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Gallium-Oxide-On-Silicon (GaOxS)

FEDERALLY FUNDED RESEARCH

[0001] This invention was made with government support under Grant No. FA9550-18-1-0053 and
Grant No. FA9550-12-1-0494 awarded by the Air Force Office of Scientific Research. The government

has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims the benefit of and priority to U.S. Provisional Application No.
63/329,729, filed on April 11, 2022, which is incorporated by reference herein in its entirety.

TECHNICAL FIELD

[0003] Various embodiments of the present technology generally relate to silicon (Si)-based
semiconductor manufacturing. More specifically, some embodiments of the present technology relate to

systems and methods for integrating gallium oxide thin films on silicon (001) via a buffer layer.

BACKGROUND

[0004] GaxO; is a promising wide band-gap semiconductor with potential applications in high power
electronics, solar-blind ultraviolet (V) photodetectors, UV-transparent conductive films, UV detectors,
electro-optical devices, and possibly microwave switching and amplification [1-3, 106, 107]. Benefits
of the material are an ultra-wide band gap of ~5 eV, transparency into the deep-UV spectral range, and
the availability of relatively low-cost bulk single crystals, compared to other wide band gap materials.
Gaz03 has a high theoretical breakdown field of about 8 MV/cm [108], higher than GaN (3.3 MV/cm)
and SiC (2.5 MV/cm), which are, besides the ubiquitous Si (0.3 MV/cm), the most commonly used
materials in high-power electronics [4, 5]. Larger breakdown fields can lead to the miniaturization of
power clectronic devices with associated reductions in cost and weight. The enhanced radiation hardness
of GayOs [6] additionally makes it suitable for space applications. Today an estimated 30 % of all
electricity flows through power electronics and this is projected to reach 80 % in the future [7]. Efficient
n-type doping of Ga20s can be achieved by Si, Ge, Sn and Nb incorporation [3]. Recently p-type doping
with H has been demonstrated [8].

[0005] Six different polymorphs of Ga»Os have been described: monoclinic (), thombohedral/trigonal
(o), cubic defective spinel (y), cubic bixbyite (6), orthorhombic (k), and hexagonal (g) [9]. All Ga,O3

polymorphs are based on a close-packed arrangement of oxide ions (hexagonal close-packed (hcp) or
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face-centered cubic (fcc); distorted to some degree in most cases), and Ga ions partially fill octahedral
and tetrahedral voids, which show local disorder for some structures [9]. 6-Ga203 has been speculated
to be a mixture of $- and e-Gax0s [9], and hexagonal e-Ga;Os has been shown by electron microscopy
to be a multi-domain structure of orthorhombic k-Ga»Os (isostructural to k-Al»O3) [10]. Recently, the
orthorhombic polymorph has been reflerred 1o as either as e-Ga20s [11, 12] or as k-Ga203 [10]; due to
the analogy with k-Al:Os; and to avoid ambiguity, it will be referred to herein as k-Ga,Os. The
crystallographic relationships between k-, 8-, and y-polymorphs have been described [13]. In summary,
there appear to be only four truly distinct polymorphs: a, B, y and «.

[0006] P-Gaz0s is the stable polymorph under normal conditions and crystallizes in space group C2/m
with lattice parameters a = 12.22 A, b=304A,c=580A and B = 103.75° [9]. A major advantage of
B-Ga20s is that low-cost and high-quality single crystals are available: 4 inch B-Ga0O: waters are
commercially available [14], and 6 inch wafers are in development [15]. The production of 6 inch p-
Gax0s bulk wafers is projected to be about a 1/3 cheaper than the production of 6” SiC wafers [7]. A
major disadvantage of Ga>Os, however, is the low thermal conductivity of 0.1-0.3 Wem 'K [5, 108],
which is detrimental for high-power applications that dissipate energy in the form of Joule heating [16,
109]. Therefore, the integration of epitaxial Ga,Os onto Si would be advantageous due to the 750 %
higher thermal conductivity of Si compared to Gax0s [17, 110]. Currently, large-scale epitaxial films of
Gax0; are unavailable commercially and bulk crystal wafers are only available up to 4 inch diameter
[111]. Another benefit would be cost reduction [17], based on even larger diameter Ga>Os substrates and
direct process integration with Si technology. Epitaxial growth onto Si (001) wafers would open up
numerous avenues for the large scale integration but, unfortunately, Ga>Os cannot be directly grown on
Si.

[0007] The challenge of epitaxial integration is the structural difference between silicon and gallium
oxide. Si has a crystal structure with cubic symmetry, whereas f-Ga,Os has monoclinic symmetry. This
symmetry mismatch will unavoidably lead to a multi-orientation growth of epitaxial domains [18, 19].
Crystal grain boundaries between epitaxial domains and defects arising from the lattice mismatch to the
substrate can be pernicious to the electronic properties of the epilayer.

[0008] In prior work on the integration of Ga>Os with Si, a textured 1 um B-Ga20s film was grown by
HVPE on Si (111) with a ~100 nm 3C-SiC (zinc blende structure) bulfer layer [24]; randomly oriented
B-GaxO3 rods as well as nanosheets were grown by chemical vapor deposition (CVD) on 3C-
SiC/Si(001) [25, 26]; and polycrystalline 3-Ga20s was grown directly on Si (001) and Si (111) without
buffer layers by pulsed laser deposition (PLD) [27]. B-Ga»Os of unclear structural orientation was also
grown by HVPE on SiC-buffered Si (001), Si (011) and Si (111) [28, 29]. Additional prior work
includes the deposition of amorphous Ga»Os; on Si (001) by CVD [30], and crystallization of amorphous
GaxOs on Si (111) by annealing leading to grains of f-Ga»Os [31]. Recently, B-Ga,Os wafers have been
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integrated directly, and with an alumina interlayer, onto Si and SiC wafers by wafer bonding and ion
cutting [32, 33].

[0009] In many instances, Ga»Os has been grown heteroepitaxially on widely available, high-structural-
quality and low-cost c-plane sapphire substrates by a variety of physical and chemical vapor deposition
methods: MBE [34-43], MOCVD [42, 44, 45], PLD [42, 46], t{-sputtering [47], CVD [11, 48, 49], HVPE
[50-53], PVD [54, 55]. Depending on the growth method, growth parameters such as temperature and
post-growth treatments, various phases and mixtures of phases of epitaxial Ga>Os are created on c-plane
sapphire: $-Ga:0s (201), (101) and (310), a-Ga,Os (00.1), y-Ga,03 (111) and x-Ga,Os (001)
(wrongly assigned e-Ga>Os (00.1) [10]). The corundum crystal structure of sapphire or a-Al.Os (trigonal
space group R3c, 167), consists of a hcp oxygen framework with two-thirds of the octahedral interstices
filled with Al [56]. It has been observed by synchrotron-based x-ray diffraction (XRD) that when Ga,Os
is grown by oxygen plasma-assisted MBE (PAMBE) on c¢-plane a-Al»QOs, isostructural growth of o-
Gay0; is observed for the first 33 A (for a 2.3 A/min growth rate and 600 °C substrate temperature),
which then converts to (201)-oriented B-Ga»Os on top [40]. The (201) plane of B-Ga>O; has a similar
local oxygen arrangement as the c-plane of a-AlOs [54]. B-Ga:0s with (201)-, (101)- and (310)-
orientations has been formed after heat treatment of x-Ga>Os on sapphire [13, 57], and the (310) and
(101) orientations grow as minority phases for (201) p-Ga>Os on sapphire [50, 54]. For f-Ga>Os grown
on vicinal a-AlOs, the six in-plane orientations of (201) that arise on non-vicinal substrates [54], are
effectively reduced to one dominant one [49, 50], and a room temperature electron mobility of 106.6
cm?V-'s™! can be achieved at a doping concentration of 4.83 x 10'7 ¢cm™ [49]. For comparison, the record
value for room temperature mobility of 184 ¢cm*V's? in B-Ga.Os was achieved with a homoepitaxial
film grown by MOVPE at a doping concentration of 2.5 x 10'® cm™ [58], and the theoretically predicted
limit of the room temperature mobility of f-Ga20s is 200 cm?V-!s™ [59]. (111)-oriented y-Al,O; with
two in-plane rotational variants can be grown on Si (001) by e-beam evaporation of Al,Os at elevated
temperature, with a pseudomorphic y-Al,Oz (001) interlayer showing an atomically abrupt interface
between AlLO; and Si [60-63]. The observation of relatively large domains with average lateral
extensions of more than 100 nm for y-Al:O3; (111) on Si (001) was reported [60]. y-Ga,03in (001)-
orientation has been epitaxially stabilized on spinel MgAl>O4 (001) substrates [65], and on MgO (001)
[66].

[0010] Previous attempts at integrating Ga,Os on Si highlight the difficulty of this process. A textured
1-um-thick f-Ga;Os film was grown by hydride vapor phase epitaxy (HVPE) on Si (111) with a ~100-
nm 3C-SiC (zincblende structurc) buffer layer [112]; randomly oricnted B-GaxOs rods as well as
nanosheets were grown by chemical vapor deposition (CVD) on 3C-SiC/Si(001) [113, 114]; and
polycrystalline B-Ga20s was grown directly on Si (001) and Si (111) without buffler layers using pulsed
laser deposition (PLD) [115]. B-Ga»Os of unspecified structural orientation was also grown by HVPE on
SiC-buffered Si (001), Si (011) and Si (111) [116, 117]. Additional prior work includes the deposition
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of amorphous Ga,0s; on Si (001) by CVD [118], and crystallization of amorphous Ga;Os on Si (111)
by annealing, leading to grains of f-Ga2Os [119]. Recently, f-Ga20s; wafers have been integrated directly
onto Si and SiC wafers with an alumina interlayer using wafer bonding and ion cutting [120, 121].
[0011] Epitaxial GazOs thin [ilms have previously been grown on some oxide substrates. The (100)-
oriented epitaxial relationship was found for Ga>Os; grown by MOCVD on StTiO; (STO) (001) after
annealing the sample above 1000°C [122]. Other examples of Ga>O3z growth on oxide surfaces include
the deposition of k-Ga20; (001) on STO (111) via tin-assisted pulsed-laser deposition [123] and by mist
CVD [124]. We have also recently reported the integration of -Ga,Os by plasma-assisted molecular
beam epitaxy onto a y-AlOs (111) buffer layer grown at 840 °C by e-beam evaporation on a clean Si
(001) surface [125].

[0012] Integration of -Ga>Os on Si (001) is highly challenging due to multiple fundamental differences

between the sesquioxide and the semiconductor substrate.
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SUMMARY

[0167] In some embodiments, 3-Ga,03 was deposited in thin film form by plasma-assisted molecular
beam epitaxy at 670 °C and 630 °C onto a y-Al,Oz (111) buffer layer grown at 840 °C by e-beam
evaporation on a clean Si (001) surface. The B-Ga2Os3 film was 66 nm thick, stoichiometric, and strongly
textured, as determined by x-ray reflectivity, x-ray photoelectron spectroscopy, reflection high-energy
electron diffraction, x-ray diffraction and transmission electron microscopy, with three basal growth
planes (201), (101) and {310}, including one twin variant {310}. The observed basal growth planes
correspond to the close-packing planes of the distorted face-centered cubic oxygen sublattice of §-Ga»Os.
Local structural ordering can be thought to occur due to a continuation of the oxygen sublattice from the
v-alumina buffer layer into the B-gallia film. Each B-Ga»Qz growth plane further gives rise to 12
symmetry-derived rotational in-plane variants, resulting in a total of 48 domain variants. Atomistic
models of possible gallia-alumina interfaces are presented.

[0168] In other embodiments, thin Ga:0s films were deposited by plasma-assisted molecular beam
epitaxy on StTiO; (001) and SrTiOs-buffered Si (001) substrates. Examination using reflection-high-
energy electron diffraction, x-ray diffraction and transmission electron microscopy shows a consistent
picture of (100)- and (112)-oriented B-Ga»O;s grains. The structural alignments are p-Ga>Qs [010] Il
STO (110} and B-Ga0Os [021] 1l STO (100) respectively, each with four in-plane rotational domain
variants. Successful integration of epitaxial B-GazOs with Si could enable major opportunities for
monolithically integrated Ga>Os technology by serving as a high-quality seed layer for further epitaxial
growth.

[0169] The observation of relatively large domains with average lateral extensions ol more than 100
nm for y-Al203 (111) on Si (001) was reported [60]. This result motivates the possible use of such a bi-
domain y-Al>O; (111) layer as a buffer layer to grow Ga»Os on Si. Al»Os is further interesting as a buffer
layer due to the isostructural polymorphs shared between Al>Os; and Ga»O3 with similar lattice constants
[64], which is a useful prerequisite for successful epitaxy. In the defective spinel y-Al2Os crystal structure
(space group Fd3m, 227), the oxygen ions form an fcc framework with the close-packed layers stacked
along (111). As in the case of c-plane a-AlOs, previously used for the hetero-epitaxy of Ga>QOs, the
(111) plane of y-Al203 is composed of equilateral triangles of oxygen ions [56]. Therefore, we expect
to observe similar epitaxial relationships between Ga,Os and y-Al>O; as have been observed with Ga>O;
and a-AlOs. An elevated growth temperature and the method of PAMBE, without the use of a metal
catalyst [37, 38], makes B-Ga,Os the most likely polymorph to form, although the possible occurrence
of isostructural y-Ga»O3 (111) should be kept in mind. y-Ga»O;s in (001)-orientation has been epitaxially
stabilized on spinel MgAl:O4 (001) substrates [65], and on MgO (001) [66]. Here we report the
integration of strongly textured f-GaOs; onto e-beam evaporated y-Al:Os; (111) on Si (001) by

PAMBE. We characterize the polymorph and its texture by reflection high-energy electron diffraction
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(RHEED), x-ray diffraction (XRD), x-ray reflectivity (XRR) and transmission electron diffraction
(TEM) and present a model for the local structural order in terms of a structural interface model of the
oxygen sublattices of p-Ga>Os; and y-Al,Os. Stoichiometries were confirmed by x-ray photoelectron
spectroscopy (XPS).

[0170] A first aspect of the disclosure provides a waler. The waler may include a silicon substrate; a
buffer layer including a thin film of epitaxial strontium titanate (STO) formed on the silicon substrate;
and a thin film including a gallium oxide formed on the buffer layer. In a first embodiment of the first
aspect of the disclosure, the buffer layer may be, or may include: a first layer including STO formed on
the silicon substrate; and a second layer including an aluminum oxide formed on the first layer, where
the thin film including the gallium oxide is formed on the second layer. In one example of the first
embodiment of the first aspect of the disclosure, the aluminum oxide may be, or may include, gamma-
aluminum oxide (y-Al-O3). In another example of the first embodiment of the first aspect of the
disclosure, the aluminum oxide may be, or may include, an aluminum-gallium alloy oxide.

[0171] In any of the above discussed embodiments or examples of the first aspect of the disclosure, the
thin film including the gallium oxide may be, at least in part, integrated hetero-epitaxially onto the silicon
substrate via the buffer layer. In any of the above discussed embodiments or examples of the first aspect
of the disclosure, the wafer may include one or more additional layers of a gallium oxide formed on the
thin film including the gallium oxide. In one example where the wafer includes the one or more
additional layers of a gallium oxide formed on the thin film including the gallium oxide, the one or more
additional layers of the gallium oxide are grown using chemical vapor deposition. In another example
where the wafer includes the one or more additional layers of a gallium oxide formed on the thin film
including the gallium oxide, at least a first layer of the one or more additional layers of the gallium oxide
may be, or may include, a layer of an aluminum-gallium alloy oxide formed on the thin film including
the gallium oxide, where at least a second layer of the one or more additional layers of the gallium oxide
is formed on the layer of the aluminum-gallium alloy oxide.

[0172] In any of the above discussed embodiments or examples of the first aspect of the disclosure, the
wafer may include at least one of: a microelectronic device, an optoelectronic device, a micro-
electromechanical system (MEMS), a field-effect transistor, a sensor, and a semiconductor device,
formed in or on: the thin film including the gallium oxide, or the one or more additional layers of the
gallium oxide. In any of the above discussed embodiments or examples of the first aspect of the
disclosure, the wafer may include one or more components of a power electronics device operably
coupled to: the thin film including the gallium oxide, or the one or more additional layers of gallium
oxide.

[0173] In one example where the wafer includes the one or more additional layers of a gallium oxide
formed on the thin film including the gallium oxide, at least a portion of the one or more additional layers
of gallium oxide may be at least one of: etched, polished, and annealed. In another example where the

wafer includes the one or more additional layers of a gallium oxide formed on the thin film including
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the gallium oxide, at least a portion of the one or more layers of gallium oxide may be, or may include,
bulk-like crystals of gallium oxide.

[0174] In any of the above discussed embodiments or examples of the first aspect of the disclosure, the
silicon substrate may be, or may include, silicon (001). In any of the above discussed embodiments or
examples of the first aspect ol the disclosure, at least a portion of the thin (ilm including the gallium
oxide is gamma-gallium oxide (y-Ga»0s). In any of the above discussed embodiments or examples of
the first aspect of the disclosure, at least a portion of the thin film including the gallium oxide is beta-
gallium oxide (B-Ga203).

[0175] A second aspect of the disclosure provides a power electronics device. The power electronics
device may include the wafer according to any of the above discussed embodiments or examples of the
first aspect of the disclosure. The power electronics device may include: means for receiving a first
electric current coupled to a first portion of the wafer; and means for transmitting a second electric
current coupled to a second portion of the wafer. In one example of the second aspect of the disclosure,
the power electronics device may include at least one of structural and functional components of: a
rectifier, or a transistor.

[0176] A third aspect of the disclosure provides a method. The method may be, or may include, a
method for manufacturing a wafer or a power electronics device according to any of the above discussed
embodiments or examples of the first and/or second aspect(s) of the disclosure. The method may include
forming, on a silicon substrate, a buffer layer including a thin film of epitaxial strontium titanate (STO);
and forming a thin film including a gallium oxide on the buffer layer. In a first embodiment of the third
aspect of the disclosure, forming the buffer layer may include: forming a first layer including STO on
the silicon substrate; and forming a second layer including an aluminum oxide on the first layer, where
forming the thin film including the gallium oxide includes forming the thin film including the gallium
oxide on the second layer. In one example of the first embodiment of the third aspect of the disclosure,
forming the second layer includes forming the second layer including gamma-aluminum oxide (y-Al2O3).
[0177] In any of the above discussed embodiments or examples of the third aspect of the disclosure,
forming the thin film including the gallium oxide may include hetero-epitaxially integrating the thin film
including the gallium oxide onto the silicon substrate via the buffer layer. In any of the above discussed
embodiments or examples of the third aspect of the disclosure, the method may include forming one or
more additional layers of gallium oxide on the thin film including the gallium oxide. In one example
where the method includes forming the one or more additional layers of gallium oxide on the thin film
including the gallium oxide, forming the one or more additional layers of gallium oxide may include
growing the one or more additional layers of gallium oxide on the thin film including the gallium oxide
using a process including chemical vapor deposition. In another example where the method includes
forming the one or more additional layers of gallium oxide on the thin film including the gallium oxide,
forming the one or more additional layers of gallium oxide may include: forming at least a first layer of

the one or more additional layers of gallium oxide as a layer of an aluminum-gallium alloy oxide formed
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on the thin film including the gallium oxide; and forming at least a second layer of the one or more
additional layers of gallium oxide on the layer of the aluminum-gallium alloy oxide.

[0178] In any of the above discussed embodiments or examples of the third aspect of the disclosure, the
method may include forming at least one of: a microelectronic device, an optoelectronic device, a micro-
electromechanical system (MEMS), a [ield-el{ect transistor, a sensor, and a semiconductor device, in or
on: the thin film including the gallium oxide, or the one or more additional layers of gallium oxide. In
any of the above discussed embodiments or examples of the third aspect of the disclosure, the method
may include operably coupling one or more components of a power electronics device to: the thin film
including the gallium oxide, or the one or more additional layers of gallium oxide.

[0179] In one example where the method includes forming the one or more additional layers of gallium
oxide on the thin film including the gallium oxide, the method may include at least one of: etching,
polishing, and annealing, at least a portion of the one or more additional layers of gallium oxide. In
another example where the method includes forming the one or more additional layers of gallium oxide
on the thin film including the gallium oxide, forming the one or more additional layers of gallium oxide
may include forming at least a portion of the one or more layers of gallium oxide as bulk-like crystals of
gallium oxide.

[0180] In any of the above discussed embodiments or examples of the third aspect of the disclosure,
forming the buffer layer may include forming the buffer layer on a silicon (001) substrate. In any of the
above discussed embodiments or examples of the third aspect of the disclosure, forming the thin film
including the gallium oxide may include forming at least a portion of the thin film including the gallium
oxide as gamma-gallium oxide (y-Ga>O0;). In any of the above discussed embodiments or examples of
the third aspect of the disclosure, forming the thin film including the gallium oxide includes forming at
least a portion of the thin film including the gallium oxide as beta-gallium oxide (3-Ga»0s).

[0181] A fourth aspect of the disclosure provides a wafer. The wafer may include a silicon substrate; a
buffer layer formed on the silicon substrate, wherein the buffer layer includes an epitaxial thin film of
an aluminum, or rare earth, oxide; and a thin film including a gallium oxide formed on the buffer layer.
In a first embodiment of the fourth aspect of the disclosure, the buffer layer may be, or may include, the
epitaxial thin film of aluminum oxide. In one example of the first embodiment of the fourth aspect, the
aluminum oxide may be, or may include, gamma-aluminum oxide (y-Al203). In another example of the
first embodiment of the fourth aspect, the aluminum oxide may be, or may include, an aluminum-gallium
oxide alloy. In yet another example of the first embodiment of the fourth aspect, the buffer layer may
be, or may include: a first layer including the aluminum oxide formed on the silicon substrate; and at
least a second layer of an aluminum-gallium alloy oxide formed on the first layer, where the thin film
including the gallium oxide is formed on the at least a second layer.

[0182] In a second embodiment of the fourth aspect of the disclosure, the buffer layer may be, or may
include, the epitaxial thin film of a rare earth oxide. In one example of the second embodiment of the

fourth aspect, the rare earth oxide may be, or may include, gadolinium oxide (Gd»0s) and/or erbium
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oxide (Er20s). In another example of the second embodiment of the fourth aspect, the rare earth oxide
may be, or may include, a gallium-rare earth alloy oxide. In yet another example of the second
embodiment of the fourth aspect, the buffer layer may be, or may include: a first layer including the rare
earth oxide formed on the silicon substrate; and at least a second layer of a gallium-rare earth alloy oxide,
where the thin (ilm including the gallium oxide is formed on the al least a second layer.

[0183] In any of the above discussed embodiments or examples of the fourth aspect of the disclosure,
the buffer layer may be, at least in part, compositionally graded. In any of the above discussed
embodiments or examples of the fourth aspect of the disclosure, the thin film including the gallium oxide
may be, at least in part, integrated hetero-epitaxially onto the silicon substrate via the buffer layer. In any
of the above discussed embodiments or examples of the fourth aspect of the disclosure, the wafer may
include one or more additional layers of a gallium oxide formed on the thin film including the gallium
oxide.

