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Low-Temperature Epitaxy of KTaO; and KNbOj; Films

Gregory K. L. Goh,™ Kelvin Y. S. Chan,” Barnabas S. K. Tan,’
Y. W. Zhang,® J. H. Kim,d and Thomas Osipowiczb

”Inmtute of Materials Research and Engineering, Singapore 117602
Department of Physics and “Department of Materials Science and Engineering, National University of

Szngapore Singapore 119260

Department of Materials Science and Engineering, Chonnam National University, Kwangju 500-757,

South Korea

Epitaxial perovskite KTaOj; films were grown hydrothermally on (100) oriented single-crystal SrTiO; substrates in a 7 M KOH
solution at 170°C. Transmission electron microscopy, Rutherford backscattering spectroscopy, and optical measurements showed
that despite the low growth temperature, the obtained films were highly crystalline. Also, determination of the residual strain due
to grain coalescence, lattice mismatch, and thermal expansion mismatch indicated that differential contraction between the
substrate and film during cooling generated sufficient compressive stress to cause film buckling at poorly bonded regions between

the film and substrate.
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The perovskite KTaOj is an incipient ferroelectric that exhibits a
dielectric nonlinearity at low temperatures near the transition tem-
perature of high T, superconductors making it useful as a tunable
clement in microwave circuits." In addition, due its close lattice
match with KNbO;, KTaOyj is ideal as a substrate or buffer layer for
the growth of epitaxial KNbO; films. Epitaxial KNbOj films have
the largest reported electromechanical coupling constants, making
KNbOj; highly desirable as surface acoustic wave (SAW) substrates
for use as filters in telecommunications and signal processing. 3 Al-
loying with niobium, the cubic phase of KTa;_,Nb,O; (KTN) is a
good candidate material for electro-optic applications, such as band
filters, light modulators, and IR detectors, due to its large quadratic
electro-optic coefficient and photorefractive effect.* Because bulk
single crystals of KTaO; and KTN are difficult and expensive to
grow, attention has been focused on the growth of epitaxial films.

To date, epitaxial KTaO; films have been grown by pulsed laser
deposition while KTN films have also been grown by metallorgamc
chemical vapor deposition and chemical solution deposition.” 243
These processes require temperatures in excess of 650°C either dur-
ing deposition or for postdeposition calcination. Alternatively, epi-
taxial KTaO; films can be grown by a low temperature (<200°C)
solution technique known as hydrothermal epitaxy that utilizes
aqueous chemical reactions to form heteroepitaxial thin films.*
Generally, high processing temperatures are undesirable because this
can lead to interdiffusion and reactions at the film/substrate inter-
face, both of which would be detrimental to device properties.
Therefore, the significantly lower processing temperatures employed
together with the lower capital and operating costs of the hydrother-
mal growth method (as vacuum or environmental control equipment
are not required) makes understanding the structure and integrity of
KTaO; films an 1mportant topic.

In a previous report it was shown that epitaxial KTaO5 films
can be grown hydrothermally on (100) oriented single-crystal
SrTiO5 substrates at <200°C. In this study, it is shown by a variety
of characterization techniques that despite the low growth tempera-
tures, the as-grown films are of high crystalline quality. In addition,
it was observed that buckling cracks were present in the film. In
order to understand how this came about, the residual stresses due to
grain coalescence, lattice mismatch, and thermal expansion mis-
match were examined and corroborated with experimental observa-
tions. Identifying the cause of cracking is important for the optimi-
zation of the hydrothermal growth parameters needed for the
formation of these films.

* E-mail: g-goh@imre.a-star.edu.sg

Experimental

All reactions were carried out in a 45 mL Teflon-lined, stainless
steel hydrothermal reactor (Parr). Films were synthesized on (100)
oriented single-crystal SrTiO3 substrates (KMT, China) that were
polished on one side. The substrate was suspended ~ 15 mm from
the bottom of the Teflon liner with its polished side facing down. To
synthesize KTaOj3, 0.00025 moles of Ta,O5 powder (99.99%, Ald-
rich) and 25 mL of 7 M KOH were introduced into the reactor,
which was then placed in a conventional drying oven set at 170°C
for 4 h. After the reaction, films were washed with deionized water,
isopropanol, and then blown dry in a stream of nitrogen gas.

