7 ROYAL SOCIETY
PP OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Avoiding water reservoir effects in ALD of
functional complex alkali oxides by using Oz as the
oxygen sourcet

’ '.) Check for updates ‘

Cite this: Dalton Trans., 2022, 51, 927

Henrik H. Sensteby, € ** Veronica A.-L. K. Killi,? Linn M. Rykkje,? Justin R. Bickford,”
Eric G. Martin,® Robert C. Hoffman® and Ola Nilsen (2 *2

Toxic Pb-containing piezo-, pyro- and ferroelectrics continue to dominate the market even though they
were banned from use in consumer products more than a decade ago. There is a strong need for sustain-
able alternatives, but the lack of facile synthesis routes for thin films exhibiting suitable functional pro-
perties have limited the transition from Pb workhorse materials like Pb(Zr,Ti)Os and Pb(Mg,Nb)Os —
PbTiO<. Atomic layer deposition has proven capable of the deposition of possible successors, such as
LiNbOs3, (K,Na)NbOz and K(Ta,Nb)Os, albeit with limited control due to water reservoir effects resulting
from the hygroscopicity of intermediate products. In this article, we show that replacing H,O with O3 in
the deposition of complex alkali oxides provides an alternative and much more controlled process. We
exemplify this by deposition of crystalline K(Ta,Nb)Oz with high compositional control and over a larger
composition range than previously reported. This opens new doors to a simplified synthesis of polar func-
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Introduction

Piezo-, pyro- and ferroelectric materials are essential in
modern world technology and constitute a multibillion US$
market. They find frequent use in sensors, actuators, transdu-
cers and power generators, and in more exotic technology
devices such as non-volatile memory and electro-optics.
Unfortunately, the major workhorse materials in current use
typically contain lead (Pb), which is a potent environmental
pollutant and acutely toxic to most life on earth. Although lead
recycling is efficient and exposure from consumer products is
kept at a minimum, lead mining continues to be a concern for
workers, especially in developing countries. As a result, large
economies such as the European Union and the Unites States
enforce bans on use of lead in consumer products. The chal-
lenge is that synthesis of replacement materials is essentially
non-existent, and thus exemptions from the bans are necessary
until a new material technology is in place. This has resulted
in a surge of effort to develop new, sustainable polar materials
that can reduce or eliminate the use of lead.
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Alkali metal containing complex oxide perovskites is one
family of materials that is predicted to challenge its lead-con-
taining counterparts. Examples like (K,Na)NbO; (KNN) and
K(Ta,Nb)O; (KTN) exhibit the desired functional properties for
a range of applications within sensing, actuation and electro-
optics." The challenge for both of these compounds is the
lack of straightforward methods to deposit high quality crystals
and/or thin films. Bulk crystal growth is slow, ineffective, and
with unavoidable, large composition gradients throughout the
resulting boule, limiting useful implementation in devices.*™®
Thin film techniques such as sol-gel methods, pulsed laser
deposition (PLD) and metalorganic chemical vapor deposition
(MOCVD) are also employed, but with severe limitations on
device integration due to high-temperature processing or lack
of uniformity. These films very often exhibit coarse grains,
voids and/or inhomogeneous composition over applicable
areas.” "’

Atomic layer deposition (ALD) is considered a promising
technique for device integration of functional materials con-
taining alkali metals, due to low deposition temperature and
high conformity of growth. Based on self-limiting saturative
surface chemistry, ALD has the potential to work around
issues with precursor pre-reactions and non-uniformity.’® ALD
processes for Na- and K-containing compounds were reported
in 2014, and have since been expanded to include KNN and
KTN, among others.”” ' The large majority of these processes
utilize alkali metal tert-butoxides (e.g. NaO‘Bu or KO'Bu,
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Fig. 1 Tetramer of KO'Bu, the predominant gas phase species of the
precursor used.