[0184] In one example where the wafer includes the one or more additional layers of a gallium oxide
formed on the thin film including the gallium oxide, the one or more additional layers of the gallium
oxide may be grown using chemical vapor deposition. In another example where the wafer includes the
one or more additional layers of a gallium oxide formed on the thin film including the gallium oxide, the
buffer layer may include an epitaxial film of aluminum oxide, where at least a first layer of the one or
more additional layers of the gallium oxide may include a layer of an aluminum-gallium alloy oxide
formed on the thin film including the gallium oxide, and where at least a second layer of the one or more
additional layers of the gallium oxide may be formed on the layer of the aluminum-gallium alloy oxide.
In yet another example where the wafer includes the one or more additional layers of a gallium oxide
formed on the thin film including the gallium oxide, the buffer layer may include an epitaxial film of a
rare earth oxide, where at least a first layer of the one or more additional layers of the gallium oxide may
include a layer of a rare earth-gallium alloy oxide formed on the thin film including the gallium oxide,
and where at least a second layer of the one or more additional layers of the gallium oxide may be formed
on the layer of the rare earth-gallium alloy oxide.

[0185] In any of the above discussed embodiments or examples of the fourth aspect of the disclosure,
the wafer may include at least one of: a microelectronic device, an optoelectronic device, a micro-
electromechanical system (MEMS), a field-effect transistor, a sensor, and a semiconductor device,
formed in or on: the thin film including the gallium oxide, or the one or more additional layers of the
gallium oxide. In any of the above discussed embodiments or examples of the fourth aspect of the
disclosure, the wafer may include one or more components of a power electronics device operably
coupled to: the thin film including the gallium oxide, or the one or more additional layers of gallium
oxide.

[0186] In one example where the wafer includes the one or more additional layers of a gallium oxide
formed on the thin film including the gallium oxide, at least a portion of the one or more additional layers

of gallium oxide may be at least one of: etched, polished, and annealed. In another example where the
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wafer includes the one or more additional layers of a gallium oxide formed on the thin film including
the gallium oxide, at least a portion of the one or more layers of gallium oxide includes bulk-like crystals
of gallium oxide.

[0187] In any of the above discussed embodiments or examples of the fourth aspect of the disclosure,
the silicon substrate includes silicon (001). In any of the above discussed embodiments or examples ol
the fourth aspect of the disclosure, at least a portion of the thin film including the gallium oxide is
gamma-gallium oxide (y-Ga20s). In any of the above discussed embodiments or examples of the fourth
aspect of the disclosure, at least a portion of the thin film including the gallium oxide is beta-gallium
oxide (f-Ga20s).

[0188] A fifth aspect of the disclosure provides a power electronic device. The power electronics device
may include the wafer according to any of the above discussed embodiments or examples of the fourth
aspect of the disclosure. The power electronics device may include: means for receiving a first electric
current coupled to a first portion of the wafer; and means for transmitting a second electric current
coupled to a second portion of the wafer. In one example of the second aspect of the disclosure, the
power electronics device may include at least one of structural and functional components of: a rectifier,
or a transistor.

[0189] A sixth aspect of the disclosure provides a method. The method may be, or may include, a
method for manufacturing a wafer or a power electronics device according to any of the above discussed
embodiments or examples of the fourth and/or fifth aspect(s) of the disclosure. The method may include
forming, on a silicon substrate, a buffer layer including an epitaxial thin film of an aluminum, or rare
earth, oxide; and forming a thin film including a gallium oxide on the buffer layer. In a first embodiment
of the sixth aspect of the disclosure, forming the buffer layer may include forming the buffer layer
including the epitaxial thin film of aluminum oxide.

[0190] In one example of the first embodiment of the sixth aspect, the aluminum oxide may be, or may
include, gamma-aluminum oxide (y-Al203). In another example of the first embodiment of the sixth
aspect, the aluminum oxide may be, or may include, an aluminum-gallium oxide alloy. In yet another
example of the first embodiment of the sixth aspect, forming the buffer layer may include: forming a
first layer including the aluminum oxide on the silicon substrate; and forming at least a second layer of
an aluminum-gallium alloy oxide on the first layer, where forming the thin film including the gallium
oxide includes forming the thin film including the gallium oxide on the at least a second layer.

[0191] In a second embodiment of the sixth aspect, forming the buffer layer includes forming the buffer
layer including the epitaxial thin film of the rare earth oxide. In one example of the second embodiment
of the sixth aspect, the rare earth oxide may be, or may include, gadolinium oxide (Gd203) and/or erbium
oxide (Er203). In another example of the second embodiment of the sixth aspect, the rare earth oxide
may be, or may include, a gallium-rare earth alloy oxide. In yet another example of the second
embodiment of the sixth aspect, forming the buffer layer further may include: forming a first layer

including the rare earth oxide on the silicon substrate; and forming at least a second layer of a gallium-
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rare earth alloy oxide on the first layer, where forming the thin film including the gallium oxide may
include forming the thin film including the gallium oxide on the at least a second layer.

[0192] In any of the above discussed embodiments or examples of the sixth aspect of the disclosure,
forming the buffer layer may include forming the buffer layer , at least in part, as a compositionally
graded buller layer. In any of the above discussed embodiments or examples ol the sixth aspect ol the
disclosure, forming the thin film including the gallium oxide may include hetero-epitaxially integrating
the thin film including the gallium oxide onto the silicon substrate via the buffer layer. In any of the
above discussed embodiments or examples of the sixth aspect of the disclosure, the method may include
forming one or more additional layers of gallium oxide on the thin film including the gallium oxide.
[0193] Inone example where the method of the sixth aspect includes forming the one or more additional
layers of gallium oxide on the thin film including the gallium oxide, forming the one or more additional
layers of gallium oxide may include growing the one or more additional layers of gallium oxide on the
thin film including the gallium oxide using a process including chemical vapor deposition. In another
example where the method includes forming the one or more additional layers of gallium oxide on the
thin film including the gallium oxide, the buffer layer may be, or may include, the epitaxial film of
aluminum oxide, where forming the one or more additional layers of gallium oxide on the thin film
including the gallium oxide may include: first forming at least one layer including an aluminum-gallium
alloy oxide on the thin film including the gallium oxide; and second forming at least one additional layer
including the one or more additional layers of gallium oxide on the at least one layer. In yet another
example where the method includes forming the one or more additional layers of gallium oxide on the
thin film including the gallium oxide, the buffer layer may include the epitaxial film of the rare earth
oxide, wherein forming the one or more additional layers of gallium oxide on the thin film including the
gallium oxide may include: first forming at least one layer including a rare earth-gallium alloy oxide on
the thin film including the gallium oxide; and second forming at least one additional layer including the
one or more additional layers of gallium oxide on the at least one layer.

[0194] In any of the above discussed embodiments or examples of the sixth aspect of the disclosure, the
method may include forming at least one of: a microelectronic device, an optoelectronic device, a micro-
electromechanical system (MEMS), a field-effect transistor, a sensor, and a semiconductor device,
formed in or on: the thin film including the gallium oxide, or the one or more additional layers of the
gallium oxide. In any of the above discussed embodiments or examples of the sixth aspect of the
disclosure, the method may include operably coupling one or more components of a power electronics
device to: the thin film including the gallium oxide, or the one or more additional layers of gallium oxide.
[0195] In one example where the method of the sixth aspect includes forming the one or more additional
layers of gallium oxide on the thin film including the gallium oxide, the method may include at least one
of: etching, polishing, and annealing, at least a portion of the one or more additional layers of gallium
oxide. In one example where the method of the sixth aspect includes forming the one or more additional

layers of gallium oxide on the thin film including the gallium oxide, forming the one or more additional
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layers of gallium oxide may include forming at least a portion of the one or more layers of gallium oxide
as bulk-like crystals of gallium oxide.

[0196] In any of the above discussed embodiments or examples of the sixth aspect of the disclosure,
forming the buffer layer includes forming the buffer layer on a silicon (001) substrate. In any of the
above discussed embodiments or examples of the sixth aspect of the disclosure, forming the thin film
including the gallium oxide includes forming at least a portion of the thin film including the gallium
oxide as gamma-gallium oxide (y-Ga20s). In any of the above discussed embodiments or examples of
the sixth aspect of the disclosure, forming the thin film including the gallium oxide includes forming at

least a portion of the thin film including the gallium oxide as beta-gallium oxide (- Ga20s).

BRIEF DESCRIPTION OF THE DRAWINGS

[0197] The patent or application file contains at least one drawing executed in color. Copies of this
patent or patent application publication with color drawing(s) will be provided by the Office upon request
and payment of the necessary fee.

[0198] Embodiments of the present technology will be described and explained through the use of the
accompanying drawings.

[0199] Figures 1A-1D depict reflection high-energy electron diffraction (RHEED) patterns at different
stages of growth.

[0200] Figure 2 depicts a symmetric /20 coupled x-ray diffraction (XRD) scan with sample aligned to
Si (004).

[0201] Figure 3 illustrates the relationship between the conventional monoclinic unit cell with lattice
vectors a, b, ¢, and the distorted oxygen face-centered cubic (fcc) sublattice of 3-Ga,0Os.

[0202] Figure 4 illustrates the close-packing planes of the distorted oxygen sublattice of f-GazOs.
[0203] Figures SA-5C illustrate representative interface models between the y-Al2O5 (111) substrate
and locally epitaxial p-GaO3; domain variants.

[0204] Figure 6 is a pole figure at 26 = 31.7° of (002) and (202) Bragg reflections of B-Ga20s.
[0205] Figure 7A is a bright-field STEM image showing cross-section of gallium oxide film grown on
Si (001) substrate with thin alumina buffer layer.

[0206] Figure 7B is a high-resolution TEM image showing region of gallium oxide film adjacent to
alumina buffer layer.

[0207] Figure 8 is a plot demonstrating the sample heating mechanism in the MBE consists of a silicon
carbide heater that is placed above the sample backside and heats the sample backside and sample holder
radiatively.

[0208] Figure 9 is a plot depicting alumina rate via e-beam evaporation measured by QCM at an e-gun
voltage of 7.75 kV and an emission current of 50 mA resulting in an oxygen partial pressure of ~107

torr without supplying additional oxygen in the form of molecular O- gas.
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[0209] Figures 10A-10D depict XPS data taken in situ after growth of e-beam evaporated alumina on
clean Si (001) with a VG Scienta spectrometer with monochromatic Al-Ko and R3000 hemispherical
analyzer at 200 eV pass energy.

[0210] Figure 11 depicts plots of XRR data and GenX [8§9] simulation of Al,O3/Si.

[0211] Figure 12 depicts results of in-plane XRD coupled 28, /¢ scan of 5 nm thick Al2Os/Si conducted
on the Rigaku Ultima IV with in-plane arm, using parallel beam, Ni Cu-Kp filter and 0.5° vertical Soller
slits on source and detector sides.

[0212] Figure 13 depicts the 6/20 out-of-plane diffraction pattern of the 5 nm film of alumina on Si
(001).

[0213] Figure 14A and 14B are top-views of the oxygen-terminated surface of y-Al-Os (111).

[0214] Figure 14C is a side-view of the oxygen-terminated surface of y-Al>03 (111).

[0215] Figure 15A depicts a plot of gallia rate as measured by quartz crystal microbalance (QCM) at
2x107 torr molecular oxygen pressure and 200 W rf-plasma power and a Ga cell temperature of 880 °C,
assuming a mass density of 5.95 g cm™.

[0216] Figure 15B depicts a plot of the gallia deposition rate measured by the QCM increases with
increasing Ga effusion cell temperature for fixed oxygen plasma settings of 200 W rf-plasma power and
2.0 107 torr O, pressure.

[0217] Figures 16A-16E depict XPS data taken in situ after 1st PAMBE growth of gallia at 670 °C on
v-Al,O3(111)(5nm)/Si(001) with a VG Scienta spectrometer with monochromatic Al-Ko and R3000
hemispherical analyzer at 200 eV pass energy.

[0218] Figure 17 depicts XRR data (dots in upper panel plot, in blue) and GenX [89] simulation of
Gax03/Al,05/Si according to the present technology.

[0219] Figurcs 18 A-18E depict XPS data taken in situ after 2nd PAMBE growth of additional gallia at
630 °C on GarOs(21nm)/y-Al,Os(111)(5nm)/Si(001) with a VG Scienta spectrometer with
monochromatic Al-Kao and R3000 hemispherical analyzer at 200 eV pass energy.

[0220] Figure 19 depicts a plot of the Kiessig fringe spacing, which indicates a total Ga>Os3 thickness of
66 nm.

[0221] Figure 20 depicts a plot of the sticking probability as a {unction of sample temperature in the
PAMBE-growth of GaO; after the model by Vogt and Bierwagen [92].

[0222] Figures 21A-21F depict plots of Pseudo-Voigt function fits of x-ray diffraction 6/20 reflections
from the 66 nm B-Ga2Os thin film.

[0223] Figures 22A-22C illustrate ideally terminated surfaces with lattice planes marking the
terminations studied.

[0224] Figures 23A-23C illustrate lowest energy terminations before and after relaxation superimposed
for the (310) O-termination (Figure 23A), (201) mixed-termination (Figure 23B), and (101) O-

termination (Figure 23C).
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[0225] Figures 24A and 24B show RHEED patterns for the GazOs thin films as grown on bare STO
along STO (100) and (110) azimuths for a 20-nm film.

[0226] Figures 24C and 24D show the same azimuths as in Figures 24 A and 24B for a 50-nm film.
[0227] Figures 25A-25C depictresults of ex situ XRD to characterize the crystal structure of Ga»Os thin
films.

[0228] Figures 26A-26C show cross-sectional TEM images (Figures 26A and 26B) and Fast Fourier
Transform (Figure 26C) to characterize the epitaxial texture of the Ga,Os thin films.

[0229] Figures 27A and 27B are structural models showing lattice matching for B-Ga,OQ; (112) and
(100), respectively.

[0230] Figures 28A and 28B are RHEED pattern to characterize the structural, morphology, and
thickness for STO <100> and STO <110>, respectively, taken with a 15 keV electron beam of
Ga205/SrTi0s/Si.

[0231] Figure 29A depicts XRD patterns showing a 6-28 diffractogram of a 15 nm film of Ga.Os grown
by PAMBE at 775 °C on the STO (100) buffer layer on Si (001).

[0232] Figures 29B and 29C depict XRD patterns showing 8-28 diffractogram of in-plane XRD scans
along STO [110] and [100], respectively.

[0233] Figure 30A depicts an XRR curve of Ga:;0s grown on STO-buffered Si.

[0234] Figure 30B depicts a low-magnification TEM image of a 15-nm GaxOs film grown at 775 °C on
STO-buffered Si (001) projected along the Si (110) [110] zone-axis (equivalent to the STO (100) [100]
zZone-axis).

[0235] Figure 31 depicts a plot of surface energies of several surface terminations along the (100),
(112), (201), (310) and (101) surfaces with respect to the Ga chemical potential where 0 and -4.65 eV
represent Ga-rich and O-rich environments, respectively.

[0236] Figures 32A-32C depict cross-section TEM images taken along the STO [100] zone axis at
progressively higher magnification, as indicted by the scale bar.

[0237] Figure 32D depicts the Fast Fourier Transform of Figure 32C.

[0238] Figure 33 depicts an indexing of Fast Fourier Transtorm of a TEM image of 50-nm Ga»0; tilm,
consistent with the model of four rotational in-plane variants for the (100) and (112) basal growth planes
[0239] Figures 34A-34C depicts plots of XPS data taken in situ after PAMBE growth of a 50 nm gallia
film on STO with a VG Scienta spectrometer with monochromatic Al-Ka and R3000 hemispherical
analyzer at 200 eV pass energy.

[0240] Figures 35A and 35B illustrate a reciprocal space simulation f-Ga>Os (100) and (112) basal in
the (hk0) plane of STO.

[0241] Figures 36 A-36C provide tables of the fitted XRD peak positions and plane spacings along with
and their deviation from the bulk values of 5-Ga:0Os from Figures 25A-25C.
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[0242] Figures 37A-37D illustrate mutual orientation of the parallelepipeds for the unit cells of (100)--
Ga,03 and (001)-STO.

[0243] Figure 38A depicts a plot showing the spectrum from the high binding energy side of the O 1s
XPS peak.

[0244] Figure 38B depicts a plot showing the EEL spectrum from REELS experiments with low-
incidence-angle electrons at 1.9 keV recorded under normal exit with a Staib Auger Probe.[143].

[0245] Figures 39A-39C illustrate surfaces before and after relaxation superimposed for the (100)
(Figure 39A), (100)-A (Figure 39B), and (112) (Figure 39C) mixed terminations.

[0246] Figures 40A and 40B illustrate a wafer according to some embodiments of the present
technology.

[0247] Figure 41 provides examples of combining oxides with semiconductors epitaxially.

[0248] Figures 42A-42E illustrate difficulties of oxide/semiconductor epitaxy that may arise from
strain, thermal mismatch, wetting, and symmetry effects, as well as steps.

[0249] Figure 43A shows the measured Ga flux in the absence of O-plasma of 1.35 A/min (average min
20 to 44).

[0250] Figure 43B shows the measured GaO, flux of 3.95 A/min (average min 20 to 38), showing an
increase in the accumulation rate by a factor of ~2.9 in the presence of O-plasma.

02
02
02

£

[0251] Figures 44A-44C provide results of the analysis of the RHEED patterns in an example.
[0252] Figures 45A-45C provide XPS results of the analysis in an example.
[0253] Figurc 46 provides XRR rcsults of the analysis in an example.

[0254] Figures 47A and 47B illustrate differences between the crystal structures of -Ga,Os3 and y-
Gax0s.

[0255] Figure 48 shows that the example provides a single domain structure 5.5% mismatch
(compressive), which can be denoted as y-Ga>0s (001)[001]/STO(001)[100].

[0256] Figure 49 illustrates expected epitaxy for f-Ga:0s; on STO(001), which is the same as that
observed on MgO (100) substrates, for an example.

[0257] Figure 50 shows the expected 4-domain structure of f-Ga»Os (100)[020] on STO(100)[110].
[0258] Figures 51A and 51B depict plots of out-of-plane (oop) XRD results for the example with sample
label AF99.

[0259] Figures 52A and 52B depict combined in-plane 2qo/f plots for the example taken along two
different azimuths.

[0260] Figures 53A-53D depict peak decompositions of each of the four features in Figures 52A and
52B.

[0261] Figure 54 is a diagram of an epi-Ga»03; Power MOSFET, according to some embodiments of the
present technology.

[0262] Figure 55 is a diagram of a Ga»0Os vertical rectifier, according to some embodiments of the

present technology.
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[0263] Figures 56 and 57 depict flowcharts of methods for manufacturing a wafer, according to some
embodiments of the present technology.

[0264] The drawings have not necessarily been drawn to scale. Similarly, some components and/or
operations may be separated into different blocks or combined into a single block for the purposes of
discussion of some ol the embodiments of the present technology. Moreover, while the technology is
amenable to various modifications and alternative forms, specific embodiments have been shown by
way of example in the drawings and are described in detail below. The intention, however, is not to limit
the technology to the particular embodiments described. On the contrary, the technology is intended to
cover all modifications, equivalents, and alternatives falling within the scope of the technology as

defined by the appended claims.

DETAILED DESCRIPTION

[0265] Various embodiments of the present technology generally relate to silicon (Si)-based
semiconductor manufacturing. More specifically, some embodiments of the present technology relate to
systems and methods for integrating gallium oxide thin films on silicon (001) via a buffer layer.

[0266] The challenge of epitaxial integration is the structural difference between silicon and gallium
oxide. Si has a crystal structure with cubic symmetry, whereas f-Ga>QO3 has monoclinic symmetry. This
symmetry mismatch will unavoidably lead to a multi-orientation growth of epitaxial domains [18, 19].
Crystal grain boundaries between epitaxial domains and defects arising from the lattice mismatch to the
substrate can be pernicious to the electronic properties of the epilayer. Therefore, it appears paramount
for device applications to increase crystal quality by reducing the defect densities and increasing the
grain sizes of hetero-epitaxially grown gallium oxide. Molecular beam epitaxy (MBE) is a method of
choice for such integration due to its unparalleled atomistic control [20]. A buffer layer on Si is required
since growth of Ga;Os is not possible by MBE without an activated oxygen source (plasma or ozone)
[15], which would inevitably oxidize the pristine Si surface, forming amorphous SiO: and inhibiting
epitaxy. Additionally, Ga,Os3 is not thermodynamically stable on Si and will form SiO: spontaneously
[21]. Hence, a buffer layer is needed to obtain epitaxial films. Conventional MBE is an inherently slow
growth method (typically ~1 nm/min) and hence can only be useful to deposit a template, which can then
be used as a seed layer to create (compensation-)doped device layers of appropriate thickness (usually
several to tens of um in case of Ga»0; vertical Schottky barrier diodes[22]) by a faster growth method
like metal organic vapor phase epitaxy (MOVPE) or hydride vapor phase epitaxy (HVPE) [2], or recently
described suboxide-MBE (SMBE) [23].

[0267] In the following description, for the purposes of explanation, numerous specific details are set
forth in order to provide a thorough understanding of embodiments of the present technology. It will be
apparent, however, to one skilled in the art that embodiments of the present technology may be practiced

without some of these specific details.
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"non "o

[0268] The phrases "in some embodiments," "according to some embodiments,” "in the embodiments

shown," "in other embodiments," and the like generally mean the particular feature, structure, or
characteristic following the phrase is included in at least one implementation of the present technology
and may be included in more than one implementation. In addition, such phrases do not necessarily refer

to the same embodiments or different embodiments.

EXAMPLE 1: Gallia on Alumina-Buffered Silicon

Experimental Conditions

[0269] In an embodiment of the present technology, a 5 nm y-Al2Os (111) layer was deposited on a 2
inch diameter Si (001) substrate with 2 x 1 surface reconstruction, akin to references [60-62]. Figures
1A-1D depict reflection high-energy electron diffraction (RHEED) patterns at different stages of growth:
Figure 1A is the Si (001) 2x1 surface after SiO» desorption with Sr along Si [110] azimuth; Figure 1B
is the post-growth surface of 5 nm e-beam-evaporated y-Al,Oz (111) grown at 840 °C along Si [100]
azimuth with 12-fold rotational symmetry; Figure 1C is the post-growth surface of 21 nm gallia (Ga20s)
grown at 670 °C along Si [100] azimuth; and Figure 1D is the post-growth surface of additional 45 nm
Ga20s grown at 630 °C along Si [100] azimuth. The RHEED pattern after growth showed a 12-fold
symmetry and is shown along with the 2 x 1 Si surface in Figures 1C and 1D. Details of the growth and
characterization by RHEED, x-ray reflectivity (XRR), x-ray photoelectron spectroscopy (XPS) and x-
ray diffraction (XRD) are detailed in the section below entitled “Supplemental Material For Example 1.”
As discussed in greater detail there, the characterization results are in good agreement with what is
reported in the literature [60-63, 67].

