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RHOMBOHEDRON EPITAXIAL GROWTH
WITH MOLTEN TARGET SPUTTERING

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This patent application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/259,692, filed

on Nov. 235, 2015 the contents of which 1s hereby incorpo-
rated by reference 1n 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The mmvention described herein was made 1n the perfor-
mance of work under a NASA contract and by an employee
of the United States Government and 1s subject to the

provisions of Public Law 96-517 (35 U.S.C. § 202) and may
be manufactured and used by or for the Government for

governmental purposes without the payment of any royalties
thereon or therefore. In accordance with 35 U.S.C. § 202, the
contractor elected not to retain title.

BACKGROUND OF THE INVENTION

In some aspects, this disclosure relates to improved epi-
taxy methods and systems for forming epitaxial films or
layers on top of a substrate, such as those for forming
rhombohedral layers on crystalline substrates.

The alloys of group IV eclements (group 14 under the
TUPAC naming scheme), including carbon (C), silicon (S1),
germanium (Ge), and tin (Sn) are important semiconductor
materials. For example, S1Ge alloy 1s widely used in Hetero
Bipolar Transistor and High Electron Mobility transistor for
high-speed computing and wireless communications as well
as 1 thermoelectric materials. The single crystal formation
in the epitaxial growth domain of these alloys has been very
dificult, however, because the alloy has a different lattice
constant from that of the commonly used substrates, such as
s1licon or sapphire waters. Thus, the thickness of the grown
layers has been very thin under a strained lattice formation
and such layers often have a high density of defects such as
misfit dislocations.

Atomic surface structure 1s dictated by the need for the
surface atoms to bond to one another to lower overall system
energy. As incoming atoms attach to the surface, the surface
structure determines how and where the attaching atoms sit.
Traditionally, the substrate temperature ratio of constituent
fluxes, and the absolute deposition rate are the controlling
parameters 1n epitaxial film growth. Most epitaxial growth
methods are limited 1n controlling the flux.

Prior efforts in rhombohedral band gap engineering, as to
single crystal growth of epitaxy materials, require a certain
amount of energy that triggers a deformation process to alter
the shape of, e.g., cubic and zinc-blende structure into
rhombohedron. The thermal energy manipulation of these
deformation processes 1s crucial for a successtul formation
of rhombohedral structure.

For example, most prior epitaxy processes 1n semicon-
ductor device processing lines have only used an electrically
resistive heating element to elevate substrate temperature to
a desired level, such as 1100 degrees Celsius for Si1Ge.
Thermal soaking of substrate heating at an elevated tem-
perature for long periods has mainly served two purposes by
enabling the substrate to undergo (1) restructuring of the
sapphire substrate to be either an oxide- or aluminum-
terminated structure and (2) reserving a sutlicient energy for
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2

shape change of cubic or zinc-blende structure into a rhom-
bohedron. Restructuring the sapphire substrate to be either

an oxide- or aluminum-terminated structure, as mentioned
above with respect to point (1), was not a fully proven
conclusion, but regarded as a likely hypothesis. The two
triagonal structures of sapphire are arranged with 180°
rotated position on each other. Therefore, these triagonals
appear to be hexagonal from the top view. Also, one triago-
nal 1s positioned at an upper position and the other 1s
recessed at a lower position with a certain gap between
them. By thermal soaking, there are the changes not only 1n
the lattice constant of sapphire, but also in the gap distance
of upper and lower triagonals. However, the thermal soaking
process 1s costly and requires a large overhead for high yield
production. The high temperature process of sapphire sub-
strate for providing lattice formation energy also requires a
long time period of thermal soaking of the substrate, e.g. on
the order of hours due to the low opacity of substrate and the
high emission rate by a low thermal mass at high tempera-
ture. Thus, the requirements of high thermal soak include the
cost of high-energy consumption but still provide a rela-
tively low yielding preparation. In other prior eflorts, a high
temperature about 890 degrees Celsius 1s essential for grow-
ing, for example, the single crystal Si1._Ge_ on sapphire
substrate to deform the shape of cubic or zinc-blende
structure into rhombohderon.

However, the control, stabilization, and equilibrium con-
dition of temperature with radiative heating of any epitaxy
process 1s unacceptable for the high vield requirement of
waler production. Additionally, the alteration process of the
lattices of cubic or zinc-blende structures (e.g. S1Ge) by the
energy transierred from sapphire 1n thermal soak takes an
unusually long time (e.g. over two hours) since the transier
of thermal energy to those oncoming elemental particles
towards substrate 1s done by collision or contact which 1s
very slow process and 1s therefore not appropriate for mass
production. Thus, new systems and growth procedures for
rhombohedrally epitaxial growth are needed.

BRIEF SUMMARY OF THE INVENTION

This Brielf Summary of the Invention provides an intro-
duction to some general concepts relating to this disclosure
in a simplified form, where the general concepts are further
described below 1n the Detailed Description of the Inven-
tion. This Brief Summary of the Invention 1s not intended to
identify key features or essential features of the disclosure.

In some aspects, this disclosure relates to methods of,
inter alia, growing epitaxial layers. These methods may
avold the large amounts of time required in conventional
epitaxy processes, as well as thermal soaking at a high
temperature that consumes large amounts of energy in
conventional processes.

