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Various embodiments may provide a low temperature (i.e.,
less than 850° C.) method of Silicon-Germanium (Site) on
sapphire (A1203) (SiGe/sapphire) growth that may produce
a single crystal film with less thermal loading effort to the
substrate than conventional high temperature (i.e., tempera-
tures above 850° C.) methods. The various embodiments
may alleviate the thermal loading requirement of the sub-
strate, which in conventional high temperature (i.e., tem-
peratures above 850° C.) methods had surface temperatures
within the range of 850° C.-900° C. The various embodi-
ments may provide a new thermal loading requirement of
the sapphire substrate for growing single crystal SiGe on the
sapphire substrate in the range of about 450° C. to about
500° C.
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SINGLE CRYSTAL RHOMBOHEDRAL
EPITAXY OF SIGE ON SAPPHIRE AT 450°
C.-500° C. SUBSTRATE TEMPERATURES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority to U.S.
Provisional Application No. 62/270,321 filed on Dec. 21,
2015 titled "Single Crystal Rhombohedral Epitaxy of SiGe
on Sapphire at 450 C-500 C Substrate Temperatures" and
U.S. Provisional Application No. 62/299,772 filed on Feb.
25, 2016 titled "Single Crystal Rhombohedral Epitaxy of
SiGe on Sapphire at 450 C-500 C Substrate Temperatures."
The entire contents of both applications are hereby incor-
porated by reference in their entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The invention described herein was made in the perfor-
mance of work under a NASA contract and by an employee
of the United States Government and is 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

Single crystal films are necessary for manufacturing com-
mercially useful semiconductor devices, such as computer
chips (CMOS transistors), solar cells, light emitting diodes
(LEDs), and solid-state lasers. Silicon-Germanium (SiGe)
possesses a large speed advantage over pure Silicon (Si), but
is costly and difficult to produce by itself as a whole wafer
for semiconductor device manufacturing. Since only the top
approximately 200 mu to 300 mu thickness of epitaxial layer
on a wafer are used in modern semiconductor chip manu-
facturing, an alternative to using pure Si exists. The alter-
native is to deposit a thin film of SiGe onto a less expensive
substrate, such as a sapphire (A1203) substrate. Thin film
deposition of SiGe on sapphire has been done successfully
in the past with high temperatures (i.e., temperatures above
850° C.), long thermal load times, and long soak times of the
substrate at a high temperature (i.e., temperatures above
850° C.), as well as the additional requirement of providing
a pure Si layer to act as an intermediary anchoring element
between the trigonal sapphire (A1203) crystal structure and
the diamond cubic SiGe. While effective, these conventional
high temperature (i.e., temperatures above 850° C.) methods
for deposition of SiGe on sapphire are unusable for practical
commercial mass production. These conventional high tem-
perature (i.e., temperatures above 850° C.) methods also
stress the production equipment extensively by high and
long thermal loading and soaking requirements. Tempera-
ture ramp-up times to above 850° C. are very long for
conventional high temperature (i.e., temperatures above
850° C.) methods because of the transparency of sapphire
substrate, the thermal equilibrium of substrate takes a long
time to establish until the temperatures of the substrate and
the surrounding reach an equilibrium level, and the cool-
down time to settle at SiGe growth temperatures adds to the
production time.

BRIEF SUMMARY OF THE INVENTION

The various embodiments may provide a low temperature
(i.e., less than 850° C.) method of Silicon-Germanium

2
(Site) on sapphire (A1203) (Site/sapphire) growth that may
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-

5 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.-900° C. The various
embodiments may provide a new thermal loading require-

10 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

15 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

20 reduced from over 4 hours in conventional high temperature
(i.e., temperatures above 850° C.) methods to less than about
I 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

25 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.
These and other features, advantages, and objects of the

30 present invention will be further understood and appreciated
by those skilled in the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
35 VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and constitute part of this specification, illustrate
exemplary embodiments of the invention, and together with

40 the general description given above and the detailed descrip-
tion given below, serve to explain the features of the
invention.

FIG. 1 illustrates top down and side views of a trigonal
sapphire surface versus diamond cubic silicon.

45 FIG. 2 shows various overlay models of (111) planes of
SiGe atoms onto the (0001) sapphire plane.
FIG. 3 is a graph of temperature versus bond angle

distortion for SiGe.
FIG. 4 shows photographs of two embodiment SiGe/

50 sapphire wafers.
FIGS. 5A-5D illustrate various XRD data of an embodi-

ment SiGe/sapphire wafer.
FIGS. 6A-6D illustrate various XRD data of an embodi-

ment SiGe/sapphire wafer.
55 FIG. 7 is a process flow diagram illustrating a comparison

between an embodiment SiGe/sapphire growth method and
conventional methods.

