Pulsed laser deposition of BaTiO 5 thin films and their optical properties
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Highly orienteda-axis BaTiG; thin films were grown by pulsed laser deposition @®1) MgO
substrates. The full width at half-maximum of t(200) BaTiO; rocking curve was as narrow as

0.6°. A large hysteretic quadratic electro-optic effect was observed in a transverse geometry at 6328
A. A birefringence shift up to X102 was measured at an applied dc electric field of 1 kV/mm.

It was found that laser repetition rate plays an important role on the surface morphology of the
deposited films. ©1995 American Institute of Physics.

Due to its ferroelectricity, high dielectric constant, and strates. The improvement in the surface morphology via
large electro-optic coefficients, BaTi@an be used in many lower laser repetition rates is also discussed.
applications. These include pyroelectric detectors, thin film  Our PLD system has been described elsewhere in
capacitors, nonvolatile memory, displays, surface-acoustidetail’® Briefly, an ArF excimer laser at a wavelength 193
wave devices, and electro-optic devi¢eRecently, strong nm was focused onto a sintered BaJitarget with a fluence
second harmonic generation from poled BaJihin fims  of 1.5 J/cnd at various repetition rates. The distance between
has also been reportédit has also been shown that the target and the substrates was fixed at 6 cm. In our study,
BaTiO; works as an excellent buffer layer for single crystal(001) MgO was used as the substrate. The
YBa,Cu,0;_ 5 high-T, superconductor on various substrates,axis andc axis of BaTiQ; have lattice mismatches of 5.2%,
in particular Si and AIO5.2~8 Well-aligned and epitaxial thin and 4.2% with the MgO substrate, respectively. While actual
films are advantageous, if not essential, for many applicadepositions were performed in an ambient pressure of 140
tions. In particular, epitaxial thin films with smooth surfacesmTorr of oxygen, the deposition chamber was pumped to
are necessary for optical waveguide electro-optic devices<10™° Torr prior to the deposition. The substrate tempera-
due to the requirement of low propagation loss. There havéré was maintained at 720 °C. After the deposition, the
been a number of reports on BaTi@hin film growth with chamber was filled with oxygen to 1 atm, while the_s_ample
various deposition techniques, such as rf sputtefirpctive  Was cooled down to room temperature. The deposition rate

evaporatio, metalorganic chemical vapor deposition Was found to be~0.08 Alpulse.

(MOCVD),2 molecular beam epitax§MBE),® and pulsed la- The crystalline structure of thie situ BaTiO; thin films
ser depositioPLD).1°-*While early studies were devoted was examined using x-ray diffractigiRD) analysis. Figure

to the structural and electrical properties of BaJi@in tlh.Sh]SIWS the rggliltl\ﬁf é-raﬂb-ZtH stcanA ofta typtl)cal BaTi® |
films, there have been recent reports in exploiting electro- in film on a( )_ gb substrate. AS 1t can be seen, only
. 3 . o (100) peaks of BaTiQ were revealed. It should be mentioned
optic effect$® and waveguide applicatior8. . '
. . . that while the(I00) and (00)) peaks of BaTiQ are located
Since MgO has a lower index of refraction than : .
BaTiO, along with a small optical loss, a BaTidMgO close to each other, the XRD peaks could be determined with
! a sufficient resolution to distinguish the crystal orientation of

zggﬁitg;e I\I/Slggvr?azzb;?efl?(;uusslj kl)réev;lla(\jlsgggtz dagghgg,:;]ogisé:]n eposited BaTi@ thin films. Thed spacing for the peak at
: 5.26° was calculated to be 2.002 A, which is closer to the
GaAs®!® The use of MgO as a buffer layer reduces prob-

lems related to interdiffusion and oxidation which are preva-
lent for these semiconductor substrateherefore, MgO
seems to be a suitable material for use in integrated optics in
that it would be an integral part of a waveguide device as
well as allow for the growth of high quality BaTiOthin
films on semiconductor substrates. Conducting oxides in-
cluding RuQ and La—Sr—Co-0 are also proven to be suit-
able buffer layer materials between ferroelectrics and semi-
conductors and can be used in applications such as thin film
capacitors and nonvolatile ferroelectric memofie¥ 3

In this letter, we would like to report on the observation 3 I N S
of a large quadratic electro-optic effect from high quality 20 30 40 50 60
pulsed laser deposited BaTj¢hin films on(001) MgO sub- 20 (Degrees)
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dAlso at Hong Kong University of Science and Technology, Clearwater Bay,FIG. 1. X-ray diffractiond-26 scan of a BaTi@ thin film grown on a(001)
Hong Kong. MgO substrate. Onlyl00) peaks of BaTiQ are revealed.
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FIG. 3. Birefringent shift as a function of applied dc electric fields for a
BaTiO; thin film on (001) MgO substrate at 6328 A.

