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Oxygen vacancies in PbTiOj3 thin films probed
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Resonant Raman spectroscopy was applied to evaluate oxygen vacancies in PbTiO;_, thin films that were heat treated in a
hydrogen atmosphere at various temperatures. Additional mode related to oxygen vacancies occurred in the resonant Raman
measurement condition, and its intensity was in proportion to the oxygen vacancy concentration. This correlation offers a simple

and useful probe for oxygen vacancies in oxide-based devices.
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1. Introduction

Due to the excellent dielectric, pyroelectric, piezoelectric, and
ferroelectric properties,'>) Pb-based ferroelectric materials such
as PbTiO; and Pb(Zr, Ti)O; with perovskite-type structures are
very successful in electric device applications, including infra-
red radiation sensors, microactuators, and nonvolatile memories.
However, Pb or oxygen vacancies frequently occur during crystal
growth or device fabrication because Pb and their oxides have
high vapor pressures. These vacancies affect the ferroelectric
properties such as degradation of the insulation property or
pinning of polarization switching.® Pb or oxygen vacancies
have been evaluated in bulk materials using X-ray diffraction
or neutron radiation, and thermogravimetry.?"'? Additionally,
the relationship between vacancy concentration and properties
has been discussed.”

As electronic devices become highly integrated and miniatur-
ized, the importance of thin film applications using ferroelectric
materials has increased. Unfortunately, methods used to evaluate
vacancies in the bulk are not applicable to films because films
have a much smaller absolute amount of vacancies compared
to the bulk. Although X-ray fluorescence (XRF) can evaluate
Pb vacancies in PbTiO; with a relatively high sensitivity and
reliability even in films, detecting oxygen vacancies in oxides is
quite difficult.

Only a few reports have evaluated oxygen vacancies in
perovskite-type oxide films. The oxygen vacancies of a StRuO;
thin film and other materials have been reported using a non-
Rutherford elastic resonance scattering (NRERS) method.!?
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However, NRERS has some disadvantages; the equipment is
expensive, the spatial resolution is limited to ~mm scale, and
samples are occasionally damaged during measurements.

Raman spectroscopy is a versatile, highly sensitive technique
used to evaluate the crystal structure. Additional advantages
include a relatively high spatial resolution and a nondestructive
measurement without direct specimen contact. Moreover, the
phase transition and identification of the substitution site in ferro-
electric materials have been reported using Raman spectroscopy
analysis.!3»'Y Although Raman spectroscopy is a powerful tool
for crystal structure evaluations, reports on the film defects such
as oxygen vacancies are limited.

We have employed polarized Raman spectroscopy to evaluate
oxygen vacancies in epitaxial PbTiO; thin films.!>~'” Herein
a resonant Raman spectroscopy technique is applied as a highly
sensitive and accurate method to evaluate oxygen vacancies. An
additional mode related to oxygen vacancies is dominant in the
resonant Raman measurement condition. The intensity of this
additional mode increases as the oxygen vacancy concentration
increases. The relationship between Raman intensity of the addi-
tional phonon mode and oxygen vacancies is used to estimate the
oxygen content in PbTiOj3 thin films.

2. Experimental procedure

Metal organic chemical vapor deposition (MOCVD) was
used to grow 300—400 nm thick PbTiOj; thin films on (100) MgO
substrates. The details of the growth conditions are described
elsewhere.'® High-resolution X-ray diffraction (XRD) measure-
ments (PANalytical, X’Pert MRD) confirmed epitaxial growth of
PbTiO; thin films with a (001)/(100) orientation. Various oxygen
vacancy concentrations were generated by heat treatment of
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PbTiO; thin films between 600-800°C for two hours under a
hydrogen atmosphere. X-ray fluorescence (XRF) spectroscopy
(Philips, PW2404) determined the Pb/Ti ratio in the films. The
NRERS method using Rutherford backscattering (RBS) equip-
ment (Nissin high oxygen vacancyltage Co., NH-1700) was used
to estimate the absolute content of oxygen vacancies in PbTiO;
thin films (actual oxygen ion content in PbTiO; thin films).

Raman spectra were measured using micro-Raman system. An
Ar + Kr mixed gas ion laser was used as an excitation source
capable of changing its emission wavelength from 488.0 to
647.1 nm. The laser probe beam was focused on surface spot
measuring 1 m in diameter through a 100x objective lens with
NA = 0.75. Backward scattered light was collected and dispersed
by a subtractive triple spectrometer (Jobin Yvon T64000) with a
fixed measurement time of 60 s.

3. Results and discussion

PbTiO; belongs to the Cy, space group, which yields 34, +
B) + 4E phonon modes.'??? Polarized Raman analysis was
performed to identify the phonon modes in the Raman spectra.
In addition to displaying all expected phonon modes, the Raman
spectra of PbTiOs films demonstrate a typical tetragonal phase
without a secondary phase, indicating high quality samples are
produced.