[0270] Following the characterization, the alumina (“Al»Q3”)-buffered 2 inch Si wafer was re-loaded
into the ultra-high vacuum (UHV) system alter ex situ cleaning with acetone, 2-propanol, de-ionized
water, drying with N> and UV/ozone for 30 min. Ga.Os; was then deposited at 670 °C substrate
temperature. Ga (99.99% purity) was evaporated from a dual filament (hot lip) effusion cell held at 880
°C, and an O plasma was generated by an rf-plasma source operated at 2.0 x 10 torr O partial pressure
and 200 W plasma power. The total pressure was monitored by an ion gauge located in the upper part of
the molecular-beam epitaxy (MBE) chamber (above the sample), whereas a residual gas
analyzer/quadrupole mass spectrometer (RGA/QMS) located at the side of the chamber (below the
sample) measured an Oz to O ratio of approximately 10, from which an absolute O flux of ~10 nm?s! is
estimated. The sample exposed to oxygen plasma was annealed for 30 min at 670 °C prior to growth.
The Ga»Os deposition rate on the quartz crystal microbalance (QCM) sensor before the anneal was 3.15
A/min.

[0271] The film was grown for 174.5 min for a nominal Ga»Os thickness of 55 nm. Post-growth RHEED
showed a streaky surface with qualitatively similar pattern as the underlying y-Al»QOs, although with more

modulation along the streaks as shown in Figure 1C. XPS determined a stoichiometric Ga20s; and
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revealed a sample that was thicker than the information depth in XPS (> 5 2 = 10 nm, 2 is the kinetic-
energy-dependent effective attenuation length for photoelectrons in Ga>Os [68]), i.e., no substrate signal
(Al or Si) was seen in the spectra. XRR determined an actual thickness of 20.6 nm for the stoichiometric
Gax0s layer, resulting in an average sticking coefficient of 38 % [or the given growth conditions (XPS
and XRR data are discussed below in “Supplemental Material For Example 17°).

[0272] The resulting Ga>Os film was too thin for comprehensive characterization with a laboratory x-
ray diffractometer (Al and Ga are weak Rayleigh x-ray scatterers [69]). Hence, additional GaOs; was
deposited. The 2 inch wafer was first diced into 10x10 mm? pieces. After dicing, a 10x10 mm? piece
obtained from the center of the wafer was re-cleaned following the above cleaning protocol and loaded
into UHV on a molybdenum sample holder. After a 40 min anneal at 630 °C in oxygen plasma, an
additional Ga>Os; layer was deposited at the lower substrate temperature of 630 °C to enhance the sticking
probability [70], with GaOy rate ~ 0.3 nm/min, at otherwise identical growth conditions for 256 min
(76.8 nm additional Ga20Os nominally). The XRR revealed an additional Ga->Os thickness of 45 nm (see
“Supplemental Material For Example 1,” below), indicating an increased average sticking probability of
59 %, leading to a total film thickness of ~66 nm, sufficiently thick for XRD characterization. RHEED
post-growth shown in Figure 1D displays a less streaky pattern with strong modulation along the streaks.
This change in the RHEED pattern could be related to decrease in crystalline quality at the lower growth
temperature, or due to surface roughening as the film thickness increased. XPS showed again
stoichiometric Ga»0s (see “Supplemental Material For Example 1,” below).

[0273] In order to identify the polymorph and orientation of the stoichiometric and crystalline Ga,O;
layer, an ex situ /20 XRD scan with sample alignment to Si (004) was conducted on a Rigaku Ultima
IV diffractometer with Cu-Ka anode, parallel beam geometry (multilayer mirror), and a 2-bounce Ge
monochromator. The scan was rccorded with slit settings of 1.0 mm for the divergence slit and 0.5 mm
for both scattering and receiving slits, without the use of Soller slits. The settings were chosen to enhance
the weak film signal and allow the observation of lattice planes that have normals slightly tilted away
from the Si (001) surface. A 5.0 mm height-limiting slit was used to limit the spread of the beam
perpendicular to the scattering plane and keep the x-ray beam (rom spilling over the sample edges. Figure
2 depicts a symmetric 6/20 coupled XRD scan with sample aligned to Si (004). Six film peaks are
apparent and are attributed to the f-Ga»Os polymorph labeled by their Miller indices. The scan shown in
Figure 2 reveals six clearly identifiable film peaks along with the Si (004) substrate peak.

Results and Discussion

[0274] Fitting of the peak profiles to pseudo-Voigt functions is presented in Figures 21A-21F, and
discussed in greater detail, below, in the section entitled “Supplemental Material For Example 1.”” By
analysis of the respective integrated peak areas and 20 positions, we conclude the presence of the

harmonics of the £-Ga>Qs polymorph {310}, (101) and (201) plane families, with estimated scattering
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volume fractions of 71%, 13% and 16% for the three phases. With this model, the agreement between

calculated and experimental intensities is reasonable - see Table 1, below.

(hk1D 200 [°]  200p[7] A20[°]  dok[A]  dey[A] Ad[A] Zlp Loy
201 18.94 18.80 0.14 4.68 4.72 -0.04 1.00 1.00
@B10 37.30 37.23 0.07 241 241 -0.00 0.17 0.17
(402),(202) | 38.42,38.43 38.17 025,026 234,234 236 -0.01,-0.01 0.50 0.50
(603) 59.14 5884  0.30 1.56 1.57 -0.01 0.79 0.82
620 79.50 79.46 0.04 1.20 1.21 -0.00 0.17 0.20
(B04),404) | 82.29,82.32 x x 1.17,1.17 x X 0.04 x
(1005) 110.67 110.10  0.62 0.94 0.94 -0.00 029 0.35
(00 4)si 69.120 69.140  0.020 1.3579 1.3576  0.003 X X

Table 1: Experimental and bulk structure Bragg angles, lattice constants, and integrated peak intensities
for the 66 nm B-Ga>Os film on Al»Os/Si. The ZIz column for the expected intensity is based on the
summed intensities for 71%, 13% and 16% scattering volume fractions for the {310}, (101) and (201)

out-of-plane orientations, respectively. Intensity values are normalized to the (201) reflection.

[0275] The volume fractions obtained indicate that there are differences in nucleation and growth rate
for the different basal growth planes. A non-uniform vertical distribution of the three out-of-plane
orientations is also possible. By using the full-width-at-half-maxima of the peak profiles in the Debye-
Scherrer equation, the coherence length of the scattering crystallites along the out-of-plane direction is
estimated to be ~21 nm for the (201) reflection, ~19 nm for the (310) reflection, ~24 nm for the
(402)/(202) reflection. It is evident from Table 1 that the peaks of the (201) and (101) phases show
larger 20 shifts from the bulk value when compared with {3103. This difference could be explained by
a differcnce in strain values leading to differing lattice relaxation behavior. Probable orientations of other
Gax0s polymorphs can be excluded as majority phases due to the absolute peak positions and relative
peak areas (see Table 5, below, in the section entitled “Supplemental Material For Example 17). The
{310}, (101) and (201) planes are plausible basal growth planes for growth on y-Al,05 (111) due to
their local oxygen arrangement, as will be described below. Evidence for a thin interlayer of y-Ga;Os
(111) could not be found from the 6/26 diffractogram of Figure 2.

[0276] The crystal structure of B-Ga»Os has a low symmetry, base-centered monoclinic C2/m space
group (12) with only one mirror plane (perpendicular to b-axis in standard setting [71]), one two-fold
rotation axis (parallel to b-axis), and an inversion center (origin) as its non-trivial symmetry operations.
However, B-GayQOs is characterized by oxygen ions forming a sublattice with a distorted fcc arrangement
[72], where the smaller gallium ions fill interstitial spaces of tetrahedral (Gal) or octahedral (Ga2)

symmetry. Figure 3 illustrates the relationship between the conventional monoclinic unit cell with lattice
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vectors a, b, ¢, and the distorted oxygen fcc sublattice of B-Ga20s. A possible oxygen face-centered cubic
(fce) unit cell is highlighted by the yellow cage (labeled 3010 in Figure 3), tetrahedrally bonded Gal
ions are in blue (labeled 3020 in Figure 3), octahedrally bonded Ga2 ions in green (labeled 3030 in Figure
3), and O ions are in red (labeled 3040 in Figure 3), and the monoclinic unit cell is highlighted by its
parallelepiped. The crystal structure ol f-Ga20s alongside with a visualization of the polyhedral Ga-O
bonding, and the relationship of the conventional monoclinic unit cell to the oxygen ion distorted fcc
sublattice, are pictured in Figure 3.

[0277] By looking at the distorted tetrahedra (blue, labeled 3050 in Figure 3) and octahedra (green,
labeled 3060 in Figure 3) formed by the Ga-O bonds centered around the Ga ions in Figure 3 it can be
seen that the structure locally exhibits a pseudo-three-fold symmetry for oxygen ions contained on the
face planes of the polyhedra. Overall, there are four distinct sets of parallel face planes to the polyhedra,
which mark planes of local (approximate) three-told symmetry for the oxygen ions contained in the face
planes. The sets of parallel face planes are approximated by the crystallographic planes (201), (101),
(310) and (310) when given by their Miller indices. The latter two are crystallographically equivalent,
related by mirror symmetry and henceforth summarized as {3103}. Diffraction peaks for these planes are
the ones observed in the 0/20 diffractogram of Figure 3. However, growth along {310} and along its
negative {310} give rise to two crystallographically distinct twin orientations, the twin variant arises by
a 180° rotation about the c-axis (which is not a spacc group symmetry opcration of 3-Ga;0Os). Hence,
there are four distinct growth planes: (201), (101), {310} and {310}. The existence of a {310} twin
variant is not immediately obvious, but its existence is revealed by the pole figure patlern presented
below.

[0278] The basal growth planes under discussion can also be thought as of being the close-packing
planes of the distorted fcc O sublattice of B-Ga-Os, i.e. the planes that are perpendicular to the body-
diagonal directions of the fcc cage in Figure 3. This is visualized in Figure 4, which illustrates the close-
packing planes of the distorted oxygen sublattice of B-Ga205: (201), (101), and (310), where the O
ions contained in the (310) plane are highlighted in gold (labeled 4010 in Figure 4)for illustration of
their nearly equilateral triangular arrangement in the plane. In Figure 4, oxygen ions contained in the
(310) plane are shown in gold (labeled 4010 in Figure 4) to show their triangular arrangement in the
plane. The triangular arrangement is also highlighted by the polyhedron faces shown in green (labeled
4020 in Figure 4) and blue (labeled 4030 in Figure 4), some of which are intersecting the (310) plane.
If we mirror the (310) about the mirror plane perpendicular to the b-axis, we obtain the (310) plane
(not shown), which is crystallographically identical to the (310) plane. However, as described in greater
detail herein, the (310) gives rise to a twin variant in the texture on y-Al20s (111).

[0279] Due to the missing global three-fold symmetry (indeed absence of any non-trivial rotational
symmetry) of p-GaOs when rotated about the basal growth plane normals, each distinct growth plane

should give rise to a minimum of six in-plane variants of f-Ga;Os; when grown on the six-fold symmetric
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surface of y-Al,Os; (111) shown in Figures 14A and 14B, as discussed in greater detail, below, in the
section entitled “Supplemental Material for Example 17 [18, 19]. Combined with the two in-plane
variants of y-Al>O3 (111) observed on Si (001), there should be a minimum of 4 (# distinct growth
planes) x 6 (# film rotations with respect to (“w.r.t.””) substrate) x 2 (# substrate orientations) = 48
crystallographically distinct in-plane variants of B-GaO3 observable for this thin film.

[0280] Figures SA-5C illustrate representative interface models between the y-Al.O3 (111) substrate
and locally epitaxial B-Ga>Qs domain variants: Figure 5SA is (101); Figure 5B is (201); and Figure 5C
is {3103}. The oxygen ions of each structure (red and purple spheres, respectively labeled 5010 and 5020
in Figures 5A-5C) are matched in position in the interface plane. The matching is not perfect for the bulk
structures, and compressive strain is indicated near the interface for f-Ga»0s. Each epitaxial orientation
domain gives rise to 6 in-plane variants which are obtained by rotating the f-Ga.Os by multiples of 60°
about the out-of-plane direction.

[0281] Representative atomistic models of feasible B-Ga,Os/y-Al>Os interfaces with alignment of the
oxygen ions in the interface plane are presented in Figures SA-5C with their crystallographic orientation
relationship expressed as follows:

0282] [010] p-Ga:05 (101) Il (110) y-AlO5 (111) (Figure 5A);

0283] [010] p-Ga:0s (201) Il (110) y-Al,O5 (111) (Figure 5B);

0284] [001] B-Gax0s5 {310} Il (110) y-AlO5 (111) (Figure 5C); and

0285] [001] B-Ga05 {310} Il (110) y-Al,Os (111) (twin of Figure 5C obtained by 180° rotation about
the f-GaxOs c-axis).

[0286] The crystallographic relationships between y-Al>Os and Si are (112) y-ALOs (111) Il [100] Si
(001) and (110) y-AlO; (111) Il [100] Si (001) [60]. From Figures 5A-5C it can be seen that the

oxygen atoms at the interface do not align perfectly when using the bulk structures. Hence, compressive

— = = =

strain and structural distortions are expected near the interface in the thin films due to the larger bond
lengths in Gax0s.

[0287] To confirm the presence of 48 in-plane variants, a full pole figure scan with 20p,,,, angle of 31.7°
was conducted on the Rigaku Ultima IV diffractometer with use of parallel beam in a non-coplanar
measurement geometry with an in-plane detector axis [73]. The scan was done with 2.5° vertical Soller
slits on both source and detector sides, 0.5 mm divergence slit, 5.0 mm width-limiting slit, 1.0 mm
receiving slit, and 1.0 mm scattering slit. A thin Ni foil was used to block out Cu-Kf radiation. The 26
anglc of 31.7° corresponds to the (002) and (202) rcflections of f-Ga>Os, which arc strong intensity
reflections of B-Ga20;3 with only two-fold multiplicity, which makes them suitable for a pole figure scan.
Figure 6 is a pole figure at 26 =31.7° of (002) and (202) Bragg reflections of B-Ga20s. The polar angle
is mapped linearly onto the radial axis and extends from 0° (north pole) to 90° (equator). The
experimental measurement grid is overlaid on the data, as well as the expected peak positions based on

the bulk lattice constants of B-Ga>Os utilizing the model of 12 in-plane variants for each of the four
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distinct out-of-plane orientations of (101), (201), {310} and {310}. The B-Ga>0s peaks are labeled with
the notation hkl,, where hkl are the Miller indices of the reflection, and the integers n € [0,11] denote
the twelve rotational variants for each out-of-plane orientation (101), (201), {310} and {310} (color-
code and numbering legend is shown in the lower left corner of Figure 6).

[0288] The resulting pole figure is shown in Figure 6 along with an overlay of a grid of azimuthal and
polar coordinates used in the experiment, and of the calculated peak coordinates as dots (in red in
colorized version) based the bulk structure lattice constants and the model of 48 in-plane variants
oriented with respect to the Si substrate, as described above.

[0289] The polar angle (measured from the north pole downwards) is represented linearly on the radial
axis of the plot of Figure 6 and was measured in steps of 2.0°. To avoid total external reflection at large
polar angles a minimum incidence angle of (0.4° was set in the measurement software. A polar angle of
0° corresponds to the Si [001] out-of-plane direction. The azimuthal angle was measured in steps of
2.5°, and an azimuthal angle of 0° corresponds to the Si [110] in-plane direction. The intensity was
recorded for 5 seconds per grid point and is represented as the intensity value (in gray value) in Figure
6. The maximum of the recorded intensity was 553 counts in the raw data. For a neater display, and to
partially account for change in sampling volume and absorption with polar angle, the intensity was scaled
by multiplication with the cosine of the polar angle, which is to first order proportional to the reciprocal
of the absorption factor in this measurement geometry [73, 74], and then normalized by the resulting
maximum. To explain the pole figure pattern fully we had to include the B-Ga:Os (401) reflection, which
is the closest nearby reflection in terms of Bragg scattering angle at 26 = 30.5°, for the {310} and the
{310} orientations. The azimuthal arrangement of those (401) reflections suggests the presence of both
twin variants. Due to their relative angles with respect to the growth plane normals, the (002) and (202)
peaks arising from different domain variants overlap nearly on top of each other. The [3-Ga2Os peaks are
labeled with the notation hkl,, where hkl are the Miller indices of the reflection, the integers n € [0,11]
denote the twelve rotational variants for each out-of-plane orientation (101), (201), {310} and {310}.
Additionally, we note the observation of four Si (111) reflections at polar angles of 54.7° labelled with
purple-colored indices (6050). The Si (111) 26 value is 29.3°, but its tail is picked up in this scan since
it is a strong peak. y-Al;Os (220) is at 26 = 32.0°, but not detected in this scan because of low intensity
owing to the buffer layer thickness of only 5 nm. The qualitative and quantitative agreement between
the calculated peak coordinates and the peak coordinates of the experimental data is reasonable when
considering the finitc angular step size (for simulated pole positions, sce Table 6, below, in the section
entitled “Supplemental Material for Example 17). Pole figures of plausible lattice orientations of other
Gax0Os polymorphs (as mentioned above) give a qualitatively and quantitatively very distinct pattern for
the Bragg angle under consideration. The pole diagram of Figure 6 therefore substantiates our model of
the B-GaxOs polymorph with 48 domain variants. Deviations [rom the calculated peak positions can

likely be explained by strain-induced deformations or by slight tilt and twist misorientations of the film.
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The angular resolution and step size of the scan are not sufficient to quantify strain or tilt and twist
misorientations.

[0290] The morphology of the [1-Ga»O; thin films was observed using an image-corrected FEI Titan
80-300 high-resolution electron microscope (HREM) operated at 300 kV and a probe-corrected JEOL
ARM200F scanning transmission electron microscope (STEM) operated at 200 kV. Suitable cross-
section samples were prepared in the form of thin (50-100 nm) lamellae using focused-ion-beam milling
and lift-out techniques, and all images were recorded with the incident electron beam aligned parallel
with a Si [110] zone axis.

[0291] Figures 7A and 7B depict STEM and TEM images, respectively, of the present technology.
Specifically, Figure 7A is a bright-field STEM image showing cross-section of gallium oxide film grown
on Si (001) substrate with thin alumina bufter layer, and Figure 7B is a high-resolution TEM image
showing region of gallium oxide film adjacent to alumina buffer layer. The inset of Figure 7B shows
corresponding Fast Fourier Transform (FFT)- arrows that indicate spots corresponding to B-Ga2Q03
(2701)-type lattice spacings with a measured lattice spacing of 4.70 A. Figure 7A is a bright-field STEM
image showing a representative cross section of the gallium oxide film. The contrast variations across
the field of view are consistent with the multi-grain nature of the film predicted by the XRD data, while
the unevenness of the top surface confirms the view that the growth rate of different crystallites depends
on their relative orientation. The film thickness was estimated to be in the range of 65-70 nm, in close
agreement with the XRR data. Figure 7B shows an enlarged HREM view of the gallium oxide film close
to the region of alumina-oxide buffer layer. The crystallinity of the film is clearly evident, as also shown
by the inset FFT of Figure 7B, and strong film texture is also apparent both in the image and in the FFT
(see arrowed spots). Moreover, the TEM images in Figure 7 show no evidence that the $-Ga;O; film is
layered (in the sense that different basal growth planes (201),(101),(310) are not visibly stacked on
top of each other).

[0292] Depending on the growth method and temperature, different ratios of (201), (101), and 310
are observed when B-Ga»Qs is grown on sapphire, with some studies describing the observation of (201)
only [13, 34, 36, 37, 39, 40, 43, 45, 48-50, 52, 55, 57, 75-77]. This could be due to differences in
dependence of the nucleation and growth rate of the individual planes on the growth temperature. A
speculated growth temperature dependence of the observed planes could be related to the microscopic
growth kinetics or to the surface energies of the individual planes. The surface energies for the (201),
(101), and (310) planes were calculated using density functional theory as detailed, below, in the
section entitled “Supplemental Material for Example 1.” The (101) plane has a significantly higher
surface energy of ~1.5 Jm? than the (201) plane with ~0.8 Jm; these compare favorably with the
literature values of ~1.8 Jm™ and ~0.9 Jm™ , respectively [78]. A calculation of the surface energy of
(310) plane has to our knowledge so far not been published, here we have calculated a minimal surface

cnergy of ~2.1 Jm™ under O-rich conditions for a non-stoichiometric slab. This surfacc cnergy is larger
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than for both (201) and (101). The surface energies of different planes of B-Ga>Oshave been positively
correlated with the growth rates for PAMBE on these planes [79]. No obvious correlation is seen between
the surface energies and the volume (ractions for the {ilm documented here. However, the (310) shows
the largest surface energy and the largest volume fraction by far implicating such a relationship could
exist to some degree in this thin film. Based on different growth rates, one can expect film roughening
with increasing film thickness due to different growth rates of the distinct growth planes present in the
film. Further work should seek to reduce the number of in-plane variants by utilizing vicinal Si (001)
substrates akin to reference [49], and adjusting the growth temperature and growth conditions to see if
the occurrence of the amount of distinct growth planes can also be reduced in order to prevent film
roughening and achieve the goal of increased crystal grain size.

Concluding Remarks for Example 1
[0293] In conclusion, strongly textured growth of B-Ga-Os with (201), (101), and {310} orientations
was demonstrated on a two-domain y-Al>O3 (111) e-beam evaporated buffer on Si (001). Structural
order in the film texture is achieved by continuation of the oxygen sublattice from the y-alumina buffer
layer into the B-gallia film with three distinct growth planes that correspond to the close-packing planes
of the oxygen sublattice of B-Ga>Os plus one twin variant {310}. Each basal growth plane gives rise to
6 in-plane variants for each of the two in-plane orientations of the y-Al.Os pseudo-substrate, resulting in
a total of 48 rotational domain variants. The structural integration of f-Ga;Os; onto Si (001) is of
technological relevance as it would enable Ga2Os-based semiconductor devices on Si semiconductor
technology, large scale wafer substrates, and the use of heat transfer technologies that are employed for
Si-based high-power electronics for use in Ga20s-based high-power applications. This work shows that,
in principle, such a structural integration is possible and serves as a proof of concept, addressing the
challenges of Si oxidation, thermodynamic instability of a Ga20s/Si interface and the symmetry and
lattice mismatch between Ga;O; and Si. The PAMBE-grown thin films could serve as templates for a
faster growth technique such as MOVPE, HVPE [2], or recently described SMBE [23], and thus enable
large scale integration with Ga»Os thicknesses appropriate for power-device applications.

Supplemental Material for Example 1
[0294] This Supplemental Material contains additional data and analysis for the above described
Example 1, including growth rate analysis by QCM and XRR, stoichiometry analysis by in situ XPS,
additional XRD experiments and supporting analysis and supplemental tables for the XRD data of this
Example 1, a further discussion on the growth model and the oxygen to gallium ratio, and finally density
functional theory surface energy calculations of growth surfaces discussed above.
[0295] Figure 8 is a plot demonstrating the sample heating mechanism in the MBE consists of a silicon
carbide heater that is placed above the sample backside and heats the sample backside and sample holder
radiatively. The sample temperatures in this Example 1 are temperatures of the SiC heater read out by a

thermocouple corrected by the displayed calibration curve. The calibration curve relates the actual
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growth temperature on the sample surface to the manipulator setpoint temperature. The calibration curve
was obtained by aiming a pyrometer through a viewport in the MBE chamber located below the sample
at the growth side of a 20x20 cm?® Si sample attached with a spring clip on the sample backside to a
molybdenum sample holder.

