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FIG. 3D

FIG. 3C

)
82}
oJ
S B
o
X 5

A




FIG. 4A

|

FIG. 4C

0 Jnaot Neie 400 e % & X

B 2 1 S

FIG. 4B

R 4 ‘.a:?&;
3 ﬁ'xtx“‘i

gié%%%i} )

M%‘

;:g

T(K) T(K)

Juaed SN

$20T ‘1€ "9

€1 JO L 193YS

79 019°081°ZI SN



US 12,180,610 B2

Sheet 8 of 13

Dec. 31,2024

U.S. Patent

w oL  {pwog01) %u
o0 . 0L Ol w

£127% 0 2 M e LA R N

LR R e A
ittt#i kT

H

*
3

1V "Old

i‘ll‘.?i EIE
itrt-ﬁ; kT T 3

*l‘tl’i! R
*'i;i:bii‘. S 1

XS MM IR I $exsas 5 9 & ©

4% 'Ol

(LY OB OIve b i ‘Ol4



U.S. Patent

Dec. 31, 2024

FIG. 4H

Sheet 9 of 13

FIG. 4K

FERE SR N K E AN R 3 N
% 1 M I Y

“R#“W»KNW*R»MDBDM_

,miwam.&ﬂiu“«ﬁm.&&mw

!:-Sizgit

MWK»mﬁhk“bbKWSRNM

*ﬂwiﬁwiﬁ

@* 5

US 12,180,610 B2




e

\ﬁdﬁ*

QXYL

-
!;i‘t’if’iil"“";’

X5

Sl‘-’;i‘!i‘#!

OSK

1-

¥

3 X .5 . 2

iillliiif!tt!ttl)i

g;tl%

20

1 5
J Ei

10 20

O ?1‘:,9::@ ﬂ T{;Sﬁﬁ% ‘n,améi

FIG. 5B

1.0

[ S SUE 25 5 & § l’t”'

[11-2] -

1 E
Ny (1073

100

’2 2 S S R 3 X 3 x’t

Rl

gg 10"
zg
~ 40"
o

Film 2

g%wg 7 3 ...k lﬂ-!iﬁ

—~ FiG.5D

i 2 3%

')'.A N
et
WEAT

[11-2]

£3 ¥ .2 £ SXE

1 10

100

o (10709

yuded ‘SN

$20T ‘1€ "9

€1 JO 01 199YS

79 019°081°ZI SN



US 12,180,610 B2

Sheet 11 of 13

Dec. 31, 2024

U.S. Patent




US 12,180,610 B2

Sheet 12 of 13

2024

Dec. 31,

U.S. Patent

49 'Ol 349 'Ol as 'Sid

NELG6=1
{1171) 0Bl
-f0osws-foeLy

ut g wrd g

alelisqns
(111) 0BLY paAiadai-sy

(111) *oBLy-t0asws



s 1

-l

l!!il&!!l!"?t"!;5";'@‘*“@;!!‘E*i—!!i’:’?li!’:’?i’!!

P

H

KTal, 222

35 40 45 50 55 60 65 70 75 80 85 O
2 Theta (Deg

FIG. 6G

o

43

210

E

k3 i k4 ; L4

'SmScO; 202

2 Theta {Deg)

FIG. 6H

3% 38 40 42

Juaed SN

$20T ‘1€ "9

€1 JO €1 194§

79 019°081°ZI SN



US 12,180,610 B2

1

HYBRID PULSED LASER DEPOSITION OF
COMPLEX OXIDE THIN FILMS MADE
FROM ELEMENTS HAVING A LARGE

VAPOR PRESSURE MISMATCH

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
DE-FG02-06ER46327 awarded by the US Department of
Energy. The government has certain rights in the invention.

BACKGROUND

Modern quantum materials are inherently sensitive to
point defects and require a new synthesis route to produce
epitaxial oxide thin films and interfaces clean enough to
probe fundamental quantum phenomena. Molecular-beam
epitaxy (MBE) and pulsed-laser deposition (PLD) are
prominent physical vapor deposition techniques in the quest
to realize novel quantum materials. Although both are excel-
lent techniques with wide-ranging applications, numerous
interesting materials still lie outside their capabilities. An
outstanding example is perovskite oxides with a general
formula of A*B>*O,, where the A-site is usually occupied
by alkali metals (e.g., lithium, sodium, potassium, and/or
rubidium), while the B-site is occupied by refractory metals
(e.g., niobium, molybdenum, tantalum, and tungsten). Such
compounds present formidable synthesis challenges in thin
film forms due to the extreme vapor pressure mismatch of
their constituent metal elements (e.g., up to 30 orders of
magnitude) and necessitate an alternative synthesis
approach.

SUMMARY

Methods for growing films of complex layered oxides
with high stoichiometries and high crystal qualities are
provided. Also provided are epitaxial heterostructures made
using the methods.

One embodiment of a method of forming a film of a
layered complex oxide includes the steps of: providing a
deposition substrate and a solid metal oxide target compris-
ing oxygen and a first metal in a vacuum chamber; forming
a molecular beam directed at the deposition substrate,
wherein the molecular beam is formed by evaporation of an
oxide of a second metal, the second metal having a higher
vapor pressure than the first metal; and laser ablating the
solid metal oxide target using a pulsed laser to generate a
plume of ablated target material in the presence of the
molecular beam, wherein an oxide of the first metal and an
oxide of the second metal are deposited onto the deposition
substrate via epitaxial growth to form the film of the layered
complex oxide.

One embodiment of a heterostructure includes a KTaO,
(111) substrate, a layer of SmScO; on the substrate, and a
layer of KTaOj; (111) on the layer of SmScO;. The hetero-
structure may further include a layer of a second metal oxide
over the layer of KTaO; (111). The layer of the second metal
oxide and the layer of KTaO; (111) may form a two-
dimensional electron gas.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review
of the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Illustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.
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FIG. 1A is a schematic of an apparatus for hybrid PLD
thin film growth. FIG. 1B is a schematic illustrating the
adsorption-controlled growth of a KTaO; thin film.

FIG. 2A shows the phase region of KTaO, as a function
of O, partial pressure and temperature at fixed K partial
pressure of 107® Torr. Practical experimental parameters
within the KTaO; growth window are marked by a dotted
box. The experimental growth conditions for the Example
are marked by the star symbol. FIG. 2B shows the isother-
mal section of a K—Ta—O ternary phase diagram at
T=1000 K. FIG. 2C shows the phase region of KTaO; as a
function of oxygen and potassium partial pressures at
T=1000 K. FIG. 2D shows vapor pressure of gas species in
a K—O system.