DETAILED DESCRIPTION OF THE
60 INVENTION

For purposes of description herein, it is to be understood
that the specific devices and processes illustrated in the
attached drawings, and described in the following specifi-

65 cation, are simply exemplary embodiments of the inventive
concepts defined in the appended claims. Hence, specific
dimensions and other physical characteristics relating to the
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films. Hence, despite the difference in crystal structure, (I 11)
plane SiGe atoms can align to form a coherent film on
(0001) sapphire.

Interfacial strain ultimately arises from the difference in
lattice constants and bulk crystal structure, not from the
atomic scale of surface atom arrangement. Thus, O-tenni-
nated or Al -terminated sapphire surfaces are not the deter-
mining factor in producing single crystal SiGe. While sur-
face atomic structure affects the bonding and chemistry of
the SiGe to the substrate, the film still needs to match the
underlying bulk structure to achieve a low strain condition.
FIG. 1 compares the (0001) trigonal and (111) diamond
cubic crystal structure planes from the top -down and side
views. Specifically, FIG. 1 shows the top -down 102a and
side 102b views of the trigonal sapphire surface as compared
to the top -down 103a and side 103b views of diamond cubic
silicon. In FIG. 1, atoms shown with patterned elements are
more towards the surface than atoms illustrated by solid
elements. Si atoms are closer in size and spacing to the
sapphire Al atoms and will mimic those atoms most upon
bonding to the sapphire surface. Both Si and Ge form
diamond cubic structures; therefore, the atoms in that struc-
ture may be referred to as Si/Ge atoms, to indicate either
species may occupy the lattice sites.

FIG. 2 shows overlay models 202-207 of (I 11) planes of
Si/Ge atoms (connected by lines) onto the (0001) sapphire
plane. The triangle in each model 202, 203, 204, 205, 206,
and 207 marks out the "central' Si/Ge atom. The three Si/Ge
atoms bonded to this atom are the interfacial atoms that form
the virtual triangle. Si/Ge atoms are shown with bonds
drawn and slightly offset to the right of the sapphire Al
atoms. The three possible "up" twins are reflected in models
202, 203, and 204, while the three possible "down" twins
(i.e., models 205, 206, and 207) can form on the (0001)
sapphire plane. In FIG. 2, the (I 11) Si/Ge plane most closely
matches the Al double layer in the (0001) sapphire surface.
Thus, Si and Ge atoms will align over the Al atoms in its
bonding to the sapphire surface. For an O-terminated sur-
face, Si will bond to three surface O atoms similar to that
seen in S'0 21 followed by another Si atom directly over the
interfacial Si atom to satisfy the four -fold Si coordination.

Unequal thermal expansion of bond lengths may be
accounted for in both the substrate and the film. Related
work on CdTe/Al 2O3 showed substrate temperatures of 460°
C. were ideal for forming single crystal CdTe/Al 2O3. Below
420° C., CdTe/Al 2O3 films were of poor quality, as were
films grown much above 460° C., suggesting a growth
temperature window where thermal expansion of the film
and substrate reduces the mismatch strain low enough to
achieve coherent, high -quality films. Finding the right tem-
perature for growth is the first major challenge in producing
single crystal SiGe/Al 2O3 films.

The second major challenge to single crystal SiGe/Al 2O3
films is twin formation. Previous SiGe/Al 2O3 work showed
SiGe can form two different crystallographic twins as evi-
denced in the XRD cp angle scans showing six {220} peaks
instead of three. Often, three of the peaks are more intense,
indicating a predominant major twin. Three less intense
peaks from the minority twin appear at exactly 60° between
the major twin peaks. Thus, the twins are crystallographi-
cally the same, but rotated 60° with respect to each other.
Dominance of one twin over the other was attributed to
differences in surface site activation energies for diffusion,
with the dominant twin forming on atomic sites with higher
activation energies.

With these observations in hand, the models 202, 203,
204, 205, 206, and 207 were constructed as shown in FIG.

