. The Griineisen parameters for the three most intensive measured
phonon modes determined from the XRD and Raman data for both BFO/
LSMO/PMN-PT and BFO/SRO/PMN-PT samples.

Sample/Mode 136cm ™! 170cm ™" 218cm ™!
BFO/LSMO/PMN-PT (160 nm) 2.94 0.74 1.05
BFO/SRO/PMN-PT (200 nm) 2.98 1.82 2.15

anharmonicity of this vibration, which, according to Hermet
et al.,5 involves the movement of the heavier Bi-atoms. The
high anharmonicity can be attributed to the large amplitudes
of the Bi-O vibrations. Similar values for the Griineisen pa-
rameters have been determined for bulk BFO using inelastic
neutron scattering by Delaire et al. for lower frequency Bi-
dominated modes.*?

For the modes occurring at 167cm ™" and 218cm ™' in
the sample deposited on the SRO buffer layer, the values of
the Griineisen parameters in Table I are similar to those pre-
dicted by first-principle calculations®® and those determined
for BFO powder under high-pressure.*'** These two phonon
modes involve the movement of the Fe and O ions in the
FeOg octahedra and their change in frequency can be influ-
enced by the spin-phonon interaction.* For the sample de-
posited on the LSMO buffer layer, the values of the
Griineisen parameter of these two phonon modes are lower;
however, these calculated Griineisen parameters have values
close to those determined for Sm-doped BFO powder under
high-pressure.*®

In summary, piezoelectric strain in the PMN-PT sub-
strates induced by electric field was effectively transferred to
the BFO films using LSMO or SRO conductive buffer layers.
The lattice parameters change as determined by XRD, and
the Poisson’s ratio for BFO, were used to determine the rela-
tive volume change induced by strain in the BFO films.
Using the shifts of the phonons measured by Raman and the
relative volume change, the Griineisen parameters of specific
Raman phonons modes of BiFeO; were calculated. Since
BFO is an often applied component of strain-coupled multi-
ferroic composite films, this study provides a foundation to
characterize the actually acting strain in such films using
Raman scattering and, thus, will improve the understanding
and utilization of magnetoelectric coupling.
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Single crystals of Mott-Hubbard insulator LaVO; exhibit spin and orbital ordering
along with a structural change below ~140 K. The occurrence of orbital ordering
in epitaxial LaVOs; films has, however, been little investigated. By temperature-
dependent Raman scattering spectroscopy, we probed and evidenced the transition
to orbital ordering in epitaxial LaVO; film samples fabricated by pulsed-laser depo-
sition. This opens up the possibility to explore the influence of different epitaxial
strain (compressive vs. tensile) and of epitaxy-induced distortions of oxygen octa-
hedra on the orbital ordering, in epitaxial perovskite vanadate films. © 2016 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0)).
[http://dx.doi.org/10.1063/1.4945658]

Transition-metal oxides, for which strong electron correlations play an important role, exhibit
a wide spectrum of intriguing physical properties, such as Mott transitions, colossal magnetoresis-
tance, and high T¢-superconductivity. LaVOs is a prototypical Mott-Hubbard insulator with a 3d>
electronic configuration of V3*. At 143 K, LaVOs single crystals undergo a magnetic transition
from a paramagnetic state to an antiferromagnetic state and a first order structural phase transition
from orthorhombic Pbnm to monoclinic P2;/b following right below the magnetic ordering temper-
ature, at 141 K.'? The antiferromagnetic state is a C-type spin-ordered (C-type SO) state with
ferromagnetically arranged V3*(S = 1) spins along the c-axis and the antiferromagnetic alignment
in the ab plane. Along with the structural transition, a G-type orbital order (G-type OO) sets in
below 141 K as well, with commonly occupied #,, dyy, orbitals and dy, or d,, orbitals that are
alternately occupied in all directions.

Concerning the motivation for thin films of Mott insulators, an exciting application is their use
as the active material in resistive random access memories.? Particular interest in epitaxial LaVO3
films has been driven by the “polar discontinuity” at the interface LaVO3/SrTiO;, analogues to
the LaAlO+/SrTiO; case.* The fabrication of phase pure LaVOs; films, however, requires oxygen
pressures lower than about 10~ mbar, so that the competing LaVO, phase does not form. The
fabrication of the LaVO, films under high vacuum conditions affects the stoichiometry of the
film and oxygen content of the SrTiO; substrates. The surface of SrTiO; substrates may become
reduced,® and this affects the transport properties of the LaVO,/SrTiO; samples dramatically.’
Temperature-dependent transport properties of LaVO, films grown on SrTiOs, showing either
metallic*® or an overlapping two-component metallic and semiconducting behavior,” are influ-
enced by contributions from the oxygen-deficient substrate. Similar issues have been encountered

4Authors to whom correspondence should be addressed. Electronic mail: vrejoiu@ph2.uni-koeln.de and himcinsc @physik.
tu-freiberg.de.
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for the assessment of the properties of epitaxial LaTiOj thin films, whose growth also requires high
vacuum conditions.!? The role played in epitaxial film properties by SrTiOj; substrates, which are
prone to change readily the oxygen content and the transport properties under reducing conditions,
was brought into focus, e.g., by Schneider ez al.'!

In contrast, the transport properties of LaVO, films grown on DyScO3(110) (DSO) substrates,
under the same conditions as films grown on SrTiO3 (100) (STO), indicate semiconducting behavior
of the vanadate films.® The resistance of the LaVO, films on DSO substrates increased with
decreasing temperature and only the resistivity data down to about 180 K were shown by He et al.®
Although the transport properties of the LaVOj3 films grown on DSO exhibit the semiconducting
behavior expected for a Mott insulating material, DyScOj crystals are paramagnetic'?> and hinder
strongly the magnetic measurements of LaVOj; films. Temperature-dependent magnetic suscepti-
bility and magnetization measurements of LaVOs; single crystals yielded direct information about
the antiferromagnetic order and the corresponding transition temperatures.'>!* However, so far no
systematic measurements have been published for LaVOj; epitaxial films. There exists a report on
the magnetic properties of PrVO; epitaxial films grown on STO(100), for which a surprisingly
reduced SO temperature of 80 K (in bulk, the antiferromagnetic SO temperature is 140 K) and a
hard-ferromagnetic behavior at 10 K were observed.!?

Probably due to these experimental difficulties, so far the ordering phenomena in epitaxial
perovskite vanadate film samples have not been properly addressed. Optical spectroscopy inves-
tigations provide alternative methods for studying orbital ordering transitions in LaVOs; films.
Though also these techniques may suffer from hindering contributions from the substrates, they
are potentially easier methods to separate the substrate and film contributions by making use of
the specific spectral film/substrate features. Temperature-dependent Raman scattering and optical
conductivity investigations of LaVOs; single crystals were performed in great detail, in order to
study the coupling between structure and electronic properties in the SO and OO states.>!6-20

Here we investigate the structural phase transitions and the onset of the orbital ordering in
LaVOs; epitaxial films fabricated by pulsed-laser deposition (PLD). Temperature-dependent Raman
scattering spectroscopy was employed to monitor the occurrence of orbital ordering and its asso-
ciated structural phase transition in LaVOj epitaxial films. To the best of our knowledge, neither
Raman spectroscopy studies nor experimental evidence of orbital ordering occurring in LaVO; film
samples has been reported so far.

Epitaxial growth of LaVO; films has been achieved by a variety of techniques, predominantly
by PLD*>7-%2 or by molecular beam epitaxy.?? The stabilization of the perovskite LaVOs phase in
thin films was successful by performing the growth in either high vacuum*>7-22 or in pure Ar or
Ar/H, atmosphere.”?! We fabricated the films by PLD using a KrF excimer laser. The chamber was
evacuated down to less than 10~7 mbar. STO(100), DSO(110), and twinned LaGaOs3(110)/(001)
(LGO) single crystal substrates were employed. The substrates were heated to temperatures of about
450°C in high vacuum conditions. Then Ar/4% H, gas mixture was let in the PLD chamber to
pressures of ~10~3 mbar and the substrates were further heated to 700 °C and the films were grown
under these conditions. In the same PLD system, using moderate pressures of 4 x 10~* mbar, Ar/H,
was successful for the growth of films of other materials that require reducing conditions, such as
EuTiO; films.?

A laser fluence of 1.2 J/cm? was employed for the ablation of the LaVO, ceramic target and
the laser repetition rate was 3 Hz. After growth, the samples were cooled to room temperature (RT)
in the same Ar/H, atmosphere. Reflective high energy electron diffraction (RHEED) was used to
monitor the growth and estimate the growth rate of the LaVOj; films.

Raman scattering spectra were recorded in back-scattering configuration using a Horiba-Jobin-
Yvon Labram HR 800 spectrometer equipped with an Olympus Microscope, a 600 grooves/mm
grating, and a Peltier cooled CCD detector. For excitation, the 632.8 nm (1.96 eV) line of a
HeNe laser was used. The beam was focused on the sample (spot size of ~2.5 um) and collected
through a 50x magnification long distance microscope objective (numerical aperture NA = 0.55).
To avoid sample heating, the laser power at the sample was kept below 1.5 mW. Temperature-
dependent Raman measurements from 87 K up to room temperature were carried out with a Linkam
THMS-600 cooling-heating stage placed under the Raman microscope. For each temperature, two
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measurements were done: for the first measurement, the laser was focused at the sample surface
(film/substrate signal); during the second, the laser was focused about 20 um under the sample sur-
face (substrate signal).?* The Raman scattering signal belonging to the LaVOs films was obtained by
normalizing the two spectra and subsequent subtraction.

Atomic force microscopy (AFM) scans of the samples confirmed the layer-by-layer growth
mode (see the topography images in Fig. 1) of the films on all substrates, which was also indicated
by RHEED patterns observed during the film growth (Fig. 1, left). The layer-by-layer growth was
readily achieved on all the substrates, especially if the crystals had been annealed prior to being
used for PLD. The only substrates that were not annealed were the LGO crystals, in order to avoid
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FIG. 1. Morphological and structural characterization of (a) LaVOj3 films grown on SrTiO3(100), (b) on DyScO3(110), and
(c) on twinned LaGaO3(110)/(001): RHEED patterns of the substrates and films (on the left), atomic force microscopy images
(middle), and 26 —w XRD scans (right). The inset in the AFM image from panel (b) shows also the surface morphology of
the annealed DyScO3(110) crystal and in (c) of the as-received LaGaO3(110) crystal, prior to being used for film growth.
AFM images in (a) and (b) show scans over 2 ymXx2 pm areas and in (c) over 5 um x5 pm areas.
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possible mechanical damage occurring during the structural phase transition at 423 K, but also in
this case, layer-by-layer growth was achieved.

LaVO; crystallizes at RT in an orthorhombic structure (Pbnm), with lattice parameters a =
5.555 A, b =15.553 A, and ¢ =7.849 A and thus a ~ b ~ c/\,/2.1’13’14’25‘27 The low temperature
phase is monoclinic P2;/b, with a rather larger change of the c-axis. The structure of LaVO;
exhibits tilted VOg octahedra and displaced La ions (with respect to a pure perovskite structure),
which in case of the bulk are relatively small and the lattice parameters can be related to a pseudocu-
bic (PC) structure according to the relation: apcravo, * a/V2 =~ b/y2 = ¢/2 = 3.926 A. The lattice
match of LaVOs is fairly good with the cubic STO(IOO) or pseudocublc LGO(110) and DSO(110)
substrates (apcLco110 = =3.89 A asto = 3.905 A apc,psolio = =3.95 A)

20 — w X-ray diffraction (XRD) scans demonstrate that the LaVOj; films on both substrates are
epitaxial and phase pure (Fig. 1, right). For the film grown under compressive stress on STO(100),
the average out-of-plane lattice parameter of our LaVOs films is about 3.955 A and thus larger than
apc,Lavo, ~ 3.926 A. The value is in good agreement with the out-of-plane lattice parameter reported
for stoichiometric LaVO; films grown on STO(100) by molecular beam epitaxy.?? Zhang et al.?> com-
mented that, unlike in the well-studied case of epitaxial SrTiO3 films,28 for which the out-of-plane
lattice parameter expands with increasing amounts of cation non-stoichiometry, the opposite trend
was found for LaVOj; films. For the film grown under even higher levels of compressive stress on
LGO(110), the average out-of-plane lattice parameter of our LaVOs films is about 3.96 A. On the other
hand, the average out-of-plane lattice parameter for LaVOs3 grown on DSO(110) is about 3.905 A,
which is slightly smaller than the apc Lavo, ~ 3.926 A, due to the tensile epitaxial strain conditions.
260 — w XRD scans do not allow us to distinguish between (110)-oriented and (001) oriented growths
of LaVOs. It has been recently theoretically argued that there is no clear energetic preference toward
one of these orientations for epitaxially strained LaVO3, both under compressive and tensile strain.?’
Experimentally, so far only the structure and orientation of PrVO; and LaVOs; films grown under
compressive strain on SrTiO3(100) have been studied, and only domains with the c-axis lying in the
plane of the SrTiO; substrate were found.'>-26-2°

The orientation of the c-axis is very important for making the right choice of the polarization
of the incident light in optical spectroscopy investigations.'®2%30 To obtain more information on
the epitaxial relationships between the films and the substrates and on the domain structure of
the films, we performed transmission electron microscopy of cross sectional specimens. Scanning
transmission electron microscopy (STEM) investigations of LaVOj; films grown on cubic STO(100)
crystals revealed that the films grow with the long orthorhombic c-axis of the LaVOj; oriented
in-plane of the substrate. Figure 2 shows a summary of the investigations of a 33 nm thick LaVO3
film grown on STO(100). Two types of domains, both with the c-axis lying in the plane of the
STO substrate but rotated 90° with respect to each other, were identified.?® High angle annular dark
field (HAADF)-STEM images taken in two such domains are shown in Figs. 2(b) and 2(c). The
orientation of the orthorhombic unit cell in the two domains was determined by performing Fourier
transform of the images, as shown in Figs. 2(d) and 2(e), where also structural models for the two
domains are schematically proposed. Structural defects, most likely anti-phase boundaries, present
in the LaVOs films can be better seen at higher magnification, as marked by the box in Fig. 2(f) and
zoomed-in in Fig. 2(g).

Figure 3 summarizes the STEM of a 52 nm thick LaVO; film deposited on DSO. Most of
the layer has a (110) orientation, i.e., the long c-axis lies in the plane of the DSO(110) substrate.
However, there are also domains with the c-axis oriented perpendicular to the substrate surface.
Figure 3(b) shows two neighboring domains for which the c-axis is oriented in-plane, pointing
towards the viewer (on the left side of the image), and out-of-plane with respect to the DSO(110)
substrate. Analysis of the Fourier transforms of the images in the two regions allowed us to deter-
mine the orientation of the orthorhombic c-axis of the LaVOs. Antiphase boundaries are present
at the intersection of the domains, similar to what was observed for the LaVO3 grown on STO.
In Fig. 3(c), an annular bright field (ABF)-STEM image taken in a domain with in-plane c-axis
orientation is shown and the oxygen column position can be thus viewed, allowing the visualisation
of the zigzag VO tilts corresponding to the slightly distorted orthorhombic structure of the LaVO3
film.?
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FIG. 2. Cross section HAADF-STEM investigations of a 33 nm thick LaVOs3 film grown on SrTiO3(100): (a) low magnifi-
cation overview image with a white box indicating where the high magnification images from (b) and (c) were taken; ((b)
and (d)) high magnification image of a domain with the [001], c-axis pointing to the left and its corresponding fast Fourier
transform (FFT) with structure model below; ((c) and (e)) high magnification image of a domain with the [001], c-axis
pointing to the viewer and the corresponding FFT of the image with proposed structure model below; ((f) and (g)) anti-phase
boundaries defects are present in the film, as marked by the black box in (g) and by the yellow arrow at higher magnification
view in (f).
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For the LaVOs; film deposited on twinned (110)/(001)LGO substrate, we expect that both do-
mains with the c-axis in-plane (on top of (110)LGO) and out-of-plane (on top of (001)LGO) form as
well, as confirmed by the Raman data (vide infra).

We performed temperature-dependent in plane dc resistivity measurements on a 40 nm thick
LaVOs; film grown on DSO(110) substrate (not shown). The resistance of the LaVOs; film increased
rapidly with decreasing temperature, so that the measurements could not be performed below
200 K, due to the too high resistance.®!> The temperature dependence of the resistance of LaVOs on
DSO(110)? is in stark contrast to the behavior of the resistance of LaVOs films on STO(100) sub-
strates, for which metallic-like behavior was measured by several groups.*”# DSO, which is a better
insulator and is less prone to become oxygen deficient or get reduced,'""3! preserves an insulating
surface during and after the LaVOj3 deposition. Temperature-dependent dc resistivity measurements
of LaVOs single crystals show the onset of the G-type OO by the kinks in the curve, occurring at
141 K.! However, no similar kinks have been observed or reported for resistivity data on thin film
LaVOj3 samples on various substrates.*’~%2!

A convenient method to study the OO transition in bulk LaVO; is Raman spectroscopy. The
Raman spectra of LaVO; show the activation of a characteristic band at 719 cm™ (89 meV)
below the OO transition.>!618:20 This band is readily observed using excitation resonant to the
Mott-Hubbard gap near 2 eV, such as the light of a HeNe laser (1.96 eV).!%!7:19 It originates from
an out-of-phase oxygen stretching mode along the c-axis and has a B, symmetry in the ortho-
rhombic Pbnm phase and a Ag symmetry in the monoclinic OO phase.>!¢-18-32 This Raman mode
was observed for LaVOj crystals for xx-polarized light and not for zz-polarized light (the relations
of the optical axes, x, y, and z, to the orthorhombic axes a, b, c are x =a + b, y = a — b, and



046103-6 Vrejoiu et al. APL Mater. 4, 046103 (2016)

Yoo
G- G

&
W e e
. Y

)
SO LR L AR

-
*
»
-

£
.
»
-
=

& %
LA Sb SF N SRR B U

»
-
e . R e

8 B U B R B R
U TR T TR R ST N R

(o)
(o)
e %

v

e
gL
o e
L
—

Fow ok
G AR e Wl R R }. .
-

I R R R R R R,
‘FEETES TR R & &

R E R ER L E N

L A EE R RE S N B

RS E

U S B IR TR T R W
C30 BERE N SRR

WA ES RN B

Nk W YR

i ¥ AR EDN
R RE R

FIG. 3. Cross section HAADF- and ABF-STEM investigations of a 52 nm thick LaVOj3 film grown on DyScO3(110): (a) low
magnification overview image with a white box indicating where the high magnification images from (b) were taken; (b) high
magnification image of a region where two domains, separated by anti-phase boundaries (APB), are visible: a domain with
the in-plane [001], c-axis pointing to the viewer, a domain with the out-of-plane [001], c-axis pointing to the top surface,
and their corresponding fast Fourier transforms (FFT) with structure models at the right; (c) high magnification ABF-STEM
image taken in a domain with the [001], c-axis pointing to the viewer where the oxygen atomic columns are also imaged and
the tilts of the VOg octahedra are visible.

7 = ¢).21617.19 We monitored this particular Raman peak in the spectra of a 55 nm thick LaVO3
film grown on DSO(110) substrate. This LaVOs3 film was capped with ~1.5 nm thick amorphous
SrTiO; layer to protect it against oxidation.’® Figure 4 shows the spectra acquired while heating
the sample from 87 K to RT. Three peaks clearly observed at about 182 cm™! (23 meV), 427 cm™!
(53 meV), and 717 cm™! (89 meV) at 88 K (as marked by black arrows) can be assigned to the
LaVOs; film (Fig. 4(a)). The first two peaks persist in the Raman spectra up to RT: the one at
182 cm™! (23 meV) is related to the rotation of VOg octahedra and the one at 427 cm™" (53 meV)
corresponds to the Jahn-Teller mode.'®!” The Ag out-of-phase oxygen stretching mode at 717 cm™!
(89 meV) disappears at about 160 K (Fig. 4(b)), indicating that OO transition temperature in the
LaVO; film is =160 K (Fig. 4(c)). This transition temperature to the G-type OO phase is slightly
higher than for bulk crystals. Such a shift is not uncommon in epitaxial strained films and may
be due to epitaxy induced structural modifications. It was recently found that in single crystals of
Y;_,La, VO3, G-type OO is present locally above the Too temperature, but it is short range.>*

We also measured Raman scattering spectra of LaVOj3 films grown on STO(100) substrate
down to 87 K (not shown). SrTiO3 is not a good substrate for Raman investigations of thin films
samples because it exhibits multiple phonon modes and a strong Raman background that substan-
tially hinder Raman-based thin film experiments.® This is in particular true for probing the OO in
LaVOs films since STO has a dominant spectral feature at 716 cm™! (88.7 meV), preventing the
unambiguous observation of the 719 cm™! (89 meV) G-type OO-related phonon of LaVO;.

More insight into the OO of the LaVO; films under compressive strain could be, however,
obtained by Raman spectroscopy of (110)/(001)-oriented LaVOj3 films grown on LGO(110)/(001)
substrates (Fig. 5). LGO crystals allow the observation of the LaVO3; phonons at 270 cm™!' (33 meV,
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FIG. 4. Temperature-dependent Raman scattering spectroscopy of a 55 nm thick LaVO3 film grown on DyScO3(110), capped
with amorphous SrTiO3: (a) Raman spectra at temperatures above and below the OO-transition, focusing at the sample surface
(i.e., film/substrate signal, thick lines) and 20 pum below the surface (substrate signal only, thin dashed lines); the black
arrows point at Raman peaks corresponding to the LaVOs film. (b) Detailed temperature dependence of the three observed
Raman scattering peaks belonging to the LaVO3 film was obtained by normalizing the two spectra at the same intensity and
their subsequent subtraction. (c) Temperature dependence of the integrated intensity for the Raman peak occurring at about
717 em™!, evidencing the transition toward orbital ordering (Too ~ 160 K) in LaVOj3 films grown under tensile strain.

an oxygen bending mode that is active already at RT, see Ref. 17), 348 cm™' (43 meV) and 513 cm™!
(63 meV), and at about 700-725 cm™! (86-90 meV) (Fig. 5(a)). Around 700 cm™~' (86 meV), a broad
peak is visible already at RT which it splits into two peaks at 90 K, one at 701 cm™' (86 meV)
and one at 725 cm™! (90 meV). The former was attributed to the phonon density of states'® and the
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FIG. 5. Temperature-dependent Raman scattering spectroscopy of a 55 nm thick LaVO3 film grown on a twinned
LaGaO3(110)/(001) crystal: (a) Raman spectra at temperatures above and below the OO-transition, focusing at the sample
surface (i.e., film/substrate signal, thick lines) and 20 pm below the surface (substrate signal only, thin dashed lines); the
black arrows point at Raman peaks corresponding to the LaVO3 film. (b) Detailed temperature dependence of the observed
Raman scattering peaks belonging to the LaVO3 film was obtained by normalizing the two spectra at the same intensity and
their subsequent subtraction. The Raman band at about 270 cm™! was affected by the subtraction procedure, because of the
close proximity of a strong Raman mode of the LaGaO3 crystal.

latter has been assigned to the Ag out-of-phase oxygen stretching mode. For LaVO3/LGO(110), the
mode is shifted to higher energy as compared to the mode in LaVO3/DSO(110) samples, in which it
occurs at 717 cm™! (89 meV) at 88 K. This energy difference indicates that compressive and tensile
epitaxial strain influences the structure of LaVOj epitaxial films.

In addition to the characteristic phonon peak around 720 cm™! (89 meV) clearly evidencing the
structural phase transition and the onset of G-type OO in LaVOs, the spectra of the LaVO;/LGO
sample (Fig. 5(b)) also show the appearance of two broad Raman bands at 348 cm™! (43 meV)
and 513 cm™' (63 meV) below 160 K. These modes, which are also characteristic for the OO
phase,® have been reported by Miyasaka et al., who showed them to be resonantly enhanced when
exciting at the Mott-Hubbard gap energy.!®!7 Even though it is generally agreed that these modes
are associated with the OO phase, the precise origin of these modes is currently not clear. Miyasaka
et al. assigned them to collective electronic excitations (two-orbiton excitations). Sugai and Hirota®’
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argued that this assignment might be incorrect and that, for instance, the 513 cm™! (63 meV) band
is more likely due to a Jahn-Teller phonon, in analogy to similar modes in other orthorhombic
perovskites.>? It may be that these modes originate even from multi-phonon processes, as it was
debated in the case of similar modes observed in OO phase of LaMnO3.3

Summarizing, we fabricated epitaxial films of LaVOs3 on various crystals by PLD under
reducing Ar/H, atmosphere and characterized their domain structure by high resolution scann-
ing transmission electron microscopy. By Raman scattering spectroscopy, for the first time, we
evidenced that the transition to orbital ordering occurs in LaVOs; films, both under compressive
and tensile strain. This enables the study of further aspects of orbital ordering, such as the influ-
ence of compressive vs. tensile strain and epitaxy-induced deformations of oxygen octahedra on
the orbital-ordering and electronic structure of film samples. Raman scattering spectroscopy in
conjunction with future temperature-dependent optical conductivity!'®3° and X-ray spectroscopy*
measurements corroborated with VOg octahedra observations by electron microscopy can provide
a comprehensive insight into the structure-electronic property relations of epitaxially modified
LaVO3.

L.V. thanks Chencheng Xu, Felix Hensling, Christoph Bdumer, and Dr. Paul Meuffels for kind
assistance at PGI-7, Forschungszentrum Jiilich. I.V. is also thankful to Professor Markus Griininger
and Professor Thomas Lorenz from II. Physics Institute of University of Cologne and to Dr. Eva
Benckiser from MPI-FKF, Stuttgart for helpful discussions.
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Highly strained and nearly pseudomorphic BiFeOj3 epitaxial films were deposited on LaAlO; and
TbScOj3 substrates, respectively. The symmetry of the tetragonal-like BiFeO3 films is discussed
based on polarisation dependent Raman measurements and on the comparison with Raman spectra
measured for rhombohedral films deposited on TbScO3. The evaluation of ellipsometric spectra
reveals that the films deposited on LaAlO; are optically less dense and the features in complex
dielectric function are blue-shifted by 0.3eV as compared to the rhombohedral films. Optical
bandgaps of 3.10eV and 2.80eV were determined for the films deposited on LaAlO; and TbScOs3,
respectively. The shift in the optical bandgap and dielectric function is nearly preserved also for
thicker films, which indicates that the compressive strain is retained even in films with thicknesses
above 100 nm as was confirmed also by XRD investigations. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905443]

BiFeO5; (BFO) is one of the multifunctional materials
that was intensively studied in the last decade due to its mul-
tiferroic properties at room temperature (RT)."* Bulk BFO
shows a distorted perovskite structure with rhombohedral
symmetry (R3c) and the polarisation along a (111) pseudo-
cubic (pc) direction. Considering the eight pc equivalent
directions, one can get eight degenerate states for the polar-
isation. In thin films, the polarisation can be increased by
strain engineering of the domains.® This has been achieved
by depositing BFO films on substrates with reduced symme-
try (such as rare earth scandates),4 or using substrates with
off-cut, and/or with a large lattice mismatch with respect to
BFO, for example, LaAlO3 (LAO). BFO thin films grown on
LAO substrate showed interesting properties, such as an
enhanced electromechanically response,” giant polarization,®
multiferroic phase transition at RT,” and a persistent photo-
conductivity.® These properties open doors to applications in
many fields.”

Such tetragonal-like (T-like) highly strained BFO thin
films are experimentally stabilised by epitaxial and pseudo-
morphic growth on LAO substrates.'®'" A highly strained
structure with c/a ratio of 1.3 and five-fold-coordinated Fe
atoms has also been predicted using DFT calculations when
the compressive strain is larger than 4%.'> Subsequent stud-
ies revealed the structure of such highly strained films to be
monoclinic (M.), which is different from the M, structure
observed in BFO films grown on SrTiO5 substrates. '’

Despite intensive research, the structure and microstruc-
ture of such T-like BFO films are still under debate.'*'°
Raman spectroscopy, which is a very sensitive local probe of
the lattice dynamics, can contribute to solve part of the
structure-related open questions.'”* In this work we use
Raman spectroscopy for the characterisation of strain
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stabilised T-like films of BFO with different thicknesses that
are grown on LAO. Henceforth we compare the results with
those obtained for the relaxed and rhombohedral BFO films
deposited on TbScOj3 (TSO) substrates. Considering the pho-
tovoltaic?® and linear electro-optical effects®' reported for
BFO films, and their possible integration in oxide-based so-
lar cells, the knowledge of the dielectric function and optical
bandgap of the T-like BFO is crucial. The complex dielectric
function and the optical bandgap of these films are derived
from spectroscopic ellipsometry measurements.

BFO films were deposited on (001),. LAO and (110)
TSO substrates using pulsed laser deposition. An excimer
laser with a fluency of 0.35 J/cm?, focused on BFO stoichio-
metric ceramic target was employed and the substrates were
kept at 650 °C during deposition. High resolution X-ray dif-
fraction (HRXRD) experiments were performed on an
URDG6 diffractometer at 0.154056nm (CuKol radiation),
with a monochromator (perfect (111)-oriented dislocation-
free Si single-crystal) in the primary beam, and with a 0.13°
wide slit in front of the point detector. The ellipsometry
measurements were performed at several angles of incidence
using an M-2000 Woollam ellipsometer. Raman spectros-
copy was performed at RT using a Horiba Jobin Yvon HR
800 spectrometer. The 442 nm line of a HeCd laser was used
for excitation, the light being focused and collected through
a 100x magnification objective (ca. 1 um focus size). The
laser power was kept below 1 mW in order to avoid changes
in the Raman spectra induced by the laser heating.

