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The synthesis and characterization of completely novel binary and ternary alloy semi-
conductors and ordered phases based on C, Si, and Ge are discussed in this review.
Metastable compound semiconductors with ordered structures, which include stoichiometric
SiGe, Si4C, Si3GeC4 (sphalerite), Ge4C, (Si2Ge)Cx, and (Ge2Si)Cx (x ) 5%), are described.
Materials systems include diamond-structured silicon-germanium solid solutions with
dissolved carbon (Si1-x-yGexCy), monocrystalline Ge1-xCx hybrids of Ge, and C-diamond and
related Si-containing random alloy systems. The Si4C and Ge4C materials incorporate the
corresponding tetrahedra that are linked together to form a diamond-cubic structure related
to Si. The Si3GeC4 phase is related to sphalerite and (Si2Ge)Cx has a new P3hm1 structure
formed by Ge-Si-Si ordering along the diamond 〈111〉 direction. These compounds offer
the prospect of band gaps wider than that of Si; in some cases, the band gaps are expected
to become direct. This report emphasizes an approach that combines novel precursor
chemistries and modern deposition techniques (ultrahigh-vacuum chemical-vapor deposition)
to develop heteroepitaxial, device-quality inorganic materials. Important highlights of recent
research based on conventional deposition methods are also summarized.
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Introduction

The degree of maturity that has been achieved in the
development of SiGe alloys and SiGe/Si heterostructures
and nanostructures is best illustrated by the numerous
device applications and the introduction of SiGe proc-
esses to very large scale integration (VLSI) technologies.
The recent results obtained in heterostructure engineer-
ing with the introduction of substitutional carbon in
SiGe have established Si-Ge-C alloys as important
semiconductor materials as well as stimulated intense
interest in the development of new inorganic alloys and
compounds based on Group IV elements.

Silicon carbide (SiC) with its various polytypes and
the diamond-structured Si1-xGex random alloy are the
only known, thermodynamically stable systems among
the group IV elements. Other crystalline alloys and
compounds that incorporate exclusively the diamond-
lattice semiconductors C, Si, Ge, and R-Sn had until
recently remained unexplored. A major limitation for
their formation is the large difference in covalent radii
among these elements ranging from 0.77 Å for C to 1.40
Å for Sn. The corresponding lattice constants vary
from 3.5 to 6.5 Å. Another limitation is that the
diamond structure is stable at room temperature and
normal pressures for Si and Ge, metastable for C, and
only stable up to near room temperature for R-Sn. For
these reasons, most Si-Ge-C alloys and ordered phases
are considered metastable at best.

Despite this inherent metastabilty, intense efforts are
under way to produce materials that might combine the
unique and exciting properties that the group IV ele-
ments are known to possess. These properties include
a wealth of technological applications (Si), the highest
thermal conductivity (diamond), high hole mobility (Ge),
and band gap variation between 5.5 eV (diamond) and
0.1 eV (R-Sn). The materials from C to Ge, including
SiC and Si1-xGex, all have an indirect band gap, most
with the direct gap higher than the indirect gap by >1
eV (C, SiC, Si). However, the direct band gap of Ge lies
slightly above the indirect band gap and a transition to
a direct band gap is anticipated for new systems
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containing Ge.1 The development of a direct-gap group
IV compound would have far-reaching implications in
the integration of microelectronics and optoelectronics,
which requires the combination of a direct-band-gap
material with Si.

From a technological perspective, the major issues
that drive research aimed at the synthesis of new group
IV materials are band-gap engineering and lattice
matching with Si. Band-gap engineering has been
applied previously to realize practical goals, such as the
creation of light-emitting and laser diodes, faster tran-
sistors, and a host of other novel devices using III-V
compounds and alloys. However, because recent ad-
vances in integrated microelectronics continue to rely
on the unique properties of Si, the synthesis of band-
gap engineered, epitaxial, and preferably lattice-matched
heterostructures on Si are considered essential for
future generations of high-speed devices. Research and
development in this area has primarily focused on the
Si-Ge equilibrium system where the complete miscibil-
ity of the elements allows formation of alloys with
variable composition, band structure, and lattice con-
stant.2,3 Recently, there has been much interest and
activity in other group IV combinations.

