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Structural and optical characterization of epitaxial waveguiding BaTiO 3 thin
films on MgO
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Epitaxial waveguide structures ofaxis oriented BaTi@thin films on MgQ001) have been grown

by pulsed laser deposition. The structural properties of the samples have been characterized by
Rutherford backscattering spectrometry/ion channdRBS/O), x-ray diffraction, and atomic force
microscopy. We found excellent crystalline quality even up to thicknesses of a few microns. This
has been confirmed by RBS/C minimum vyield values of 2%—-3%, a full width at half maximum of
0.36° of the BaTiQ (002 rocking curve, and a rms roughness of 1.1 nm for a 950 nm Baffli®.

The out-of-plane refractive index was measured to be close to the extraordinary bulk value with the
birefringence being about one third of the bulk value. Waveguide losses of 2.9 dB/cm have been
demonstrated. €1998 American Institute of Physids50021-897@8)01206-7

I. INTRODUCTION A, at 300 K and tetragonal BaTiQ (a=3.992A; ¢

There is strong interest to use crystalline optical materi—:4'036A’ at 300 K is quite large (BaTiO; a axis:

. - m=—5.3%, BaTiQ c axis: m=—4.2%). However, it is
als in the form of thin films. The growth technology for some .

: . . advantageous that the thermal expansion of MgO between
optical crystals, e.g., LiNbQ is very advanced, but a large

variety of materials, such as BaTj@nd KNbQ, are still §:Ti%30?é2ft643n plfg?ttl;]r: ca:)r:ﬂinSOOrchel:Ssflrrgillqarlct)(())otfggt tgf
very difficult to grow in large dimensions. An additional e gp

challenge is the formation of optical waveguides in the latter 20 temperature(see beloy, - the - linear contraction

0, 0 I
materials. Waveguides are essential for integrated optics. Iamounts to 1.4% for MgO and 1.25% for bulk BaTi(Ref.

particular, channel waveguides are needed for compatibilit)?})' Th|s_ puts the !3aT|.§)f|Im un(_jer Some compressive stress
X ) . or the in-plane directions and it favors a condition where the
to optical fibers and for the formation af branches, Mach-

Zehnder interferometers, etc. Thin films are useful for these 213 of the BaTiQ in the tetragonal phase aligns itself

applications. For the fabrication of thin films, pulsed Iaserperpendmular to the surface and the shoatexes lie paral

" . ) lel to the surface.
deposition(PLD) is a very useful and flexible tool. PLD . . .

; - : . The present article describes the growth of single-
permits a stoichiometric transfer of material from the target

to the film and film growth at high temperatures in reactiveCryStaIIIne BaTiq films by _the PLD Process. First, we dis-
. : . cuss the structural properties of the films. Subsequently, the
ambient gases, in particular, oxyge®LD has been very

successful in the field of ceramic high temperature superconc-)ptlcal results are presented. Bagifims of different thick-

o . ness have been analyzed, and a consistent picture of film
ductors, such as epitaxial YBau;0,_, films, even for com- C
. . . . . growth and properties is presented. If compared to recently
mercial applicationé.At present, there is a wide variety of

oxides being explored by thin film techniques. By growing published data of BaTipwaveguides on MgO grown by

thin films of these materials on readily available substratesmEztalorg"’lnIC chemical vapor de.pO.S.ItIC(MO'CVD), the
. : . smoothness of our PLD films is significantly improved.

cost reduction and heterostructures with new functions can

be achieved. We report the growth of thin films of barium

titanate (BaTiQ), a common ferroelectric perovskite. Its Il. EXPERIMENT

large electro-optic effect may be used in a Mach-Zehnder 116 pLD setup uses a KrF excimer la€248 nm, 40 ns,
interferometer configuration. The bulk properties of BafiO 1 Hz, 2—4 Jicr and has been described in defalthe