In Figure 1, atomic force microscopy (AFM) images of
a thin (ca. 29 nm) and a thick (ca. 118 nm) film deposited on
LAO substrate are shown. The thin film exhibits a smooth to-
pography (Fig. 1(a)) with lattice planes high terraces of ca.
300 nm width, as can be seen in the line profile in the lower
panel. The terraces are the fingerprint of the 0.1° off-cut sub-
strate and are preserved after deposition of ca. 29 nm BFO,

© 2015 AIP Publishing LLC
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FIG. 1. AFM topography images of the surface of (a) thin (29 nm) and (b)
thick (118 nm) T-like BFO films on LAO substrates. The lower panels show
the corresponding depth profiles along the trace lines.

indicating a high quality layer-by-layer growth. In the thick
film (Fig. 1(b)), the morphology shows stripe-like features,
which can be attributed to a partial relaxation of the strain
and consists of a mixture of monoclinic phases.> The corre-
sponding height profile along the trace line is shown in the
lower part of Fig. 1(b).

In Figure 2(a), the cross section HRTEM micrographs
of the interface region of a 118 nm BFO film grown on LAO
substrate are displayed. The image shows a sharp interface
indicating an epitaxial growth of the BFO film on LAO sub-
strate. The 0-20 XRD pattern of a 118 nm thick BFO film
grown on LAO substrate (Fig. 2(b)) exhibit the (002).
reflections of the BFO film and the (002) LAO substrates.
For reference, the XRD pattern from a 43 nm thick BFO film
deposited on TSO substrate is also plotted. The peak from
the BFO film deposited on TSO appears as a shoulder at
20~45.3° close to the TSO substrate peak at 20 ~45.9°.
This is due to the similar pc lattice parameters of bulk BFO

\(002)_ TSO

(002), BFO

V
(002) LAO

(002), BFO

Intensity / arb. units

38 40

22 a4 a6 a8
20 /deg.

FIG. 2. (a) HRTEM cross section of the interface region of a 118 nm BFO
film grown on LAO substrate. (b) 0-20 XRD pattern of a 43 nm thick BFO
film deposited on TSO substrate and 0-20 HRXRD of a 118 nm thick BFO
film grown on LAO substrate.
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and TSO. On the other hand for the BFO film deposited on
LAO substrate, the peak of the film is down shifted to
20 ~38.5° in comparison with the substrate peak 260 ~ 48°.
This reflects the presence of a large compressive strain in the
film and yields to an out-of-plane lattice parameter of
c=4.67 A for the BFO/LAO film and a lattice parameter for
LAO of 3.80A. Previous investigations of the reciprocal
space mapping (RSM) on similar films® showed that the in-
plane lattice parameters of the BFO films on LAO are nearly
equal to that one of the LAO substrate. This allows to deter-
mine an equivalent tetragonality ratio of ~1.23 for the highly
strained BFO films. Additionally, the RSM demonstrates a
three-fold splitting of the (103),. peak of the BFO films,?
which is characteristic for the M. structure.'??

The tilting or rotation of the oxygen octahedra has been
proposed as a possible mechanism, which allows the accom-
modation of large strain.'**® As a result, the strain can per-
sist in films over larger values of thickness.'? This
mechanism also seems to be dominant in the case of our
118 nm thick BFO film deposited on the LAO substrate.
Henceforth, in this work, the BFO films deposited on TSO
substrates will be referred as R-like films, because of the
good match of the lattice parameter with those of bulk rhom-
bohedral BFO (pc lattice parameter: 3.965 A).%* The films
deposited on LAO will be referred to as T-like, because of
the large c/a ratio, although, and as discussed previously,
they demonstrate an M, structure. In order to probe the lat-
tice dynamics in the T-like BFO phase, we employed Raman
spectroscopy.

The Raman spectra of the samples were measured in
backscattering configuration for parallel (z(y,y)z) and cross
polarisation (z(y,x)z). z indicates the direction of the laser
which was parallel to the [001],. LAO direction or to the
[110] orthorhombic direction of TSO. y was the direction of
the incident polarisation (parallel to [100],. LAO or [-110]
TSO), while the scattered radiation was detected either paral-
lel on the y direction, or perpendicular along the x direction
(parallel to [010],. LAO or [001] TSO) for the cross polar-
isation. The Raman spectra of the LAO and TSO substrates
were measured separately, using the same scattering configu-
ration, scaled at the same intensity with the spectra of film/
substrate, and subsequently subtracted from these spectra.

In Figure 3, the subtracted Raman spectra of BFO in
BFO/LAO and BFO/TSO samples are shown for both paral-
lel and cross polarisation configurations. In the region below
250cm ', the stronger peaks of the R3¢ BFO phase
appearzs’26 at 137 cmfl, 173 cmfl, and 219 cmfl, which are
attributed to vibrations that involve Bi and Fe atoms.*’
These peaks change their relative intensities and are clearly
blue shifted by 6-8 cm~ ! in the case of T-like BFO, which
can indicate a larger compressive strain. Moreover, new
modes, from which the strongest are at 263 cmfl, 367 cmfl,
481 cm ', 511cm ™!, and 691 cm ™! are identified in the spec-
tra of the T-like BFO films. It should be mentioned that
around 367 cm™ ' a very weak feature appears also in the
spectrum of R-like film but only when recorded in cross
polarisation, indicating different symmetry. Overall, the
Raman spectra of T-like BFO show a larger number of pho-
nons as compared with spectra of BFO/TSO film. The larger
number of phonons and their polarisation dependence was
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FIG. 3. Subtracted Raman spectra of BFO in BFO/LAO (T-like) and BFO/
TSO (R-like) samples for parallel (z(y,y)z) and cross polarisation
(z(y,x)z).The peaks marked by “*” indicate the most intensive new peaks
belonging to the T-like phase. The polar plot of the intensity of the 367 cm ™
mode measured in cross polarisation (z(y, x)Z) is shown in the inset.

used by Iliev er al.'’*? to demonstrate monoclinic (Cc) sym-
metry. Tetragonal symmetries could be excluded because in
that case a smaller number of phonons would be expected.

The Raman spectra of the T-like BFO show a strong
polarisation dependence. In order to follow this polarisation
dependence in detail, we performed measurements for the
thicker T-like BFO film, by azimuthally rotating the samples
in 15° steps around the z direction (laser) for both parallel
and cross polarisation configurations. The spectra obtained
were fitted using Gauss functions for each phonon mode.
Some of the modes (at 179 cm™ Y, 225ecm™!, 263c¢m ™Y,
367 cmfl, and 511 cmfl) show a remarkable dependence of
their intensity on the azimuthal angle for both parallel and
cross polarisation configurations. In particular, we show in
the inset of Fig. 3, the strong angular dependence of the in-
tensity of the 367cm ' mode for the cross polarisation,
which indicates a very good in plane orientation of the T-
like BFO films.

Because of the lack of T-like BFO single crystals, and
therefore lack of measurements done on different scattering
surfaces, the complete assignment of all modes cannot be
resolved solely from the measurements discussed here.
However, based on the Raman tensor of the Cc monoclinic
structure and on the symmetry considerations of Iliev et al.,"”
the angular intensity dependence of the modes at 367 cm ™',
263cm™ !, and 225cm ™" indicate an A" symmetry for these
modes. Special attention should be paid to the mode at
691 cm ™", which has the highest frequency reported for modes
of BFO and is absent in rhombohedral BFO films. This mode
was proposed to be a hallmark of high tetragonality (c/a
ratio).”® It should relate to a vibration involving O-atoms®’
and could be a signature of the five-oxygen coordination of Fe

Appl. Phys. Lett. 106, 012908 (2015)

(as FeOs pyramids, and not FeOg octahedras).12 Such a
change in oxygen coordination in the T-like phase should
modify the electronic structure which implies also changes in
the dielectric function. We used ellipsometry to measure the
complex dielectric function of the T-like BFO phase.

Ellipsometry measures the changes of the polarisation of
light after reflection on the investigated sample in form of ¥
and A ellipsometric parameters. Analytic expressions for cal-
culating ¥ and A as functions of dielectric function and layer
thickness can be found in standard textbooks, e.g., Azzam
et al.*® In Figure 4(a), the ellipsometric spectra measured at
different angles for a BFO thin film deposited on LAO sub-
strate are shown by symbols. The in-plane rotation of the
sample brought the same spectra. Considering that the light
spot on the sample (ca. 1 mm) is much larger than the ferro-
electric domains, we used an isotropic model for evaluation
of the optical response of the film.

The measured ¥ and A spectra depend on the thickness
of the films, and on the dielectric function of both film and
substrate. The complex dielectric functions of the TSO and
LAO were a priori determined from measurements per-
formed on bare substrates. Using the predetermined dielec-
tric functions of the substrates, the ellipsometric spectra of
the BFO films/substrate were evaluated. The absorption free
range below 2.2 eV was used first for an initial estimation of
the film thicknesses using a Cauchy dispersion relation for
the refractive index. In order to extract the dielectric
response of the BFO films from the ellipsometric data, a
three-layer optical model consisting of ambient air/film/sub-
strate was used. A sum of three Gauss oscillators was used to
simulate the optical response of the BFO films. Gauss oscil-
lators® of the form

2Gauss = ZA" . [674.ln2.(ﬁgfn)z i 6744“2'(%_5”)2] M
n

produce a line shape in the imaginary part of the complex
dielectric function &, with a Kramers-Kronig consistent line
shape for ¢;, where A,, E,,, and B, are the amplitude, energy,
and broadening, respectively. The unknown parameters in
the model were adjusted in order to get the best match
between the model and the experimental data by a fitting
procedure, which minimizes the mean square error. The
results of the fit: thickness, energy, amplitude, and broaden-
ing of the Gauss oscillators for the three BFO films are sum-
marised in Table I. The error bars in determination of
thickness are given in Table I, while for all other fit parame-
ters the error bars are lower than 0.03. The fits obtained for
the 118 nm thick BFO film on LAO substrate are shown by
continuous lines in Fig. 4(a) together with the experimental
data (symbols).

The calculated real and imaginary parts of the complex
dielectric function for all three investigated films are shown
in Fig. 4(b). The imaginary part of the BFO complex dielec-
tric function of the BFO/TSO film is dominated by two
absorption peaks at ~3.1eV and ~4.3 eV assigned to charge
transfer excitation.>’ These peaks are blue-shifted in the case
of both BFO/LAO films, which induce an overall shift of the
complex dielectric function by ca. 0.3 eV to higher energies.
Such a large shift cannot be explained only as a strain
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(elastic) effect and indicates that the T-like BFO phase has a
different electronic structure reflected in the different com-
plex dielectric function as compared to R-like BFO films. A
similar effect was reported in the case of T-like BFO films
deposited on YAIO; and on LAO for films with thickness
below 30 nm.*>* In our case the blue-shift of the complex
dielectric function is nearly completely preserved also for
the 118 nm thick film on LAO, which means that this thick
film is still highly strained, as confirmed by XRD measure-
ments. In the absorption free region below 2 eV, the real part
of the complex dielectric function for the R-like BFO is
larger than of the T-like BFO, which implies that the T-like
phase is optically less dense than the R-like phase. Our
results are in line with second harmonic generation studies
on T-like BFO films.** The weak absorption band at 2.5eV
present in all investigated films was previously attributed to
defect states.*® Our T-like films exhibited sub-band gap

TABLE I. Thickness and the BFO complex dielectric function Gaussian os-
cillator parameters: energy (E,), amplitude (A,), and broadening (B,)
obtained after the optical modelling fit of the ellipsometric data for the BFO/
TSO and BFO/LAO samples.

Oscillator parameters

Sample Thickness/nm E,/eV A, B./eV

43*0.5 2.54 0.50 0.24
3.07 4.25 0.50
4.28 10.14 1.76
29+0.5 2.52 0.10 0.20
3.42 3.39 0.79
4.81 9.05 1.79

R-like: BFO/TSO

T-like BFO/LAO (thin)

T-like BFO/LAO (thick) 118 £0.5 251 0.07 0.15
3.36 2.58 0.67
4.58 8.97 1.89

levels around 2.5eV in the photoelectrical measurements.
Interestingly, these levels were found to be active at RT and
thus are apparently capable of affecting the conduction
mechanism.® The dotted line at 2.33 eV indicates the position
of the 532nm laser line used as excitation for Raman
measurements.

The onset of absorption region was analysed in order to
determine the energy of the direct, optical bandgap using the
proportionality o-E ~ (E — E,) ', where o= (41k/7) is
the absorption coefficient and E, is the energy of the direct
optical bandgap.*® In Figure 4(c), (o - E)* is plotted versus
photon energy. The linear extrapolation to zero absorption
leads for R-like BFO to an optical bandgap value of 2.80eV
and for the thin and thick T-like films to values of 3.10eV
and 3.05eV, respectively. The 0.3 eV blue shift observed in
the dielectric function is also evident for the optical bandgap.
Previous ellipsometric investigations show the invariance of
the bandgap for R-like BFO films deposited on SrTiOj or
LSAT substrates.*’ However, a moderate compressive strain,
as in the case of BFO films deposited on SrTiO;, was found
to blue shift the optical bandgap and the complex dielectric
function by 0.05 eV in comparison with BFO films deposited
on DyScO;.*® In this paper, the shift in the complex dielec-
tric function and optical bandgap of the T-like BFO is much
larger as compared with R-like BFO films. This shift is
slightly reduced in the 118 nm film to about 0.25eV, which
suggests that the thick film is probably containing a small
fraction of R-like phase or other monoclinic phases, but still
highly strained (predominantly T-like). A larger blue shift of
the optical bandgap of about 0.4 eV, for T-like BFO films de-
posited on YAIO; (where the compressive strain is larger
than in the case of LAO) was determined by Chen et al.*
and was attributed to structural strain and local symmetry
breaking. In the inset of Fig. 4(c) the absorption coefficient
determined by direct numerical inversion (point-by-point fit)
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of the ellipsometric data, keeping the thickness fixed, is
shown. Although this method does not insure the Kramers-
Kronig consistency of the complex optical constants, it con-
firms the blue shift of 0.3 eV.

In summary, Raman studies confirmed very good epi-
taxy of the T-like BFO films grown on LAO substrates,
reflected by the remarkable azimuthal/polarisation depend-
ence of the Raman spectra. The larger numbers of phonons
observed in the spectra of T-like BFO films as compared
with that of R-like BFO films is consistent with a Cc mono-
clinic structure, with a large tetragonal c/a ratio. The com-
plex dielectric function of T-like and R-like BFO films was
determined using spectroscopic ellipsometry. An overall
blue shift by ca. 0.3 eV of the complex dielectric function of
the T-like BFO films was determined, these films being also
optically less dense than R-like BFO films. The direct optical
bandgap of T-like BFO was determined to be 3.10eV, which
is blue-shifted by 0.25-0.3 eV as compared with R-like BFO,
slightly depending of the film thickness.

This work was supported by the German Research
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Raman spectroscopic investigations of epitaxial
BiFeO; thin films on rare earth
scandate substrates
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BiFeO; epitaxial thin films fabricated by pulsed laser deposition on different scandate substrates were investigated by means of
Raman spectroscopy. We observed periodic changes in Raman position, full width at half maximum and intensity for some phonon
modes as a function of the azimuthal angle ¢. Further analysis revealed the possibility to assign the so far controversial discussed
Raman modes at low wavenumbers (<250 cm ") through rotational Raman measurements at different azimuthal angles, which
show high sensitivity to the aforementioned parameters. Furthermore, the ferroelectric/ferroelastic domain structure shown by
piezo-response force microscopy investigations of the samples was confirmed. Our results are supported by symmetry-based cal-
culations including the analysis of Raman scattering geometry as well as the dielectric function of BiFeO; in the infrared range.

Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

As one of the most promising single-phase multiferroic materials
due to its ferroelectricity and antiferromagnetism at room
temperature,!" the list of publications on BiFeO; (BFO) in literature
is exceptionally long.!*¥ In particular, many results regarding
Raman spectroscopic investigations and optical properties of BFO
were published; however, some works contain still a few inconsis-
tencies. With a rhombohedrally distorted perovskite structure along
the pseudo-cubic (111),. direction, BFO is described within the
hexagonal space group R3c.! Group theory predicts 30 phonon
normal modes at the -point of the Brillouin zone; three of them
are acoustic. Its point group Ca, classifies 27 optical phonon modes
in the zone centre:

Toptrac = 4AT 4 5A2 + 9F M

All phonon modes except the five A2 modes are both Raman and
infrared (IR) active; the £ modes are doubly degenerated.*® The
polar modes of A1-symmetry and E-symmetry split into transverse
optical (TO) and longitudinal optical (LO) phonon modes with dif-
ferent wavenumbers because of the macroscopic electric field asso-
ciated with the longitudinal modes. For the lattice vibrations with
Al-symmetry and E-symmetry, the atomic displacement is parallel
and perpendicular to the hexagonal z-axis (also referred to as the
optical c-axis), respectively. The crystallographic orientation be-
tween hexagonal and pseudo-cubic system is (111)¢||[001]hex as
depicted in Fig. 1. In uniaxial crystals, phonon wavenumbers of
extraordinary modes show dispersion depending on the angle 6
between the transferred phonon wave vector and the hexagonal
z-axis (c-axis). In contrast, the wavenumber of the ordinary TO

phonons with polarisation in the x,y-plane is independent of 6. In
backscattering geometry along the (100),. direction, the angle
60=54.7° is realised (cf. Fig. 1), resulting in spectra of ordinary Ero
phonons and extraordinary phonons with mixed A1-E-symmetry
or TO-LO-character.”? Measurements with the phonon wave vector
parallel to the hexagonal z-axis (#=0°) allow the observation of
the extraordinary TO phonons of E-symmetry and LO modes of
Al-symmetry. In case of measurements with the phonon wave
vector in the xy-plane (9=90°), the extraordinary E;o and Alro
modes can be detected.

From a theoretical point of view, Hermet et al.™* calculated the
entire zone-centre phonon spectrum of BFO by means of density
functional theory. They conclude a contribution of bismuth atoms
to low-wavenumber modes up to 167cm™ ', of iron atoms to
modes between 152 and 261cm ™' but also to modes at higher
wavenumbers and of oxygen atoms above 262cm™ ' When
comparing the symmetry assignment to the particular phonon
modes, several discrepancies appear in literature. Singh et al®
assigned A1,o-symmetry to the prominent BFO phonon modes at

| [8]
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Figure 1. Crystallographic orientation between the pseudo-cubic and
hexagonal crystal system. The optical c-axis [111],. corresponds to the
hexagonal z-axis [002],x. For Raman experiments, the direction of the
incoming and scattered laser light is parallel to the surface normal (100),,
shown for parallel and crossed polarisation configuration by the black
lines at the left.

136,168 and 212 cm ™' by investigating a “cube on cube” epitaxially
grown rhombohedral thin film on SrTiOs (111) substrate. Also,
Fukumura et al. as well as Cazayous et al”'” found the A1-symme-
try for these three modes on BFO single crystals by measuring (111)
and (001) pseudo-cubic planes. Porporati et al"" investigated a
coarse-grained BFO polycrystal assigning corresponding modes to
Ero-symmetry (136 cm ') and A1,o-symmetry (176 and 219cm ™).
BFO single crystals with pseudo-cubic (100) facets as well as epitax-
ially grown BFO thin films on SrTiO5 (100) with a SrRuOs buffer layer
were studied by Palai et al,!'? who attest a pseudo-orthorhombic
monoclinic crystal structure to the thin film in comparison to the
rhombohedral single crystal. Regarding the symmetry assignment,
Ero-symmetry is here proposed for all three mentioned phonon
modes.">'¥ Hlinka et al"*' determined phonon symmetry by in-
vestigating the angular dependence of the phonon mode
wavenumbers in sintered BFO ceramic samples as function of the
orientation of the phonon propagation vector. They concluded an
Ero mode at 132cm ™', Al,0 modes at 178 and 229cm ™', Alqo
modes at 149 and 223cm™ ' and an E,o mode at 175cm ™. The
group of Beekman et al!'® gave a symmetry assignment based
on rotating the polarisation direction of the exciting laser on (100)
pseudo-cubic single crystals. They suggested E-symmetry for the in-
tense transverse (TO) modes at 135, 172 and 218cm ™.

In comparison to single crystals of BFO, epitaxially grown thin
films often possess a substrate-induced strain that might lead to
the formation of domain patterns in the film and changes of the
crystalline symmetry, in order to adapt to the symmetry of the un-
derlying substrate."” The influence of the strain and thereby the
formation of domain variants in the BFO samples, which we study
here by Raman spectroscopy, are investigated in the work of
Johann et al.!"® Raman intensity rotational measurements allow
to draw conclusions on the distribution of domains, as shown by
Rafiq et al,”'®" who ascertain a contribution of neighbouring do-
mains to the Raman signal of certain modes in (Ky5Nag 5)NbOs sin-
gle crystals. A crystallographic domain texture can also affect the
wavenumber of the phonon modes because of its different me-
chanical strains causing wavenumber shifts of the phonon modes
in the spectra, as presented in the works of Sakashika et al.*® and
Deluca et al®" for polycrystalline barium titanate and lead
zirconate titanate, respectively.

An approach similar to Beekman’s""® experiments is the basis of

our investigation on BFO thin films on DyScO; (DSO), GdScOs (GSO)
and SmScOs (SSO) substrates by means of highly sensitive Raman
spectroscopic experiments. By rotating the thin film samples
around the laser and keeping the point of measurement, we de-
tected a periodic variation of Raman intensity, full width at half
maximum (FWHM) and position with respect to the azimuthal an-
gle ¢. No data about the relation between Raman position, FWHM
and ¢ for BFO thin films is to be found in literature: Only the inten-
sity variations were reported. In this contribution, a detailed analysis
of the phonon mode near 135cm ™" is presented including the im-
pact of another mode near 119cm ™', which was not detected in
Raman spectra of thin film material before. Furthermore, Beekman
et al"® determined Raman tensor elements for the different pho-
non modes by means of asymmetric Raman tensors, obtaining dif-
ferent tensor elements for different BFO crystals. For our symmetry
calculations, we used the symmetric Raman tensors as specified in
the tables of Claus et al?? and successfully simulated the azimuthal
behaviour of Raman intensity and position of these two modes of-
fering a symmetry assignment for both. Symmetric tensors are in
agreement with the work of Loudon and Pezzotti et al.**?* In ad-
dition, our experimental Raman data prove the domain character of
the BFO/DSO thin film by showing the mentioned variation in Ra-
man position, which is only possible with the existence of two types
of ferroelastic domains. These results are confirmed by piezo-
response force microscopy (PFM) measurements.

Experimental

The BFO epitaxial thin films were grown by pulsed laser deposition
on (110)-oriented orthorhombic DSO, GSO and SSO single crystal
substrates after annealing them for 2 h at 975, 1100 and 1200 °C, re-
spectively. The repetition frequency of the employed KrF laser was
5Hz. During the growth process, a temperature of ~650°C and an
oxygen partial pressure of 14 Pa were established. PFM was per-
formed with a cypher S system in contact mode and offers informa-
tion about the ferroelectric/ferroelastic domain structure of the
deposited film. Both, vertical and lateral (VPFM and LPFM), orienta-
tions of the diamond-coated conductive cantilevers were thereby
employed to create a spatial conception of the polarisation
patterns.

The Raman spectra were measured with a LabRam Horiba Jobin
Yvon spectrometer with the 442-nm excitation line of a He—-Cd laser
in backscattering geometry, where the incident and scattered
beam propagate perpendicularly to the surface of the sample.
The measurements were carried out at room temperature by rotat-
ing the sample azimuthally around the surface normal in two
polarisation configurations: (hv) where the electric field vector of
the incoming laser light is perpendicular to the electric field vector
of the scattered light and (vv) where these vectors are parallel to
each other (Fig. 1). The scattered light was collected with an objec-
tive of x100 magnification. To avoid a laser-induced thermal effect
on the sample, the laser power was reduced to ~0.8 mW. Further-
more, a Jobin Yvon T64000 micro-Raman spectrometer with an
Ar" ion laser (1 =488 nm) was involved to confirm the Raman data
gathered with 442 nm. Due to a triple monochromator in this sys-
tem, the laser power was increased to ~2mW to enhance the
signal-to-noise ratio. No thermal effects were observed.

High-resolution x-ray diffraction measurements were carried out
on an URD6 diffractometer at the wavelength of 0.154056 nm
(CuK,,; radiation). The diffractometer was equipped with a perfect

wileyonlinelibrary.com/journal/jrs
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(111)-oriented dislocation-free silicon single crystal, used as mono-
chromator in the primary beam.

Results and discussion

In order to calculate the dispersion curves, it is necessary to mea-
sure the phonon wavenumbers at 9=0° as well as at #=90°, that
is, with the wave vector parallel and perpendicular to the z-axis.
As mentioned before, numerous Raman and IR measurements of
phonons in BFO exist, which were however measured in backscat-
tering geometry on pseudo-cubic faces in most cases. We use the
values for Raman position obtained by the measurements of Hlinka
et al!"™ for grain orientations near =0 and 90° (Table 1). Their
values for the Ero modes agree very well with the results of IR mea-
surements presented by Lobo et al.®® and measured at 5K on the
x,y-plane of a single crystal (¢=0°). As shown in the succeeding
texts, by means of the fit parameter of the reflectivity measure-
ments reported by Lobo et al,’*! the E,o phonon wavenumbers
(0=90°) can be calculated using the dielectric function. Excellent
agreement with the measured values of E, o phonon wavenumbers
of Hlinka et al™ is achieved, too. Knowing the phonon
wavenumbers for =0 and 90 °, the phonon wavenumbers for arbi-
trary angles 6 can be thus calculated. The uniaxial BFO crystal with
Cs, symmetry is characterised by a dielectric function, which is
identical for two principal directions. The optically isotropic x,y-
plane is described by &, (w). With ¢ (w), we denote the dielectric
function in the third principal direction z also referred to as the
optical axis ¢, which is perpendicular to the xy-plane (cf. Fig. 1).
For arbitrary directions with angle 6 between the phonon wave
vector and the z-axis, we obtain>*>®

e (w)-g)(w)

0= @it (0) + o) (w0 0)

. 9 Sei-w?
With 2, () = 1 + 3 — 0 TOL__ 3)
i=1 Wgrg, — W — Iy,

Table 1. Measured and by using equation (5) calculated extraordinary
phonon wavenumbers for 6 angles of 0, 54.7 and 90 ° between phonon
wave vector and z-axis of the crystal

0=0° 6=90° 0=547°
— Hlinka"! Lobo™! Hlinka™ Lobo'*!  Calc.
Ero(1) 74 74 Eo1) 81 824 795
Ero(2) 132 134 E0(2) 175 175.1 143.9
Ero(3) 240 240  E;0(3) 242 2425 176.1
Ero(4) 265 265  E;o(4) 276 276.1 224.2
E7o(5) 278 276 E;o5) 346 3423 241.7
Ero(6) 351 346 E,0(6) 368 366.5 2756
Ero(7) 374 373 Eo(7) 430 429 294.5
Ero(8) 441 441 E;o(8) 468 466.9 349.0
E70(9) 523 522 E;0(9) 616 614.6 370.6
Alo(1) 178 —  Alp(1) 149 — 4345
Al0(2) 229 —  Alp(2) 223 — 4737
Al10(3) 502 —  Al03) 310 — 551.9
Alio(4) 591 — Al 557 — 606.3
Calc,, calculated.

4 Sa1ii- 3
_ Alli*ParTo;
and EH(CU) = €|lo + z 2 w0 —io
i=1 @170, Va1

4)

where wero,, Se1iand yg, (@a17o,, Sarji and yy,,) are the TO phonon
wavenumber, oscillator strength and damping for the ith mode of
E-symmetry (Al-symmetry). £, « (g ) denotes the high-frequency
dielectric constant perpendicular (parallel) to the optical axis. Lobo
et al'* obtained the wavenumbers of the Ero modes by using Eqn
(3). Alternatively, these wavenumbers can be calculated by
searching for the wavenumbers of the maxima in the function Im
(¢.(w)). The E;,o wavenumbers follow from the locations of the

maxima in the function Im (ﬁ) With the phonon wavenumbers

given in Table 1, we subsequently calculated the angular depen-
dence of the extraordinary phonons. For arbitrary directions with
angle 6, their position can be obtained from the zeros of the following
equation: (see, for instance, the work of Claus et al??)

9 4
B(®.0) = 1e5in°(0)- 5 (010, ~ 0) 5 (0hr0, — )
i= i=
.cos2(0)- Sl a5 2/ 5 2
+ ]| "COS (0) Z a0, — @ Z Wgro, — @
i=1 i=1
=0 (5)

Equation (5) implies that a total number of 9+4 =13 modes is
observed for #=0 and 90°, respectively. A mode with a certain
wavenumber for the wave vector parallel to the z-axis continuously
changes wavenumber as the wave vector is changed, until it prop-
agates perpendicular to the z-axis. The reached wavenumber is that
of another phonon mode. The coupling of the extraordinary modes
between #=0 and 90 ° can therefore be of four fundamental types:
(1) Ero <> E0, (2) Ero <> Alyo, (3) Alo <> Alrp and (4) Al,o < Eo.
Figure 2 shows the dispersion branches of the extraordinary pho-
nons and in addition the ordinary phonons Erg <> Eo, which have
no dispersion. For measurements with backscattering on the
pseudo-cubic (100) plane (0 =54.7°), we obtain 13 wavenumbers
of the extraordinary phonons, which are listed in Table 1 together
with the observable phonons for backscattering, corresponding to
0 and 90°. The alternation of the A1y, and A1, modes (Ero and
E, 0 modes) with increasing wavenumber is fulfilled. The alternation
rule follows from the requirement that the poles and zeros of the
dielectric function along a given axis must necessarily alternate.

