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Metal–oxide bilayer Raman scattering in SrTiO 3 thin films
Vladimir I. Merkulov,a) Jon R. Fox, Hong-Cheng Li,b) Weidong Si, A. A. Sirenko,
and X. X. Xic)

Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

~Received 16 December 1997; accepted for publication 21 April 1998!

We have used a metal–oxide bilayer Raman scattering technique to study lattice dynamics in
SrTiO3 thin films. The SrTiO3 thin films were epitaxially grown on a conducting metal–oxide layer
which reflects the exciting laser beam so that it does not enter the LaAlO3 substrate. Raman
scattering from the SrTiO3 thin films was clearly observed, including the first-order Raman peaks
forbidden by the cubic symmetry in single crystals. We suggest that strain exists in the films, which
changes the crystal symmetry and will affect the dielectric properties of the SrTiO3 thin films.
© 1998 American Institute of Physics.@S0003-6951~98!02725-9#
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Recently there has been tremendous interest in utiliz
ferroelectric thin films, such as thin films of Ba12xSrxTiO3

~BSTO!, in frequency or phase agile electronics, for exam
in tunable microwave filters and phase shifters.1,2 It is well
established that, for single crystal SrTiO3 ~STO!, the tunabil-
ity is related to the hardening of the soft modes3 and
multiple-phonon absorption involving the soft modes co
tributes primarily to the dielectric losses.4 In ferroelectric
thin films the loss is generally higher than in single crysta
In order to optimize the properties of STO thin films, stud
of the lattice dynamics involving the soft modes are requir
However, although the results for bulk STO and BaTiO3 are
well documented~see references quoted in Ref. 2!, little has
been reported on soft modes in thin films. We are only aw
of one infrared measurement of STO films in the spec
range of 425–800 cm21, which is far above the soft-mod
frequency.5

It is difficult to measure Raman scattering in transpar
thin films because light goes through the film into the su
strate, which has much larger scattering volume and th
fore its signal dominates in the Raman spectrum. Vari
enhancement techniques have been used to study Ra
scattering in ultrathin films and clusters.6 In previous Raman
studies of ferroelectric thin films, the thin films were grow
either on reflective substrates, such as Pt/Si, or on subst
with low Raman activity at the frequency of interest, such
Al2O3, KTaO3, and fused quartz.7,8 But for many applica-
tions these are not the substrates of choice and the crysta
quality of the ferroelectric thin films is often compromised

The optical phonons in bulk STO are Raman inact
due to crystal symmetry. The Raman spectrum of a S
single crystal is due to second-order Raman scattering
which two phonons are involved in the scattering proce9

Departure from the cubic symmetry due to possible strain
the thin films can make phonons observable in Raman m
surements. Their intensity is expected to be weak and spe
approaches are required to enhance the Raman signal. In
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letter, we present a metal–oxide bilayer Raman scatte
technique. In our structures, conducting metal oxid
YBa2Cu3O7~YBCO! or SrRuO3~SRO!—which are lattice
matched to STO crystals—were used as a reflective laye
schematic of the experimental configuration is shown in F
1. There are two advantages of this technique. First, the c
ducting layer reflects a substantial part of the laser be
back into the STO film and the rest attenuates quickly wit
the conducting layer. Therefore Raman scattering from
substrate can be avoided and the signal from the STO
can be confidently detected. Second, in contrast to grow
on substrates such as Pt/Si or Al2O3, the metal–oxide bilayer
technique ensureshigh qualityepitaxial growth of the ferro-
electric thin films, which is important for probing intrinsi
thin film properties by Raman scattering. This technique
versatile because many conducting metal–oxides can be
as a reflective layer. Furthermore, such bilayer structures
similar to those used in tunable microwave devices; there
the experimental results are more relevant to practical ap
cations. In our studies phonon spectra from high qua
crystalline ferroelectric thin films were clearly measured.

