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CrossMark
Abstract
We report results from visible and UV Raman spectroscopy studies of the phonon spectra of a
polycrystalline sample of the prototypical perovskite type oxide BaZrO3; and a 500 nm thick
film of its Y-doped, proton conducting, counterpart BaZry3Y(,0,9. Analysis of the Raman
spectra measured using different excitation energies (between 3.44 eV and 5.17 eV) reveals
the activation of strong resonance Raman effects involving all lattice vibrational modes.
Specifically, two characteristic energies were identified for BaZrOs, one around 5 eV and one
at higher energy, respectively, and one for BaZr3Y (20,9, above 5 eV. Apart from the large
difference in spectral intensity between the non-resonant and resonant conditions, the spectra
are overall similar to each other, suggesting that the vibrational spectra of the perovskites are
stable when investigated using an UV laser as excitation source. These results encourage
further use of UV Raman spectroscopy as a novel approach for the study of lattice vibrational
dynamics and local structure in proton conducting perovskites, and open up for, e.g.,
time-resolved experiments on thin films targeted at understanding the role of lattice vibrations
in proton transport in these kinds of materials.
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1. Introduction

Acceptor-doped perovskite type oxides, such as Y-doped
BaZrO3; (BZO), are currently receiving considerable attention
because of their proton conducting properties and concomitant
potential as electrolytes for hydrogen fuel cells and gas sep-
aration membranes [1]. In the hydrated form of these mate-
rials, the protons are bonded as O—H groups where the H is
hydrogen-bonded to a neighboring oxygen, O-H - - - O. On a
local scale, the protons can diffuse through a repetition of pro-
ton transfers (jumps) from a specific oxygen atom to another
one, and an intermediate reorientational motion of the O—H
group between such transfers [2]. Crucially, the ability of the
protons to diffuse depends strongly on the vibrational dynam-
ics of the system. For example, the localized vibrational modes
of protons, i.e. O—H stretching and O—H wagging (bending)
modes, are known to affect the proton transfer and O—H reori-
entational motions [2, 3] and furthermore, the dynamics of
the oxygen atoms play an important role as they influence
the proton jump distance [2, 4, 5]. Vibrationally assisted pro-
ton transfer in oxides has been suggested both by theoretical
analysis [6—8] and by time-resolved vibrational spectroscopy
experiments [9, 10].

A new possibility to advance further the understanding of
the relationship between structural and dynamical properties
in proton conducting oxides is given by studies of samples in
the form of (thin) films. This is because with film samples one
can manipulate the degree of crystallinity and introduce strain
and distortions in the structure, offering new opportunities for
studies of structure and dynamics using, e.g., vibrational spec-
troscopy. Furthermore, by using films, it is possible to effec-
tively remove grain-boundary effects, a well-known obstacle
for proton conduction [11-13]. By inducing lattice strain, the
proton conducting properties can be improved even further
[14, 15]. Additionally, there is a growing interest in miniatur-
ized power generation devices based on thin films of proton
conducting oxides, which could be used for mobile applica-
tions, such as portable electronic devices, and potentially allow
a lowering of operation temperatures [16, 17].

With regard to vibrational spectroscopy, it would thus be
of great interest to study thin film samples of proton conduc-
tors, both with Raman and infrared (IR) spectroscopy, as well
as with time-resolved (pump-probe) techniques. However,
compared to vibrational spectroscopy experiments on bulk
samples [18-25], the study of thin film samples may be chal-
lenging, because of the heavily reduced sample volume and
concomitantly low Raman scattering, or IR absorbance, signal.
Additionally, films of acceptor-doped BZO are essentially
transparent to visible light [26—28] and the depth resolution of
the light is generally in the range of ~400-700 nm, i.e. of the
order of its wavelength. For the case of Raman spectroscopy,
this implies that studies of samples such as a thin film on a
substrate is often difficult because of a strong background sig-
nal from the underlying substrate material that overwhelms the
weaker signal from the sample. Using ultraviolet (UV) light
would potentially reduce such an unwanted background sig-
nal in Raman spectroscopy experiments. This is because UV
light has a smaller depth resolution and perovskite type oxides

are not generally transparent to UV light as they are to visi-
ble light [26—28]. Further, UV Raman spectroscopy may allow
measurements under resonant conditions, i.e. when the excita-
tion energy is tuned to overlap with (or be very close to) an
electronic transition of the material. In such a case, the overall
intensity of the Raman scattering signal from the sample can
be greatly enhanced and/or altered.