(Fig. 1)) and water, together with other binary metal process
(e.g. Nb(OEt)s + H,0). While this has proven to provide decent
films of e.g. KNN and KTN, process control is significantly
more difficult than for most ALD routes. This is likely due to a
large water reservoir resulting from the hygroscopicity of the
intermediary products, such as alkali metal hydroxides.>* Such
effects have been shown to exhibit strong instrumental depen-
dency, meaning that transferring the process between labs or
to industry requires significant reoptimization.>?

Our aim with this work is to remove the reservoir effect to
provide a more elegant and reproducible route for deposition
of films containing alkali metals.

In traditional metal oxide ALD use of water as a reactant is
considered an advantage due to its availability, high vapor
pressure and ease of use. For processes with hygroscopic inter-
mediates, however, water as the oxygen source may constitute
a silent detrimental factor. Controlling the water dose to pre-
cisely a monolayer (saturating) coverage is difficult to achieve
reproducibly. Underdosing the water leads to oxidizer deficient
growth yielding poor uniformity and a lean growth rate, while
overdosing water leads to intermediates that persist from cycle
to cycle which act as a water reservoir yielding poor uniformity
and excessive growth rate. A pertinent example here is the
deposition of LaAlO3, where the binary Al(CH); + H,O process
could not be successfully employed due to formation of La
(OH),, acting as a water reservoir.>* This was avoided by using
O3 as the oxygen source for both La(thd); and Al(CH);, remov-
ing water outright, resulting in a process with high uniformity
and reproducibility.

In this article, we use O; as an alternative to H,O as the
oxygen source for the deposition of alkali metal containing
complex oxides, exemplified by KTN. We show that the group
V ethoxides are compatible with O, and that there is no water
reservoir clouding the growth when including the alkali metal
tert-butoxides. This provides a much more controlled and
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reproducible route for deposition of technologically relevant
polar materials for sustainable technology.

Experimental

Thin films were deposited in an F-120 Sat ALD reactor (ASM
Microchemistry). The deposition temperature was kept at
250 °C under an operating pressure of 2.3 mbar, maintained
by 300 cm® min~" primary flow rate of N,. Nitrogen was sup-
plied from gas cylinders (Praxair, 99.999%) and run through a
Mykrolis purifier for removal of any oxygen or water contami-
nation. KO‘Bu (Aldrich, 97%), Ta(OEt); (Sigma-Aldrich, 99%)
and NDb(OEt); (Sigma-Aldrich, 99%) were used as cation
sources, supplied from open boats inside the reactor at 150, 70
and 70 °C, respectively. Fresh KO‘Bu was extracted from a con-
tainer kept inside an argon glovebox for each run. O; was used
as the oxygen source, supplied from an AC-2505 (In USA) gen-
erator fed with O, gas (Praxair, >99.5%). The effective
upstream gas mixture was 15 wt% O in O,. 3 x 3 cm? Si (100)
substrates were used for compositional analysis. Selected films
were deposited on cubic perovskite Lag1STo.g2Alp.50T20.4103
(100) (LSAT, Crystal GmbH) and cubic spinel MgAl,O, (100)
(MAO, Crystal GmbH) substrates for crystallization.

Post-deposition crystallization was carried out using an
OTF-1200X (MTI Corp.) rapid thermal annealing furnace,
heating the films to 650 °C In air at a ramp rate of ~40 °C
min~'. The films were subsequently held at 650 °C for
15 minutes, before cooling to room temperature by shutting
down the furnace. The samples were extracted at 100 °C after
approximately 30 minutes of cooling.

In situ quart crystal microbalance (QCM) investigation was
carried out using two 6 MHz AT-cut quartz crystals (Inficon, @
= 1.4 cm), mounted approximately 5 ¢cm apart in a holder
made in-house. The resonance frequency was monitored by a
Colnatec Eon-LT unit and logged with a device made in-house.
Variations in surface area of the QCM crystals due to evolution
of texture during growth were removed by using internal stan-
dards of Nb,Os deposition at even intervals throughout the
campaign. These were also used as a basis to convert the
signal from Hz to mass per area.