Al,0 phonons with similar wavenumbers were observed in Ra-
man spectra of a small crystallite with & =90 ° orientation by Bielecki
et al.!*” Based on a comparison with the results of Lobo et al.?!
and Hlinka et al.!® a discrepancy in the phonon assignment oc-
curs. The phonons at ~145 and ~174cm ™, being assigned to an
E(2) and an A1 mode, respectively, should correspond to an Alro
(1) and E;o(2) mode, respectively. Backscattering Raman measure-
ments on the polished pseudo-cubic (111),. plane (¢ =0°) of a sin-
gle crystal were performed by Fukumura et al.”® Most of the Ero
and A1;,o phonon wavenumbers reported there correspond to the
values given by Hlinka and Lobo.l'>?* However, the strong A1,
modes were not completely eliminated in crossed polarisation,
which is inconsistent with the selection rules and possibly indicates
that the polished surface was slightly tilted from the pseudo-cubic
(111) plane, that internal reflections contributed to the scattered
signal or that other reasons distorted the signal. The A1,5(4) pho-
non above 500cm™' is not observed, instead the band at
147 cm ™' is assigned to an A1,o(1) phonon. We assume that this
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Figure 2. Directional dispersion of the extraordinary phonons (bold lines)
and ordinary Ero phonons (dotted lines). Four fundamental types of
coupling occur: (1) Ero <> E;o (orange), (2) Erp <> Alzo (blue), (3) Alp <
Al7o (dashed) and (4) A1,0 < E;o (black).

band stems from the spurious Al7o(1) phonon and the band at
473 cm™ corresponds to a spurious £;(8) phonon.

Figures 3a and 3b present the experimental Raman spectra of
the BFO thin film deposited on DSO, which were recorded in paral-
lel (vw) and crossed (hv) polarisation configuration (cf. Fig. 1). The
442-nm (2.80 eV) laser line used for Raman measurements on thin
films was applied because of the pre-resonant conditions. At this
energy, the extinction coefficient of BFO has a value of ~0.47 so that
the penetration depth of the laser in BFO is approximately
75 nm.2%3% Thus, the contribution of the substrate to the Raman
signal from the BFO/DSO thin film having a thickness of ~175nm
is negligible. By rotating the sample to specified azimuthal angles
¢, two families of spectra appear, implied through the light blue
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and dark green lines in Figures 3a and 3b. One family covers the
¢ angles of 0,90, 180, 270 and 360 °, while the other family contains
the Raman spectra at ¢» =45, 135, 225 and 315 °. We henceforth re-
fer to these two groups of azimuthal angles by just mentioning @9
and @45, respectively. Both families of spectra show seven strong
modes near 135, 172, 218, 277, 350, 465 and 548 cm ™', what is in
accordance with other experimental works on BFO (see also
Table 2).1021"131%) While the intensity for the modes at 135, 172,
218,465 and 548 cm ™' remains steady between the measurements
with different azimuthal angles, clear dissimilarities can be detected
for the modes at 277 and 350 cm ™' with respect to ¢. These effects
seem to be more distinctive for (hv) than for (vv). Therefore, we ex-
amine both polarisation data sets separately beginning with (hv).
A deeper view reveals a maximal intensity near 277 cm’' in the
@o(hv) spectra, which disappears in the @,45(hv) spectra. Instead,
a shoulder occurs near 266 cm™" in @,5(hv). We suppose that this
effect is caused by two different phonon modes, which correspond
to different symmetries and appear at the mentioned
positions." "> This assumption may also explain the behaviour
of the apparently single mode at 350 cm ™ ': Here, the @45(hv) spec-
tra exhibit a strong mode at 350cm . This mode is not present in
the @go(hv) spectra, which show a maximum in intensity around
365cm . Again, the conclusion of two different phonons with un-
like symmetry obtrudes. Last but not least, the strong mode at
548cm™ ' shows a broadening for @,5(hv) to lower wavenumbers,
most likely originating from an additional phonon mode at
517 cm™ ! that can be found in literature, too.">'*! Also, the Raman
shift between 100 and 150 cm ™ features some inconsistencies that
will be considered in the following. In this wavenumber range, the
@,45(hv) spectra show a step-like increase in intensity at 105 and
119cm . The @go(hv) spectra reveal a shoulder at 105cm ™' too,
but much smaller in intensity. In literature, a mode around
119cm ™' can be found for BFO crystals but was not reported for
thin films yet!""'* A mode at 105cm™" is mentioned by Hermet
et al,®® who predicted an Erg mode at 102cm ™' and an E;o mode
at 104cm™’, but given that these two modes are the lowest calcu-
lated wavenumbers there, an accordance to the lowest wavenum-
ber modes Ero(1) and E; (1), listed in Table 1 seems more likely.
Komandin et al.®" described an £ mode at ~102 cm™" based on re-
flection IR spectra on BFO ceramic samples and calculated disper-
sion curves. Borissenko et al”! found a silent A2, mode at
~109cm ™" in their experimental studies on BFO single crystals by
inelastic x-ray scattering, matching excellently their calculations
with density functional theory. In terms of selection rules, all A2
modes are Raman forbidden and thus should not occur in Raman
spectra. Only if the crystal structure is defective, for example, due
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Figure 3. Raman spectra of the BiFeO3 (BFO)/DyScOs thin film for (a) parallel and (b) crossed polarisation configuration at selected azimuthal angles. Obvious
differences in intensity between @q, and @45 occur near 105, 277 and 350 cm™". The Raman spectrum on a BFO polycrystal, clearly showing a mode at

105cm™ ', is shown in (c).
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Table 2. Comparison of Raman wavenumbers for ordinary and extraordinary (eo.) phonon modes from literature and from our calculations as well as

experiments on the BiFeO3/DyScOs thin film

Phonon mode Calculated and experimental Raman wavenumbers (cmq)

— 6=54.7° (100) Pseudo-cubic plane

— Ero: Hlinka™ Fukumura™ Cazayous'”! Palait™ Singh™® Beekman''® This work
eo. phonon: Eqn (5) room room room

. T=5K T=4K T=10K T=81K temperature temperature temperature

Ero(1) 74 77 75 74.2 — — —

eo. phonon (1) 79.5 — 81 79.6 — — —

— — — — — — — 105

Ero(2) 132 136 132 127.0 — — 118

eo. phonon (2) 143.9 147 145 145.0 136 140 135

eo. phonon (3) 176.1 176 175.5 168.0 168 173 172

175.9
eo. phonon (4) 224.2 227 222.7 2120 212 220 218
224.2

Ero(3) 240 — — — — — —

eo. phonon (5) 241.7

Ero(4) 265 265 263 265.4 — 265 266

eo. phonon (6) 275.6 279 276 277.7 275 279 277

Ero(5) 278

eo. phonon (7) 294.5 — 295 295.2 — 288 —

eo. phonon (8) 349.0 351 348 3504 335 350 350

Ero(6) 351

eo. phonon (9) 370.6 375 370 3715 363 371 365

Ero(7) 374

eo. phonon (10) 4345 437 — — 425 — —

Ero(8) 441 — 441 — — — —

eo. phonon (11) 473.7 473 471 473.0 456 — 465

— — 490 — — — — —

Ero(9) 523 525 523 523.1 — 520 517

eo. phonon (12) 551.9 — 550 553.0 549 550 548

eo. phonon (13) 606.3 — — — 597 — —

to lattice distortions, a break in symmetry is conceivable, softening
the Raman selection rules. Not explicitly mentioned but to be seen
is this mode also in the Raman spectra of Fukumura’s work To
prove the existence of a mode near 105cm ™', a polycrystalline
BFO sample was investigated by means of a Jobin Yvon T64000 Ra-
man spectrometer with an Ar* ion laser (1 =488 nm) in backscatter-
ing geometry. The spectrum is shown in Fig. 3c. The three
prominent modes at 141, 172 and 219cm ™' are a characteristic
for BFO, and a fourth mode at 105cm ™ is clearly visible determin-
ing our suggestion of a phonon mode at this position. With this ex-
perimental set-up, we can prove the existence of this phonon mode
at 105cm™ " by excluding a possible influence of the edge filter in
the LabRam system. The use of a polycrystal additionally neglects
any connection between the film'’s substrate and this mode.

Now, to come back to the experimental data in parallel
polarisation (vv), on closer examination again, a sharp edge in the
spectra near 105cm ' occurs. With respect to Raman intensity ver-
sus azimuthal angle, a similar behaviour to the findings in the spec-
tra with crossed polarisation can be exposed. At 105,350 and
around 517 cm ™" dy(wv), spectra possess higher intensities than
the @,5(wv) spectra. At 277cm™' and similar at wavenumbers
around 465 and 548cm™, it is just the other way around with
@y45(vv) spectra showing higher intensities than the spectra at @
(vv). These observations confirm the existence of further modes in
the recorded Raman spectra as suggested in the discussion of the

Raman spectra for crossed polarisation (hv). They also show the re-
markable sensitivity towards intensity-weak phonons in thin films
with respect to the azimuthal angle ¢. Table 2 gives an overview
about all Raman positions we found on the BFO/DSO thin film in
our experiments compared to the calculated wavenumbers of the
extraordinary phonons for §=54.7° and the experimental results
of Raman backscattering measurements on the pseudo-cubic
(100) plane from literature. Other reported Raman measurements
were not included in this table because the orientation was not
clearly defined, for instance, as the measurements were performed
on polycrystalline materials.!''**3! Results of IR measurements on
polycrystalline material were not included because the dielectric
function used for the fits of the reflectivity measurements
neglected the directional dispersion.®'>4

Based on these results, we chose a fitting procedure for the ex-
perimental Raman data, which is presented in Fig. 4. All spectra re-
corded in crossed polarisation (hv) were fitted to ten Lorentzian
oscillators near 105, 119, 135, 172, 218, 277, 320, 350, 465 and
548 cm ™. With our main focus on the modes at low wavenumbers
(<220cm™"), we relinquished on fitting the modes at 277 and
548cm™ ' with two Lorentzians for each mode and used single
modes at 320 and 350cm ™' to simplify the fitting procedure in
the wavenumber range of 250-400 cm . Figures 4b and 4d show
exemplarily the cumulated fitting curves for the spectra at ¢=0°
and ¢ =45° in (hv). The spectra measured in parallel polarisation
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Figure 4. Fit procedure with seven Lorentzian modes in parallel polarisation configuration for ¢ =0° (a) and ¢ =45 ° (c). In contrast to this, the spectra taken
in crossed polarisation configuration were fitted by ten Lorentzian modes, exemplarily shown for ¢ =0° (b) and ¢ =45° (d).

(vv) were fitted to seven Lorentzian modes at 105, 119, 135, 172,
218,277 and 548 cm ', as depicted for ¢» = 0°and ¢ =45 °in Figs 4a
and 4c. For simplification, just one Lorentzian function at 277 cm ™
was included in the range between 200 and 500 cm ™' to generate
the cumulating fitting curve. The main purpose of this mode is the
minimisation of the influence from this wavenumber range to the
fitting parameters of the mode at 218 cm ™' in the cumulated fitting
curve. Other modes in this range show just a minor contribution to
the overall Raman spectrum and thus were neglected.

In Figure 5, the wavenumbers for the phonon modes at 119 and
135cm " as function of the azimuthal angle are presented in form
of polar plots. Surprisingly, we found a periodic shift of the position
of the modes with 90 ° periodicity. In parallel polarisation configura-
tion (vv), which is depicted in Figs 5a and 5b, a blueshift in wave-
number for @,5 to wavenumbers around 120.5 and 136.2cm ™,
respectively, is observed, compared to lower wavenumbers at
118.5 and 135.4cm ™, respectively, for @go spectra. The amount
of these shifts averages out at ~2cm™" for the mode at 119 and
~0.8cm™! for the mode at 135cm™". In (hv) polarisation (Figs 5¢
and 5d), the modes show a blueshifted wavenumber for ®q, up
to 120 and 1355cm™, respectively, compared to ~116 and
133.5cm ™! for d,s, respectively. Here, the relative differences are
higher than in (vv) configuration comprising about 4cm ™' for the
119cm ' mode and 2cm ! for the mode at 135¢cm ™.

To explain this behaviour, a comparison to the results from
Hlinka et al"! seems appropriate. In their investigations, an angle
¢ was defined between the phonon propagation vector q
and the optical axis z. Hence, ¢ corresponds to the angle 0 defined
in this work. By performing experiments on a coarse-grain ceramic
BFO sample, they were able to determine the angular dispersion of
the phonon modes intensities. In our experiments, by rotating the
sample around the direction of the incident laser by the azimuthal
angle ¢ (cf. Fig. 1), the angle 8 is not altered leading us to another
explanation for the observed behaviour of the wavenumber in

relation to the azimuthal angle. In the works of Sakashika and
Deluca et al.®>?", the experimental set-up matches with our exper-
imental adjustments, although they studied polycrystalline BaTiOs
instead of BFO. The dependence of the peak position on the azi-
muthal angle is explained by a mechanical and a crystallographic
component of the observed wavenumber shift. Thereby, a certain
stress, applied to the investigated material, is necessary to generate
alocal domain ordering, creating an anisotropy at the point of mea-
surement. In our BFO thin film, no external stress is deployed to the
sample. However, by means of PFM measurements, we discovered
a permanent domain texture that may cause the wavenumber shift
with respect to the azimuthal angle. PFM measurements on the in-
vestigated BFO/DSO thin film show two families of stripes perpen-
dicular to each other (Fig. 6). VPFM and LPFM signals were captured
to obtain information about both out-of-plane and in-plane
polarisation orientation. Figure 6a shows the VPFM image of the
sample, where stripes belong to the 109° domains."? To the right,
perpendicular stripes and also more discontinuous to the latter can
be seen in Fig. 6b. These stripes belong to the 71 ° domains.l"”’ Both
angles refer to the orientation of the domain walls."® The film
seems to consist of only two structural variants, what would be in
agreement with the conclusions of Johann et al.!"® The 109° do-
mains are aligned to the (001) orthorhombic axis of the DSO sub-
strate, while the 71° domains are parallel to the (170)
orthorhombic axis of the substrate (see the white arrows in Fig. 6).
To confirm the epitaxial growth of the thin film, Fig. 6¢ presents an
x-ray diffraction pattern taken in symmetrical diffraction geometry.
Two reflections appear at 26yzp = 45.43 and 46.02 °. With the help of
Bragg's law, the interplanar distances were determined to be 3.991
and 3.941 A, respectively. In the pseudo-cubic crystal system, these
values correspond to the lattice parameters for the BFO film and
the DSO substrate, respectively. The value for DSO is in excellent
agreement with literature, while the out-of-plane lattice parameter
of BFO is slightly larger than the lattice parameter of a single crystal
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Figure 5. Wavenumbers for the phonon modes at 119 cm 'in parallel (a) and crossed (c) polarisation configuration as well as 135 cm 'in parallel (b) and
crossed (d) polarisation configuration. A periodic shift with 90 ° periodicity occurs at both modes in (vv) and (hv), what is only explainable if two types of

ferroelastic domains exist in the BiFeO3/DyScOs thin film.

with 3.96 A2 This is due to the compressive strain induced by
the orthorhombic crystal system of the DSO substrate. Further-
more, a reciprocal space mapping around the (310), reflection of
the BFO film was carried out, showing a reflection splitting into
two peaks (Fig. 6d). Each peak corresponds to one domain pattern
of the BFO thin film and hence confirms the PFM data with its two
domain patterns shown before, as well as the epitaxial growth of
the film.

When bringing monochromatic light to a sample and detecting
the scattered light, as it is performed by Raman spectroscopy, the
volume of the material that contributes to the interaction with
the incident light and henceforth characterises the Raman signal
should not change under azimuthal rotation when using the same
point of measurement. This means by rotating the sample and de-
tecting the respective Raman spectra, the ratio between the
existing domains in the investigated volume remains equal, and dif-
ferences in the wavenumber with respect to ¢ should arise from
the rotation itself caused by a specific alignment of the observed
domains. Hence, only if two domains exist in the thin film, such a
periodic behaviour of the wavenumber with respect to ¢, as it is
shown before, is understandable.

To evidence this conclusion, we performed theoretical simula-
tions with two superimposed phonon modes, which originate from
the two observed domains. The simulation focuses on the promi-
nent mode near 135cm'. Due to the mutual influence of the
modes at 105, 119 and 135cm™" and to the comparatively high
values of FWHM for these modes, we decided to fit the experimen-
tal data with a single mode that combines all three modes,
depicted as hatched area in Fig. 7a. Our simulation calculates the

summarised intensity for an ordinary Ero phonon mode near
119cm ' and an extraordinary phonon mode with mixed Alo
and Eo character near 135 cm ™', what is in accordance to the men-
tioned symmetry assignments based on phonon dispersion calcula-
tions. Referring to group theory and the rhombohedral R3c space
group, we used the following symmetric Raman tensors according
to Claus et al.**:

a 0 0 0 c d c 0 O
Riz=|0 a of Ru=|c o o] Ry=|0 —c d
0 0 b d 00 0 d 0

(6)

With respect to the laboratory coordinate system, the polarisation
vectors for incident and scattered light e and e,(»s), respectively,
are defined as function of the azimuthal angle ¢:

e = (cos ¢, sinp, 0),e =(cos¢p, sing, 0) (7)

By transforming these vectors into the crystal coordinate system,
the following rotation matrix M is needed:

1 1
— 0 _
7 7
1 2 1
m=|_1 2 _1 8
% Vs % ®
11
VERRVE) 3
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Figure 6. Vertical (a) and lateral (b) piezo-response force microscopy measurements show two families of stripes perpendicular to each other. White arrows
indicate the alignment of the two types of ferroelastic domains with respect to the orthorhombic DyScOs substrate. The epitaxial growth of the BiFeOs (BFO)
thin film is verified by a 6-26 x-ray diffraction scan (c) as well as a reciprocal space map from the BFO thin film (d), showing a reflection splitting into two peaks,

which confirms the domain patterns in the BFO thin film.

Henceforth, the scattered Raman intensity of the single modes
can be calculated using the equation:
L = 0\
e )(Z Rij k& )ej( )
K

I~ 9)

where & and é}s) correspond to the polarisation unit vectors for in-

cident and scattered light with respect to the crystal coordinate sys-
tem and R to the respective Raman tensor in the crystal system.

Ek(n) refers to the kth component of the n =3 different unit vectors
for the mechanical polarisation, which form a right-handed coordi-
nate system. One vector describes the polarisation for extraordinary
LO phonons lying in the direction of the phonon wave vector with
respect to the crystal system, a second vector describes the
polarisation for ordinary TO phonons and a third one corresponds
to the polarisation of extraordinary TO phonons.

Knowing from PFM measurements that the two domains of the
thin film are aligned orthogonally, both calculated phonon modes
consist of two superimposed contributions, one for each domain,
which are also shifted 90° to each other. Now, by superimposing
the ordinary and extraordinary phonon mode, the observed
behaviour of Raman intensity, position and FWHM can be
reproduced, as presented by the dashed lines in Figs 7b, 7c and
7d. The simulated mode shows maxima for the wavenumber

where minima in FWHM can be detected and vice versa. The re-
sults fit very well the experimental data and hence confirm the in-
fluence of the orthogonal alignment of the two domains on
Raman experiments.

We also detected a similar behaviour for Raman position and
FWHM on BFO thin films on GSO and SSO substrates. Like DSO,
both substrate materials are orthorhombic, and BFO thin films
show maximum values for Raman position where FWHM mini-
mises and vice versa with respect to ¢ under similar experimental
conditions. The deviation between minimum and maximum
values for Raman position decreases from ~1.5cm™ ' at
BFO/DSO films to ~0.8cm ™" at BFO/GSO films and ~0.6cm ™' at
BFO/SSO films. The same phenomenon can be seen for FWHM
with a deviation between minimum and maximum of ~5cm ™"
for BFO/DSO films to ~3cm™' for BFO/GSO films and ~2cm ™!
for BFO/SSO thin films. The effects might be connected to the dif-
ferent lattice parameters of the substrates introducing different
strains into the BFO thin film. BFO possesses a lattice constant
of ~3.96 A causing a compressive strain in thin films on DSO with
a lattice constant around 3.95A3°! For GSO (3.97 &) and SSO
(3.99 A), thin films become tensile strained .

With respect to the utilised polarisation configurations, we de-
tected a higher displacement of Raman position in (vv) and (hv)
for the mode at 119cm ™" than for the mode at 135cm ™. Also,
the displacements are larger in crossed polarisation than in
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Figure 7. (a) Raman spectra for the BiFeOs/DyScOs thin film with one Lorentzian mode in the range of 100-140 cm . The experimental behaviour of Raman
intensity, wavenumber and FWHM of this mode in relation to the azimuthal angle ¢ as well as the calculated behaviour (red dashed lines) is presented in (b),
(c) and (d), respectively. Where the mode shows maxima for the wavenumber, minima in full width at half maximum can be detected and vice versa.
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Epitaxial films and ordered arrays of submicron structures of nickel and cobalt ferrites were
deposited on Nb doped SrTiO; by pulsed laser deposition. X-Ray diffraction and atomic force
microscopy showed that the films have a good crystalline quality and smooth surfaces. A larger
number of phonon bands was observed in the polarization dependent Raman spectra of the ferrite
films than expected for the cubic spinel structures. This is explained by short range ordering of the
Ni** (or Co®") and Fe*" cations at the octahedral sites inducing a lowering of the symmetry. The
same behavior was also observed in the Raman spectra measured for the submicron structures,
suggesting the same cation distribution as in the films. The diagonal components of the dielectric
function for nickel and cobalt ferrites are determined from ellipsometry in the 0.73-5eV photon
energy range. The absorption edge was analyzed using a bandgap model and the energies for the
indirect and direct optical transitions were calculated. It was found that both nickel and cobalt
ferrites are indirect bandgap materials with bandgaps of 1.65eV and 1.42 eV, respectively, while
the first direct transitions lie at 2.69eV and 1.95eV, respectively. Magneto-optical Kerr effect
spectroscopy in combination with spectroscopic ellipsometry allowed the off-diagonal elements of
the dielectric tensor to be determined in the energy range from 1.7¢eV to 5eV. © 2013 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4792749]

INTRODUCTION

CoFe,0,4 (CFO) and NiFe,04 (NFO) are insulating fer-
rimagnetic spinel oxides that are attractive for magneto-
electric oxide heterostructure devices, as well as various
types of high frequency and high power applications.'?
MFe,0, M =Co or Ni) crystallizes in an inverse spinel
structure with a general formula for the ion distribution
A3+[B2+B3+]O427 where A denotes tetrahedral cation sites
and B denotes octahedral cation sites. The tetrahedral
A-sites are occupied by half of the Fe®>" cations, while the
octahedral B lattice sites are occupied by the rest of the Fe®™
cations and the divalent M*" cations. Due to the occurrence
of two types of magnetic ions at the octahedral sites, the two
magnetic sublattices lead to a volume magnetization of 0.45
MA/m for CFO, and 0.33 MA/m for NFO.?> A small fraction
of the divalent cations can be found at the tetrahedral sites
depending on the sample preparation or thermal history of
the samples.*”’

Raman spectroscopy has been proven to be a sensitive
tool to short-range site ordering of the cations in spinel fer-
rites. Polarized Raman spectra of single crystal NFO indi-
cated a 1:1 ordering of Ni*" and Fe*" at B-sites, inducing a
distortion of the structure to a tetragonal symmetry.®
Pronounced B-sites ordering was also evidenced by Raman
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spectroscopy by Iliev er al.’ in NFO thin films. Epitaxial
strain was found to have an influence on the cation distribu-
tion in spinel ferrites.'” The influence of hydrostatic strain
on the spinel structure of polycrystalline CFO,"" the response
of epitaxial CFO thin films to biaxial compressive stress,'?
and the influence of heteroepitaxially induced strain in
BiFeO3-CFO nanostructures'> were also studied using
Raman spectroscopy.

While spectroscopic ellipsometry (SE) is commonly
used to determine the optical constants and the optical
bandgap of various materials, magneto-optical Kerr effect
(MOKE) spectroscopy in combination with SE is often
applied to obtain the off-diagonal dielectric tensor elements
of oxides.'*'> Numerous MOKE studies in various ferrites
are reported in the literature and sometimes the interpretation
of the electronic transitions observed in the spectra is contra-
dictory (see, e.g., Fontjin er al.'® for an overview). Only two
reports exist on ferrite films, to the best of our knowledge.
Kim et al.'” reported MOKE spectra of Fe;04, NFO, and
CFO films with thicknesses of about 1 um fabricated by sol
gel. Mistrik et al."® reported MOKE spectra of a 93 nm thick
NFO film deposited by pulsed layer deposition onto fused
quartz substrates and found that the experimental spectrum
was slightly shifted and broadened compared to the calcu-
lated one, probably due to structural defects.

Here the structural, optical, and magneto-optical proper-
ties of epitaxial CFO and NFO thin films are investigated by
combining XRD, variable angle spectroscopic ellipsometry
(VASE), MOKE, and Raman spectroscopy. In addition,

© 2013 American Institute of Physics
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arrays of submicron structures are also investigated by
Raman spectroscopy.

EXPERIMENTAL

CFO and NFO epitaxial thin films were grown on Nb-
doped SrTiO3(100) (Nb:STO) substrates by pulsed-laser dep-
osition (PLD), using stoichiometric ceramic targets. The
films were deposited at a temperature of 575 °C in an oxygen
pressure of 6 x 10~ mbar. For the in situ PLD fabrication of
ordered arrays of sub-micron CFO and NFO structures SiN
stencil masks with rectangular apertures were used, as
described elsewhere.'® The structures were fabricated at the
same temperature as the thin films, but in a lower oxygen
pressure of 1.2 x 10 mbar.

The topography of the epitaxial CFO and NFO films and
of the arrays of structures was investigated by atomic force
microscopy (AFM) (Veeco, DI5S000) working in tapping
mode. The ellipsometric measurements were performed in
the energy range from 0.73 eV to 5eV at four angles of inci-
dence using a M-2000 ellipsometer from J. A. Woollam
Company. For the Raman scattering experiment, the samples
were excited by the 532nm line of a frequency doubled
Nd:YAG laser and the spectra were collected by a LabRam
spectrometer (Horiba Jobin Yvon) equipped with a Peltier
cooled CCD detector and a 1800 grooves/mm grating. All
spectra were obtained at room temperature in a backscatter-
ing geometry using an 100x magnification objective which
focuses the laser to a spot size of about 1 um. The laser
power was set at | mW which was low enough in order to
avoid damage of the samples surface and laser heating. The
MOKE spectroscopic measurements were performed in polar
geometry in the energy range from 1.7eV to 5.5eV using a
home-built spectrometer based on the design from Herrmann
et al®® The setup measures the rotation 0 and the ellipticity
Nk of the polarization of the light reflected from the sample
exposed to a magnetic field (1.7 T) perpendicular to the sam-
ple surface. These quantities correspond to the real and
imaginary parts, respectively, of the complex Kerr rotation
angle of the light polarization: ®; = 0; +i- ;. The inci-
dence angle is <1.3°. All measurements were carried out ex
situ under ambient conditions and at room temperature. To
exclude the contribution of optical anisotropy, the MOKE
spectra were always recorded with the magnetic field point-
ing out from the sample and a second spectrum with the
magnetic field pointing into the sample. The complex Kerr
rotation spectra are then calculated as half the difference of
the two spectra.

RESULTS AND DISCUSSIONS

In Figure 1(a), the 0-20 XRD patterns of a = 69 nm thick
CFO film and of ax80nm thick NFO film grown on
Nb:STO substrates are shown. The graphs display the (004)
reflection of the CFO and NFO films and the (002) reflection
of the Nb:STO substrate. Cubic spinel NiFe,O4 has a bulk
room temperature lattice parameter of a= 8.34A and
CoFe,0, has a=28.39 A. Hence a larger compressive lattice
mismatch with the cubic perovskite Nb:STO substrate
(a=3.91A, which yields 2a=7.82 A and thus a mismatch

J. Appl. Phys. 113, 084101 (2013)

a)

\ Nb:STO(200)

90 180 .~ 270 360
Sample Rotation / deg.

0

NFO(004)

Intensity /a.u.

FIG. 1. 0-20 XRD patterns of NFO and CFO films grown onto Nb:STO
substrates. The inset shows a ¢-scan of the NFO film taken at the sample
inclination of 35.3°. (a) Tapping mode AFM image (4um x4 pum,
z-range = 1.5nm) of a 80nm thick CFO film deposited onto Nb:STO
substrate. (b) AFM image (8 um x 8 um, z-range = 70 nm) of the CFO struc-
tures. The circle gives an estimation of the laser spot size in comparison to
the structures dimensions. (c)

of 6.6% for bulk NFO and of 7.3% for bulk CFO with
respect to the Nb:STO) is expected for the CFO film, leading
to a shift of the 004 reflection peak towards lower angles.
However, due to the very large mismatch, it is likely that the
CFO film relaxes the strain by forming structural defects
such as misfit dislocations at a smaller critical thickness than
the NFO film. This may explain why the position at which
the (004) reflection of the CFO film occurs is at a larger 20
angle than the same reflection of the NFO film (Fig. 1(a)),
indicating that the NFO film is much more strained and has a
larger out-of-plane lattice parameter than the CFO film. The
formation of other types of extended structural defects and
of point defects such as oxygen vacancies may also contrib-
ute to the values of the lattice parameters of the films, which
deviate from those of the bulk CFO and NFO. Still, the CFO
and NFO films grew heteroepitaxially on the Nb:STO sub-
strate. The heteroepitaxial growth was confirmed by the pole
figure measurements that were measured on a Bragg-
Brentano diffractometer. As a source of the X-rays, the Ni-
filtered radiation of a Cu anode (A=0.15418nm) was
employed. The pole figures were measured as a sequence of
¢-scans at different inclinations of the sample from its sym-
metrical position. Exemplarily, a single ¢-scan taken at the
sample inclination of 35.3° for the NFO film is shown in
inset of Fig. 1(a).
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The topography of the films and of their submicron-
structures was investigated by AFM. Figures 1(b) and 1(c)
show two typical AFM micrographs of the 69 nm thick CFO
film and of CFO structures, respectively. The CFO and NFO
films were relatively smooth, with rms roughness values
below 1nm for CFO/STO for the 4 um x 4 um scanned
areas. For the CFO submicron structures, an 8 um x 8 um
area was scanned. Figure 1(c) reveals arrays of ordered struc-
tures of uniform shape and size, having dimensions of about
1.8 um x 0.5 um. The z-range in Figure 1(c) is 70 nm. The
circle gives an estimation of the laser spot size used for
Raman mapping in comparison to the structure dimensions.