For example, in one embodiment, the method includes
¢jecting atoms from a molten metal sputtering material onto
a heated crystalline substrate, and growing a single epitaxial
layer on the substrate by the ejected atoms. In some embodi-
ments, the atoms are ejected with suflicient energy that can
be used for the formation of rhombohedral lattice structure
in the epitaxial layer. In certain examples, the crystalline
substrate 1s heated to a temperature of about 800 degrees
Celsius or less, about 600 degrees or less, or about 500
degrees Celsius or less.

In various embodiments, the crystalline substrate 1s
heated to a temperature of about 500 degrees Cels1us or less.
In some embodiments, about 99% or more of the grown
epitaxial layer has a rhombohedral lattice, and 1n various
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embodiments, about 99.7% or more has a rhombohedral
lattice. In some examples, the grown epitaxial layer has a

thickness that 1s about 10 or more micrometers, while in
vartous embodiments the thickness 1s about 100 or more
micrometers.

In certain embodiments, the ejected atoms include one or
more of Silicon (S1), Germanium (Ge), Carbon (C), and Tin
(Sn). In some examples, the crystalline substrate includes a
sapphire material or one or more other materials with
triagonal lattice structures. In certain examples, about 70%
or more of the atoms of the grown epitaxial layer are
Germanium, while 1in others about 85% or more are Ger-
manium. In various examples, substantially all of the
remaining atoms are Silicon. In some examples, the remain-
ing atoms are more than about 95% Silicon atoms, more than
98% Silicon atoms, more than about 99% Silicon atoms, or
more than about 99.9% Silicon atoms.

In some examples of the method, the atoms are ejected
using 1onized evaporation. In various embodiments, the
atoms are e¢jected from a surface of a molten magnetron
target.

In another aspect, the disclosure relates to materials. For
example, 1n some embodiments, the material includes a
single crystal epitaxial layer on top of a crystalline substrate,
where the layer includes one or more semiconductor mate-
rials and has a substantially rhombohedral lattice. In some
embodiments, the layer of one or more semiconductor
materials has a rhombohedral lattice. In some examples, the
one or more semiconductor materials includes one or more
of Silicon, Germanium, Carbon, and Tin. In various embodi-
ments, the crystalline substrate includes a sapphire material.

In certain examples, about 99% or more of the single
epitaxial layer has a rhombohedral lattice. In some
examples, more than 99% of the rhombohedral lattice has
the same relative orientation. In some examples, the single
crystal epitaxial layer has a thickness that 1s about 10 or
more micrometers. In certain examples, 1t 1s about 100 or
more micrometers.

In some examples of the material, about 70% or more of
the atoms of the single epitaxial layer are Germanium, and
substantially all of the remaining atoms are Silicon. In
various embodiments, about 85% or more of the atoms of
the single epitaxial layer are Germanium, and substantially
all of the remaining atoms are Silicon.

These and other features, advantages, and objects of the
present disclosure will be further understood and appreci-
ated by those skilled in the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Example embodiments of the disclosure will now be
described by way of example only and with reference to the
accompanying drawings, i which:

FIG. 1 1llustrates a schematic of a system for an indirect-
cooled gun design for a molten target sputtering (“MTS”)
deposition.

FI1G. 2 1s a flowchart of an example method in accordance
with one or more embodiments.

FIG. 3 provides XRD data of an example highly single
crystalline (>99.7%) S1Ge layers on c-plane sapphire wafer.

FIG. 4 provides XRD data of a sapphire material.

FIG. § provides XRD data of a S1Ge matenal.

FIG. 6 provides high resolution transmission electron
microscope 1mages ol an example rhombohedrally grown
S1Ge layer on a c-plane sapphire.
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4

FIG. 7 provide a scanning TEM Energy Dispersive X-ray
map of an example S1Ge film on a sapphire substrate.

FIG. 8 provides cross-sectional TEM images at the final
stage of example S1Ge thin films made from a conventional
magnetron-sputtering method as well as an example Molten

Target Sputtering (MTS) lower temperature method of this
disclosure.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

For purposes of description herein, the terms “upper,”
“lower,” “right,” “left,” “rear,” “front,” “vertical,” “horizon-
tal,” and derivatives thereof shall relate to the invention as
oriented 1n FIG. 1. However, it 1s to be understood that the
invention may assume various alternative orientations and
step sequences, except where expressly specified to the
contrary. It 1s also to be understood that the specific devices
and processes illustrated in the attached drawings, and
described 1n the following specification, are simply exem-
plary embodiments of the inventive concepts defined in the
appended claims. Hence, specific dimensions and other
physical characteristics relating to the embodiments dis-
closed herein are not to be considered as limiting, unless the
claims expressly state otherwise.

The examples, materials and methods as described herein
provide, inter alfa, methods and systems for growing epi-
taxial layers, or matenals or systems incorporating such
layers (e.g. solar cells or thermoelectric devices utilizing
such layers). These and other aspects, features and advan-
tages of the disclosure or of certain embodiments of the
disclosure will be further understood by those skilled in the
art from the following description of example embodiments.
In the following description of various examples, reference
1s made to the accompanying drawings, which form a part
hereof. It 1s to be understood that other modifications may be
made from the specifically described methods and systems
without departing from the scope of the present disclosure.

It 1s also to be understood that the specific materials,
systems, devices and processes illustrated in the attached
drawings, and/or described in the following specification,
are simply example embodiments. Hence, specific dimen-
sions and other physical characteristics relating to the
embodiments disclosed herein are not to be considered as
limiting. Moreover, the figures of this disclosure may rep-
resent the scale and/or dimensions according to one or more
embodiments, and as such contribute to the teaching of such
dimensional scaling. However, the disclosure herein 1s not
limited to the scales, dimensions, proportions, and/or orien-
tations shown 1n the figures.

