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this invention. BACKGROUND [0005] This invention
relates generally to semiconductor materials. More
particularly, it relates to a method for growing
epitaxial Ge-rich SiGe layers on Si substrates using
single source (H3Ge)xSiH4-x precursor compounds
incorporating SiGe, SiGe , SiGe3 and SiGe4 building
blocks. [0006] The growth of Sii-xGex alloys on
Si(IOO) substrates has been the subject of intensive
research over the past two decades due to applications
in high frequency electronic devices. Several
comprehensive reviews describing fundamental issues
related to 



materials and devices based on Si-rich alloys have
been written recently. These include P.M.Mooney and J.
O. Chu, "SiGe Technology: Heteroepitaxy and High-Speed
Microelectronics", Annu. Rev. Mater. Sci., vol. 30,
2000, pp. 355-362; M. Tromp and F. M. Ross, "Advances
in situ ultra-high vacuum electron microscopy: Growth
of SiGe on Si", Annu. Rev. Mater. Sci., vol. 30, 2000,
pp. 431-449; and K. Brunner, "Si/Ge nanostructures",
Rep. Prog. Phys. vol. 65, No. 1, Jan. 2002, pp. 27-72.
[0007] From a synthesis viewpoint, the two most
commonly used techniques for the heteroepitaxial
growth of Si1-xGex on Si, are molecular beam epitaxy
(MBE) utilizing solid Si and Ge sources, and ultrahigh
vacuum chemical vapor deposition (UHV-CVD) or
gas-source MBE utilizing common hydrides such as
silane (SiH4) and germane (GeH4) or disilane (Si H6)
and digermane (Ge2H6) . Such growth by MBE is
described in more detail in J . C. Bean, L. C.
Feldman, A. T. Fiory, S. Nakahara and I . K. Robinson,
"GexSi1-x/Si strained-layer superlattice grown by
molecular-beam epitaxy", J . Vac. Sci. Technol. A,
vol. 2, No. 2, 1984, pp. 436-440. Growth by gas source
MBE is described in more detail by D. W. Greve,
"Growth of epitaxial germanium-silicon
heterostructures by chemical vapour deposition", Mat.
Sci. Eng. B, vol. 18, No. 1, Feb 1993, pp. 22-51.
[0008] There are two main objectives for developing
these materials on Si wafers. The first is the
formation of strained, defect-free Sii xGex films,
which may take the form of strained layer
superlattices, as described by J . C. Bean, L. C.
Feldman, A. T. Fiory, S. Nakahara and I. K. Robinson,
"GexSii-x/Si strained-layer superlattice grown by
molecularbeam epitaxy", J. Vac. Sci. Technol. A, vol.
2, No. 2, 1984, pp. 436-440. The second is the growth
of coherent islands and quantum dots. Until very
recently the focus has been concentrated on growth of
Si-rich systems which are used for the fabrication of
high speed electronics integrated with Si. The Ge-rich
analogs are much less developed in spite of their
great potential in future generations of
optoelectronic devices including multi quantum well
emitters, photodetectors, sensors and high-speed
modulators covering a wide range of IR wavelengths,
including the communications wavelength of 1.55 mm.
See U. Konig and F. Schaffler, "P-type Ge channel
MODFETS with high transconductance grown on Si
substrates", IEEE Electron Device Lett., vol. 14, No.
5, April 1993, pp. 205-207. [0009] Fabrication of
Sii-xGex alloys across the entire compositional range
is highly desirable to achieve comprehensive band gap
and strain engineering in the Si-Ge system. Materials
with Ge rich concentrations are particularly desirable
for the development 



of virtual substrates and buffer layers on Si for
numerous device applications based on strained group V
materials and for integration of III-V and II-VI
optical semiconductors with Si electronics.[0010] Si1-
Ge layers with strain-free microstructure and variable
compositions and lattice constants are currently used
in industrial processes as virtual substrates for
growth of high mobility electronic devices based on
strained Si and Ge films (channels). See M. T. Currie,
S. B. Samavedam, T. A. Langdo, C. W. Leitz, and E. A.
Fitzgerald, "Controlling threading dislocation
densities in Ge on Si using graded SiGe layers and
chemical-mechanical polishing", Appl. Phys. Lett.,
vol. 72, No. 14, April 1998, pp. 1718- 1720. By
introducing a tensile in-plane strain in the Si
channel, the electron and hole mobilities of Si can be
dramatically enhanced in conventional complementary
metal on oxide semiconductor (CMOS) field effect
transistors. The standard material stack for strained
Si CMOS devices incorporates a bulk Si (or SOI)
substrate, a thick Si1-xGex buffer layer (with a
single composition, or graded linearly or in steps, or
with multiple compositions) and a thin
tensile-stressed Si channel layer, typically 100-500 A
thick. See P. M. Mooney and J . O. Chu, "SiGe
Technology: Heteroepitaxy and High-Speed
Microelectronics", Annu. Rev. Mater. Sci., vol. 30,
2000, pp. 355-362. CMOS devices are subsequently built
on top of the strained Si channel using conventional
CMOS processing. Si1-xGex buffer layers with high Ge
content (x=0.50-0.70) are needed to achieve high
mobilities in strained Si channels grown on these
buffer layers. The mobilities increase monotonically
with increasing x and become three times higher than
that of bulk Si for x=0.70, as described by M. L. Lee,
and E. A. Fitzgerald, "Hole mobility enhancements in
nanometer-scale strained-silicon heterostructures
grown on Ge-rich relaxed Si1-xGex", J . Appl. Phys.
vol. 94, Nov. 4, Aug 2003, pp. 2590-2596. High
mobility strained Si and Ge are used in high
performance field-effect transistors (FET) and bipolar
transistors. Extremely high mobility />-channel
modulation-doped FETs have been demonstrated in
heterostructures involving compressively strained Ge
layers grown on Ge-rich Si1- Ge . See U. Konig and F.
Schaffler, "P-type Ge channel MODFETS with high
transconductance grown on Si substrates", IEEE
Electron Device Lett., vol. 14, No. 5, April 1993, pp.
205-207; R. Hammond, S. J . Koester, and J . O. Chu,
"High-performance 0.1 mu m gate-length Ge/Si0.4Ge0.6
p-channel MODFETs", Electron. Lett. vol. 35, No. 18,
Sep 1999, pp. 1590-1591. [0011] The Si1- Ge buffer
layers and virtual substrates need to fulfill a 