Here, we report on a study of the vibrational spectra of
BZO based oxides performed by means of both visible and
UV Raman spectroscopy, with excitation energies of 2.41 eV
(514 nm wavelength), and between 2.95 eV and 5.17 eV
(420-240 nm wavelength), respectively. The aim of the study
is to compare the Raman spectra measured for different excita-
tion energies, identify potential resonant energies, and to deter-
mine the key aspects of UV/resonant Raman spectroscopy
applied to perovskite type oxides. For this purpose, two differ-
ent types of samples were used, a large polycrystalline sample
of BZO, approximately 2 x 2 x 5 mm?, and a 500 nm thick
film of 20% Y-doped BZO (BaZrp3Y 02029, 20Y/BZO). The
large polycrystalline BZO sample is suitable for both visible
and UV Raman spectroscopy measurements and thus allows
a comparison between these techniques. On the contrary, the
20Y/BZO film is a challenging sample for visible Raman spec-
troscopy, because of the much smaller sample volume, cou-
pled with the high transparency to visible light. However, our
results show that with the use of UV Raman spectroscopy, the
signal can be significantly enhanced, exactly as expected. Fur-
thermore, we show that the two techniques provide very sim-
ilar vibrational information. The implications of these results
are discussed in view of the key benefits and prospect of UV
Raman spectroscopy for studies of pure and acceptor-doped
perovskite materials.

2. Experimental details

2.1. Sample preparation

The 500 nm thick film of 20Y/BZO was grown by pulsed laser
deposition (PLD) on a (100)-oriented MgO substrate (10 mm
x 5 mm x 0.5 mm) using a KrF excimer laser (Coherent
Lambda Physik GmbH) with a wavelength of 248 nm and a
pulse width of 25 ns. A dense 20Y/BZO pellet was used as
target for the deposition, and the target-to-substrate distance
was set to 5 cm. An oxygen partial pressure of 0.1 mbar, a
laser fluence of about 2 J cm~2 and a laser repetition rate of 10
Hz were used during the deposition. The deposition tempera-
ture, monitored with a pyrometer, was set at about 750 °C. To
ensure good thermal contact with the heating plate and accu-
rate temperature reading, silver paste was applied between the
heating plate and the substrate.

The use of (100)-oriented MgO as substrate material is
motivated by the excellent lattice matching between the cubic
perovskite structure of Y-doped BZO (=4.22 A) [11, 13,
14] and the cubic rock-salt structure of MgO (4.21 A). This
allows minimizing lattice strain at the film/substrate inter-
face. The substrate was ultrasonically cleaned in acetone and
isopropanol before the deposition.
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The polycrystalline sample of BZO was prepared by induc-
tion skull-melting, as described in reference [29].

2.2. Raman spectroscopy

Raman spectroscopy using light with an incident wave-
length of 514 nm (2.41 eV) was performed on the polycrys-
talline BZO sample. The Raman spectrum (150—1300 cm™")
was measured on a Dilor XY-800 triple-grating spectrometer
equipped with an Ar*/Kr* laser. The laser was focused, with a
circular beam size of approximately 0.8 xm in diameter and a
power of 3 mW, on the sample through a x50 objective lens
under an optical microscope. The dispersed light was recorded
by a CCD detector cooled with liquid nitrogen. Measurements
on the 20Y/BZO film were also attempted under the same con-
ditions, but no reliable spectrum from the sample could be
obtained due to the strong scattering from the MgO substrate.
This confirms that the 20Y/BZO film is a suitable sample to
explore the use and advantage of UV Raman spectroscopy with
respect to visible Raman spectroscopy.

UV Raman spectroscopy measurements were performed on
both samples, the polycrystalline BZO and the 500 nm film of
20Y/BZO, and for comparison also on the bare substrate mate-
rial (MgO), using the custom-made UT-3 Raman spectrome-
ter at the Center for Free Electron Laser (CFEL) Science, in
Hamburg, Germany [30]. A Tsunami Ti:sapphire laser system
model 3950-X1BB (Spectra Physics Lasers Inc., California),
with a spectral range from 1.24 eV to 1.72 eV, was used as
laser source. The fundamental laser line was frequency dou-
bled and tripled using a flexible harmonics generation unit,
model GWU2 23-PS (GWU-Lasertechnik Vertriebsges. mbH,
Erfstadt, Germany), respectively, giving access to excitation
energies (E,) between 1.55 eV and 5.17 eV (in wavelength
from 800 nm to 240 nm). Raman spectra were measured under
ambient conditions at the following E,: 5.17 eV, 4.96 eV,
4.77 eV, 4.59 eV, 4.43 eV, 4.27 eV, 4.13 eV, 3.44 eV and
2.95 eV with a spot size of 25 pm, laser powers of 7.2 mW to
27.7 mW, and acquisition times up to 600 s. The intensity was
normalized to power and acquisition time and was corrected
for the spectral sensitivity of the spectrometer.