XPS duta analysis
[0296] For a homogenous thin film f containing the element f1 with smooth coverage on the substrate s

containing the element s1 we can write for the ratio Ay, r1,1 /A5 51’ 0f measured photoelectron intensity

of subshell n/ of element f1 to the measured photoelectron intensity of subshell n°’]” of element s1 [80]:

d
l—exp|——F——=
A _ T(EKpm) 25 (EKpim) - [ X (E Kfl.nl)] i s Pr/ My M
As,sln’t’ T(EK51_n’1’)AS(EKsl_n'l') exp [_ d ] Os1,n’t’ Ns1 Ps/ Mg
Af (EKsl,n’l’)

[0297] Here T is the analyzer response function also denoted as transmission function, EKyy 5 is the
kinetic energy of the ejected photoelectron from element f1 and subshell 7/, Af (Ay) is the effective
attenuation length (EAL) for electrons in the film (substrate), d is the film thickness, oy is the
photoelectric cross section of element f1 and subshell nl, My (My) is the molar mass of the molecules
comprising the film (substrate) material, ngy (ngy) is the stoichiometric coefficient of element f1 (s1) in
the molecules comprising the film (substrate). This equation can be solved numerically as an estimate of
the thin (ilm thickness d, as long as d < 5A. The transmission (unction of our VG Scienta spectrometer
was characterized, for the used experimental conditions, by a method devised by the National Physical
Laboratory (NPL) of the United Kingdom [81], where survey spectra from in situ Ar sputter-cleaned
copper, silver and gold samples were acquired and then referenced back to a spectrum determined on a
well characterised spectrometer at NPL. The binding energy (BE) scale was calibrated using the Au 4f7,
Ag 3dsp and Cu 2ps3p core-levels [82]. The EAL is estimated by using the so-called CS2-formula [80,
83]. For the theoretical photoelectric cross-sections we use the Scofield values [84].

[0298] Once the thickness d of the film layer is known (by the above estimate or another more accurate
method like XRR) we can evaluate the stoichiometry of the film. The ratio of the stoichiometric

coefficients ng, /ns; of elements f1 and f2 contained in the film layer is given by [80]:

d
1— - a
N2 _ Ateont T(EKpim) 2Ar(EKpim) P [ As (EKfl,nl)} Of1ni 2)
nr1 o Argin T(EK o) A (EKpa ) 1—exp |- #] Oran't!
2y (EKpapy)

[0299] Using this approach of determining the stoichiometry from fundamental parameters we found
that it is necessary to adjust the O 1s Scofield cross-section [84], empirically to 0.75 times its tabulated
value for a variety of investigated oxides (including Ga,0s, Al,Os, StTiOs, LaxOs, Nb2Os) in order to

arrive at the correct oxygen to metal ratio for these materials.
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y-ALO; growth on Si (001)
[0300] Silicon (001) wafers with 2 inch diameter (50.8 mm), n-type phosphorous doped, single-side
polished of 200 um thickness were used as substrates (Virginia Semiconductor). The substrates were ex
situ cleaned by immersion in solvent and sonication for 10 min each with acetone, 2-propanol and de-
ionized water. Thereafter the substrate was blow dried with N> and exposed to an ozone/UV treatment
for 15 min to break-up residual hydrocarbons on the surface, after which the substrate was loaded into
the UHV system on a molybdenum sample holder without backplate. The UHV system consisted of a
DCA MBE chamber connected via a buffer line to a VG Scienta XPS system. The SiO» layer was
desorbed in situ in the MBE chamber using the St desorption method [85], resulting in a 2x1 surface
reconstruction of Si (001) observed by retlection high-energy electron diffraction (RHEED) shown in
Figure 1A.
[0301] Figure 9 is a plot depicting alumina rate via e-beam evaporation measured by QCM at an e-gun
voltage of 7.75 kV and an emission current of 50 mA resulting in an oxygen partial pressure of ~10~
torr without supplying additional oxygen in the form of molecular O» gas. The rate of about 3.9 A/min,
and also the O, partial pressure resulting from the alumina evaporation were very stable over time. After
the aforementioned Sr desorption, the sample was then heated to the deposition temperature of 840 °C.
Al>Os was deposited by e-beam evaporation with an acceleration voltage of 7.75 kV and an emission
current of 50 mA, which resulted in a very stable alumina deposition rate of 3.9 A/min determined by a
quartz crystal microbalance placed near the substrate before growth (Figure 9), and an oxygen partial
pressure of ~1077 torr measured by a residual gas analyzer/quadrupole mass spectrometer (RGA/QMS)
and by an ion gauge.
[0302] Figures 10A-10D depict XPS data taken irn situ after growth of e-beam evaporated alumina on
clean Si (001) with a VG Scicnta spectrometer with monochromatic Al-Ko and R3000 hemispherical
analyzer at 200 eV pass energy. Figure 10A is a survey spectrum showing no impurity elements or
surface contamination within the accuracy of XPS. Figure 10B is the O 1s core-level. Figure 10C shows
the Si 2s, Al 2s, Si 2p and Al 2p core-levels, indicating a thin layer of aluminum oxide on Si without the
presence of Si-O bonds at the interface. Al 2s sits on the plasmon loss peak of Si 2p. Figure 10D is the
low count and low-resolution valence band spectrum from the survey spectrum of Figure 10A (step size
1 eV). Figure 11 depicts plots of XRR data (dots in upper panel plot, in blue) and GenX [89] simulation
(curves, in red, in upper and lower panels) of AlOs/Si. The simulation parameters are 5.0 nm Al>Os
thickness. Surface roughness ¢ value of 5.8 A and a molecular density of 0.020 Al,O; formula units per
A3, very close to the bulk value of 0.021 Al,Os formula units per A3 of v-Al2Os. The Si substrate
roughness value was modeled with 6 = 1.4 A
[0303] The alumina source consisted of alumina pellets (1-3 mm pieces of 99.99% purity). Alumina
was deposited on the substrate at 840°C without supplying additional oxygen tfor two hours. This resulted
in a stoichiometric Al»Os layer of 5.0 nm without the formation of SiO; at the Al,Os/Si interface as

determined ex situ by x-ray reflectivity (XRR) and in situ by x-ray photoelectron spectroscopy (XPS)
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(see Figures 10A-10D and 11, and Tables 2, 3 and 4, below). The determined thickness amounts to an
average sticking probability for alumina on silicon of about 11% under the given growth conditions. It
is speculated that the high substrate temperature protects the Si surface from oxidation by residual
oxygen generated by e-beam irradiation of the alumina source but also leads to re-evaporation of arriving
alumina/aluminum suboxide. The RHEED patiern alter growth, displayed in Figure 1B, repeats every
30° and therefore shows a 12-fold rotational symmetry. The streaky 12-fold RHEED pattern indicates
the formation of a smooth y-Al,0O3 (111) with two in-plane variants, as described previously [86].
[0304] Figure 12 depicts results of in-plane XRD coupled 26, /¢ scan of 5 nm thick Al,Os/Si conducted
on the Rigaku Ultima IV with in-plane arm, using parallel beam, Ni Cu-Kp filter and 0.5° vertical Soller
slits on source and detector sides. The incidence angle was 0.3° slightly above the critical angle of bulk
AlxO3 for Cu-Ka radiation. The Q-vectors were parallel to [100] Si (red curve 1210) and 30° off from
[100] Si (blue curve 1220). The peak positions were fitted by pseudo-Voigt functions. For y-AlO3 (440)
along [100]g; + 30°: 20,=67.091°,d = 1.394 A = y-Al,03 a = 7.886 A, FWHM = 1.13° = crystallite
size ~83 A. For y-ALOs (440) along [100]g;: 26,=67.114°, d = 1.394 A > y-ALO; a = 7.886 A,
FWHM = 1.39° - crystallite size ~67 A. For Si (004) along [100];: 20,=69.173°, d=1.357 A > Si
a=5.428 A, FWHM = 0.51° (limited by in-plane Soller slit resolution of 0.5° Soller slits) = crystallite
size ~190 A (very underestimated due to low in-plane resolution).

[0305] Figure 13 depicts the 0/20 out-of-plane diffraction pattern of the 5 nm film of alumina on Si
(001). Duc to the small film thickness we have used widely open slits with a 2 mm divergence slit and 1
mm receiving and scattering slits, hence a broad base to the Si (004) peak. The Si (004) was not scanned
fully to avoid detector saturation. We see two film peaks that we attribute to y-Al20s3 (222) and y-Al203
(444). Due (o the low signal (o noise ratio we refrained (rom peak fitting and determination of the lattice
constant. Combined with the quantitative result from the in-plane XRD and the twelve-fold symmetry
in RHEED, this qualitative result confirms the thin film’s structure to be the y-Al,Oz polymorph in
(111)-orientation with two in-plane variants, consistent with the literature reports for similarly grown
alumina films on Si (001) [86,88,90,91].

[0306] The diffraction patterns discussed above with reference to Figures 12 and 13 are consistent with
previous findings [86], and suggest the coexistence of two y-Al;O3; (111) II Si (001) in-plane variants,
offset by 30° from each other, with (112) y-ALOs Il [100] Si and (110) y-ALOs Il [100] Si. This
geometry results in a surface consisting of equilateral triangles of oxygen ions, as displayed in Figure
14.

[0307] The y-Al,Os lattice constant was calculated as aaiz03 = 7.89 A by measuring (440) reflections
with in-plane XRD shown in this supplemental material for Example 1 and assuming all three crystal
axes are equally strained or relaxed, without non-cubic deformation. This value is within the range of

reported y-Al.Os bulk lattice constants from 7.84 A t07.98 A [87], and in excellent agreement with the
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reported value of (7.90 £ 0.11) A found for a similarly grown 6 nm y-AlO3 (111) thin film on Si (001)
[86].

Peak [Experimental L;ti?;(“;is?g l[?f | FWHM Raw Area Eﬁ)ost:‘zzcégz EAL A [83] Tr?ﬂ;:gifon
label BE [eV] eV] fit [eV] A [cps eV] . [nm] (arb. units]
Al2p | 7561 75.50 1.56 82535 05371 221 80.2
Sizp | 9923 99.35 109 1901.6 0.817 2.19 81.6
Al2s | 12042 X 231 115582 0.753 2.15 83.1
sizs | 150.40 X 127 1465.2 0.955 2.12 85.4
Ols | 53223 X 1.88 489228 2.20% 1.62 100.5

Table 2: XPS data of 5 nm Al;O; film on Si including values obtained from peak fitting of the data
shown in Figures 10A-10D. The BE position of Si 2p indicates that no Si-O bonds are formed at the
interface. The raw area denotes the integrated peak area after Tougaard background subtraction. The
Scofield elemental subshell cross-sections are relative to C 1s. *The O 1s cross-section had to be
empirically corrected, after measuring a range of sesquioxide compounds (including GaxQ0s, Al.QOs,
SrTiQs), to a common value of (.75 times the tabulated value of 2.93 [84], to obtain correct

stoichiometries.

d [nm] Al2p  Al2s Ols

Si2p 5.1 5.1 5.1

Si2s 5.8 5.8 5.8

Table 3: Al:Os film thickness d in nm cstimated using cquation (1) and values from Table 2. The
thickness values estimated using Si 2p agree well with the result of 5.0 nm from XRR in Figure 11. The
thickness values using Si 2s are somewhat overestimated compared to XRR, which could be due to an
underestimation of the integrated Si 2s peak area owing to its smaller signal to noise ratio in the spectrum

of Figure 10C.

Nng/Ma Ols
Al 2p 1.48
Al 25 1.51
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Table 4: Stoichiometric ratios ng /ny; of oxygen to aluminum in the alumina thin film determined using
equation (2) and values from Table 2 and a alumina thickness d = 5.0 nm (from XRR - see Supplemental
Figure 11). The [ilm stoichiometry, within the error of XPS, has the ideal sesquioxide value of

stoichiometric Al>Os; with ny/ny, = 1.50.

[0308] Figures 14A and 14B are top-views of the oxygen-terminated surface of y-Al>Os (111). Note
the bulk structure of y-ALOs has 3 symmetry, but the terminating O layer taken by itself and
unreconstructed is 6-fold symmetric with the O ions being arranged in a hexagonal surface net. Two
rotational variants are observed by RHEED and XRD giving rise to an apparent 12-fold pseudo-
symmetry of the RHEED pattern in Figure 1B. The triangular faces of the oxygen polyhedra surrounding
the partially occupied Al cation sites are contained in the (111) surface plane. Figure 14C is a side-view
of the oxygen-terminated surface of y-AlO3 (111).
Ga:0;s growth and characterization

[0309] Figure 15A depicts a plot of gallia rate as measured by quartz crystal microbalance (QCM) at
2x107 torr molecular oxygen pressure and 200 W rf-plasma power and a Ga cell temperature of 880 °C,
assuming a mass density of 5.95 g cm™. The Ga cell charge was held at 900 °C for 40 min prior to each
growth run before igniting the oxygen plasma to outgas the charge. The rate at 880 °C is stable over time
apart from fluctuations about the mean of 3.15 A/min and was also very similar between different growth
runs. It can be assumed that the Ga arriving to the QCM sensor held at room temperature in the presence
of O-plasma forms an oxide of Ga»Ojs stoichiometry and represents the maximum growth rate achievable
with the given Ga cell temperature and O plasma settings [92]. When assuming all the Ga arriving at the
QCM sticks under O-plasma conditions the measured Ga flux is ~ 0.2 nm™>s™". It should be mentioned
that the inferred Ga flux from the QCM rate when measured without the presence of O-plasma was
usually about a factor of ~0.5 lower than the Ga flux inferred form the Ga»Os rate for Ga deposition in
presence of O-plasma (both Ga metal and Ga»Os have nearly identical mass density, the only parameter
needed for the thickness measurements of thin films by the QCM was therefore unchanged). This is
likely because elemental Ga has a large surface tension and hence is not sticking well without the
presence of atomic oxygen flux.

[0310] Figure 15B depicts a plot of the gallia deposition rate measured by the QCM increases with
increasing Ga effusion cell temperature for fixed oxygen plasma settings of 200 W rf-plasma power and
2.0 107 torr Oy pressure. The increase in deposition rate can be modeled by an ~ exp[—E/kgT] law
(see fit in the graph). The “activation” energy E, was fit to ~1.7 eV. The increase of gallia growth rate
with increase in Ga effusion cell temperature under unchanged oxygen plasma conditions constitutes an
oxygen rich growth regime. This observation is consistent with the Ga to O ratio inferred from the growth

model by Vogt and Bierwagen as discussed below (under Figure 20).
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[0311] Figures 16A-16E depict XPS data taken in situ after 1st PAMBE growth of gallia at 670 °C on
v-Al,O3(111)(5nm)/Si(001) with a VG Scienta spectrometer with monochromatic Al-Ko and R3000
hemispherical analyzer at 200 eV pass energy. Figure 16A is the survey spectrum; no core-levels of Al
or Si are observed, the film is therefore thicker than the information depth of the film layer (>5 EAL),
no impurity elements or surface contamination within the accuracy ol XPS. Figure 16B is Ga 2ps;» deep
core-level. Figure 16C is the O 1s core-level. Figure 16D is the Ga 3p core-level. Figures 16E is the
valence band region with semi-core O 25 and Ga 3d states. For the quantification of oxygen to gallium
ratio in the gallia film we used the O 1s, Ga 3p and Ga 2p3» core-levels. The oxygen and gallium
percentages using O 1s and Ga 3p are 60 % and 40 %. The oxygen and gallium percentages using O 1s
and Ga 2psp are 58 % and 42 %. Hence within the accuracy of XPS the film is stoichiometric Ga,Os.
We also recorded the semi-core and valence band region. We did not use the semi-core states Ga 34 and
O 2s for quantification since they are already subject to non-negligible hybridization.

[0312] Figure 17 depicts XRR data (dots in upper panel plot, in blue) and GenX [89] simulation (curves,
inred, in upper and lower panels) of Ga>203/Al»03/Si according to the present technology. The simulation
parameters are 20.9 nm Ga,Os thickness, surface roughness ¢ value of 14.4 A and a molecular density
of 0.019 Ga20s formula units per A3, identical to the bulk value of 0.019 Ga»Os formula units per A3 of
B-Gax0s3 and y-GaxOs. The tabulated density values of a-Gax(s are denser with (.021 Ga,O; formula
units per A3, but they have been recorded under elevated pressures and are likely different in thin film
form. The fit was somewhat improved if the alumina layer was reduced in thickness compared to the
5.0 nm used as thickness parameter in the simulation of the curve shown in Figure 11, this could indicate
intermixing of Al and Ga near the Ga,O3/ALLO; interface. We also needed to increase the Si substrate
roughness which could indicate oxidation of Si near the AlOs/Si interface by oxygen diffusion through
the thin alumina layer when taken into air for a prolonged time, cleaning with ozone or annealing in
oxygen plasma.

[0313] Figures 18 A-18E depict XPS data taken in situ after 2nd PAMBE growth of additional gallia at
630 °C on GaxOs3(21nm)/y-Al2Os(111)(5nm)/Si(001) with a VG Scienta spectrometer with
monochromatic Al-Ka and R3000 hemispherical analyzer at 200 eV pass energy. Figure 18A is a survey
spectrum showing no impurity elements or surface contamination within the accuracy of XPS. Figure
18B is Ga 2psn deep core-level. Figure 18C is O 1s core-level. Figure 18D is Ga 3p core-level. Figure
18E is valence band region with semi-core O 2s and Ga 34 states. For the quantification of oxygen to
gallium ratio in the gallia film we used the O 1s, Ga 3p and Ga 2psp core-levels. The oxygen and gallium
percentages using O 1s and Ga 3p are 59 % and 41 %. The oxygen and gallium percentages using O 1s
and Ga 2psp are 57 % and 43 %. Hence within the accuracy of XPS the film is stoichiometric Ga>Os
(possibly slightly oxygen deficient). We also recorded the semi-core and valence band region. We did
not use the semi-core states Ga 34 and O 2s for quantification since they are already subject to non-

negligible hybridization.
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[0314] Figure 19 depicts a plot of the Kiessig fringe spacing, which indicates a total Ga>Os thickness of
66 nm.

[0315] Figure 20 depicts a plot of the sticking probability as a function of sample temperature in the
PAMBE-growth of Gax0s after the model by Vogt and Bierwagen [92]. Within the macroscopic kinetic
growth model for the PAMBE growth of Ga20s (in a [first approximation independent of the substrate
and crystal structure) [92], a volatile suboxide Ga>O evaporates from heated surfaces and limits the
sticking probability below 100% and hence reduces the growth rate below the maximum possible growth
rate at lower growth temperature (or higher O flux). The Ga,O; growth rate [" is described by a
dependence on the activated O-flux ¢q, the Ga flux ¢, and the sample temperature 7. We define the
sticking probability as [I'/[,., where [}, is the maximum growth rate achievable at low growth
temperature. Qur results for the different sticking coefficients obtained at 630 °C and 670 °C agree
qualitatively with this model, however, the 1* sticking probability is also related to nucleation on the
substrate and therefore the model [92] may not be applicable yet. If we quantitatively apply the model
to the 2nd sticking probability of 59%, a Ga flux of 0.2 nms"', and the substrate temperature of 630 °C
we can then use the model to constrain the activated O flux impinging on the sample (the only uncertain
growth parameter): Both curves are for a Ga lux of 0.2 nm?s! (measured by QCM); the red curve 2010
is for an O-flux of 10 nm?2s! (RGA estimate), and the blue curve is for an O-flux of 1.85 nm?s!, which
was chosen such that the curve intersects 59 % at a temperature of 630 °C. The obtained activated O flux
of ~1.85nm™s™! is about an order of magnitude lower than the estimate from the RGA O partial pressure.
With this choice for the blue curve 2020 it appears that, if the inferred O-flux is correct, the 1st sticking
probability of 38% at 670 °C is higher than what the curve predicts. This could be related to an enhanced
sticking probability in the initial nucleation of Ga>Os on the Al>Os/Si substrate. The growth rate I was
given as an algebraic solution to simplified rate equations in a dynamic equilibrium [92], as (beware of

some typos in the original reference):
- 3 1
[(dcabo Y, A) = A7 (Y =308, + daabo — 15 (200 — 4)?),

A(Pga do,Y) = (72Y¢o — Bdga — 2¢0)° + 108 (Y(16Y2 — 4Y(99%. — 12¢c.do — 895) +

1/3

/
(b6~ 200)Gba— 260)°)) ) -

Y(¢Ga' ¢0' T) = Y-0 exp kgT

[0316] with model and fitting constants Y, = exp[37.1],Ey =2.93eV,{ = 0.90eV.

[0317] Figures 21 A-21F depict plots of Pseudo-Voigt function fits of x-ray diffraction 6/20 reflections
from the 66 nm B-Ga2Os thin film. Based on the absolute peak positions and lattice parameters and
relative areas under the curves the most likely assignments of the diffraction peaks are the f-Ga>Qs {310}
(green), (101) (blue) and (201) (blue) families of reflections. The Si (004) peak (red) is at 20 = 69.14°,

slightly off from the bulk value of 69.12° (see Table T), which indicates a small instrumental offset of
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0.02°. In the symmetric 6/20 geometry with the use of an incident beam monochromator, the integrated
reflection intensity per unit scattering volume at scattering angle 20 for a crystal slab of thickness 7, based

on the kinematic approximation, is proportional to [93]:

1+ Acos?26 1 —2ut 3)
Ihki(8) « (1 —exp [ )

1+4 sinZG|Fhkl|2 sin 6

[0318] where the first factor is the polarization factor for the incident x-rays and A = cos? 2 8,, with
Oy = 22.6° being the Bragg angle of the Ge (220) channel cut monochromator, polarization correction
due to the multilayer mirror can be neglected due to the small x-ray incidence angle onto the multilayer
mirror [94], the second factor is often called Lorentz factor and stems from the change of variables from
reciprocal or wavenumber coordinates to angular coordinates in the integration of the lattice interference
function [95], | Fyx:|? is the modulus square of the structure factor for the given reflection, the last factor
accounts for a change in sampling volume and x-ray pathlength with change in incident and exit angles,
where u is the linear absorption coefficient for x-rays of Cu-Ka energy in the crystal slab. Evaluating
the intensities of the harmonics of the {310}, (101) and (201) reflections with regards to equation (3)
we obtain scattering volume fractions for the three phases of 71%, 13% and 16%. The structure factors
were calculated with the software Vesta [96], based on an imported structure file obtained from entry
#1638495 of reterence |87]. The linear attenuation coetticient is based on interpolated mass absorption

coefficients tabulated in [97] and assuming a mass density of 5.95 g cm™ for GaxO;.