in single crystal or polycrystalline form are well knowin. cylindrical target consists of single phase BaTifowder
Many groups have attempted to deposit BaJ#3 single \yhich has been pressed and sintered. The 090 sub-
crystalline films. Optical applications demand especiallystrates, with dimensions 310X 1 mn?, are placed on a
high crystalline quality because polycrystalline materials fre<qgistive SiC heater inside the PLD chamber. The MgO sub-
quently show strong scattering. For heteroepitaxial growth, @iates have been purchased from a commercial supplier.
suitable substrate has to be found. Due to its lower refractivqhey are chemomechanically polished and are specified as
index and its optical transparency, MgO is a very good subsgjtayia| grade” with a rms roughness of 1.5 nm or better.
strate for BaTiQ waveguides. The lattice mismatdm |, the pLD chamber, they are heated in vacuum to the depo-
= (dsim ~ dsubstrand/ dsubstrate ETWEEN CUbic MgO@=4.213  gjtion temperature and are given time to equilibrate with the
heater for 5 min. Then the deposition process takes place
dElectronic mail: ¢c.buchal@fz-juelich.de under an oxygen pressure ranging fromk10° 3 to 5
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FIG. 1. RBS/ion channeling spectra of a 115 nm thick Baffin on MgO. FIG. 2. RBS/ion channeling spectra of a i thick BaTiO; film on MgO,
measured with 4.5 MeV He' incident energy.

x10"! mbar and a substrate temperature of up to 1200 °C.

As optimum parameters we found a temperature of approxialigned spectrum shows a strong decrease in backscattering
mately 1000 °C at an oxygen pressure of 203 mbar. To  Yyield, indicating high crystalline quality. The minimum yield
improve the film properties, am situ annealing step has xmin iS 3%, Which is a typical result obtained from single
been included: directly after completing the deposition proCrystals? The aligned signal shows a gradual increase to-
cess, the chamber was flooded with oxygen and the sampigards lower energies, which may be attributed to a thin dis-
was annealed for 3 min in 1000 mbar oxygen. Typical depotorted layer within the BaTi@film close to the MgO inter-
sition rates were 1-5 nm/s. Structural characterization watace.

performed by Rutherford backscattering spectrometry/ion Remarkably, the same high crystalline qualityf,
channeling(RBS/O, x-ray diffraction (XRD), and atomic <3%) is observed for BaTiQfilms of different thickness,
force microscopy(AFM). For the optical measurements, a even for a few microns thickness. For analyzing these thick
prism coupling setup similar to that of Walket al® was  films, higher He ion energies have to be used. Figure 2
used. By rotating the sample, different optical modes can bshows the spectra from an approximately 3 thick
excited in the BaTiQ film by a He—Ne lasefwavelength  BaTiO; film on MgO. The He energy was 4.5 MeV. From
632.8 nm, which was coupled into the film by a rutile prism. energy loss data determined with help of the TRIM c&tie,

If the film guides two or more modes, a least mean square figdepth scale for the barium signal is calculated. A simulation
was used to calculate the refractive index and the thicknes3f the RBS spectrum verifies the stoichiometric composition
of the film. A substrate refractive index of 1.784.001 was  of the BaTiQ, film within the experimental errors. The same
determined from the substrate mode. The setup permits tH#m was also analyzed at 1.4 MeV He ener@pot shown,
measurement of the two in-plane and the out-of-plane refrageonfirming the stoichiometric composition of the topuin

tive indices of the films. To determine waveguide losses, th@f the film. The minimum yield values at 1.4 and 4.5 MeV
position dependence of the light scattered from the film wagire 1.8% and 2.3%, respectively. We thus conclude that the
measured by a greyscale charge coupled dé@&b) video 3.7 um BaTiG; film is single crystalline over the whole
camera(Model Pulnix TM 6-CN and digitally recorded for depth. Compared to results of other groups, the crystalline

analysis. quality of our samples is very good. Scarfoeteal * found
Xmin=20% in 70 nm thick BaTi@films on MgO. Values as
IIl. RESULTS AND DISCUSSION low as xmin=1.7% have only been observed for Bagitn