FIGS. 3A-3D show atomically sharp interfaces in an
epitaxial LaAlO,/KTaO,;/SmScO,/KTaO, (111) heterostruc-
ture. FIG. 3A shows a HAADF-STEM image of cross-
section viewed along the [1-10] and intensity profile. The
regions (a) and (b) in the intensity profile indicates the
regions appearing brighter in the image near the interfaces of
LaAlO;/KTaO, thin film and SmScO,/KTaO; substrate.
FIG. 3B shows volume color mapping and average volume
measurement in FIG. 3A. The average volume is close to the
ideal volume in a cubic structure. Approximately ~2 nm-
thick regions of higher volume are observed near the
LaAlO4/KTaO; thin film interface, indicating the oxygen
vacancies are confined to the top of the LaAlO,/KTaO, thin
film interface. FIG. 3C shows a magnified image of the
KTaO; thin film/SmScO,/KTaO; substrate region. FIG. 3D
shows a magnified image of the LaAlO,/KTaO; thin film
region.

FIGS. 4A-4K show the effect of |1 on electrical transport
measurements and superconductivity of (111) KTaO;. FIG.
4 A shows a schematic illustrating the structures of measured
samples from the Example. In the bulk case, the LaAlO,
overlayer is always grown ex situ, which inevitably creates
the 2DEG in the first few nm of KTaO, with high defect
density. In the case of KTaOj thin film, the LaAlO; layer is
grown in situ and the surface of KTaO; has low defect
density, which results in enhanced p. FIGS. 4B-4D show
temperature dependence (2-300 K) of (FIG. 4B) R, (FIG.
4C) n,,, (FIG. 4D) p of LaAlO,/KTaO, (111) (Bulk_1,
Bulk_2) and LaAlO;/KTaO,/SmScO,/KTaO, (111)
(Film_1) heterostructures. The measurements in FIGS.
4B-4D are performed in a Van der Pauw geometry. The inset
tables in FIGS. 4C and 4D are values at T=10 K. FIG. 4E
shows distribution of p and n,,, estimated from Hall mea-
surements at T=10 K. The samples shown in FIGS. 4B-4D
and FIGS. 4G-4K are marked with arrows. Diamonds are
data at T=10 K from different growth conditions of EuO
from Liu et al., Science 371, 716-721 (2021). FIG. 4F shows
an optical micrograph of Hall bars. FIG. 4G shows tem-
perature dependence (sub 2 K) R, along the [11-2] on Hall
bars. Inset shows zoom-ins near R__=0. h, V-J curves along
the [11-2] measured at T=0.5 K on Hall bars. Inset shows
zoom-ins near V=0. 1, T, ,_, and T_ 54, based on Bulk_1,
Bulk_2, and Film_1 samples. FIG. 4] shows the same as
FIG. 4G but along the [1-10]. FIG. 4K shows the same as
FIG. 4H but along the [1-10].

FIGS. 5A-5D show the effect of n,, on superconductivity
of clean LaAlO,/KTaO,/SmScO,/KTaO; (111) heterostruc-
tures. Film_1, Film_2, and Film_3 samples from the
Example correspond to n,,~8.3, 4.7, and 30.5x10"* cm?,
respectively. FIG. 5A shows temperature dependence (sub 4
K) of R,, measured on Hall bars along the [11-2]. FIG. 5B
shows T, ,_, (empty circle), T, 50, (half-filled square), and
T, onse: (filled diamonds) vs. n,,, diagram based on Film_1,
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Film_2, and Film_3 samples measured on Hall bars along
the [11-2]. V-] curves at T=0.5 K (Film_1, Film_3) and
T=0.1 K (Film_2) are shown in FIG. 5C. FIG. 5D shows J_
vs. 0, for Film_1 (0.5 K), Film_2 (0.1 K), and Film_3 (0.5
K) measured on Hall bars along the [11-2].

FIGS. 6A-6H show structural characterizations of KTaO,/
KTaO; (111) homoepitaxial and KTaO,/SmScO,/KTaO,
(111) (pseudo-)homoepitaxial structures. FIGS. 6A-6C
show surface topography of ~8 nm-thick KTaO,/KTaO,
(111) homoepitaxial structures grown at a substrate tem-
perature of 923 K (FIG. 6A), 973 K (FIG. 6B), and 1023 K
(FIG. 6C). All structures were grown with the same K,O
source temperatures of 750 K. FIG. 6D shows surface
topography of as-received KTaO; (111) substrate. The sur-
face was disordered and did not show visible step-terrace
structures. FIG. 6E shows surface topography of =1 nm-
thick SmScO;/KTaO, (111) heterostructures grown by con-
ventional pulsed-laser deposition. FIG. 6F shows surface
topography of =8 nm-thick KTaO,;/SmScO,/KTaO, (111)
structures. FIG. 6G shows wide-angle 6-20 X-ray diffraction
line scans of ~8 nm-thick KTaO,/KTaO, (111) structures
grown at substrate temperatures of 923 K, 973 K, 1023 K
and =8 nm KTaO,/=~1 nm SmScO,/KTaO, (111) structures
grown at a substrate temperature of 973 K. FIG. 6H shows
a zoom-in of FIG. 6G near the KTaO, 111-diffraction
condition.

DETAILED DESCRIPTION

Apparatus and methods for growing films of complex
layered oxides with high stoichiometries and high crystal
qualities are provided. Also provided are epitaxial hetero-
structures made using the methods. The layered complex
metal oxides include two or more metals and oxygen and
have a layered structure in which layers comprising a first
metal and oxygen alternate with layers comprising a second
metal and oxygen. A variety of layered complex metal
oxides can be grown using the methods, including complex
metal oxides that are insulators, ferromagnets, antiferromag-
nets, piezoelectrics, and superconductors.

The method, which is referred to herein as hybrid pulsed
laser deposition (hybrid PLD), synergistically combines the
advantages of MBE and PLD. In hybrid PLD, films of the
layered complex metal oxides are grown layer-by-layer,
with layers comprising one or more lower vapor pressure
metals and oxygen being deposited by PLD and layers
comprising one or more higher vapor pressure metals being
deposited by MBE. The use of PLD for the depositions of
lower vapor pressure metals is advantageous because PLD is
capable of stoichiometric transfer of a target composition to
the substrate and produces sharp interfaces. However, PLD,
which uses a solid metal oxide source as a target, is poorly
suited for the deposition of complex oxides in which the
constituent metals have very different high vapor pressures
at temperatures that are practical for thin film growth (e.g.,
at a temperature in the range from about 500 K to about 1200
K). This is because, in conventional PLD in which all of the
metals of the complex oxide are grown via pulsed laser
ablation of a multicomponent target, metals with very dif-
ferent vapor pressures are ablated noncongruently, with the
higher vapor pressure metal leaving the target before the
lower vapor pressure metal.