Similarly, the materials and processes illustrated 1n the
attached drawings, and described in the following specifi-
cation, are simply example embodiments of the concepts
defined 1n the appended claims. Hence, specific dimensions
and other physical characteristics relating to the embodi-
ments disclosed herein are not to be considered as limiting
unless explicitly stated to be so.

In certain aspects, the disclosure relates to methods of
growing epitaxial layers. This disclosure offers new 1mple-
mentations, which avoid the lengthy procedures and high
energy consumption of thermal soaking of the substrate at a
high temperature. In certain examples, the processes use
kinetic energy of i1onmized atoms (and/or said atoms, or
clusters of ejected atoms, which are envisioned within this
recitation) and high flux density. The ¢jected atoms from
molten target carry higher energy than those from the
ordinary sputtering target. High energy carrying atoms can
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alleviate the high temperature requirement of the substrate,
which 1s one of the traditional conditions for rhombohedral
structure formation on the substrate. For example, through
use of molten target sputtering (“MTS”), these processes can
produce high-quality film with high energy atoms ejected
from a molten target under sputtering plasma, and with the
MTS system, much lower temperatures, such as less than
about 500 degrees Celsius, are suflicient to grow the single
crystal films, such as S1.__ Ge_(x=e.g., 0.85) film because of
the high kinetic energy of the atoms/clusters of atoms before
reaching the substrate. Thus, 1n accordance with these
embodiments, the energetic atoms (e.g., whether individual
or 1n clusters) and/or clusters of atoms therefore need less
additional energy for the desired lattice formation.

Moreover, in some example implementations, a very high
deposition rate of the coating can be achieved 1n the evapo-
ration from the molten target, as during evaporation, atoms
are evolved from the target more easily and effectively than
by standard sputtering processes alone because the MTS
utilizes evaporation at molten state which i1s already in
higher temperature rather than simple evaporation from
solid state.

In certain prior processes, the lower energy carried by the
guest atoms or clusters of atoms ejected from sputter target
material was insuilicient to form a modified lattice structure
on a given substrate. In contrast, since novel processes of
this disclosure consume less energy to eject the flux of atoms
from a molten target sputtering process, the rest of sputtering
plasma energy 1s naturally used to energize the ejected atoms
or clusters of atoms departing from the target material
surface. These atoms or clusters of atoms departing from the
target material surface approach the substrate, ¢.g. a sapphire
waler, as guest atoms or clusters of atoms with high kinetic
energy initially gained from molten metal sputtering pro-
cess. In the conventional sputtering process, most of sput-
tering plasma energy 1s consumed to chip out or remove
atoms or clusters of atoms from the target material surface,
which 1s at a solid state. In the novel process of this
disclosure, since less sputtering plasma energy 1s used for
removing or ¢jecting atoms or clusters of atoms from the
molten target material, the larger portion of plasma energy
can be used to energize the already ejected atoms or clusters
of atoms to the levels of higher kinetic energy and 1oniza-
tion.

In one example embodiment, since the high energy car-
ried by the guest atoms or clusters of atoms (e.g. at least
several tens of electron volts, such as about ten or more,
about twenty or more, about thirty or more, or about forty or
more, and so on) 1s sullicient for a shape change required for
rhombohedral orientation of cubic structures, a single crystal
formation 1s readily made on sapphire waler. These pro-
cesses energize the guest atoms or clusters of atoms depart-
ing from the molten target metals in the sputtering process.
The guest atoms or clusters of atoms carrying with high
energy 1mpinge on the sapphire water and use their energy
to undergo a shape change from cubic to rhombohedral
structure to make a single crystal tie on trigonal structure of
sapphire at much lower waler temperature.

Thus, 1n certain example implementations, the epitaxy
methods include ejecting atoms from a molten metal sput-
tering material onto a heated crystalline substrate and grow-
ing a single epitaxial layer on the substrate. The layer may
be grown by tying up the ¢jected atoms 1n an orderly way
with the triagonal lattice structure of substrate. The atoms
may be ejected with suilicient energy that the grown epi-
taxial layer has a substantially rhombohedral lattice, or at
least a partially rhombohedral lattice, even when the crys-
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talline substrate 1s heated to a relatively lower temperature
of about 800 degrees Celsius or less. In certain implemen-
tations, the crystalline substrate 1s heated to about 600
degrees or less, or about 500 degrees or less. In yet further
embodiments, or other temperature values may be utilized,
including but not limited to those as described 1n more detail
below.

FIG. 1 1llustrates an example MTS system incorporating,
basic components ol a magnetron sputtering system, 1n this
example a reduced-cooling of sputtering target designed for
a MTS deposition to initiate and maintain the molten state of
target materials. In conventional sputtering systems, the
target maternials are actively cooled to maintain the solid
state. However, the cold sputtering emits low energy carry-
ing atoms. Hot sputtering by reducing the cooling rate of
target materials emits high energy carrying atoms. In this
example, when an electric field 1s applied and an appropriate
gas (e.g. a noble gas, such as Argon) i1s mtroduced, 10niza-
tion of the gas occurs and at the same time, the 10ni1zed gas
ions run along magnetic field lines with Larmor radius
towards the target and bombards the target material surface.
In such processes, atoms are e¢jected from the target. In
particular, a molten target 100 1s eroded by the bombarding
ions and electrons released and guided by magnetic field 102
during Ar 1onizations (as shown by Argon atoms 106 and
ions 108) and accelerated towards the anode and substrate
110, where these also subsequently collide with additional
Ar atoms, creating more 1ons and free electrons in the
process, continuing the cycle.

