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embodiments disclosed herein are not to be considered as
limiting, unless the claims expressly state otherwise.

The word “exemplary” is used herein to mean “serving as
an example, instance, or illustration.” Any implementation
described herein as “exemplary” is not necessarily to be
construed as preferred or advantageous over other imple-
mentations.

The various embodiments will be described in detail with
reference to the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout
the drawings to refer to the same or like parts. References
made to particular examples and implementations are for
illustrative purposes, and are not intended to limit the scope
of the invention or the claims.

Conventional semiconductor heteroepitaxy consists of
thin film deposition of two different semiconductors with the
same or similar crystal structures. Common examples are
InAs on GaAs (both zinc-blende crystals) and GaN on
sapphire (Wurtzite film on trigonal substrate). Single crystal
Silicon-Germanium (SiGe) on sapphire (Al,O;) (referred to
herein for ease of reference as “SiGe/sapphire”) epitaxy
requires the Si and Ge atoms bond to the sapphire surface
correctly by forming a crystalline structure with lattice-
matched into the trigonal structure of sapphire. The (111)
plane in the diamond cubic SiGe aligns to the (0001) surface
of sapphire to make a shape of rhombohedral structure,
where the atom positions are both similar enough that these
two materials coherently match to one another on the atomic
scale. By themselves, these two materials do not match at
room temperature, but this can be achieved at temperatures
above room temperature with thermal expansion of the
bonds between atoms. This requires an intimate understand-
ing of the thermal expansion effects and the crystal structure
of both materials to determine how this bonding happens. If
the substrate temperature is not correctly set, depositing Si
and Ge atoms on the sapphire surface will form several
crystals, leading to a useless polycrystalline film.

Conventional methods of epitaxial growth of SiGe/sap-
phire require high substrate temperatures (i.e., temperatures
above 850° C.) and an interfacial Si layer to achieve a
monocrystalline film. In conventional high temperature (i.e.,
temperatures above 850° C.) methods, temperatures in the
850° C.-1100° C. range must be reached and maintained at
least for 4 hours in order to achieve a uniform temperature
in the sapphire wafer. After this, in conventional high
temperature (i.e., temperatures above 850° C.) methods, a
thin (i.e, approximately 10 nm) intermediate Si layer is
deposited as a strained layer to create a coherent match to the
underlying atomic structure of sapphire substrate, since the
lattice constant of Ge is larger than those of Si and sapphire.
After this, in conventional high temperature (i.e., tempera-
tures above 850° C.) methods, the temperature is dropped to
800° C.-900° C. for SiGe or pure Ge deposition onto the Si
layer. The growth temperatures in the 850° C.-1100° C.
range required for conventional high temperature (i.e., tem-
peratures above 850° C.) methods are wholly unsuitable for
practical and economical SiGe/sapphire production. The
long thermal load and soak time prior to deposition of the Si
intermediate layer in conventional high temperature (i.e.,
temperatures above 850° C.) methods is also far too time-
consuming to be practical. The high temperature loading in
conventional high temperature (i.e., temperatures above
850° C.) methods also leads to significant numbers of
cracked wafers owing to extreme thermal stress.

The various embodiments may provide a low temperature
(i.e., less than 850° C.) method of Silicon-Germanium
(SiGe) on sapphire (Al,0;) (SiGe/sapphire) growth that may
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produce a single crystal film with less thermal loading effort
to the substrate than conventional high temperature (i.e.,
temperatures above 850° C.) methods. The various embodi-
ments may alleviate the thermal loading requirement of the
substrate, which in conventional high temperature (i.e.,
temperatures above 850° C.) methods had surface tempera-
tures within the range of 850° C. to 900° C. The various
embodiments may provide a new thermal loading require-
ment of the sapphire substrate for growing single crystal
SiGe on the sapphire substrate in the range of about 450° C.
to about 500° C. The benefits of the various embodiments
are substantial for cost and time savings and may result in
the elimination of the time-consuming and costly high
heating, long thermal soak times, and interfacial Si layer of
conventional high temperature (i.e., temperatures above
850° C.) methods. In various embodiments, yield and
throughput may be increased as time to production may be
reduced from over 4 hours in conventional high temperature
(i.e., temperatures above 850° C.) methods to less than 1
hour in the various embodiment methods. Thus, various
embodiments may enable the same quality of SiGe/sapphire
to be produced with far less effort and time when compared
to conventional high temperature (i.e., temperatures above
850° C.) methods, bringing SiGe/sapphire fabricated
according to the various embodiments to within the realm of
mass production. Pure Si devices may benefit tremendously
from the various embodiments, as replacing pure Si devices
with SiGe/sapphire enables much higher performance with-
out an extreme increase in cost.

Various embodiments provide SiGe/sapphire production
methods that take into consideration the trigonal sapphire
structure on (0001) and the manner in which SiGe film
nucleates and grows. Accounting for thermal expansion
effects, calculations using the SiGe/sapphire production
methods according to the various embodiments show that
both pure Ge and SiGe can form single crystal films in the
about 450° C. to about 550° C. temperature range. Experi-
mental results confirm that both pure Ge and SiGe can form
single crystal films in the about 450° C. to about 550° C.
temperature range according to the various embodiment
methods, where x-ray diffraction and atomic force micros-
copy show the films fabricated at low temperature (i.e.,
temperatures below about 850° C.) according to the various
embodiments rival the films produced by conventional high
temperature (i.e., temperatures above 850° C.) methods in
crystallographic and surface quality. Various embodiments
were developed using a model for how Si and Ge bond to the
(0001) sapphire surface, and then a determination as to
which temperatures were the most conducive to forming
coherent, single crystal thin films. Film growth at those
temperatures was conducted with success for the various
embodiments being measured as high (>99%) single crys-
tallinity and a flat, terraced surface with low root-mean-
square (RMS) roughness.

Thin films are often dominated by the strain state at the
interface between film and substrate, dictating whether films
grow in a two-dimensional fashion (layer-by-layer growth),
a three-dimensional fashion (Volmer-Weber), or a hybrid
fashion where growth is initially two-dimensional, then
switches to a three-dimensional mound growth after a cer-
tain critical thickness (Stranski-Krastanov growth). Mound
formation is a response to interfacial strain, alleviating the
difference in lattice constants between film and substrate.
Flat and uniform films grow layer-by-layer, requiring a low
mismatch strain. Previous work with SiGe has demonstrated
high crystallinity and low roughness, even in micron thick
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