In contrast to PLD, MBE is able to produce metal oxide
films having a low defect density and can be used to deposit
metals having a high vapor pressure. However, MBE is not
conducive to the growth of complex oxides with good
stoichiometry control because nonvolatile metals may have
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a very narrow, or even non-existent, growth window for
MBE growth and, therefore, stoichiometric growth requires
precise flux control to avoid the formation of off-stoichio-
metric films and unwanted secondary phases.

Hybrid PLD overcomes the problems associated with
conventional PLD and conventional MBE by combining the
two processes into a single thin film growth method that
enables the growth of highly stoichiometric complex oxide
films composed of metals with very different vapor pres-
sures, including metals having vapor pressures that differ by
at least ten, at least twenty, or at least thirty orders of
magnitude. As a result, hybrid PLD enables the growth of
many layered complex metal oxides, including many alkali-
based layered complex metal oxides, that lie beyond the
growth capabilities of presently known epitaxial growth
techniques.

Hybrid PLD Apparatus.

An example of an apparatus for conducting hybrid PLD is
shown in the schematic diagram of FIG. 1A. The apparatus
includes a vacuum chamber 100 capable of maintaining
ultra-high vacuum (UHV; 1077 to 107° Pa) pressures and a
deposition substrate 102 upon which the complex metal
oxide film is grown. The apparatus also includes a heat
source in thermal communication with deposition substrate
102 in order to heat and maintain deposition substrate 102 at
a selected complex oxide film growth temperature. For
example, the heat source can be a heater 105 in physical or
thermal contact with deposition substrate 102. Optionally, a
quartz crystal monitor (QCM) 114 or RHEED system con-
figured to monitor the growth of the complex oxide film can
be included as part of the apparatus.

The apparatus further includes at least one solid metal
oxide PLD target 106 housed within vacuum chamber 100
and a pulsed laser 108, such as an excimer laser, positioned
to direct a laser beam 110 onto the surface of PLD target 106
to ablate the target material and generate a target material
plume 112 comprising metal oxide species. If more than one
type of complex oxide film is to be grown, vacuum chamber
100 can house a plurality of different PLD targets for the
deposition of different complex oxides. The different PL.D
targets can be provided on a rotating and/or translating PLD
target stage that moves the different targets in and out of the
path of laser beam 110. Such a set-up may be used, for
example, if heterostructures comprising different complex
oxides or other layers of inorganic materials are to be grown.
In heterostructures made using the methods described
herein, at least one layer of complex oxide is deposited using
hybrid PLD. The other layers can be deposited using other
methods, such as conventional PLD or conventional MBE.

Solid metal oxide targets used for hybrid PLD growth
include at least one metal of the complex oxide to be grown
and oxygen. However, in hybrid PLD, the solid metal oxide
target does not include all of the elements of the complex
oxide film to be grown because it omits one or more high
vapor pressure metals and, therefore, is not a stoichiometric
target of the type used in conventional PLD. Thus, for
complex oxide films that include one or more alkali metals,
the solid metal oxide target may include all of the non-alkali
metal elements, but not the alkali metals. Solid metal oxide
target 106 will commonly include one or more transition
metals. Useful transition metals for complex oxides include
vanadium, zirconium, ruthenium, hafnium, iron, cobalt, and
titanium, and also include refractory metals, such as nio-
bium, molybdenum, tantalum, rhenium, and tungsten.

A molecular beam source 114, such as an effusion cell
equipped with a crucible and a heater, is also included in the
apparatus. Molecular beam source 114 evaporates a solid
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source material and directs its vapor, as a molecular beam
115 of the evaporated material, at deposition substrate 102
for MBE growth. The solid metal oxide source material used
to generate molecular beam 115 provides a stable source of
a higher vapor pressure metal, such as an alkali metal, and
oxygen. The source material for MBE growth is preferably,
but not necessarily, a suboxide, where a suboxide is defined
as a metal oxide having a lower oxygen to metal mole ratio
than the complex oxide being formed. For instance, as
illustrated in the Example, K,O can be used as a suboxide
MBE source for K atoms in the growth of KTaO; via hybrid
PLD. The use of suboxides can be advantageous for volatile
metals, such as sodium (Na), potassium (K), lithium (Li),
and rubidium (Rb), which tend to be unstable under ambient
and high temperature vacuum conditions used for physical
vapor deposition growth. In a high temperature vapor, the
suboxide can decompose into O, and metal atoms in a mole
ratio that promotes adsorption-controlled growth of a high-
quality crystalline film.

Deposition substrate 102 can be composed of a bulk
crystal having the same complex oxide composition as the
complex oxide film. However, deposition substrate 102 can
also be a different material, provided that deposition sub-
strate 102 and the complex oxide have a sufficiently similar
lattice match to allow for epitaxial growth of the complex
oxide film of sufficient quality for its intended application.
Hybrid PLD Growth Process.

The hybrid PLD growth process is depicted schematically
in FIG. 1B, using KTaO; as an illustrative complex oxide.

An initial stage in the growth of the complex oxide film
is the deposition of a layer of the metal oxide of PLD target
106 onto the deposition substrate to form a first layer of the
layered complex oxide that is terminated by oxygen and the
metal of the PLD target. For example, during the growth of
a KTaO, film, a ceramic PLD target of tantalum pentoxide
(Ta,0Os) can be used to form a Ta- and O-terminated surface
layer. The next layer in a layered complex oxide can then be
formed via adsorption-controlled deposition of a second,
high vapor pressure metal and oxygen on the first layer via
MBE growth. By way of illustration, during the growth of
the KTaO, film, K atoms and O, supplied by thermally
evaporating a K,O source can form a K- and O-terminated
layer on the previously deposited Ta- and O-terminated
layer. The film growth is carried out at a temperature at
which the high vapor pressure metal preferentially adsorbs
on the previously deposited PLD layer, but does not effec-
tively absorb once a complete layer of the high vapor
pressure of the metal oxide has formed. For example, in the
embodiment shown in FIG. 1B, K atoms incident on the
growing structure adsorb on the T- and O-terminated layer,
but do not significantly adsorb on the K- and O-terminated
second layer. This adsorption-controlled growth enables
metal cation stoichiometry to be maintained in the growing
film throughout the growth process and the proximity to
thermodynamic equilibrium afforded by the adsorption-
controlled growth minimizes unintentional defects and
hence facilitates the synthesis of high-quality complex metal
oxide thin films. The layer-by-layer growth stages can
continue iteratively until a complex oxide film having the
desired thickness is formed.

The thermodynamic growth window that enables adsorp-
tion-controlled MBE growth and stoichiometric complex
oxide film formation will depend upon the particular source
materials being used and the particular complex oxide being
grown. However, suitable growth conditions, including sub-
strate temperature, metal oxide source temperature, back-
ground pressure, and oxygen partial pressure can be deter-
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mined based on thermodynamics of the desired complex
oxide phases and the vapor pressures of the constituent
metal oxide species, keeping in mind that the chamber
pressure should allow molecular flow to be maintained in the
vacuum chamber (i.e., a chamber pressure well below 1073
Torr) and an overpressure of the high vapor pressure metal
should be maintained at the surface of deposition substrate
102. In addition, to avoid or minimize bombardment-in-
duced defects from PLD under low chamber pressure con-
ditions, the laser fluence for the PLD is desirably maintained
just above the ablation threshold.