the structurally similar SrTiQsubstrates by Gonet al!? In
good agreement with this reference, we have obsegyed
The BaTiG, films were first characterized by Rutherford values around 2% for BaTiOfilms deposited on SrTiQ
backscattering spectrometry/ion channeling. Figure 1 show¥he deposition parameters for films on Srfi@ere the same
the spectra from a BaTifilm on MgO after deposition and as those on MgO. For BaTifilms on the more optically
subsequent annealing under optimum conditions as memesirable substrate MgQy,» values which are comparable
tioned above. The energy of the incident™Hiens was 1.4 to perfect crystals have not been reported previously to our
MeV. The simulation of the RBS spectrum verifies the sto-knowledge.
ichiometric composition of the deposited BaTiénd gives a In addition to RBS/C XRD measurements were per-
layer thickness of 115 nm. The Ba/Ti ratio was determined tdormed. The®/20 scan of the 3.7um thick BaTiG; film on
be 0.998, in accordance with the initial target compositionMgO is shown in Fig. 3. In addition to th@02)- and(004)-
The oxygen concentration in the films is more difficult to peaks of the substrate, four reflections appear which can be
determine by RBS, because of the low atomic mass of oxyindexed as the (00 planes of BaTiQ No peak splitting
gen. The sharp edges of the barium and titanium signals amas found. The calculated film lattice parameter of 4.031 A
indicative of good film thickness uniformity. No evidence for is close to thec-axis parameter of tetragonal BaTLiOBy
interdiffusion between the film and the substrate was foundtilting the sample at a fixed angle during a conventional
Compared to the spectrum taken in a random direction, th@/20 scan, the lattice spacing of tH&@03) planes can be

A. Structural characterization
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FIG. 3. 6/20 XRD scan of a 3.7um thick BaTiGQ; film on MgO. FIG. 5. Full width at half maximun{fFWHM) Aw of the rocking curve of

the (002 BaTiO; reflection, plotted for different samples vs their BaTiO
film thickness.

measured. Hence, the lattice constant parallel to the surface

can be calculated. For the film shown in Fig. 3, an in-plane

value of 4.006 A has been estimated. A pole figure 0@ BaTiO, film, this results in a compressional straig;
shown on the(103 BaTiO; reflection displays the expected =0.1%, corresponding to an in-plane shortening of the
fourfold symmetry, which is aligned parallel to tH&03 BaTiO; a axes of 0.004 A. Aff.=125+5 °C, bulk BaTiQ
MgO direction. undergoes the phase transition from the cubic to the tetrago-
To determine the thickness dependence of the lattic@al phase. At this transition, theaxes contract by approxi-
constants, a series of samples was measured and the resyf{gtely 0.005 A and the axis expands by approximately
are shown in Fig. 4. The lattice parameter perpendicular t@ g12 A31°
the surface is nearly independent of the film thickness and is  Therefore aff<T., the thermal stress and the resulting
close to thec-axis bulk value. For the thinnest films, the strain are Comp|ete|y Compensated by the tetragona| distor-
in-plane value is intermediate between the kadlandc-axis  tjon, if the BaTiQ; ¢ axis orients itself perpendicular to the
values; the in-plane value approaches the kaubxis value  fiim surface. As Ref. 15 shows for bulk BaTiOfurther
with increasing film thickness. cooling fromT, to room temperature would result in an ad-
At present, there is no complete and conclusive descripditional contraction of the axes by 0.011 A. From Ref. 4 it
tion of the growth process, but some very helpful ideas shalfpllows that the MgO substrate contracts by 0.005 A over
be presente@)‘g.'MSrikantet al. studied the grOWth of BaTlQ this temperature span, |eaving the Baa'rmm now under
films on different substratés. They conclude that at high tensile stress. As a consequence, the in-plane lattice param-
temperatures the films grow in the cubic phase and alwaygters for the BaTiQ films are consistently larger than the
accommodate the misfit to the substrate by dislocationsyylk value. This is shown in Fig. 4. From Poisson’s law we
Then, on cooling, the film deforms elastically to compensatexpect a shortening of the axis. Assuming for Poisson’s
the thermal mismatch with the substrate and the net straifatio . ~0.3 (a fair guess for this class of materiglwe find
dictates the orientation of the tetragonal BaJ#m."* A1=-0.005 A, in agreement with our data. Whereas these
For our experiments, we have to consider the linear therstatements hold well for films of thicknesses exceeding 500
mal expansion of MgO and of BaTiQRef. 4. Our best nm, thinner films show a very strong tensile strain of the
films are grown at 1000 °C. When being cooled to 130 °Caxes, which we cannot quantitatively explain at present.
the MgO substrate shrinks byl/I=1.27%, while bulk Additional information can be extracted from x-ray dif-
BaT|03 would shrink byAl/I=1.17%. For the thin epitaxial fraction by measuring the rocking curves of the
BaTiO;(00n) reflexes. The same series of samples, as shown
in Fig. 4, has been investigated and the full width at half