In Figure 2(a), the Raman spectra measured for a
Nb:STO(100) substrate and for a 69 nm CFO film grown
Nb:STO are shown. The spectra were normalized to the
same intensity and the substrate spectrum was subtracted
from the film/substrate spectrum. The obtained difference
spectrum is shown in the lower part of the figure. The same
normalization procedure was applied also for the spectra
measured for NFO films and for the measurements per-
formed in different polarization configurations. Removing
the substrate contribution from the Raman signal of the fer-
rite films is important for a clear assignment of the peaks.
The direct evaluation of the spectra of the film and sub-
strate®' can lead to ambiguous peak assignment because the
Nb:STO substrate has peaks in the region where the ferrite
films also reveal features, as can be see in Figure 2(a).

The spinel structure can be described by the space group
Fd3m (No. 227) and factor group analysis predicts 5 Raman
active internal modes: A, +E, + ?)ng.g’22 The comparison
of the polarized Raman spectra for NFO and CFO films de-
posited onto Nb:STO is shown in Figure 2(b). The spectra
were measured in backscattering geometry in which the
directions of the incident and scattered light are parallel with
the normal to the films surface (z). In the parallel polariza-
tion configuration (y, y), the polarization directions for the
incident and scattered light were both along a [001] direction
of the cubic STO substrate, while for the cross polarization
(x, y) the detection of the scattered light was realized in a
polarization direction perpendicular to that of the incident
light. The clear dependence of the Raman spectra on the
polarization geometry suggests that the films are epitaxial.
As can be seen in Figure 2(b), the number of the observed
Raman lines exceeds the expected number of Raman peaks
for the spinel structure. The spectra and the polarization de-
pendence in Figure 2(b) for NFO films is very similar to
those observed by Ivanov er al.® for NFO single crystals and
by Iliev er al.® for NFO epitaxial films. This behavior was
explained by a short range order of Ni*" and Fe’" cations
which induces domain formation with lower symmetry than
the cubic inverse spinel one (Fd3m) and thus new sets of
Raman modes. In the spectrum measured in parallel polar-
ization configuration for the NFO films 7 peaks could be
clearly identified at ~ 338, 457, 493, 575, 596, 675, and
710cm " while for the spinel structure only one A, o and one
E, mode are expected. On the other hand, in the spectrum
measured in cross polarization configuration peaks are
observed at ~490, 590, 670, and 703 cmfl, instead of two
F,, modes which are expected for the spinel structure in our

75
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FIG. 2. Normalisation procedure: Raman spectra of Nb:STO substrate
(scaled) and of a 80nm CFO film deposited onto Nb:STO, measured with
the 532 nm laser line. The arrows indicate the position of the strongest CFO
phonon bands. The difference spectrum is shown in the lower part of the fig-
ure. (a) The Raman signal of the NFO (up) and CFO (down) films measured
in different polarization configurations. (b)

measured range. The positions of the bands and their depend-
ence on polarization resemble those observed for NFO single
crystals and NFO films deposited onto MgAl,0,.” Based on
these similarities and the symmetry consideration which
were discussed in detail by Ivanov er al.® the additional
peaks seen in our spectra could be consistent with the order-
ing of Ni*" and Fe®" at the octahedral sites, which arises
from a structure having tetragonal P4,22/P44522 symmetry
coexisting with an orthorhombic structure variant. A direct
assignment of each single mode in our spectra cannot be
realized because of the tetragonal and orthorhombic phase
mixture and mainly because the epitaxial thin films do not
allow the measurements in sufficient polarization configura-
tions. A fully inverse octahedral B site arrangement which
corresponds to tetragonal symmetry was also found to be
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energetically most favorable by using density functional
theory'® for both NFO and CFO materials. The spectra of the
CFO films measured in different polarization configurations
shown in the lower part of Figure 2(b) also show a larger
number of phonon bands than expected for the ideal spinel
structure. This behaviour was again attributed to the local
short ordering of Co*™ and Fe®" at the octahedral sites which
induces the lowering of the symmetry.'?

Raman measurements were also performed on the struc-
tured samples. The circle plotted in Figure 1(c) gives an indi-
cation of the laser spot size. Due to the dimension of the
laser spot, the lateral resolution is low, thus each single
Raman measurement contains contribution from both ferrite
structures and the underlying and/or uncovered substrate.
The Raman signal of the structures is obtained by performing
the same normalization procedure as for the films. In Figures
3(a) and 3(b), typical Raman measured spectra are shown for
the CFO and NFO structures, respectively, in comparison
with the spectra of the films. As can be seen similar spectra
were measured also for the structured arrays suggesting the
preservation in the structures of the cation distribution at the
tetragonal and octahedral sites as in the epitaxial thin films.
This means that the deposition and stoichiometry of the sub-
micron structures are not disturbed by the stencil mask. The
small differences in the relative intensities could be
explained by a partial relaxation of the epitaxial strain in the
structures through the free surfaces of the structure edges.

In order to determine the dielectric function of the NFO
and CFO films, the Nb:STO substrate was measured first by
ellipsometry. The optical response of the substrate was
described using a model consisting of Gaussian oscillators,
which ensured the Kramer-Kronig consistency of the real
and imaginary parts of the dielectric function. Using the
dielectric function of the substrate, the ellipsometric spectra
of the ferrite films were evaluated. The absorption free range,
below 1.4eV was used first for an initial estimation of the
films thicknesses using a Cauchy dispersion relation for the
refractive index. Further, the ellipsometric spectra were eval-
uated in the whole energy range employing a four-phase
model: substrate/film/roughness layer/ambient. A sum of
four Gaussian oscillators was used to simulate the optical
response of the films, while the roughness layer was consid-
ered to be a mixture of 50% film material and 50% voids
using Bruggeman effective medium approximation.*?
Thicknesses of 69.3 nm and 80.4 nm were obtained from the
ellipsometric evaluation for the NFO and CFO films, respec-
tively, the roughness being below 3nm in both cases, in
good agreement with the AFM results. The real and imagi-
nary parts of the dielectric functions for CFO and NFO are
shown in Figure 3(a). These diagonal components of the
dielectric function were further used for the evaluation of the
MOKE spectra. The dielectric function obtained for the CFO
film is in good agreement with the one for a CFO crystal by
Martens et al. which was determined above 1.5eV.'?
Converting the dielectric function to optical constants a good
agreement was also obtained with the optical constants of
CFO and NFO crystals determined above 1.6eV.?* Our data
extend the range of the dielectric functions down to 0.73 eV,
which allows to use the absorption edge for optical gap

J. Appl. Phys. 113, 084101 (2013)
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FIG. 3. Raman spectra of NFO (a) and CFO (b) thin films (continuous lines)
and structures (dotted lines).

700

determination, as described below. It should be pointed out
that the imaginary part of the diagonal component of the
dielectric function is smaller for NFO than for CFO below
2.4eV and larger above 3.5eV. The involvement of possible
transitions in this energy range will be discussed later in the
evaluation of the magneto-optical data.

The energy and the type of transition for the optical gap
of NFO and CFO films were determined by analyzing the
absorption coefficient using the model proposed by Bardeen
et al.® The absorption coefficient o = (47k//) was calcu-
lated from the extinction coefficient k. The product of the
absorption coefficient o and photon energy E is proportional
to (E — E,)", E, is the energy of the optical bandgap, and the
exponent 7 has a value of 1/, for direct transitions and a value
of 2 for indirect transitions. In Figures 4(b) and 4(c),
(o E)l/ * and (o - E)* were plotted versus photon energy for
NFO and CFO, respectively. The linear extrapolation to zero
absorption leads for NFO to values of 2.69eV and 1.65eV
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FIG. 4. Real (&) and imaginary parts (&) of the diagonal components of the dielectric function of NFO and CFO films deposited onto Nb:STO substrates as
determined by evaluation of the ellipsometric data. (a) (¢-E)* and (a-E)'? plots as function of photon energy for NFO (b) and CFO (c) films. The linear extrap-
olations of (¢-E)* and («-E)"? to zero give the values for optical band gaps of the direct and indirect transitions, respectively.

for the direct and indirect transitions, respectively. For CFO
these values were determined to be 1.95eV and 1.42eV. The
same method has been employed before for modeling the
absorption edge for multiferroic materials.?®*’ The error in
the determination of these values was estimated to be
+0.03¢V. The characteristic S-shape of (- E)"/? which
presents two distinct slopes suggests the phonon involvement
in the optical absorption process**2° indicating that NFO
and CFO are indirect bandgap materials. The values for the
indirect transitions are larger than the values calculated from
first principles for both NFO and CFO.'°*° On the other
hand, the values are smaller than those recently experimen-
tally determined using absorption measurements for NFO?>'
and CFO™ thin films. It should be pointed out that the opti-
cal constants obtained from ellipsometry are more reliable
than those obtained directly from absorption measurements
particularly near to the absorption edge.

The MOKE rotation and ellipticity spectra of the NFO
and CFO films are shown in Figure 5. The NFO film exhibits
a smaller MOKE signal and therefore the NFO spectra were
multiplied by a factor of 3 for a better comparison.

The lineshape of the polar Kerr rotation of the NFO film
is similar to that observed for the (111) face of a nickel

ferrite single crystal® only slight shifts and small differences
in the relative intensities of the spectral structures are notice-
able. The same observation also holds for the CFO film as
compared to the reported MOKE spectra of a CoFe,O4 (111)
single crystal.'” The similarity between the film and crystal
spectra can easily be understood at higher energies consider-
ing that the penetration depth, estimated from the optical
constants determined in this work, is lower than the film
thickness for photon energies above 2.21eV (CFO) and
2.84eV (NFO).

However, in order to avoid possible interference effects
in the low energy region of the spectra, the off-diagonal
component of the dielectric tensor was obtained as described
in the following.

The magneto-optical Kerr effect can be described by the
occurrence of off-diagonal components of the macroscopic
dielectric tensor. In the polar MOKE geometry, as used in
this work, the light propagates along the z direction and
hence parallel to the magnetic field direction. The dielectric
tensor for a tetragonal crystal, such as proposed by Fritsch
et al.'® for the investigated systems, exposed to a magnetic
field applied along the ¢ direction (along the z-axis) has the
following form:
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FIG. 5. Complex MOKE spectra of a 69 nm NFO film and of a 80 nm CFO
film on STO substrates (a). Real (¢',) and imaginary parts (¢”y,) of the off-
diagonal component of the dielectric tensor determined from the MOKE
spectra and the diagonal components. (b)
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where all tensor elements are complex quantities, i.e.,
G =8 +i-8"y and & =&,y +i-&"yy. The off-diagonal
component of the dielectric tensor can be expressed with the
help of magneto-optical material constant Q, the so-called
Voigt constant: &, = Q - P

For bulk samples, only the light reflected at the sample
surface carries the magneto-optical information and the cor-
responding change in the light polarization upon reflection
can be expressed in the following form:

Yeal )

1 — &y

(1)1(19](+11’]K:l

For a film with a thickness smaller than the penetration
depth of the light, light can also be reflected at the interface
film/substrate and the magneto-optical signal is influenced

J. Appl. Phys. 113, 084101 (2013)

by interference effects. In this work, we will use the mathe-
matical formalism from Fronk er al.> to extract the Voigt
constant Q by a point-by-point fitting procedure from the
MOKE spectra and from the optical constants obtained by
spectroscopic ellipsometry. Thus, we calculated the off-
diagonal elements of the dielectric tensor for comparison
with reported values on ferrites (e.g., in Fontijn et al.'®).

The STO substrate itself exhibits a small MOKE signal in
the energy range between 4eV and 5eV. This was taken into
account in the numerical calculation of the Voigt constant of
the NFO and CFO films. The spectral dependence of the real
(¢'xy) and imaginary part (¢",) of the off-diagonal component
of the CFO dielectric tensor is shown in Figure 5(b). The
shape and magnitude of the spectra are very similar to that
reported for a CFO(111) single crystal.'” The sign of ¢ xy 18,
however, inversed, due to different sign conventions used in
the definition of the complex Kerr rotation angle. Only a few
slight differences are noticeable: the transition between the
crystal field (CF) splitted d orbitals of Co>" is blue shifted in
our case (by 0.12 eV); the intervalence charge transfer (IVCT)
transition at ~2.2eV is stronger in our films compared to the
crystal, and the inter-sublattice charge transfer (ISCT) transi-
tion at ~4eV is smaller in its relative intensity to the other
bands compared to the crystal.*> The observation of the CF
band in mixed ferrites is attributed to a distortion of the octa-
hedral site symmetry. Moreover, in ferrites with ions in the
high spin state on the tetrahedral lattice sites (such as Co>" in
CFO) the CF transitions may have considerable oscillator
strength.'® The blue shift of the CF transition in our CFO film
compared to the crystal might be related to the presence of re-
sidual strain in the films. The intensity decrease of the ISCT
band at ~4eV might be explained by a decrease in the net
magnetic moment, probably due to structural defects reducing
the symmetry of the octahedral and tetrahedral Fe*" sites. A
similar observation was reported for the NFO MOKE spectra
of films compared to the bulk by Mistrik et al.'®

In case of NFO, the ¢y, and &y, spectra calculated in
this work exhibit sharper features compared to those reported
for a NFO crystal in Ref. 36. This might be due to a better
crystalline quality of the films compared to the crystals stud-
ied by Fontijn er al.>® Our MOKE spectra are, however, well
comparable to those of the 1um films studied by Kim
et al.'’ We therefore refer to the latter reference for the
assignment of the spectral features of films in this study.

The crystal field (CF) transition in NFO is much weaker
compared to that in CFO, however, still detectable. For
Ni*" ions occupying octahedral sites the CF transitions are
parity forbidden and should not be observed in NFO.
However, if the film has a tetragonal symmetry as indicated
by the Raman results, rather than a cubic symmetry, the par-
ity selection rules for the Ni** ions at the octahedral sites are
relaxed and the CF transitions can be observed. In addition, a
small fraction (3.5% or less) of Ni** ions occupying tetrahe-
dral sites could lead detectable MOKE signal'” while hardly
affecting the Raman spectra. The oscillator strength of the
CF transition in NFO is lower than in CFO due to the lower
spin state of the Ni*™ (3d®) ions.

The energy of the transitions determined from the
MOKE spectra and from the off-diagonal components of the
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TABLE I. The energy of the transitions determined from the MOKE spectra and from the off-diagonal components of the dielectric tensor compared to the val-
ues reported for the 1 um thick films and for the single crystals, respectively, along with the assignment of the spectral features. The ions situated at octahedral
positions are denoted by square brackets and the tetrahedral sites are denoted by parentheses.

MOKE spectra MOKE spectra &' xy spectra & «y spectra Transition assignment according
energy/eV, energy /eV Sol-gel energy /eV, energy /eV to Kim et al.'” assuming a cubic
Sample This work films, Ref. 17 This work Crystal, Ref. 16 Type inversed spinel structure
CFO 1.78 2.0 1.94 1.82 CF(Co*") A(F) T (P)
2.05 2.2 2.28 2.21 IVCT [Co™Ttrg—[Fe? Nt
2.67 2.6 2.7 2.60 ISCT (Fe*Mt,—[Fe’ " ta,
3.6 3.6 3.68 3.55 IVCT [Co* M tag—[Fe* oy
4.3 4.0 4 4 ISCT (Fe* M)ty —[Fe’ e,
4.7 4.6
NFO 1.85 22 1.89 CE(Ni*™) 3T,CH)—3AL(F)
2.61 2.6 2.52 2.57 ISCT (Fe* Mt —[Fe’ ta,
3.1 3.1 3.15 2.86 IVCT [Ni* " Jtyg—[Fe Ity
42 4.0 4.15 4.03 ISCT (Fe*Mt,—[Fe’ e,
4.65 45 4.62 IVCT [Ni* " Jto—[Fe* Mo,

dielectric tensor (for comparison with Ref. 16) are summar-
ized in Table I and compared to the values reported for the
1 ym thick films and for the single crystals along with the
assignment of the spectral features. It should be noted that
all band assignments proposed in the literature assume a
cubic symmetry of the inverse spinel structure. A small tet-
ragonal distortion should lead to a broadening of the bands
compared to the real cubic structure.

From the difference between the energies of the IVCT
transitions involving Fe*" jons, the energy splitting between
the t,, and the e, orbitals was calculated to amount to 1.4eV
for CFO and 1.47eV for NFO. These values are consistent
with that reported by Fontijn ef al.'®

SUMMARY

The Raman spectra measured on nickel and cobalt fer-
rite revealed a larger number of phonon bands than expected
for the cubic spinel structure. Their polarisation dependence
can be explained by a short range ordering of the divalent
cations at the octahedral sites which induce a lowering of the
symmetry, in agreement with the model proposed by Ivanov
et al® The Raman investigations performed on the ordered
arrays of submicron structures showed the preservation of
the cation distribution at the tetragonal and octahedral sites
as in the corresponding epitaxial films. The dielectric func-
tion of the ferrite films was determined in the 0.73-5eV
energy range. A bandgap model was used to analyze the
absorption edges and the energies of the first indirect and
direct optical transition were determined for both cobalt and
nickel ferrites. It was found that both materials have an indi-
rect bandgap, with values of 1.65eV and 1.42¢eV for nickel
ferrite and cobalt ferrite, respectively.

The off-diagonal components of the dielectric tensor
determined from the MOKE spectra and ellipsometry spectra
compare well with the reported bulk spectra for CFO, except
slightly different relative intensities of the IVCT and ISCT
bands, which might be related to the presence of structural
defects that reduce the symmetry of the octahedral and tetra-
hedral Fe*" sites in our films. The ¢yy and &’y spectra

calculated in this work exhibit sharper features as compared
to the bulk spectra reported by Fontijn ef al.,*® possibly due
to a higher crystalline quality of the films.
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1. Introduction

Multiferroic epitaxial thin films are of strong research interest due
to their potential applications, such as in memory devices [1-3]. For
applications the fabrication of high-quality epitaxial thin films and a
fundamental understanding of their physical properties are needed.

Among the candidates for multiferroic thin film materials the
Bi-based magnetic transition metal perovskites, especially BiFeOs,
are on great interest [4,5]. Another interesting potential candidate is
BiCrOs; (BCO). BCO was first synthesised by Sugawara and Lida [6] in
1965 and shows a monoclinic crystal structure at room temperature
with C2/c symmetry and phase transition to an orthorhombic crystal
system above 420 K [7,8]. Recently, a third stable phase in epitaxial
strained BCO films similar to a superstructure closely related to the
C2/c monoclinic form was observed [9]. Concerning the magnetic
and dielectric properties, bulk BCO shows a long-range antiferromag-
netic order below Ty =109 K [10] with weak ferromagnetism due to
the canting of the Cr spins [11] and possesses an antiferroelectric
order up to the structural transition temperature at around 410 K as
proposed by Kim [12]. Raman spectroscopy is a non-destructive
method which found increasing application in the characterisation
of multiferroic thin film materials because of its sensitivity to the
film orientation, to the strain and to the phase transitions which are
intimately linked to specific phonon modes [13-16].

* Corresponding author at: Leipziger Str. 23, D-09596 Freiberg, Germany. Tel.: +49
3731 39 2591; fax: +49 3731 39 4005.
E-mail address: andreas.talkenberger@tu-freiberg.de (A. Talkenberger).

0040-6090/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.tsf.2011.10.196

In this work we present results of the X-ray diffraction (XRD) and
Raman spectroscopy studies on epitaxial BiCrOs; (BCO) thin films
fabricated by pulsed laser deposition on (LaAlOs3)g3-(Sr2AlTa0g)o 7
(100)-oriented and NdGaOs (110)-oriented single crystal substrates.

2. Experimental details

The epitaxial BCO thin films were grown by pulsed laser deposi-
tion on (100)-oriented (LaAlO3)q3-(SrAITa0g)o7 (LSAT) and (110)-
oriented NdGaOs; (NGO) single crystal substrates. To optimize the
epitaxial growth a 40 nm thick Lag;Sro3MnOsz (LSMO) buffer layer
onto LSAT and a 16 nm thick SrRuOs; (SRO) buffer layer onto NGO
has been grown. A KrF laser was used for ablation having a frequency
of about 3-5Hz and an effective energy of 2-3J/cm2 During the
growth the substrates were heated up to ~650 °C under an oxygen
partial pressure of 0.17-0.70 Pa. The target-to-substrate distance
was 6 cm. A commercial Bi; ;CrO; target (Pi-Kem Ltd.) with bismuth
oxide excess, of 2 inch diameter, was employed for ablation.

The Raman spectroscopic measurements were carried out by a
LabRam Horiba Jobin Yvon spectrometer using the frequency-doubled
532 nm excitation line of Nd:YAG laser. A backscattering geometry
was employed with both incident and scattered light being perpendic-
ular to the sample surface. Measurements were carried out at room
temperature by rotating the sample azimuthally around the surface
normal using both parallel (vv) and cross (hv) polarisation configura-
tions in order to test the Raman selection rules. The scattered light
was collected using a 100x magnification objective. To avoid any
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influence of laser heating on the Raman spectra and to prevent damage
on the surface of the samples, the laser power was reduced to ~0.6 mW.

The mutual crystallographic orientation between the film and the
substrate was determined with the aid of pole figure measurements
that were performed on a D8-Discover diffractometer from Bruker/
AXS equipped with a general area detector diffraction system. During
the pole figure measurement, the intensities diffracted both by the
NdGaOs substrate and by the BiCrOs; thin film were recorded as a
function of the diffraction angle (26), the sample inclination from its
symmetrical position (i) and the sample rotation around its (surface)
normal direction (¢). The measured intensity maxima were plotted in
form of the stereographic projection [17]. The 2D detector allowed a
simultaneous data acquisition at different diffraction angles, which
speeded up the search for the diffraction maxima in possibly strained
epitaxially grown films. For the pole figure measurements CoKo
radiation was used (A=0.178897 nm). High-resolution XRD (HR-
XRD) measurements were carried out on an URD6 diffractometer at
0.154056 nm (CuKo; radiation). The URD6 diffractometer was
equipped with two perfect (111)-oriented dislocation-free silicon
single crystals; one used as monochromator in the primary beam,
the other as analyser in front of a scintillation detector.

3. Results and discussion

The epitaxial relation between the BCO film and the NGO substrate
covered with the SRO buffer was concluded from the pole figure mea-
surements using the procedure described in references [18, 19]. The
pole figures measured for the NGO substrate at the detector angles
26.6° and 38.3° were overlaid and are shown in form of the stereo-
graphic projection in Fig. 1a. The detector angle is equal to the diffrac-
tion angle (20) in the middle of the detector area. Because of a large
angular acceptance of the 2D detector, the XRD lines (020), (112) and
(200) of the orthorhombic NGO, that are located at 26=37.954°,
38.295° and 38.514° [20], respectively, were recorded simultaneously.

Likewise, the overlaid pole figures of the monoclinic BCO thin film
that were measured at the detector angles 26.6°, 38.0° and 47.0° are
displayed in Fig. 1b. The comparison of the pole figures from Fig. 1b
with the stereographic projections of BCO having the space group
C2/c [8] helped us to assign the individual diffraction maxima. Like
for the NGO substrate, diffraction maxima from lattice planes with
different interplanar spacings and thus with different diffraction
angles were recorded simultaneously because of the large angular ac-
ceptance of the 2D detector. For the monoclinic BCO film this con-
cerns the diffraction lines (202) with 20=37.528°, (—113) with
20=37.814°, (020) with 26=38.100°, (31-1) with 26=38.189°,
(004) with 26 =46.364°, (400) with 20 =46.998° and (—222) with
260=47.162°. Because of the proximity of the diffraction angles of
(110)nco (26.780°) and (111)pco (26.492°), these diffraction lines
appear in both pole figures (Fig. 1a and b). The comparison of the
stereographic projections of NGO and BCO, which were first oriented
according to the measured and overlaid pole figures from Fig. 1,
revealed that the lattice planes (111)gco are nearly parallel to the lat-
tice planes (110)ngo. In the plane of the sample the nearly parallel
crystallographic directions are <—110>ygo and <10-1>pco.

The upper part of Fig. 2 shows the monoclinic crystal system of BCO
with the (111) and the (-11-1) planes being hatched. The epitaxial ori-
entation relationship between BCO and NGO is displayed in the bottom
part of Fig. 2. The pseudo-cubic axes of BCO correspond to the laboratory
coordinates used for Raman measurements. It should be mentioned that
the thickness of the BCO layer was 160 nm while the SRO buffer layer
was only 16 nm thick, thus the SRO reflections were not considered dur-
ing the pole figure measurement and the interpretation of the measured
data.

In order to determine the orientation of the monoclinic BCO thin
film grown on the (100)-oriented LSAT substrate coated with the
LSMO buffer, symmetrical high resolution XRD measurement was

a
NdGaOo,

[20=38.3°, w=433°
‘ 4
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Fig. 1. Overlaid pole figures of the NGO substrate (a) and the epitaxially grown BCO
film (b), measured at different detector angles (260). Angle ¢ denotes the inclination
of the diffraction vector from the sample surface perpendicular direction. The split
central peak measured at 26 =26.6° represents both the (110)ngo reflection and the
monoclinic (111)pco reflection.

performed. The presence of the XRD lines (111) from BCO and
(100) from LSAT and the presence of the thickness oscillations in
the HR-XRD pattern (Fig. 3) confirm that the BCO film has grown
epitaxially on the LSAT substrate with the orientation (111)gco ||
(100)sat- The periodicity of the thickness oscillations corresponds
to the thickness of the BCO layer of 80-90 nm. A high intensity of
the thickness oscillations implies a (strained) epitaxial growth
without relaxation, which is only possible for coherent epitaxial
growth. The presence of the lattice strain and the absence of the lat-
tice strain relaxation were confirmed by the shift of the diffraction
line (111) of the monoclinic BCO from 260 =22.76° (as calculated for
di11=0.3904 nm in non-strained BCO) to 260 =22.63°. This difference
in the diffraction angle corresponds to the out-of-plane lattice defor-
mation ¢ of 5.65 x 10~ 3 as calculated using the differential form of the
Bragg law,

S:A—d:—cotOAO. (1)
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BiCroO,
monoclinic crystal system

pseudocubic axes of BCO
(Laboratory coordinates)

[110] .
orthorhombic axes of NGO

Fig. 2. Crystallographic orientation of monoclinic BCO (upper part) in respect to the
crystal axes of orthorhombic NGO substrate (below). The big, middle, and small size
balls correspond to the Cr, Bi, and O atoms, respectively. The hatched areas show the
(111) and the (-11-1) monoclinic planes of BCO. The pseudocubic axes of BCO corre-
spond to the laboratory coordinates used for the Raman measurements. The direction
of the laser (corresponding to the [110] direction of NGO) and of the polarisations for
(vv) and (hv) scattering configuration are also schematically shown.

This means that the in-plane lattice parameter of BCO fits to the
lattice parameter of the substrate.

The laboratory coordinates used for the Raman measurements are
the BCO pseudocubic coordinates as depicted in Fig. 2. The laser direc-
tion was parallel to the [110] direction of NGO. The azimuthal rotation
of the sample was performed around this direction. The parallel (vv)
and cross (hv) polarisation configurations are also schematically
shown in Fig. 2. For the film grown on LSAT the situation is similar,
the cubic axes of LSAT, being the same as the pseudocubic axes of
BCO that represents the laboratory coordinate system.

The epitaxial orientation was also checked by performing
polarisation-dependent Raman measurements. For these measure-
ments the electric field vector of the incident laser beam was set either
parallel to the field vector of the scattered light (vv) or perpendicular to

t (hv). Additionally we rotated the sample azimuthally around its

10°

BCO on LSMO / LSAT

(111) BCO

(100) LSAT

Intensity / counts/s
3,

0 1
10 229 230

22.3

1 1 1 1
225 226 227 228
Diffraction angle 20 / °

22.4

Fig. 3. Theta-2-theta HR-XRD pattern measured for an epitaxially grown BCO film on
LSMO/LSAT substrate.
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Fig. 4. a) Raman spectra of epitaxially grown BCO film on LSMO/LSAT substrate
measured for different azimuthal angles ¢ (0°-180°) using parallel (vv) polarisation.
Two representative spectra taken from LSMO/LSAT substrate are shown for comparison.
Triangles symbolise the position of the strongest modes of BCO. b) Raman spectra of the
same film and same substrate measured at the same azimuthal angles but for cross (hv)
polarisation.
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Fig. 5. Simulation of the A; and B; modes of BCO considering the C2/c space group for
parallel and cross polarisation as function of azimuthal rotation angle with the tensor
elements:a=1,b=1,c=1,d=0.01,e=0.1 and f=0.1.

normal (laser) direction. Fig. 4a shows the spectra measured in parallel
polarisation configuration for different azimuthal angles for the BCO
film deposited on LSMO/LSAT in the upper panel. In the bottom panel
of Fig. 4a, we show for simplicity only two of the spectra of LSMO/
LSAT measured for azimuthal angles of 0° and 45°. Part (b) of Fig. 4
shows the spectra for the same sample (upper panel), same substrate
(down panel) and same rotation angle but measured in cross polarisa-
tion. The two peaks at 152cm~! and 470 cm~' (marked by lines)
correspond to the LSAT substrate and obey well the selection rules of
a cubic crystal system showing a 11/2 rotational symmetry. The Raman
peaks at 1779 cm™ ', 293 cm™ ', 354cm™ ', 403 cm™ "' and 559 cm ™!
which belong to BCO [21], only appear in parallel polarisation configu-
ration being completely absent in the spectra recorded in cross polarisa-
tion. Moreover the BCO peaks measured in the parallel configuration
show nearly the same intensity independent on the azimuth angle.
The same behaviour was also observed for the BCO film deposited on
NGO. Here we present Raman data for the BCO film on LSAT because
the Raman spectrum of LSAT is less complicated in comparison with
that of NGO, so that the polarisation behaviour of BCO peaks can be
observed more easily.