From a synthesis viewpoint, the most important
challenge for formation of group IV alloys and com-
pounds is the development of novel methods and meta-
stable conditions that yield device-quality material with
the desired composition and structure. Very recently,
conventional deposition techniques based on strain
engineering have made strong progress toward the
generation of monocrystalline but dilute (low C content)
Si1-xCx and Si1-x-yGexCy epitaxial layers on Si.4-6

Electrical and structural properties for limited composi-
tions of these material have also been investigated.7
Ongoing research is based on development of novel
chemical methods in combination with modern deposi-
tion techniques to synthesize highly saturated meta-
stable alloys.8,9 A wide variation in composition is
necessary to systematically study the effect of composi-
tion on band structure and lattice constant. These
methods should also provide the means for epitaxial
formation of new ordered structures based on the C, Ge,
and Si constituents.

From a fundamental viewpoint, new group IV com-
pound materials offer a number of unique challenges.
For example, although some theoretical predictions
based on random alloy structures suggest that the band
gap and lattice parameter vary smoothly with composi-
tion,10 other studies indicate that they do not behave
as random alloys.11 In fact, recent calculations and
experimental observations indicate that the electronic
properties of certain alloyed materials are highly com-
plex and depend strongly on the local atomic arrange-
ments within the crystal.

The scope of this report is primarily to describe
ongoing research dealing with synthesis and structural
and bonding characteristics of this new class of elec-
tronic materials, as well as investigations of their
electronic and optical properties,. The work to be
described includes metastable ordered phases and solid
solutions in the Si-Ge, Si-Ge-C, Si-C, and Ge-C
systems. Because basic research issues dealing with
stoichiometric SiC and Si1-xGex have now shifted away

from solid-state chemistry and materials science areas
toward the device arena, discussions related to these
materials is limited.

This review begins with a description of the prepara-
tion and structural analysis of simple inorganic cluster
compounds, which are the crucial precursors that have
led to the development of new group IV materials
incorporating Ge4C and Si4C building units. The im-
plications of the observed structural parameters for
length and stability of Ge-C and Si-C bonds in
crystalline semiconductor solids as well as the ap-
plicability of Vegard’s Law to these systems are pre-
sented. Synthesis and properties of ordered phases
(other than SiC) containing Si, Ge, and C and having
diamond-like or sphalerite structures are described.
Finally, recent studies oriented toward the growth and
basic optical and electrical properties of technologically
relevant, random alloy heterostructures are reviewed
from a theoretical and experimental viewpoint.

Inorganic Compounds with Si4C and Ge4C
Tetrahedral Cores

The diamond-like structure of solid solutions and
compounds in the Ge-C, Si-Ge-C, and Si-C systems
(C < 20 atom %) requires that the C atom is incorpo-
rated into the lattice as Si4C or Ge4C tetrahedra.
Methods that utilize sources with multiple C-C and
C-H bonds yield the thermodynamically stable SiC and
graphite byproducts rather than the desired metastable
products (see ref 5b). From a synthetic viewpoint, the
most suitable building blocks should therefore consist
of a central C atom surrounded by Si or Ge atoms, thus
representing a fragment with diamond-like structure
that is then terminated by H atoms. In addition, these
compounds must be volatile to be employed in prepara-
tions involving chemical vapor deposition (CVD). The
simplest of such compounds are C(SiH3)4 and C(GeH3)4
(see Figure 1).

A novel synthetic approach for development of new
Si-Ge-C thin film materials on single-crystal Si by
ultrahigh-vacuum (UHV) CVD has been developed and
is based on reactions utilizing C(SiH3)4 and C(GeH3)4
as precursors.8 In addition to their unique molecular
structure, which incorporates the desired Ge4C and Si4C
cores, there are several other important reasons for
choosing these compounds as precursors: (a) the lack
of strong C-H bonds allows low growth temperatures
and thus promotes incorporation of high C concentra-
tion; (b) the encapsulation of C between four SiH3 or
GeH3 ligands simplifies the formidable task of forming

Figure 1. Molecular structure of C(GeH3)4 (T symmetry) as
determined by gas-phase electron diffraction. The correspond-
ing C(SiH3)4 molecule has essentially the same structure.
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Si-Ge-C materials by reaction of hydrocarbons with
Si and Ge hydrides to a simple Si hydride-Ge hydride
interaction; and (c) C(SiH3)4 and C(GeH3)4 are volatile
solids (70 and 2 Torr, respectively, at 22 °C) and thus
highly suitable for low-pressure CVD. Moreover, rela-
tive to other Si or Ge hydrides, they are nonpyrophoric
and nonexplosive, and therefore easier to handle. These
covalent cluster compounds have served as the first
model for local carbon sites in Si-Ge-C crystals and
related electronic materials based on the diamond
structure. Most importantly, they provide a unique
route to a new class of semiconductor materials as
described in detail next.