Film morphology was examined by a scanning electron micro-
scope (JEOL JSM 5600) and atomic force microscopy (Digital In-
struments DI3000) while the film thickness was determined by pro-
filometry. The average island size of the film was determined by the
linear intercept method (ASTM E1382-97) of a two-dimensional
projection of an atomic force micrograph (AFM) of the film surface
while the optical properties of the film were determined by variable
angle spectroscopic ellipsometry (H-VASE, J. A. Woollam).

Phase identification of precipitated powders was determined by
X-ray diffraction (GADDS, Bruker D8) employing Cu Ka radia-
tion. For the films, X-ray diffraction (XRD) experiments were car-
ried out with a Philips X pert employing Cu Ko radiation. Lattice
parameters of the films were determined from the (002) peak, using
the substrate (002) peak as an internal standard. Cross-sectional film
samples prepared by conventional wedge techniques were also ex-
amined by transmission electron microscopy (TEM) carried out at
200 kV (JEOL JEM 2000EX). Finally, the effect of the KTaOj5 film
on epitaxy in a multilayered KNbO3/KTaOj; film was also examined
by Rutherford backscattering spectroscopy (RBS) using a 2 MeV
alpha beam. The RBS depth proﬁles were fitted with the Rump
analysis and simulation package The details of the hydrothermal
KNbO3/KTa0; film growth (maximum temperature of 200°C) are
found in Ref. 9.

Results and Discussion

Microstructure.— The hydrothermal growth at 170°C of a per-
ovskite KTaO; film with an (100) out-of-plane orientation on the
SrTiO; substrate is confirmed by X-ray diffraction (XRD), as shown
in Fig. 1a. The film is found to have a lattice parameter of 3.985 A,
quite close to the bulk lattice parameter of 3.989 A.'" The XRD also
shows that there are no second phases in the film, unlike an earlier
work in which films grown at 175°C contained perovskrte and py-
rochlore phases, both epitaxially related to the substrate.® XRD of a
KTaO; film grown in this study using the same conditions as in Ref.
6 (i.e., 175°C with 0.0025 moles of Ta,0s) also resulted in a pure
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Figure 1. XRD pattern of (a) KTaO; film grown at 170°C after 4 h and (b)
powder precipitated simultaneously in solution (T is Ta,Os; ST is SrTiOs;
KT is KTaOs; PY is pyrochlore).

perovskite film, although the pyrochlore phase was still observed in
the precipitated powder for both temperatures employed, as shown
in Fig. 1b. This suggests that the different substrate preparations
(according to their respective manufacturers, KMT in this study and
MTI in Ref. 6) may be responsible for the phase purity of the
KTaOj; film but this is not investigated further in this study.

Pole figure analysis using the {110} planes of the film
(see Fig. 2) and substrate revealed that the KTaO; film grown
in this study at 170°C is epitaxially related to the
(100) oriented single-crystal SrTiO; substrate according to
(100)[001]KTaO3//(100)[ 001]SrTiO;. w-rocking curve analysis
shows that the KTaO; film had a full width at half maximum
(fwhm) of 0.22° compared to a value of 0.04° for the substrate,
indicating some degree of mosiacity in the film. TEM observations
of the film cross section confirms the epitaxial nature of the film and
also shows the presence of low angle grain boundaries (arrowed), as
shown in Fig. 3. Careful examination of the selected area diffraction
(SAD) pattern in Fig. 3b reveals that the diffraction spots are split,
indicating the relaxation of residual strain due to lattice mismatch,
as will be discussed next.