a4l . 4. c-axis bulk: 4.036. maximum (FWHM), _measurgd a}t th€002 reflection, is
_ e ; plotted versus film thickness in Fig. 5. It can be seen that the
Za0l ! | width of the rocking curve decreases with increasing film
g f { { thickness and levels out at a constant value of 0.35-0.4° at a
§4_00 { f .} '} | film thickness>1 um. In general, the rocking curves are
£ { { Bl 3997 very narrow and indicate well-oriented BaTi@ims. The
2 a-axs ‘ higher values for the thinner films suggest that part of the
£398} [ « out-ofplane 1 N i Lo o
3 . inplane BaTiO; film near the interface is misaligned.

3.96 In addition to the crystalline quality, the surface mor-

0 1000 2000 3000 4000 phology of the films is very important for waveguide appli-
BaTiO, Thickness [nm)] cations. A rough surface leads to scattering losses. Fork
16 . . . .
FIG. 4. Lattice constants in plane and out of plane for various film thick- et al™ estimate for a similar material, that the surface rms
nesses. Also indicated are the bulk values of tetragonal BadtQoom  roughness needs to be of the order of 1 nm or below. To
temperature. measure the surface roughness, some samples were analyzed
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In the previous section, the high crystalline quality of the

FIG. 6. Atomic force microscopyAFM) picture taken from a 950 nm films has been demonstrated. For waveguide applications,
BaTiG; film on MgO. optical measurements are necessary. Waveguide losses are

sensitive to a number of factors such as surface and interface

roughness and internal scatterfigFigure 7 shows the in-

tensity of the dark-line and the bright-line detector versus the
by AFM. Figure 6 shows an image of a® um? area of a  rotation angle of the goniometer, which is a measure of the
950 nm BaTiQ film. The surface is very flat; only some mode refractive index. There are six sharp dips in the dark-
small islands are visible. In the lower part of Fig. 6, a lineline spectrum, corresponding to peaks in the bright-line spec-
scan has been extracted from the image. The maximurrum at the same positions. Note that the bright-line spectrum
variation in height[peak-to-valley(PV) roughneskis 5.2 s scaled by a factor of 200. The low intensity reaching the
nm. The rms roughness was evaluated to be 1.1 nm. This Isright-line detector is explained by the fact that no end face
only 0.1% of the deposited thickness and is therefore quit@olishing was provided. From Fig. 7 the mode refractive
low. For samples of a smaller BaTi@ilm thickness, even index is calculated. The incident light was polarized parallel
lower roughness values were found. The AFM measureto the surface, so the positions can be identified as the
ments suggest that no significant contribution to waveguidd E,-TE; modes. Although the entrance position of the laser
losses is expected from the surface morphology. beam spot into the prism was carefully adjusted according to

To resolve the domain structure, the BaJifdms have a method proposed by Ulrich and Tortepnly a limited