Label Peak1l Peak?2 Peak?3 Peak 4  Peak 5 Peak 6 Peak 7
20exp [°] 18.80 37.23 38.17 58.84 79.46 X 110.10
Qep/Qo | 1.00 1.95 2.00 3.01 3.91 X 5.02
dexp [A] 4.72 241 2.36 1.57 1.21 X 0.94

I 1.00 0.17 0.50 0.82 0.20 X 0.35

(hkD X X (00.6), X X (00.12), X
200k [°] X X 40.24 X X 86.96 X
Quu/Qo X X 2.11 X X 421 X
dou [A] X X 2.24 X X 1.12 X

I X X 1.00 X X 0.09 X

(hkl) | (11 1),, X (22 2),, (33 3)y X (44 4),, G5 5)y
200ux [°] 18.64 X 37.80 58.14 X 80.76 108.20
Qbu1k/Qo 0.99 X 1.98 2.97 X 3.97 4.96
doux [A] | 4.76 X 2.38 1.59 X 1.19 0.95

I 0.94 X 1.00 0.90 X 031 0.27

(hkl) | (002), X (004), (006), X (008), (00 10),
200ux [°] 19.12 X 38.80 59.76 X 83.26 112.30
Qui/Qo | 1.02 X 2.03 3.05 X 4.07 5.08
doux [A] | 4.76 X 2.32 1.55 X 1.16 0.93

I 1.00 X 0.95 0.25 X 0.23 0.04

(kD) | (201, X (402); (603), X (804); (1005)g

200 [°] | 18.94 X 38.42 59.14 X 82.30 110.70
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Quu/Qo 1.01 X 2.01 3.02 X 4.03 5.04

doun [A] | 4.68 X 2.34 1.56 X 1.17 0.94

I 1.00 X 0.32 0.79 X 0.03 0.29
(hkD X (202)g X X (40 4)p X
20mu [°] X X 38.42 X X 82.32 X
Quu/Qo X X 2.01 X X 4.07 X
dour [A] X X 2.34 X X 1.17 X
| X X 0.23 X X 0.01 X
(hkD X (310, X X (620)g X X
20bu [°] X 37.30 X X 79.50 X X
Qbu/Qo X 1.96 X X 3.92 X X
dou [A] X 241 X X 1.20 X X
I X 0.04 X X 0.04 X X

Table 5: List of cxperimental 6/20 Bragg peak positions and intensitics of Ga,Os/y-Al,0s(111)/Si(001)
and literature bulk Bragg peak positions* and their expected intensities after equation (S.3) (unit volume)
for plausible Ga,Os polymorph orientations based on structure symmetry and previous reports.
Experimental peak intensities are normalized to the strongest film peak (Peak 1). Bulk peak intensities
are normalized to the strongest peak contained in the table for a particular polymorph, i.e. the relative
intensities for the bulk structures are only meaningful within the same polymorph. By means of the
normalization Q/Qo (with Qo = d(Peak 1)) we can identify harmonic peaks in the experimental data set:
Hence, peaks 1, 3, 4, and 7 are most likely harmonics of the same plane family, and likewise Peaks 2
and 5 are likely harmonics of the same plane family. By using this Q/Qp ratio we can see that: The a-
polymorph in (00.1)-orientation at first sight can be excluded based on lattice constants, but caution has
to be taken since the bulk data is for the high-pressure phase and is likely different in thin film form.
However, based on intensities this polymorph and orientation can likely be excluded. The y-, k-, and -
polymorphs in the given orientations are all likely candidates based on their Q/Qo values. However, we
also see that within the considered possibilities, the harmonic Peaks 2 and 5 are only explained well by
B-Ga»0s in (310)-orientation. Based on intensities, a mixture of B-Ga»Os epitaxial orientation variants
seems to explain the data best. The absence of Peak 6 in the experimental data seems plausible for 3
Ga»0s due to the low intensity of the (804)/(404) peaks; this is not so for y- and k-polymorphs.
Therefore, we deem it highly likely that all peaks originate from B-Ga20s. This is corroborated by the
elevated growth temperatures and the pole figure scan shown in the main text of the article. By means
of the pole figure scan we can exclude significant volume fractions of the a-, y- and k-polymorphs and
confirm B-Ga,Os with 48 epitaxial orientation variants as described in the main article.

*entries: #1638495, #1638490, # 1638497 and #1812181 in reference [87] .

[0319] We would like to mention here that the presence of the (101) phase can be easily overlooked in

a 0/20 scan since its peaks overlap with the peaks of the (201) phase. Only a careful analysis of the
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relative peak intensity ratios and relative peak positions of the harmonic reflections belonging to the
same plane family can reveal the corresponding phase’s volume fraction. For instance in the recent work
[98] the observation of the disappearing of (201) and (603) peaks, and reduction of the (402) peak in
B-Ga0s films grown at elevated growth temperature by PAMBE on sapphire substrate have been
interpreted as a reduction in crystal quality of the epilayer. However, in consideration of the overlap of
(402) and (202) peaks the data could also be interpreted as a suppression of the (201) phase and instead
emergence of (101) as dominant phase, since the (202) is the only harmonic of (101) with substantial
diffraction intensity - see Figure 21B and Table 5. If the {310} phase was also present the (310) peak,
owing to its small structure factor, should show up as a weak shoulder to the left of the (402) and (202)
peaks. Since the (620) peak is even weaker the {310} phase can also easily be missed for a thin film in

a low resolution 0/20 scan.

0 1 2 3 4 5 6 7 8 9 10 11
(40T)(ppy6 | 840 840 840 840 340 840 840 840 840 840 840 840
(40D oy | 450 -150 150 450 750 1050 1350 - - - 75.0
(202)1opy8 | SO0 500 500 500 500 500 500  S00 500 500 500 500
(202) a1y 9 165.0 - - - 750 450 -150 150 450 750  105.0
(002)on® | 225 225 225 225 225 225 225 225 225 225 225 225
(002) (1019 165.0 - - - 750 450 -150 150 450 750  105.0
(301)gop6 | 234 234 234 234 234 234 234 234 234 234 234 234
(01 gopo 165.0 - - - 750 450 -150 150 450 750  105.0
Z02)@opb | 225 225 225 225 225 225 225 225 225 225 225 225
(Z02)Gopy | 450 -150 150 450 750 1050 1350 - - - -75.0
(002)gony® | 500 500 500 500 500 500 500 500 500 500 500 500
(002)gope | 45.0 -150 150 450 750 1050 1350 - - - -75.0
(40T) 51000 | 583 583 583 583 583 583 583 583 583 583 583 583
(40T) 310y - - 986 -686 -386 -86 214 514 814 1110 1410
(20218 | 817 817 817 817 817 817 8L7 8L7 817 817 817 817
202109 | - - 860 560 260 40 340 640 940 1240 1540 -
(002)310p6 | 817 817 817 817 817 8.7 8L7 8L7 817 817 817 817
(002)1y¢ | 560 860 1160 1460 1760 - - 940 -640 340 -40 26.0
(01)G7q)0 | 583 583 583 583 583 583 583 583 583 583 583 583
(A0 Ggpy¢ | 986 1290 1590 - - - 814 -514 214 86 386 686
(202)@gq6 | 817 8L7  8LT  8L7  8L7  8L7  8L7 8.7 8L7 8L7 8LT 817
Q07 | 560 860 1160 1460 1760 - - 940  -640 340 -40 26.0
(002)gzpy6 | 8L7 8L7  8L7  8L7 8.7  8L7  BL7  8L7 8L7 8L7 8L7  8L7
(002)g1y9 | - - 860 560 260 4.0 340 640 940 1240 1540 -

Table 6: Expected pole figure coordinates of the relevant B-Ga»Os reflections, based on the orientational
model presented in the main text for each of the twelve in-plane variants arising from the four out-of-
plane orientations (101), (201), {310} and {310}, and based on bulk lattice constants of B-Ga20;. In

each row the upper angle is the polar angle 8 in degree (measured from the north pole downwards) and
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the lower angle in the azimuthal angle ¢ in degree. A polar angle of 0° corresponds to the Si [001] out-
of-plane direction and an azimuthal angle of 0° corresponds to the Si [110] in-plane direction.
Supplementary Density Functional Theory Calculations
[0320] Density functional theory (DFT), as implemented in the Vienna ab initio Simulation Package
(VASP) code, is used to perform all calculations [99]. The Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation (GGA) is used for the exchange correlation energy functional. We use projector-
augmented-wave potentials [100], to describe Ga and O with a cut-off energy of 500 eV for bulk
optimizations. The valence electron configurations used are 4s*3d'%4p’ for Ga and 2s*2p* for O. Each
self-consistent electronic calculation is converged to within 1075 eV per cell, and the ionic relaxation is
iterated until the forces are less than 0.01 eV/A. For the Brillouin zone integration ot bulk Ga,Os (space
group C2/m, 12), a 5x9x11 Monkhorst-Pack grid is used. For bulk Ga (space group Abma, 64), a
12x12x12 Monkhorst-Pack k-point mesh is used.
[0321] The lattice parameters calculated for bulk Ga,Os are a = 12.445, b = 3.084 A, c=5.876 A, and
B = 103.73°, which compare favorably with the experimental values of a=12.22 A, b=3.04 A, ¢ = 5.80
A and B = 103.75° [101], and theoretical values of a = 12.446, b =3.083 A, ¢ =5.876 A, and p = 103.70°
[102].
[0322] To create the slabs, we used surface-oriented basis transformations on the conventional unit cell
using methods described in reference [103]. The transformation matrices used are shown in Table 7,
below. Each unit cell is repeated along the c-axis to create a 15-20 A thick supercell and a 15 A vacuum
is added to create the slab. For slab optimizations, a 600 eV energy cutoff is used, and the convergence
criteria are the same as those used for the bulk optimizations. For Brillouin zone integration of the (201),
(310), and (101) slabs, 7x7x1, 5x7x1, and 5x25x1 Monkhorst-Pack k-point meshes are used,
respectively.

[0323] We calculate the surface energies using the following equation,

1 1
Y-surface = 24 Esiap — Noa(Ega + Mea) — EN() (E02 + #02)
[0324] In this equation, Yfqce is the surface energy, A is the surface area with a factor of 2 accounting
for both surfaces, Eg; g, is the energy of the Ga>Os slab, Ny is the number of X atoms in the Ga,Os slab,

E is the energy of one unit cell of bulk X, and iy is the chemical potential of bulk or molecular X.

[0325] To simplify the number of variables in this cquation, we usc the relationship:

3
EGa203 + bGa,0, = 2(Ea + Hea) + E(EOZ + #02)
[0326] We assume that the surface is in equilibrium with its own bulk, hence p;q, 0. is equal to 0 eV.

The formation energy of Ga;0s is defined as Ey = Egq,0, — 2Egq — %EOZ. Using this definition and
rearranging the equation above, we get the relationship pq, = %(Ef - % Hoz)- We can then allow the

chemical potential to vary over the range 0 < py, < %E ¢, where pp, = 0 eV represents oxygen-rich
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conditions and iy, = EE ¢ represents Ga-rich conditions. We determined that the formation energy of

Gax0s3is -9.31 eV, which is less stable than the experimental value of -11.3 eV [104], but comparable to
the formation energy value of -9.3 eV calculated by Zacherle et. al [102].

[0327] Figures 22A-22C illustrate ideally terminated surfaces with lattice planes marking the
terminations studied. To the left of each slab, the top and bottom axes correspond to the axes for the j3-
Gax0Os conventional unit cell and the axes for the slab, respectively. Ga and oxygen atoms are labeled
2201 and 2203, respectively. In Figure 22A, the dark blue 2205 (pink 2210) plane marks the Ga-
terminated (O-terminated) surface along the (310) surfacc termination. For the (201) planc, we studied
two distinct O-terminations and two distinct Ga-terminations denoted by the labels (A) and (B) in Figures
22B. (b) The dark blue (2220), pink (2230), light blue (2240), red (2250), and green (2260) planes mark
the O-terminated (A), Ga-terminated (A), O-terminated (B), Ga-terminated (B), and mixed-terminated
surfaces along the (201) surface termination, respectively. In Figure 22C, the dark blue 2270 (pink 2280)
plane marks the O-terminated (mixed-terminated) surface along the (101) surface termination.

[0328] Figures 23A-23C illustrate lowest energy terminations before and after relaxation superimposed
for the (310) O-termination (Figure 23A), (201) mixed-termination (Figure 23B), and (101) O-
termination (Figure 23C). In Figures 23A-23C, 2310 (gray) denotes Ga atoms before relaxation, 2320
(green) denotes Ga atoms after relaxation, 2330 (white) denotes oxygen atoms before relaxation, and
2340 (red) denotes oxygen atoms after relaxation. To the left of each slab, the top and bottom axes
correspond to the axes for the 3-(GGa20O3 conventional unit cell and the axes for the slab, respectively.
[0329] To determine the lowest energy surface reconstruction of the (310) plane, we studied one Ga-
terminated and one O-terminated surface (Figure 22A). The average surface energy of the O-terminated
surface (Figure 23A) is 4.267 J m2, which is higher than the surface energy value of 3.671 J m of the
Ga-terminated surface. For the (201) plane, we studied five surface terminations shown in Figure 22B.
The lowest value for the surface energy is 0.768 J m~ and this was achieved with the mixed termination
(Figure 23B). Although a different calculation method was used, the surfacc cnergy and rclaxation
energy we determined is comparable to the values reported by Schewski et. al [105]. For the (101) plane,
we studied a mixed-terminated surface and an O-terminated surface (Figure 22C). The surface energy of
the O-terminated surface (Figure 23B) is 1.510 J m™, which is slightly lower than the surface energy of
1.573 J m™ for the mixed-terminated surface. The values we calculated are comparable to the surface

energy value of 1.5-2 J m™ reported by Schewski et. al [105].

Surface termination Transformation matrix
05 05 1
(z 01) -05 05 -1
0 0 1
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—05 15 0
(310) ( 0 0 1)
0 1 0
(1 0 —1)
101 01 o0
(101 1 0 4

Table 7: Transformation matrices used to create surface-oriented unit cells along the (201), (310), and

(101) planes.

Surface  Average Average
Surface
\ ) energy surface surface Relax-
Sur- Termin-  Environ- energy .
. before energy energy ation
face ation ment after
relax- before . after energy
. . relaxation .
ation  relaxation relaxation
_ Ga-rich 1.320 1.204
(201) Ga (A) . 2.937 2.821 0.116
O-rich 4.554 4438
Ga-rich 7.347 5.730 5.212
201 O (A 3.595 2.135
(201) (A) O-rich 4.113 1.978
201) | Gay oo 1270 eos L2l 2.828 0.065
a . . X
(20D) O-rich 4.510 4445
_ Ga-rich 7.268 7.014
(201) O (B) ) 5.651 5.397 0.254
O-rich 4.034 3.780
_ . Ga- or
(201) Mixed O-rich 2.100 - 0.768 - 1.332
Ga-rich 1.796 1.472
(310) Ga . 3.995 3.671 0.324
O-rich 6.194 5.870
Ga-rich 9618 6.466
(310) 0] . 7.418 4.267 3.151
O-rich 5.219 2.068
Ga- or 2.724 1.573 1.130
101 Mixed - -
(101) e O-rich
Ga- or 3.431 1.510 1.920
(101) o O-rich - -

Table 8: Computed surface energies (] m?) for the ideally terminated and reconstructed surfaces.

EXAMPLE 2: Gallia on STO-Buffered Silicon

[0330] For epitaxial integration, a buffer layer is essential since the interface between Ga>Os and Si is
not thermodynamically stable [126]. Integration via an oxide buffer layer is therefore an important step
that provides a high-quality, well-defined template layer for subsequent growth by a faster method such

as chemical vapor deposition (CVD), metal-organic CVD (MOCVD), or the recently reported suboxide
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MBE [127-129]. SrTiO; (001) can be routinely epitaxially integrated onto Si (001) [130], and hence it
could act as a buffer layer for growth of Ga»Os on Si, which would then lead to the availability of large
scale Ga:0s epitaxial films. Electrical transport properties of 3-Ga20s films grown on STO (100) were
recently reported by Wang et al. and we expect [ilms grown on STO-bulfered Si to behave similarly
[131].

[0331] Here we report the deposition of B-GaOs thin films grown on both STO (001) and STO-
buffered Si (001) substrates using PAMBE and investigate their structural properties in detail. STO has
the attraction of being one of the few oxide materials that can routinely be directly integrated with Si
(001) [130]. Since it can be n-type doped with Nb [132], STO can also function in the dual role of
epitaxial template layer for Ga2Os and as conductive bottom electrode. The $-Ga»Os thin films have been
characterized by RHEED, XPS, XRD, XRR, reflection electron-energy-loss spectroscopy (REELS), and
TEM.

Experimental Conditions

[0332] In an embodiment of the present technology, single-side-polished STO (001) substrates with
dimensions of 10x10x0.5 mm? were cleaned ex situ in acetone, 2-propanol, and de-ionized water, each
for 10 min in an ultrasonic bath. The samples were loaded into the MBE growth chamber (base pressure
5x10°'? torr) on Mo sample holders held in place by a Mo spring clip exerting pressure onto the backside
of the sample, and a ~0.5 mm protruding lip on the growth side of the sample. The sample was heated
radiatively from the backside via a SiC heating coil placed above the sample with a set point of 775 °C
(corresponding to a calibrated substratc temperature of ~670 °C mcasured for a Si substratc with a
pyrometer) in an oxygen plasma for 30 min. The oxygen plasma was generated by an Oxford Applied
Research HD235 radio-frequency plasma generator at 200 W forward power and 2.0 x 10 torr nominal
O; pressure measured by an ion gauge located at the top of the growth chamber. A residual gas analyzer
(RGA) located on the sidewall of the chamber confirmed that O; was the predominant gas species, with
an atomic oxygen amount of about 10% at the RGA position. Before introducing oxygen into the
chamber, the dual filament Ga effusion cell was heated to 900 °C and outgassed for 20 minutes. The cell
temperature was then lowered to 880 °C and the Ga rate was measured in the high-vacuum atmosphere
of typically low 10°® torr (caused by the hot effusion cell, and predominantly H, as measured by the
RGA) by a QCM. Typical metal growth rates at this cell temperature were about 1 A/min. After ignition
of the oxygen plasma, the Ga rate was measured again, usually achieving a deposition rate that was a
factor of ~2.8 higher than for the bare Ga rate (using the same density setting for the QCM of 5.95 g/cm’®
since Ga and Ga,0s densities are nearly identical). This difference is most likely due to a lower sticking
coefficient of bare Ga due to larger surface tension. The Ga,O3 growth was performed under the same
Ga cell and O-plasma conditions at a manipulator set-point temperature of 775 °C. This growth
temperature was selected as it is the highest temperature that gives unity sticking coefficient for our

oxygen flux, based on the model developed by Vogt and Bierwagen [133]. Higher substrate temperatures
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provide better epitaxy but should not be too high as to result in significant Ga suboxide desorption. The
STO buffer layer on Si was grown on a 2-inch Si (001) wafer [132], and the Ga,Os3 film was grown on
this pseudo-substrate under nominally the same conditions as used for the bare STO substrates. The
QCM-measured GaO;x growth rate matched the observed rate of Ga2Os on bare STO, as confirmed by ex
situ XRR thickness measurements. The film surfaces grown on bare STO were monitored in situ during
growth by RHEED with a 21-keV electron beam and in situ after growth in a secondary analysis chamber
with a 15-keV electron beam for the STO-Si substrate. The thin film stoichiometry was measured in situ
and post-growth by XPS with monochromatic Al-Ka and a VG Scienta R3000 hemispherical analyzer
set at 200-eV pass energy and 0.8-mm slit size. The samiple grown on STO-Si was also studied by REELS
with 1.9-keV electrons and a Staib Auger probe. To determine the sample thickness, morphology, and
crystal structure, XRD and XRR measurements were performed ex siru on a Rigaku Ultima IV
diffractometer (Cu-Ko). TEM observations were made using an image-corrected Titan 80-300 operated
at 300 kV.
Results

[0333] Figures 24A and 24B show RHEED patterns for the GazOs thin films as grown on bare STO
along STO (100} and (110) azimuths for a 20-nm film, while Figures 24C and 24D show the same
azimuths for a 50-nm film. For each of those figures, the Ga,Oj3 films were grown on STO at 775 °C.
Each of the RHEED patterns show four-fold symmetry upon azimuthal rotation of the sample. The
horizontal spot spacings were used to infer the in-plane lattice spacings at the film surface after
calibration to the known STO substrate spacings and are given as insets in each figure. The RHEED
patterns have a spot-like nature indicating a slightly rough film surface or small lateral crystal grain size.
It is apparent that the thicker film shows morc modulation along the RHEED streaks, suggesting surface
roughening with increasing film thickness. The RHEED patterns formed within minutes after deposition
was initiated, and they confirmed that the sample surface remained crystalline throughout growth. Each
pattern shows 4-fold symmetry, commensurate with the substrate symmetry on the high-symmetry
azimuths. The horizontal streak spacing, indicating lattice spacings perpendicular to the electron beam
direction, was determined by calibration to the substrate lattice constant of a = 3.905 A. The RHEED
streaks of the 50-nm film show stronger modulation along their length than observed for the 20-nm film,
indicating a rougher surface; this is corroborated by XRR and cross-sectional TEM (see discussion of
Figures 32A-32D and 33, below).

[0334] XPS measurements conducted in situ after growth indicated stoichiometric Ga»Os films, as
shown in Figures 34A-34C and discussed below. To characterize the crystal structure of the thin films,
XRD was performed ex situ, and the results are shown in Figures 25A-25C for the 50-nm Ga»QOsz film
grown by PAMBE at 775 °C on STO (001). Figures 25A displays a 28-8 out-of-plane diffraction pattern

with the diffraction vector 6 aligned along STO [001]; Figures 25B and 25C show 28,-¢ in-plane

diffraction patterns taken at a grazing angle of incidence of 0.325°, with (_j aligned along STO [100] in
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Figure 25B, and along STO [110] in Figures 25C. The diffraction patterns are indexed by the Miller
indices of the observed substrate and film reflections. These reflections are assigned to the f-GaxOs
polymorph with (100) and (112) out-of-plane orientation for this basal-plane thin-film growth. The
presence of (100) follows from the peak positions and the peak area ratios of the harmonics in Figures
25A [134], whereas the presence of (112) was corroborated from in-plane XRD measurements in
Figures 25B and 25C due to overlapping peaks in Figure 25A [134]. The observed diffraction peaks are
consistent with each of the two growth planes having four rotational domain variants aligned with the
STO substrate, as shown in a reciprocal space simulation in Figures 35A and 35B, discussed below. The
epitaxial relationships observed can be written as: §-Ga20z (100) [010] Il SrTiOs (001) (110), and -
Ga»05 (112) [021] Il SrTiOs (001) (100). The (112) peak has a structure factor that is about one fifth
of the (400) peak. Therefore, despite the smaller relative peak height in Figure 25A, a significant fraction
of the sampled crystalline volume is crystalized in the (112)-orientation. A deconvolution by peak fitting
of the (600) and (112) peaks, and the (12 0 0) and (224) peaks, is complicated by overlaps with the
strong substrate signal and the broad width and small relative intensity of the film peaks. Considering
the peak height ratio of the (12 0 0) and (224) peaks (Figures 25A) in comparison with the B-Ga»O3
powder pattern intensity ratio as a rough approximation for the volume fractions in the thin film
scattering volume, the volume fraction of the (100)-orientation is estimated to be about 3 times greater
than that of the (112)-orientation. The prominent (400) peak in Figures 25C is asymmetric which could
indicate a strain gradient of the plane spacing along the growth direction. The fitted XRD peak positions
and plane spacings along with and their deviation from the bulk values of 5-Ga>O; from Figures 25A-
25C are given in the tables provided in Figures 36 A-36C, discussed below.