According to the factor group analysis [22] 60 vibrational modes are
expected for BCO considering the monoclinic C2/c space group. 27 of
these modes are Raman active (13 Ag+ 14 Bg). The Raman tensor of
the Ay and By modes can be written as [23]:

a 0d 0e 0
Ag—<o b 0>7Bg—<e 0 f) 2)
d 0 c 0f 0

For understanding the behaviour of the BCO Raman modes observed
in the polarisation dependent measurements we simulate the behav-
iour of the A; and By modes for both parallel and cross polarisation as
a function of the azimuth angle. The scattered Raman intensity can be
written using the following relation [24,25]:

I~|e;MRM 'e,|?, 3)

where e; and e are the polarisation vectors for incident and scattered
light, respectively. M is the Euler rotation matrix and R the Raman ten-
sors as given by Eq. (2). In case of monoclinic symmetry, Raman tensors
refer to a rectangular coordinate system where the monoclinic axis (in
Fig. 3 it is b) coincides with the lattice basis. The other two directions,
which are perpendicular to the monoclinic axis, can be chosen arbitrari-
ly. There are several ways of deriving the coordinates of the polarisation
vectors in the Raman tensor coordinate system. We have calculated the
Euler rotation matrix M which rotates the normal to the (111) mono-
clinic plane into an [100] direction. The transpose of this matrix is

then applied to the scattered polarisation direction. To investigate the
effect of a rotation on polarisation, another free rotation angle around
the [100] axis is included in the polarisation directions representing
the azimuthal angle ¢ in the experiments. After these transformations
the rotation matrix M has the following form:

cos[¢] cosif]— — 0] si - )
cos[6] sin[¢] sin[y] COS[Cwo]S[g)(])ss[ir}l[ls!;]n 4] sin[¢] sin[6]
M= | cosfy] sinfé]+  cos¢] cosly] cos[f] — _ cosig sinfg)| (4)
cos[¢] cos[f] sin[y] sin[¢] sin[y]
sinfy] sin[6] cos[i] sin[6] cos[f]

Thereby, ¥, 6 and ¢ correspond to the Euler angles with ¢ repre-
senting the azimuthal angle.

For particular values of the tensor elements (a=1, b=1, c=1,
d=0.01, e=0.1, f=0.1) the simulation of the A; and B; modes repro-
duce very well the experimentally observed behaviour. For a perfect
cubic structure the off-diagonal elements of the Raman tensor are
zero. In the simulations, the off-diagonal elements were set to be one
order or two order of magnitudes smaller as the diagonal elements to
account for the structural properties of the investigated perovskite.
The monoclinic structure of BCO is in fact a slightly distorted cubic
structure and can be indexed as pseudo-cubic. The slight distortion
from the cubic symmetry is expected to induce off-diagonal elements
that are significantly smaller than the diagonal elements.

The results of these calculations are shown in Fig. 5, where it can be
seen that the A; modes are appearing only in parallel polarisation, their
intensity being nearly independent on the rotation angle, while the
intensity in cross polarisation is very low. The B; modes have a very
low intensity in both cross and parallel configurations. These simula-
tions clearly confirm the obtained experimental data indicating that
the most intense Raman modes of BCO are the A; ones while the By
modes should have a weak intensity. For a complete determination of
the tensor elements high quality single crystals of BCO are needed,
which will allow Raman measurements scattered from different crystal
planes.

4. Conclusions

High-resolution X-ray diffraction and XRD pole figure measurements
have been performed in order to determine the epitaxial relationship
between BCO thin films and NGO as well as LSAT substrates. It was
found that the BCO films grow with the (111) monoclinic plane parallel
to the substrate surface. Parallel and cross polarised Raman spectra for
different azimuthal angles show that the BCO modes appear only in par-
allel configuration. These data were confirmed using symmetry based
calculations, which indicate that the A; modes appear only for parallel
polarisation being independent of the azimuthal rotation angle.
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We present the complex dielectric function of BiCrOj thin films in the energy range of 0.73-9.8 eV
determined using spectroscopic ellipsometry. By analyzing the absorption onset region, it is shown
that the optical bandgap of BiCrOj is indirect, with a value of 2.27 eV. The imaginary part of the
BiCrO; dielectric function, &,, calculated using density functional theory in the generalized gradient
approximation with an Hubbard potential of 3 eV agrees well with the experimentally determined
one. Raman spectra of both polycrystalline and epitaxial thin films of BiCrO5 are reported. The
temperature dependent Raman measurements indicate a structural phase transition at ~400 K which
was confirmed also by x-ray diffraction investigations. © 2011 American Institute of Physics.

[doi:10.1063/1.3642985]

INTRODUCTION

Multiferroic materials that simultaneously show electric
polarization and magnetization are envisaged to play a signifi-
cant role in devices if a large magnetoelectric coupling, i.e., in
which the polarization and the magnetization can be con-
trolled by applying a magnetic or electric field respectively,
could be achieved.! Multiferroic epitaxial films may find
potential applications in non-volatile ferroelectric memories
or novel multiple state memories as well as in devices based
on magnetoelectric effects.>> The growth of high-quality sin-
gle crystalline thin films of multiferroics is essential for their
incorporation into practical devices as well as for the study of
their intrinsic physical properties, undisturbed by extrinsic
contributions from parasitic phases and extended structural
defects.* Materials showing occurrence of intrinsic multiferro-
ism are, however, rather rare. In multiferroic compounds with
perovskite ABOs;-structure this is due to the competition
between ferromagnetism and ferroelectricity (the former
requires partially filled d orbitals whereas the latter needs
empty d orbitals).” One exception is the case of bismuth per-
ovskites, such as bismuth ferrite BiFeO3; which is a single
phase multiferroic, with ferroelectric and antiferromagnetic
order at room temperature (RT).6

Another interesting candidate for intrinsic multiferroism
is BiCrOj;. The magnetism and ferroelectricity of BiCrOj; are
still debated”'° due to the lack of high quality single crystals
of BiCrOs, preventing reliable investigations for understand-
ing its physical properties. Hill et al.'' have predicted that
BiCrO; has a G-type antiferromagnetic ground state and

YAuthor to whom correspondence should be addressed. Electronic mail:
cameliu.himcinschi@physik.tu-freiberg.de.

0021-8979/2011/110(7)/073501/8/$30.00

110, 073501-1

antiferroelectric structural distortion considering an ideal
cubic crystal structure, which leads to structural instability.
Recently, Belik ef al. revealed that BiCrO5 synthesized at
high pressure (~6 GPa) shows a first order structural transi-
tion from a centrosymmetric C2/c monoclinic structure to a
Pnma orthorhombic structure at 420 K.'2 However, the same
authors showed later using x-ray diffraction and dynamic ac-
magnetic susceptibility studies'® that the polycrystalline
BiCrO;5 ceramics contain 10 to 15 vol. % of the orthorhom-
bic phase in addition to the prevailing monoclinic phase.
Similar structures were confirmed by Darie et al.'* who
showed the appearance of a G-type antiferromagnetic order
below 114 K. David et al."® observed a third monoclinic
phase in BiCrOj; films grown on (100) oriented SrTiO3 sub-
strates, and attributed it to inhomogeneous distributions of
local strain and to oxygen vacancies. In combination with
BiFeO;, BiCrO; possesses interesting properties: BiFeOs/
BiCrO; heterostructures showed good ferroelectricity and
enhanced magnetism due to ferrimagnetic coupling between
Fe and Cr ions.'® Further, multiferroism at room temperature
was proved in artificial BiFeO;/BiCrO5; superlattices by
Ichikawa et al."’

Regarding BiCrOs;, to our knowledge no reports con-
cerning optical characterization can be found in literature,
even though Raman spectroscopy can, based on symmetry
considerations, definitely aid to solve the controversy associ-
ated with the lack of definite crystal structural information.
Raman spectroscopy has found increasing applications for
the characterization of ferroelectric and multiferroic materi-
als because the phase transitions are intimately linked to spe-
cific phonon modes.'®?' Additionally, spectroscopic
ellipsometry is a non-destructive and very sensitive surface
and thin film measurement technique, which can determine

© 2011 American Institute of Physics
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the layer thicknesses and the dielectric function of such thin
film materials.

In the present work the optical properties of polycrystal-
line BiCrO; ceramics and epitaxial BiCrOjs thin films depos-
ited on (110) oriented NdGaOs single crystalline substrates
are investigated by Raman spectroscopy and spectroscopic
ellipsometry. To the best of our knowledge this is the first
experimental report on the optical properties of BiCrOs;.

EXPERIMENTAL

The synthesis of polycrystalline BiCrO; ceramics was
realized by a sintering process which was described in detail
elsewhere.'? Epitaxial thin films of BiCrO; were grown on
(110) oriented NdGaO; single crystal substrates by pulsed
laser deposition technique under the following growth condi-
tions: (i) substrate temperature (T)~ 650°C, (ii) oxygen
partial pressure (pO,)~ 0.017-0.07 mbar (iii) laser fluence
(FL) ~2-3 J/cm? and laser frequency of 3—5 Hz.

The micro-Raman measurements were performed with a
LabRam Horiba Jobin Yvon spectrometer (using 532 nm and
785 nm excitation lines of diode lasers), with a UV LabRam
spectrometer (using the 325 nm emission line of a HeCd
laser), and with a T64000 spectrometer (using the 647 nm
emission line of a Kr" laser). The laser power was set low
enough in order to avoid damage of the samples surface and
any influence of laser heating on the Raman spectra. The
spectra were recorded in backscattering geometry. Because
of the polycrystalline structure of the bulk sample, no
changes in the relative intensity of the Raman spectra were
observed when using parallel or cross polarization configura-
tions. Temperature-dependent Raman measurements from
87 K up to 500 K were carried out by means of a Linkam
THMS-600 cooling-heating stage placed under the Raman
microscope. Vacuum Ultraviolet (VUV) spectroscopic
ellipsometry was performed in the 4.5-9.5 eV photon energy
range using the 3 m-NIM1 monochromator at BESSY 1II
synchrotron at Helmholtz Zentrum Berlin. Variable angle
spectroscopic ellipsometry (VASE) measurements were per-
formed in the 0.73 up to 4.5 eV range at four angles of inci-
dence using a VASE ellipsometer (J.A. Woollam Company).
Phase composition of the polycrystalline BiCrO3 ceramics
was proven both at room temperature and at elevated temper-
atures up 500 K by using powder x-ray diffraction (PXRD).
These PXRD experiments were performed on a D8 Discover
diffractometer (Bruker AXS), which was equipped by an
x-ray tube with copper anode, by a high-temperature cham-
ber (MRI) and by a two-dimensional position sensitive de-
tector (GADDS). The results of room temperature PXRD
were verified by a measurement performed on a conventional
Bragg-Brentano diffractometer URD6 (Freiberger Praezi-
sionsmechanik), which was equipped by an x-ray tube with
copper anode and by a focusing graphite monochromator
located in the front of a scintillation detector.

DFT calculations

Density functional theory (DFT) band structure calcula-
tions for bulk crystalline BiCrO; were carried out using the
WIEN2K code, which implements a full potential linear
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augmented plane wave method.? Experimental crystal struc-
ture data for the monoclinic antiferromagnetic ground state
of BiCrO5 were taken from Ref. 12. Because of the magnetic
polarization, the spin density formalism was used. For the
exchange and correlation potential, the generalized gradient
approximation as given by Perdew, Burke, and Ernzerhof
was applied.”

The dielectric function was calculated within the ran-
dom phase approximation using the optic code.?* This
method uses the DFT Kohn-Sham eigenstates for the calcu-
lation of the transition matrix elements in a perturbation
expansion. For the integration over the Fermi surface, the
eigenstates must be known in detail to achieve good preci-
sion. Therefore, a dense k-grid with 544 k-points in the irre-
ducible part of the Brillouin zone is used. This k grid is
displaced with respect to the origin to omit high-symmetry k
points. In order to describe the localized, atomic-like Cr 3d
orbitals, a local, orbital dependent U potential is applied for
these states. We use this potential in the fully localized
limit,>> with a moderate value for the effective parameter of
U-J=3 eV. In order to compare the electronic structure to
the excitations in the dielectric function, we show the density
of states (DOS) projected on atomic muffin-tin spheres. The
electron density projected onto an atom therefore depends on
the muffin-tin radius of the attached sphere. These radii are
chosen in a way that the spheres touch each other, but do not
overlay.

RESULTS AND DISCUSSION

Spectroscopic ellipsometry measures the changes of the
polarization state of light after reflection from the sample
under study.?® These changes are measured in form of the
ellipsometric parameters, ¥ and A, which are related to the
ratio p of the effective reflection coefficients (r,) and (r;) for

p-and s-polarized light as follows: p = % =tan ¥ - €2
The effective dielectric function (g(w)) = (&1(w))
+i(ex(w)) of the materials penetrated by light can be

determined from p using the expression”’ (g) = sin’ @,

+sin’ @, tan” ¢, [}%ﬂ 2, where @ is the incidence angle.

The ellipsometric spectra measured for a 55 nm BiCrO;
film deposited onto NdGaOs are shown in Fig. 1(a) by
symbols. The data measured using VASE in the range of
0.73—-4.5 eV were appended to the data measured using
VUV ellipsometry using synchrotron radiation up to 9.8 eV.
Y and A spectra depend on the thickness and the roughness
of the films, and on the dielectric function of both film and
substrate. In order to extract the information contained in the
ellipsometric spectra a four-layer optical model consisting of
ambient air/surface roughness/film/substrate was used. The
dielectric function of the NdGaO5; was a priori determined
from measurements performed on the bare substrate in the
same energy range. The surface rough layer was assumed to
consist of 50% voids and 50% BiCrO; and was modeled
using the Bruggeman effective-medium approximation.?®
The imaginary part, &, of the dielectric function of BiCrO;
was parameterized using one Tauc-Lorentz***® and three
Gaussian oscillators. The unknown parameters in the model
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FIG. 1. (Color online) (a) Ellipsometry spectra for a 55 nm thick BiCrO;
film deposited onto NdGaOs(110) substrate. The symbols denote the experi-
mental data, while the lines show the fits. (b) Real (¢;) and imaginary part
(¢,) of the dielectric function of the same BiCrO; film deposited onto
NdGaOj; substrate as determined by evaluation of the ellipsometric data.
The vertical dotted lines mark the energies of the excitation lines used for
the Raman measurements.

were adjusted in order to get the best match between the
model and the experimental data by a fitting procedure which
minimizes the mean square error. A similar procedure was
also used for the characterization of the BiFeO; epitaxial
thin films.>'*? The fits are shown in Fig. 1(a) by continuous
lines. A thickness of 55.5 nm was obtained for the BiCrO;
films, and a roughness of 2.7 nm which is in good agreement
with the roughness determined by atomic force microscopy.
The imaginary part & of the dielectric function of the
BiCrO; film as determined from the evaluation is shown in
Fig. 1(b). The real part of the dielectric function, &, was
determined from ¢, using the Kramers-Kronig relation. The
vertical dotted lines mark the excitation energies of the lasers
used for the Raman measurements. This means that for the
first two wavelengths (785 and 647 nm) the BiCrO; material
is transparent, the 532 nm line gives pre-resonant conditions
for the Raman measurements, while 325 nm lies in the
absorption band of BiCrO; near to the first electronic
transitions.

J. Appl. Phys. 110, 073501 (2011)

In order to determine the energy of the optical bandgap
and the type of optical transition, the absorption edge can be
examined using the proportionality relation proposed by
Bardeen et al.:”® o E  (E — E,)", where o is the absorption
coefficient, E is the photon energy, E, is the energy of the
optical bandgap, and 5 is a constant with the value 1/2 for
direct transitions and 2 for indirect transitions. The absorp-
tion coefficient «, can be calculated from the extinction coef-
ficient k, determined from ellipsometry as o = (47k/1).
Figure 2 shows the plots of («-E)"* and (a-E)* versus
photon energy. By linear extrapolations toward zero absorp-
tion,** values of 2.27 +0.03 eV for the indirect transition
(from the (o-E)"/? plot) and 2.95 +0.03 eV for the direct
transition (from the (-E)” plot) are obtained. The character-
istic shape of (x-E)"/? showing two distinct slopes**3® indi-
cates phonon contributions to the optical absorption
processes suggesting that BiCrO; is an indirect bandgap ma-
terial. The band structure calculations also indicate that the
optical bandgap of BiCrOj is indirect. In comparison to
BiFeO3, material which was proved by ellipsometry to have
a direct optical bandgap,’®*® we found out that BiCrOs is an
indirect bandgap material. Moreover the first direct optical
transition in BiCrOj3 is by ~200 meV larger than that in
BiFCO3.

In the imaginary part of the dielectric function, é&,, criti-
cal points at ~3.5, 5.5, and 8 eV can be identified. The
dielectric function calculated using density functional theory
is shown in Fig. 3(a) and compared with the experimental
determined dielectric function. Good agreement of the shape
and of the absorption edge was obtained for a Hubbard
potential U of 3 eV. The critical points seen in ¢, are due to
the transitions from occupied to unoccupied states. In order
to assign the bands seen in ¢, the density of states was com-
puted. Figure 3(b) shows the total DOS for BiCrO; and the
relevant atomic projection of DOS. The allowed optical tran-
sitions should have energies matching the energy difference
of the bands involved in the transition. The first peak at
3.5 eV is caused by transitions from the upper valence band
to the lower conduction band. These correspond either to

4 0.014
0.012
0.010 &

0.008

0.006

(aE)2 (nm'ZeV

0.004

0.002

0.000

1.6 2.0 24 28 32 36
Energy (eV)

FIG. 2. (Color online) («-E)* and (a-E)l/ 2 plotted as function of photon
energy, E, for a 55 nm BiCrO; film deposited on NdGaO5(110) substrate.
The linear extrapolations of («-E)* and (ot-E)l/ % 10 zero yield values of 2.95
eV and 2.27 eV for optical band gaps of the direct and indirect transitions
for BiCrOs.
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FIG. 3. (Color online) (a) Comparison between the imaginary part of the
BiCrO; dielectric function as determined by ellipsometry (continuous line),
and calculated using DFT (dashed line) (U-J =3 eV); (b) Total DOS and
DOS projected on atomic muffin-tin spheres (U—J =3 eV).

transitions from Cr 3d valence states to conduction band, or
from occupied O 2p to unoccupied Cr 3d, or d-d transitions
between Cr 3d states of different Cr atoms. For the next two
features, the peak at 5.5 eV and the shoulder at ~ 8 eV, sev-
eral transitions are responsible. Because of the energy differ-
ences involved, initial states as well as final states are mainly
O 2p and Cr 3d, with small contributions from Bi 6p states.
The higher energy peak at 15 eV involves mainly transitions
from the Bi 6s electrons to the conduction band.

In Fig. 4 the Raman spectra of polycrystalline BiCrOs,
measured at room temperature using 325, 532, 647, and 785
nm excitation lines with the incident light being linearly
polarized and unpolarized scattered light, are shown. Due to
the cut-off filters corresponding to the above mentioned
wavelengths the spectra could only be measured starting
from 171, 125, 45, and 75 cm~ ' Raman shift, respectively.
The phonon modes observed in these spectra are similar in
terms of frequency and relative intensity for all four excita-
tion lines, however, for the epitaxial BiCrOs5 films, the best
results have been obtained by using the 532 nm excitation
line. The triangles in Fig. 4 indicate the phonon modes
observed also in the Raman spectra of BiCrOj; thin films as
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FIG. 4. (Color online) Raman spectra of polycrystalline BiCrO;, measured
at room temperature with the 325, 532, 647, and 785 nm excitation lines,
respectively.

will be shown later. The spectrum measured using the
325 nm excitation line gives resonant Raman conditions
because this excitation line is energetically larger than the
optical bandgap as determined from spectroscopic ellipsome-
try. In this case the spectrum was multiplied by a factor 5,
the low intensity being explained by the very low penetration
depth of only 33 nm of the 325 nm laser line (as calculated
from the ellipsometry data). The phonons of BiCrO; detected
for the excitation at 325 nm occur at similar frequency posi-
tions as those measured using the other excitation lines. The
small differences in position and relative intensities can be
explained by the resonant measurement conditions due to the
enhancement of Raman cross section near an electronic reso-
nance.>® The first peak at 185 cm ™' is very weak because the
cutoff filter for 325 nm laser line has a very weak transmis-
sion below 220 cm ™.

Figure 5(a) shows the temperature dependence of the
Raman spectra of polycrystalline BiCrO; ceramics measured
using the 785 nm excitation line. The sample was first cooled
to 87 K and then sequentially heated up to 500 K, with the
Raman spectra recorded at the temperatures indicated in the
figure. Finally, the sample was cooled back to 300 K. The
phonon bands broaden, shift to lower frequencies, decrease
in intensity with increasing temperature, and nearly disap-
pear in the spectra measured above 403 K. On the other
hand, starting with 398 K, new peaks appear which then
dominate the 500 K spectrum. The stronger peaks are indi-
cated by arrows at 130, 210, 302, and 535 cm™ . These spec-
tral changes correlate well to a structural phase transition
from a monoclinic structure (space group: C2/c) to an ortho-
rhombic structure above 420 K (space group: Pnma) which
was previously revealed by neutron powder diffraction stud-
ies on a similar polycrystalline BiCrO; sample.'* For the
monoclinic structure (C2/c) the Wyckoff positions are given
in the Table I.'> According to factor group analysis one
can expect 60 normal modes, of which 27 are Raman active
(13 A, +14 Bg).40 The Raman tensors of A, and B, modes
for the C2/c space group can be written as™*!
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FIG. 5. (Color online) (a) Temperature dependence of the Raman spectra of
polycrystalline BiCrO3 from 87 K up to 500 K, and subsequently cooling to
300 K, measured with a 785 nm laser line. (b) The Raman spectrum meas-
ured at 87 K and the fit using Lorentzian peaks at a logarithmic scale. The
spectrum measured at 450 K is shown at a similar scale for comparison.
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For the orthorhombic Pnma space group, the factor group
analysis predicts 60 normal modes, 24 of them being Raman
active (7 Ay +5 By +7 By, + 5 Bsg). Thus, a larger number
of phonon modes is expected in the Raman spectra of the
monoclinic crystal structure as compared to the number of
modes observable for the orthorhombic structure due to the
higher symmetry of the latter. The presence of fewer modes
in the spectra recorded above 428 K as compared to the spec-
tra recorded at lower temperatures, see Figure 5(a), is thus a
clear indication of a structural phase transition. After cooling
the sample from 500 K back to 300 K, the Raman spectrum

J. Appl. Phys. 110, 073501 (2011)

TABLE 1. Wyckoff notations, atomic site symmetries, and the irreducible
representations for the atoms in monoclinic BiCrO; (c2/c symmetry).

Wyckoff Site Modes (Irreducible
Atom Position Symmetry Representation)
Bi 8f G 3A,+3A,+3B,+ 3B,
Crl 4e C, Ay, + Ay +2B, + 2B,
Cr2 4d G 3A,+3By
O1 8f C 3A,+3A,+3B,+ 3B,
02 8f C 3A,+3A,+3B, + 3B,
03 8f C 3A,+3A,+3B,+3B,

Fiow = 13A, + 16A, + 14B, + 17B,
1—‘Raman = 13Ag + 14Bg

is similar to the one initially measured at 300 K, clearly indi-
cating that this structural transition is reversible. The dotted
vertical lines are guide for the eyes showing that the posi-
tions of the peaks at 183, 287, and 402 cm” ! in the spectrum
measured at 300 K are the same after annealing at 500 K and
cooling back to 300 K.

The Rietveld analysis
PXRD pattern performed using the FULLPROF suite
revealed that the BiCrOs; ceramic contains monoclinic
BiCrO; as the predominant phase. Based on the structure
model from Ref. 12, the following lattice parameters were
refined: @ =9.4724(4) A, b=5.4813(2) A, c=9.5752(4) A,
p=108.595(4). The addition of orthorhombic BiCrO; as a
second phase did not improve significantly the agreement
between the measured and calculated PXRD patterns. The
refined amount of orthorhombic BiCrO; in the BiCrO;
ceramics was below 1 vol. %, which is beyond the limit of
the quantitative phase analysis using PXRD.

PXRD carried out at elevated temperatures (Fig. 6) con-
firmed the reversible phase transition in the BiCrO; ceramics
that was expected from the temperature induced changes in
the Raman spectra [Fig. 5(a)]. Above 423 K, the sample con-
tained the orthorhombic BiCrO; crystallizing in the space
group'? Pnma as a single phase. The Rietveld analysis***3
of the PXRD patterns taken at 423 K revealed the following
lattice parameters: a=5.5480(7) A, b="7.7575(10) A,
c=5.4260(7) A.

In Fig. 5(b) the Raman spectrum of polycrystalline
BiCrO; measured at 87 K, using the 785 nm excitation line
and the corresponding fitted spectrum using Lorentz oscilla-
tors are shown at a logarithmic scale. We could identify 20
peaks in the spectrum, the most intense ones being at 99,
106, 190, 292, 344, 365, 406, and 562 cm '. As shown in
Fig. 4 there are 2 other peaks below the measured range at
60 and 67 cm ™' which could be detected at room tempera-
ture when measuring with the 647 nm excitation line.
Because of the polycrystalline character of the sample all
Raman modes should be detectable using backscattering ge-
ometry. From the 27 expected modes for the C2/c space
group, only 22 modes could be detected. The other 5 modes
probably exhibit either too weak intensities or have frequen-
cies outside the measured spectral range. Polarization de-
pendent Raman measurements at room temperature on
BiCrOj5 epitaxial films*® show that the most intense Raman

42,43
* of the room temperature

44,45
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FIG. 6. Parts of the powder x-ray diffraction patterns taken at 298, 373,
423, 473, and 493 K, and after cooling the sample to 298 K. The measured
data are plotted by dots/small boxes, the Rietveld fits by solid lines. The
strong diffraction line that appears at the diffraction angle of 38° stems from
the tantalum heating band.

modes of the monoclinic phase are the A, ones, while the B,
modes should have a weak intensity.

The spectrum of the BiCrO; ceramic acquired at 450 K
is also shown in the upper part of the Fig. 5(b) normalized at
a similar intensity scale for comparison. For the Pnma space
group, the factor group analysis predicts 24 Raman active
modes, but the spectrum measured at 450 K exhibits
only ten modes. It should be noted that also for other
perovskite oxides belonging to the Pnma space group, e.g.
LaMnO;,*"*® a lower number of modes than theoretically
predicted was observed experimentally.

The evolution of the frequency, full width at half maxi-
mum (FWHM), and relative intensity for selected Raman
bands of the low temperature monoclinic phase and high
temperature orthorhombic phase, obtained after spectral
deconvolution, are shown in Fig. 7. Only the fitting parame-
ters of the phonons at 190 and 406 cm™ "' of the monoclinic
(m) phase and at 133 and 300 cm ™! of the orthorhombic (0)
phase are shown, for the clarity of the figure. The intensity
of each mode of the monoclinic phase is normalized to its in-
tensity in the spectrum recorded at 87 K. For the modes of
the orthorhombic phase the normalization was done with
respect to the corresponding mode intensity in the spectrum
recorded at 408 K. The intensities of the modes stemming
from the monoclinic phase decrease with increasing temper-
ature and completely vanish at 408 K, while the modes cor-
responding to the orthorhombic phase start developing at
398 K. This indicates that around 400 K there is a small tem-
perature range (about 10 K) were the monoclinic and the
orthorhombic phases coexist. The frequencies of all modes
are red shifted with increasing temperature. The two bands
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FIG. 7. (Color online) Temperature dependence of frequency, full width at
half maximum, and relative intensity of selected Raman bands of the mono-
clinic (m) and of the orthorhombic (o) phases.

of the monoclinic phase have similar FWHM values in the
whole temperature range below the transition. The phonon at
133 cm ™! corresponding to the orthorhombic phase is nar-
rower, while the phonon at 300 cm~ ! is broader, as com-
pared with the phonons of the monoclinic phase.