Because only the high vapor pressure metal atom or atoms
are deposited using MBE, the growth window for a complex
oxide using hybrid PLD is wide, easy to control, and within
ranges that are readily accessible by vacuum deposition
chambers. Due to the hybrid nature of hybrid PLD, the
growth parameter space encompasses parameters for con-
ventional MBE and PLD. By way of illustration, in various
embodiments of hybrid PLD, source temperatures for the
solid metal oxide source can be in the range from about 500
K to 1000 K, deposition substrate temperatures can be in the
range from 800 K to 1200 K, including 900 K to 1000 K, and
oxygen partial pressures in the range from 10~* to 10~® Torr,
including 107> to 1077 Torr, can be used. It should be
understood that these ranges are used for illustrative guid-
ance only; additional guidance and detailed methods for
calculating suitable deposition conditions are provided in the
Example, using KtaO; as an illustrative complex oxide.
Complex Oxides and Heterostructures Grown Via Hybrid
PLD.

While hybrid PLD can be used to form films of essentially
any complex oxide, it is particularly suited for growing films
that include at least one metal having a high vapor pressure
and at least one metal having a low vapor pressure at the film
growth conditions. The complex oxides that can be grown
include ternary, quaternary, quinary, and even higher order
complex oxides, many of which could not have been grown
using current techniques.

Perovskite oxides having the formula A'*B>* O,, where
A is an alkali metal and B is a transition metal, such as
refractory metal, are non-limiting examples of a class of
complex oxides that can be grown using hybrid PLD.
Perovskite oxides are useful for a range of technologies from
environmentally friendly microelectromechanical systems
and integrated solid-state batteries to emerging quantum
technologies. However, the growth of thin, high crystal-
quality thin films of these compounds has proven difficult in
the past because the perovskites contain both highly volatile
alkali metal and refractory metal elements.

KTaO; is one specific example of a perovskite oxide that
can be grown via hybrid PLD. KTaOj; is a cubic A™B>*0,
perovskite oxide with a large vapor pressure mismatch
between potassium (K) and tantalum (Ta) that hosts many
interesting physical properties, such as quantum paraelec-
tricity, large spin-orbit coupling, and two-dimensional
superconductivity.

Alkali metal niobates, including, but not limited to,
lithium niobate (LiNbO;), potassium niobate (KNbO;), and
potassium tantalum niobates (e.g., KTa, ;Nb, 50;), are other
examples of complex oxides that can be advantageously
grown as films using hybrid PLD.

Still other examples of complex metal oxides that can be
grown using hybrid PLD include superconductors, including
alkali metal bisuthates, such as barium potassium bismuth-
ates (e.g., Ba, LK, (BiO;), materials useful for thin film solid
state batteries, including alkali metal vanadates, such as
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lithium vanadates (e.g., Li,V,0s), where additional compo-
sitional tuning may also be achieved by modifying the PLD
target compositions.

The complex metal oxide films grown by hybrid PLD can
be incorporated into heterostructures comprising one or
more additional layers, where the additional layers also may
be grown via hybrid PLD or may be grown via other
methods, such as other known chemical and vapor deposi-
tion processes. Such processes include, but are not limited
to, conventional MBE and PLD epitaxial growth.

Examples of heterostructures that incorporate the hybrid
PLD-grown complex metal oxide films include heterostruc-
tures in which a 2DEG is formed near the interface of the
complex metal oxide and a second material, such as a second
metal oxide (e.g., a transition metal oxide, an alkaline earth
metal oxide, an alkali metal oxide, or a lanthanide metal
oxide). The second metal oxide may itself be a second
complex metal oxide. By way of illustration, superconduct-
ing 2DEGs are known to form in EuO/KTaO; (111),
LaAlO,/KTaO; (111), LaVO,/KTaO, (111), and AlO/
KTaOj; (111) heterostructures.

The heterostructures may also include a growth template
layer disposed between a bulk substrate, such as a wafer, and
a complex oxide film in order to improve the crystal quality
and/or surface smoothness of the complex oxide film. A
growth template layer may be useful when the bulk substrate
comprises a volatile element, such as an alkali metal, that
selectively evaporates under vacuum at high temperatures,
thereby degrading the quality of the surface of the bulk
substrate. By covering the surface of the bulk substrate with
a thin growth template layer comprising elements of lower
volatility, the quality of the growth surface can be preserved
and a higher quality complex metal oxide film can be grown
thereon. The growth template material should be selected
such that it has a very low lattice mismatch with the complex
metal oxide being grown thereon and is also desirably very
thin in order to minimize any detrimental effects of the
lattice mismatch. Generally, the lattice mismatch between
the growth template layer and the complex oxide film
growth thereon should be no greater than about 2% and,
more desirably, no greater than about 1.5% or no greater
than 1%, and the thickness of the growth template layer
should be less than about 5 nm and, more desirably, less than
about 2 nm, including 1 nm. However, higher lattice mis-
matches and/or thicknesses may be used, provided that the
quality of the complex oxide grown on the growth template
layer is sufficient for its intended application. Complex
scandate metal oxide thin films are examples of growth
template layers that can be used in the epitaxial growth of
complex alkali metal oxide films. Tertiary and higher order
scandate metal oxide films can be grown on the surface of
a bulk substrate composed of the same complex oxide as the
complex oxide film to be grown thereon using known
epitaxial growth methods. One specific, non-limiting
example of a scandate metal oxide is SmScOj;, which has a
low lattice mismatch with KTaO, (111).

The thicknesses of the various layers making up the
heterostructures will depend on the intended application of
the heterostructure. Typically, however, the layers will be
very thin with thicknesses of less than 1 pm. This includes
heterostructures in which one, more than one, or all of the
layers (excluding any bulk substrate) have thicknesses of
less than 500 nm, less than 100 nm, and/or less than 10 nm
(e.g., thicknesses in the range from 1 nm to 100 nm).

EXAMPLE

This Example demonstrates the hybrid PLD growth of
electronic-grade (111)-oriented potassium tantalate (KTaO,)
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thin films using a combination of thermodynamics-guided
thin film synthesis, structural characterizations, and quan-
tum transport measurements.

LaAlO,/KTaO; (111) heterostructures with clean inter-
faces were formed by growing electronic-grade (pseudo-)
homoepitaxial KTaO; thin films on single crystal substrates
of KTaO; (111) using hybrid PLD and in situ LaAlO, growth
by conventional PLD. (Jiang, Y. et al., Nat. Mater. 21,
779-785 (2022).)