[0335] The epitaxial texture of the films is confirmed by cross-sectional TEM images displayed in
Figures 26 A-26C. Figure 26A is a low-magnification TEM image of a 20 nm Ga»Os film grown at 775
°C, as observed along the [100] zone axis of STO. Figure 26B is a high-magnification TEM image,
where the film appears ordered with atomic planes running parallel and perpendicular to the substrate
film interface. Figure 26C is an FFT of the image in Figure 26B; spots originating from the Ga,Os thin
film are consistent with the model obtained from XRD. The crystallinity in the film extends from the
substrate up to the film surface, but strong granularity of the film is apparent, indicating a small crystal
grain size of ~ 5-10 nm, and leads to the observation of Moiré patterns in some regions due to overlap
in the electron-beam direction. Figure 26A shows a low magnification image and reveals an uneven film
surface, while the high-magnification image in Figure 26B shows atomic planes of the film running
parallel and perpendicular to the substrate surface, closely aligned with the substrate planes. In Figure
26C, the FFT spots can be indexed by reference to the STO substrate peaks and by the prominent -
Gua0s peaks, which are consistent with the XRD data.

[0336] Based on the observed epitaxial relationships, a structural model is presented in Figures 27A

and 27B. Lattice matching is illustrated for 3-Ga;Oz (112) in Figure 27A and (100) in Figure 27B
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surface-oriented cells placed on top of STO (001). The conventional cells of B-Ga:0s in (112)-
orientation or (100)-orientation are also shown in relation to the surface-oriented cells (details can be
found in Figures 37A-37D, discussed below). The surface-oriented cells are shifted from the STO (001)
surface by half a STO unit cell for clarity. The implied atomic bonding at the interface is not necessarily
representative of the actual experimental bonding geometry and needs further investigation. However,

the O and Sr-O sub-lattice matching can be seen to play an important role for the epitaxial relationships.

The B-Ga20s (112) surface-oriented cell was constructed such that the dg and ES lattice vectors are: 1)
contained in the (112) plane of the conventional cell; 2) enclose an angle of nearly 90° (89.989°); and
3) have the shortest lengths compatible with this structural arrangement. Their lengths are ag = 23.75 A
and by = 8.40 A, leading to lattice mismatches of -1.2 % and -2.4 % with respect to the STO 6x2 surface

cell shown in Figure 27A. The surface-oriented cell of f-Ga,O3 (100) is obtained by relabeling the unit

cell vectors such that the dg and Es lattice vectors are contained in the (100) plane of the conventional
cell, and by doubling the cell along the original [010] direction. The lattice mismatch is then given with
regards to a (V2 x v2)R(45°) surface cell of STO as -9.0 % for as = 6.08 A and -4.8 % for bs = 5.81 A.
The additional domain orientations of B-Ga>Qs (112) and (100) can be obtained by rotating the depicted
surface-cells by multiples of 90° about the STO [001] direction.

[0337] Motivated by the epitaxial matching, despite rotational symmetry mismatch, of monoclinic B-
Ga»0s and cubic SrTiO3 (001), we have performed epitaxial integration with a 2-inch-diameter Si (001)
wafer using a SrTiOs buffer layer under nominally identical growth conditions as used for the bare STO
substrate. The structural, morphology, and thickness characterization results are shown in Figures 28A,
28B, 29A-29C, 30A and 30B. Figures 28A and 28B are RHEED images for STO <100> and STO <110>,
respectively, taken with a 15 keV electron beam of Ga,Os/SrTiO3/Si. The RHEED pattern of Figure 28
is qualitatively similar to the RHEED patterns of Ga20s; grown on bulk STO, as shown in Figures 24A-
24D. Differences in brightness and contrast are likely due to the use of a different RHEED chamber
system with smaller electron beam energy, and larger wafer size allowing shallower incidence angle.
[0338] Figure 29A depicts XRD patterns showing a 8-28 diftractogram ot a 15 nm film of Ga,Os grown
by PAMBE at 775 °C on the STO (100) buffer layer on Si (001). The diffractogram of Figure 29A looks
very similar to the diffraction patterns of GaxOs directly grown on STO, except for the finite-size
oscillations of the STO (001) and (002) peaks and the presence of the Si substrate peaks. Figures 29B
and 29C depict XRD patterns showing 8-28 diffractogram of in-plane XRD scans along STO [110] and
[100], respectively. The STO peaks are comparatively weak relative to the bulk substrate scans in
Figures 25B and 25C. However, the same Ga,Os peaks appear as for the case of the STO bulk substrate,
although with different intensity ratios.

[0339] Figure 30A depicts an XRR curve of Ga20s grown on STO-buffered Si. The simulation (red
curve 3010) reveals a thickness of 15.4 nm for Ga»0Os and 18.2 nm for STO, which is consistent with the

high resolution TEM cross-scction images. Figure 30B depicts a low-magnification TEM image of a 15-
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nm GaOs; film grown at 775 °C on STO-buffered Si (001) projected along the Si (110) [110] zone-axis
(equivalent to the STO (100) [100] zone-axis). Columnar growth of Ga;Os is observed along with a
Moiré pattern caused by the overlap of granular but ordered crystallites. A thin SiO; interlayer can be
observed between STO and the Si substrate.
[0340] Additional electron-energy-loss spectroscopy (EELS) experiments were performed on the f3-
Gaz0s film grown on Si. A band gap of 4.5-5.2 eV is extracted from the fits, consistent with literature
data for Ga,Os [106]. For details see Figures 38A and 38B, discussed below.

Discussion
[0341] Unlike the MOCVD growth of GaxO; on STO [122], in the present study we observe
crystallization of Ga,O3 as-grown with the use of MBE and growth temperature of 670°C. Beside the
(100)-orientation, we additionally observe the (112) out-of-plane orientation of f-Ga»Os. The STO in
this study is TiOz-terminated due to the water treatment of the surface [135]. The TiQ:z-plane contains
an oxygen surface net that is like the face of an oxygen-based fcc cell and hence provides a template
layer for the B-Ga»0s distorted fcc oxygen sublattice. This fcc oxygen-sub-lattice of f-Ga2Os has its six
cube faces roughly aligned with the plane families {100}: (100), (100); and {112}: (112), (112),
(112), and (112). Furthcrmorc, the Ga-O bonds of the distorted oxygen octahedra about the octahcedral
Ga2 sites of f-Gax0s are roughly aligned with the normal vectors of these planes. Hence, epitaxy on a
cubic (001) substrate like SrTiOs is expected to be determined by the matching of these sub-lattice planes
with the substrate basal plane in a “cube-on-cube” manner, and the octahedral cation-oxygen bonding
direction being continued across the interface.
[0342] The (112) family of surfaces do not appear to have been reported as growth surfaces for p-
Gax0s bulk growth or epitaxy in the literature, and it is also not a commonly known surface cut for bulk
substrates [107]. This may indicate that they are high energy surfaces, which is partially corroborated by
the observations in this study that they are observed at high growth temperature. To support this
assessment, we performed a detailed theoretical analysis. Using density functional theory, we calculated
the surface energies of the (100) and (112) surface terminations of f-Ga»Os.

[0343] To calculate the surface energy, we used the following relation:
1 1
Ysurface = ﬁ Esiap = Nga(Ega + Uga) — ENO (EO2 + MOZ)

[0344] In this equation, Ygyrrqace is the surface energy, A is the surface area with a factor of 2 accounting

for the top and bottom surfaces, Eg; ), is the energy of the Ga20s slab, Ny, (Np) is the number of Ga (O)

atoms in the Ga;Os slab, Eg, (Ep,) is the energy of one unit cell of bulk Ga (molecular O2), and (g,
(1o,) is the chemical potential of bulk Ga (molecular Oz). To simplify the number of variables in this

equation, we use the relationship:

3
E¢a,0, + Beay0, = 2(Ega + Uga) + E(EOZ +4o,)
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[0345] The details of the methods used for these calculations are outlined, below, in the section entitled
“Supplemental Material for Example 2.” For the (100) surface, we used two stoichiometric slabs and
found that the surface energy of the mixed-terminated surface is 0.5 J/m” and it is 0.8 J/m® for the O-
terminated surface. The surface energy values we have calculated are lower than the values reported by
Bermudez [136] who used different computational methods. However, we do find that the 0.3 J/m?
difference in energy between the (100)-A and (100)-B is comparable to the energy difference of 0.5 J/m?
reported by Bermudez. To our knowledge, calculations of the (112) surface termination have not been
reported previously. For the (112) termination, we used a non-stoichiometric slab with a mixed-
termination and found the surface energy is 4.0 J/m? in a Ga-rich environment and 2.0 J/m? in an O-rich
environment. This suggests that thermodynamics would not favor the (112) termination. However,
thermal expansion mismatch and lattice mismatch to the substrate, or symmetry considerations as well
as growth kinetics, could also play a crucial role in the observation of this growth surface for f-Gax0;
on STO (001).

[0346] Figure 31 depicts a plot of surface energies of several surface terminations along the (100),
(112), (201), (310) and (101) surfaces with respect to the Ga chemical potential where 0 and -4.65 eV
represent Ga-rich and O-rich environments, respectively. In Figure 31, we compare the surface energies
of the (100) and (112) surfaces to several other p-Ga,Os surface terminations we have previously
reported [125], and confirm that the (100) mixed terminated surface is the most energetically stable
surface termination under Ga- or O- rich environments whereas the (112) surface termination is not
energetically favorable when solely considering surface energies.

[0347] The horizontal RHEED spot spacings in Figures 24A and 24C along STO [100]-azimuths are
2.1+0.1 A, commensurate with either B-Ga20s {11-2} planes of bulk lattice spacing 2.098 A (for (100)-
oop-orientation) or {600} of 1.979 A (for {-112} oop-orientation). The lattice spacings in Figure 24B
and 24D along STO [110]-azimuths are 2.9 £ 0.1 A, commensurate with either B-GaxOs {020} of 1.518
A and {-1,0.2} of 2.903 A (for {100}-oop-orientation), or f-Ga,Oz {7.-1,-2} of 1.440 A and {5,1,2} of
1.440 A (for {-112}-oop-orientation). The RHEED analysis is complicated by the multi-domain
structure of the film and the large quantitative error inherent to this method, but the observed spacings
are in good agreement with the expected values in comparison with the other structural results from XRD
and TEM.

[0348] The epitaxial growth of (100) B-Gax0;, even in the case of homo-epitaxy on a non-vicinal
substrate, gives rise to stacking faults and twin boundaries (mirror about (100) with a ¢/2-glide) [137].
The mirror twin and stacking faults could possibly be avoided by using a vicinal (100) substrate with
off-cut along [001] at an optimal angle of ~6°. Such substrates give rise to terrace steps formed by the
energelically low (201) surface facet (~0.8 J/m?) of 1 ML height (1 ML =5.8 A) preventing the stacking
faults, as opposed to the high-energy (001) surface facet (~1.25 J/m?) for off-cut along [001] which
shows 1-2 ML step heights [137]. Such faceting could also be a contributing factor to the roughening
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observed in these Ga>Os thin films with increasing film thickness. For the hetero-epitaxy of -Ga-O; on
STO (001), additional defects are expected based on the in-plane lattice mismatch and stacking faults
due to the non-commensurate terrace step height of asto/ 2 for mixed-terminated STO or asro for singly
terminated STO. Further, in-plane rotational variants are observed, due to the higher (our-fold symmetry
of STO in the growth plane compared to the low symmetry of monoclinic p-Ga>Qs [138, 139]. It should
be mentioned that the (100) planes have a stacking height of 11.9 A ~3 agro=11.7 A. Thus, in order to
avoid stacking faults for (100) S-Ga»Os it could be useful to achieve a step bunching of 3-unit-cell
height on a vicinal STO substrate. The vicinal substrate could further contribute to reducing the number
of in-plane variants of $-Ga»QOs. Such an approach, using a vicinal substrate to suppress in-plane variants,
has been used successfully in the hetero-epitaxy of $-GaOs on corundum Al>O3 [127]. The ML height
for the (112) planes is ~ 2.1 A and is therefore better matched to a single multiple of asro. We have
observed no evidence for any y -Ga»0s interlayer by TEM or XRD.
Concluding Remarks for Example 2
[0349] In summary, we have demonstrated the successful epitaxial integration of f-Ga»Os on SrTiO;
(001) and SrTiOs-buffered Si (001). The films are crystalline as grown. Two basal growth planes (100)
and (112) of $-Ga;Os, each with four in-plane rotational domain variants, are observed. Small crystal
grains result from the symmetry and lattice mismatch between film and substrate. STO serves as a buffer
layer to prevent Si oxidation and reaction between Gaz2Os and Si during growth and also acts as a template
to guide oxide-on-oxide epitaxial growth. The epitaxial integration of Ga»Os with Si serves as a template
layer for subsequent fast deposition methods and could enable the fabrication of large area wafers that
in turn could advance Ga;Os-based technologies.
Supplemental Material for Example 2
[0350] This supplementary material for Example 2 provides additional supporting figures and tables,
electron energy loss spectroscopy measurements, and for the details of density functional calculations.
Additional TEM Analysis
[0351] Figures 32A-32C depict cross-section TEM images taken along the STO [100] zone axis at
progressively higher magnification, as indicted by the scale bar. Figure 32D depicts the FFT of Figure
32C.
[0352] Figure 33 depicts an indexing of FFT of a TEM image of 50-nm Ga»Os film, consistent with the
model of four rotational in-plane variants for the (100) and (112) basal growth planes.
X-ray photoelectron spectroscopy
[0353] Figures 34A-34C: XPS data taken in situ after PAMBE growth of a 50 nm gallia film on STO
with a VG Scienta spectrometer with monochromatic A1-Ko and R3000 hemispherical analyzer at 200
eV pass energy. Figure 34A is a survey spectrum, no core-levels of Sr or Ti are observed, the film is
therefore thicker than the information depth of the film layer (>5 EAL), no impurity elements or surface

contamination within the accuracy of XPS. Figure 34B is the O 1s core-level. Figure 34C is the Ga 3p
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core-level. For the quantification of oxygen to gallium ratio in the gallia film we used the O 1s and Ga
3p core-levels. We obtain a ratio of 1.52, i.e., the oxygen and gallium percentages are 60 % and 40 %.
Hence within the accuracy of XPS the film is stoichiometric Ga»Os.

X-ray analysis details
[0354] Figures 35A and 35B: Reciprocal space simulation $-Ga>O3 (100) and (112) basal in the (7k0)
plane of STO. Each out-of-plane orientation should give rise to four rotational variants due to symmetry
mismatch between the f-Ga20s growth planes and STO (001) [140, 141]. The color of the reciprocal
lattice points fades between white and either orange or green, and the fading scales with the square of
the structure factor for the given reflection. Lattice spacings consistent with the ones expected based on
this model are observed along the anticipated directions in the in-plane XRD of Figures 25A-25C and
the RHEED images of Figures 24A-24D.
[0355] The fitted peak positions and plane spacings in Figure 25A-25C are given in Figures 36 A-36C,
discussed below, along with their deviation from the bulk values of §-Ga203. The assigned Miller
indices are consistent with the reciprocal space simulation shown in Figure 33. The fitted peak areas are
not reported for the in-plane measurements since, in Figures 25B and 25C, those strongly depend on the
incidence angle of the x-rays with respect to the film surface. The incident angle was set at w =~ 0.325°
but may slightly change upon azimuthal rotation of the sample during measurement resulting in a non-
constant incidence angle.
[0356] Figurcs 36A, 36B and 36C provide tables of fitted peak positions and determinced lattice spacing
from the peaks in Figures 25A, 25B and 25C, respectively. The peak assignments are labelled by their
Miller indices and association with the basal growth plane is color-coded. The lattice spacing deviations
from the bulk values are also given. Black/red/blue refers to peaks from the STO layer; orange is for
peaks from £-Ga>Os (100); and green is for peaks from -Ga>0s (112).

Lattice matching

[0357] These cells shown in Figures 27A and 27B were obtained using the transformations given in

Table 9, below, acting on the basis vectors of the conventional unit cell.

Surface Termination Transformation Matrix P
2 0 0
(112) (0 2 1)
1 -1 0
0 0 1
(100) 20 0
0 1 0
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Table 9. Transformation matrices P used to create surface-oriented basis (a’s, b §, ¢’S) vectors of the

cells depicted in Figures 27A and 27B from the conventional basis (a’, b , ¢) according to the

transformation (@’s, b s, ¢’s) = (a’S, b, ¢"S)P.

[0358] Figures 37A-37D illustrate mutual orientation of the parallelepipeds for the unit cells of (100)--
Gax0; and (001)-STO. In Figure 37A, the b-axis points along STO [1-10] and the c-axis along STO
[110]. In Figures 37B-37D, epitaxial variants are related by a rotation about the z-axis of ¢ = n - 90°. The
orientation of the conventional cell parallelepiped corresponding to (1-1-2)-3-Ga203 is not as easy to
picture: The first variant corresponds to a -90° rotation about the y-axis of the $-Ga203 parallelepiped
in Figure 37A, indicated by the rotating arrow. The other in-plane variants of (1-1-2) are also related by
90°- rotations about the z-axis.
Electron Energy Loss Spectroscopy
[0359] Additional electron-energy-loss spectroscopy (EELS) experiments were performed on the p-
Ga,05 film grown on Si. Figure 38A depicts a plot showing the spectrum from the high binding energy
side of the O 1s XPS peak. The loss onset is fitted by straight lines and a band gap of 4.5-3.2 eV is
extracted from the fits, consistent with literature data for Ga;0s.[142] Figure 38B depicts a plot showing
the EEL spectrum from REELS experiments with low-incidence-angle electrons at 1.9 keV recorded
under normal exit with a Staib Auger Probe.[143] (The negative intensity is attributed to a detector
aberration). The band gap is underestimated due to the lower resolution of the measurement compared
to Figure 38 A. The qualitative shape of the curve, however, agrees very well with the literature.[144,
145] For Figure 38 A, the EEL spectrum was obtained from the low kinetic energy side of the O 1s core-
level in XPS withmonochromatic Al-Ka and recorded with a VG Scienta R3000 analyzer with 200-eV
pass energy and 0.8-mm slit size. For Figure 38B, the EEL spectrum was obtained from REELS
experiment with low-incidence-angle electrons at 1.9 keV recorded under normal exit.
Density Functional Theory Calculations

[0360] To perform our calculations, we used density functional theory (DFT) as implemented in the
Vienna ab Initio Simulation Package (VASP).[146] For the exchange energy correlation functional,we
used the generalized-gradient approximation (GGA) parametrized by Perdew-Burke-Ernerhof (PBE). We
use a cutoff energy of 500 eV for all bulk optimizations and 600 eV for all slab calculations. We use
projector-augmented-wave potentials [147] to describe Ga and O and the valence clectron configurations
used are 4s23d'%p! for Ga and 2s?2p* for O. Each self-consistent electronic calculation is converged to
within 107 eV per cell, and the ionic relaxation is iterated until the forces are less than 0.01 eV/A. For
the Brillouin zone integration of bulk Ga,O5 (space group €2/m) and bulk Ga (space group Abma),
5x9x11 and 12x12x12 Monkhorst-Pack k-point grids are used, respectively. The lattice parameters

calculated for bulk Ga,O; are a = 12.445, b = 3.084 A, c=5.876 A, and B = 103.73°, which compare
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favorably with the experimental values of a = 12.22 A, b=3.04 A, ¢ = 5.80 A, and p = 103.75° [148]
and theoretical values of a = 12.446, b =3.083 A, ¢ = 5.876 A, and p = 103.70°.[149]

Transformation Matrix P

-05 -15 -1
( 05 -05 0 )
0 0 -1
01 0
(0 0 1)
1 0 0

5 Table 10: Transformation matrices used to create surface-oriented unit cells along the (112) and (100)

Surface Termination

(112)

(100)

planes.

[0361] The transformation matrices used to create unit cells for each surface were derived using the
methods described in reference [150] and are provided in Table 10. For Brillouin zone integration of the
10 (100) and (112) slabs, 5x9x1 and 5x7x1 Monkhorst-Pack k-point meshes are used, respectively.
Each slab was built using a supercell and vacuum regions that are at least 10 A thick. Figures 39A-39C
illustrate surfaces before and after relaxation superimposcd for the (100) (Figure 39A), (100)-A (Figure
39B), and (112) (Figure 39C) mixed terminations. To determine the lowest energy surface
reconstruction of the (100) plane, we study the two stoichiometric mixed-terminated surfaces, shown in
15  Figures 39A and 39B. For the (112) plane, we study one nonstoichiometric mixed-terminated surface

shown in Figure 39C.

. Surface energy Surface eneI:gy Relaxation
Slll‘face Environment A after relaxation
before relaxation energy

(100)-A - 1.264 0.774 0.490
(100)-B - 0.688 0.459 0.229

Ga-rich 4919 3.976
(112) 0.943

O-rich 2.933 1.990

Table 11: Computed surface energies (J m?) for the ideally terminated and reconstructed surfaces.

20

[0362] To calculate the surface energy values listed in Table 11, we used the following relation:

Ysurface = (112A) [Estap = NGa(EGa + Ga) — (W2XN(Epy + 102 )]
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[0363] In this equation, Ysyrface is the surface energy, A is the surface area with a factor of 2

accountingfor the top and bottom surfaces, Esap is the energy of the Ga,0Oj3 slab, N¢a (No) is the number

of Ga (O) atoms in the Ga203 slab, E¢, (Eoy ) is the energy of one unit cell of bulk Ga (molecular O2),
and pg. ((oy ) is the chemical potential of bulk Ga (molecular O»).
[0364] To simplify the number of variables in this equation, we use the relationship:

EGar03 + 1Ga203 = 2EGa + 1Ga) + (312) (B9 +102)

[0365] Assuming the surface is in equilibrium with its own bulk, pgq,0, is equal to 0 eV. We define

the formation energy of Ga:0s as £y = Egq,0, — 2Egq — %Eoz. Using this definition and rearranging
the previous equation, we define the chemical potential of bulk Ga as pg, = % (Ef - % Ho 2). We can then

allow the chemical potential to vary over the range 0 <py,< %Ef, where py, = 0 eV and py, = %Ef

represent O-rich and Ga-rich conditions, respectively. We determined that the formation energy of
Gax0s is -9.31 eV which is comparable to the formation energy value of -9.3 eV calculated by Zacherle
et al. [149], but lower in magnitude compared to the experimental value of -11.3 eV [151].