number of materials requirements such as low
dislocation densities, low surface roughness as well
as uniformity of strain, Ge content, and layer
thickness. Low surface roughness and reduced threading
defect densities are particularly important to ensure
a uniform spatial stress distribution in the Si and Ge
overlayer channels, and to prevent interface
scattering which can compromise the strained-enhanced
carrier mobility. The Ge-rich Si1-xGex films, as grown
onSi under conventional temperatures, however, possess
high dislocation densities and surface roughness, due
to the large lattice mismatch between the films and
the substrate. See M. T. Currie, S. B. Samavedam, T.
A. Langdo, C. W. Leitz, and E. A. Fitzgerald,
"Controlling threading dislocation densities in Ge on
Si using graded SiGe layers and chemical mechanical
polishing", Appl. Phys. Lett. 72, 1718 (1998). Surface
roughness in these systems can develop either through
strain relaxation or as a result of non-uniform mass
distribution on the surface, which in turn can promote
dislocation formation at localized regions with high
stress. [0012] Previously known synthetic strategies
for development of smooth Si 1-XGex buffer layers on
Si are based on growth of thick compositionally graded
films in which the Si and Ge content in the buffer
layer is varied up to 100 % Ge. The misfit strain
between the Si1-xGex epilayer and Si substrate is
gradually relieved with increasing film thickness, as
described by Y. J. Mii, Y. H. Xie, E. A. Fitzgerald,
D. Monrow, F. A. Thiel, B. E. Weir, and L. C. Feldman,
"Extremely high electron-mobility in Si/Ge xSi1-x
structures grown by molecular-beam epitaxy", Appl.
Phys. Lett. vol. 59, No. 13, Sep 1991, pp. 1611- 1613;
P . M. Mooney, J . L. Jordan-Sweet, K. Ismail, J . O.
Chu, R. M. Feenstra, and F. K. LeGoues, "Relaxed
Sio.7Ge0.3 buffer layers for high-mobility devices",
Appl. Phys. Lett. vol. 67, No. 16, Oct 1995, pp.
2373-2375, and M. T. Currie, S. B. Samavedam, T. A.
Langdo, C. W. Leitz, and E. A. Fitzgerald, Appl. Phys.
Lett. 72, 1718 (1998). Typically, an average grading
rate of 10% Ge/ mm is employed over the entire SiGe
layer thickness. As described by M.T. Currie, et al.,
for a 50% Ge concentration a layer thickness of 5-10
mm is required to achieve material having dislocation
densities of 6 10 cm 2 and surface roughness with RMS
values of ~30 nm. For Ge contents higher than 50% the
defect densities and film roughness become much worse
due to the increase in the lattice mismatch. This
requires an even greater film thickness to achieve
acceptable defect densities and a chemical-mechanical
polishing (CMP) step to smoothen the surface before
growing additional device structures. The resulting
extreme film thickness and the CMP step make
processing of the devices very expensive and in some
cases even create additional problems such as
degradation of key film 



properties. [0013] An alternative approach has been
reported to produce Si1-xGex buffer layers on Si
substrates via solid source MBE. This approach is
described by K. K. Linder, F. C. Zhang, J.-S. Rieh, P
. Bhattacharya, and D. Houghton, "Reduction of
dislocation density in mismatched SiGe/Si using a
low-temperature Si buffer layer", Appl. Phys. Lett.
vol. 70, No. 24, June 1997, pp. 3224-3226. In this
method, a low temperature nucleation layer of pure Si
is deposited directly on the substrate surface at 400
0C. Next, a series of distinct Si1-xGexepilayers with
sequentially increasing Ge fractions is grown on the
Si buffer layer. These are ultimately utilized as
templates for growth of Ge-rich and strain free top
layers, which display low surface roughness and
reduced defect densities ( 5xlO6/cm2). See C. S. Peng,
Z. Y. Zhao, H. Chen et al., "Relaxed Geo.gSioL alloy
layers with low threading dislocation densities grown
on low-temperature Si buffers", Appl. Phys. Lett. vol.
72, No. 24, June 1998, pp. 3160-3162. There are
disadvantages to this approach, however, including use
of a multi-step complicated procedure involving growth
of several to many layers (depending on Ge
concentration) and the use of MBE techniques which are
not viable for cost-effective largescale applications
in commercial Si-Ge based technologies. [0014] It is
an objective of the present invention, therefore, to
provide a straightforward, cost effective method that
produces Si-Ge heterostructures with high Ge contents
on Si substrates. [0015] It is yet another object of
this invention to provide a low temperature method
that yields Si-Ge films with high Ge contents on Si
substrates. [0016] It is still another object of the
present invention to provide a semiconductor structure
having thin buffer layers grown directly on Si, which
layers display planar surface morphologies, low
densities of threading defects (less that
105-106/cm2), strain free niicrostructure, sharp and
well-defined interfaces and homogeneous elemental
profiles at the atomic level. [0017] It is yet another
object of the present invention to provide high Ge
content Si-Ge/Si heterostructures suitable for
application in JR optoelectronics as well as SiGe
films on low temperature substrates for applications
in photovoltaics and flexible displays. [0018]
Additional objects and advantages of the invention
will be set forth in the description that follows, and
in part will be apparent from the description, or may
be 



learned by practice of the invention. The objects and
advantages of the invention may be realized and
obtained by means of the instrumentalities and
combinations pointed out in the appended claims.
SUMMARY [0019] To achieve the foregoing objects, and
in accordance with the purposes of the invention as
embodied and broadly described in this document, we
provide a lowtemperature method for depositing an
epitaxial layer comprising Si-Ge on a substrate in a
chemical vapor deposition (CVD) or gas source MBE
chamber. The method includes introducing into the
chamber a gaseous precursor comprising (H3Ge)xSiH4-x,
wherein x= 1, 2,3 or 4, under conditions whereby a
layer comprising a Si-Ge material is formed on the
substrate. The method includes introducing near the
surface of the substrate the gaseous precursor
comprising (H3Ge)xSiH4.x and dehydrogenating the
precursor under conditions whereby the epitaxial SiGex
is formed on the substrate. The gaseous precursor can
be introduced in pure form or intermixed with an inert
carrier gas. Suitable inert carrier gases include H
and N2. The gaseous precursor can be deposited by low
pressure CVD, UHVCVD or gas source MBE and can be
introduced at relatively low temperature in a range,
from about 25O0C to about 7000C, and at a pressure in
a range from about 1 x 10 7 Torr to at least about 5
Torr. The gaseous precursor can be introduced as a
single gas source or as a mixture comprising
(H3Ge)xSiH4-x and a germanium hydride, a silicon
hydride or a silicon hydridehalide. [0020] The method
can be used to deposit on a substrate a layer
comprising an epitaxial Si-Ge material formed as a
strained or strain free layer having a planar surface
or as coherent islands or quantum dots. According to
one aspect of the invention, a semiconductor structure
can be grown having a substrate and the Si-Ge material
formed as a SiGex layer, wherein x = 1, 2, 3 or 4. The
substrate can be a silicon substrate, such as Si(IOO).
The SiGex layer can be formed as a strained or strain
free layer having a planar surface or it can be formed
as quantum dots or coherent islands. The SiGex layer
can have an atomically planar surface morphology, a
thickness less than one micron and a threading defect
density of less than 105/cm2. The Si-Ge layer can be
doped with an element selected from the group
consisting of boron, arsenic, phosphorus, antimony and
an indium. The silicon substrate can be patterned to
form a template for selective growth of
semiconductors. [0021] The method of our invention
provides a new low-temperature growth process leading
to Ge-rich films with low defect concentrations and
smooth surfaces. At the 



low deposition temperatures the mobility of Ge on the
growth surface is much lower, thereby preventing mass
segregation which in turn can lead to compositional
and strain variations in the film. In addition, the
mass segregation of dopants is negligible at low
temperatures, which is particularly beneficial for
development of devices that require layers with low
thickness. The deposited Si-Ge materials possess the
required morphological and microstructural
characteristics for applications in high frequency
electronic and optical systems, as well as templates
and buffer layers for development of commercial
devices based on high mobility Si and Ge channels.
They can circumvent the need for previously-known
compositionally graded SixGe1-x buffer layers and lift
off technologies by providing suitable SiGe layers
having a uniform composition throughout the
layer.BRIEF DESCRIPTION OF THE DRAWINGS [0022] The
accompanying drawings, which are incorporated in and
constitute a part of the specification, illustrate the
presently preferred methods and embodiments of the
invention and, together with the general description
given above and the detailed description of the
preferred methods and embodiments given below, serve
to explain the principles of the invention. [0023]
FIG. 1 shows molecular structures of the precursors
(GeH3)xSiH4-x, with x=l, 2, 3 and 4, which are used to
grow epitaxial Ge-rich films on Si substrates
according to the present invention. [0024] FIG. 2 is
set of micrographs of a layer with a stoichiometric
SiGe composition grown on Si(IOO) according to the
present invention, including: (top) a bright field
cross-sectional transmission electron microscopy
(XTEM) micrograph of the entire layer thickness;
(bottom left) a micrograph of the interface region
showing perfect epitaxial alignment between Si(IOO)
and SiGe; and (bottom right) a micrograph showing SiGe
growth on a step at the interface in which an edge
dislocation that is parallel to the interface plane is
visible in the vicinity of the step. [0025] FIG. 3 is
a set of low-energy electron microscopy (LEEM) images
showing layer-by-layer growth of SiGe2 on Si(IOO)
according to the invention, including images showing:
(a) the morphology of a clean surface; (b) deposition
of the first layer; (c) the second layer; and (d) the
third layer. [0026] FIG. 4 is a graph showing the
temperature dependence of the first layer growth rates
for SiH3GeH3, SiH2(GeH3)2, SiH(GeH3)3 and Si(GeH3)4
precursors according to 