3. Results and discussion

3.1. Raman spectra and peak fit analysis

The Raman spectrum as recorded on the polycrystalline BZO
sample using visible light (514 nm, 2.41 eV) is shown in
figure 1. The spectrum contains several features in the energy
range of 150-1300 cm~ !, which are in full accordance with
previous reports [20, 22-26, 31].

We remark that, according to x-ray and neutron diffraction
investigations, BZO has a cubic perovskite structure (space
group Pm-3m) [22-24, 26, 34—-37], and that the Raman spec-
trum of a perfectly cubic perovskite is expected to be feature-
less [23]. It has been debated whether the presence of features
in the Raman spectrum of BZO reflects the lowering of sym-
metry due to local distortions, indicating that the material is
cubic only on average, or if the features originate from second
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Figure 1. Raman spectrum as recorded on the polycrystalline BZO
sample for excitation at 514 nm.
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Figure 2. Raman spectra of the polycrystalline sample of BZO
recorded using different E.,. The positions of the peaks in the spectra
are also shown. For an easier comparison between the spectra
measured at different E., the spectra are vertically shifted and some
spectra are scaled according to the factors indicated in the legends.

order Raman scattering [18, 20, 23, 32, 33]. Recently, Toulouse
et al reported on a combined Raman spectroscopy and compu-
tational study of BZO aimed to clarify the origin of the Raman
spectrum of BZO [31]. It could be concluded that the observed
Raman spectrum of BZO, upon excitation at 442 nm (2.8 eV),
is indeed of second order [31]. Results from a recent neutron
scattering and first-principles calculations study give supports
for a cubic structure, and hence that the Raman features are not
related to structural distortions, all the way down to 7 = 0 K
[34].

Figures 2 and 3 compares the UV Raman spectra for
both samples, i.e. the polycrystalline BZO and the 500 nm
thick film of 20Y/BZO, as measured for different E,. The
Raman spectra of the bare substrate material, MgO, for the
same settings are shown in figure 4, and a direct compar-
ison between the 20Y/BZO and MgO spectra is shown in
figure 5. For vibrational energies higher than 800 cm ™!, spec-
tral features of the MgO substrate interfere with the Raman
spectrum of 20Y/BZO and, therefore this spectral region is
not analyzed further here. For the lowest excitation energy
(E, = 2.95 eV), the Raman spectra of both samples are very
weak, whereas upon increasing E, the Raman spectra show
a trend of an increasing spectral intensity. For the BZO sam-
ple, the measured spectral intensity increases by as much as
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Figure 3. Raman spectra of the 20Y/BZO film recorded using
different E.,. The positions of the identified peaks in the spectra are
also shown. For an easier comparison between the spectra measured
at different E,, the spectra are vertically shifted and some spectra
are scaled according to the factors indicated in the legend.
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Figure 4. Raman spectra of MgO, as measured for different E,. The
spectra are vertically shifted for easier comparison and some spectra
are scaled according to the factors indicated in the legend.

~500 times, and for the 20Y/BZO sample it increases by ~300
times.

For BZO (figure 2), the spectra measured for 2.95 eV <
E, < 4.96 eV are overall similar to each other, whereas the
spectrum recorded at E, = 5.17 eV differs significantly from
the others in terms of the relative intensity of the observed
peaks. Further, at £, = 5.17 the overall spectral intensity
drops considerably. This effect will be further discussed in the
following, together with the intensity profiles.

As highlighted in figure 6(a), a total of 17 peaks
(marked as v;—v7) were identified in the wavelength region
150—-1200 cm™!. A peak fit analysis of the spectra shows
that each spectrum can be adequately reproduced by 17
pseudo-Voigt components and a linearly sloping background.
Figure 7(a) shows the peak fit of the Raman spectrum of
BZO measured at E, = 4.96 eV, as an example, whereas
table 1 compiles the positions of each band. Our com-
plete peak fit analysis for the BZO sample is shown in
figure S1 (https://stacks.iop.org/JPCM/32/405403/mmedia).