Electrons 114 moving along the magnetic field lines
(generated by one or more magnets 116) move faster than
ions and hit the target material. However, since the mass of
clectrons 1s significantly smaller than the Argon ions, the
overall impact of the electrons 1s too small to eject atoms
from the target material surface. The bombardments by 10ns
and electrons 1ncrease the temperature of the target matenal.

The target may be placed on a cathode, and may include
one or more metals or metallic alloys. In some examples, the
cathode may include a copper plate incorporating the mag-
nets 116, one or more water inlets and outlets for cooling,
and/or with the molten target on top of the plate.

While this example utilizes Argon, other gases may be
used. For example, a noble gas such neon, krypton or xenon
may be used, or non-inert gases such as nitrogen or other
processing gases to create nitrides or other desired com-
pounds. These are merely examples.

In some embodiments, secondary electrons are emitted
from the target surface as result of the 1on bombardment and
these electrons play an additive role in maintaining the
plasma. The ejected target atoms 104 (and/or atom clusters)
condense on a substrate 110 as a thin film 112. In this
process, the atoms or clusters of atoms with higher kinetic
energy and higher flux density than in conventional pro-
cesses begin to bind to each other at the atomic level,
forming a tightly bound atomic layer. As compared to the
conventional sputter methods, the molten target material
releases a higher number of high latency atoms that carry
suilicient energy towards substrate for facilitating the for-
mation ol the modified crystal structure, where the crystal
structure transitions from a cubic crystal to a rhombohedral
crystal.

The molten target sputtering process ejects more flux of
atoms from the molten target than 1n solid target processes
where only surface atoms can be sputtered. More flux of
atoms mean higher collision rate with free electrons and 10ns
for energy transier between the ejected atoms and the
ionized Ar (or other gases) and/or electrons. The increased
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ionization ethiciency of the magnetron may result in a dense
plasma 1n the target region and high evaporation rate, and
may eventually result 1n a high deposition rate at the
substrate. By reducing the cooling of target materials, the
target material reaches a molten state, requiring much less
energy Irom the sputtering plasma to e¢ject atoms. The
plasma energy less spent for ejecting atoms can be trans-
ferred to the elected atoms by collision to increase the
kinetic energy and latency of ejected atoms or clusters of
atoms higher. As another advantage, the atom pellets putled
out of a molten target surface have high energy latency (or
are energized) because the target material 1s already molten
at an elevated temperature.

The high energy latency of sputtered atoms helps the
formation of modified crystalline structure from a typical
cubic or zinc-blend structure. Since the change 1n crystalline
structure requires a certain amount of energy, the most of
current practices in epitaxy growth have used an excessively
heated substrate to deliver the necessary energy to imping-
ing sputtered atoms while contacting and anchoring on
substrate. Lower substrate temperatures (e.g. about 500
degrees C.) may be used with these methods’ epitaxial
growth, such as S1Ge growth on sapphire substrate. In other
examples, the principle of MTS epitaxy processes 1n this
disclosure 1s applicable for more other materials although
different growth conditions are required. The applications of
MTS are generally for more semiconductor materials such
as Group 1V elements, group III-V cubic zinc-blendes, and
group 1I-VI semiconductors. In FIG. 1, the 1onized atoms or
clusters of atoms are shown by the black dotted circles 104.
The atomic 10ns are accelerated with several tens of electron
volts (eV) level of energy combined by the energy transier
from the molten target and the sputtering plasma to the
¢jected atoms or clusters of atoms from the target sources.

These and other example MTS systems of this disclosure
avoid large amounts of time and high energy consumption of
thermal soaking at a high temperatures by combining the
benefits of both: (1) magnetron sputtering; and (2) eased
evaporation process from molten target material, however,
without adding extra systems. When the flux density of
atoms and clusters of atoms 1s 1ncreased with such systems
and methods, the behavior and assembly of new atomic
layers will change, adding a new parameter to epitaxial
growth. This results 1n novel methods of moditying the film
growth front, enabling beneficial and useful epitaxially-
grown heterostructure devices. In particular, these methods
allow use of a heated substrate, such as a sapphire, i order
to form a rhombohedral structure with incident guest atoms
or clusters of atoms. In certain prior systems and methods,
guest atoms or clusters of atoms naturally form a cubic
structure. However, 1n novel embodiments disclosed herein,
energy carried by the guest atoms or clusters of atoms 1s
cellectively used for constructing a rhombohedral lattice
instead of cubic.

In embodiments disclosed herein, the energy required for
the shape change 1s actually provided by the high energy
carrying guest atoms or clusters of atoms than by a highly
heated sapphire waler. The energy originally gained by
atoms or clusters of atoms departing from the surface of
molten sputtering materials 1s used for modifying and trans-
forming cubic or zinc-blende structures, which are routinely
formed 1n epitaxy formation at a low-operating tempera-
tures, mto rhombohedron on [111] orientation. These meth-
ods for growing a single crystal film can therefore generate
high kinetic energy and high flux density of ionized atoms
or clusters of atoms. In this process, a reasonable amount of
energy from the molten target i1s transferred to the atoms or
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clusters of atoms, such as S1 and Ge, ¢jecting from the target
source and landing on the substrate. The, e.g., S1 and Ge
atoms or clusters of atoms modily the initial cubic structure
into a rhombohedral structure while landing and forming a
lattice structure on the substrate.