the invention, as well as for GeH3GeH3 for comparison.
[0027] FIG. 5 is an XTEM micrograph of a SiGe2 layer
grown on Si(IOO) according to the invention, showing
that threading dislocations are concentrated at the
interface region and do not propagate to the film
surface, and that the layer is highly uniform in
thickness and displays an atomically smooth and
continuous surface morphology. [0028] FIG. 6 shows
Rutherford backscattering (RBS) random (upper trace)
and aligned (lower trace) spectra of a 200 lira SiGe2
film grown on Si(IOO) according to the invention.
[0029] FIG. 7 shows Raman spectra of SiGe2 (bottom)
and SiGe3 (top) showing the characteristic Ge-Ge,
Si-Ge and Si-Si peaks indicating fully relaxed
materials. The SiGe2 spectrum (bottom) also includes
an additional sharp peak corresponding to the Si
substrate[0030] FIG. 8 is a bright field XTEM image of
a strain-free and atomically smooth SiGe3 layer grown
on Si(IOO) according to the invention, with an inset
atomic resolution Z-contrast image of the interface
region showing a well defined, abrupt and perfectly
epitaxial interface microstructure. [0031] FIG. 9
shows RBS random (upper trace) and aligned (lower
trace) spectra of a SiGe3 (001) layer grown at 38O0C
according to the invention. [0032] FIG. 10 is a XTEM
image showing the atomically flat top surface of a
SiGe4 film according to the invention. [0033] FIG. 11
shows RBS random (upper trace) and aligned (lower
trace) spectra of a SiGe4 (001) layer according to the
invention with a thickness of 0.5 mm. [0034] FIG. 12
is a set of micrographs showing SiGe3 quantum dots
grown on Si(IOO) according to the invention,
including: (top) a bright field XTEM micrograph
showing the highly coherent (no threading defects)
SiGe3 quantum dots of uniform size; (bottom left) a
high-resolution Z-contrast image of the interface
region showing perfect epitaxial alignment as well as
a sharp and uniform interface; and (bottom right) an
AFM image showing an ensemble of dome-shaped islands
with a narrow size distribution and including an inset
enlarged view showing the faceted islands. DESCRIPTION
1 [0035] Reference will now be made in more detail to
the presently preferred methods and embodiments of our
invention, as illustrated in the accompanying
drawings. 



While we will describe our invention more fully with
reference to these examples and drawings, the
invention in its broader aspects is not limited to the
specific details, representative devices, and
illustrative examples shown and described. Rather, the
description which follows is to be understood as a
broad, teaching disclosure directed to persons of
ordinary skill in the appropriate arts, and not as
limiting upon our invention. [0036] We have developed
a novel method for growing epitaxial Si-Ge
heterostructures on Si(IOO) with Ge-rich contents (Ge
> 50 at.%) and precise stoichiometrics SiGe, SiGe2,
SiGe3 and SiGe4. The method of our invention utilizes
new unimolecular hydrides with direct Si-Ge bonds
derived from the family of compounds (H3Ge)xSiH4-x
(x=l- 4) as precursors. According to one important
aspect of our invention, we have grown uniform,
relaxed and highly planar films with low defect
densities at unprecedented low temperatures between
300-4500C, circumventing entirely the need of thick
compositionally graded buffer layers and lift off
technologies. According to another important aspect of
the invention, we have grown, at temperatures between
500-6000C, Si-Ge quantum dots withnarrow size
distribution, defect-free microstructures and highly
homogeneous elemental content at the atomic level. A
major advantage of the method of our invention over
conventional routes is the precise control of
morphology, composition, structure and strain via the
incorporation of the entire Si/Ge framework of the
gaseous precursor into the film. [0037] FIG. 1 shows
structures of the molecular precursors (H Ge)xSiH4-X
with x=l,..., 4. These structures are derived from
analytical and spectroscopic data and are confirmed by
first principle simulations, as described in PCT
Patent Application No. PCT/US04/43854, filed on
December 31, 2004, entitled "Hydride Compounds with
Silicon and Germanium Core Atoms and Method of
Synthesizing Same," which is incorporated herein in
its entirety by this reference. These molecules,
H3GeSiH3, (H3Ge)2SiH , (H3Ge)3SiH and (H3Ge)4Si, are
obtained in high-purity yields via straightforward
synthetic methodologies utilizing commercially
available starting materials, also as described in PCT
Patent Application No. PCT/US04/43854. Their high
volatility and facile reactivity make them
particularly useful as precursors in low temperature
(300 - 45O0C) film growth. In accordance with our
invention, we conducted depositions of these compounds
by gas source MBE, low pressure CVD, and UHV-CVD with
only a single gas source. These depositions yielded
well-defined concentrations corresponding to the Si-Ge
content of the precursors. A notable result is the
precise control of the composition at the atomic level
via incorporation of 



the entire Si/Ge framework of the precursor into the
film at unprecedented low growth temperatures
(300C-450C). [0038] Targeted deposition experiments of
the precursor compounds have been conducted in the
temperature range of about 300-700 0C to delineate the
parameter space for growth of device quality films and
quantum dots directly on silicon substrates. As
discussed in more detail below, the films are obtained
in the low temperature range and fulfill crucial
requirements as suitable candidates for development of
lattice engineered "virtual substrates" on Si.
Potential applications include integration of strained
Si and Ge channel devices on silicon exhibiting
extremely high electron and hole mobilities. In the
high temperature range, depositions of the precursors
yield assemblies of three-dimensional coherently
strained islands (quantum dots) reflecting the
stoichiometry of the precursor in all cases without
any segregation of either Ge or Si [0039] Depositions
OfH3GeSiH3, (H3Ge)2SiH2, (H3Ge)3SiH and (H3Ge)4Si at
450 0C, 400 0C, 350 0C and 300 0C, respectively,
produced exclusively relaxed films with SiGe, SiGe2,
SiGe3 and SiGe4 concentrations, respectively. The low
growth temperatures prevent surface segregation of the
Si and Ge elements resulting in highly
uniformcompositional and strain profiles at the atomic
level. The incorporation of the entire Si-Ge molecular
core facilitates formation of relatively uniform
bonding arrangements over the entire crystal, leading
to relaxed films with planar surface morphology (no
surface ripples). [0040] The material morphology in
our films (smooth films vs. rough films and islands)
can be controlled by the adjustment of a single
parameter, i.e. the growth temperature at a given flux
rate of the unimolecular source. As previously
mentioned, depositions of the precursors at 3000C -
45O0C produce exclusively relaxed layers with planar
surfaces. FIGs. 2, 5, 8 and 10 show exemplary films of
SiGe (partially relaxed), SiGe2, SiGe3 and SiGe4,
respectively, grown according to the invention. The
layers obtained using the method of our invention at
deposition temperatures in a range of 3000C - 45O0C
are of much higher quality than those with comparable
thickness and compositions previously obtained using
conventional sources under similar conditions. Our
films display low threading defect densities with the
bulk of the defects concentrated at the Si interface.
They grow strain free and highly planar, circumventing
entirely the need for graded compositions or lift-off
technologies and post-growth chemical mechanical
polishing to smoothen their surface. Highlights of the
successful fabrication of these films include: (i)
unprecedented low 