If an epitaxial film grows coherently on the substrate (i.e., where
the periodicity of the film lattice exactly reproduces the periodicity
of the substrate), the difference in film and substrate lattice param-

Figure 2. (Color online) Pole figure of KTaO5 (110) plane revealing the four
fold symmetry of the epitaxial film.

eters (lattice mismatch) gives rise to a residual strain. Unless this
mismatch is very small or the film is extremely thin, a network of
dislocations (misfit dislocations) normally form at or very near the

(b)

Figure 3. (a) TEM of cross section of film/substrate interface (arrows indi-
cate two examples of low angle grain boundaries) and (b) corresponding
SAD pattern.
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interface to relax most of the mismatch strain. For a given lattice
mismatch, misfit dislocations will form above the critical thickness,
d., as calculated according to'!

Kb d
= —aL]n(h) [l]
4tMega, b

where the dimensionless constant 3 = 4, dislocation strength b
=~ (0.3905 nm,11 film lattice parameter ap= 0.3989 nm, substrate lat-
tice parameter a; = 0.3905 nm, and lattice misfit strain &, = 2.15%
for KTaOs; on SrTiOs;. The biaxial modulus, M = E/(1 —v)
=490 GPa (because the film is epitaxial, Young’s modulus, E, and
Poisson’s ratio, v, are determined from the compliance values, sj;,
for KTaO3 as E = 1/s;; =395 GPa and v = —syp/sy; = 0.194)12
while the energy factor, K, is calculated from the stiffness compo-
nents, ¢, according to

Caq (cii = cp)
K=(cjy+c )\/—— [2]
! ? cyp(eqy + cpp + 2c44)

where ¢y = 435 GPa, ¢, = 104 GPa, and ¢y = 119 GPa.'” The
critical thickness according to Eq. 1 was found to be 1.52 nm (ap-
proximately four unit cells). Such a small critical thickness indicates
that the formation of misfit dislocations is energetically favorable
right from the beginning of film growth, and that practically all
mismatch strain would have been relaxed for a film that is 261 nm
thick, as determined by surface profilometry (this thickness agrees
very well with the cross-sectional TEM observation in Fig. 3a that
shows a film thickness of ~260 nm). Therefore, the splitting of the
diffraction spots in the SAD pattern in Fig. 3b should not be unex-
pected.

In an earlier work,9 it was shown that the use of KTaO; as a
buffer layer improved the epitaxial alignment of the subsequently
deposited KNbO; film. Here, Rutherford backscattering spectros-
copy clearly demonstrates that epitaxy is maintained in this
multilayer KNbO3/KTaO; film and also reveals a channeling yield,
Xmin» Of 5%, as demonstrated in Fig. 4b, which compares spectra
with random and (100) axially channeled incidence. This compares
quite favorably with values of 4-7% observed for films grown
by high-temperature (650-750°C) physical vapor deposition
methods.*"!

To get an idea of the optical properties of the epitaxial KTaO;
film, the refractive index, n, and extinction coefficient, k, of the film
were determined by variable angle spectroscopic ellipsometry
(VASE). As shown in Fig. 5a, the refractive index in the
400-800 nm wavelength (\) range varied from 2.2 to 2.0 as com-
pared to 2.4 to 2.2 for bulk single crystals.14 Additionally, the ab-
sorption coefficient, a, was calculated according to, o = 4mk/\. Be-
cause the KTaO; system has an indirect bandgap,15 the optical
bandgap, E,, was determined by extrapolating the linear portion of
the curve obtained by plotting (azv)?> vs photon energy (hv). As
shown in Fig. 5b, the present film has an indirect bandégap of
3.87 eV, which compares well to the bulk value of 3.9 ev.!

Film cracking.— The films were found to contain cracks due to
buckling, as shown in Fig. 6. Although films grown by solution
routes may crack due to high capillary stresses generated during
drying,17 observation of the film during drying (when the film was
still submerged in the wash solvent and after it was dried) by optical
microscopy did not reveal any crack formation during drying. In-
stead, it was observed that the cracks were already present when the
film was still submerged in the wash solvent. Furthermore, cracking
due to capillary stress is the result of biaxial tension that would lead
to a “mud-crack”-type pattern and not the buckling cracks observed
here. This indicated that the film either cracked during growth or
after cooling, but before the film was dried.

