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Metal—oxide bilayer Raman scattering in SrTiO 5 thin films
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We have used a metal-oxide bilayer Raman scattering technique to study lattice dynamics in
SrTiO; thin films. The SrTiQ thin films were epitaxially grown on a conducting metal—oxide layer
which reflects the exciting laser beam so that it does not enter the lkaguBstrate. Raman
scattering from the SrTiQthin 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 $ithi® films.
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Recently there has been tremendous interest in utilizindetter, we present a metal-oxide bilayer Raman scattering
ferroelectric thin films, such as thin films of BaSr,TiO;  technique. In our structures, conducting metal oxides
(BSTO), in frequency or phase agile electronics, for exampleYBa,Cu;O,(YBCO) or SrRuQ(SRO—which are lattice
in tunable microwave filters and phase shiftefdt is well matched to STO crystals—were used as a reflective layer. A
established that, for single crystal SrEi(BTO), the tunabil-  schematic of the experimental configuration is shown in Fig.
ity is related to the hardening of the soft motlesnd 1. There are two advantages of this technique. First, the con-
multiple-phonon absorption involving the soft modes con-ducting layer reflects a substantial part of the laser beam
tributes primarily to the dielectric lossésin ferroelectric  back into the STO film and the rest attenuates quickly within
thin films the loss is generally higher than in single crystalsthe conducting layer. Therefore Raman scattering from the
In order to optimize the properties of STO thin films, studiessubstrate can be avoided and the signal from the STO film
of the lattice dynamics involving the soft modes are requiredcan be confidently detected. Second, in contrast to growing
However, although the results for bulk STO and Baabe  on substrates such as Pt/Si op®@4, the metal—oxide bilayer
well documentedsee references quoted in Ref, Ritle has  technique ensurdsigh quality epitaxial growth of the ferro-
been reported on soft modes in thin films. We are only awarélectric thin films, which is important for probing intrinsic
of one infrared measurement of STO films in the spectrathin film properties by Raman scattering. This technique is

range of 425-800 cmt, which is far above the soft-mode Vversatile because many conducting metal—oxides can be used
frequency’ as a reflective layer. Furthermore, such bilayer structures are

It is difficult to measure Raman scattering in transparensimilar to those used in tunable microwave devices; therefore
thin films because light goes through the film into the subthe experimental results are more relevant to practical appli-
strate, which has much larger scattering volume and therecations. In our studies phonon spectra from high quality
fore its Signa| dominates in the Raman spectrum. Variou§ry3ta”ine ferroelectric thin films were Clearly measured.
enhancement techniques have been used to study Raman The YBCO, SRO, and STO layers were grown by pulsed
scattering in ultrathin films and clustétsn previous Raman laser deposition. LaAl® (LAO) substrates were used
studies of ferroelectric thin films, the thin films were grown throughout this work. The deposition pressure was 100
either on reflective substrates, such as Pt/Si, or on substratB¥Torr O,, the laser energy density was about 1.5-3.0 3/cm
with low Raman activity at the frequency of interest, such agand the substrate temperature was in the range between 720—
Al,O;, KTaO;, and fused quartz® But for many applica- 800 °C. The as-deposited films were cooled in 200 Tosr O
tions these are not the substrates of choice and the crystalline
quality of the ferroelectric thin films is often compromised. scattering

The optical phonons in bulk STO are Raman inactive
due to crystal symmetry. The Raman spectrum of a STO
single crystal is due to second-order Raman scattering, in
which two phonons are involved in the scattering process.
Departure from the cubic symmetry due to possible strain in
the thin films can make phonons observable in Raman mea-
surements. Their intensity is expected to be weak and special
approaches are required to enhance the Raman signal. In this
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the further complication that the substrate may be lumines-
cent due to defects within it. From such measurements it is
difficult to uniquely obtain a differential spectrum as pro-
posed in Ref. 8.

300 nm STO To block the signal from the substrate, 300 nm conduct-
on LAO substrate ing YBCO or SRO layers were deposited between the STO
film and the LAO substrate. Figurg(l® shows the Raman

spectra of a 300 nm YBCO and a 300 nm SRO film grown
xi/\/‘_//\\/\/\ on LAO substrates. In these spectra the Raman intensity is
much weaker than that from the substrate, and the Raman