temperature synthesis (300C-450C), (ii) atomically
smooth and defect-free surface morphology (mismatch
induced defects are primarily concentrated at the
interface), (iii) strain-free microstructure, and (iv)
excellent thermal stability of layer planarity. These
materials therefore fulfill the crucial requirements
as suitable candidates for development of lattice
engineered "virtual substrates" with lattice
parameters in the 5.5 A to 5.65 A range. Immediate
applications of these virtual substrates include
integration of strained Si and Ge channel devices on
silicon exhibiting extremely high electron and hole
mobilities. We anticipate that these will lead to
important applications in state-of-the-art high
performance field-effect transistors (FET) and bipolar
junction transistors as well as novel photonic devices
based entirely on group IV materials. [0041]
Depositions of the H3GeSiH3, (H3Ge)2SiH2, (H3Ge)3SiH
and (H3Ge)4Si precursors above 5000C produce
self-assembled quantum dots and strained islands with
narrow size distributions and highly uniform
compositions reflecting the stoichiometry of the
precursor in all cases without any segregation of
either Ge or Si. The growth of the dots proceeds via
the Stranski-Krastanov mechanism. The areal density
and size distribution of the dots is controlled by
simple adjustments of the flux rate of the precursor
and the growth temperature, respectively. FIG. 12
shows an exemplary set of SiGe3 quantum dots grown
according to the invention at 600 0C.Growth of SiGex
Layers on Silicon [0042] We conducted growth of Si-Ge
films on Si(IOO) substrates in a UHVCVD chamber
equipped with a low-energy electron microscope (LEEM)
for in situ real time observation of the growth
process. The base pressure of the chamber was 2 x 10
10 Torr. Film growth was obtained by exposing the
substrate surface to the gaseous precursor admitted
via a leak valve. Partial pressures in the W 7 and IO6
Torr range were used for deposition. The flux of the
precursor was delivered via a glass inlet tube, which
passed through the apertures in the objective lens of
the LEEM. The inlet tube was positioned at 2.5 cm from
the substrate at an angle of 16 to its surface. The
substrates were p-type Si(IOO) (p -50 Wcm) and were
prepared for epitaxy by repeated flashing at 1240C to
vaporize the native oxide layer from the substrate
surface. Heating of the substrate was provided via
electron bombardment from a heated filament on the
backside of the sample. [0043] We also conducted
deposition reactions of the (H3Ge)xSiH4-X compounds in
a gas source MBE chamber with base pressure of 2 x 10
10 Torr. Again, the 



Si(IOO) substrates were prepared for epitaxy by
repeated flashing at 1240 C to vaporize the native
oxide layer. Film growth was obtained by exposing the
substrate surface to the gaseous precursor at partial
pressures in the range of 10 7 - 10 6 Torr. [0044]
Under these conditions the H3GeSiH3, (H3Ge)2SiH2,
(H3Ge)3SiH and (H3Ge)4Si compounds dissociated on the
Si surface via complete H2 elimination at 450, 400,
350 and 300 0C3 respectively, to produce films at
growth rates of 2-3 nm/min. Rutherford backscattering
(RBS) in random mode indicate film compositions of
SiGe, SiGe2, SiGe3 and SiGe4, respectively, in
agreement with the elemental content of the Si/Ge
framework of the corresponding precursors. The RBS
channeled spectra show that the Si and Ge atoms in the
structure channeled remarkably well despite the low
growth temperature, which is consistent with
monocrystalline materials in epitaxial alignment with
the Si substrate. As a representative example, FIG. 9
compares RBS random and channeled spectra for a SiGe3
film grown on Si(IOO) at 380 0C. As in the example of
FIG. 9, in most samples the ratio of the aligned
versus the random peak heights (cmm), which measures
the degree of crystallinity across the layer, was
relatively low typically ranging from 30% at the
interface to 7% near the surface. The decrease of the
cmjn value across the layer thickness suggests that
most of the defects are concentrated near the
interface region. This was clearly established by
crosssectional transmission electron microscopy
(XTEM). The bright field XTEM images in <110>
projection show common threading dislocations
propagating along the (111) lattice planes.
Nevertheless, the bulk of these defects annihilated at
60-degree angles within 10 nmfrom the film interface
(see FIG. 5). The upper portion of the film is
relatively free of threading defects particularly
those penetrating to the top surface. In addition,
phase and Zcontrast high-resolution XTEM images showed
sharp and well defined interfaces with perfectly
epitaxial microstructures in which the (111) lattice
planes of the film and the substrate are completely
commensurate. The surface morphology of the films was
examined by atomic force microscopy (AFM) scans. The
films possess highly planar surfaces even in the
100-500 nm thickness range, which considerably exceeds
the expected critical thickness. The AFM RMS values
range between 0.5-1 nm for typical 25 mm x 25 mm areas
hi addition the surface planarity was found to be
thermally stable up to 750 0C. [0045] Raman and high
resolution X-ray diffraction (XRD) were used to
investigate the structural, bonding and strain
properties of all films, hi particular, the Raman
spectra of the SiGe2, SiGe3 and SiGe4 materials showed
that the films are fully relaxed. Xray 



reciprocal space maps of the (224) and (004)
reflections were used to measure the lattice constants
normal and parallel to the interface plane. These were
virtually identical in most samples indicating a lack
of strain distortion from perfect cubic symmetry. In
addition the xray data indicated highly aligned
heterostructures with mosaics spreads as low as 0.1
degrees. hi contrast to SiGex (x=2,3,4), the SiGe
alloys possessed substantial residual strain. The xray
reciprocal space map measurements showed an elongation
along the "c" direction consistent with a tetragonal
distortion. The calculated strain was in the 60-70 %
range. Remarkably similar strain values were
determined from Raman shifts of the Si-Si, Si-Ge and
Ge-Ge phonon modes. Raman was used to investigate the
distribution of strain in these SiGe layers, by
measuring the phonon frequencies using laser lines
with different penetration depths. The results showed
that the Raman peaks did not change with depth
indicating that the strain does not vary across the
layers. Collectively, the characterization of our
Si-Ge materials revealed growth of crystalline, highly
epitaxial, smooth, continuous and uniform alloy layers
with Ge-rich concentrations and uniformly stressed or
strain-relaxed microstructures. A key to the
successful synthesis of our films is the unprecedented
low growth temperatures which reduce surface mobility
of the Si and Ge atoms and prevent mass segregation
thereby resulting in highly uniform compositional and
strain profiles at the atomic level. In addition, the
incorporation of the entire Si-Ge molecular core
promotes the formation of exceptionally uniform
bonding arrangements over the entire crystal, leading
to relaxed films with planar surface morphology (no
surface ripples). [0046] hi the high temperature
regime of the investigated temperature range, we
observe exclusive growth of self-assembled islands, or
quantum dots. Presumably theseform spontaneously
during the epitaxial growth of Si-Ge on Si as a means
of relieving the strain caused by the mismatch between
the larger Si-Ge lattice and the smaller lattice of
the Si substrate hi our experiments the islands first
appear after the formation of a flat wetting layer
~3-5 monolayers thick. The morphology distribution and
size of the islands were examined by AFM and XTEM.
FIG. 12 shows a representative AFM image of islands
grown at 600 0C using (H3Ge)2SiH2. The islands are
primarily dome-shaped and reasonably uniform in size
with an approximate density distribution of 3 x 108 cm
2 . The bright field XTEM micrographs showed ensembles
of coherent islands with defect free microstructure
and with a narrow size distribution. The
microstructural properties of the islands were
explored via Zcontrast imaging performed on a JEOL
2010F. These experiments confirmed the presence of 