To identify the hybrid PLD growth parameters of a
stoichiometric KTaO; phase, a thermodynamic database was
built for the K—Ta—O system (see Methods, below), and
various phase diagrams were predicted. FIG. 2A shows the
calculated stability phase diagram of K—Ta—O near the
stoichiometric KTaO; as a function of oxygen (O,) partial
pressure and temperature; here, the K partial pressure was
fixed at 10~® Torr based on the potential phase diagram as a
function of K and O, partial pressures. An isothermal section
of the K—Ta—O ternary phase diagram and the phase
region of KTaO; as a function of oxygen and potassium
partial pressure at T=1000 K are shown in FIGS. 2B and 2C,
respectively.

In experiments, the commercially available potassium
oxide (K,O) was used as K source because elemental K is
extremely unstable under both the ambient and high tem-
perature/vacuum conditions. To estimate the source tem-
peratures for achieving the stoichiometric KTaO; synthesis,
the vapor pressure of K,O and partial pressures of all gas
species (FIG. 2D) were calculated at source temperatures
from 500 to 1000 K. Three major gas species were identified
as 0,, K,0,, and K with the calculated equilibrium partial
pressures~1.7x1073, 9.2x1077, and 3.9x10~7 Torr, respec-
tively, at a source temperature of 750 K. These values set the
upper limits for the partial pressures of gas species. In
experiments, the vacuum chamber is constantly evacuated
and maintains a dynamic equilibrium. As a result, the total
dynamic pressure from the combined gas phases at a source
temperature of 750 K accounts for ~107° Torr (Methods).
Furthermore, to maintain the molecular flow state of gas
species and sufficient overpressure of potassium near the
surface of substrate, the chamber pressure was kept well
below 1072 Torr. From these analyses, it was determined that
a practical growth window of KTaO, should be in O, partial
pressures and substrate temperatures of 1077-10~> Torr and
950-1000 K, respectively (dotted box, FIG. 2A).

FIG. 1A schematically depicts the experimental setup for
the hybrid PLD growth. K was supplied by thermal evapo-
ration of a K,O source from an effusion cell directed at the
substrate. Ta was supplied by ablating a ceramic target of
tantalum pentoxide (Ta,Os) using a pulsed excimer laser.

Approximately 8 nm-thick KTaO, thin films were syn-
thesized on various single crystal substrates under various
growth conditions (Methods). In the remainder, (pseudo-)
cubic notations were used when referring to crystallographic
orientations. The heteroepitaxial KTaO; thin films were first
synthesized on SrTiO; (001) and (111) substrates, and their
crystal structure and surface morphologies were investigated
using X-ray diffraction and atomic force microscopy. The
crystallinities of (001)- and (111)-oriented KTaO; thin films
improved with increasing substrate temperature from 923 K
to 1023 K. Focusing on surface morphologies, it was found
that the substrate temperature was optimized at an interme-
diate temperature of 973 K for obtaining atomically-flat
surfaces of KTaO; (111) films, while the KTaO, (001) films
displayed essentially no changes with the substrate tempera-
ture.
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Having confirmed high crystalline qualities in heteroepi-
taxial KTaO; (001) and (111) thin films, the stoichiometry in
(pseudo-)homoepitaxial KTaO; (111) thin films was inves-
tigated. (Pseudo-)homoepitaxial KTaO, thin films were
grown on bare and =~1 nm-thick SmScO;-buffered KtaO,
(111) substrates. Homoepitaxial KTaOj, films grown directly
on bare KTaO; (111) substrates at a substrate temperature of
973 K showed atomically smooth surfaces. X-ray diffraction
studies revealed that there was slight off-stoichiometry in the
KTaO; thin film grown at 973 K and the increase in the
substrate temperature up to 1023 K enhanced stoichiometry.
On the other hand, the increased substrate temperature
induced surface roughening because the low energy surfaces
such as (001) and (011) were more stable than (111) at high
temperatures. The strategy to overcome the trade-off
between surface smoothness (optimized near 973 K) and
stoichiometry (optimized near 1023 K) was to insert a thin
SmScO; template grown layer by conventional PLD
between the KTaO, (111) film and substrate. The SmScO,
templates may serve three roles: (i) stabilizing the KTaO;
surface by suppressing K evaporation from the surface of
KTaO, substrate under high temperature and high vacuum,;
(ii) inhibiting the migration of native defects that may
deteriorate the superconductivity from the KTaO, substrate
to the film; and/or (iii) suppressing the leakage of charge
carriers from the film to the substrate area where more
disorder is expected.

To alleviate the lattice parameter and oxygen octahedral
rotation mismatch between SmScO; (space group: Pbnm)
and KTaO, (space group: Pm3m), the thickness of the
SmScO; template was restricted to be ~1 nm. X-ray diffrac-
tion and atomic force microscopy validated this heterostruc-
ture design and demonstrated that the (pseudo-)homoepi-
taxial KTaO; thin film grown on SmScO;-buffered KTaO,
(111) substrate was stoichiometric and atomically smooth.

The interfacial structures of the LaAlO,/KTaO,/SmScO,/
KTaO; (111) heterostructures were characterized using
atomic resolution scanning transmission electron micros-
copy (STEM, Methods). High-angle annular dark field
(HAADF) cross-sectional images of the heterostructures
(FIGS. 3A-3C) confirmed atomically-sharp interfaces of
SmScO,;/KTaO; (111) substrate (FIG. 3B) and LaAlO,/
KTaO, (111) thin film (FIG. 3C), which means that thin
SmScO; template could protect the unstable (111) surface of
the KTO bulk substrate under the highly reducing atmo-
sphere of ~107° Torr at 973 K. The KTaOj thin film was fully
epitaxial to the KTaO; substrate through the underlying
SmScO; template without any misfit dislocations because
the lattice mismatch between SmScO; and KTaO; (111) is
only =2.6%. Notably, the crystal structure of ~1 nm-thick
SmScO; film appeared to adopt a (psuedo-)cubic structure
because the lattice spacings along the orthorhombic [001]
and [110] were constant; and Sm and Sc atoms were aligned
in a line, which cannot be shown in the orthorhombic phase
of the bulk SmScO;. Through the (pseudo-)cubic SmScOs;,
the KTaO; (111) thin film was epitaxially grown with the
desired cubic structure. An interesting feature in FIG. 3A is
the contrast variation near the LaAlO,/KTaO; (111) thin film
and SmScO;/KTaO; (111) substrate interfaces (FIG. 3D).
The brighter contrast in the KTaO; (111) thin film near the
top interface of LaAlO;/KTaO; (111) thin film was attrib-
uted to the presence of doubly charged oxygen vacancies
(V,"), which are predicted to increase (decrease) the Ta—O
(K—O0) bond by =1.66%, corresponding to expansion along
the out-of-plane direction and increase of c/a. Conversely,
the brighter contrast in the KTaO; (111) substrate near the
bottom SmScO,/KTaO; (111) substrate interface was attrib-
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uted to the presence of singly charged K vacancies (Vz'),
which have a lower formation energy of ~0.06 eV than V ;"
(=0.18 eV) and does not change the cell dimension. These
observations directly confirm the higher crystalline qualities
of the KTaO, (111) thin film compared to the KTaO, (111)
substrate.