In Fig. 8 the polarized and unpolarized Raman spectra
measured at 87 K with the 532 nm excitation line for the 55
nm BiCrOj; film grown on NdGaOj are shown. For compari-
son, the unpolarized spectrum measured for polycrystalline
BiCrOj3 is shown in the lower part of the figure. The spectra
of the film were obtained by subtracting the intensity normal-
ized NdGaOs; spectra measured under the same polarization
conditions. The noise in the spectra is related to the very
small Raman signal related to the small scattering volume in
the 55 nm film. The most intensive peaks corresponding to
BiCrOj; are indicated by triangles, while the features marked
by stars are substrate related, resulting from the
normalization subtraction procedure. As it is clearly seen in
the Fig. 8, the BiCrOj; peaks of the film are detectable in the
unpolarized (z(y, —)z) and in the parallel (z(y, y)z) polariza-
tion configuration, the spectra being similar with that of pol-
ycrystalline bulk BiCrO;. This indicates that the films have a
similar crystalline structure to the polycrystalline sample at
low temperatures. On the other hand, when using cross
polarization (z(y,x)Zz) no peaks from BiCrO; could be meas-
ured, except for the very weak peak at 183 cm ™' which prob-
ably stems from the polarization leakages of the most
intensive BiCrOj peak. This strong polarization dependence
means that the film has good epitaxial quality. Polarization
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FIG. 8. (Color online) Parallel (z(y,y)z), cross (z(y,x)z), and unpolarized
(z(y, —)z) Raman spectra at 87 K for a 55 nm BiCrO; epitaxial film depos-
ited on NdGaO5(110) substrate. The peaks marked by asterisks belong to the
substrate and occur due to the normalization procedure as described in the
text. The unpolarized Raman spectrum of polycrystalline BiCrO; is shown
for comparison.

dependent Raman measurements for different azimuthal
angles for BiCrO; epitaxial films deposited onto (La,Sr)(Al,
Ta)O; substrates show that the A, modes appear as the most
intense ones only in parallel polarization, while the B,
modes should have a weak intensity in both cross and paral-
lel polarization configuration.*® For the BiCrO; film depos-
ited onto NdGaOj;, the same polarization behavior is
observed indicating that the most intensive peaks, marked in
the figures by triangles, stem from modes with A, symmetry.

CONCLUSIONS

In this work, the dielectric function of BiCrO; was deter-
mined from spectroscopic ellipsometry and compared to that
calculated using density functional theory. The assignment of
the peaks in the imaginary part of the dielectric function was
realized based on the density of states calculations. From the
shape of the absorption onset region it is concluded that
BiCrO; is an indirect bandgap material. The number of the
Raman modes of polycrystalline BiCrO3; remains constant for
measurements performed in the 87400 K temperature range,
and decreases as the temperature increases above 400 K.
Raman modes can be correlated to a reversible phase transi-
tion from the “low-temperature” monoclinic to the ‘“high-
temperature” orthorhombic phase. This phase transition was
confirmed by in situ powder x-ray diffraction investigations.
The Raman spectra of the epitaxial BiCrOj; films indicate the
same monoclinic phase as in the polycrystalline material at
lower temperatures.
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Epitaxial BiFeO; films pulsed laser deposited on SrTiO;, Nb:doped SrTiO;, and DyScO; were
studied using variable angle spectroscopic ellipsometry, vacuum ultraviolet ellipsometry,
micro-Raman spectroscopy, and x-ray diffraction. The energy band gap of the film deposited on
DyScOs is 2.75 eV, while the one for the film deposited on Nb:doped SrTiO; is larger by 50 meV.
The blueshift in the dielectric function of the BiFeOj; films deposited on Nb:doped SrTiO; compared
to the films deposited on DyScOs;, indicates a larger compressive strain in the films deposited on
Nb:doped SrTiO;. This is confirmed by Raman spectroscopy and by high resolution x-ray
diffraction investigations. © 2010 American Institute of Physics. [doi:10.1063/1.3437059]

I. INTRODUCTION

Multiferroic epitaxial films have received great attention
due to their attractive physical properties and the potential
applications in nonvolatile ferroelectric memories or novel
multiple state memories and devices based on magnetoelec-
tric effects.” The growth of high-quality single crystalline
thin films of multiferroics is essential for the study of their
intrinsic fundamental physical properties, undisturbed by ex-
trinsic contributions from parasitic phases and extended
structural defects, and for their incorporation into practical
devices.’ Bismuth ferrite BiFeO; (BFO) is a rare case of a
single phase room temperature (RT) multiferroic with the
ferroelectric Curie temperature (T,=820 °C) and the antifer-
romagnetic Néel temperature (Ty=370 °C) well above RT.*

Despite the great interest in multiferroic thin films, there
are only few studies regarding the optical properties of BFO.
Most investigations of the dielectric function of these mate-
rials are limited to the region below 6.5 eV,>® the energy
domain available in commercial ellipsometers, while the
vacuum ultraviolet (VUV) range is hardly explored at all. On
the other hand, the phonon assignment of the BFO Raman
scattering data is still debated.”™ Additional complications
arise from the fact that the physical properties of the BFO
films were found to be influenced by the substrates on which
the films were deposited.10

Here the optical and structural properties of epitaxial
BFO films deposited on different substrates are investigated
by combining variable angle spectroscopic ellipsometry
(VASE), VUV spectroscopic ellipsometry, Raman spectros-
copy, transmission electron microscopy (TEM), and x-ray
diffraction (XRD).
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Il. EXPERIMENTAL PROCEDURE

Epitaxial thin films of BFO were deposited by pulsed
laser deposition on SrTiO; (100) (STO), on Nb-doped
SrTiO; (100) (Nb:STO), and DyScO; (DSO) (110) substrates
at T,=625-650 °C and 0.14 mbar O,."

The topography of the employed substrates and of the
epitaxial BFO films was investigated by atomic force mi-
croscopy (AFM) (Veeco, DI5000) working in noncontact
mode. Cross section samples for TEM were thinned using
mechanical and ion-beam based standard methods. Standard
TEM investigation was performed in a Philips CM20T oper-
ating at 200 keV.

VUV spectroscopic ellipsometry was performed in the
4.5-9.5 eV photon energy range using the 3m-NIM1 mono-
chromator at “Berliner Elektronenspeicherring-Gesellschaft
fiir Synchrotronstrahlung” (BESSY). The spectra were re-
corded using a rotating-analyzer type ellipsometer at 67°
angle of incidence. A more detailed description of the experi-
mental set-up can be found elsewhere.'” VASE measure-
ments were performed in the 0.73 eV up to 4.5 eV range at
four angles of incidence using a VASE ellipsometer (J.A.
Woollam Co.).

The Raman measurements were performed with a Dilor
XY spectrometer. The 514.5 nm emission line of an Ar* ion
laser was used for excitation. The samples were measured
under a 100X microscope objective using a laser power of 2
mW.

The VASE and VUV spectra were added and evaluated
in the whole energy range (0.73-9.5 eV). First, the dielectric
functions of the Nb:STO and DSO substrates were deter-
mined from the ellipsometric spectra and they were further
used to determine the dielectric function of the BFO films."?
By describing the optical response of the BFO films using a
Cauchy dispersion relation for the refractive index in the
absorption free range (up to ~2.2 eV), the following thick-

© 2010 American Institute of Physics
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ness values were obtained for the films under investigation:
54.3 nm BFO/STO, 106.5 nm BFO/Nb:STO, and 34.1 nm
and 135.3 nm for the BFO/DSO films. The error in the de-
termination of thickness was =0.3 nm. XRD experiments
were performed on a triple-crystal diffractometer equipped
with a sealed x-ray tube with Cu anode, with a monochro-
mator in the primary beam, and with an analyzer in the front
of the scintillation detector. Both, the monochromator and
the analyzer were made from a perfect (111)-oriented
dislocation-free Si single-crystal. The instrumental broaden-
ing as measured on a Si single-crystal employed as a sample
was about 7 arc sec.

lll. RESULTS AND DISCUSSIONS

The topography of the epitaxial BFO films was investi-
gated by AFM. Figure 1 shows two typical AFM micro-
graphs of the BFO/STO and of the BFO/DSO thinnest films
investigated here. The different morphology most probably
arises from the differences in the growth processes of
BiFeO; on top of the SrTiO;(100) and DyScO5(110) sur-
faces. Nevertheless, both BFO films are relatively smooth
(with rms roughness values of 1.8 nm for BFO/STO and 0.9
nm for BFO/STO, for the 4 X4 ,um2 scanned areas shown in
Fig. 1), and no impurity phases such as Bi,O; or y-Fe,04
were observed.'*! Bi,05 impurities typically have rectangu-
lar shapes and different growth rate, so that they usually
appear as protuberances embedded in the smoother BiFeO;
matrix.

Figure 2 shows a cross section TEM bright field micro-
graph of the same sample imaged by AFM in Fig. 1(a). The
TEM investigations confirmed that no parasitic phases are

BFO

FIG. 2. Cross section TEM micrograph of the thinner BFO film deposited
on STO (100).
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FIG. 1. (Color online) AFM images (4 X4 um? scans)
of: (a) the 54.3 nm BFO film deposited onto STO (100),
and (b) the 34.1 nm BFO films deposited on DSO
(110).

formed'® in this thin BEO/STO film and from selective area
electron diffraction patterns the film was proven to be epi-
taxially grown on STO(100).

The ellipsometric spectra in the 0.73-9.5 eV energy
range were evaluated using an oscillator model which en-
sures Kramer—Kronig consistency of the optical constants."?
Figure 3 shows the real (g,) and the imaginary part (g,) of
the dielectric function determined for a BFO film (106.5 nm)
deposited on Nb:STO and for a BFO film (135.3 nm) depos-
ited on DSO. These data extend the range of the dielectric
function (or optical constants) determination as compared to
previous reports,s’6 to 9.5 eV photon energy. A clear blueshift
of the dielectric function of the BFO film deposited on Nb-
:STO with respect to that of the BFO film deposited on DSO
can be observed in Fig. 3. This indicates a larger compres-
sive strain in the films deposited on Nb:STO as compared to
the films deposited on DSO. The strain behavior of the films
will be discussed later taking into account the Raman and
XRD data.

In the imaginary part of the dielectric function, &,, criti-
cal points at ~3.2, 4.3, 6.3, and 7.6 eV can clearly be iden-
tified. Similar energy positions were calculated using density
functional theory for the imaginary part of the dielectric
function of BFO.® Comparing the experimental data to the
theoretical calculations, the peak at 3.2 eV can be attributed
to transitions from occupied O 2p to unoccupied Fe 3d states
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FIG. 3. (Color online) Real (g,) and imaginary part (g,) of the dielectric
function of a 106.5 nm BFO film deposited on Nb:STO (100) and of a 135.3
nm BFO film deposited on DSO (110).
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FIG. 4. (Color online) (a-E)?* plotted as function of photon energy, E, for
BFO films deposited on DSO and Nb:STO substrates. The linear extrapola-
tion of (a-E)? to zero indicates a direct band gap. The inset shows dE/d«a
with some subband gap transitions.

or d—d transitions between the Fe 3d valence and conduction
bands.'® The other three energy positions correspond to tran-
sitions from the O 2p valence band to Fe 3d or to Bi6p
high-energy conduction bands.

In order to determine the energy band gap, (a-E)? versus
photon energy E, with a being the absorption coefficient
[a=(47k/\)], was plotted in Fig. 4."7 The linear extrapola-
tion of (a-E)? to zero indicates a direct band gap and allows
the band gap values to be determined: while the band gap of
the film deposited on DSO amounts to (2.75*+0.01) eV, the
band gap for the film deposited on Nb:STO is larger by 50
meV. These values are in good agreement with the band gap
calculated by Clark and Robertson using the density-
functional based screened exchange method'® and with other
experimental band gap values determined for BFO thin
films.'*! Considering the inverse dependence of the band
gap with respect to the lattice parameter, i.e., the smaller the
lattice parameter the larger the band gap,22 one can conclude
that the in-plane lattice parameters for BFO films, when de-
posited on STO, must be smaller than for the BFO films
deposited on DSO. In the inset of Fig. 4, dE/da is plotted as
a function of energy. This representation reveals a feature
located at 2.46 and 2.56 eV in the BFO films deposited on
Nb:STO and DSO, respectively. Similar subband gap states
were detected for epitaxial BFO films deposited on STO and
were confirmed by cathodoluminescence measurements. '
These states are considered to be defect states most likely
being due to oxygen vacancies in the BFO films.

Figure 5 shows the Raman spectra of BFO films depos-
ited on STO, Nb:STO, and DSO substrates, respectively,
measured using the 514.5 nm (2.41 eV) excitation line. The
spectra were measured in normal backscattering geometry in
which the directions of the incident and scattered light are
parallel with the normal to the films surface. The parallel
polarization configuration with the polarization direction
along the [100] direction of cubic STO or [001], orthorhom-
bic direction of DSO was used (see schematics on the right
of Fig. 5). Group theory predicts 13 Raman active phonon
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FIG. 5. (Color online) Raman spectra of the BFO films deposited on STO
(100), Nb:STO (100), and DSO (110) substrates. The spectra were obtained
in normal backscattering using the parallel polarization configuration, as
schematically shown on the right.

modes for single crystal rhombohedral BFO which can be
summarized using the following irreducible representation:
l“=4A1+9E.7’8 According to the Raman selection rules both
A, and E modes are expected to be detected in the parallel
polarization configuration used in our measurements. Inter-
pretation of the experimental Raman spectra of BFO is still
subject of discussion.” In the spectral range investigated in
this paper (see Fig. 5) Fukumura et al.” detected four modes
using the parallel polarization configuration, namely three A,
modes (at 147, 176, and 227 cm™') and one E mode (at
136 cm™!). Similar peaks were measured on BFO single
crystals by Cazayous et al.” and assigned in the same way.
On the other hand, in the Raman spectra of 600 nm BFO
films measured by Singh et al.*** three peaks were observed
at 136, 168, and 212 cm™' and were assigned to
longitudinal-optical A;(LO) modes. DFT calculations leave
the 147 cm™' peak as the only unassigned experimental
mode and directly question its origin.

In the Raman spectra shown in Fig. 5 there are three
peaks that can be attributed to the BFO films at =133, 172,
and 215 cm™' (the last peak is only appearing in the films
deposited on DSO). The line at 114.5 cm™! is a plasma line
and the mode at 155 cm™! is a DSO phonon mode. It should
be pointed out that the films investigated in this work are
much thinner than those measured by Singh et al.®>** The
increasing background in the high-frequency side of the
spectra of films grown on STO substrate is due to the Raman
spectra of the substrate itself. A closer look at the spectra in
the Fig. 5 reveals a clear blue shift of the BFO modes when
going from the films deposited on DSO to those deposited on
STO or when decreasing the film thickness. For example, the
peak at 133 cm™! for the thick BFO/DSO film is shifted by
~4 cm™' to higher wave numbers in the case of the thin
BFO/STO film while the peak at 172 ¢cm™ is blueshifted by
~7 cm™'. The blueshift of the Raman peaks indicates an
increase in compressive strain in the films. This means that
the BFO films deposited on STO have a higher compressive
strain than those deposited on DSO. These results confirm
the behavior observed in the dielectric function and the band
gap for these BFO films. On the other hand, the thin films are
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FIG. 6. (Color online) High resolution 6-26 XRD scan around (001) reflec-
tion of BFO films grown on STO (100), Nb:STO (100), and DSO (110)
substrates, respectively.

more compressed than the thick ones, a fact which can be
well understood considering the lattice mismatch between
the BFO films and the STO and DSO substrates. This is
further supported by XRD measurements.

The high resolution XRD patterns of the 54.3 nm thin
BFO film grown on STO substrate, of the 106.5 nm thin
BFO film on Nb:STO, and of the 135.3 nm thin BFO film on
DSO measured as #-26 scans are shown in Fig. 6. The struc-
ture of bulk BFO is described as rhombohedrally distorted
cubic perovskite25 and can be indexed in a pseudocubic lat-
tice with a=3.96 A.?® On the other hand, the cubic lattice
parameters for STO(100) and the pseudocubic lattice param-
eters for DSO(110) substrates are 3.905 A and 3.951 A,
respetc:tively.27’28 From the XRD patterns, the lattice param-
eter of the substrates were determined to be 3.904 A for STO
and Nb:STO, and 3.941 A for DSO using Bragg’s law. The
out-of-plane pseudocubic lattice parameter was determined
to be 4.069 A for the 54.3 nm thin BFO film deposited on
STO and 3.987 A in the case of the film deposited on DSO.
Satellite peaks surrounding the (001) diffraction peak of
BFO for the films deposited on STO and DSO can be clearly
identified in Fig. 6. As known from high-resolution x-ray
scattering from thin films,” these interference fringes point
to a structure with no relaxation that is only possible for a
perfect epitaxial growth, for which the in-plane lattice pa-
rameter of BFO must agree with the lattice parameter of the
respective substrates. The situation is different for the thick
BFO film deposited on Nb:STO. In this case no interference
fringes are observed indicating that this film is partially re-
laxed probably due to appearance of the misfit dislocations
and formation of ferroelastic domains. By indexing the two
diffractions peaks at 21.90° and 22.08° of this film we ob-
tained out-of-plane pseudocubic lattice parameters of 4.055
A and 4.023 A, respectively. The double-peak indicates a
“bimodal” distribution of the interplanar spacings, a possible
explanation of this phenomenon is an inhomogeneous distri-
bution of microstructure defects, e.g., dislocations. Similar
effects were also observed in the case of BFO films depos-
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ited on STO, when the strain is relaxed with increasing thick-
ness, the relaxation induces an increase in the in-plane lattice
parameter accompanied by the decrease in the out-of plane
lattice parameter.m3 "In comparison with the 106.5 nm BFO
film on Nb:STO the thicker BFO film (135.3 nm) deposited
on DSO remains epitaxially strained as proved by the high
resolution x-ray data. This is due to the lower lattice misfit
for the BFO/DSO interface as compared to the BFO/STO
interface, as indicated by the different distances between the
respective substrate and film peaks in Fig. 6.

The larger out-of-plane lattice parameter of BFO film
deposited on STO as compared with the film deposited on
DSO and the match of the in-plane parameter to those of the
substrates attests the larger in-plane compression in the case
of the deposition on STO. The thick film deposited on
Nb:STO relaxes in comparison with the thinner film on STO
but is still more compressed than the BFO films on DSO as
seen in the Raman spectra in Fig. 5. This is also proved by
the XRD data as, despite the partial relaxation, the BFO film
on Nb:STO shows a higher out-of-plane lattice parameter
than the film deposited on DSO. Thus the XRD results con-
firm the strain behavior suggested by the ellipsometry and
Raman results, indicating the presence of higher compressive
strain for the BFO films grown on STO or Nb:STO as com-
pared with the films grown on DSO.

IV. CONCLUSIONS

The complex dielectric function of BFO films deposited
on Nb:STO and DSO substrates was determined up to 9.5 eV
by combining VASE and VUV ellipsometry. The blueshift of
the imaginary part of the dielectric function and of the opti-
cal band gap for the films deposited on Nb:STO (100) as
compared with those grown on DSO (110) is associated with
a higher compressive strain in the former films. The shifts of
the Raman phonon modes in BFO support this assumption,
while the high resolution XRD data confirms the presence of
larger compressive strain for the BFO films deposited on
STO with respect to the films deposited on DSO. The results
of this work demonstrate that the substrate has a strong in-
fluence on the optical and structural properties of pulsed la-
ser deposited epitaxial BFO thin films.
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1 Introduction The interest in multiferroic epitaxial
films arises from their interesting properties and is stimu-
lated by the potential applications in non-volatile ferroelec-
tric memories or novel multiple state memories and de-
vices based on magnetoelectric effects [1]. The growth of
high-quality single crystalline thin films of multiferroics is
a prerequisite for the study of their intrinsic fundamental
physical properties, undisturbed by the extrinsic contribu-
tions from extended structural defects, and for their incor-
poration into practical devices [2]. Bismuth ferrite BiFeO;
(BFO) is a single phase room temperature (RT) multifer-
roic with the ferroelectric Curie temperature (T.=370 °C)
and the antiferromagnetic Néel temperature (Ty=820 °C)
well above RT [3]. Despite the great interest in multifer-
roic thin films, there are only few studies regarding the op-
tical properties of BFO. Moreover, most investigations of
the dielectric function of these materials are limited to the
region below 6 eV [4], the energy domain available in
commercial ellipsometers, while the vacuum ultraviolet
(VUV) range is hardly explored at all. Ellipsometry is a
non-destructive and very sensitive surface and thin film
measurement technique which can determine film thick-
ness, surface roughness and dielectric properties of such

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

materials with a very high precision. The VUV ellipsome-
try was proved to be a powerful method for achieving sub-
monolayer sensitivity for organic thin films [5] and was
used to determine the dielectric function of thin diffusion
barriee layers [6].

In this paper the optical properties of BFO films depos-
ited on different substrates are investigated by combining
Variable Angle Spectroscopic Ellipsometry (VASE) and
VUV spectroscopic ellipsometry.

2 Experimental Epitaxial thin films of bismuth fer-
rite were deposited by pulsed laser deposition (PLD) on
Nb-doped SrTiO; (100) (Nb:STO), on STO (100) and
DyScO; (DSO) (110) substrates, at T,=650 °C and
0.14 mbar O, [7].

VUV-spectroscopic ellipsometry measurements were per-
formed in the 4.5-9.5 eV photon energy range using the
3m-NIM1 monochromathor at BESSY. The spectra were
recorded using a rotating-analyser type ellipsometer at 67°
angle of incidence. As polariser and analyzer MgF, Ro-
chon prisms were used. A more detailed description of the
experimental set-up can be found elsewhere [8]. VASE
measurements were performed in the 0.73 eV up to 4.5 eV

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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range at four angles of incidence using a VASE ellipsome-
ter from J.A. Woollam Company. The VASE and VUV
spectra were appended and evaluated in the whole energy
range (0.73 eV-9.5 eV).

Spectroscopic ellipsometry is an optical technique
which measures the changes of the polarization state of a
polarized light beam after reflection from the sample under
study. These changes are measured as the ellipsometric pa-
rameters  and A which are related to the ratio of the effec-
tive reflection coefficients <r,> and <r,> for p- and s-po-
larised light:

<r >
P — = tan(¥)- exp(iA)
<r >

K

p= ()

where p is the complex reflectance ratio. The y and A val-
ues depend on the thickness, roughness, refractive index n,
and extinction coefficient k of the layers and the substrate.
In order to extract the information contained in the ellip-
sometric spectra, a multilayer model was applied. One
straightforward and very important model for understand-
ing how the values of the thickness or optical constants can
be computed is the three-phase model consisting of ambi-
ent—film—substrate [9]. In the calculation of ¥ and A ellip-
sometric spectra the propagation of light through the multi-
layered structures is described by the complex refractive
index 7 = ntik and the thickness ¢ of each layer This
model considers that propagation of light in a layer is gov-
erned by linear equations and the continuity of the tangen-
tial electric field across an interface between two isotropic
media can be written as a 2x2 matrix. Following this ap-
proach, the effective reflection coefficients <r,> and and
<rs> can be determined from the Fresnel coefficients of
transmission and reflection at each interface. Analytic al-
gebraic expressions can be written for predicting ¥ and A
as functions of optical constants and layer thickness. The
algebra for calculating ¥ and A will not be presented here,
but can be found in standard references [9].

In a fitting procedure of the experimental spectra by a
variation of the parameters contained in the model, the
mean square error (MSE) function expressed by:

1 i ([/imod _yjiexp 2 . Aimod _4exp 2 (2)
2N -M 45 oy o

MSE =

Ai

is minimised. Here N is the number of experimental (‘V,A)
pairs, M is the number of variable parameters and o is the
standard deviation on the experimental data points.

3 Results and discussion The Nb:STO and DSO
substrates were measured using VASE and VUV ellip-
sometry. The optical response of the substrates was de-
scribed using a Gaussian oscillator model which implies
the Kramer-Kronig consistency of the real and imaginary
parts of dielectric function. The dielectric functions of
Nb:STO and DSO obtained from the fit of the ellipsomet-
ric spectra are shown in Fig. 1. In the case of Nb:STO the
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data agree well with the results of Zollner et al. for STO
[10]. In the case of DSO the dielectric function obtained
from ellipsometry indicates a wide bandgap material with
an onset of absorption above 6 ¢V and a strong absorption
peak centered at ~ § eV.

Using the dielectric functions determined for the sub-
strates the ellipsometric spectra of BFO films were evalu-
ated. First, the absorption free energy range (0.73-2 ¢V)
was used in order to determine the thickness of the BFO
films. A four-phase model: substrate/film/roughness layer/
ambient was employed. The optical response of the film is
described by a Cauchy dispersion relation for the refractive
index:

n=A4,+ ? 3)
while the roughness layer was considered to be a mixture
of 50 % film material and 50 % voids by using a Brugge-
man Effective Medium Approximation (EMA) [11]. The
thickness of the film and the thickness of the rough layer
together with 4, and B, Cauchy constants were the fit pa-
rameters.

T T L T
b Nb-sTO 7
8}
(2] »
w (-]
-~ 4F i
w_ l.‘
2k i,
0
1
10
DSO
8
6}
o1
4
w 2}
ﬂ?
0
1 L L 1
2 4 6 8

Energy / eV

Figure 1 Real and imaginary parts of the dielectric function of
Nb:STO(100) (upper panel) and DSO(110) (lower panel) sub-
strates as determined from ellipsometry.

In Fig. 2a the ellipsometric spectra (symbols) and the
corresponding fits (lines) are shown for a 106.5 nm BFO
film on Nb:STO substrate.

For the same sample a roughness of 3.6 nm was ob-
tained using the EMA model. This value agrees quite well
with the 2.5 nm roughness obtained from Atomic Force
Microscopy (AFM) measurements. The AFM image for
this sample is shown in Fig. 2b. All thicknesses and rough-
nesses obtained for the investigated samples are summa-
rized in Table I. The error in determination of thickness
was ~ £ 0.3 nm while the error of the roughness deter-
mined by EMA model was ~ £ 0.5 nm.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Layer and roughness thickness as determine from ellip-
sometry.

Samples Layer thickness/nm Roughness thickness/nm
BFO on STO 54.3 2.6
BFO on Nb:STO 106.5 3.6
BFO on DSO 34.1 1.6
1353 4.0

(b)

Figure 2 (a) Ellipsometry spectra for a 106.5 nm BFO film de-
posited onto Nb:STO substrate in the transparent range. The sym-
bols denote the experimental data, while the lines show the fits.
(b) 4 um x 4 pm AFM image of the same sample.

Furthermore, having determined the layer and rough-
ness thicknesses, the ellipsometric data were evaluated in
the whole energy range. Initially a point-by-point fit, in
which the data at each wavelength are fitted separately,
was used. Subsequently, a sum of Gaussian oscillators was
used to simulate the line shape of the imaginary part of the
dielectric function, while the real part of the dielectric
function is generated according to the Kramers-Kronig re-
lation. Figure 3 shows the ellipsometric experimental data
(symbols) and the fits (lines) obtained by using the proce-
dure described above for the 106.5 nm BFO film on
Nb:STO substrate. As a result of the fits the optical con-
stants of the BFO films were determined in the 0.73-9.5 eV
energy range.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Energy / eV

Figure 3 Ellipsometry spectra for a 106.5 nm BFO film depos-
ited onto Nb:STO substrate in the 0.73 - 9.5 eV range. The sym-
bols denote the experimental data, while the lines show the fits.

Figure 4 shows the refractive index and extinction co-
efficient for the BFO films deposited onto Nb:STO and
DSO substrates respectively. The data agree well with
those published by Kumar ef al. [12] for BFO films depos-
ited onto STO substrates in the photon energy range up to
6.5 eV. Our data extend the range of optical constant de-
termination up to 9.5 eV. It can be clearly seen that the
data for the films deposited onto Nb:STO are blue shifted
with respect to the data for the films deposited onto DSO.
This kind of behaviour suggests a more compressive strain
in the films deposited onto Nb:STO. Indeed the BFO films
grown on STO have an in-plane compressive strain [13] as
compared with the films deposited onto DSO [14]. This
behaviour is due to the lattice mismatch between BFO and
the two different substrates, the room temperature pseudo-
cubic lattice parameter being 3.965 A for BFO while it is
3.905 A and 3.951 A for STO(100) and DSO(110) respec-
tively [13, 14]. Consequently a more compressive strain is
expected in the BFO films when deposited onto STO as
compared to the deposition on DSO. The compressive
strain explains the blue shift of the optical constants for the
films deposited onto Nb:STO.

Moreover by plotting (a - E )2 vs. E where a is the ab-
sorption coefficient (« =(4xk/2)) and E is the photon
energy [15] we obtain a bandgap of (2.75 £ 0.01) eV for
the films deposited onto DSO while the bandgap for the
films deposited onto Nb:STO is blue-shifted by 50 meV.
Such a behaviour (the smaller the lattice parameter the
higher the bandgap) [16] support assumption of a smaller
in-plane lattice parameters for BFO films when deposited
onto STO.

WWW.pss-c.com



102

Phys. Status Solidi C 7, No. 2 (2010)

Contributed
Article

299

35
3.0

25

[ e BEO/ND:STO
20 - BFO/DSO

Energy / eV

Figure 4 Refractive index and extinction coefficient for the BFO
films deposited onto DSO and Nb:STO substrates, respectively.

These results were also confirmed by Raman spectros-
copy [17] In the case of the films deposited onto Nb:STO
the A; phonon bands of BFO at ~ 135 cm™ and ~175 cm™
are shifted by ~ 3 cm™ to higher wavenumbers as com-
pared to the BFO films on DSO. This blue-shift of the Ra-
man modes indicates again the presence of higher com-
pressive strain for BFO films on Nb:STO.

4 Conclusions The optical constants of BFO films
deposited onto Nb:STO and DSO substrates were deter-
mined up to 9.5 eV by evaluating the ellipsometric spectra
in a multilayer model which describes the optical response
of the sample. The difference in optical constants was at-
tributed to a more compressive strain in the case of the
films deposited onto Nb:STO.