In short, such molten target sputtering deposition methods
may be employed to grow, for example, a S1Ge epitaxy
single crystal {ilm on a c-plane sapphire substrate at lower
temperatures, such as about a 500 degree Celsius substrate
temperature, which provides numerous advantages as
described above. Among other benefits, these can provide a
high film growth speed for thick film (e.g. >about 10 um or
greater than about 5 about 20 about 50 or about 100 um) and
high vield, a low substrate temperature for epitaxial growth
(e.g. <about 500 degrees Celsius) which 1s comparable to
silicon single-crystal film growth. The energetic and efli-
ciency benefits are particularly advantageously given that
low-temperature formation of single crystal semiconductor
film, such as Ge or silicon-germanium (S1,_ Ge_ ), on sap-
phire substrate or other substrates 1s a key technology for the
fabrication of advanced thin-film transistors.

There are even other benefits of these processes as imple-
mented 1n various embodiments. For example, prior molecu-
lar beam epitaxy systems are much more expensive than the
MTS systems described herein, and these also have low film
growth speeds 1n comparison (e.g. a deposition rate of about
1.15 nm/s). Systems and methods disclosed herein have a
deposition rate of about 1.5 nm/s or more, about 2.0 nm/s or
more, or about 2.5 nm/s or more,

In examples of the method, a high flux density of atoms
or clusters of atoms (high growth rate) 1s possible, but the
deposition rate may also be finely controlled to ensure the
rhombohedron basis for single crystal formation. The depo-
sition rate from the solid target may be controlled by the
sputtering process so that the approach with the molten
target mainly accelerates evaporation and improves deposi-
tion rate. This allows the deposition rate of the film depo-
sition from the molten target to be higher than that of the film
sputtered from the solid target. The atoms or clusters of
atoms departing from the surface of molten magnetron target
1s not by a simple evaporation process but also 1onized
evaporation by collision process 1n plasma. These methods
also utilize a high kinetic energy of atoms or clusters of
atoms. Since the individual atom has enough energy to
control eventual shape formation of lattice structure while
integrating and anchoring atoms or clusters of atoms on the
surface ol substrate, single epitaxy layer growth with low
substrate temperature 1s possible.

If the individual atoms or clusters of atoms do not have
enough energy to deform the molecular shape or structures
while reaching the substrate, the high substrate temperature
will be necessary to modily the atoms or clusters of atoms
shape or structure using the energy from the heated sapphire
surface. The high temperature of about 900 degrees Celsius
1s essential for growing the single crystal Si1,_Ge,_ on the
sapphire substrate to deform the shape of the cubic or
zinc-blende structure into a rhombohedron. With these
methods and systems, however, less than about 500 degrees
Celsius 1s enough to grow the single crystal S1,_ Ge_ film
because of the high kinetic energy atoms or clusters of atoms
before reaching the substrate, since these need less addi-
tional energy for the lattice formation.

In certain embodiments, this not only avoids the energy
required for shape change from normal cubic or zinc-blende
structure to rhombohedron from the time intensive thermal
soak process of, e.g. a waler prior to epitaxy process, but
avoilds other inefliciencies that result because the high
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amounts of thermal energy are provided by electrical heating
clements. The electrical heaters cannot generate a uniform
thermal field, leading to an 1irregular temperature profile over
the substrate. The thermal soak methods by radiative or
conductive heat transier are also not effective due to the poor
absorption or by uneven contact.

As mentioned above, these example methods result in an
alleviation of irregular temperature pattern of substrate to
grow better quality of a film. The temperature difference
between the edge and the center of the substrate 1s relatively
small since the deposition temperature required is much
lower than prior methods. The temperature gradient on
substrates heated above about 900 degrees Celsius can also
cause deformation, which strongly aflects device vield.

In sum, these methods provide a high crystalline growth,
such as S1,_Ge_ growth, on a substrate such as a c-plane
sapphire substrate. As discussed in more detail below 1n
reference to example matenals of the disclosure, these
methods provide a high composition ratio of, e.g., Ge
(x=about 0.85, or about 0.50 or more, or about 0.60 or more,
or about 0.70 or more, about 0.75 or more, about 0.80 or
more, between about 0.75-0.85, between about 0.70-0.90, or
others). The methods single crystalline film (with up to
about 99.7% of the desired lattice structure), a smooth
surface with high uniformity, and a high deposition rate
compared with standard magnetron sputtering. Among other
benefits, these methods provide the possibility of applying
epitaxial growth of group IV semiconductor alloys, such as
a thick S1,_ Ge_film (about 100 um) growth for thermo-
clectric applications. The grown layers may also be incor-
porated 1nto components or systems for high performance
solar cells, MEMS devices, high efliciency thermoelectric
devices, or other semiconductor devices, such as semicon-
ductor wafers, or other thin film coating applications.