Synthesis and Structures

C(SiH3)4 is a strain-free molecule with normal Si-C
bond lengths. It is usually prepared via a rather
complicated, multistep procedure described by Schmid-
baur (see refs 12b-12e for related compounds).12 On
the other hand, C(GeH3)4 is readily prepared by LiAlH4
reduction of the corresponding halides C(GeBr3)4 and
C(GeCl2Br)4 which, in turn, are prepared by a single-
step insertion of GeX2 into the C-Br bonds of CBr4 as
illustrated in the following equations:13

The sterically crowded C(GeBr3)4 and C(GeCl2Br)4
clusters display physical and structural properties that
are indicative of highly symmetric species with remark-
ably strained C centers. The structure of crystalline
C(GeBr3)4 is distorted in the solid state with an average
arrangement close to icosahedral symmetry. The de-
rived Ge-C distance of 2.05 Å is substantially longer
than the normal Ge-C bonds, which are close to 1.93-
1.94 Å in carbogermanes. A precise molecular structure
determination of C(GeBr3)4 (with T symmetry) by gas-
phase electron diffraction, as shown in Figure 2, con-
firms that this elongation is symptomatic of a weakened
bond presumably due to strain.14 It should be apparent
from Figure 2 that the positions of the outer 12 Br atoms
are close to the vertexes of a regular icosahedron.
The icosahedral arrangement seems to maximize the
Br-Br distances and thus relieve repulsion and
strain.

The unusual Ge-C bond length found in C(GeBr3)4
suggests that crystals with a C atom bonded to four Ge
groups might be sterically very crowded. The idea of
steric strain causing stretched bonds and reducing the
stability of tetrahedral structures in the molecular and
solid state is not new but nevertheless important with
regard to structural characterization and theoretical
modeling of Ge-C and Si-Ge-C semiconductors. Re-
cent theoretical ab initio investigations15 revealed that
the Ge-C bonds at random substitutional sites of C in
Ge must be stretched to accommodate strain. A typical
bond length is reported to be 2.046 Å. This value is in
remarkable agreement with the experimental value of
2.05 Å obtained for the strained C(GeBr3)4. Bond

lengths in the solid binary compounds consisting of C,
Si, and Ge have been investigated using both the
empirical Tersoff potential16 and a self-consistent plane-
wave technique.17 Simulated concentrations AC, A7C,
AC7, A63C, and AC63 (where A ) Si, Ge) with the
diamond structure show that the Si-C and Ge-C bond
lengths are highly dependent on the concentration of C
in the compound. For the concentrations A7C and A63C,
in particular, the calculated AC bonds are 4-8% longer
than in the AC solid.

Interestingly, the structure of C(GeH3)4 demonstrates
that there is very little strain associated with an isolated
Ge4C tetrahedral cluster terminated by H atoms. Based
on a model of T symmetry, the structural determination
gives a Ge-C bond length of 1.97 Å, which is slightly
longer than normal but substantially shorter than that
of C(GeBr3)4.18 The rather short Ge-C bond length is
surprising because C(GeH3)4 was predicted to be un-
stable, or at best a highly strained molecule because of
steric Ge-Ge nonbonded interactions.19 In fact, it is
stable and its structure implies that a range of values
are possible for Ge-C bond lengths. The experimental
and theoretical evidence suggest that unusual Ge-C
bond lengths should be possible in the tetrahedrally
bonded materials described later.

To further demonstrate the implications of these
results on bond length and stability in Ge-C crystals
and related electronic materials, the structure of C(Ge-
Br3)4 is compared with an element of a crystal structure
derived by ordering of the diamond structure. The case
considered is that of a simple ordered phase, AB4D3,
which represents a possible structure for the composi-
tion Ge7C [A ) C (carbon), B ) D ) Ge]. Figure 3 shows
a fragment AB4D12 [) A(BD3)4] of this structure having
a central atom A at the center of a cubic unit cell with
symmetry P43m (note that this is the same structure
as the new spalerite-like SiGe3C4 described later). The
next 12 D nearest neighbors of the central A atom are
at the vertexes of a cuboctahedron. As shown in the
figure, rotation of triangular C3 groups about the B-D

4GeX2‚dioxane + CBr4 f (X2BrGe)4C + 4 dioxane
(X ) Cl, Br)