The YBCO, SRO, and STO layers were grown by puls
laser deposition. LaAlO3 ~LAO! substrates were use
throughout this work. The deposition pressure was 1
mTorr O2, the laser energy density was about 1.5–3.0 J/c2,
and the substrate temperature was in the range between
800 °C. The as-deposited films were cooled in 200 Torr2

ak
FIG. 1. A schematic of metal–oxide bilayer Raman scattering. The cond
ing layer (YBa2Cu3O7 or SrRuO3) reflects the laser beam so that it cann
reach the LaAlO3 substrate, allowing the study of Raman scattering from
SrTiO3 thin film.
1 © 1998 American Institute of Physics
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to room temperature. By means of x-ray diffraction we fou
that both the STO and the conducting layers were gro
epitaxially and no other phases have been detected.
Raman spectra were measured at room temperature w
Spex Triplemate spectrometer and an ITT Mepsicron mu
channel detector. A 514.5 nm Ar1 ion laser line was used fo
excitation. The laser power density was limited to less tha
W/cm2 to avoid overheating the sample. A pseudo ba
scattering geometry was used with an incident angle of ab
40°.

In Fig. 2~a! the Raman spectrum of a 350 nm STO th
film deposited on a LAO substrate is shown along with
spectrum of a bare LAO substrate. These two spectra ap
identical: they are characterized by the peaks at 125, 1
216, and 503 cm21. The Raman features related to the ST
thin film cannot be clearly distinguished from the corr
sponding spectrum because the signal from the subs
overwhelms that from the STO film. The intensity of th
substrate spectrum increases with the Raman shift, indica

FIG. 2. ~a! Raman spectra of a 300 nm SrTiO3 film on a LaAlO3 substrate
and a bare substrate. The Raman signal from the substrate overwhelm
Raman spectrum from the SrTiO3 thin film. ~b! Raman spectra of a 300 nm
YBa2Cu3O7 film on a LaAlO3 substrate, a 300 nm SrRuO3 film on a LaAlO3

substrate, a 350 nm SrTiO3 film on YBa2Cu3O7 /LaAlO3 substrate and a 350
nm SrTiO3 film on a SrRuO3 /LaAlO3 substrate.
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the further complication that the substrate may be lumin
cent due to defects within it. From such measurements
difficult to uniquely obtain a differential spectrum as pr
posed in Ref. 8.

To block the signal from the substrate, 300 nm condu
ing YBCO or SRO layers were deposited between the S
film and the LAO substrate. Figure 2~b! shows the Raman
spectra of a 300 nm YBCO and a 300 nm SRO film gro
on LAO substrates. In these spectra the Raman intensit
much weaker than that from the substrate, and the Ra
lines typical for LAO cannot be seen. This shows that t
300 nm conducting films are thick enough to effective
eliminate Raman signal from the substrate. The YBCO fi
shows Raman peaks at 110, 336, 510, and around 600 c21,
in agreement with the reported YBCO results.10 The spec-
trum of the SRO film has strong peaks at 110, 206, 373,
around 750 cm21, consistent with the previous report on th
material.11

Raman spectra of 350 nm STO films grown on reflect
layers are also plotted in Fig. 2~b!. We compare the spectr
of these samples to identify features related to the STO fi
much as the difference spectrum technique of Ref. 8. T
difference between the two techniques is that the Raman
nal from the substrate is absent from our spectra. We fo
that the Raman peaks at 336, 510 and 600 cm21 in the spec-
trum of STO/YBCO/LAO are due to the YBCO layer, a
these peaks were not present in the spectrum of STO/S
LAO. On the other hand, the peaks at 212, 377, and
cm21 in the spectrum of STO/SRO/LAO are due to the SR
layer, which was not present in the spectrum of STO/YBC
LAO. The peak at around 110 cm21 could be due to either
YBCO or SRO, or STO, and we were not able to unambig
ously identify its origin. Excluding these peaks from th
spectra, the remaining features are then attributed to the S
thin films. Clearly, the reflective layer has enabled us to
serve these peaks which were not distinguishable in S
films deposited directly on the LAO substrate.