FI1G. 2 illustrates a flowchart of an example method of the
disclosure. In this example, three phases may be performed
in tandem (although they can also be ordered or staggered),
where the molten target material 1s prepared 1n phase 200,
the vacuum system 1s prepared in phase 202, and the
substrate (1n this example, a sapphire) 1s prepared 1n phase
204. For example, for the preparation of the substrate 204,
the watler 1s cleaned 1n step 206 and the substrate 1s then
heated to a relatively low temperature (such as about 500
degrees Celsius or less, about 4350 degrees or less, about 400
degrees of less, or about 600 degrees or less). For the
vacuum system preparation, as representative examples
only, a base pressure of about 0.000001 Torr may be used,
as well as, a working pressure of about 5 m-Torr, 1n step 210,
For the molten target preparation, the target thickness may
be provided at about 3-5 mm, and the power for the target
may be about 200V and about 0.12 A, 1n step 212. Once all
phases are ready, the MTS system can provide the 1oniza-
tion, ejection, etc. process described above to result 1n single
crystal growth on the substrate 1n step 214.

A number of substrate temperatures may be used. While
in advantageous examples of the methods, the crystalline
substrate 1s heated to a temperature of about 500 degrees
Cels1ius or less. Other temperatures may also be used how-
ever, and still provide relative benefits compared to prior art
processes. For example, the substrate may be heated to about
800 degrees or less, about 700 degrees or less, about 600
degrees or less, about 550 degrees or less, about 450 degrees
or less, about 475 degrees or less, or about 400 degrees or
less according to the target maternals selected for epitaxy.
There 1s no single temperature of substrate that universally
allows the growth of epitaxy of any selected target materials.
No matter what temperature of substrate 1s required for the
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epitaxy process according to the selected target material, the
disclosed MTS will definitely benefit the high quality of
epitaxy, high yvield, and energy saving by offering the same
technical reasons discussed above.

In some examples of the method, about 50% or more,
about 70% or more, about 75% or more, about 80% or more,
about 85% or more, about 90% or more, about 95% or more,
about 98% or more, about 99% or more, about 99.5% or
more, or about 99.7% or more of the grown epitaxial layer
has a rhombohedral lattice, even when utilizing these rela-
tively lower temperatures. In other examples, the material
may include smaller amounts of a rhombohedral lattice, but
still have some rhombohedral orientation. In certain
examples, substantially all of the grown epitaxial layer has
a rhombohedral lattice.

There may be an 1deal substrate temperature required to
grow high quality epitaxy, based on the characteristics of the
system (e.g. type ol substrate) when using the disclosed
MTS method. Any deviation from this substrate temperature
may diminish the quality of epitaxy. When the substrate
temperature 1s not ideal, the distinctive defects 1n epitaxy
layers are the appearance of two different orientations of
rhombohedral structures by 60 degrees of rotation. Such a
twin defect, e.g. identical crystals with two diflerent orien-
tations within the same embodiment, appears typically when
the substrate temperature 1s not 1deal. By substrate tempera-
ture, one can observe some dominance of an orientation as
compared to the other. An artful creation of twin lattice
structure (TLS) within the same embodiment may offer a
certain benefits for certain applications, however, may create
a stacking fault where the phono transmission 1s scattered or
reflected while keeping electrical conductivity. Thus, a range
of temperature may be used, even 1f not the “ideal” tem-
perature or temperature range that would substantially result
in a uniform rhombohedral lattice. The amount of the
rhombohedral lattice structure may be entirely or substan-
tially made up of one orientation, while 1n other examples,
some of the rhombohedral lattice may be 1n one orientation,
while some may be in other orientations (e.g. about 2% or
less of one orientation, about 5% or less, about 10% or less,
about 20% or less, about 30% or less, about 40% or less,
about 50% or less, with the remaining lattice structure 1n one
or more distinct orientations). In some examples, however,
more than about 99% of the rhombohedral lattice, or more
than about 99.7%, has the same relative orientation. The
partial formation of rhombohedral crystal by any amount
involves several factors. A critical factor among many 1s the
isuilicient or excessive thermal energy of the ejected atom
that makes a sigmificant energy gap from the energy carried
by the atom that consists of crystalline substrate material.
Others include the surface irregularity of the crystalline
substrate, impurities, and the interveming gas partial pres-
sure.

In some examples of the method, the grown epitaxial
layer has a thickness that 1s about 10 or more micrometers,
about 25 or more, about 50 or more, about 75 or more, or
about 100 or more micrometers, about 150 or more microm-
eters, or about 200 or more micrometers, or may be in the
nanometer scale (e.g. tens or hundreds of nanometers, such
as about 100 nanometers or more, or about 100-300 nano-
meters). I rhombohedral formation of cubic or zinc-blende
materials on a crystalline substrate 1s unstable due to the
mismatch of lattice constants and localization of lattice
formation energy, the single epitaxial layer cannot be main-
tained over the thickness of layer greater than several atomic
layers by the appearance of muisfits, dislocations, stacking
taults, lattice splits, etc. Therefore, any thickness of single
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epitaxial layer greater than a few tens of nanometers without
any defects assures the most stable rhombohedral formation
of lattice structure on a crystalline substrate. The grown
epitaxial layer with the thickness of micrometer range
signifies that the MTS 1n this disclosure works well on low
temperature practice. In certain examples, the grown epi-
taxial layer has a thickness that 1s between about 10-50,
about 25-75, about 75-125, about 100-150, about 100-200,
about 200-300, about 250-350 or about 100-300 microm-
cters. The thickness of epitaxy layer may be selectively
controlled by the requirement of applications. For most of
CMOS application processes, the thickness of epitaxy layer
1s 1 the range from 100 nanometers to 300 nanometers.
Solar cells and communication power amplifier chip-sets
may have a thickness requirement from a few to tens of
micrometers.