6
2. In these models 202, 203, 204, 205, 206, and 207, the
twins (i.e., models 202, 203, and 204) are arbitrarily called
"up" twins. This designation arises from the fact the upper
Si/Ge atoms bond to the three lower interfacial Si/Ge atoms

5 to form a virtual triangle that points upward. When this
bonding arrangement is rotated 60° within the surface plane,
the triangle points downward as shown in models 205, 206,
and 207. For these two valid rotations, the lower level atoms
may then align over one of three types of sites: over the Al

10 sites closer to the surface, over the Al atoms further from the
surface, and the "blank" sites, that is, the sites where Al
atoms are much further into the sapphire crystal. Hence, six
possible configurations are possible, three for each twin.
Each is incompatible with the other, and will form twin

15 boundaries if one or more nucleate on the sapphire surface
during growth. However, of the three up twins, one site type
will be energetically preferable to the other two. Any incom-
ing atoms in the higher energy sites will diffuse out of those
sites into the lowest energy ones. A similar argument holds

20 for the down twins, reducing the total number of relevant
twin configurations to two. Which sites are energetically
preferred is unknown, requiring nudged elastic band density
functional theory simulations to accurately calculate the
activation energies. However, this does not affect the final

25 result as the three different sapphire sites are the same
distance apart. The thermal strain on the SiGe film will be
the same regardless of which sites are energetically most
favorable. Whichever particular configuration is lowest in
energy, it results in the same lower temperature single

30 crystal SiGe/Al 2O3 growth.
The calculation of the ideal temperature for forming

single crystal SiGe/Al 2O3 was considered. Comparing the
(I 11) SiGe plane to the (000 1) A1203 plane, the interfacial
(I 11) plane atoms most closely match the spacing between

35 the top -most Al atoms in (0001) Al 2O3. The assumption here
was when the SiGe spacing matches the Al spacing, the film
was coherent, forming a stable rhombohedral crystal struc-
ture. All simulated film atom coordinates were extrapolated
from the diamond cubic unit cell, using linear interpolation

40 of bond spacing and lattice constants for mixed SiGe alloy
films. From this, two parameters were defined: bond angle
distortion and bond length distortion.

The first parameter, bond angle distortion, represented the
level of extension or compression of the cubic unit cell along

45 its body diagonal. As either happens, the unit cell deviated
from its cubic shape to form a rhombohedral unit cell, where
the corner angles were no longer 90°. An elongation along
the body diagonal, defined as a positive bond angle distor-
tion, contracted the atoms in the (111) plane together and

5o distended them in the direction normal to the (I 11) plane; a
compression along the body diagonal, defined as a negative
bond angle distortion, had the reverse effect. The second
parameter, bond length distortion, was defined as a multi-
plier on the unit cell lattice constant. Values between 0 and

55 1 represented a contraction of the bond lengths, while any
value greater than 1 represented a bond length extension.

Running this comparison for bond angle values from
—0.50 to 0.50 and bond length multipliers from 0.01 to 2, it
became apparent these parameters were not independent.

60 Only certain combinations of these two parameters were
even capable of matching the film to the substrate at any
temperature. This is not surprising as an increase in the
length multiplier can have the opposite effect of the con-
traction caused by an increase in bond angle distortion.

65 Fitting a 4th  order polynomial to these parameters, the bond
length multiplier needed to match the film to the substrate
for any given bond angle distortion may be predictable. This
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11. A semiconductor device, comprising:
a Silicon -Germanium (Site)

layer and a sapphire (A1201) layer substrate, wherein the
layers are formed by:

providing a sapphire wafer; 5

heating the sapphire wafer to a wafer surface temperature
at or below about 500° C.;

growing mono-crystalline SiGe on the sapphire wafer at
the wafer surface temperature thereby forming a SiGe/
sapphire wafer including a SiGe layer and an Al 2O2 10

substrate; and
cooling the SiGe/sapphire wafer.
12. The semiconductor device of claim 11, wherein heat-

ing, growing, and cooling is completed in less than one hour.
13. The semiconductor device of claim 12, wherein the 15

growing occurs immediately after the heating without a
thermal soak step.

14. The semiconductor device of claim 13, wherein a
separate silicon (Si) layer is not deposited on the sapphire
wafer prior to the growing. 20

15. The semiconductor device of claim 11, wherein the
wafer surface temperature is about 500° C.

16. The semiconductor device of claim 11, wherein the
wafer surface temperature is about 450° C.

17. The method of claim 11, wherein the wafer surface 25

temperature is about 450° C. to about 500° C.
18. The method of claim 14, wherein the wafer surface

temperature is about 500° C.
19. The method of claim 14, wherein the wafer surface

temperature is about 450° C. 30

20. The method of claim 14, wherein the wafer surface
temperature is about 450° C. to about 500° C.
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