FIG. 2. Off-axis ¢ scan of a BaTiQ (301) peak to examine the in-plane

texturing of a BaTiQ thin film on (001) MgO substrate.

plied along the[110] direction of MgO. The light entering

(200) spacing of bulk BaTi@. Thed spacings fo002) and t.he sample_ thr_ough the gap between the elect.rodes haq a
(200 of bulk BaTiO; found from the XRD databa&®are I[near pqlanzanon of 45° with respect to tht_a applied electric
2.019 and 1.997 A, respectively. The full width at half- fi€lds. Figure 3 shows the change of birefringedté n) of
maximum(FWHM) of the x-ray rocking curve for th€200) our sample under the mfluence of dc electric f.|elds upto1l
peak was measured to be as narrow as 0.6°. This indicaté‘é”mm- A large hysteretic quadratic electrq—optlc effgct was
that our BaTiQ thin films are highly oriented witra axis ~ OPservedA(sn) was calculated from the ratio of the signial
perpendicular to the surface of the film. The smaller latticel® the intensity of the incoming light, as A(én)
mismatch between the axis of BaTiQ and the MgO sub- _=)\/(27-rt). I/14, where\ is the wavelength of the light artd .
strate may be the reason for tlaeaxis orientation of the IS the thickness of the sample. The observed quadratic
BaTiO; thin film. Previously,c-axis BaTiQ thin films were ~ €lectro-optic effect is comparable to that of,BO,, on
obtained on(001) MgO substrate by PLE*Y |t is not (110 MgQ. It is interesting to not!ce that the shape of the
known at this point what caused the difference in resultinglySteresis resembles the hysteresi©éf-P* for ferroelec-
films’ orientations. To investigate the in-plane texturing, thelfic materials. In fact, PZT thin films have been shown to
Schulz reflection methdd with a three-axis diffractometer nave A(ne—ng)<P2.%° The electric field at the minimum
was used. For our sample, an off-axis scan of the BaTiobirefringence of 5¢10° V/m is much smaller than the coer-
(301) plane was performed to determine the in-plane align<ive field of 4—7x10° V/m obtained fromD~E curves:*?*
ment. As a reference, an off-axis scan of the M¢22) No significant electro-optic effect was observed with any
plane was completed prior to the scan for the thin film. Theother geometry, i.e., other electric field direction or polariza-
off-axis scan of the BaTiQ(301) peak is shown in Fig. 2. tion direction. Given the possibility that the axis of
Although only two peaks are expected for an epitagialkis ~ BaTiO; may be randomly oriented along af00 direction
oriented tetragonal structure, peaks were observed at mupf the MgO substrate, only a 45° rotation is needed for ap-
tiples of 90° and coincided with th€100) directions of the Proximately half of the domains to be aligned along the ap-
MgO substrate. It turns out that tfi@810) peak is very close plied electric field when the electric field is applied in the
to the (301) peak and it is difficult to distinguish between [110] direction of the MgO substrate. This may explain why
them. Therefore, x-ray diffraction data can only show thatthe electro-optic effect was observed only in a certain geom-
the ¢ axis of the BaTiQ thin films must be aligned along etry. The observed negative valuesAfjn) also suggest a
either the[100] or the [010] direction of MgO substrates. C-axis alignment along the applied electric fields, since

While BaTiO; is a negative uniaxial material withy—n,
=0.051 at6328 A?? the measured birefringence 6f0.014

for the BaTiQ thin films on a MgO substrate is small and

indicates a random orientation of theaxis. In other studies,

generation from the as-deposited BaJi@ (001) MgO sub-

BaTiO; is a negative uniaxial material with an optic axis

parallel to thec axis.

In waveguide applications, it is very important to have a
smooth surface since large losses may result from surface

the lack of ferroelectric hysteresis and low second-harmoniscattering. The surface morphologies of BaditDin films
were examined using a scanning electron micros¢Saa\).

strate deposited by MOCVD suggested a random orienta- Figures 4a)—(c) show the images of BaTiOthin films de-
tion of thec axis along one of the four possible orientations. posited at laser repetition rates of 20, 10, and 2 Hz, respec-
Electro-optic properties of our samples were measuretively. The laser energy or laser fluence per pulse was main-
with a transverse geometry at the wavelength of 6328 Aained at the same level. The film deposited with repetition
using a He—Ne laser. Silver pads were thermally evaporatethte 20 Hz had a rough surface filled with outgrowth of small
on the thin film with an electrode spacing of 2bfn. The grains as small as 0.2m. The morphology of the film sur-
experimental setup for measuring the optical phase retarddace improved significantly when the repetition rate was re-
tion was adapted from Adachit al?* The thickness of the duced to 10 Hz as seen on Figb# The grain size also
sample used for this experiment was 2000 A deposited witlincreased. Figure(d) shows even better surface morphology
a laser repetition rate of 10 Hz. The electric fields were apwithout any significant features on the surface when the rep-
D. H. Kim and H. S. Kwok
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In conclusion, highly oriented-axis BaTiG thin films
were deposited orf001) MgO substrates by pulsed laser
deposition. We observed a very large quadratic electro-optic
effect at 6328 A with a hysteresis resemblibg-E hyster-
esis. Improvements in surface morphology were observed
with lower laser repetition rates.
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