In some examples, the ejected atoms/clusters of atoms
include one or more semiconductor materials, such as one or
more Group IV eclements. In certain embodiments, the
¢jected atoms include one or more of Silicon, Germanium,
Carbon, and Tin. In certain examples, the crystalline sub-
strate comprises a sapphire material or other triagonal struc-
ture of matenials, such as a sapphire or Langasite
(La,Ga.S510,,). In certain examples, about 70% or more of
the atoms of the grown epitaxial layer are Germanium, or
about 75% or more, or about 80% or more, or about 85% or
more. In other examples, similar amounts of another semi-
conductor matenial (e.g. Silicon or Tin or cadmium or
tellurium) are used, or other even other materials noted in
this disclosure such as a transition metal. In some examples,
one semiconductor material, such as Germanium, 1s used
(for example, in the amounts noted above) and substantially
all of the remaining atoms are Silicon (or another single
material, such as a diflerent semiconductor material, or
transition metal, 1n the amounts noted above). In certain
examples, the atoms are ejected using 10nized evaporation,
as described above, and 1n some examples, the atoms are
¢jected from a surface of a molten magnetron target, as
described above.

In certain examples, the substrate 1s cleaned prior to
annealing. The substrate may also be cleaned to remove both
organic and 1norganic contaminants. In some examples, a
sapphire water or other substrate 1s first cleaned with one or
more organic solvents, such as being washed sequentially in
acetone, 1so-propanol, and deionized water, followed by
rinsing 1 hot H,O:HCI:H,O, (1in a weight ratio of about
4:4:1) and about 5% HF solution. Other amounts, materials,
concentrations or ratios may also be used. Then, the wafer
may be preheated by annealing at an elevated temperature,
such as at about 500 degrees C. for, e.g. about 10 minutes to
remove any volatile contaminants. Other time periods such
as about 5 minutes, about 7 minutes, about 12 minutes, about
15 minutes, or even longer periods may be used, while
shorter periods may also be appropriate depending on the
characteristics (e.g. thickness and material) of the substrate.
This limited heating may also modify the crystalline struc-
ture of c-Al,O; through thermal expansion.

Other aspects of the disclosure relate to epitaxy matenals.
In some examples, the material comprises a single epitaxial
layer on top of a crystalline substrate, the layer including one
or more semiconductor materials, wherein the layer has a
substantially rhombohedral lattice. The layered matenals
may be incorporated or used in various systems such as solar
cells.

XRD data of an example highly single crystalline
(>99.7%) S1Ge layers on c-plane sapphire waters (made via
an example MTS method described above) 1s shown 1n
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FIGS. 3-5. A symmetric 0-20 scan, which probed the surface
normal direction of the sample, showed only the S1Ge (111)
reflection at 20~27.5 degrees along with the Al,O, (003),
(006), (009), and (0012) retlections. No other S1Ge reflec-
tions, such as the (220), (311), or (400), appeared 1n the
symmetric scan, verifying that all of the crystallites were
oriented 1n the [111] direction. The in-plane orientation of
the crystallites were measured with a scan of the S1Ge (220)
reflections. Three strong reflections oflset by 120 degrees in
the scan indicated the majority in-plane orientation of the
S1Ge, and three small peaks indicated the 60 degrees rotated
(twinned) minority in-plane orientation. The majority per-
centage of the S1Ge crystallites can be determined by
comparing the integrated areas under each peak. Single
crystalline S1Ge layers greater than 99.7 percent were fab-
ricated 1n these growth runs according to these XRD mea-
surements shown in these Figures.

FIG. 4 shows data for an example sapphire (10-14) scan
showing three strong reflections and FIG. 5 shows an
example S1Ge (220) scan with three strong reflections (oilset
by 120 degrees) with three small reflections rotated 60
degrees from them indicating greater than 99.7% in-plane
orientation of the Si1Ge.

FIG. 6 provides high resolution transmission electron
microscope (IEM) images of an example material that
confirm an almost perfect atomic resolution lattice structure
for this rhombohedrally grown Si1Ge on c-plate sapphire, 1n
particular the interface. FIG. 6(a) provides a high-angle
annular dark-field image and FIG. 6(b) provides an annular

bright field image.

FIG. 7 illustrates a scanning TEM (STEM) Energy Dis-
persive X-ray (EDX) mapping of an example S1Ge film on
a sapphire substrate i1n accordance with one example
embodiment. The mapping shows the S1, Ge, Al, and O
clements and homogeneous SiGe with 85% Ge.

FIG. 8 shows cross-sectional TEM 1mages at the {inal
stage of example S1Ge thin films with conventional magne-
tron-sputtering method at 890 degrees Celsius (area A) and
with an example Molten Target Sputtering (MTS) method of
this disclosure at 500 degrees Celsius (B area) 1n accordance
with one example embodiment. Both areas show the same
shape of selected area diffraction pattern. However, the
lattice parameter 1s slightly different. In particular, 1images
(a-1) and (a-2) are at the final stage of S1Ge thin film with
S1Ge growth as described above, while (b-1 and b-2) provide
SAED (Selected Area Electron Diffraction) results of the A
area and B area, and these results support the rhombohedral
lattice formation model.

The attached Figures and related discussion apply to
certain specific examples of the material, but other embodi-
ments may have a variety of components and characteristics.
In some examples of the material, one or more semicon-
ductor materials of the grown layer include one or more of
Silicon, Germanium, Carbon, and/or Tin. In certain embodi-
ments, the crystalline substrate comprises a sapphire mate-
rial (e.g. a waler), or other triagonally structured crystalline
matenals (e.g. a waler).