— 20Y/BZO 2.95 eV
& MgO 2.95 eV

600 800
Raman shift cm™

1000 1200

Figure 5. Raman spectra of 20Y/BZO and MgO, as measured for
different E,. The spectra are vertically shifted for easier comparison.
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Figure 6. Comparison of the Raman spectra as measured for E, =
4.96 eV and E, = 4.13 eV (multiplied by a factor 10) on the
polycrystalline BZO sample (a) and on the 20Y/BZO film (b). The
positions of the identified peaks in the (a) and (b) spectra are
indicated. In (b) the position of peaks belonging to the MgO
substrate are also indicated.

One should note that the relative intensity of some peaks varies
somewhat among the spectra, see figure 2; for instance, for
E, =2.95 eV, the peak v, (at 545 cm™') is more visible than
in the other spectra. Additionally, the last peaks (vi16—117)
are almost invisible for low E,, and therefore the fit of the
corresponding region less reliable.

We remark that, in general, the visible and UV Raman spec-
tra are similar to each other (figure S2) and consistent with
previously published Raman spectra recorded, upon excita-
tion at 488 and 514 nm, on samples with the same or similar
compositions [18, 20, 23, 24, 31].

For 20Y/BZO (figure 3) all spectra measured are over-
all similar to each other and nine peaks (marked as v/}—14)
were identified, in each spectrum, in the wavelength region
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Figure 7. Raman spectra of BZO and 20Y/BZO as measured for
E., = 4.96, together with the peak fitted components (green lines)
and the total fits to the data (red line).

Table 1. Compilation of the spectral components identified at E.,
=4.96 eV for the BZO sample.

BZO

Peak position/cm ™!

v 179
1%} 275
V3 342
vy 389
Vs 443
Ve 476
V7 545
vg 580
Vg 597
V10 636
V11 698
V2 742
Vi3 841
Vi4 1009
Vs 1056
V16 1134
V17 1180

200-800 cm ™", as shown in figure 6(b). Two minor, yet visible
contributions belonging to the MgO substrate could be identi-
fied in several spectra around 865 and 907 cm™!, respectively.

Figure 7(b) shows the peak fit of the Raman spectrum of
20Y/BZO measured at £, = 4.96 eV, as an example, whereas
table 2 compiles the positions of each band. Our complete
peak fit analysis for the Y20/BZO sample is provided in figure
S3. The wavelength region 200-800 cm ™' of each spectrum
was adequately reproduced by nine pseudo-Voigt components
and a linearly sloping background. Note that, when neces-
sary, the peaks belonging to the MgO substrate and an addi-
tional peak at 150 cm ™! were included in the fit. Finally, for
E, =4.7TeVand E, = 5.17 eV, the fit of the spectra was pos-
sible only above 350 cm~ !, and therefore no data is available
for the v/, V4 and v/ peaks. Overall, the relative intensity of

Table 2. Compilation of the spectral components identified at
E, =4.96 eV for the 20Y/BZO sample.

20Y/BZO

Peak position/cm ™!

1z 241
vh 301
V4 362
A 423
v 512
Ve 585
V4 661
vh 725
b 792

the spectral components shows some, yet minor, variation. The
spectra are consistent with previously published Raman spec-
tra recorded, upon excitation at 488 and 514 nm, on samples
with the same and similar compositions [18, 19, 23, 38].

3.2. Intensity profiles

For a more detailed analysis of the spectra, we focus on the
evolution of the integrated intensity of each one of the Raman
bands as a function of E.,. Following the approach described in
reference [30], the Raman raw data were first corrected in order
to take into account the energy dependence of the optical prop-
erties of the samples, e.g. the penetration depth. More details
can be found in the section S2 of supporting information. The
(corrected) integrated intensity profiles for the 17 bands of the
BZO Raman spectra are shown in figure 8, whereas the inte-
grated intensity profiles for the nine bands of the 20Y/BZO
Raman spectra are shown in figure 9. We observe that for all
bands the data for 2.95 eV and 3.44 eV are very weak, and
all bands show a clear increase of intensity as a function of
increasing E,.

For BZO, the intensity increases as a function of increas-
ing E, up to 4.96 eV, and, as noted earlier, an intensity drop
is observed between 4.96 eV and 5.17 eV. As highlighted in
figure 10, the spectrum recorded at £, = 5.17 eV shows, with
respect to the other spectra, a change in the relative spectral
weight of the different peaks. In particular, one can observe a
clear increase of the relative intensity of the peaks vy and vy,
and a minor increase of relative intensity of peak v4. At the
same time, peaks vs, V19 and v, experience a loss of relative
intensity.