distinct islands grown on the substrate surface via a
wetting layer of uniform thickness as shown for a
representative sample produced by (H3Ge)3SiH. Note
that in Z-contrast images the intensity is
proportional to Z17, consequently the Ge containing
islands as well as the wetting layers appear
considerably brighter than the underlying Si. [0047]
FIG. 12 is also representative of the most commonly
found quantum dot microstructure showing a perfectly
sharp and uniform interface. The highly coherent
nature (no defects are observed) of the quantum dots
grown by our method is confirmed by the Raman spectra,
which show that the islands are highly strained, as
expected due to the lattice mismatch of the dots with
the substrate. We used RBS and electron energy loss
spectroscopy (EELS) at 1.7 A resolution to determine
the dot stoichiometry and elemental homogeneity. The
compositions of the islands were found to be SiGe2,
SiGe3 and SiGe4, reflecting the stoichiometries of the
unimolecular precursors (H Ge)2SiH2, (H3Ge)3SiH and
(H3Ge)4Si, respectively, used for growth. EELS
compositional profiles across the dots revealed
remarkably uniform elemental distributions at the
nanometer scale. An important advantage with regard to
composition is that there is no apparent mixing of the
elements across the interface as is typically observed
when pure Ge islands are grown on Si at T>550C. This
type of Si interdiffudision from the substrate into Ge
islands represents the most commonly reported method
to form Si-Ge quantum dots on Si with Ge>50 at.%.
Unfortunately, this interdiffusion of the elements
depletes the Si at the base of the islands to form a
trench several nanometers in depth. In addition, the
Si/Si-Ge dot interface is no longer distinct. A wide
and blurred transition region with a graded
composition develops across the original interface.
Substantial gradients of concentration are also found
in the vertical direction across the entire dot. Our
single source approach circumvents these
difficulties.Activation energy measurements of
(HsGe)xSiH X [0048] The decomposition profiles of
H3GeSiH3, (H3Ge)2SiH2, (H3Ge)3SiH and (H3Ge)4Si to
form the corresponding SiGe, SiGe2, SiGe3 and SiGe4
films were investigated using LEEM. In particular, the
activation energy with respect to H2 desorption from
the substrate surface was determined for each of the
compounds by measuring the growth rate vs. temperature
for a single Si-Ge monolayer. The activation energies
for the Si- Ge molecules were compared to that
measured for digermane. The data indicate that
(H3Ge)2SiH2, (H3Ge)3SiH and (H3Ge)4Si display
reactivities remarkably similar to that of digermane
and thereby favor very low temperature deposition
routes comparable to 



digermane. [0049] The initial layer-by-layer growth of
the compounds was monitored in situ by LEEM. Video
images were taken over a field of view of 8 /*m on
Si(100)-(2 x 1) using (V 5O) diffraction beam. The (2
x 1) and ( 1 x 2) terraces, which are separated by
single-height atomic steps, alternate in contrast from
dark to bright under these conditions. This is due to
the rotation of the dimer reconstruction across each
step. FIG. 3 shows an exemplary sequence of LEEM
images of SiGe2 on Si(IOO) produced via CVD of
SiH2(GeH3)2, showing the layer-by-layer deposition.
Referring to FIG. 3, image (a) shows the morphology of
the clean Si surface, image (b) shows the deposition
of the first full monolayer, image (c) shows the
second full monolayer, and image (d) shows the third
full monolayer. The field of view is 8 mm. A contrast
reversal in the (2 1) and ( 1 2) terraces is observed
indicating a layer-by-layer growth. After the fourth
monolayer the LEEM contrast became diffuse presumably
due to new growth of incomplete layers. [0050] The
average growth rate for the first layer as a function
of temperature was measured in the LEEM to determine
the activation energy of the Si-Ge hydride compound
decomposition on Si(IOO). For comparison the
activation energy of pure H3GeGeH3 was also determined
using the same method. FIG. 4 is a graph showing plots
of the temperature dependence of the first layer
growth rates for H3GeSiH3, (H3Ge)2SiHa, (H3Ge)3SiH and
(H3Ge)4Si as well as for H3GeGeH3. The plots show
growth rates for a range of temperatures from about
420C to about 54O0C and a gas pressure of about 1.0 x
10 6 Torr. The data of FIG. 4 are consistent with the
first-order H2 desorption kinetics and yield
activation energies of 2.0 eV, 1.7 eV, 1.7 eV and 1.5
eV, for H3GeSiH3, (H3Ge)2SiH2, (H3Ge)3SiH and
(H3Ge)4Si, respectively, and an activation energy of
about 1.7 eV for H3GeGeH3. As can be seen from FIG. 4,
the higher Ge content compounds clearly favor low
temperatures routes comparable to pure
digermane.[0051] The straight line in FIG. 4 is
characteristic of first-order desorption kinetics. The
slope gives activation energies which are in good
agreement with the activation energy values of 1.7 eV
and 1.6 eV obtained previously for H2 desorption from
a pure Ge(IOO) surface, as described by G. Eres and J
. W. Sharp, "Investigation of the kinetics of
digermane chemisorption and reaction product
desorption in thin film growth of germanium", J . Vac.
Sci. Technol. A, vol. 11, No. 5, Sep-Oct 1993, pp.
2463-2471; and T. R. Bramblett, Q. Lu, N. E. Lee, N .
Taylor, M. A. Hasan, and J . E. Greene, "Ge(OOl)
gas-source molecular 



beam epitaxy on Ge(001)2xl and Si(001)2xl from Ge2H6 -
growth kinetics and surface roughening", J. Appl.
Phys. vol. 77, No. 4, Feb 1995, pp. 1504-1513. A study
of growth rate vs. temperature in the LEEM for the
H3GeSiH3 compound gave an activation energy of 2.0 eV.
This value is intermediate to our measured value of
digermane (GeH3)2 (1.6 eV) and that reported for
disilane (SiH3)2 (2.3 eV) by J. Takahashi, Y. Utsumi,
H. Akazawa, I . Kawashima, and T. Urisu, "Synchrotron
radiation excited Si epitaxial growth using disilane
gas source molecular beam system", Appl. Phys. Lett.
vol. 58, No. 24, June 1991, pp. 2776- 2778. The 2.0 eV
value appears to be reasonable since SiH3GeH3 is
essentially a compositional hybrid of (SiH3)2 and
(GeH3)2, i.e. (SiH3)2 + (GeH3)2 - 2 (SiH3GeH3) .
[0052] The activation energy results reveal that the
decomposition kinetics of the series (HsGe)x SiH4-x
(x=2-4) are remarkably similar to those of (GeH3)2 and
suggest that these compounds are more reactive than
either (SiH3)2 or H3GeSiH3. Accordingly they represent
a unique low-temperature source to Ge rich Si-Ge
alloys. The facile reactivity of (H3Ge)2SiH2
(H3Ge)3SiH and (H3Ge)4Si pave the way to immediate
development of SiGe semiconductors on specialty
substrates that can withstand processing temperatures
as high as 3000C, such as plastic substrates used for
flexible displays. Examples [0053] The following
examples help to further explain the invention. It
will be understood, however, that the examples are
illustrative of the invention and that the invention
is not limited only to these examples. Example -
Growth of SiGe [0054] The growth of SiGe layers was
accomplished via gas source MBE with a precursor flux
of 5xlO 5 Torr and at a temperature of 48O0C. Above
this temperature strained islands (quantum dots) were
obtained rather than smooth layers. The films were
examined ex situ by AFM, XRD, Raman scattering, RBS,
and high-resolution XTEM. The elemental concentration,
thickness and crystallinity of SiGe were determined by
RBS. The random backscattering spectra indicate a film
thickness ranging up to 100 nm and a Gecontent of 50
at. % in agreement with the elemental content of the
GeSi framework of the corresponding H3GeSiH 3
precursor. The aligned spectra indicated highly
crystalline material in epitaxial alignment with the
substrate. AFM studies of films with 100 nm thickness,
which exceeds considerably the expected critical
thickness of a perfectly pseudomorphic SiGe, gave RMS
values of ~ 1.6 nm for areas 10 mm x 10 mm areas
indicating planar surface 