The transport measurements performed on the LaAlO,/
KTaO; (111) substrate (denoted as “Bulk_1" and “Bulk_2”,
Methods) and the LaAlO,/KTaO,/SmScO,/KTaO, (111)
substrate (denoted as “Film_17) heterostructures (FIGS.
4A-4K) were then studied. As shown in FIG. 4A, 2DEGs
were created by depositing oxygen-deficient LaAlO; layers
over the KaTaO; films. The LaAlO; layer was grown in situ
in the case of the LaAlO,/KTaO,/SmScO,/KTaO; (111)
heterostructures, which produced clean interfaces. The
transport data presented in the normal state (2 K<T<300 K)
were obtained using a Van der Pauw geometry to probe the
entire surface of the samples and ensure that the samples
were macroscopically homogeneous (Methods). FIG. 4B
shows the temperature dependence of R, of the Bulk_1,
Bulk_2 and Film_1 samples. Notably, the Film_1 sample
showed the lowest R, in the normal state (FIG. 4B) despite
having nearly the same sheet carrier density (1,,,) (below 50
K) as the Bulk_1 and Bulk_2 samples (FIG. 4C). The lower
R,, was attributed to the high mobility (u) of the Film_1
sample (=150 cm*/Vs at 10 K) compared to the Bulk_1 and
Bulk_2 samples (=15 cm*Vs and 48 cm*Vs at 10 K,
respectively). Multiple samples with the similar structures
were tested as shown in FIG. 4A, and their distribution was
plotted at 10 K in a p-n,,, diagram (FIG. 4E). The p-n,,,
diagram clearly demonstrates that the LaAlO,/KTaO,/
SmScO;/KTaO; (111) substrate (up-triangles, FIG. 4E) het-
erostructures generally possessed higher p within the same
n,, range compared to the LaAlO,/KTaO, (111) hetero-
structures (down-triangles, FIG. 4E). The differences in p
were attributed to the lower point defect concentrations,
which dominated the impurity scattering at low tempera-
tures, in the LaAlO;/KTaO;/SmScO;/KTaO; (111) hetero-
structures. To further confirm the superior quality of the
LaAlO,/KTaO,/SmScO,/KTaO; (111) heterostructures, the
n,, dependence of the mean free path (1) and k1 was
analyzed at 10 K, where k. is the Fermi wave vector, which
confirmed that the LaAlO;/KTaO,/SmScO,/KTaO, (111)
heterostructures also possessed higher 1 and k.l than the
LaAlO4/KTaOj, (111) heterostructures and those reported in
the literature regardless of n,,,. (Chen, Z. et al. Electric field
control of superconductivity at the LaAlO,/KTaO; (111)
interface. Science 372, 721-724 (2021).) The analyses pre-
sented so far—X-ray diffraction, atomic force microscopy,
STEM, and electrical transport measurements—cement the
hybrid PLD as a new synthesis method to synthesize elec-
tronic-grade KTaO, thin films that are cleaner than their bulk
single crystal counterparts.

To investigate the superconductivity and anisotropic
transport behavior exhibited by 2DEGs at the (111)-planes
of KTaO;, Hall bars were patterned along the [11-2] and
[1-10] on the Bulk_1, Bulk_2, and Film_1 samples (FIG. 4F,
Methods). FIGS. 4G and 4] show the R, vs. T data at T<2
K along the [11-2] and [1-10], respectively. The Film_1
sample showed a T, ,_;~1.35 K along both directions (inset,
FIGS. 4G, 4]), which was about 125% (35%) higher than the
T, —0~0.60 K along the [11-2] ([1-10]) exhibited by the
Bulk_2 sample. The Bulk_1 sample reached the zero-resis-
tance state at ~0.82 K along the [11-2] but failed to reach the
zero-resistance along the [1-10] down to =0.2 K. The V-J
curves at T=0.5 K of the three samples (FIGS. 4H, 4K)
confirm the R, vs. T data by the existence of J, excluding
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the Bulk_1 sample along the [1-10], which showed an
Ohmic behavior (FIG. 4K). The Film_1 sample exhibited a
substantially larger J. compared to the Bulk_1 and Bulk_2
samples (=~1.6 mA/cm for Bulk_1, ~~3.9 mA/cm for
Bulk_2, ~12.3 mA/cm for Film_1 samples, FIG. 4G). The p
evolution of T, ,_, and T_ 500, (FIG. 4I) and overlaying the
Arrhenius plots of R, vs. T and V-J curves along the [11-2]
and [1-10] indicates that reduced disorder (i.e., higher,u)
may eliminate signatures of disorder-induced inhomogene-
ities observed in the superconductivity of KTaO; (111).

Next, the effect of n,, on the superconductivity in our
KTaO, (111) thin films at n,,>>10x10"® cm™> was investi-
gated. The n,, of LaAlO;/KTaO,/SmScO,/KTaO; (111)
heterostructures was controlled by growing LaAlO, over-
layers in different atmospheres while keeping all other
experimental conditions constant (Methods). In the follow-
ing, samples with n,,~4.7x10"* cm™ (Film_2) and
n,,~30.5x10"* cm™ (Film_3) at 10 K were focused on,
which were compared with the Film_1 sample (n,,~8.3x
10'* cm™ at 10 K, FIG. 4C). FIG. 5A shows the R, vs. T
curves (T<4 K) of the Film_1, Film_2 and Film_3 samples.
The Film_2 (Film_3) sample showed lower (higher) normal
state Ry, T, o0, T 5006, and T, than the Film_1 sample
(FIGS. 5A, 5B). The V-J curves at T=0.5 K (Film_1, Film_3)
and T=0.1 K (Film_2) are shown in FIG. 5C. In contrast to
the T, oo, T, 50005 and T,. ., the J initially increased from
~0.65 mA/cm (Film_2, 0.1 K) to =12.3 mA/cm (Film_1, 0.5
K) as n,, increased from 4.7x10'® cm=2 (Film_2) to 8.3x
10" cm™ (Film_1) and then decreased to ~8.3 mA/cm
(Film_3, 0.5 K) at n,,~30.5x10"* cm™> (FIG. 5D).

As demonstrated here, hybrid PLD can be used to grow
atomically-smooth, electronic-grade KTaOj; (111) thin films,
including atomically smooth, superconducting films.