EXAMPLE 3: Extension Cases For Examples 1-2

[0366] We present a route to integrate crystalline gallium oxide grown epitaxially on a silicon (001)
substrate via an epitaxial strontium titanate (STQ) buffer layer. Specifically, we produce samples with
the following layer stack: silicon (001) substrate/thin film SrTiOs (buffer layer)/thin film Ga20s. Such a
materials system could be used as a seed layer for thick bulk-like MOCVD-grown Ga»Qs films or layers
directly integrated on silicon, or can yield, via an etching process, free-standing gallium oxide films that
can be transferred to other substrates. Gallium oxide is likely to find use in a wide variety of
microelectronic (e.g., integrated circuits), micro-electromechanical system (MEMS), optoelectronic and
power-electronics applications and devices. The STO buffer can be as thin as 5 nm or can be thicker (up
to 20 nm) while the Ga,Os epitaxial seed layer can range from 20 nm to 100 nm.

[0367] The layer stack according to the present technology has not previously been prepared, to the best
of our knowledge. Present technologies for power-electronics applications tend to focus on millimeter-
sized bulk-crystals of Ga:Os grown by conventional crystal growth methods or thin films grown on
isostructural substrates. The hetero-epitaxial integration of Ga,Os onto silicon allows processing of
gallium oxide technology in state-of-the-art semiconductor fabs specialized in the processing of silicon
devices on large scale wafer diameters allowing for cost-effective production.

[0368] Gax0s; cannot be directly grown on silicon due to a thermodynamically unstable interface
favoring the formation of SiO; hence the SrTiOs seed, or buffer, layer is a crucial part of the present
technology of epitaxial integration ofGa2Qs directly onto Si. The layer stacks according to the present
technology enable the growth of large scale Ga2Os bulk-like films on the Si wafer platform by serving
as a template for subsequent fast deposition techniques like MOCVD or sputtering. An additional etching

and polishing process could produce large scale free-standing Ga2Os films that can be layer transferred
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to other substrates for use in power-electronics devices. Power-electronics devices may require large
area, bulk-like, Ga»Os crystals and therefore a substrate like silicon that is available in large wafer
diameters (200-300 mm) is more suitable than the available isostructural substrates commonly used for
hetero-epitaxy of Ga»Os. “Bulk-like” in this context refers to the GaxOs being epitaxial rather than
polycrystalline, and with thicknesses on the order ol microns.

[0369] The present technology has the advantage of integrating the wide-gap semiconductor Ga;Os
directly on the Si semiconductor platform for which many etching and processing technologies are
widely available. The current hetero-epitaxial growth of Ga>Os are limited to the small wafer sizes of the
currently availablesubstrate materials.

[0370] Since the silicon/STO platform is not very well lattice matched to GaOs3, initially grown films
are defective. However, if they act as a seed layer for further deposition of Ga,0O3 by MOCVD or a
similar method, this problem can be overcome as it is expected that the crystalline quality will drastically
improve with increasing film thickness as long as there is a highly ordered nucleation layer. Furthermore,
post-processing methods like annealing can further improve crystalline quality and polishing or etching
can smoothen out a rough surface of such grown films to obtain high-quality free-standing Ga-Os or
Si/STO/Ga20s stacks. Another method to improve the lattice matching is to use a compositionally
graded AlGaiQ; alloy as the initial seed layer, as Al;O3; has a smaller lattice constant more closely-
matched with STO.

[0371] GaxO; is a material with prospective use in high-power-electronics. In order to be useful for
power- electronics applications, bulk-size crystals are needed. The size of currently grown epitaxial thin
films is limited by the substrate wafer size.

[0372] The present technology comprises the epitaxial integration of a Ga»O; layer on a silicon (001)
substrate by means of a thin SrTiO; buffer layer. The present technology also enables the integration
and processing of Ga>O; directly into the silicon processing line and allows for growth on large scale
wafer substrates.

[0373] Layer stacks according to the present technology would allow the growth of large scale Ga»Os
bulk-like films on the Si wafer platform, which are required for power-electronics applications of GaxOs.
The present technology opens the door for a multitude of new use cases that have not yet been considered.
Gax0s is also a potential semiconductor for optoelectronic applications due to its large bandgap which
makes it transparent into the UV range. The epitaxial integration onto silicon layer enables the
construction of a wide range of novel devices relying on the electronic and optical properties of Ga,Os.
Potential examples include field-effect transistors, semiconductor devices, and sensor technology.
[0374] Figures 40A and 40B illustrate a wafer according to some embodiments of the present
technology. In one embodiment, as shown in Figure 40A, the buffer layer is STO deposited onto Si
(001) according to the present technology. In an example, Ga,0s is then deposited onto the STO layer.
In another embodiment, as shown in Figure 40B, STO is deposited onto Si (001) and then a layer of y-
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Al:Os is then deposited onto the STO layer. In an example, Ga:0s is then deposited onto the
aforementioned Al>Os layer.

[0375] Figure 41 provides examples of combining oxides with semiconductors epitaxially. As
described in A.A. Demkov and A.B. Posadas, “Integration of Functional Oxides with Semiconductors,”
Spring, New York (2014), Si has been combined with perovskites and bixbyites. Other examples include
spinel (MgAl>Oyq, v -AlC), fluorite (e.g., CaFa, ZrO»), and rocksalt (e.g., MgO). Germanium has been
combined with BaTiOs and Gd»0s. Silicon carbide has been combined with MgO and LiNbQOs.

[0376] As shown in Figures 42A-42E, difficulties of oxide/semiconductor epitaxy may arise from
strain, thermal mismatch, wetting, and symmetry effects, as well as steps.

[0377] In one embodiment, gallia was grown on STO buffered Si under the following process
conditions. The STO-buffered Si wafer was ex situ cleaned (acetone, 2-propanol, distilled water, each
for minutes in sonicator). UHV was loaded on a molybdenum sample holder. Degassing was performed
under O-plasma exposure (200W, 3x107 torr Oy partial pressure). GaxO; growth was done at 775 °C
with O-plasma and Ga cell temperature of 880 °C. Then, a cool down in O-plasma to 200 °C was done.
In situ analysis included RHEED and XPS (using floodgun), and ex sifu measurements were done using
AFM, XRR and XRD. Figures 43A and 43B provide results of QCM flux measurements according to
the example, where the Ga density used was 5.95 g/cm? for QCM (Ga metal and Ga»Q; densities are
almost identical). Figure 43A shows the measured Ga flux in the absence of O-plasma of 1.35 A/min
(average min 20 to 44), while Figure 43B shows the measured GaQ; flux of 3.95 A/min (average min
20 to 38), showing an increase in the accumulation rate by a factor of ~2.9 in the presence of O-plasma.
[0378] Figures 44A-44C provide results of the analysis of the RHEED patterns in the example. For the
analysis of the RHEED patterns, diffraction patterns emerged after ~5 min of film growth in the example.
Extracted plane spacings (normalized to STO [110] azimuth) were consistent with (001)-oriented y-
Gax0Os or a 4-domain (100)-oriented B-GaxOs. Figure 44A shows the STO layer [110] azimuth from
which the spot spacing is calibrated. Figure 44B shows the b-Ga>Os [020] / g-Ga.Os [440] azimuth with
a measured spacing of 1.46 A, while Figure 44C shows the b-Ga20s [11-2]/ g-Ga20s [400] azimuth with
a measured spacing of 2.05A.

[0379] Figures 45A-45C provide XPS results of the analysis in an example. The XPS results
demonstrated a stoichiometry of O:Ga = ~60:40 (from O 1s & Ga 3p). The XPS results further showed
a valence band shape characteristic of GaxOs.

[0380] Figure 46 provides XRR results of the analysis in the example. The data are shown as blue dots
while the model fit is the solid red line (4610). The model fit indicates a 21 nm thickness for the Ga,Os
layer with a surface roughness of 11 A

[0381] Figures 47A and 47B illustrate differences between the crystal structures of f3-Ga,Os and y-
Gax0s. As shown in this figure, y-Ga»Os can be considered a defective spinel structure with fractional

occupancies.
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[0382] Figure 48 shows that the example provides a single domain structure 5.5% mismatch
(compressive), which can be denoted as y-Ga,0s (001)[001]/STO(001)[100].

[0383] Figure 49 illustrates expected epitaxy for f-Ga:0s; on STO(001), which is the same as that
observed on MgO (100) substrates, for an example.

[0384] (100)-oriented B-Ga20s thin film is formed on the (100) MgO substrate with a four(old domain
structure rotated every 90°. In addition, the c-axis direction of B-Ga,Os was parallel to the <011>
direction of MgO. These results were the same as that observed for the crystal orientation of f-Ga20s
formed on the (100) MgO substrate, as shown in reference [66], although different methods for film
formation were employed. This should show the in-plane spacings (020) and (11-2) in RHEED & XRD
at ~45° (actual separation 46.3°) azimuthal direction.

[0385] Figure 50 shows the expected 4-domain structure of $-Ga»Os (100)[020] on STO(100)[110].
[0386] Table 11, below, provides the expected 20 peak positions in an out-of-plane XRD scan tor the

example.

LAMBA = 1.5406 A

e STO:
e (001)=22.7535
s (002)=46.4721
s (003)=72.5668
e (004)=104.192
e v-GayOs:
s (004) =43.9301
* (008)=196.849
L4 B-Ga203:

e (200)=14.9088
*  (400) = 30.0778
s (600)=45.811

o (800)=62.5237
s (1000) = 80.8855

Table 11: Expected 26 peaks out-of-plane

[0387] Figures 51A and 51B depict plots of out-of-plane (oop) XRD results for the example with sample
label AF99. The plot on the left of Figure 51A is the normal out of plane XRD identifying the presence
of both b- and g-Ga»0s. The contour plot on the bottom right is a reciprocal space map of the scanned
region. Some instrumental artifacts (“streaks”) are observable and identified as well.

[0388] Figures 52A and 52B depict combined in-plane 2qo/f plots for the example taken along two
different azimuths. The blue curves (5210) are taken along the STO [100] azimuth, while the red curves
(5220) are taken along the STO [110] azimuth. Figure 52A is a plot on a linear scale, while Figure 52B
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provides curves 5230 (same data as 5210) and 5240 (same data as 5220) plotted on a log scale to better
see the film peaks, which are to the left of the intense, narrow substrate peaks.

[0389] Figures 53A-53D depict peak decompositions of each of the four features in Figures 52A and
52B. The peaks are color-coded with the following scheme. Orange refers to g-Ga>0s, green is b-GayOs,
blue is STO, and purple is unidentified. These results confirm the presence ol both phases of Gaz20s.
[0390] Measured XRD reflections in the example indicated a mix of  and y polymorphs. The following

relation provides lattice constants d obtained from the Miller indices (Ak7) for a monolithic crystal:

1 1 1 1 cosf3
— =kt ki =+ Pt h - | ———
d? a?sin?p b2 c?sin2p acsin?f
[0391] where
1 _ 1 1 _ d cosf
a’sin?f S X S2 c?sin?f $3,an acsin’ff 4

[0392] and where

&y = \/El? cosf
[0393] For the y polymorph, a = 8.01 A (in-plane 20 nm film), and a = 8.3 A (oop RSM 50 nm film),
compared to the bulk value of 8.23 A. For the B polymorph, reflections were not sufficient to determine
all lattice parameters (need on more lattice parameter off-symmetry). The b lattice parameter can be
extracted as 2.99 A (20 nm [ilm), compared to the bulk value of 3.04 A
EXAMPLE 4: Extension Cases For Examples 1-3
[0394] Interfacing between the monoclinic B-gallia and silicon requires a buffer that grows epitaxially
on silicon while at the same time having structural commonality with the B-gallia crystal structure.
StTiO: (STO) is well-known to be able to grow epitaxially on Si(100) also with 100 orientation. The b
lattice vector and twice the ¢ lattice vector match reasonably well with the STO (110) spacing. Thus, the
B-Ga,0O3 may grow with its bc-plane epitaxially aligned on the STO (001) surface with a 45° rotation.
Additionally, the oxygen sublattice in this orientation of B-Ga20s is only a slightly distorted continuation
from that in STO, which can allow for a low energy interface.
[0395] Another approach is to grow a buffer layer that has a crystal structure which Gaz0s can also
take. While the B-gallia structure is unique to Ga»QOs, Ga»Os can also undergo the corundum (o), spinel
(), and bixbyite (d) crystal structures. Both spinel (y-Al»O3) and bixbyite (rare earth oxides) materials
have been demonstrated as epitaxial films on Si(100) previously. Such buffers may force the Ga.Os to
initially take these alternative crystal structures and transition to its normal -gallia structure as it grows
thicker. Because the atomic distortions among the different polymorphs is not large, such buffers may
enable the continuation of the atomic structure from the buffer to the p-gallia structure. In the case of y-
Al>O3, it has been reported that when grown on Si(100), it initially grows pseudomorphically as y-Al,O;
(100), but surface energy considerations cause it to transition to (111) orientation. The oxygen
framework of y-Al>O; (111) (which is the same as corundum 0001) induces the (-201) plane of B-gallia

to form in order to continue the oxygen sublattice via a y-Ga20s (111) transition layer. The same
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mechanism is expected in the case of a bixbyite oxide (e.g., Gd20s or Er20s) where the transition is
through a thin layer of A-Ga>Os.

[0396] In some embodiments, use of compositional grading in the case of spinel or bixbyite buffers may
alleviate lattice mismatch. For example, after the y-AlOs layer, one may then switch to an intermediate
AlGaOs composition before putling pure Gax0s. In another embodiment, one can also use
continuously graded layers Al,Gaz.«Os with x going from 1 to 0 smoothly, The same concept can be used
for bixbyite oxides, e.g., Gd20s initially then GdxGaz.xOs then Ga:0s. Additionally, use of vicinal
surfaces may eliminate other domains, as discussed above in Example 2.

EXAMPLE 5: Applications to Power Electronics

[0397] Larger breakdown fields can lead to the miniaturization of power electronic devices with
associated reductions in cost and weight. The enhanced radiation hardness of Ga,Os [6] additionally
makes it suitable for space applications. Today an estimated 30 % of all electricity tlows through power
electronics and this is projected to reach 80 % in the future [7]. Efficient n-type doping of Ga;Os can be
achieved by Si, Ge, Sn and Nb incorporation [3]. Recently p-type doping with H has been demonstrated
[8]. This, in combination with a way to create shallow p-type doping, could lead to realization of new
kinds of optoelectronics operating in the deep-UV due to the large band gap of Ga20s.

[0398] Figure 54 is a diagram of transistor-type power electronic device 5400 embodied as an epi-(Ga,0;
Power MOSFET, according to some embodiments of the present technology. In some embodiments,
such a transistor 5400 may include an Si carrier 5410 serving the function of a substrate as well as a heat
spreader. Transistor 5400 may include an epi-oxide buffer layer 5420 formed atop the Si carrier 5410,
as shown in Figure 54. In an example, Si carrier 5410 with epi-oxide buffer 5420 formed thereon may
together comprise a wafer 5425 according to the present technology. In one example, epi-oxide buffer
5420 may be formed, at least in part, of at least one thin film layer of alumina formed on the Si carrier
5410, as described herein, for instance, with reference to Examples 1 and 6. In another example, epi-
oxide buffer 5420 may be formed, at least in part, of at least one thin film layer of epitaxial STO formed
on the Si carrier 5410, as described above, for instance, with reference to Examples 2 and 6 (see, e.g.,
Figure 40A). In another example, epi-oxide buffer 5420 may be formed, at least in part, of at least one
thin film layer of epitaxial STO formed on the Si carrier 5410, and then at least one layer of y-Al2Os
deposited onto the STO layer(s), as described above, for instance, with reference to Examples 3 and 6
(see, e.g., Figure 40B). In still another example, epi-oxide buffer 5420 may be formed, at least in part,
of at least one thin film layer of epitaxial STO formed on the Si carrier 5410, and then at least one layer
of a rare earth oxide, alumina, a gallium-rare earth oxide alloy, and/or a gallium-aluminum oxide alloy,
as described above, for instance, with reference to Examples 4 and 6. In any of the aforementioned
examples described above with reference to Figure 54, the wafer 5425 may also include the thin film
5430 including a gallium oxide formed on the epi-oxide buffer layer 5420. Wafer 5425 may be
manufactured for use in transistor 5400 using any of the processes or methods as described herein

according to the present technology.
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[0399] One or more additional layers of gallia may be formed on the thin film 5430 including a gallium
oxide. In the embodiment illustrated in Figure 54, a first layer 5435 is, or includes, undoped epitaxial
Ga0s formed on the aforementioned thin film 5430. Next, at least a second layer 5440 is, or includes,
lightly doped epitaxial Ga,O3 formed on the aforementioned first layer 5435. In the example shown in
Figure 54, the second layer 5440 is formed on the first layer 5435 over only a portion of the first layer
5435, so as to leave at least one (e.g., bordering) space(s). As such, transistor 5400 also includes at least
one n+ block 5450 also formed atop portion(s) of the second layer 5440.

[0400] In some embodiments, as shown for example in Figure 54, transistor 5400 may include a source
5460 formed atop a first n+ block 5450 and a drain 5470 formed atop a second n+ block 5450. In an
example, an alumina layer 5480 may be formed atop another portion of the aforementioned second layer
5440. Transistor 5400 may also include a gate 5490 formed atop the alumina layer 5480. In power
electronic devices according to the present technology embodied in transistor 5400 or equivalent devices
readily envisaged and practiced by persons having ordinary skill in the art without undue
experimentation, components such as the aforementioned source 5460, drain 5470 and gate 5490, and
their functional equivalents, may receive and/or transmit electric current during operation of the power
electronic device. Accordingly, such components may be referred to herein as means for transmitting
and/or receiving a first, and at least a second, electric current coupled (e.g., electrically) to and/or from
one or more portions of wafer 5425, as shown for example in Figure 54.

[0401] Figure 55 is a diagram of rectifier-type power electronic device 5400 embodied as a GayOs
vertical rectifier, according to some embodiments of the present technology. In some embodiments, such
a rectifier 5500 may include a heavily doped (n+) Si carrier 5510. In a example, Si carrier 5510 may
serve the function of a substrate as well as a heat spreader. Rectifier 5500 may include an epi-oxide
buffer layer 5520 formed atop the Si carrier 5510, as shown in Figure 55. In an example, Si carrier 5510
with epi-oxide buffer 5520 formed thereon may together comprise a wafer 5525 according to the present
technology. In one example, epi-oxide buffer 5520 may be formed, at least in part, of at least one thin
film layer of alumina formed on the Si carrier 5510, as described herein, for instance, with reference to
Examples 1 and 6. In another example, epi-oxide buffer 5520 may be formed, at least in part, of at least
one thin film layer of epitaxial STO formed on the Si carrier 5510, as described above, for instance, with
reference to Examples 2 and 6 (see, e.g., Figure 40A). In another example, epi-oxide buffer 5520 may
be formed, at least in part, of at least one thin film layer of epitaxial STO formed on the Si carrier 5510,
and then at least one layer of y-Al;0s deposited onto the STO layer(s), as described above, for instance,
with reference to Examples 3 and 6 (see, e.g., Figure 40B). In still another example, epi-oxide buffer
5420 may be formed, at least in part, of at least one thin film layer of epitaxial STO formed on the Si
carrier 5510, and then at least one layer of a rare earth oxide, alumina, a gallium-rare earth oxide alloy,
and/or a gallium-aluminum oxide alloy, as described above, for instance, with reference to Examples 4
and 6. In any of the aforementioned examples described above with reference to Figure 55, the wafer

5525 may also include the thin film 5530 including a gallium oxide formed on the epi-oxide buffer layer
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5520. Wafer 5525 may be manufactured for use in rectifier 5500 using any of the processes or methods
as described herein according to the present technology.

[0402] One or more additional layers of gallia may be formed on the thin film 5530 including a gallium
oxide. In the embodiment illustrated in Figure 55, at least one layer 5540 is, or includes, lightly Si-
doped epitaxial Ga20s (thickened) formed on the aforementioned thin {ilm 5530. In some embodiments,
as shown for example in Figure 535, rectifier 5500 may include a bottom contact 5550 formed beneath Si
carrier 5510 and a top contact 5560 formed atop the layer(s) 5540 of lightly Si-doped epitaxial Ga:0s
(thickened). In power electronic devices according to the present technology embodied in rectifier 5500
or equivalent devices readily envisaged and practiced by persons having ordinary skill in the art without
undue experimentation, components such as the aforementioned contacts 5550 and 5560, and their
functional equivalents, may receive and/or transmit electric current during operation of the power
electronic device. Accordingly, such components may be referred to herein as means for transmitting
and/or receiving a first, and at least a second, electric current coupled (e.g., electrically) to and/or from
one or more portions of wafer 55253, as shown for example in Figure 55.

[0403] Epitaxial growth onto Si (001) wafers would open up numerous avenues for the large scale
integration but, unfortunately, Ga>QOs cannot be directly grown on Si. In additional to the examples of
power electronics devices described above with reference to Figures 54 and 55, a person of ordinary skill
in the art is expected to readily envisage, and practice without undue experimentation, Si-based
optoelectronic, MEMS, switching devices combined with a GaxOs-based rectifier, monolithically
integrated on a Si bulk substrate, and manufactured according to the present technology.

EXAMPLE 6: Wafer Manufacturing Methods

[0404] Figure 56 depicts a flow chart of a method 5600 for manufacturing a wafer, according to some
embodiments of the present technology. With further reference to the foregoing figures and
accompanying description thereof, method 5600 may include the step of forming 5710, on a silicon
substrate, a buffer layer including a thin film of epitaxial strontium titanate (STO). Method 5600 may
also include the step of forming 5620 a thin film including a gallium oxide on the buffer layer.

[0405] In one embodiment, forming 5610 the buffer layer may include the steps of: forming a first layer
including STO on the silicon substrate; and forming a second layer including an aluminum oxide on the
first layer. In an example, the step of forming 5620 the thin film including the gallium oxide may include
forming the thin film including the gallium oxide on the second layer. In an example, forming the second
layer including the aluminum oxide on the first layer may including forming the second layer including
gamma-aluminum oxide (y-Al»O3). In another example, forming the thin film including the gallium
oxide may include hetero-epitaxially integrating the thin film including the gallium oxide onto the silicon
substrate via the buffer layer.

[0406] In some embodiments, method 5600 may further include forming 5630 one or more additional
layers of gallium oxide on the thin film including the gallium oxide. In an example, forming 5630 the

one or more additional layers of gallium oxide includes growing the one or more additional layers of
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gallium oxide on the thin film including the gallium oxide using a process including chemical vapor
deposition. In another example, forming 530 the one or more additional layers of gallium oxide may
include the steps of: forming at least a first layer of the one or more additional layers of gallium oxide
as a layer of an aluminum-gallium alloy oxide formed on the thin film including the gallium oxide; and
lorming at least a second layer of the one or more additional layers of gallium oxide on the layer of the
aluminum-gallium alloy oxide. In yet another example, method 5600 may additionally include at least
one of the following steps: etching, polishing, and annealing, at least a portion of the one or more
additional layers of gallium oxide. In still another example, the step of forming 5630 the one or more
additional layers of gallium oxide includes forming at least a portion of the one or more layers of gallium
oxide as bulk-like crystals of gallium oxide.