morphologies. X-ray diffraction showed a single sharp
peak corresponding the (004) reflection of the cubic
structure. High resolution XRD, including reciprocal
space maps of the (004) and (224) reflections revealed
a partially strained layer in perfect epitaxial
alignment with the substrate. [0055] XTEM examinations
confirm crystalline and highly epitaxial growth of
smooth, continuous and uniform SiGe layers. TEM bright
field images show that films with 100 nm thicknesses
are free of threading dislocations. A systematic
survey of samples showed no defects penetrating
through the layers within a field of view of- 1.5 mm
in TEM micrographs. The upper limit of threading
dislocations in this case is less that 105-106/cm 2
which is unusual for a material with 50 at. % Ge
directly grown on Si. [0056] High-resolution images
reveal perfectly commensurate and monocrystalline
SiGe/Si interfaces with virtually defect free
microstructure. Occasional edge dislocations were
observed (at steps on the substrate surface) spaced
100-150 nm apart with no dislocation cores penetrating
to the top surface. These defects are parallel to the
interface plane and are likely to alleviate the
differential stress generated by the lattice mismatch
between the film and the Si substrate. The presence of
edge dislocation in these samples is surprising since
SiGe-based materials typically display (lll)-threading
dislocations and stacking faults rather than planar
defects. A plausible explanation is that the steps on
the Si surface act as nucleation sites for the
formation of these defects. The Raman spectra showed
the three main features that correspond to the
"Ge-Ge", "Si-Ge" and "Si-Si" lattice vibrations at
frequencies 295.8 cm 1, 414.3 cm' 1 and 497.7 cm"1,
respectively. These measured values are significantly
blue shifted with respect to the expected positions
for a strain free Sio.5OGeo.5o alloy, which are
calculated to be at 293 cm 1, 410.5 cm 1 and 492.2
cm"1 , respectively. The Raman shifts indicate that
there must b e a substantial residual strain in the
material. Analysis of data acquired using laser lines
with variable penetration depths showed that the
frequencies of the Si-Si, Ge-Ge and Si-Ge phonon modes
are the same throughout indicating a uniform
distribution of the strain in the layers. [0057] FIG.
2 shows an example set of micrographs of a SiGe layer
grown on a Si(IOO) substrate according to our
invention. The top image of FIG. 2 is a bright
fieldXTEM micrograph of the entire thickness of the
SiGe layer, which shows the absence of threading
defects within the field of view. The bottom left
image shows the interface region having perfect
epitaxial alignment between the Si(IOO) substrate and
the SiGe layer. The 



bottom right image shows an edge dislocation close to
a step region at the interface. These defects are
typically located at a step on the Si surface and
partially relieve the strain due to the mismatched Si
and SiGe materials. Example - Growth of SiGe [0058]
The growth of SiGe 2 (i.e., Sio.33Ge0.67) layers and
quantum dots via gas source MBE was investigated in
the temperature range of 4000C - 700 0C via
dehydrogenation of (H3Ge) 2SiH2. The highest
deposition temperature that yields continuous layers
with perfectly planar surfaces is ~ 480 0C. The
typical growth rate at this temperature and 5x1 0 6
Torr precursor pressure was - 3.5 nm/minute. As
expected, the growth rate dropped to 1.0 nm/minute as
the temperature was lowered to 45O0C, and no
appreciable growth was observed below 4000C due to the
reduced reactivity and sticking coefficient of the
compound. [0059] The elemental concentration and film
thickness of the SiGe 2 layers were determined by RBS
in random mode. The crystallinity and epitaxial
alignment were examined by ion channeling. FIG. 6
shows the random and aligned backscattering spectra
for a sample grown at 48O0C having a film thickness of
400 run and a Ge content of 67% in perfect agreement
with the Ge content of the Ge2Si framework of the
(H3Ge)2SiH2 compound. The film concentration as
measured by RBS is constant with film thickness. The
ratio of the aligned versus the random peak heights
(cmin), which measures the degree of crystallinity
across the layer, is relatively low ranging from 27%
at the interface to 7% near the surface. This
indicates monocrystalline material in epitaxial
alignment with the Si substrate. The much higher
degree of dechanneling across the interface region,
suggests that the majority of the defects are located
in the lower portion of the film close to Ge2Si/Si
boundary and the dislocation density is decreased with
increasing the film thickness. This is confirmed by
bright field XTEM images, which show that most of the
threading defects annihilate within an area of 10 nm
above the interface for a typical 200 nm-thick layer.
FIG. 6 shows the RBS spectrum of 200nm SiGe2 film on
Si(IOO). The sharp drop of the in value from 27% at
the interface to 7% at the surface illustrates that
the defects concentration decreases dramatically with
increasing the film thickness. [0060] The XTEM images
also show that the films are atomically flat which is
confirmed by AFM images in contact mode. The as grown
materials with thickness of 40 nm and 400 nm display
RMS values of 0.4 nm and 1.2 nm, respectively, for
areas in therange of 5X5 mm2 to 10X10 mm2 . These RMS
values are remarkably lower than those 



reported previously for compositionally graded
techniques (~30 nm) as well as other MBE methods
utilizing Si and SiGe nucleation layers (-2.4 nm).
[0061] X-ray Q-2Q diffraction measurements show a
strong peak corresponding to the (004) reflection.
In-plane rocking scans of the (004) reflection have a
FWHM of 0.3 which is typical for this type of highly
mismatched heteroepitaxy. The measured out-of-plane
lattice constants a j. for Sio.33Geo.67 layers with
different thickness are listed in Table 1. Under the
assumption of a tetragonal distortion for a SiGe layer
deposited onto Si(IOO), the unstrained lattice
parameter of the layer siGe is related to the in-plane
lattice parameter ( ||siGe) n perpendicular lattice
parameter (aisiGe) by the relation asiGe = a[\-2
(ac~a\)i /a(l + v)] in which v is the Poisson ratio of
Si-Ge (0.27-0.28). The value of unstrained
Sio.33Geo.67 lattice parameter siGe is calculated
using asiGe - 5.43105 + 0.2005x + 0.0263x 2, which
gives asiGe = 0.5581 nm. The in-plane "||siGe lattice
constants for the films with different concentrations
are listed in Table 1. Finally, the degree of in-plane
strain relaxation R is given by R = (aysiGe - _)/(
"siGe ~as), where as = 0.5431 nm is the Si substrate
lattice constant. Table 1 shows that a 40-nm-thick is
almost relaxed at the degree of R = 85%. The lattice
constant of a 400-nm-thick Sio.33Geo.67 layer is
extremely close to the values of unstrained relaxed
film. As shown in FIG. 7, the Raman spectrum of the
Si0.33Ge0.67 films (bottom) shows the characteristic
peaks corresponding to Ge-Ge (296 cm"1), Si-Ge (407
cm"1) and Si-Si (478 cm 1) lattice vibrations. The
peak positions are consistent with fully relaxed
material. Table 1. Summary of lattice constants and
relaxation rate of SiGe epilayers films in-plane (nm)
out-of-plane (nm) unstrained (nm) relaxation 0.5504
0.5564 0.5538 68% 0.5585 0.5590 0.5588 97%
sio.25Geo.75 0.5562 0.5615 0.5592 81% l q.2q te q.8O
0.5599 0.5615 0.5608 95% [0062] Annealing experiments
were performed to establish the thermal stability of
the epilayers at temperatures between 480 0C and 750
0C, a range well within actual device processing
temperatures. The XRD lattice constant, the cmjn
values of the RBSaligned spectra, and the AFM surface
roughness were measured for the annealed samples and
compared with the values of the as grown materials.
Samples with a thickness of 400 nm do 