Figure 3 shows Raman spectra for STO films of differe
thickness plotted together with that of a single crystal. T
peak at 251 cm21 in the spectrum of bulk STO has bee
attributed to two-phonon scattering involving the soft-mo
phonon and a transverse acoustic phonon.9 The 228 cm21

feature in the spectra of STO film seems to be also relate
this second-order Raman process. Moreover, in the STO
films we found peaks that could be identified with the fir
order Raman process. In the 1000 nm thick STO film, th
peaks appear at 168 and 535 cm21. Their intensities depend
on the film thickness. Thus, in the 350 nm STO film, no pe
at 535 cm21 was observed. In the even thinner 100 nm ST
film, the peak at 168 cm21 disappeared. According to th
hyper-Raman scattering result for single crystals, STO
optical phonons at 88~TO1!, 175 ~LO1, TO2!, 474 ~LO3!,
545 ~TO4!, and 795~LO4! cm21,12,13 where TO stands for
transverse optical and LO for longitudinal optical branch
and the numbering of the modes is in order of increas
frequencies. Thus, in our spectra the peaks at 168 and
cm21 can be attributed to the scattering by the 175 cm21

LO1 and TO2 and 545 cm21 TO4 bulk phonons, respec
tively, both of which are symmetry forbidden in the singl
crystal spectrum. The broad feature at 560–800 cm21 in the

the
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single crystal is not observed in the thin films. Due to stro
stray light, we were not able to observe features below
cm21 in thin film samples. Effort is being made to improv
smoothness of the sample surface and extend the mea
ment range to lower frequencies.

The observation of first-order Raman scattering peak
the thin films is likely due to strain that changes the crys
symmetry, thus making the Raman-inactive phonons visi
The strain is present even in the thickest film measured,
dicating that it is likely local strain caused by the noneq
librium thin film deposition process. This is supported by t
dielectric measurement, in which strain-induced ferroel
tricity was observed even in a 2500 nm thick STO film14

When the film thickness decreases, the crystallinity of
film improves as evidenced by a general trend in the x-
rocking curves that the full width at half maximum~FWHM!
decreases when the film thickness decreases. For exam
2500 nm thick film STO film showed a FWHM of 0.46
while it was 0.40° for a 400 nm thick film. Further, in thic
STO films weak diffraction from grains of other orientatio
was often observed, which was absent in the thinner fil
Consequently, the 350 nm film shows better-defined pe
than in the 1000 nm film. However, lower film thickness al
reduces the signal intensity, causing some peaks to be
weak for detection. Frequencies of the first-order Ram
peaks of the STO films decrease with respect to their b
values by several cm21. Note that this shift is of the order o
the line width at the half maximum. We suggest that the t
film phonons can be affected by lattice distortion arou
unavoidable symmetry-breaking defects, such as oxygen

FIG. 3. Raman spectra of a bulk SrTiO3 single crystal and bilayer structure
with SrTiO3 films of different thickness~1000, 350, and 100 nm! on a
YBa2Cu3O7 /LaAlO3 substrate. Peaks unique to STO films are marked w
a single asterisk. Double asterisks identify peaks attributed to two-pho
scattering.
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cancies, which is the subject of further studies.
In summary, a metal–oxide bilayer Raman scatter

technique has been used to study transparent high qu
epitaxially grown STO thin films. This technique allows th
study of the lattice dynamics in ferroelectric films, such
the effects of thickness, defects, strain, etc. on tempera
and electric field dependence of the soft-mode frequen
Utilizing this technique, we found that strain exists in o
samples. In order to reduce strain, we have recently gro
STO films on better lattice-matched SRO layers a
achieved a significant improvement in the loss properties
STO films. A near single-crystal-level low dielectric loss w
observed in a 2500 nm thick film STO film.14 Further en-
hancement of the Raman signal from transparent films co
be made by constructive interference in trilayer resona
structures, or by using a waveguide structure.6 These ap-
proaches are currently being investigated.
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