The analysis presented above suggests the presence of two
distinct characteristic energies, one around 5 eV, and one above
5 eV. The observed values are comparable with experimen-
tally measured values of the optical bandgap, which are found
in the range of 3.5-5.4 eV [22, 26, 28, 35-37, 40]. The rel-
atively large spread in bandgap energies may be related to
small variations in the defect structure of the respective sam-
ples, as defects such as oxygen and cation vacancies, may
form electronic defect states within the bandgap, that may be
manifested as a lowering of the actual bandgap in a measure-
ment. Such a picture is supported by several observations of
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Figure 9. Integrated intensity profiles for each of the nine peaks identified in the spectra of 20Y/BZO. Error bars were calculated from the fit

of the spectra.

luminescence in BZO and similar materials [22, 28, 35-37,
40, 43, 44]. Similarly, computed values of the bandgap may
vary between 4.68 eV and 5.3 eV, depending on the specific
method and computational details [28, 39, 41-43].

As discussed above, values in the range from 4.96 eV to
5.17 eV are comparable with expectations for the bandgap
of BZO, but the exact value of the bandgap depends on the
level of defects characteristic of the specific investigated sam-
ple. Therefore, it is not possible, at this stage, to assign the
observed resonances to some specific electronic levels, and

a more in-depth investigation of the electronic (and phonon)
structure of BZO is beyond the scope of the present work.
Nevertheless, these results are very encouraging and open up
for further investigations of the electronic and phononic prop-
erties of BZO. Experimentally, follow up UV Raman studies
could include both polarization and temperature dependence to
generate a more detailed understanding of the sample response
in the UV and its relation to the band structure of the material,
including the possibility of an activation of modes that are not
phonon-related (e.g. plasmon or spin-wave modes).
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Figure 10. UV-Raman spectra as recorded for the polycrystalline
BZO0 sample for excitation at 5.17 eV and 4.96 eV, respectively,
together with the peak positions as obtained from the fit of the data.
The increase of the relative spectral intensity for the peaks 4, 9 and
11, as described in the text, is highlighted in the figure.

Moving to Y20/BZO, the intensity of all bands except v
seems to constantly increase as a function of E.,. The v§ band is
featured by a maximum intensity at around 5 eV. Note that, as
pointed out earlier, the dataat £, =4.77eVand E, =5.17eV
for the v}, v}, and V4 peaks are missing. The observed intensity
profiles suggest the activation of a resonance effect above 5 eV,
which is comparable with the values discussed above for the
bandgap of BZO. In this respect, we remark that the bandgap
is sensitive to the degree of structural disorder/symmetry of
the perovskite lattice [22, 28, 35, 37, 40, 44]. More specifi-
cally, the introduction of acceptor dopants is expected to lead
to a lowering of the bandgap [35, 37, 40]. However, consider-
ing our data, we do not have evidence to infer that 20Y/BZO
is more disordered than BZO. Yet, we would like to stress
that one cannot simply estimate the bandgap from the reso-
nance energy, and, therefore, a comparison of the electronic
structures based on the observed resonance behaviors is not
straightforward.

By bringing together the results discussed above, we find
that the vibrational spectrum of BZO is stable under UV prob-
ing for excitation energies up to 5 eV, whereas the one of
20Y/BZO is stable even at higher excitation energies. For both
materials, the Raman spectral intensity is highly enhanced by
the use of UV light as excitation source. In effect, this suggests
that UV Raman spectroscopy may be a powerful approach for
local structure studies of samples which cannot be investigated
using visible Raman spectroscopy, such as BZO based oxide
thin films or other materials with a weak visible Raman spec-
trum and/or a small sample volume. Furthermore, these results
pave the way for entirely new types of studies, such as time-
resolved Raman spectroscopy experiments on proton conduct-
ing perovskite materials, which can be expected to require a
strong signal from thin film samples.

4. Conclusions

We have characterized the vibrational spectra of a poly-
crystalline sample of BaZrO; and a 500 nm thick film of
BaZr;_,Y,O3;_,, with x = 0.20, using visible and UV Raman

spectroscopy techniques by changing the excitation energy
between 2.41 eV and 5.17 eV. Analysis of the Raman spectra
reveals the activation of a strong resonance in the Raman sig-
nal when the excitation energy approaches 5 eV from below.
Although the UV Raman spectra are greatly enhanced with
respect to the Raman spectra measured using visible light, the
number and positions of the Raman peaks are essentially the
same in the visible and UV Raman spectra, suggesting that
the UV Raman spectra contain all the information accessi-
ble using visible light. These results motivate the use of UV
Raman spectroscopy as a powerful tool to study local structural
properties of BaZrO; based materials and of materials featured
by symmetry-forbidden vibrations in the non-resonant case, or
of samples characterized by a small sample volume.
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