Methods

Epitaxial KTaO; thin films of approximately 8 nm thick-
ness were initially grown on single-terminated SrTiO, (001)
and (111) substrates to experimentally determine the growth
window. Growth on the (001) orientation was more easily
achieved than growth on the (111) orientation. The substrate
temperature has the most dominant effects on the growth
window and surface morphology. For the hybrid PLD pro-
cess, the background pressure was kept low to allow
molecular flow of thermally evaporated species. In this
example, the background pressure during the growth was
kept at ~107> Torr, and the laser fluence for PLD was kept
just above the ablation threshold to minimize bombardment-
induced defects.

Despite the polar nature of the KTaO, (001) surface,
atomically-flat KTaO; films grown on SrTiO; (001) sub-
strates were achieved over a wide range of growth param-
eters. Since the crystalline quality showed substantial
improvements with increasing temperature, it is advanta-
geous to use high substrate temperature to obtain electronic-
grade thin films. The (111) surface was susceptible to
temperature-induced surface roughening at or above 1023
K, although the crystallinity improved with increasing tem-
perature.

Due to the volatility of potassium, exposure to high
temperature and high vacuum conditions was expected to
degrade the surface quality of the KTaO, substrate, com-
promising the homoepitaxial growth. To protect the KTaO,
substrate surface, the growth of an approximately 8 nm-
thick SmScO; thin film was grown on a KTaO; (111)
substrate surface by conventional PLD and the high quality
of the crystallinity and atomically-flat surface of the thin
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film was confirmed. To alleviate the lattice parameter and
oxygen octahedral rotation mismatch between SmScO,
(space group: Pbnm) and KTaO, (space group: Pm3m), the
thickness of the intervening SmScO; layer was restricted to
be about 1 nm. The atomically flat nature of the surfaces of
the =1 nm SmScO; and the =8 nm KTaO; and the lack of any
extended defects (FIGS. 6A-6H).

Thermodynamic calculations of the K—Ta—O system.
The thermodynamic database used in this example is based
on the SGTE substance database (i.e., the SSUBS). (SGTE.
Thermodynamic ~ Properties of Inorganic Materials.
(Springer-Verlag Berlin Heidelberg, 1999).) However, ther-
modynamic properties for the six ternary oxides (KTasO,;,
K,Ta,0,,, KTaO;, K, TaO,, K;Tag0,,, and K,Ta,;;0;,)
were absent in SSUBS. In this example, the thermodynamic
properties were estimated with the reference states being the
binary oxides (and pure element Ta) in SSUBS5 according to
the reactions in Table 1. The reaction enthalpies AH for these
ternary oxides were based on density functional theory
(DFT) based first-principles calculations in the literature,
i.e., the Materials Project (MP) and the Open Quantum
Materials Database (OQMD); see the predicted AH values in
Table 1. (Jain, A. et al. APL Mater. 1, 011002 (2013);
Kirklin, S. et al. npj Comput. Mater. 1,15010 (2015).) Using
the presently generated K—Ta—O database (SSUBS
together with the DFT-based AH values), thermodynamic
calculations can be performed using the Thermo-Calc soft-
ware. (Andersson, J.-O. et al., CALPHAD 26, 273-312
(2002).)

TABLE 1

Reaction enthalpies AH for six ternary oxides based on
the DFT-based databases of Materials Project (MP)? and the Open
Quantum Materials Database (OQMD)?. (See, Jain, A. et al. Commentary:
The Materials Project: A materials genome approach to accelerating
materials innovation. 4PL Mater. 1, 011002 (2013); and Kirklin,
S. et al. The Open Quantum Materials Database (OQMD): assessing
the accuracy of DFT formation energies. npj Comput. Mater.

1, 15010 (2015).)

AH (Joule per unit

No. Reactions formula, J/U.F.)

1 K,O + 5 TayOs = 2 KTasO3 -219107 (for 19
atoms, by MP)
-383912 (for 17
atoms, by MP)
-175891 (for 5
atoms, by MP)*
-179172 (for 5
atoms, by OQMD)
-336056 (for 8
atoms, by OQMD)
-613499 (for 32
atoms, by MP)
-465582 (for 49
atoms, by MP)

2 K,0+2 Ta,05 = K,Ta, 0y,

3 K,0 + TayOs = 2 KTaO,

4 3K,0 + Tay05 = 2 K5TaO,
5 15 K,0 + 39 Tay05 + 2 Ta = 10 K3TagOs,

6 5K,0+ 31 TayOs + 13 Ta — 5 K,Ta;505,

“This value used in the present example.

Film synthesis and structural characterizations. Film syn-
thesis and structural characterizations. Hybrid PLD using a
KrF excimer laser (248 nm, LPX 300, Coherent) and a
home-built effusion cell were used to grow epitaxial KTaO;
thin films on single crystal KTaO; (111), SrTiO; (111),
SrTiO; (001) substrates. To obtain the TiO,-terminated sub-
strates, as-received SrTiO; substrates were etched using
buffered hydrofluoric acid (Sigma Aldrich) for 1 min and
annealed at 1273 K for 6 hr. The KTaO; growth was carried
out at a heater temperature of 973 K in a chamber pressure
of 107 Torr. To supply tantalum, a ceramic target of Ta,Os
(purity 99.9%, Praxair) was ablated using a laser fluence of
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0.5 Jem® and a laser repetition rate of 20 Hz with a
target-to-substrate distance of 65 mm. To supply potassium,
5 g of K,O powders (purity 99.9%, Nanoshel) were used as
source and loaded in a magnesium oxide crucible of cylin-
drical shape with a diameter of 16 mm and a length of 100
mm. To protect the effusion cell from reaction with potas-
sium vapors, the effusion cell was shielded with tantalum
foils. The crucible was heated using a home-built effusion
cell and K,O source was pre-evaporated at an effusion cell
temperature of 873 K in vacuum for de-gassing. Following
pre-evaporation, the effusion cell temperature was lowered
to 750 K and maintained during the KTaO; growth. Follow-
ing the KTaO, growth, the samples were cooled down to 823
K by quenching in a static oxygen pressure of 500 Torr and
annealed in situ for 30 min. The growth rate for KTaO, was
approximately 0.0044 A per laser pulse (=2.5 u.c./min). The
laser fluence was kept at slightly above the ablation thresh-
old for Ta,O5 ceramic to minimize the high kinetic energy
ion bombardment during the KTaO; growth. The SmScO,
growth was carried out by conventional PLD at a heater
temperature of 973 K in a dynamic oxygen pressure of 20
mTorr with a laser fluence of 0.6 J/cm? and a laser repetition
rate of 1 Hz from a ceramic target (Praxair) of the same
composition with a target-to-substrate distance of 65 mm.
The growth rate of SmScO, was approximately 0.066 A per
laser pulse. Following the growth, the samples were cooled
to room temperature by quenching in a static oxygen pres-
sure of 500 Torr. The LaAlO; growth was carried out in situ
by conventional PLD at a heater temperature of 673 K in a
dynamic oxygen pressure of 10~> Torr with a laser fluence of
1.05 J/em? and a laser repetition rate of 1 Hz from a single
crystal LaAlO; target (Crystec) with a target-to-substrate
distance of 65 mm. The growth rate of LaAlO, was approxi-
mately 0.11 A per laser pulse. Following the growth, the
samples were cooled to room temperature by quenching in
the growth atmosphere. X-ray diffraction measurements
were conducted with a high-resolution X-ray diffractometer
(Bruker). Surface topography images were collected with an
atomic force microscope operated in a tapping mode
(Veeco).