Figure 1 shows the yy-polarized Raman spectra for PbTiO3
thin films heat-treated at 700°C under a hydrogen atmosphere
with incident light of various wavelengths from 488.0 to 647.1
nm. The intensity of Raman spectra was normalized by that
from Si single crystal. The Pb content of this film remains nearly
constant, but the oxygen content decreases by 9%, as discussed
later. The Raman spectra of the PbTiO; thin film exhibits the
typical yy-polarized property based on the Raman selection rule;
A(TO) symmetry and B;-phonon modes are observed. As shown
in the inset, an additional mode related to the oxygen vacancies
(~289 cm™!) occurs at the lower frequency side of the B;-phonon
mode around 293 cm™!. The peak of additional phonon mode
and B;-phonon mode were illustrated in the inset of Fig. 1 as
Lorenz Function shape. First principles calculations of a PbTiO;
model with oxygen vacancies support the assignment of the
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Fig. 1. yy-polarized Raman spectra of PbTiOj; thin films heat treated at

700°C. Wavelength of the excitation laser changed from 488.0 to 568.2
nm. Inset shows an enlarged view of the spectra around 300 cm™'.

additional mode. The additional phonon mode was disappeared
with re-oxidized treatment. These results are going to be reported
in another paper.?) The Raman peak of the additional mode
is predominant when the excitation is 520.8 or 568.2nm, but
decreases with laser excitation at 647.1 nm.

Figure 2(a) shows the photoluminescence (PL) spectra of
PbTiOj5 thin films before and after heat treatment at 700°C. Heat
treatment shifts the PL peak position from 560 to 570 nm. Because
heat treatment generates oxygen vacancies, the emission related
to the oxygen vacancies becomes dominant. The emission energy
that transits from the oxygen vacancy-related deep donor to the
conduction band agrees well with a previous report.”?

Figure 2(b) shows the dependence of the Raman scattering
intensity on the incident laser wavelength. The peak intensity of
the additional mode increases with the excitation laser wave-
length until about 570 nm and then decreases; the additional mode
intensities excited at 520.8 and 568.2 nm are about 5 and 18 times
larger than that at 488.0 nm, respectively. The dependence of the
additional mode intensity in the Raman spectrum on excitation
wavelength agrees well with the PL intensity of a PbTiO; thin film
heat-treated at 700°C. Due to this coincidence, the incident laser
wavelength (energy) dependence by Raman scattering in reso-
nance with transitions is involved in the recombination process of
the oxygen vacancy band. It should be noted that the resonance
effect successfully evaluates the oxygen vacancy.

Figure 3 shows the yy-polarized Raman spectra for PbTiO;
thin films before and after heat treatment from 600 to 800°C.
Based on the results shown in Fig. 2(b), the wavelength of the
excitation laser was fixed at 568.2nm, which is the resonant
condition for oxygen vacancies. The additional phonon mode
was predominant in this condition. The intensity of the addi-
tional phonon mode increases as the heat treatment temperature
increases, indicating the intensity of the additional phonon mode
increases with the oxygen vacancy content.
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Fig. 2. (a) PL spectrum of PbTiO; thin films before and after heat
retreatment at 700°C and (b) Raman intensity of the additional mode peak
as a function of excitation laser wavelength.
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Fig. 3. yy-polarized Raman spectra of PbTiO; thin films heat-treated at
various temperatures. Wavelength of excitation laser is fixed at 568.2 nm.
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Fig. 4. (a) Raman peak intensity of the additional mode as a function

of heat treatment temperature. (b) x in PbTiOs_, determined by NRERS as
a function of heat treatment temperature.

Figure 4(a) plots the intensity of the additional phonon
mode based on before heat-treated PbTiO; thin film versus
heat treatment temperature using the data shown in Fig. 3. The
intensity of the additional phonon mode slightly increases as heat
treatment temperature increases until 700°C, but dramatically
increases above 750°C. Figure 4(b), which plots the dependency
of the heat treatment temperature on the x value in PbTiO;_,
determined by NRERS, shows that the x value in PbTiO;_, thin
films increases as the heat treatment temperature increases.

Figure 5 plots the intensity of the additional phonon mode as a
function of the x value in PbTiO3. The intensity of the additional
phonon mode monotonically increases as the x value increases.
A good correlation is observed between the intensity of the
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Fig. 5. Relationship between Raman peak intensity of the additional
mode and x in PbTiO3.,.

additional phonon mode and the oxygen ion content in PbTiO3
thin film. Thus, resonant Raman spectroscopy can evaluate the
oxygen vacancies in PbTiOj; thin films with a high sensitivity and
accuracy even if the oxygen vacancy concentration is low, e.g.,
for films heat-treated below 700°C, which are hardly detected by
NRERS. The result shown in Fig. 4 is a very useful guideline to
determine the concentration of oxygen vacancies x in PbTiO;_,
using Raman resonant spectroscopy.

4. Summary

In summary, oxygen vacancies in PbTiO; thin films can be
evaluated by resonant Raman spectroscopy. The intensity of the
additional mode, which is related to oxygen vacancies, increases
as the oxygen vacancy content increases, even if the content is
quite small. This relationship is a useful guideline to determine
the amount of vacancies (x in PbTiOs_, thin films). These results
indicate that resonant Raman spectroscopy is a versatile, highly
sensitive, and accurate tool to evaluate crystal structure.
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