Strain during film growth may arise due to lattice mismatch,
accumulation of point defects, and/or grain coalescence. As dis-
cussed in the previous section, any strain due to lattice mismatch has
been completely relaxed (as demonstrated by the splitting of the
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Figure 4. (Color online) RBS spectra of multilayer KNbO;/KTaO; film
showing (a) RUMP simulation of depth profile for unchanneled configuration
and (b) comparision of unchanneled and channeled configurations.

spots in the SAD pattern in Fig. 3b) by the formation of misfit
dislocations. For established film deposition techniques, methods
that generate energetic ions (e.g., rf magnetron sputtering, pulsed
laser deposition) lead to films with residual compression due to shal-
low ion implantation (point defects).'® In hydrothermal synthesis of
perovskite powders, such as KNbO5; and KTaOj3, incomplete dehy-
dration of intermediate species leads to the incorporation of protons
in the lattice, either as hydroxyl ions or water molecules.””?° A
hydroxyl ion is formed when a proton bonds to a lattice oxygen
while the water molecule locates itself at a vacant potassium site in
the lattice (potassium and/or tantalum vacancies are required to pre-
serve the overall charge neutrality of the lattice due to the incorpo-
ration of protons).”” These protonic defects and accompanying cat-
ion vacancies can reduce the long-range coulomb attractive forces
between the ions, leading to the expansion of the lattice."® For a
film, constraint of this expansion by the substrate could lead to a
compressive stress.

For KTaOs3, it was demonstrated that perovskite powders synthe-
sized at 150 and 200°C in 15 M KOH solutions experienced lattice
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Figure 5. Optical properties of the epitaxial KTaO; film: (a) Refractive
index and extinction coefficient, and (b) optical bandgap, E,.

expansion due to proton incorporation, but that powders synthesized
at 200°C in 7 M KOH solutions did not exhibit an expanded
lattice."’ Although the temperature used in this study was a little
lower at 170°C, the latter study showed that the lattice expansion
varied with the KOH concentration and not growth temperature, as
the lattice of the powders grown at 150 and 200°C in 15 M KOH
solutions was expanded by the same amount. Also, XRD of the
KTaO; film grown in 7 M KOH solutions in this study revealed a
lattice parameter of 3.985 A, comparable to the value of 3.989 A
reported in the literature, ' confirming the absence of significant
lattice expansion in the films. Therefore, it appears that at the end of
film growth before cooling, only grain coalescence can contribute to
the residual strain or, if the strain energy exceeds the fracture
strength, can lead to cracking. Although any strain due to grain
coalescence will be tensile in nature, it is still important to estimate
this strain as it would offset any compressive strain developed dur-
ing cooling due to mismatch in the thermal expansion coefficients.

As is commonly observed for growth by low temperature solu-
tion methods,”""** the film formed by an island growth mode
(Volmer—Weber). In the early stages of growth by the Volmer—Weber
mode, individual islands nucleate on the substrate, grow, approach,
and impinge on adjacent islands, eventually coalescing to form a
continuous film. As first proposed by Hoffman,” approaching is-
lands with a small gap between them could deform slightly and
spontaneously snap together, forming a relatively lower energy grain
boundary in place of the two adjacent island free surfaces prior to
coalescence. But, the coalescence of islands across the film also
results in a tensile strain. For a film with approximately hemispheri-
cal grains at the point of coalescence, the average tensile stress can
be found using the following24

4 1
Tave = I_€<'Ys - E'ng> [3]

where R is the average radius of the islands and -y, and vy, are the
energies of the island surface and grain boundaries, respectively. For

(b)

Figure 6. SEM micrographs of buckling cracks.