The chemical composition was analyzed using an Axios
Max Minerals X-ray fluorescence (XRF) system (Panalytical),
equipped with a 4 kW Rh-tube. The system runs using
Omnian and Stratos options for standardless measurements of
thin films. Routine measurements of thickness on as de-
posited films were carried out on an alpha-SE spectroscopic
ellipsometer (J. A. Woollam) in the 390-900 nm wavelength
range. We successfully employed a Cauchy function to model
the collected data. X-ray reflectivity (XRR) was used as a comp-
lementary method to determine thickness and densities of the
Nb,Os5 internal standards. XRR was carried out on a
Panalytical Empyrean diffractometer equipped with a mirror
providing parallel CuKoa radiation. A proportional point
counter was used to detect the reflected beam. X-ray diffraction
measurements were carried out on a Bruker AXS D8 Discover

This journal is © The Royal Society of Chemistry 2022
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diffractometer equipped with a LynxEye strip detector and a
Ge (111) focusing monochromator, providing CuKa, radiation.

Results and discussion

A key challenge with alkali metal processes is that the binary
alkali metal oxides are not stable in air. A hypothetical KO,
film deposited using KO‘Bu and O; will immediately react with
air upon breaking vacuum, forming hydroxides and/or carbon-
ates. This makes the traditional way of understanding the
complex process (ie. combining known binary oxide pro-
cesses) impractical. As a result, the alkali metal oxide process
must be understood as an addition to a single known binary
oxide process, such as those for Nb,O5 or Ta,Os. In the case of
KTN, none of the binary oxide processes have been studied in
depth using O; as the oxygen source. Le., to understand the
growth of the alkali metal oxide, we must first understand the
ozone-based processes for Nb,O5 and Ta,Os.

Nb(OEt); + O; - an alternative route to Nb,O5

Nb,Os is a highly unreactive and passive material that finds
use as a dielectric for example in solid electrolyte capacitors.
Several ALD processes have been reported for Nb,Os, mostly
utilizing Nb(OEt); or Nb(N‘Bu)(NEt,); and water. The former is
a well-understood ALD process, described by the following
surface reactions:

x -OH + NDb(OEt); — -OxNb(OEt);_, + x EtOH (1)

-OxNb(OEt);_, + (5 — x) H,O — -OxNb(OH),_, + (5
— x) EtOH (2)

Using O3 as an oxygen source for growth of Nb,O5 with Nb
(OEt)s has, however, remained unexplored until very recently,
when Kukli et al. utilized O; to deposit multilayers of SiO, +
Nb,O; for use as a switching media.>**® This study confirms
that the Oz process provides films with very low hydrogen
content, albeit very little is known regarding the mechanism of
growth. As a starting point, we confirmed that the process
does indeed exhibit self-limiting growth, with a saturation
growth-per-cycle (GPC) of 0.40 + 0.01 A (ESI Fig. At). This is
very comparable with what we achieved with the water-based
process in the same reactor setup, with a GPC of 0.38 *
0.02 A.>?

To uncover the mechanism of growth, we carried out an
in situ QCM investigation of deposition of pristine Nb,Os. O3
processes are a known clouding factor in QCM experiments
due to the exothermic decomposition of O;. Regardless of
that, and by calibrating towards the known average growth of
the process and the resulting film density, a close estimate of
the mass gain per pulse can be revealed (Fig. 2). Compared to
the water-based process, the mass gain during the Nb(OEt)s
pulse is significantly higher.?* This suggests that the Nb(OEt)5
molecule is coordinating to the surface through activated
oxygen from the previous Oz pulse without significant detach-
ment of ethyl groups. Such detachment takes place during the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Mass gain as a function of time for one cycle of Nb(OEt)s + O3
taken as an average of 100 cycles on a pristine QCM crystal.

subsequent O; pulse, during which the mass gain drops to
17.6 ng cm ™ for the full cycle. This is very comparable to the
16 ng cm ™ found for a full water-based cycle, with the slight
increase justified by a small increase in density (4.41 vs.
4.32 ¢ em™®) and GPC (0.40 vs. 0.38 A). In conclusion for the
Nb(OEt)s + O; process; it forms thin films with growth,
control, and quality comparable to the water based process.