In certain examples, about 99% or more of the single
epitaxial layer has a rhombohedral lattice. In some embodi-
ments, the single epitaxial layer has a thickness that 1s about
10 or more micrometers, or about 100 or more micrometers.
In various embodiments, the growth layer has a high Ge
composition ratio (e.g. over about 50%) such as examples
where about 70% or more of the atoms of the single epitaxial
layer are Germanium, or about 85% or more, and substan-
tially all of the remaining atoms are Silicon (see amounts
noted above). In some examples, the single epitaxial layer
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has a reduced deviation of the lattice formation, due to use
of a relatively even temperature distribution of crystalline
substrate under a thermal shadow.

It 1s to be understood that variations and modifications can
be made on the aforementioned structure without departing,
from the concepts of the present invention, and further it 1s
to be understood that such concepts are mtended to be
covered by the following claims unless these claims by their
language expressly state otherwise.

The preceding description of the disclosed embodiments
1s provided to enable any person skilled in the art to make
or use the present mnvention. Various modifications to these
embodiments will be readily apparent to those skilled 1n the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the mvention. Thus, the present mvention i1s not
intended to be limited to the embodiments shown herein but
1s to be accorded the widest scope consistent with the
following claims and the principles and novel features
disclosed herein.

All cited patents, patent applications, and other references
are incorporated herein by reference in their entirety. How-
ever, 1if a term 1n the present application contradicts or
conilicts with a term 1n the incorporated reference, the term
from the present application takes precedence over the
conflicting term from the incorporated reference.

All ranges disclosed herein are inclusive of the endpoints,
and the endpoints are independently combinable with each
other. Each range disclosed herein constitutes a disclosure of
any point or sub-range lying within the disclosed range.

The use of the terms “a” and “an” and “the” and similar
referents 1n the context of describing the invention (espe-
cially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. “Or” means “and/or.” As used herein, the term “and/or”
includes any and all combinations of one or more of the
assoclated listed items. As also used herein, the term “com-
binations thereol” includes combinations having at least one
of the associated listed 1items, wherein the combination can
further include additional, like non-listed items. Further, the
terms “first,” “second,” and the like herein do not denote any
order, quantity, or importance, but rather are used to distin-
guish one element from another. The modifier “about” used
in connection with a quantity 1s inclusive of the stated value
and has the meaning dictated by the context (e.g., 1t includes
the degree of error associated with measurement of the
particular quantity).

Reference throughout the specification to “another
embodiment”, “an embodiment”, “exemplary embodi-
ments”, and so forth, means that a particular element (e.g.,
feature, structure, and/or characteristic) described in con-
nection with the embodiment 1s included in at least one
embodiment described herein, and can or cannot be present
in other embodiments. In addition, 1t 1s to be understood that
the described elements can be combined i1n any suitable
manner in the various embodiments and are not limited to
the specific combination 1n which they are discussed.
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What 1s claimed 1s:
1. A method comprising:
gjecting atoms from a molten metal sputtering material
onto a heated crystalline substrate, wherein the atoms
are Group IV elements, and wherein the crystalline
substrate 1s preheated at 500 degrees Celsius for 10
minutes; and
growing a single crystal epitaxial layer of the ejected
atoms on the substrate, wherein 99% or more of the
single crystal epitaxial layer has a rhombohedral lattice;

wherein the atoms are ejected with suflicient energy such
that the formation of the single crystal epitaxial layer
has at least a partially rhombohedral lattice, wherein
the suflicient energy 1s ten or more electron volts, and
wherein the crystalline substrate 1s heated to a tem-
perature of 600 degrees Celsius or less during ejection
of the atoms.

2. The method of claim 1, wherein the crystalline sub-
strate 1s heated to a temperature of 500 degrees Celsius or
less.

3. The method of claim 1, wherein the single crystal
epitaxial layer has a thickness that 1s 10 or more microm-
eters.

4. The method of claim 3, wherein the single crystal
epitaxial layer has a thickness that 1s 100 or more microm-
eters.

5. The method of claim 1, wherein the ¢jected atoms
include one or more of Silicon, Germanium, Carbon, and
Tin, and wherein the crystalline substrate comprises a sap-
phire material or one or more other triagonally structured
crystalline materials.

6. The method of claim 5, wherein 35% or more of the
atoms of the grown crystal epitaxial layer are Germanium.

7. The method of claim 6, wherein the remaiming atoms
are Silicon.

8. The method of claim 1, wherein the atoms are ejected
using 1onmized evaporation within sputtering plasma.

9. The method of claim 1, wherein the atoms are ejected
from a surface of a molten magnetron target.

10. The method of claim 1, wherein dewviation of the
lattice formation 1s reduced due to use of an even tempera-
ture distribution of crystalline substrate under a thermal
shadow generated by a holder of the substrate.

11. A method comprising:

gjecting atoms from a molten metal sputtering material

onto a heated crystalline substrate, wherein the atoms
are Group IV elements, and wherein the crystalline
substrate 1s preheated at 500 degrees Celsius for 10
minutes; and

growing a single crystal epitaxial layer of the ejected

atoms on the substrate, wherein 99% or more of the
single crystal epitaxial layer has a rhombohedral lattice
directly aligned with the substrate;

wherein the atoms are ¢jected with an energy of ten or

more electron volts, and wherein the crystalline sub-
strate 1s heated to a temperature of 600 degrees Celsius
or less during ejection of the atoms.
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