LAO substrate lines typical for LAO cannot be seen. This shows that the
300 nm conducting films are thick enough to effectively
— - eliminate Raman signal from the substrate. The YBCO film
0 200 400 600 800 shows Raman peaks at 110, 336, 510, and around 608,cm
(@) Raman shift (cm™) in agreement with the reported YBCO resuftsThe spec-
trum of the SRO film has strong peaks at 110, 206, 373, and
around 750 cm?, consistent with the previous report on this
material*t
YBCO/LAO Raman spectra of 350 nm STO films grown on reflective
layers are also plotted in Fig(l9. We compare the spectra
of these samples to identify features related to the STO films
much as the difference spectrum technique of Ref. 8. The
difference between the two techniques is that the Raman sig-
nal from the substrate is absent from our spectra. We found
STO/YBCO/LAO that the Raman peaks at 336, 510 and 600 tim the spec-
trum of STO/YBCO/LAO are due to the YBCO layer, as
these peaks were not present in the spectrum of STO/SRO/
LAO. On the other hand, the peaks at 212, 377, and 757
STO/SRO/LAO cmtin the spectrum of STO/SRO/LAO are due to the SRO
layer, which was not present in the spectrum of STO/YBCO/
o LAO. The peak at around 110 crhcould be due to either
0 200 400 600 800 YBCO or SRO, or STO, and we were not able to unambigu-
ously identify its origin. Excluding these peaks from the
spectra, the remaining features are then attributed to the STO
FIG. 2. (8 Raman spectra of a 300 nm SrEi@im on a LaAIO; substrate  thin films. Clearly, the reflective layer has enabled us to ob-
and a bare substrate. The Raman signal from the substrate overwhelms tserve these peaks which were not distinguishable in STO
sgmfén SCI;)e]fltfum ffora;f:e SrTé@:intf”m- ngéRamsnRsf:;tha of i aiolo nm  films deposited directly on the LAO substrate.
subestratl?e,7al3n;002$ SrTj;((I;')Isrr?li)ns\:aB;’Cau3O7/Ir_]:ral‘nAIC;3 gubglr(;r:eaand a%SO . Figure 3 shows Raman SPeCtra for STO. films of different
nm SrTiO, film on a SrRUQ/LAAIO, substrate. thickness plotted together with that of a single crystal. The
peak at 251 cm' in the spectrum of bulk STO has been
attributed to two-phonon scattering involving the soft-mode
to room temperature. By means of x-ray diffraction we foundphonon and a transverse acoustic phohdine 228 cmt
that both the STO and the conducting layers were growReature in the spectra of STO film seems to be also related to
epitaxially and no other phases have been detected. Thfiis second-order Raman process. Moreover, in the STO thin
Raman spectra were measured at room temperature withfims we found peaks that could be identified with the first-
Spex Triplemate spectrometer and an ITT Mepsicron multiorder Raman process. In the 1000 nm thick STO film, these
channel detector. A 514.5 nm Aion laser line was used for peaks appear at 168 and 535 ¢mTheir intensities depend
excitation. The laser power density was limited to less than bn the film thickness. Thus, in the 350 nm STO film, no peak
Wi/cn? to avoid overheating the sample. A pseudo backat 535 cni! was observed. In the even thinner 100 nm STO
scattering geometry was used with an incident angle of aboutim, the peak at 168 cm disappeared. According to the
40°. hyper-Raman scattering result for single crystals, STO has
In Fig. 2(a) the Raman spectrum of a 350 nm STO thin optical phonons at 88T01), 175 (LO1, TO2, 474 (LO3),
film deposited on a LAO substrate is shown along with the545 (TO4), and 795(LO4) cm™1,*?*2 where TO stands for
spectrum of a bare LAO substrate. These two spectra appefiansverse optical and LO for longitudinal optical branches
identical: they are characterized by the peaks at 125, 154nd the numbering of the modes is in order of increasing
216, and 503 cm'. The Raman features related to the STOfrequencies. Thus, in our spectra the peaks at 168 and 535
thin film cannot be clearly distinguished from the corre-cm™! can be attributed to the scattering by the 175 ¢&m
sponding spectrum because the signal from the substrateD1 and TO2 and 545 cit TO4 bulk phonons, respec-
overwhelms that from the STO film. The intensity of the tively, both of which are symmetry forbidden in the single-
substrate spectrum increases with the Raman shift, indicatingrystal spectrum. The broad feature at 560—800 tim the
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cancies, which is the subject of further studies.

In summary, a metal-oxide bilayer Raman scattering
technique has been used to study transparent high quality
epitaxially grown STO thin films. This technique allows the
study of the lattice dynamics in ferroelectric films, such as
the effects of thickness, defects, strain, etc. on temperature
and electric field dependence of the soft-mode frequency.
Utilizing this technique, we found that strain exists in our
samples. In order to reduce strain, we have recently grown
STO films on better lattice-matched SRO layers and
achieved a significant improvement in the loss properties in
STO films. A near single-crystal-level low dielectric loss was
observed in a 2500 nm thick film STO filM.Further en-
hancement of the Raman signal from transparent films could
be made by constructive interference in trilayer resonator
structures, or by using a waveguide strucfurEhese ap-
proaches are currently being investigated.
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