Ta(OEt)s + Oz - An alternative route to Ta,Os

Ta,Os is a high band gap high-k material, finding use in a
range of electronics. In ALD it is usually deposited using a Ta
(OEt)s and water, albeit with several other processes reported.
The water-based process is well understood, and the mecha-
nism is in agreement with that for its niobium counterpart:

x -OH + Ta(OEt), — -O,Ta(OEt),_, + x EtOH (3)

-0,Ta(OEt);_, + (5 — x) H,0 — -0, Ta(OH),_, + (5
— x) EtOH(4) (4)

The use of Oz as the oxygen source for reaction with Ta
(OEt)s, however, has not been reported in the literature. It is
expected to behave very similar to its Nb counterpart, due to
the similarity in chemistry and precursor structure. A QCM
experiment was carried out for comparison (Fig. 3), and the
basic shape of the reaction mass gain is, as expected, very
similar to that of Nb(OEt)s; + O;. The major difference lies in
the higher mass gain on the Ta(OEt)s pulse, which is expected
given the much heavier metal ion.

From the GPC of the Ta(OEt); + O; process (0.50  0.02 A)
and the density of the resulting Ta,O5 film (7.82 g em™), the
average mass gain per cycle is found to be 39.1 ng cm™>.

The mass increase on Ta(OEt)s pulses is the 66.3 ng cm ™2, a
factor of 1.83 higher than for the Nb process. This is slightly
more than expected when taking the molar masses of the eth-
oxides into account (406 g mol™" for Ta(OEt)s vs. 318 ¢ mol™*
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Fig. 3 Mass gain as a function of time for one cycle of Ta(OEt)s + Oz
taken as an average of 100 cycles on a pristine QCM crystal.

for Nb(OEt)s). This indicates either a higher concentration of
adsorbed molecules or fewer ethyl groups detached during Ta
(OEt)s pulsing. The first is made probable by a 30% higher
GPC for binary Ta,Os, but is likely accompanied also by
reduced detachment of ethyl groups. This also explains the
relative higher mass drop upon pulsing ozone.

Introducing potassium - higher compositional control

With confirmation that both Nb(OEt); and Ta(OEt)5 form com-
patible processes with Oz, potassium can be included in the
mix in the form of KO‘Bu. Note here that the pure KO‘Bu + O;
process was tested and seemed to form relatively uniform
films before breaking vacuum. At that point it immediately
reacts with air, forming a gel-like substance that is likely a
mixture of KOH and K,CO;. These samples were very impracti-
cal to handle, but clearly proved that the KO'Bu + O3 process
provides growth.

Although the KOBu + O; process is difficult to explore ex
situ, we carried out an in situ QCM linearity test to see whether
it is significantly different from the water-based process. As
previously reported, the KO'Bu + H,O process exhibits diver-
ging growth for repeated cycles without passivation, as it acts
as a water reservoir that allows KOBu to react uncontrolled.*?
The ozone-based process, however, does not exhibit this
feature, and remains remarkably linear upon subsequent
cycling (Fig. 4). To further compare with the water-based
process, we investigated the growth of the K-Nb-O process for
different ratios of the binary processes; 1:1, 1:3 and 1:5
(K:Nb).

These were chosen to comply with previous reports for the
water-based process in which 1:5 was the only ratio that
enabled controlled growth.** For the water-based process, we
observed an extremely high mass gain upon pulsing KO'Bu,
which can only be explained by reaction with a water reser-
voir.>* The ozone-based process deviates significantly from
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Fig. 4 Mass gain as a function of time for 15 subsequent cycles of
KO'Bu + Oz compared to linear average (dashed red line).

this observation, showing no signs of uncontrolled growth at
any pulsed ratio.