t not show any increase in surface roughness (rms)
even after annealing at 7500C for 14 hours. This
indicates that the planarity of the surface in our
samples is thermally robust. The XRD and RBS aligned
spectra demonstrated that there were no observable
changes before and after annealing. This also confirms
full relaxation in the as grown Sio.33Geo.67 layers at
48O0C. The annealing experiments showed no degradation
or improvement of the quality of the as grown layers.
They possess low threading dislocation densities, flat
surfaces and are fully relaxed at a thickness less
than 400 nm and display remarkable thermal stability
up to at least 750 0C. Example - Growth OfSiGe [0063]
' The growth of SiGe 3 (i.e., Sio.25Geo.75) layers on
Si(IOO) was conducted by thermal dehydrogenation of
(H3Ge)3SiH in the range of 350 0C - 450 0C.
Strain-free layers with smooth surfaces (RMS 1.5-2.0
nm) and thickness up to 200 nm were deposited by gas
source MBE and by low pressure CVD at T<400 0C.
Samples grown at T = 450 0C were substantially
thicker, in the 1 mm range, and displayed a relatively
high surface roughness (RMS >5.0 nm). The growth rate
at 45O0C was 0.1 mm per minute due to the
exceptionally high reactivity of the compound even at
these moderate growth temperatures. The composition of
all samples as determined by RBS was consistently
Sio.25Geo.-75 corresponding to the entire SiGe 3
molecular core of the precursor. XTEM showed that most
dislocations originate at the interface and terminate
within a 10 nm region above the interface. No
threading defects penetrating to the film surface were
observed in the bright field TEM micrographs. FIG. 8
shows an XTEM image of a strain-free and atomically
smooth SiGe 3 layer grown on Si(IOO) according to our
invention. As shown in FIG. 8, defects are
concentrated in the lower portion of the layers and
most annihilate within 10 nm above the interface.
[0064] The pile up of most defects at the interface
was evident in the RBS channeling spectra. The typical
cm;n value is approximately 20% at the interface
decreasing rapidly to 7 % near the top surface. FIG. 9
shows the RBS aligned spectrum of a SiGe 3(OOl) layer
grown at 38O0C. The cmin is 25% at the SiGe/Si
interface and decreases to 9% at the surface. The
sharp peak at the interface indicates high
concentration of defects which annihilate toward the
surface. [0065] High-resolution images in phase
contrast and Z-contrast modes (see 



FIG. 8) showed sharp and well defined interfaces with
perfectly epitaxial microstructures in which the 111
lattice planes of the film and the substrate are
completely commensurate. Theinset of FIG. 8 is an
atomic resolution Z-contrast image showing a well
defined, abrupt and perfectly epitaxial interface
microstructure. The Raman spectrum of the Sio.25Geo.75
films (FIG. 7 top) displays the characteristic Ge-Ge,
Si-Ge and Si-Si peaks and the corresponding
frequencies indicate a fully relaxed material. The
x-ray diffraction data provided further confirmation
of strain free material growth in the SiGe 3 system.
The experimental lattice parameters matched the
theoretical values which were determined using
Vegard's Law. Example - Growth of SiGe [0066] Growth
of SiGe4 (i.e., Sio.2OGeo.8O) layers on Si(IOO) was
conducted by thermal dehydrogenation via CVD and gas
source MBE of Si(GeH 3)4 at 380 0C - 300 0C and 5xlO 6
Torr precursor pressure. Under these conditions smooth
and uniform layers were obtained at reasonable growth
rates of 2 nm /minute. The AFM RMS for all films were
in the range of 1.0-1.5 nm for scans covering 5.0 mm x
5.0 mm areas. FIG. 10 is an XTEM image showing the
atomic flat top surface of SiGe4 film. RBS analysis of
layers with thickness up to 500 nm gave a Si0.20Ge0.s0
elemental content, which reflects that of the SiGe4
tetrahedral core of the precursor. FIG. 11 shows RBS
random and aligned spectra (lower trace) of a Si0
20Ge0 80(001) layer with a thickness of 0.5 mm. The
ion channeling data suggested that the defects are
predominately concentrated at the interface while the
upper portion of the film is relatively defect free.
The XTEM bright filed images confirmed the pile up of
defects at the interface and revealed highly coherent
layer thickness and perfectly planar surfaces (see
FIG. 10). XRD analysis gave the expected Vegard's
values for the lattice constants indicating strain
free growth as expected. [0067] From the foregoing
disclosure, it will be understood by those having
skill in the art that the present invention can have
additional advantages and modifications. For example,
the method of the present invention can be used to
grow Si-Ge materials on substrates other than Si
substrates, such as for example glass substrates.
Moreover, the facile reactivity of (H3Ge)2SiH2,
(H3Ge)3SiH and (H3Ge)4Si paves the way to growing SiGe
materials on specialty substrates that can withstand
processing as high as 3000C, such as plastic
substrates used for flexible displays. As another
example, the method can be used to form a SiGeN layer
by mixing the precursor with a nitrogen source to
create the SiGeN layer. [0068] Therefore, the
invention in its broader aspects is not limited to the



specific details, representative devices, and
illustrative examples shown and described.
Accordingly, departures may be made from such details
without departing from the spirit or scope of the
general inventive concept.WHAT IS CLAIMED IS: 1. A
method for depositing a Si-Ge layer on a substrate in
a reaction chamber, the method comprising: introducing
into the chamber a gaseous precursor comprising
(H3Ge)xSiH4-x, wherein x=l, 2, 3 or 4, under
conditions whereby a layer comprising a Si-Ge material
is formed on the substrate. 2. The method of claim 1
wherein the step of introducing the gaseous precursor
comprises introducing the precursor in substantially
pure form. 3. The method of claim 1 wherein the the
step of introducing the gaseous precursor comprises
introducing the precursor as a single gas source. 4.
The method of claim 1 wherein the step of introducing
the gaseous precursor comprises introducing the
precursor intermixed with an inert carrier gas. 5. The
method of claim 4 wherein the carrier gas comprises
H2. 6. The method of claim 4 wherein the carrier
comprises N2. 7. The method of claim 1 wherein the
gaseous precursor is deposited by low pressure
chemical vapor deposition. 8. The method of claim 1
wherein the gaseous precursor is deposited by
ultra-high vacuum chemical vapor deposition. 9. The
method of claim 1 wherein the gaseous precursor is
deposited by gas source molecular beam epitaxy. 10.
The method of claim 1 where wherein the Si-Ge material
comprises a quantum dot. 11. The method of claim 1
wherein the Si-Ge material comprises SiGeN. 12. The
method of claim 1 further comprising the step of
doping the Si-Ge material with an element selected
from the group consisting of boron, phosphorus,
arsenic, antimony and an indium. 13. The process of
claim 1 further comprising a Si substrate patterned to
achieveselective growth of the Si-Ge material on the
substrate. 14. The method of claim 1 wherein the
gaseous precursor is introduced as a mixture
comprising (H3Ge)xSiH4-x and a germanium hydride, a
silicon hydride or a silicon hydridehalide. 