a film under plane stress, the corresponding strain is given by

4 (1 - 1
g = E%(’Ys - E'ng> [4]

where the Young’s modulus, E, and Poisson’s ratio, v, are 395 GPa
and 0.194, respectively, as determined in the previous subsection.
Values for the surface and grain boundary energies of KTaO; could
not be found in the literature, and as such values for SrTiO3, which
is also cubic and paraelectric (such as KTaOs), were used. From
theoretical models, SrTiO; was found to have a surface energy of
2.44 J/m? and a grain boundary energy of 1.42 J /m.>*>2% From lin-
ear intercept analysis of several AFM micrographs (Fig. 7 shows a
representative AFM micrograph), an average island radius, R, of
0.228 pm was found. From Eq. 4, the residual tensile strain due to
grain coalescence, €, is estimated to be about 6.28 X 1075,

During cooling from 170°C to room temperature (25°C), any
mismatch in the thermal expansion coefficients (CTE) of the film
and substrate can generate a residual strain according to
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Figure 7. (Color online) AFM micrograph of an epitaxial KTaO; film grown
at 170°C after 4 h (10 X 10 wm image size).

Ty
&y = f (CTEﬁlm - CTEsubstrate)dT [5]
T;

where T;=25°C, T;=170°C, CTEg,, =6.8 X 10°°K™!, and
CTE ypswae = 1.1 X 107> K1 are the thermal expansion coefficients
of the film and substrate, respectively.27’28 Because the CTE of the
substrate is larger than that for the film and the substrate is much
thicker than the film, the resultant compressive strain, &,, of magni-
tude —6.09 X 107, will reside completely in the film. Therefore, at
the end of the cooling, the net residual strain, & = g&; + &, =
—5.46 X 107, yields a residual stress, o, = Me, = =268 MPa, i.e.,
compressive in nature. This is consistent with the observation of
buckling cracks that result from the combination of a compressive
stress as well as a small separation (e.g., crack or debonding) be-
tween the film and substrate.

To further determine if the magnitude of the compressive stress
was sufficient to cause the buckling cracks, the cracks shown in Fig.
6 are modeled by a two-dimensional region of width 2r that under-
goes buckling if the stress experienced by the film exceeds the criti-
cal buckling stress according to

TE d\?
Je = [12(1 - vz)](7> [6]

where d is the film thickness. Setting o, = o and d = 261 nm in Eq.
6, it is found that a value of r=9.26 pwm is sufficient to cause
buckling. This value of r agrees quite well with values in the range
of 4-10 pm, observed in Fig. 6, as well as for other observed buck-
ling cracks. Thus, it can be said that the observed buckling cracks
are the result of compressive residual stresses developed due to
cooling.

Note that a compressive residual stress is a necessary but not
sufficient condition to cause buckling. The presence of a separation
(crack or debonded region) between the film and substrate is also
required. Therefore, if the separation in this study was absent or less

than the critical value determined from Eq. 6 for the given compres-
sive stress level, than buckling would not have occurred. It is be-
lieved that the separation at the interface was the result of substrate
surface contamination during the predeposition cleaning stage as
buckling cracks were no longer observed when substrate cleaning
was carried out more thoroughly or if the cleaning and film growth
processes were carried out in a clean room environment.

Conclusion

In this study, pure perovskite KTaOj; films were hydrothermally
epitaxied on (100) oriented single-crystal SrTiO; substrates at
170°C, as confirmed by X-ray diffraction and pole figures analysis.
X-ray and electron diffraction showed that the highly crystalline film
was relaxed while ellipsometry revealed that the film had an indirect
bandgap of 3.87 eV. In addition, Rutherford backscattering spec-
troscopy of a multilayer KNbO3/KTaOj; film showed that the films
were highly aligned with a channeling yield of 5%.

The film also contained buckling cracks. It was determined that
the compressive strain due to thermal expansion mismatch during
cooling after film deposition was significantly larger than the tensile
strain due to grain coalescence during film growth such that a net
compressive residual stress was present in the film after cooling.
This compressive stress together with the presence of separations,
due possibly to surface contamination, between the film and sub-
strate at certain locations were responsible for the formation of
buckling cracks.
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