For the 1:5 pulsed ratio, we observe that the Nb(OEt)s + O3
cycles are similar to what is found for growth of pure Nb,Os
(Fig. 5). The average mass gain per-cycle is found to be 17.4 ng
cm ™2,

We also observe that the single KO'Bu + O; cycle behaves
very similar compared to that of repeated cycles, however, with
a significantly lower mass gain response. Note here that the
overall mass gain for a KO'Bu + H,O cycle with the same K : Nb
ratio was previously reported to be as high as 116 ng cm™, a
factor of 20 higher than what is observed in the ozone-based
process, likely due to an overdose of water that is hard to
control.”> The control that the O; offers is important, as this

150 BNb:1 K .
&
£
(3]
gl o~ [\~
£
>
Am =62
w 90f Am =17.4 " i
(7 I B D B N S
©
=
0 -
. 5 X [NB(OEt); + O3] _KOtBu +0,
0 20 40 60 80 100
Time [s]

Fig. 5 QCM campaign for a supercycle of 5:1 (Nb:K), showing the
mass gain per time for the unique subcycles.
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will open for a much higher regulation of the overall K: Nb
composition in the resulting films.

A similar trend was seen for the 1:3 pulsed ratio (ESI
Fig. BY), albeit with a notably higher mass gain (25.8 ng cm™?)
for the KO'Bu + Oj; cycle. It is probable that this is an effect of
the number of preceding Nb(OEt)s + O3 cycles, as a pristine
Nb,O; surface seems to slow down the growth of KO,.
Interestingly, the 1:1 pulsed ratio continued to show remark-
ably linear and stable growth (Fig. 6). Although the shape of
the single Nb(OEt)s + O3 cycle is slightly altered compared to
growth of pure Nb,Os, the overall mass gain is comparable.
The KO'Bu + O; cycle is very similar to what was observed in
the linearity test (Fig. 4), and the overall growth remains linear
in nature. It is important to remember that a mass gain of 20.6
ng cm~ for the KO'Bu + Oj; cycle is still quite high taking the
molar mass and density of potassium oxide into account. If we
hypothesize that the intermediary product of a KO'Bu + O;
cycle is K,O; the molar gain of K for such a cycle will still be
~3.3 times higher than for Nb. This is likely to be an effect of
the cubane-like shape of the potassium precursor that allows a
large molar concentration of K-ions to be adsorbed on the
surface. The advantage here lies in the possibility of finer
control compared to the water-based process that led to an
extreme and uncontrolled amount of K to be incorporated in
the sample.”

Towards K(Ta,Nb)O; - finer composition control

Lower potassium incorporation per cycle and non-existent
reservoir effects for succeeding cycles should in principle lead
to higher control of composition in complex systems. To
explore this, we turned to one of the more challenging and
functionally interesting compounds that includes potassium
and group V metals: K(Ta,Nb)O;. This system adds an
additional complexity factor, being a quaternary system where
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the relative ratio of all three cations is important. In principle,
two major ratios are crucial:

1. The K:(Ta + Nb) ratio, which needs to be as close to 1 as
possible to achieve growth of perovskite KTN.

2. The Ta:Nb ratio, affecting the Curie temperature of the
paralectric — ferroelectric phase transition.

We have previously shown that KTN can be viewed as a
pseudoternary system, due to the similarity of growth for Nb
(OEt)s and Ta(OEt)s. These can be interchanged in the
complex process to tune the relative Ta:Nb-ratio, without
affecting the K:(Ta + Nb) ratio significantly. Hence, the goal
with this study was to achieve a finer control of the K-content
by using the new ozone based route. To explore this, we de-
posited a range of samples where the relative ratio of pulsed
KO'Bu with respect to the other metal precursors ranged from
16.7 to 50% (Fig. 7). Note that a 50% pulsed ratio of K in the
water-based system led to films with very low uniformity and
strong composition gradients, degrading immediately in air.**

In the ozone-based system, we observe a large initial incor-
poration of K, which is expected due to the high molar gain of
K during a KO'Bu pulse. This can again be explained by the
high K-density cubane like shape of the precursor.