[0407] In any of the embodiments and examples as described herein with reference to Figure 56, method
5600 may further include the step of forming at least one of: a microelectronic device, an optoelectronic
device, a micro-electromechanical system (MEMS), a field-effect transistor, a sensor, and a
semiconductor device, in or on: the thin film including the gallium oxide, or the one or more additional
layers of gallium oxide. Also, in any of the above described embodiments and examples described with
reference to Figure 56, method 5600 may also include the step of operably coupling one or more
components of a power electronics device to: the thin film including the gallium oxide, or the one or
more additional layers of gallium oxide.

[0408] any of the embodiments and examples as described herein with reference to Figure 56, the
forming 5610 step of method 5600 may include forming the buffer layer on a silicon (001) substrate. In
an example, the forming 5620 step of method 5600 may include forming at least a portion of the thin
film including the gallium oxide as gamma-gallium oxide (y-Ga»0Os3). In another example, the forming
5620 step of method 5600 may include forming at least a portion of the thin film including the gallium
oxide as beta-gallium oxide (B-Ga»0s), either instead of or in addition to forming the at least a portion
of the thin film including the gallium oxide as gamma-gallium oxide.

[0409] Figure 57 depicts a flow chart of a method 5700 for manufacturing a wafer, according to some
embodiments of the present technology. With further reference to the foregoing figures and
accompanying description thereof, method 5700 may include the step of forming 5710, on a silicon
substrate, a buffer layer including an epitaxial thin film of an aluminum oxide, or a rare earth oxide.
Method 5700 may also include the step of forming 5720 a thin film including a gallium oxide on the
buffer layer.

[0410] In a first embodiment, forming 5710 the buffer layer in method 5700 may include forming the
buffer layer including the epitaxial thin film of aluminum oxide. In an example, the aluminum oxide for
the forming 5710 step of method 5700 may be, or may include, gamma-aluminum oxide (y-AlOs). In
another embodiment, the aluminum oxide for the forming 5710 step of method 5700 may be, or may
include, an aluminum-gallium oxide alloy, either instead of or in addition to the aforementioned gamma-

aluminum oxide.
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[0411] In some embodiments, the method 5700 step of forming 5710 the buffer layer may further
include the steps of: forming a first layer including the aluminum oxide on the silicon substrate; and
forming at least a second layer of an aluminum-gallium alloy oxide on the first layer. In an example, the
step of forming 5720 the thin film including the gallium oxide may include forming the thin film
including the gallium oxide on the at least a second layer.

[0412] In a second embodiment, forming 5710 the buffer layer in method 5700 may include forming
the buffer layer including the epitaxial thin film of the rare earth oxide. In an example, the rare earth
oxide may be, or may include, gadolinium oxide (Gd»Os). In another example, the rare earth oxide may
be, or may include, erbium oxide (Er»03), either instead of, or in addition to, gadolinium oxide. In yet
another example, the rare earth oxide may be, or may include, a gallium-rare earth alloy oxide.

[0413] In some embodiment, the method 5700 step of forming 5710 the butfer layer may further include
the steps of: forming a first layer including the rare earth oxide on the silicon substrate; and forming at
least a second layer of a gallium-rare earth alloy oxide on the first layer. In an example, the step of
forming 5720 the thin film including the gallium oxide may include forming the thin film including the
gallium oxide on the at least a second layer.

[0414] In either of the first or second embodiments, or any of the above described examples thereof, the
forming 5710 step of method 5700 may include forming the buffer layer as a compositionally graded
buffer layer. Also, in either the first or second embodiments, or any of the above described examples
thereof, forming 5720 the thin film including the gallium oxide may include hetero-epitaxially
integrating the thin film including the gallium oxide onto the silicon substrate via the buffer layer.
[0415] Additionally, in either of the first or second embodiments, or any of the above described
examples thereof, method 5700 may also include forming 5730 one or more additional layers of gallium
oxide on the thin film including the gallium oxide. In an example, forming 5730 the one or more
additional layers of gallium oxide may include growing the one or more additional layers of gallium
oxide on the thin film including the gallium oxide using a process including chemical vapor deposition.
In another example, method 5700 may also include at least one of the following steps: etching, polishing,
and annealing, at least a portion of the one or more additional layers of gallium oxide. In yet another
example, forming 5730 the one or more additional layers of gallium oxide may include forming at least
a portion of the one or more layers of gallium oxide as bulk-like crystals of gallium oxide.

[0416] In examples where the buffer layer is, or includes, the epitaxial film of aluminum oxide, forming
5730 the one or more additional layers of gallium oxide on the thin film including the gallium oxide may
include the steps of: first forming at least one layer including an aluminum-gallium alloy oxide on the
thin film including the gallium oxide; and second forming at least one additional layer including the one
or more additional layers of gallium oxide on the at least one layer. In examples where the buffer layer
includes the epitaxial film of the rare earth oxide, forming 5730 the one or more additional layers of
gallium oxide on the thin film including the gallium oxide may include the steps of: first forming at least

one layer including a rare earth-gallium alloy oxide on the thin film including the gallium oxide; and
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second forming at least one additional layer including the one or more additional layers of gallium oxide
on the at least one layer.

[0417] In either of the first or second embodiment, or any of the above described examples thereof, the
method 5700 may further include the step of at least one of: a microelectronic device, an optoelectronic
device, a micro-electromechanical system (MEMS), a [(ield-effect (ransistor, a sensor, and a
semiconductor device, formed in or on: the thin film including the gallium oxide, or the one or more
additional layers of the gallium oxide. Also, in either the first or second embodiment, or any of the above
described examples, thereof, method 5700 may further include the step of operably coupling one or
more components of a power electronics device to: the thin film including the gallium oxide, or the one
or more additional layers of gallium oxide.

[0418] In either of the first or second embodiment, or any of the above described examples thereof, the
forming 5710 step of method 5700 may include forming the bufter layer on a silicon (001) substrate. In
an example, the forming 5720 step of method 5700 may include forming at least a portion of the thin
film including the gallium oxide as gamma-gallium oxide (y-Ga»0s). In another example, the forming
5720 step of method 5700 may include forming at least a portion of the thin film including the gallium
oxide as beta-gallium oxide (f-Ga20s), either instead of or in addition to forming the at least a portion
of the thin film including the gallium oxide as gamma-gallium oxide.

CONCLUSION

[0419] Unless the context clearly requires otherwise, throughout the description and the claims, the

"o

words "comprise," "comprising,” and the like are to be construed in an inclusive sense, as opposed to an

exclusive or exhaustive sense; that is to say, in the sense of "including, but not limited to." As used

"o«

herein, the terms "on," “connected,” or “coupled” means having any attachment, connection or coupling,
either direct or indirect, between two or more elements; the attachment, coupling. or connection between
the elements can be physical, logical, or a combination thereof. Similarly. the phrase “directly on” means
a direct attachment, connection, or coupling without any intermediate elements, layers, etc. Additionally,

nn

the words "herein," "above," "below," and words of similar import, when used in this application, refer
to this application as a whole and not to any particular portions of this application. Where the context
permits, words in the above Detailed Description using the singular or plural number may also include
the plural or singular number respectively. The word "or," in reference to a list of two or more items,
covers all of the following interpretations of the word: any of the items in the list, all of the items in the
list, and any combination of the items in the list.

[0420] The above Detailed Description of examples of the technology is not intended to be exhaustive
or to limit the technology to the precise form disclosed above. While specific examples for the
technology are described above for illustrative purposes, various equivalent modifications are possible
within the scope of the technology, as those skilled in the relevant art will recognize. For example, while

processes or blocks are presented in a given order, alternative implementations may perform routines

having steps, or employ systems having blocks, in a different order, and some processes or blocks may
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be deleted, moved, added, subdivided, combined, and/or modified to provide alternative or
subcombinations. Each of these processes or blocks may be implemented in a variety of different ways.
Also, while processes or blocks are at times shown as being performed in series, these processes or
blocks may instead be performed or implemented in parallel, or may be performed at different times.
Further any specilic numbers noted herein are only examples: alternative implementations may employ
differing values or ranges.

[0421] The teachings of the technology provided herein can be applied to other systems, not necessarily
the system described above. The elements and acts of the various examples described above can be
combined to provide further implementations of the technology. Some alternative implementations of
the technology may include not only additional elements to those implementations noted above, but also
may include fewer elements.

[0422] These and other changes can be made to the technology in light of the above Detailed
Description. While the above description describes certain examples of the technology, and describes
the best mode contemplated, no matter how detailed the above appears in text, the technology can be
practiced in many ways. Details of the system may vary considerably in its specific implementation,
while still being encompassed by the technology disclosed herein. As noted above, particular
terminology used when describing certain features or aspects of the technology should not be taken to
imply that the terminology is being redefined herein to be restricted to any specific characteristics,
features, or aspects of the technology with which that terminology is associated. In general, the terms
used in the following claims should not be construed to limit the technology to the specific examples
disclosed in the specification, unless the above Detailed Description section explicitly defines such
terms. Accordingly, the actual scope of the technology encompasses not only the disclosed examples,
but also all equivalent ways of practicing or implementing the technology under the claims.

[0423] To reduce the number of claims, certain aspects of the technology are presented below in certain
claim forms, but the applicant contemplates the various aspects of the technology in any number of claim
forms. For example, various aspects may be presented in other system claims, composition of matter
claims, method claims, or in other forms, such as being embodied in a means-plus-function claim. Any
claims intended to be treated under 35 U.S.C. § 112(f) will begin with the words "means for", but use of
the term "for" in any other context is not intended to invoke treatment under 35 U.S.C. § 112(f).
Accordingly, the applicant reserves the right to pursue additional claims after filing this application to

pursue such additional claim forms, in either this application or in a continuing application.
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CLAIMS

What is claimed is:

1. A waler comprising:
a silicon substrate;
a buffer layer including a thin film of epitaxial strontium titanate (STO) formed on the silicon
substrate; and
a thin film including a gallium oxide formed on the buffer layer.
2. The wafer of claim 1, wherein the buffer layer further includes:
a first layer including STO formed on the silicon substrate; and
a second layer including an aluminum oxide formed on the first layer,

and wherein the thin film including the gallium oxide is formed on the second layer.

3. The wafer of claim 2, wherein the aluminum oxide includes gamma-aluminum oxide (y-Al203).
4. The wafer of claim 2, wherein the aluminum oxide includes an aluminum-gallium alloy oxide.
5. The wafer of any one of claims 1-4, wherein the thin film including the gallium oxide is

integrated hetero-epitaxially onto the silicon substrate via the buffer layer.

6. The wafer of any one of claims 1-5, further comprising one or more additional layers of a gallium
oxide formed on the thin film including the gallium oxide.

7. The wafer of claim 6, wherein the one or more additional layers of the gallium oxide are grown
using chemical vapor deposition.

8. The wafer of claim 6, wherein at least a first layer of the one or more additional layers of the
gallium oxide includes a layer of an aluminum-gallium alloy oxide formed on the thin film including the
gallium oxide, and wherein at least a second layer of the one or more additional layers of the gallium
oxide is formed on the layer of the aluminum-gallium alloy oxide.

9. The wafer of claim 1 or claim 6, further comprising at least one of: a microelectronic device, an
optoelectronic device, a micro-electromechanical system (MEMS), a field-effect transistor, a sensor, and
a semiconductor device, formed in or on: the thin film including the gallium oxide, or the one or more
additional layers of the gallium oxide.

10. The wafer of claim 1 or claim 6, further comprising one or more components of a power
electronics device operably coupled to: the thin film including the gallium oxide, or the one or more
additional layers of gallium oxide.

11 The wafer of claim 6, wherein at least a portion of the one or more additional layers of gallium
oxide is at least one of: etched, polished, and annealed.

12. The wafer of claim 6, wherein at least a portion of the one or more layers of gallium oxide

includes bulk-like crystals of gallium oxide.
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13. The wafer according to any one of claims 1-12, wherein the silicon substrate includes silicon
(001).
14. The wafer of any one of claims 1-13, wherein at least a portion of the thin film including the

gallium oxide is gamma-gallium oxide (y-Ga203).
15. The waler of any one of claims 1-13, wherein at least a portion of the thin (ilm including the
gallium oxide is beta-gallium oxide (-Ga20s3).
16. A power electronics device comprising:

the wafer of any one of claims 1-15;

means for receiving a first electric current coupled to a first portion of the wafer; and

means for transmitting a second electric current coupled to a second portion of the wafer.
17. The power electronics device of claim 16 further comprising at least one of structural and
functional components of: a rectifier, or a transistor.
18. A method comprising:

forming, on a silicon substrate, a buffer layer including a thin film of epitaxial strontium titanate

(STO); and

forming a thin film including a gallium oxide on the buffer layer.
19. The method of claim 18, wherein forming the buffer layer includes:

forming a first layer including STO on the silicon substrate; and

forming a second layer including an aluminum oxide on the first layer,
and wherein forming the thin film including the gallium oxide includes forming the thin film including
the gallium oxide on the second layer.
20. The method of claim 19, wherein forming the second layer includes forming the second layer
including gamma-aluminum oxide (y-AlLO3).
21. The method of any one of claims 18-20, wherein forming the thin film including the gallium
oxide includes hetero-epitaxially integrating the thin film including the gallium oxide onto the silicon
substrate via the buffer layer.
22. The method of any one of claims 18-21, further comprising forming one or more additional
layers of gallium oxide on the thin film including the gallium oxide.
23. The method of claim 22, wherein forming the one or more additional layers of gallium oxide
includes growing the one or more additional layers of gallium oxide on the thin film including the gallium
oxide using a process including chemical vapor deposition.
24. The method of claim 22, wherein forming the one or more additional layers of gallium oxide
includes:

forming at least a first layer of the one or more additional layers of gallium oxide as a layer of

an aluminum-gallium alloy oxide formed on the thin film including the gallium oxide;

and
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forming at least a second layer of the one or more additional layers of gallium oxide on the layer
of the aluminum-gallium alloy oxide.

25. The method of claim 18 or claim 22, further comprising forming at least one of: a
microelectronic device, an optoelectronic device, a micro-electromechanical system (MEMS), a field-
ellect transistor, a sensor, and a semiconductor device, in or on: the thin {ilm including the gallium oxide,
or the one or more additional layers of gallium oxide.
26. The method of claim 18 or claim 22, further comprising operably coupling one or more
components of a power electronics device to: the thin film including the gallium oxide, or the one or
more additional layers of gallium oxide.
27. The method of claim 22 further comprising at least one of: etching, polishing, and annealing, at
least a portion of the one or more additional layers of gallium oxide.
28. The method of claim 22, wherein forming the one or more additional layers of gallium oxide
includes forming at least a portion of the one or more layers of gallium oxide as bulk-like crystals of
gallium oxide.
29. The method of any one of claims 18-28, wherein forming the buffer layer includes forming the
buffer layer on a silicon (001) substrate.
30. The method of any one of claims 18-29, wherein forming the thin film including the gallium
oxide includes forming at least a portion of the thin film including the gallium oxide as gamma-gallium
oxide (y-Gax03).
31. The method of any one of claims 18-29, wherein forming the thin film including the gallium
oxide includes forming at least a portion of the thin film including the gallium oxide as beta-gallium
oxide (B-Gaz203).
32. A wafer comprising:

a silicon substrate;

a buffer layer formed on the silicon substrate, wherein the buffer layer includes an epitaxial thin

film of an aluminum, or rare earth, oxide; and

a thin film including a gallium oxide formed on the buffer layer.

33. The wafer of claim 32, wherein the buffer layer includes the epitaxial thin film of aluminum
oxide.

34. The wafer of claim 33, wherein the aluminum oxide includes gamma-aluminum oxide (y-Al203).
35. The wafer of claim 33, wherein the aluminum oxide includes an aluminum-gallium oxide alloy.
36. The wafer of claim 33, wherein the buffer layer further includes:

a first layer including the aluminum oxide formed on the silicon substrate; and
at least a second layer of an aluminum-gallium alloy oxide formed on the first layer,
and wherein the thin film including the gallium oxide is formed on the at least a second layer.
37. The wafer of claim 32, wherein the buffer layer includes the epitaxial thin film of a rare earth

oxide.
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38. The wafer of claim 37, wherein the rare earth oxide includes gadolinium oxide (Gd20s) or
erbium oxide (Er2O3).
39. The wafer of claim 37, wherein the rare earth oxide includes a gallium-rare earth alloy oxide.
40. The wafer of claim 37, wherein the buffer layer further includes:

a first layer including the rare earth oxide formed on the silicon substrate; and

at least a second layer of a gallium-rare earth alloy oxide,
and wherein the thin film including the gallium oxide is formed on the at least a second layer.
41. The wafer of any one of claims 32-40, wherein the buffer layer is compositionally graded.
42. The wafer of any one of claims 32-41, wherein the thin film including the gallium oxide is
integrated hetero-epitaxially onto the silicon substrate via the buffer layer.
43. The wafer of any one of claims 32-42, further comprising one or more additional layers of a
gallium oxide formed on the thin film including the gallium oxide.
44. The wafer of claim 43, wherein the one or more additional layers of the gallium oxide are grown
using chemical vapor deposition.
45. The wafer of claim 43, wherein the buffer layer includes an epitaxial film of aluminum oxide,
and wherein at least a first layer of the one or more additional layers of the gallium oxide includes a layer
of an aluminum-gallium alloy oxide formed on the thin film including the gallium oxide, and wherein at
least a second layer of the one or more additional layers of the gallium oxide is formed on the layer of
the aluminum-gallium alloy oxide.
46. The wafer of claim 43, wherein the buffer layer includes an epitaxial film of a rare earth oxide,
and wherein at least a first layer of the one or more additional layers of the gallium oxide includes a layer
of a rare earth-gallium alloy oxide formed on the thin film including the gallium oxide, and wherein at
least a second layer of the one or more additional layers of the gallium oxide is formed on the layer of
the rare earth-gallium alloy oxide.
47. The wafer of claim 32 or claim 43, further comprising at least one of: a microelectronic device,
an optoelectronic device, a micro-electromechanical system (MEMS), a field-effect transistor, a sensor,
and a semiconductor device, formed in or on: the thin film including the gallium oxide, or the one or
more additional layers of the gallium oxide.
48. The wafer of claim 32 or claim 43, further comprising one or more components of a power
electronics device operably coupled to: the thin film including the gallium oxide, or the one or more
additional layers of gallium oxide.
49. The wafer of claim 43, wherein at least a portion of the one or more additional layers of gallium
oxide is at least one of: etched, polished, and annealed.
50. The wafer of claim 43, wherein at least a portion of the one or more layers of gallium oxide
includes bulk-like crystals of gallium oxide.

51. The wafer of any one of claims 32-50, wherein the silicon substrate includes silicon (001).
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52. The wafer of any one of claims 32-51, wherein at least a portion of the thin film including the
gallium oxide is gamma-gallium oxide (y-Ga203).
53. The wafer of any one of claims 32-52, wherein at least a portion of the thin film including the
gallium oxide is beta-gallium oxide (-Ga203).
54. A power electronics device comprising:

the wafer of any one of claims 32-53;

means for receiving a first electric current coupled to a first portion of the wafer; and

means for transmitting a second electric current coupled to a second portion of the wafer.
55. The power electronics device of claim 54 further comprising at least one of structural and
functional components of: a rectifier, or a transistor.
56. A method comprising:

forming, on a silicon substrate, a buffer layer including an epitaxial thin film of an aluminum,

or rare earth, oxide; and

forming a thin film including a gallium oxide on the buffer layer.

57. The method of claim 56, wherein forming the buffer layer includes forming the buffer layer

including the epitaxial thin film of aluminum oxide.

58. The method of claim 57, wherein the aluminum oxide includes gamma-aluminum oxide (y-
AlLO3).

59. The method of claim 57, wherein the aluminum oxide includes an aluminum-gallium oxide
alloy.

60. The method of claim 57, wherein forming the buffer layer further includes:
forming a first layer including the aluminum oxide on the silicon substrate; and
forming at least a second layer of an aluminum-gallium alloy oxide on the first layer,
and wherein forming the thin film including the gallium oxide includes forming the thin film including
the gallium oxide on the at least a second layer.
61. The method of claim 56, wherein forming the buffer layer includes forming the buffer layer
including the epitaxial thin film of the rare earth oxide.
62. The method of claim 61, wherein the rare earth oxide includes gadolinium oxide (Gd203) or
erbium oxide (Er203).
63. The method of claim 61, wherein the rare earth oxide includes a gallium-rare earth alloy oxide.
64. The method of claim 61, wherein forming the buffer layer further includes:
forming a first layer including the rare earth oxide on the silicon substrate; and
forming at least a second layer of a gallium-rare earth alloy oxide on the first layer,
and wherein forming the thin film including the gallium oxide includes forming the thin film including
the gallium oxide on the at least a second layer.
65. The method of any one of claims 56-64, wherein forming the butfer layer includes forming the

buffer layer as a compositionally graded buffer layer.
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66. The method of any one of claims 56-65, wherein forming the thin film including the gallium
oxide includes hetero-epitaxially integrating the thin film including the gallium oxide onto the silicon
substrate via the buffer layer.
67. The method of any one of claims 56-66, further comprising forming one or more additional
layers of gallium oxide on the thin film including the gallium oxide.
68. The method of claim 67, wherein forming the one or more additional layers of gallium oxide
includes growing the one or more additional layers of gallium oxide on the thin film including the gallium
oxide using a process including chemical vapor deposition.
69. The method of claim 67, wherein the buffer layer includes the epitaxial film of aluminum oxide,
and wherein forming the one or more additional layers of gallium oxide on the thin film including the
gallium oxide includes:
first forming at least one layer including an aluminum-gallium alloy oxide on the thin film
including the gallium oxide; and
second forming at least one additional layer including the one or more additional layers of
gallium oxide on the at least one layer.
70. The method of claim 67, wherein the buffer layer includes the epitaxial film of the rare earth
oxide, and wherein forming the one or more additional layers of gallium oxide on the thin film including
the gallium oxide includes:
first forming at least one layer including a rare earth-gallium alloy oxide on the thin film
including the gallium oxide; and
second forming at least one additional layer including the one or more additional layers of
gallium oxide on the at least one layer.
71. The method of claim 56 or claim 67, further comprising forming at least one of: a
microelectronic device, an optoelectronic device, a micro-electromechanical system (MEMS), a field-
effect transistor, a sensor, and a semiconductor device, formed in or on: the thin film including the
gallium oxide, or the one or more additional layers of the gallium oxide.
72. The method of claim 56 or claim 67, further comprising operably coupling one or more
components of a power electronics device to: the thin film including the gallium oxide, or the one or
more additional layers of gallium oxide.
73 The method of claim 67 further comprising at least one of: etching, polishing, and annealing, at
least a portion of the one or more additional layers of gallium oxide.
74. The method of claim 67, wherein forming the one or more additional layers of gallium oxide
includes forming at least a portion of the one or more layers of gallium oxide as bulk-like crystals of
gallium oxide.
75. The method of any one of claims 56-74, wherein forming the buffer layer includes forming the

buffer layer on a silicon (001) substrate.
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76. The method of any one of claims 56-75, wherein forming the thin film including the gallium
oxide includes forming at least a portion of the thin film including the gallium oxide as gamma-gallium
oxide (y-Gax03).

77. The method of any one of claims 56-75, wherein forming the thin film including the gallium
oxide includes [orming at least a portion of the thin film including the gallium oxide as beta-gallium

oxide (B-Ga203).
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