Transport measurements. Device fabrication. Hall bars
were fabricated with standard photolithography. First, Au
markers were deposited for alignment purpose. AZ4210
photoresist was patterned to cover and protect the Hall
bar-shaped regions. The exposed regions underwent induc-
tively coupled plasma reactive ion etching (ICPRIE) for 18
minutes in a Plasma-Therm APEX ICPRIE. During the
etching, 5 sccm of BCl,, 50 sccm of Cl,, and 5 sccm of Ar
were used as gas etchant, with RIE power set to 100 W. After
the etching, the photoresist was removed in MICROPOSIT
Remover 1165, then acetone and IPA. The etching depth was
measured to be =50 nm by atomic force microscope.

Electrical transport. The electrical transport measure-
ments were carried out using a four-contact van der Pauw
geometry over a temperature range of 2 to 300 K. Two van
der Pauw sheet resistance and two Hall measurement con-
figurations were switched between while sweeping a mag-
netic field over a range of -1 to 1 T. Individual configuration
resistances were computed by sourcing a d.c. current of
alternating polarity and combining the voltages to compute
a resistance free of voltage noise from effects including the
Seebeck effect. The two resistances from the sheet-resis-
tance configurations (R, R,) were combined using the van
der Pauw equation, 1=exp(-nR,/R, )+exp(-nR,/R,,), to
determine the sheet resistance, R,,. The two Hall resistances
were averaged to compute the Hall resistance, RH. The
carrier density, n,,,, was computed with the equation n,,,=1/
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[(dR,/dB)q], where I is the magnitude of the d.c. current
sourced, and q the electron charge. The mobility, was
computed with the equation p=1/(R,, n,5 q).

Magnetotransport and Superconductivity. Superconduc-
tivity measurements on Hall bars below 2 K were carried out
in a Quantum Design PPMS refrigerator with a dilution unit.
Source voltages were applied by a 24-bit digital/analog
converter National Instruments PXI-4461, which can also
simultaneously perform 24-bit analog/digital conversion.
Current biasing was achieved by shunting the Hall bar
device with a 300 kQ in-series resistor. The drain current and
voltages were measured after amplification by a Krohn-Hite
Model 7008 Multi-channel Pre-amplifier. For each current-
voltage characteristic, the current sweep started from 0 bias,
then went to maximum bias, to minimum bias, and finally
finished at O bias. The whole sweep took =20 s. For 0 bias
resistance measurement, a small AC current was sourced
I=],, cos(2mft) where =13 Hz and I,<100 nA. The voltage
V, across the Hallbar channel was measured by a homemade
digital lock-in amplifier to get four-terminal resistance
R=V/I,.

The word “illustrative” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be
construed as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and
unless otherwise specified, “a” or “an” can mean only one or
can mean “one or more.” Embodiments of the inventions
consistent with either construction are covered.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modi-
fications and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to
explain the principles of the invention and as practical
applications of the invention to enable one skilled in the art
to utilize the invention in various embodiments and with
various modifications as suited to the particular use contem-
plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

If not already included, all numeric values of parameters
in the present disclosure are proceeded by the term “about”
which means approximately. This encompasses those varia-
tions inherent to the measurement of the relevant parameter
as understood by those of ordinary skill in the art. This also
encompasses the exact value of the disclosed numeric value
and values that round to the disclosed numeric value.

What is claimed is:

1. A method of forming a film of a layered complex oxide,
the method comprising:

providing a deposition substrate and a solid metal oxide

target comprising oxygen and a first metal in a vacuum
chamber;

forming a molecular beam directed at the deposition

substrate, wherein the molecular beam is formed by
evaporation of an oxide of a second metal, the second
metal having a higher vapor pressure than the first
metal; and

laser ablating the solid metal oxide target using a pulsed

laser to generate a plume of ablated target material in
the presence of the molecular beam, wherein the film of
the layered complex oxide is grown epitaxially on the
deposition substrate via layer-by-layer deposition from
the plume of ablated target material and the molecular
beam.
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2. The method of claim 1, wherein the oxide of the second
metal is a suboxide of the second metal.

3. The method of claim 2, wherein the vapor pressure of
the second metal is at least ten times higher than the vapor
pressure of the first metal at a deposition temperature of the
film of the layered complex oxide.

4. The method of claim 2, wherein the first metal is a
transition metal and the second metal is an alkali metal.

5. The method of claim 4, wherein the transition metal is
a refractory metal.

6. The method of claim 5, wherein the alkali metal is
potassium or lithium and the refractory metal is niobium,
molybdenum, tantalum, and tungsten.

7. The method of claim 2, wherein the solid metal oxide
target comprises a refractory metal oxide, the molecular
beam comprises an alkali metal, and the layered complex
oxide has the formula A'*B>*Q,, where A represents an
alkali metal atom and B represents a refractory metal atom.

8. The method of claim 7, wherein the refractory metal
oxide is Ta,O, the alkali metal is K, and the layered
complex metal oxide is KTaO;.

9. The method of claim 8, wherein the deposition sub-
strate comprises KTaO; (111).
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10. The method of claim 9, wherein the deposition sub-
strate comprises a SmScO, growth template layer between
the KTaO; (111) substrate and the KTaO, film.

11. The method of claim 8, wherein the deposition sub-
strate comprises Sr1i0; (111) or SrTiO, (001).

12. The method of claim 2, wherein the solid metal oxide
target comprises a niobium oxide, the molecular beam
comprises an alkali metal, and the layered complex oxide is
an alkali metal niobate.

13. The method of claim 12, wherein the layered complex
oxide is LiNbO; or potassium KNbOj.

14. The method of claim 2, wherein the solid metal oxide
target comprises a bismuth oxide, the molecular beam
comprises an alkali metal, and the layered complex oxide is
an alkali metal bismuthate.

15. The method of claim 2, wherein the solid metal oxide
target comprises a vanadium oxide, the molecular beam
comprises an alkali metal, and the layered complex oxide is
an alkali metal vanadate.

16. The method of claim 1, wherein the molecular beam
is formed by thermal evaporation of the oxide of the second
metal in an effusion cell.

* * * * *