15. The method of claim 1 wherein the precursor
comprises H3GeSiH3. 16. The method of claim 1 wherein
the precursor comprises (H3Ge)2SiH2. 17. The method of
claim 1 wherein the precursor comprises (H3Ge)3SiH.
18. The method of claim 1 wherein the precursor
comprises (H3Ge)4Si. 19. The method of claim 1 wherein
the substrate comprises silicon. 20. The method of
claim 10 wherein the silicon comprises Si(IOO). 21.
The method of claim 1 wherein the gaseous precursor is
introduced at a temperature of between about 250C and
about 700C. 22. The method of claim 2 1 wherein the
gaseous precursor is introduced at a temperature of
about 480C. 23. The method of claim 1 wherein the
gaseous precursor is introduced at a temperature of
between about 250C and about 45O0C. 24. The method of
claim 1 wherein the gaseous precursor is introduced at
a pressure in a range from about 1 x 10 7 Torr to at
least about 5 Torr. 25. The method of claim 1 wherein
the Si-Ge material is formed on the substrate as a
strained or strain free layer having a planar surface.
26. The method of claim 1 wherein the Si-Ge material
is formed on the substrate as strained coherent
islands. 27. The method of claim 1 wherein
substantially the entire Si and Ge framework of the
gaseous precursor is incorporated into the epitaxial
SiGex. 28. The method of claim 1 wherein the
composition of the Si-Ge material issubstantially
uniform. 29. The method of claim 1 wherein the Si-Ge
material is formed under conditions that substantially
limit mass transport. 30. A method for depositing an
epitaxial SiGex layer on a substrate, wherein x = 1,
2, 3 or 4, the method comprising; introducing near the
surface of the substrate a gaseous precursor
comprising (H3Ge)xSiH4-x; and dehydrogenating the
precursor under conditions whereby epitaxial SiGex is
formed on the substrate. 31. The method of claim 30
wherein the step of introducing the gaseous precursor
comprises introducing the precursor in substantially
pure form. 



32. The method of claim 30 wherein the step of
introducing the gaseous precursor comprises
introducing the precursor as a single gas source. 33.
The method of claim 30 wherein the step of introducing
the gaseous precursor comprises introducing the
precursor intermixed with an inert carrier gas. 34.
The method of claim 33 wherein the carrier gas
comprises H2. 35. The method of claim 33 wherein the
carrier comprises N2. 36. The method of claim 30
wherein the gaseous precursor is deposited by low
pressure chemical vapor deposition. 37. The method of
claim 30 wherein the gaseous precursor is deposited by
ultra-high vacuum chemical vapor deposition. 38. The
method of claim 30 wherein the gaseous precursor is
deposited by gas source molecular beam epitaxy. 39.
The method of claim 30 wherein the precursor comprises
H3GeSiH3. 40. The method of claim 30 wherein the
precursor comprises (H Ge)2SiH2. 41. The method of
claim 30 wherein the precursor comprises (H
Ge)3SiH.42. The method of claim 30 wherein the
precursor comprises (H3Ge)4Si. 43. The method of claim
30 wherein the substrate comprises silicon. 44. The
method of claim 33 wherein the substrate comprises
Si(IOO). 45. The method of claim 30 wherein the
substrate comprises glass. 46. The method of claim 30
wherein the substrate comprises plastic. 47. The
method of claim 30 further comprising the step of
doping the epitaxial SiGex with an element selected
from the group consisting of boron, arsenic,
phosphorus, arsenic, antimony and indium. 48. The
method of claim 30 further comprising patterning the
substrate to achieve selective growth of the epitaxial
SiGex on the substrate. 49. The method of claim 30
wherein the gaseous precursor is introduced as a
mixture comprising (H3Ge)xSiH4-x and a germanium
hydride, a silicon hydride or a silicon hydridehalide.
50. The method of claim 30 wherein the gaseous
precursor is introduced at a temperature of between
about 25O0C and about 7000C. 51. The method of claim 5
1 wherein the gaseous precursor is introduced at a
temperature of about 480C. 52. The method of claim 30
wherein the gaseous precursor is introduced at a 



temperature of between about 25O0C and about 4500C.
53. The method of claim 30 wherein the gaseous
precursor is introduced at a pressure in a range from
about 1 x 10 7 Torr to at least about 5 Torr. 54. The
method of claim 30 wherein the epitaxial SiGex
comprises a strained or strain free layer having a
substantially planar surface. 55. The method of claim
30 wherein the epitaxial SiGex comprises strained
coherent islands. 56. The method of claim 30 wherein
substantially the entire Si and Ge framework ofthe
gaseous precursor is incorporated into the epitaxial
SiGex. 57. The method of claim 30 wherein the
composition of the epitaxial SiGex is substantially
uniform. 58. The method of claim 1 wherein the
epitaxial SiGex is formed under conditions that
substantially limit mass transport. 59. A
semiconductor structure comprising: a substrate; and a
SiGex layer formed by introducing near the surface of
the substrate a gaseous precursor comprising
(H3Ge)xSiH4-x, wherein x=l, 2, 3 or 4, under
conditions whereby the SiGex layer is formed on the
substrate. 60. The semiconductor structure of claim 59
wherein the SiGex layer is formed by dehydrogenation
of the precursor. 61. The semiconductor structure of
claim 59 wherein the substrate comprises silicon. 62.
The semiconductor structure of claim 6 1 wherein the
substrate comprises Si(IOO). 63. The semiconductor
structure of claim 59 wherein the SiGex layer
comprises SiGe. 64. The semiconductor structure of
claim 59 wherein the SiGex layer comprises SiGe2. 65.
The semiconductor structure of claim 59 wherein the
SiGex layer comprises SiGe3. 66. The semiconductor
structure of claim 59 wherein the SiGex layer
comprises SiGe4. 67. The semiconductor structure of
claim 59 wherein the SiGex layer comprises a SiGex
film having a thickness of less than about a micron.
68. The semiconductor structure of claim 59 wherein
the SiGex layer comprises a 



SiGex film having a thickness in a range from about
lOOnm to about 500nm. 69. The semiconductor structure
of claim 59 wherein the SiGex layer comprises a SiGex
film having a density of threading defects of less
than about 105/cm2.70. The semiconductor structure of
claim 59 wherein the SiGex layer comprises a SiGex
film having a substantially atomically planar surface
morphology. 71. The semiconductor structure of claim
59 wherein the epitaxial SiGex layer comprises a SiGex
buffer layer having a substantially uniform
composition across the layer. 72. The semiconductor
structure of claim 59 wherein the epitaxial SiGex
layer comprises a SiGex buffer layer having a
substantially uniform strain across the layer. 73. The
semiconductor structure of claim 59 wherein the
epitaxial SiGex layer comprises a SiGex buffer layer
that is not compositionally graded. 74. The
semiconductor structure of claim 59 wherein the SiGex
layer comprises one or more strained islands. 75. The
semiconductor structure of claim 59 wherein the SiGex
layer comprises one or more coherent islands. 