However, after the initial increase, we observe a close to
linear trend as a function of pulsed KO'Bu. This allows us to
directly tune the stoichiometric KITN composition, which is
achieved at a 2:3 pulsed K:(Ta + Nb) ratio. The films are
highly uniform, and with no observed composition gradients
over our 7 x 5 cm”® substrate as mapped by ellipsometry. Also
note that changing the relative Ta:Nb ratio does not drasti-
cally change the overall composition. For such a quaternary
process, we use the shorthand notation (#K - #Ta - #Nb) where
the #-symbols note the number of each metal cycles in the
overall supercycle. This notation does not represent the indi-
vidual pulsing sequence. In this work we have arranged the
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Fig. 6 QCM campaign for a supercycle of 1:1 (Nb:K), showing the
mass gain per time for the unique subcycles.
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Pulsed ratio, K/(K+Ta+Nb) [%]

Fig. 7 Potassium content as a function of the pulsed ratio of KO'Bu,
showing rapid K-incorporation at low ratios before responding linearly.
Dashed red line is a guide of eye, error bars are based on reported confi-
dence in XRF measurements.
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pulses to maximize a mixing of the elements. Hence a (2 — 2 —
1) process was arranged as [K + Ta + K + Nb + Ta] to enable an
as homogeneous mixture of the cation constituents as
possible.

This sample resulted in a composition of KTa, ¢,Nbg 3503,
which is right in the sweet spot for obtaining a Curie tempera-
ture close to room temperature; important for maximizing the
electro-optical Kerr coefficient, which is strongest close to the
morphotropic phase boundary between the para- and ferro-
electric states.”

Another interesting observation is the close to linear
relationship between the film refractive index and K incorpor-
ation (Fig. 8), as measured by spectroscopic ellipsometry.
Increased potassium content decreases the refractive index,
which provides a route for quick identification of approximate
K-incorporation for a given Ta : Nb-ratio.

Crystal quality - major improvement

The functionality of polar materials is closely linked to the
structure, hence, it is important to obtain the best possible
crystallographic integrity. This is especially true for materials
applicable in electro-optics, where structural defects alter
optical properties.

When deposited using the water based route, KTN exhibited
a strong tendency to form unwanted pyrochlore, or a mixed
pyrochlore-perovskite phase.*® The pyrochlore structure, K,(Ta,
Nb),Os, does not exhibit the useful electro-optic properties.

With higher control of the cation composition and less
water stored in the films, we expected a better crystal quality,
i.e. phase-pure KTN perovskite. To investigate this, we de-
posited a series of (2 — 2 — 1) samples with composition
KTay67Nbg 35053 on LSAT (100) and MAO (100). These sub-
strates provide different strain scenarios and are both optimal
in optical applications due to low interaction with visible light.

2.00 - - - -
(1-3-2)
< o o (12-1)
% ‘i(m-z)
2 (1-2-3) . (1-2-2)
©1.75} |
-% o (2-2-1)
© .,
=
[7)
(4
(0]
(2-1-1)
1 .50 1 L 1 L
35 40 45 50 55 60

K-content, K/(K+Ta+Nb) [%]

Fig. 8 Refractive index, n, as a function of the film potassium cation
content. The blue dashed line is a linear fit of the measured data.
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MAO adopts a cubic spinel structure with a = 8.089 A, pro-
viding a surface lattice with a, = 4.045 A that is slightly larger,
but close to the cubic perovskite lattice of KTN (a ~ 3.98 A).
LSAT is a cubic mixed perovskite with a = 3.868 A, imposing
compressive strain.

All films were found to be amorphous as deposited, and
required post deposition annealing to crystallize. The films
were subsequently annealed at 650 °C, where major differences
between the film-substrate systems were observed.