It was found that the optical gap for the films deposited
onto Nb:STO are blue-shifted by ~50 meV as compared to
the films deposited onto DSO.
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Spectroscopic Ellipsometry was employed to study the etch-
ing process of uniaxially strained Si (sSi) layers obtained by
direct wafer bonding of Si wafers in a mechanically bent state
followed by thinning one of the Si wafers, the donor wafer,
by the smart-cut process, keeping the other, the handle wafer
intact. The smart-cut process requires a high dose hydrogen
implantation into the donor wafer prior to bonding. As a re-
sult of the implantation conditions a ~600 nm uniaxially sSi
layer could be transferred onto the handle wafer. In order to

1 Introduction To slow down the urge of down scal-
ing in silicon technology novel materials and structure de-
velopments are considered as alternatives for performance
enhancement. Among those, silicon-on-insulator (SOI) and
strained silicon (sSi) are promising approaches [1]. Re-
cently, mobility increase for electrons and holes were ob-
tained for very low values of uniaxial strain [2] induced by
processing at the transistor level [3]. Even though the per-
formance enhancement by this local, i.e., device level
straining, is high, it is also worth looking into global strain-
ing on the wafer level. An approach to strain globally, on
wafer level, uniaxially in tension and compression based
on the concept of direct wafer bonding of prestrained wa-
fers and smart-cut [4] was recently demonstrated [5].

One important step in the sSi manufacturing is the
etching process. Tetra-methyl ammonium hydroxide
(TMAH) has become one of the highly preferred silicon
etchants due to its non-toxicity, selectivity and compatibil-
ity with semiconductor processing [6—8].

thin down and smooth the surface damage of the transferred
layer induced by the implantation and splitting process, the
samples were dipped in a solution of tetra-methyl ammonium
hydroxide (TMAH). The thicknesses of the transferred sSi
layers determined from ellipsometry were in good agreement
with those obtained from Transmission Electron Microscopy
(TEM), while the roughness values were matching those ob-
tained from Atomic Force Microscopy (AFM). The etching
rate has also been determined.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A non-destructive way to check the etching rate and
the roughness induced by etching is provided by Spectro-
scopic Ellipsometry (SE) which is a very surface sensitive
method.

In this paper we present an ellipsometric study of the
etching of uniaxially sSi by TMAH. The results from ellip-
sometry are compared with those from cross sectional
Transmission Electron Microscopy (TEM) and Atomic
Force Microscopy (AFM).

2 Experiment Uniaxial strain on wafer level was cre-
ated by exploiting mechanical straining of the material
upon bending. Two wafers were bent over a cylinder, fol-
lowing the concept introduced by Belford etal. [9]. The
curved wafers are brought into contact via direct wafer
bonding and covalent bonds across the bonded interface
form upon annealing in the bent state. After releasing from
the bonding machine, the thinning of one of the wafers was
realized by the smart-cut process [4]. Three different radii

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Labelling of the investigated samples.

sample interface oxides initial protective oxide on
label deposited on 4 inch wafer the 3 inch donor wafer”
S200 200 nm 100 nm

S300 300 nm 50 nm

" The protective oxide was removed after implantation prior to bonding.

of curvature for the bending cylinder were used: 0.5 m,
0.75 m and 1 m. Experimental details on the bonding set-
up can be found elsewhere [5].

50 nm or 100 nm thick oxide films were thermally
grown on the 3 inch donor wafer prior to implantation and
bonding as a protective layer. The 3 inch wafers were im-
planted at room temperature with 150 keV H; at a fluence
of 4 x 10" cm™. After implantation the protective oxide
was removed by hydrofluoric acid. Thermally grown oxide
films (200 nm and 300 nm) were deposited onto the 4 inch
handle wafers prior to bonding. Standard chemical RCA
cleaning of the Si wafers was performed prior to bonding.
The 3 inch donor wafers were bonded to 4 inch handle wa-
fers according to the description in Table 1.

The ellipsometric measurements were performed using
a VASE Woollam Co. ellipsometer in the spectral range
from 250 nm to 1000 nm with a step width of 10 nm. The
ellipsometer is equipped with an autoretarder, which al-
lows the measurements of the ellipsometric parameter A in
a 360° interval.

3 Results and discussion After splitting the 3 inch
donor wafers by the smart-cut process ~600 nm uniaxially
sSi layers are transferred onto the 4 inch handle wafers.
Cross sectional TEM images revealed that ~585 nm sSi
was transferred in the case of S200 samples (Fig. 1a) while
~630 nm sSi was transferred in the case of S300 samples
(Fig. 1¢). The difference of ~50 nm in the thickness of the
transferred layers is simply attributed to the difference in

(a) (b)

(©) (d)

Figure 1 Cross sectional TEM images for the S200 sample be-
fore (a), and after 60 s TMAH etching (b); and for the S300 sam-
ple before (c), and after 60 s TMAH etching (d).

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

H’, implantation depth affected by the thickness of the pro-
tective oxide used, in agreement with simulations using
Stopping and Range of Ions in Matter (SRIM) program
[10].

The TEM images show rough surfaces of the trans-
ferred layers caused by the implantation damage and split-
ting (Fig. l1a and c). To characterise the surface roughness
AFM was employed. In Fig. 2a, the AFM image shows a
root mean square (RMS) roughness of ~11.5 nm for the
transferred layer measured on 10 pm x 10 pm large area.

In order to thin down and smooth the surface damage
induced by implantation, the samples were dipped in a so-
lution of tetra-methyl ammonium hydroxide (TMAH) 40%,
at 55 °C for different durations ranging from Os to 180 s,
after splitting and before the spectroscopic ellipsometry
measurements. Before TMAH etching the samples were
dipped in HF (5%) solution for 20 s in order to remove the
native oxide.

The cross sectional TEM images of the samples S200
and S300 after 60 s etching are shown in Fig. 1b and d, re-
spectively. About 150 nm of the sSi layer was etched away
after 60 s. The surface looks also smoother as confirmed
by AFM measurements (Fig. 2b) indicating that RMS
roughness decreases to ~3.1 nm after 60 s etching for
measurements on equal area.

Spectroscopic ellipsometry was used to investigate the
etching process as a function of etching time. Spectro-
scopic ellipsometry is an optical technique which measures
the changes of the polarization state of a polarized light
beam after reflection from the sample under study [11].

Figure 2 (online colour at: www.pss-a.com) AFM images for the
S200 sample before (a), and after 60 s TMAH etching. The RMS
values are 11.5nm and 3.1 nm for the scanned areas of
10 um x 10 um in figure (a) and (b) respectively.
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These changes are measured as the ellipsometric parameters
¥and A which are related to the ratio of the effective reflec-
tion coefficients (#,,) and () for p- and s-polarised light:

p= n >—tan (F)exp (i4),

)

where p is the complex reflectance ratio. (r,,) and (r,) are
functions of the complex refractive indices of the films and
the substrate and of their thicknesses. In order to extract
useful information about layer thicknesses or roughness the
experimental data are compared with simulated data gener-
ated using a model which describes the structure of the
sample and its optical response. The unknown parameters
in the model are adjusted in order to get the best match be-
tween the model and the experimental data.

In Fig. 3 typical ¥and A4 ellipsometric spectra are plot-
ted using the sample S200 after 60 s TMAH etching, as an
example. The spectra are measured at angles of incidence
near the Brewster angle of Si, namely 65°, 70° and 75°,
and are dominated by a number of oscillation peaks which
are due to the interference of the light in the sSi and silicon
oxide layers.

The structure of the model used to describe the optical
response of the samples is shown in the inset of Fig. 3. The
thicknesses of the thermally grown oxides (200 nm or
300 nm) were determined by ellipsometry measurements
on a reference 4 inch wafer before bonding. Literature data
for optical constants of Si and SiO, were used [12, 13]. Us-
ing the known optical constants of Si and SiO,, the thick-
ness of the sSi layer and the thickness of the roughened
layer were allowed to vary during the fitting procedure of

)

600 800
Wavelength / nm

1000

Figure 3 (online colour at: www.pss-a.com) Ellipsometry spectra
for an sSOI sample after 60 s TMAH etching, consisting of
380 nm sSi on 200 nm SiO, on the Si handle wafer. The symbols
denote the experimental data, while the lines show the fits.

WWW.pss-a.com

the ellipsometric spectra. The roughness was modeled us-
ing the Bruggeman Effective Medium Approximation
(EMA) considering a voids density of 50% [14]. A good
agreement between fit lines of the model data and the ex-
perimental data (symbols) was obtained. For the particular
case of the S200 sample after 60 s TMAH etching (Fig. 3),
the thickness of the sSi layer was determined to be
~380 nm while the surface roughness was 2.6 nm.

It should be mentioned that the optical response of the
sSi layer was modelled with the optical constants of un-
strained Si. This approximation is justified since we found
no difference in the ellipsometric spectra of the sSi sam-
ples obtained by smart-cut after wafer bonding over cylin-
ders and unstrained Si, reference samples obtained by an
identical smart-cut process without bending. On the other
hand the highest strain values for these samples are below
0.1%, as was measured by ultraviolet Raman spectroscopy
[15] which represents low strain as compared to sSi ob-
tained by SiGe technology.

Figure 4 summarizes the results obtained after evaluat-
ing the ellipsometric spectra. The thicknesses of the sSi
transferred layer are in good agreement with those ob-
tained from TEM. The TMAH etching rate was calculated
to be ~2.2 nm/s and ~1.9 nm/s for the samples S200 and

T T T T T T T T T T T
600 E
E R o |
— 500
@ v TEM
® L i
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l-E 300 | o i
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_(f) . 5]
s 5300
£ L (o] o o SE
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Figure 4 (online colour at: www.pss-a.com) Thickness values of
the transferred layer as function of etching time, measured by el-
lipsometry and TEM for the sample S200 (a) and S300 (b). The
roughness values determined from ellipsometry and AFM are
also shown for the sample S300 (c).
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S300 respectively. The slightly higher etching rate for the
S200 sample could be explained by the higher initial
roughness of this sample, as can be seen in Fig. la. The
smart cut process, i.e. splitting induced by implantation
and annealing is responsible for the initial roughness prior
to etching. TMAH etching decreases the roughness with
increasing etching time. The smoothening of the surface
with increasing etching time is confirmed by the roughness
values obtained by ellipsometry modelling as shown in the
Fig. 4c for the sample S300. The ellipsometry results are
confirmed also by the roughness values obtained by AFM
investigations.

4 Conclusion The TMAH etching process of uniaxi-
ally strained silicon on insulator, obtained by direct wafer
bonding of Si wafers in the bent state followed by thinning
one of the Si wafers by the smart-cut process was investi-
gated by spectroscopic ellipsometry. The thickness and the
roughness values determined by ellipsometry modelling
were compared with those obtained by cross sectional TEM
and AFM respectively and a very good agreement was ob-
served. Ellipsometry is shown to be an appropriate tool for
calibrating the etching back processes related to the use of
smart cut in the production of SOI and sSOI wafers.
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Wafer level compressive uniaxially strained silicon on insulator is obtained by direct wafer bonding
of silicon wafers in cylindrically curved state, followed by thinning one of the wafers using the
smart-cut process. The mapping of the wafer bow demonstrates the uniaxial character of the strain
induced by the cylindrical bending. The interfacial properties are investigated by infrared
transmission imaging, scanning acoustic microscopy, and transmission electron microscopy.
UV-Raman spectroscopy is employed to determine the strain in the thin transferred layer as a
function of radius of curvature of the initial bending. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2747182]

Strain in silicon provides for enhanced carrier mobilities
compared to the unstrained counterparts. Combining the
straining of silicon with silicon on insulator technology com-
bine mobility enhancement and reduced parasitics.1 Biaxially
strained Si (sSi) has been widely explored in the past few
years due to the enhancement of carrier mobility in metal-
oxide-semiconductor field-effect transistors (MOSFETs).>?
Unfortunately, the hole mobility improvement induced by the
biaxial strain is minor in the p-type MOSFETs at large ver-
tical electric fields.” However, processing-induced uniaxial
channel straining at the transistor level has been shown to
solve this performance problem.4 It was found that uniaxial
compressive strain on (001) wafers along the (110) directions
provides for the optimized enhancement for holes.” For me-
chanically induced ultralow strain levels (below 0.05%),
p-MOSFETs showed an increase in effective mobility of
more than 15%.° Tt might be an advantage in the long run to
induce strain globally using a wafer-bonding-based approach
to uniaxial straining and possibly combining this with addi-
tional straining at the transistor level.” An approach on how
to strain globally, i.e., on wafer level, uniaxially in tension
was recently demonstrated® based on the concept of direct
wafer bonding9 of prestrained wafers, which was first intro-
duced by Belford et al.'®

A highly sensitive method to study the local strain is the
UV micro-Raman spectroscopy.11 With the continuing min-
iaturization of the microelectronic devices, the use of short
wavelength UV lasers for Raman spectroscopy has been
proven to have significant advantages over the conventional
visible lasers due to the short penetration depth and therefore
surface-near probing of the material.'?

In this letter we report on the realization of compressive
uniaxial strained silicon on insulator (sSOI) wafers by me-
chanically curving and direct wafer bonding of the pre-
strained Si wafers, followed by thinning one of the wafers by
the smart-cut process.13 The sSOI wafers were characterized
by profilometry and transmission electron microscopy, while
the strain in the transferred sSi layer was derived from Ra-
man spectroscopy.

3 and 4 in. double side polished Si(100) wafers were
used for the experiments. The 3 in. wafers were implanted at
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room temperature with 150 keV H} at a dose of 4
X 10' cm™. On the 4 in. wafers a 300 nm thick thermal
oxide was grown. Thus, a bonding of the thin and thick ox-
ides on silicon was realized that is known to provide for a
good bonding energy.14

The concept of realizing uniaxial strain on wafer level is
shown schematically in Fig. 1. The two wafers were bent
over a cylinder thereby creating a curved or bowed wafer
with a strained state induced. The bending direction was par-
allel to the [110] direction of the wafer. The curved wafers
are brought into contact via direct wafer bonding and cova-
lent bonds across the bonded interface form upon annealing
in the bent state. After releasing from the bonding machine,
the implanted 3 in. wafer was thinned down by the smart-cut
process to a layer thickness of ~600 nm. After splitting, the
bonded wafer stack assumes an almost flat surface and sub-
stantial strain is transferred to the thinned Si layer. For the
3 in. wafer being the top wafer, as shown in Fig. 1, compres-
sive uniaxial strain is obtained. Three different radii of cur-
vature for the bending cylinder were used: 0.5, 0.75, and
1 m. Experimental details on the bonding setup can be found
elsewhere.®

The measurements of the wafer bow were carried out
using a Veeco Dektak 8 profilometer. The Raman measure-
ments were performed by means of a LabRam HR800 UV
spectrometer (from Horiba Jobin Yvon). The 325 nm emis-
sion line of a He—Cd laser was used for excitation.

The quality of the bonded interfaces was assessed by
infrared (IR) transmission imaging after annealing and re-
leasing the bonded wafers from the bonding setup. Figure
2(a) shows the IR image of a typical interface for a bonded
wafer pair in the bent state after annealing at 200 °C for
12 h. The bonded interface was found to be void- and
bubble-free over most of the wafer area, except of a few

Wafer bonding
over a cylinder

Compressive Uniaxial Strain
—>

Release

Splitting

FIG. 1. (Color online) Schematic drawing of the concept to realize uniaxial
compressive strain on wafer level.

© 2007 American Institute of Physics
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-L

(b)

(a)

FIG. 2. (Color online) Infrared transmission (a) and scanning acoustic mi-
croscopy (b) images of a bonded wafer pair after annealing at 200 °C for
12 h and release from the bonding setup.

voids that were detected. These voids might be related to
some particles at the wafer surfaces which could not be com-
pletely removed during the RCA cleaning process. The IR
transmission imaging can detect only the macroscopic voids
or bubbles (having a diameter of ~1 mm or more). There-
fore, acoustic microscopy measurements on the bonded wa-
fer pair were performed to detect microscopic voids (having
diameters of a few tens of micrometers) at the bonded inter-
face. An acoustic microscopy image of the bonded wafer pair
[the same as in Fig. 2(a)] after annealing at 200 °C for 12 h
is shown in Fig. 2(b). This image shows some microscopic
voids concentrated in the middle of the samples in the vicin-
ity of the macroscopic bubbles observed in the IR transmis-
sion image. The rest of the bonded interface is free of micro-
scopic voids.

After release from the bonding setup the bow of the bent
wafers was measured by profilometry. In Fig. 3 a map of the
bow on a 1X1in.? area for bending with 1 m radius of
curvature is shown. The horizontal direction in Fig. 3 is par-
allel to the bending direction ([1 1 0] wafer direction). It is
obvious that the bow is much larger in the bending direction
(56.2 um) compared to the bow in the direction perpendicu-
lar to it (2.4 wm), indicating the uniaxial prestrain distribu-
tion. Similar measurements were performed after release
from the bonding setup on the wafers for bending with radii

=/ pm

- 40

- 30

20

10

FIG. 3. (Color online) Mapping (1 X1 in.?) of the bow of a bonded wafer
pair after release from the bending over a cylinder with 1 m radius of cur-
vatures. The horizontal direction was parallel to the bending direction ([110]
wafer direction).

Appl. Phys. Lett. 90, 231909 (2007)

TABLE I. Predicted and experimental bow values for the bonded wafer
pairs, uniaxially bent over cylinders with different radii of curvature.

Bow
Radius of predicted by radius of Bow
curvature curvature measured on 1 in. length (um)
(m) on 1 in. length (um) (on [110] direction)
1 78.1 56.2
2.4%
After splitting: 1.1
0.75 104.2 75.9
0.5 156.2 90.2

“Perpendicular to [110].

of curvature of 0.75 and 0.5 m. The results are summarized
in Table I. When comparing to the bow values (column 2 in
Table I) which correspond to the cylinder curvature it be-
comes obvious that the bonded wafers keep most of the bow
induced by the bending even after release from the bonding
setup.

For the layer transfer using the wafer bonding and smart
cut, a second annealing step was carried out at 500 °C for
1 h. Upon splitting off a thin layer (from the 3 in. wafer) the
bent wafer pair turns flat and a large fraction of the strain
energy stored in the bent wafer pair turns into uniaxial strain
in the thin split off layer. Indeed, after layer transfer by split-
ting, the bow measurements showed the almost complete
loss of bow (1.5 uwm below remain) being measured on a
scan of 1 in. length for the case of 1 m of radius of curvature
of the cylinder.

In Fig. 4 a cross-sectional transmission electron micros-
copy (TEM) image of a wafer pair after splitting is shown.
The bonded interface between the transferred Si and the ox-
ide is smooth and free of any nanoscopic void. The damage
region induced by implantation extends approximately be-
tween 500 and 600 nm from the surface of the Si/SiO,
handle wafer. In order to reduce the surface damage induced
by implantation mediated splitting, the samples were dipped
in a solution of tetramethyl ammonium hydroxide for 120 s
after splitting prior to the Raman measurements. A final
thickness of ~365 nm (indicated by the arrow in Fig. 4) for
the transferred sSi layer was obtained after this etching
process.

300 nm

FIG. 4. Cross-sectional TEM image of a uniaxially compressive strained
silicon layer on an oxidized Si wafer as realized by wafer bonding and layer
transfer processes.
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FIG. 5. (Color online) Raman spectra for unstrained Si and uniaxially compressive strained Si layer corresponding to an initial radius of curvature of 0.5 m
(a) and dependence of the Raman frequency shifts and strain values on the initial radii of curvature (b).

The strain in the thin transferred Si layers was investi-
gated by UV micro-Raman measurements. The 325 nm UV
laser line used for the Raman measurements has a penetra-
tion depth of ~9 nm into Si. Thus the Raman spectra show
the Si phonon peak coming from the transferred Si layer
without any contribution to the signal from the underlying Si
substrate. In Fig. 5(a) the Raman spectra for the unstrained
and uniaxially strained Si transferred layers are shown by
continuous and dotted lines, respectively. The transfer of the
unstrained Si layer was accomplished in a similar way as for
the strained Si, but in this case the wafers were not bent prior
to bonding. The spectrum of the strained Si corresponds to a
radius of curvature of the bending cylinder of 0.5 m. For an
accurate determination of the Si peak position a plasma line
of the HeCd laser (at 854.73 cm™') was used as a reference.
The plasma lines can be used for calibration since they are
caused by Rayleigh scattering and thus insensitive to strain
and temperature in materials.'' As obvious from Fig. 5(a),
the Si peak of the strained Si layer is shifted by ~0.4 cm™' to
a higher frequency compared to the Si peak in the unstrained
Si. Shifts towards higher frequencies were found for all in-
vestigated uniaxially strained Si samples.

In Fig. 5(b) the dependence of the strain-induced shifts
of Raman frequencies on the radii of curvature is shown by
round symbols. By measuring several points on each of the
wafers, the statistical deviation of the Raman frequency
shifts was found to be smaller than 0.06 cm™'. This finding is
a proof of homogeneous uniaxial strain throughout the entire
wafer. The strain values may be calculated from the Raman
frequency peak positions. A compressive strain will result in
an upward shift of the strained silicon peak compared to the
peak position for unstrained Si. According to De Wolf' the
uniaxial stress can be calculated from the Raman shift ac-
cording to

o(MPa) = — 434 Aw(cm™). (1)

Considering the relation between stress (o) and strain (&)
=0/E, where E is Young’s modulus (Ep;;5=169 GPa), the
strain can be calculated from the Raman shift as follows:

&(%)=-0.256 Aw(cm™), (2)

where Aw represents the frequency shift of the Si peak po-
sitions in cm™! for strained Si compared to unstrained Si and
€ is the strain in percent. The strain values were calculated

from the Raman frequency shifts for the three radii of cur-
vature used. The dependence of the strain values on the ra-
dius of curvature is shown in Fig. 5(b) by squared symbols.
Silicon layers atop an oxide layer on Si uniaxially
strained in compression were fabricated by wafer bonding of
prestrained wafers followed by layer splitting. This method
allows straining at the wafer level as proved by three dimen-
sional profilometry. Infrared transmission, scanning acoustic
microscopy, and transmission electron microscopy indicate
an almost defect-free bonding interface before and after the
layer splitting. The strain values, as determined from Raman
spectroscopy, can be controlled by varying the curvature ra-
dius of the bending cylinder used for bending the wafers
before bonding. A maximum compressive uniaxial strain of
0.1% could be obtained for a radius of curvature of 0.5 m.

The experiments were financially supported by the
German Federal Ministry of Education and Research
(BMBF) in the framework of the TeSiN/TESIN+ project
(Contract No. V03110).
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Abstract

Uniaxial strain on wafer-level was realised by mechanically bending and direct wafer bonding of Si wafers in the bent state followed
by thinning one of the Si wafers by the smart-cut process. This approach is flexible and allows to obtain different strain values at wafer-
level in both tension and compression. UV micro-Raman spectroscopy was used to determine the strain in the thin transferred Si layers.
Numerical modelling by 3D finite elements of the strain provided a good description of the experimental results.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Wafer bonding; Strained silicon; Uniaxial strain; Raman spectroscopy

1. Introduction

In silicon technology, transistor speed is the key factor
for performance and has to be enhanced in each technology
generation. Device down scaling increased the transistor
speed in the last 30 years and allowed in addition for an
increased number of transistors on a given area. Today, sil-
icon technology has reached the nano-era with channel
lengths of less than 50 nm [1] and further down scaling
becomes increasingly difficult. To slow down the urge of
down scaling performance enhancement novel materials
and structure developments are considered. Among those,
silicon-on-insulator (SOI) and strained silicon (sSi) are
promising approaches [2].

Up to now biaxially tensile strained silicon-on wafer-
level has been widely explored for performance enhance-
ment since engineering the strain in the silicon channel
was successfully carried out by established heteroepitaxial

* Corresponding author. Tel.: +49 345 5582 912; fax: +49 345 5511 223.
E-mail address: cameliu@mpi-halle.de (C. Himcinschi).

0038-1101/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.sse.2007.01.018

growth processes. For this type of material a silicon layer
is epitaxially and pseudomorphically grown on a thick
relaxed SiGe layer that itself is epitaxially deposited and
plastically relaxed on a Si(100) wafer [3]. With this
approach tensile strain around 1% in the Si layer could
be realized. This tensile strain leads to a substantial mobil-
ity enhancement for electrons [4,5]. Unfortunately, the hole
mobility enhancement induced by 1% biaxial tensile strain
is minor. It becomes significant only for much higher ten-
sile strain which however cannot easily be achieved by epi-
taxy [5]. Recently, processing-induced uniaxial channel
straining in tension and compression at the transistor level
has been shown [6]. From these experiments, it is known
that mobility enhancements for electrons and holes can
be achieved by uniaxial straining at values smaller than
1%. Even uniaxial strain below 0.05% yields to mobility
enhancement of up to 15% [7].

In this paper, we will present an approach that allows to
create uniaxial strain flexibly in tension or compression on
wafer-level by exploiting mechanical straining of the mate-
rial upon bending. For mechanical uniaxial straining, two
wafers were bent over a cylinder (bending over a sphere



would lead to biaxial strain), following the concept intro-
duced first by Belford et al. [8]. The bent wafers are
brought into contact via direct wafer bonding and covalent
bonds across the bonded interface form upon annealing in
the bent state. By thinning one of the wafers to less than
1 pm thickness the bonded pair assumes an almost flat sur-
face and substantial strain is transferred to the thinned
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Table 1
Design parameters of the bonding setup for realising uniaxially strained Si
Radius of Bow theory Bow
curvature/m experiment
On 4" length/  On 1” length/  On 1” length/
mm pum pum
1 1.25 78.1 55
0.75 1.67 104.2 70
0.5 2.5 156.2 Not measured

wafer. This strain is essentially uniaxial and can be
exploited in devices. The layer strain is measured by UV
micro-Raman spectroscopy and compared with the calcu-
lated strain obtained from 3D finite element (FE)
modelling.

2. Experimental

Three- and 4-in. double side polished Si(100) wafers
were used for the experiments. The 4-in. wafers were
implanted at room temperature with 100 keV Hj at a dose
of 4x 10" cm 2. A 50 nm thick oxide was thermally grown
on the 4” wafer before implantation. Standard chemical
cleaning of the Si wafers was performed prior to bonding.

Uniaxial strain in the 4-in. wafer was realized by
mechanically bending the wafers over a cylinder in an
experimental setup shown in Fig. 1, bonding in the bent
state and subsequently thinning down the implanted wafer.
The wafers are forced to stay bent by screws (visible in the
setup in Fig. 1) and this bent state needs to be kept during
an annealing step at elevated temperatures (200 °C for
15 h) which is required to increase the bond energy at the
bonded interface. The bending direction is parallel to the
[110] direction of the wafer. After annealing and releasing
the screws the 3-in. wafer is keeping the bow remaining
bonded to the 4-in. wafer in the bent state as can be seen
in Fig. 1. The resulting maximum strain depends on the
curvature radius of the cylinder and the thicknesses of
the two bonded wafers assuming that no glide at the bond-
ing interface takes place during the bonding process. Dif-
ferent curvatures of the cylinder, which induces different
initial bows of the wafers, were employed as can be seen
in Table 1.

Fig. 1. Bonding setup for the realization of uniaxial strain over the entire
wafer area.

compression

= ' . annealing

tension B

Fig. 2. Sketch of the concept for realising uniaxial strain at wafer-level.

The concept of realising uniaxial strain on wafer-level is
shown schematically in Fig. 2. The thinning of one of the
wafers is essential to transfer a large fraction of the strain
energy that is stored in the both starting wafers and to
exploit the resulting strain in devices. The thinning by
grinding and etch-back is difficult to be carried out for bent
wafers. Thus, thinning by splitting one of the wafers by the
smart-cut process [9] was used. The smart-cut process relies
on high dose hydrogen implantation induced splitting of a
thin slice off a wafer which stays attached to another wafer
when bonded. Smart-cut of bent wafers requires implanta-
tion of one of the wafers prior to bending and bonding.
Annealing is needed to increase the bond strength without
initiating the blistering of the implanted wafer. Essentially,
smart-cut of bent wafers resembles smart-cut of flat wafers.
The experimental conditions used for the experiments
shown in this paper, correspond to the realisation of tensile
strain. The smart-cut experiments to thin down the
implanted 4-in. wafers by splitting were carried out by
annealing the bonded wafers after release from the bonding
machine for 1 h at 500 °C.

The measurements of the wafer bow in the bent state
were carried out using a Tencor line scan profilometer.
The Raman measurements were performed by means of a
LabRam HRS800 UV spectrometer (from Horiba Jobin
Yvon) equipped with a liquid nitrogen cooled CCD detec-
tor (2048 x 512 pixels) and a 2400 grooves mm ' grating.
The 325 nm emission line of a He—Cd laser was used for
excitation. In order to smooth the surface damage induced
by implantation, the samples were dipped in a solution of
tetra-methyl ammonium hydroxide for 60 s after splitting
and before the Raman measurements.
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Fig. 3. Infrared transmission image of a bonded pair after annealing and
release from the bonding machine. The image shows just the area of the 3-
in. wafer.

3. Results and discussion

The bonded interfaces were investigated by infrared (IR)
transmission imaging after annealing and releasing the
bonded wafers from the bonding setup. A typical interface
of a bonded wafer pair in the bent state is shown in Fig. 3.
A few voids were detected at the bonded interface. The
voids might be caused by the presence of some particles
at the Si surfaces (the wafers were cleaned in a cleanroom,
but the bonding process was not carried out in cleanroom
environment) preventing the bonding to be realised on the
whole area.

perpendicular to strain direction

1 1 1 1

10 15 20 25
Length / mm

o
[4,]

Fig. 4. Bow profiles of uniaxially bent bonding pairs for curvatures of
0.75 m and 1 m. The measurement was performed over a 1-in. lateral scan,
parallel and perpendicular to the strain direction.