been analyzed using an optical microscope with crossed p@ngular interval can be scanned. The laser spot moves on the
larizers. In this configuration, no structure in the films andbase plane of the prism and causes the broad peak in the
therefore no domains with the axis lying in plane can be bright-line spectrum of Fig. 7 by reaching the edge of the
observed. To detect domain regions with reversedtis per-  prism. For the subsequent FEEg; modes, a new adjustment
pendicular to the film surface, some films have been etcheid necessary. If all modes were measured, the refractive in-
in 37% HCI for up to 20 min at room temperature, following dex was determined to be 2.3%78.002 and the waveguide
Hooton and MerZ! BaTiO; shows a distinct difference in thickness to be 202010 nm. These calculations assume a
etch rate between the positive and the negative face of theectangular refractive index profile and a homogeneous
ferroelectric domains. Therefore a domain pattern results iBaTiO; film index.
an etch pattern, which can be observed under an optical mi- Using this procedure, the refractive indices of a series of
croscope. No domain structure was found. From this and theamples were measured and plotted in Fig. 8. The deposition
formerly presented structural information, we conclude thaparameters for all samples were identical, only the deposition
the films consist of a single domain. This result can be time and therefore the thickness was varied. For all samples,
explained by the self-poling phenomenon, which was intro-a birefringence in the films is clearly visible, resulting in two
duced by Manet al® They observed poled regions near thedifferent refractive indices for the two orthogonal polariza-
surface of a barium strontium titanate niob&STN) crys-  tions TE and TM. The lower indices were found for the TM
tal, even when the crystal was heated above the Curie tenmodes(electrical field perpendicular to the surfac€he ab-
perature. In their experiment, the self-poling is induced bysolute value agrees reasonably well with the extraordinary
the strain from a deposited Sj@m. In our case, this should index n, (or n;) of bulk BaTiO; crystals. Higher refractive
be caused by the substrate. As discussed above, ¢hien-  indices were observed for the TE modes. Both indices in-
tation is favored to minimize the strain. Investigations of thecrease slightly with increasing film thickness, but the differ-
samples with cross-sectional transmission electron microence remains constant Ah~0.014. This value agrees with
copy will give further insight into the film structure. the findings of Kim and KwoK® who also used PLD to
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FIG. 8. In-plane and out-of-plane indices plotted for a series with various™'C- 9: Scattered intensity from the Fmode for a 600 nm BaTigXilm on

thicknesses. The straight line is a guide for the eye. The dotted lines indicat¥90- The best exponential fit results in a loss of 2.9 dB/cm.

the BaTiQ, bulk values.

losses, the accuracy of this method is limited, but it gives a
good approximation. It may be compared to the value of 3
deposit BaTiQ films on MgO. An explanation for the de- dB/cm, published by Walkeet al. in molecular beam epi-
crease of both indices in Fig. 8 could be the existence of gaxy (MBE) grown SrTiQ films on Mg®® and to 4
disturbed region with lowered refractive index in the BaJiO *2 dB/cm, as achieved by MOCVD for BaTi@ilms.> For
film near the interface. The influence of this region on thethe Tk, and TM, modes, values in the range of 3 dB/cm
averaged refractive index of the film decreases with filmwere typical and found in different films. For modes of
thickness. Usually a disordered perovskite crystal has &igher order we determined higher losses.
lower index?* For the TE measurements, a rotation of the  Future investigations will go towards channel wave-
sample by 90° or 45° results in the same index, showing thaguides and the fabrication of a Mach-Zehnder interferometer.
the in-plane index is homogeneous. These indices are below
the ordinary indices of bulk BaTi© IV. CONCLUSIONS
The data of Fig. 8 show one optical axis perpendicular to

the surface, similar to bulk tetragonal BaTiOrhe birefrin- In conclusion, single crystalline-oriented BaTiq films

gence is about one third of the bulk value. As the films"Vere deposﬁed on the technologically interesting substrate
. MgO. The films showed very low, values, narrow rock-
appear very homogeneous and free of domains, the results S
iNg curves, and very flat surfaces. No deterioration of the

from Fig. 8 can be easily understood: the out-of-plane lattice : o S .
L rlystallme structure with increasing film thickness has been
parameter and hence the refractive index are the same as e

thec axis in bulk BaTiQ. As we have shown, this direction 8bserved up to a few microns. Corresponding to the struc-

: tural investigations, the optical properties were found to be
nearly assumes the bulk value. In contrast, the in-plane lat- L NS . )
. . : very promising. We observed birefringent films with the op-
tice parameter is more strongly influenced by the MgO sub-. : . .

) . . . ) . tical axis perpendicular to the surface and waveguide losses
strate. This results in a lengthening of this axis and in 8 9 dB/em. So far. the tetragonal distortitretermined b
decrease of the refractive index. This indicates, that with ' 9 (afe y

increasing distance between the ions in the BaTiblariz- x-ray diffraction as well as the birefringence of the films is

abilit S . Pwer than that of bulk BaTiQ The fabrication of integrated

y and refractive index decrease. Experimental values of . . _

the strain-optic coefficient, which describes the change oPpt'Cal devices is in progress.

refractive index due to compressional or tensile strain, are

not available for BaTi@ to our knowledge. Nevertheless, ACKNOWLEDGMENTS
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