On LSAT (100), KTN adopts strong out-of-plane (100) orien-
tation with a c-axis cell parameter of 3.987 A (26200) = 45.46°,
Fig. 9). Being slightly compressed in-plane by the substrate,
this c-axis elongation is expected. No secondary orientation or
traces of other phases were observed, including that of the
unwanted pyrochlore phase. The films are also found to be
transparent to visible light upon inspection, which can be
advantageous for electro-optical applications.

It is evident that the films deposited with the ozone process
provide a far superior starting-point for solid phase epitaxy
compared to what was seen for the water-based process.>® Note
here that the compressive strain imposed by the LSAT sub-
strate is ~x—3%.This becomes important when comparing it to
what is observed on spinel MAO (100). In principle, the tensile
strain imposed by MAO (100) on KTN is ~1.4%, which should
be more tolerable than on LSAT. The (100) surface oxygen
lattice is similar for the two substrates apart from a small
buckling in the O-Al-O bonds that distort the surface of MAO
(100) (and the slightly larger O-O-distance in MAO).

Films on MAO are still amorphous as deposited. Upon
annealing, however, we observe that while it does exhibit a
minor preference for growth in the (100)-direction based on
higher intensities for this family of reflections, it is
effectively polycrystalline with all allowed reflections visible
(Fig. 10).
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Fig. 9 X-ray diffraction of 200 nm KTag ¢7Nbg 3503 thin films deposited
on LSAT (100) substrates. Substrate reflections are marked with*.
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Fig. 10 X-ray diffraction of 200 nm KTage7,Nbg 3503 thin films de-
posited on MgAl,O4 (100) substrates. Substrate reflections are marked
with *, while perovskite film reflections are marked with ¢.

The growth of crystallites upon annealing seems to take
place without any template influencing from the substrate.
While this close-to random orientation may be challenging in
terms of application, it brings an opportunity to investigate
the symmetry of the structure. The {110} reflection is not split,
and its corresponding plane distance is found to be exactly
axrn/ \/ 2. This confirms that KTN does indeed adopt the inter-
esting paraelectric cubic phase for the Ta:Nb ratio in ques-
tion, meaning that the Curie temperature is lower than room
temperature. This is important for future application and use
of the new reported process.

The random polycrystallinity of KTN deposited on MAO
(100) is hypothesized to be an effect of either the O-Al-O
bond-buckling present on the MAO (100) surface, or that the
KTN structure does not comply with tensile strain, or both.
Future work on substrates like BaTiO3, imposing tensile strain
without oxygen lattice buckling, could help clarify this
question.

We furthermore carried out a Williamson-Hall analysis of
the broadening of the reflections, showing that the broadening
is predominantly due to particle size and not strain (ESI
Fig. Ct).

This is as expected in a polycrystalline film sample. In
addition, we used the same result to estimate the average
minimum crystallite size to be ~320 nm, which is close to the
380 nm thickness of the as deposited films. The large crystal-
lite size and visually transparent nature of the sample indi-
cates that this still may find application within electro-optics.

Conclusions

Herein, we have shown that replacing the water-based routes
for deposition of alkali metal containing complex oxides with
novel ozone-based routes significantly enhances process

This journal is © The Royal Society of Chemistry 2022
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control. A finer composition control is achieved as a result of
not having to deal with water reservoir effects throughout
growth. We show that the ozone-based routes can be used to
deposit high quality alkali metal containing quaternary oxides,
exemplified by paraelectric KTN. KTN films can be grown with
high compositional control, yielding uniform films with high
crystalline quality. The degree of preferred orientation can be
tuned by selecting appropriate substrates, ranging from per-
fectly (100) oriented on LSAT (100) to random polycrystalline
on MAO (100).

These ozone-based provide a more elegant growth of alkali
metal containing oxides, which may find applications in novel
piezo- and ferroelectrics, electro-optics and sodium-/potassium
battery technology.
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