In Fig. 4 the bow curves of the bent wafers after releas-
ing from the bonding machine are shown. It is obvious that
the bow is much larger in the bending direction ([110]
wafer direction) compared with the bow on the direction
perpendicular to it, suggesting the expected uniaxial distri-
bution of the strain. Wafer bows of ~55 uym and ~70 pm
were obtained on a linear scan length of 1-in. for curvature
radius of 0.75m and 1 m, respectively. When comparing
with the theoretical values from Table 1 it is evident that
the bonded wafers keep most of the bow induced by the
bending even after release from the bonding setup. The
smaller bow values found in the experiments can be due
to the fact that the edges of the 4-in. wafer are not attached
to the smaller 3-in. wafer.

To transfer a large fraction of the strain energy that is
stored in the bent handle wafer the splitting was realised
by annealing at 500 °C for 1 h. After splitting a thin layer
from the 4-in. wafer is transferred to the 3-in. wafer taking
over the stored energy and becoming uniaxially strained in
tension. The strain in the thin transferred Si layers
(~0.5 um) was investigated by UV micro-Raman measure-
ments. The 325 nm UV laser line used for the Raman mea-
surements has a penetration depth of ~9 nm into Si. Thus
the Raman spectra will show the strained Si phonon peak
from the transferred Si layer without any signal from the
underlying Si substrate. The FEM simulation discussed
later on indicates that the strain gradient in the direction
perpendicular to the surface is negligible. In so far, it can
be assumed that the results of the surface sensitive Raman
investigation is representative for the sSi film in general.

Fig. 5 shows the Raman spectra for unstrained bulk Si
and uniaxial strained Si obtained after splitting of the
bonded wafers for the samples corresponding to a curva-
ture radius of the bending cylinder of 1 m, 0.75 m, and
0.5 m, respectively. To determine the Si peak position accu-
rately, the plasma line of the He—Cd laser at 854.73 cm ™
was used as a reference. The plasma lines can be used for
calibration since they are Rayleigh scattered and thus
insensitive to stress in materials [10]. The peak positions
in the Raman spectra were fitted with a Gauss—Lorentz
function using the Labspec software provided by the equip-
ment manufacturer. It can clearly be seen that the Si peak
for the strained Si samples are down shifted with respect to
the Si peak in bulk Si. The calculated shifts were 0.16 cm ™",
0.23cm ™!, and 0.3 cm™! for the samples corresponding to
a curvature radius of the bending cylinder of 1 m, 0.75 m,
and 0.5 m, respectively. By measuring five different points
on the wafer the statistical error in determining the shifts
was found to be ~0.06 cm ™!, which suggests homogeneous
strain on the wafer.

The strain in the Si layer may be calculated from the Si
peak position. A tensile strain will result in a down shift of
the strained silicon peak compared to the peak position for
bulk Si. According to De Wolf [11] the uniaxial stress can
be calculated from the Raman shift from the relation:
o/MPa = —434 - Aw/ cm ™. Considering the relation between
stress (o) and strain (¢): ¢ = o/E, where E is the Young’s



113

C. Himcinschi et al. | Solid-State Electronics 51 (2007) 226-230 229
iy
T T T i T Y T L T 4 T i 77 T L T = T i
£20.57 : : Plasma line
-~fem —si 854.73 cm”
520.41 cm™
520.34 cm™

2000

520.27 cm-

Intensity / cts

1000

O o o -, —Sp -5 G - 8-~ o - —ggmy- e

514 516 518 520 522 524 i 852 854 856 858
Raman Shift / cm™?

Fig. 5. Raman spectra for Si bulk and uniaxial strained Si samples corresponding to curvature radius of 1 m, 0.75 m, and 0.5 m.

modulus, the strain can be calculated from the Raman shift J " T ' T
0.09 B Raman -
as follows: O FE
/% = —0.256 - Aw/cm ™! 0.08 |- &
where Aw represent the shift of the Si peak positions in 0.07 |- .
cm ™! for strained Si compared to unstrained bulk Si and = ]
¢ is the strain in percents. < .98 |
Strain values of 0.041%, 0.058%, and 0.077% were calcu- £ 0.05L |
lated from the Raman shift for the uniaxially strained Si = ]
samples corresponding to a curvature radius of the bending 0.04 |- A
cylinder of 1 m, 0.75 m, and 0.5 m, respectively. The depen-
dence of the strain values on the curvature radius is plotted 0.03 |- =
in Fig. 6 by squared symbols. 0.02 L A ; . u
T 05m 0.75m 1m
3.1. Finite elements calculations Curvature Radius / m

. . . . . . Fig. 6. Comparison of the strain values obtained from Raman measure-
Numerical simulations of the three-dimensional strained  ments (squares) and finite element calculations (circles).

state of the bending, bonding and thinning process were
carried out using 3D finite elements with the commercially
available program ANSYS. Strain energy is stored in both ~ wafers the strain energy stored in the bent wafer pair is
the bent wafers. After bonding and thinning one of the  transferred to the thin layer. The final strain distributions
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Fig. 7. Strain distributions (absolute values) obtained from FE calculations for a thin Si layer transferred to a Si wafer along the x-direction (parallel to
the [110] wafer direction) (a) and along the y-direction (perpendicular to the [1 10] wafer direction) (b). The calculations correspond to an initial radius of
curvature of 1 m.
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(absolute values) in the thin transferred layer and the han-
dle wafer are shown in Fig. 7a along the x-direction and in
Fig. 7b along the y-direction for a sample corresponding to
an initial radius of curvature of a 1 m. The x-direction is
parallel to the [110] wafer direction and the y-direction is
perpendicular to it. The upper layers show the strain distri-
butions in the thin transferred sSi layer, while the lower
layers show the strain distributions in the handling wafer.
For a better visualisation, the areas indicated at the centre
and the edge of the wafers are also shown at a larger mag-
nification. An essentially uniaxial strain distribution is
obtained in the thinned wafer, as shown in Fig. 7. The
strain is concentrated in the thin transferred layer with
the handle wafer being almost strain free. A large area of
the thin layer is homogeneously strained with some minor
edge effects.

The FE calculations were performed for all three curva-
ture radii used in the experiments. The average strain val-
ues (in percentages) obtained in the thin transferred
layers from FE calculations are indicated by circles in
Fig. 6. There is a good agreement in terms of average strain
between the experimental and calculated values, the calcu-
lated values lying within the error bars of the experimen-
tally determined strain values.

4. Conclusions

A concept and experimental realisation to obtain wafer-
level uniaxial strain was presented in this paper. Uniaxial
straining of Si wafers was realised by mechanical bending
over a cylinder, wafer bonding and layer splitting. After
annealing and releasing from the bonding setup, the
bonded wafers kept most of the bow induced by the bend-

ing. The layer transfer of uniaxially strained Si was realised
using the smart-cut approach. UV micro-Raman spectros-
copy was used to determine the uniaxial strain in the trans-
ferred layer. The strain values obtained from the Raman
measurements are in good agreement with those obtained
from 3D finite elements calculations. Further experiments
with oxidized silicon handle wafers are needed to optimize
the layer transfer process and to create uniaxial strained sil-
icon-on-insulator wafers.
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Strain relaxation in nanopatterned strained silicon round pillars
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Periodic arrays of strained Si (sSi) round nanopillars were fabricated on sSi layers deposited on
SiGe virtual substrates by electron-beam lithography and subsequent reactive-ion etching. The strain
in the patterned sSi nanopillars was determined using high-resolution UV micro-Raman
spectroscopy. The strain relaxes significantly upon nanostructuring: from 0.9% in the unpatterned
sSi layer to values between 0.22% and 0.57% in the round sSi pillars with diameters from 100 up
to 500 nm. The strain distribution in the sSi nanopillars was analyzed by finite element (FE)
modeling. The FE calculations confirm the strain relaxation after patterning, in agreement with the
results obtained from Raman spectroscopy. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2431476]

Strain-relaxed SiGe virtual substrates offer an attractive
platform to utilize tensile strain in epitaxially grown Si over-
layers due to the fact that they provide a larger lattice con-
stant than silicon." If thin Si layers are grown on strain-
relaxed SiGe, the electron and hole mobilities increase due to
the effective mass reduction and the band structure modifi-
cation induced by strain.>?

The enhanced carrier mobility in strained Si (sSi) layers
will increasingly be exploited in future complementary
metal-oxide-semiconductor technology nodes for which
many transistor dimensions lie well in the nanometric range.
Since the band structure engineering to improve device per-
formance is based on strain engineering, it is essential to
retain the strain in the layers and structures during various
processing steps that are required by the technology. Conse-
quently, the behavior of the strain state of sSi layers after
nanopatterning is of significant technological importance.

UV micro-Raman spectroscopy is a viable, nondestruc-
tive, and sensitive method to study the local strain in Si
microelectronic devices.*” With the continuing miniaturiza-
tion of the microelectronic devices, the use of UV lasers for
Raman spectroscopy has been proven to have significant ad-
vantages over the conventional visible lasers.” The reduced
penetration depth of UV light in Si improves considerably
the detection of the strain localized close to Si surface.

In the present work the strain relaxation in round sSi
nanopillars was examined. The strain values and the strain
distribution in the patterned sSi pillars with different dimen-
sions were determined by means of UV-Raman spectroscopy
and three-dimensional (3D) finite element (FE) modeling.

Biaxially tensile strained Si was epitaxially grown on
strain-relaxed Sij;3Geg,, virtual substrates which consist of
an ~2 um thick compositionally graded buffer layer fol-
lowed by a relaxed SiGe layer having a comparable thick-
ness of ~2 um grown on Si (100) wafer. The sSi layer is
thin enough (~17 nm) not to be relaxed by misfit disloca-
tions to form at the SiGe/sSi interface. Round sSi pillars
with diameters from 100 to 500 nm were patterned by means

“Electronic mail: cameliu@mpi-halle.de

0003-6951/2007/90(2)/021902/3/$23.00

90, 021902-1

of electron-beam lithography (EBL) with a periodicity of
500 nm on 250X 250 um? fields. After EBL exposure and
development of the unexposed negative resist, the samples
were etched by means of reactive-ion etching. The space
between the sSi nanostructures was etched into the SiGe
layer to a depth of ~80 nm.

The Raman measurements were performed by means of
a LabRam HR800 UV spectrometer (from Horiba Jobin
Yvon). A He-Cd laser with a wavelength of 325 nm was
used for excitation. The diameter of the incident laser beam
on the sample was ~1.5 um and the power measured under
the microscope objective was ~2 mW. By reducing the
power ten times we found out that the sSi phonon position is
shifted up by ~0.35 cm™!, while the phonon position of the
bulk Si is not changed. The influence of the laser power on
the sSi Raman shift is related to the annealing effects being
induced by the different expansion coefficients of Si and
SiGe. In the results presented in this letter this effect was
always taken into consideration and corrected. The peak po-
sitions in the Raman spectra were fitted with a Gauss-
Lorentz function using the LABSPEC software provided by the
equipment manufacturer.

Figures 1(a) and 1(b) show the scanning electron micros-
copy (SEM) images of round sSi pillars with diameters of
100 and 500 nm, respectively. The dotted circle in the same
figure shows an estimate of the laser spot size. Since the
dimension of the laser spot is larger than that of the patterned

FIG. 1. (Color online) SEM images of patterned round sSi pillars with
diameters of 100 and 500 nm, respectively. The dotted circles give an esti-
mate of the laser spot size.

© 2007 American Institute of Physics
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FIG. 2. (Color online) Typical UV-Raman spectra measured for bulk Si
(thick line), unpatterned sSi (thin line), and for patterned round sSi pillars
with diameters of 100 nm (dashed line) and 500 nm (dotted line).

pillars, each single Raman measurement contains contribu-
tions from more than one pillar and from the SiGe virtual
substrate layer between pillars.

Typical UV-Raman spectra measured for bulk Si, unpat-
terned sSi, and for patterned round sSi pillars with diameters
of 100 and 500 nm are presented in Fig. 2. To determine the
sSi peak position accurately, the plasma line of the HeCd
laser at 854.7 cm™! was used as a reference because it is
independent of temperature and strain. Therefore, the plasma
lines can be used for calibration.* The Raman spectra of the
bulk Si and unpatterned sSi show besides the plasma line, the
Si phonon in bulk and sSi at ~520.8 cm™' and at
~513.5 cm™!, respectively. After calibrating a spectrum with
respect to the plasma line position, the strain in the Si layer
may be calculated from the sSi peak position. The strain in
the sSi can be calculated from the empirical formula®’

£ =0.123(wpyik si — Ostrained si)» (1)

where w represent the peak positions in cm™! for strained and
bulk Si, 0.123 is the inverse strain-phonon coefficient in cm,
and ¢ is the strain in %. Thus, tensile strain will result in a
shift of the Si phonon band to lower frequencies. For the
unpatterned sSi sample the shift of the Si phonon peak posi-
tion corresponds to a strain of ~0.9%.

The spectra of the samples patterned with round sSi
nanopillars show two distinctive peaks: one at ~505 cm™!
that originates from the Si—Si vibrational mode in SiGe and
the other at ~515-519 cm™! that originates from the Si pho-
non in sSi. The shift of the Si phonon in the patterned
samples with respect to unpatterned sSi samples, as seen in
Fig. 2, indicates that the strain in the patterned sSi pillars is
partially relaxed.

Moving the sample under the microscope by means of a
motorized XY table, the Si phonon frequency can be deter-
mined as a function of position on the samples. For each
single point on the sample surface the Raman frequency of
the Si was determined after correcting for the plasma line
position.lo The values of the Raman shifts for each single
point of the mapped region were converted into strain values
using Eq. (1). Figure 3 shows the strain distribution deter-
mined from the Raman mapping (3 X3 um?) for patterned
round sSi pillars with diameters of 100 and 500 nm, respec-

Appl. Phys. Lett. 90, 021902 (2007)
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FIG. 3. (Color online) Strain distribution determined by Raman mapping
(33 um?) for patterned round sSi pillars with diameters of 100 nm (a)
and 500 nm (b), respectively.

tively. Since the laser probes more than one pillar in every
single measurement (cf. Fig. 1), the measured strain is aver-
aged for all the probed pillars. Due to the large beam size,
the round sSi pillars could not be spatially resolved in the
strain distribution mapping even though the step of the XY
table movement was only 0.2 um.

The average strain in the round sSi pillars with
diameters from 100 up to 500 nm varies from 0.22% to
0.57%. The strain values measured by Raman mapping for
patterned round sSi pillars with diameters ranging from
100 to 500 nm are shown in Fig. 4 by triangles and are com-
pared with the strain value in the unpatterned sSi sample.
The standard deviation determined from the statistical analy-
sis of the few hundred points measured for each mapping
was between 0.01% and 0.015%. This results in the error
bars to reside within the dimensions of the triangular markers
in Fig. 4.

Numerical simulations of the strain states of the round
pillars were carried out using 3D finite elements with the
commercially available software ANSYS. The strain of the
unpatterned sSi layer on the virtual SiGe substrate was ini-
tialized to the measured value of 0.9%. Further, a model
representing the patterned round pillars was build and the
strain distribution within the pillars was calculated. In Fig. 5
the strain distribution obtained by FE simulations within a
round sSi pillar with a diameter of 100 nm along the radial
and tangential polar coordinates is shown. The calculated
strain distributions show that the strain relaxes nearby the
free surfaces and remains concentrated at the interface be-
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FIG. 4. (Color online) Comparison of the strain values measured by Raman
(triangles) and calculated by finite element modeling (circles) for patterned
round sSi pillars with diameters from 100 to 500 nm.

Downloaded 09 Jan 2007 to 85.232.23.177. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



021902-3 Himcinschi et al.
(a)
L=

oA
-0.20 0.01 0.22

FIG. 5. (Color online) Strain distribution obtained from finite element cal-
culations within a round sSi pillar with a diameter of 100 nm on the radial
(a) and tangential (b) polar coordinates.

tween the sSi layer and SiGe virtual substrate. Similar effects
were observed in the case of rectang%ular sSi pillars patterned
directly on a silicon dioxide layf:r.1

The FE calculations were performed for pillar diameters
ranging from 100 to 500 nm. The calculated average strain
values of the sSi pillars are shown in Fig. 4 by circular mark-
ers. In the same figure the calculated strain values on the
tangential and radial directions are shown. The strain mea-
sured by Raman mapping represents an average for different
spatial orientations and cannot be resolved along the direc-
tions on which the FE calculations were done. However,
there is a good agreement between the average strain values
measured by UV-Raman and calculated by FE, as seen in
Fig. 4.

Obviously, a substantial relaxation of the strain upon
nanopatterning of sSi layers can be observed. The smaller
the nanostructure, the larger is the strain relaxation. From the
initial strain of ~0.9%, 37% is relaxed in the case of 500 nm
diameter pillars and ~75% in the case of 100 nm diameter
pillars. The strain relaxation is mediated by the large free
surface area of the nanopillars.

In conclusion round nanopillars of sSi were fabricated
onto fully relaxed Sij73Geq 1, (SiGe) layers and investigated
by means of UV micro-Raman spectroscopy. The strain val-

Appl. Phys. Lett. 90, 021902 (200717

ues measured by Raman spectroscopy are in good agreement
with those obtained from 3D FE calculations. The strain dis-
tributions obtained by Raman mapping show that the strain
in the patterned sSi pillars relaxes partially. The relaxation of
the strain takes place at the free surfaces and depends on the
size of the nanopillars. Since the strain relaxation may criti-
cally influence the strain engineering it should be taken into
account when designing chips with devices in the nanometer
dimensions.
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Relaxation of strain in patterned strained silicon investigated
by UV Raman spectroscopy
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Abstract

Tensile strained Si (sSi) layers were epitaxially deposited onto fully relaxed Sip75Geo2, (SiGe) epitaxial layers (4 wm) on silicon substrates.
Periodic arrays of 150 nm x 150 nm and 150 nm x 750 nm pillars with a height of 100 nm were fabricated into the sSi and SiGe layers by electron-
beam lithography and subsequent reactive ion etching. The strain in the patterned and unpatterned samples was analyzed using high-resolution
UV micro-Raman spectroscopy. The 325 nm excitation line used probes strain in Si close to the surface (penetration depth of ~9 nm). The Raman
measurements revealed that the nano-patterning yields a relaxation of strain of ~33% in the large pillars and ~53% in the small pillars of the

~0.95% initial strain in the unpatterned sSi layer.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Strained silicon; Raman spectroscopy; Strain relaxation; SiGe

1. Introduction

Virtual substrates composed of strain-relaxed graded SiGe-
layers on Si(100) offer an attractive platform for building
strained Si-based microelectronic devices [1]. The relaxed SiGe
layers have a larger lattice constant than Si, so that the epitaxy of
thin pseudomorphic Si layers yields biaxial tensile strain in the
epitaxial layer. Biaxial tensile strain of the order of ~1% in sili-
con increases the electron and hole mobilities due to the effective
mass reduction and the band structure modification induced by
strain [2-4].

The enhanced carrier mobility in strained Si (sSi) lay-
ers will be exploited in future complementary metal-oxide-
semiconductor (CMOS) technology nodes for which many tran-
sistor dimensions lie well in the nanoscale range. Since the band
engineering in such devices is almost exclusively strain induced
it is very important to retain the strain in the Si layer during
various processing steps. Consequently, the behaviour of the
strained state of sSi layers after nanopatterning is of significant
technological importance.

UV micro-Raman spectroscopy is a viable, non-destructive,
and sensitive tool to study the strain in Si microelectronic devices

* Corresponding author. Tel.: +49 345 5582 912; fax: +49 345 5511 223.
E-mail address: cameliu@mpi-halle.de (C. Himcinschi).

0921-5107/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2006.08.023

[5,6]. With the continuing miniaturisation of the microelectronic
devices, the use of UV lasers for Raman spectroscopy has been
proved to have significant advantages over the conventional vis-
ible lasers [7,8]. The reduced penetration depth of UV light in Si
improves considerably the detection of the strain localised close
to Si surface.

In the present study UV micro-Raman spectroscopy was
employed to investigate the strain distribution in Si layers
deposited on SiGe strain-relaxed virtual substrates. The evo-
lution of the strain in patterned sSi nanostructures with different
dimensions was analyzed.

2. Experimental

Biaxially tensile strained Si was epitaxially grown on strain-
relaxed Sig73Gegoy virtual substrates. The virtual substrates
were grown on Si(1 0 0) wafers using reduced pressure chemical
vapour deposition (RPCVD) method and consist of a 2 wm thick
compositionally graded buffer layer followed by a relaxed SiGe
layer having the same thickness. The strained Si cap layer is thin
enough (~17nm) to be free of dislocations and fully strained.

sSi pillars of 150nm x 150 nm and 150 nm x 750 nm were
patterned by means of electron beam lithography (EBL) with
a periodicity of 500nm on 100 wm x 100 wm fields. EBL was
carried out in a JEOL JSM 6400 scanning electron microscope
(SEM) equipped with a LaB6 cathode and an EBL equipment
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(ELPHY plus) of the Raith GmbH. A negative resist (AR-N
7500) on the basis of polymethyl methacrylate (PMMA) was
used. Marker structures (double cross with micrometer dimen-
sions) were patterned in addition nearby the fields of nanostruc-
tures, for an easier detection of the patterned fields. After EBL
exposure and development of the unexposed negative resist, the
samples were etched by means of reactive ion etching (RIE)
using an Oxford Plasma Lab System 100 machine equipped
with an ICP 380 source. The octafluorocyclobutane and argon
gas mixture was used during plasma etching process. The space
between the sSi nanostructures was etched into the SiGe layer
to a depth of ~80 nm. Finally the remaining exposed resist on
the patterned sSi structures was chemically removed.

The Raman measurements were performed by means of
a LabRam HR800 UV spectrometer (from Horiba Jobin
Yvon) equipped with a liquid nitrogen cooled CCD detec-
tor (2048 x 512 pixels) and a 2400 grooves mm~! grating. The
325nm emission line of a He—Cd laser was used for excita-
tion in a backscattering geometry with both the incident and the
scattered beam passing the microscope’s objective. A 40x UV
objective was used to focus the laser to a diameter of ~1.5 pwmon
the sample surface. Each spectrum was obtained at room temper-
ature by averaging two spectra recorded for 30 s each. The peak
positions in the Raman spectra were fitted with a Gauss—Lorentz
function using the Labspec software provided by the equipment
manufacturer.

3. Results and discussions

Fig. 1a shows the atomic force microscopy (AFM) image
(40 pm x 40 pwm) of the unpatterned sSi layer on the virtual
substrate. Periodically alternating structures are observed. This
wavy morphology known as crosshatch pattern [9] arises from
the misfit dislocations in SiGe when grown on the lattice mis-
matched Si(1 00) substrates [10].

Biaxial tensile strain in Si results in a shift of the Raman peak
towards lower frequencies compared to unstrained bulk Si [6].
The 325nm UV laser line used for the Raman measurements
has a penetration depth of ~9 nm into Si. Thus in the case of the
unpatterned sample where the thickness of sSi layer is ~17 nm,

®Y 40x40 pm*

the Raman spectrum will show just the phonon from the sSi and
no signal from the underlying SiGe layer.

To determine the sSi peak position accurately, the plasma line
of the He—Cd laser at 854.73 cm™~! was used as a reference. The
plasma lines can be used for calibration since they are Rayleigh
scattered and consequently insensitive to temperature and strain
in the material [6].

After calibration of the spectrum with respect to the plasma
line position, the strain in the Si layer may be calculated from
the sSi peak position. A compressive strain will results in an
upward shift of the Raman peak, while tensile stress will result
in a down shift [11]. Because of the larger lattice parameter of
the SiGe virtual substrate compared to that of Si, the cap Si layer
will be tensile strained. Assuming that the SiGe lattice constant
changes linearly with the composition, the strain in the Si layer
can be calculated from the empirical formula [12,13]:

& = 0.123(wpulk Si — WOstrained Si) o))

where o represents the peak positions (cm™!) for strained and
bulk Si, 0.123 is the inverse strain-phonon coefficient (cm), and
& is the strain (%).

Moving the sample under the microscope by means of a
motorised XY table, the Si phonon position was determined as
a function of position on the unpatterned strained Si layer. For
each single point the Raman shift of the Si peak was determined
after correcting for the plasma line position. The average shift of
the strained Si peak with respect to the unstrained bulk Si peak
as determined from scanning an area of 40 pm x 40 pm (step
width of 1.5 wm) was 7.69 cm~! with a standard deviation of
0.14cm™!. The values of the shifts for each single point of the
mapped region were converted to strain by using Eq. (1).

Fig. 1b shows the strain distribution determined from the
Raman mapping on the unpatterned strained Si layer. Crosshatch
pattern are clearly observed in the strain distribution similar with
those observed in the AFM image. The average strain on the
mapped area was determined to be 0.95% with a standard devi-
ation of 0.017%.

Fig. 2 shows the scanning electron microscopy (SEM)
images of nanostructured Si pillars with area dimensions of
150nm x 150nm (a) and 150 nm x 750 nm (b). The circles in
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Fig. 1. (a) AFM micrograph (40 wm x 40 wm) of the strained Si layer showing a crosshatch pattern with a RMS roughness of ~2.3 nm. (b) The strain distribution
determined by Raman mapping (40 pm x 40 pm) reveals a clear crosshatch pattern in the strain distribution of the strained Si layer. The scale bar represents the

strain values in percents.
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(a)

800 nm

(b) 800 nm

Fig. 2. SEM images of patterned sSi with pillars of 150 nm x 150 nm (a) and 150 nm x 750 nm (b). The circles give an estimation of the laser spot size used for the

Raman mapping.
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Fig. 3. Typical Raman spectrum obtained from the patterned sSi layer on
Sip.78Geo 2 virtual substrate. The peaks at 505 cm ! and 516 cm™! correspond
to the Si-Si bands in SiGe and sSi, respectively, while the peak at 854.7 cm™!
corresponds to plasma line of the He—Cd laser.

the same figure indicate an estimation of the laser spot size
(~1.5 pm). Since the dimension of the laser spot is larger than
the patterned structures, each single Raman measurement con-
tains contributions from the sSi layer that resides close to the
surface in the pillars and the relaxed SiGe layer from the virtual
substrate in between the pillars.

450
440

420

x10~

400 (®)

A typical Raman spectrum measured on the wafer in the area
of pillars is presented in Fig. 3. Besides the plasma line, the
spectrum shows two distinctive peaks: one at ~504 cm™! that
originates from the Si—Si vibrational mode in SiGe and another
at ~516.cm™! that originates from the Si phonon in sSi.

Raman mappings on the patterned wafer were carried out on
areas of 2.5 pm x 2.5 wm with a step between measurements of
0.1 wm. The average shifts of the sSi peaks with respect to the
unstrained bulk Si peak were 3.61 cm~! and 5.12cm™! for the
150 nm x 150 nm and 150 nm x 750 nm sSi pillars, respectively.
The strain in the sSi was determined in a similar manner as in
the case of unpatterned sSi.

Fig. 4 shows the strain distribution on the patterned sSi layer
in the case of 150 nm x 150 nm (a) and 150 nm x 750 nm (b)
pillars, respectively. Since the laser beam probes a few pillars
within one measurement (cf. Fig. 2) the measured strain is aver-
aged for these pillars. Due to the large beam size, the sSi pillars
could not be spatially resolved in the strain distribution map-
ping even though the step of the XY table movement was only
0.1 wm. The average strain in sSi is 0.45% with a standard devia-
tion of 0.015% for the 150 nm x 150 nm pillars and 0.63% with
a standard deviation of 0.015% for the 150 nm x 750 nm pil-
lars. Clearly, a relaxation of the strain in the patterned sSi pillars
can be observed. The smaller the nanostructures, the larger is
the strain relaxation. From the initial strain of ~0.95%, 33% is
relaxed in the case of 150 nm x 750 nm pillars and ~53% in the
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Fig. 4. Strain distribution determined by Raman mapping (2.5 pm X 2.5 um) for structured sSi with nanopillars of 150 nm x 150 nm (a) and 150 nm x 750 nm (b).
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Fig. 5. Results of a Raman line scan across the sSi microstructure marker.

case of 150nm x 150 nm pillars. The strain relaxation is medi-
ated by the large free surface area at the edges of the pillars.

To easily identify the nanopatterned fields with pillars on
the wafer, double-cross markers with micrometer dimensions
were patterned close to the fields. Such a marker is shown in
the inset of Fig. 5. The Raman line scan across the marker, done
as indicated in Fig. 5, shows that the sSi peak is not shifted
compared to unpatterned sSi. However, a slight relaxation of
the strain can be observed at the free edges of the double-cross
structures. These findings indicate that the relaxation of the strain
in the case of the pillars is due to the free edges and it is not due
to the processing (e-beam lithography, RIE, and resist removal).
Outside of the cross-marker the Raman spectra contain only a
peak at ~504 cm™! originating from Si-Si vibrational mode in
SiGe.

4. Conclusions
The strain distribution in nanopatterned (pillars with

150 nm x 150 nm and ~150 nm x 750 nm area dimension) and
unpatterned sSi layers epitaxially deposited onto fully relaxed

Sig.78Gep.22 (SiGe) layers was investigated by means of UV
micro-Raman spectroscopy. In the unpatterned layers crosshatch
patterns were observed both in the Raman strain distribution
and in the AFM images. UV micro-Raman spectroscopy results
show that the strain in the patterned sSi pillars partially relaxes.
The strain relaxation depends on the nanopattern size and geom-
etry and should be considered in designing the chips since it
could critically influence the strain engineering.
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