(BrX2)4Ge98
LiAlH4

-LiX, -Al3
(GeH3)4C

Figure 2. (Top) Molecular model of C(GeBr3)4 with T sym-
metry. (Bottom) Packing model of Br atoms in C(GeBr3)4. Each
Br has five neighbors in an icosahedral arrangement.
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bond axis can convert the structure from a cuboctahe-
dron to an icosahedron. This conversion illustrates that
the crystal contains A(BD3)4 units but the constraints
of symmetry require the more strained cuboctahedral
geometry (with Td symmetry for the AB4D12 fragment)
in contrast to the molecule with icosahedral shape (T
symmetry). Accordingly, Ge-C bonds even longer than
2.05 Å might be expected in diamond-related Ge1-xCx
crystals. Moreover, these observations cast serious
doubts on the assumption that materials of Ge, or even
Si, alloyed with C should obey Vegard’s Law.

Finally, the validity of Vegard’s Law in estimating the
Ge-C composition that would allow Ge, SiGe, or Si
doped with C to match exactly the lattice parameter of
Si and thus allow strain-free heteroepitaxial growth is
considered. According to Vegard’s Law, the lattice
parameter of an intermediate alloy phase may be
obtained by linear interpolation between those of the
two constituents. Assuming linear interpolation be-
tween the unit-cell parameter of C (diamond) and Ge,
a ratio of Ge:C ratio of 8.5:1 would provide a match to
the lattice parameter of Si. A normal Ge-C bond length
of 1.93 Å would result in a unit cell constant a ) 4.492
Å for the unknown GeC. Linear interpolation between
GeC and Ge would give lattice matching with Si at Ge:C
of 9.2:1. On the other hand, a Ge-C bond length of 2.05
Å gives a ) 4.734 Å for GeC and the matching composi-
tion is then Ge:C of 7.1:1. Clearly, if linear interpola-
tions remains valid, then the relationship between unit
cell size and composition in Ge-C and Si-Ge-C alloys
must be uncertain. It will become apparent from the
specific material systems discussed later that the meas-
ured lattice parameters are larger than expected from
Vegards’ Law, a discrepancy that must be attributed to
bond elongation.

Procedures for Growth and Characterization

The growth of most materials described here has been
carried out in a simple custom-built UHV CVD system.8
The single-crystal (100) Si substrates were first RCA-
prepared in a clean room and then treated with 10%
Hartree-Fock (HF) to passivate their surface. The

passivating layer was removed at 450 °C in the reactor,
and shortly thereafter the reactants were introduced
into the reactor intermixed with large excesses of
ultrahigh purity H2. The interaction of SiH4 and GeH4
with C(SiH3)4 and C(GeH3)4 at 450-500 °C on the Si
surface provides formation of films that are visually
indistinguishable from the underlying substrate (ex-
perimental details for synthesis of each material system
described in this report are referenced to published work
in the following sections).

Several characterization techniques have been used
to determine structural, compositional, and bonding
properties of the thin film heterostructures, including
the following: (a) High-resolution electron microscopy
has been used for microstructural characterization, in
particular to determine the quality of epitaxial growth.
(b) Rutherford backscattering spectroscopy (RBS) has
provided elemental composition, as well as estimates
of film thickness and the quality of epitaxial growth
using ion channeling. The Si-Ge elemental concentra-
tions were obtained by utilizing 2 MeV He2+, ions and
the C content was measured with a C-resonance
12C(R,R)12C reaction at 4.265 MeV. To determine the
location (substitutionality) of C in the diamond lattice,
the C-resonance random and aligned spectra were
compared, as shown for a representative sample in
Figure 4. The C spectra clearly shows the presence of
a nonsubstitutional surface C peak followed by a
marked reduction of the signal inside the film, indicat-
ing that C is indeed part of the diamond lattice. (c)
Secondary ion mass spectrometry (SIMS) has been used
for qualitative and quantitative depth profiling as well
as identification of the surface elements. (d) Fourier
transform infrared spectroscopy (FTIR) and high-
resolution Raman spectroscopy have been used to
identify the local bonding environment of C atoms in
the diamond-like lattice, the nature of possible precipi-
tates, and to investigate strain. To determine whether
C is entirely substitutional, FTIR and Raman spectra
are routinely recorded, as shown by the example in
Figure 5, which originates from the Si2GeCx (x ∼ 6%)

Figure 3. (Top) Left: a P43m unit cell of an AB4D ordered
version of the diamond structure; right: the cuboctahedral
arrangement of the D atoms shown at left. (Bottom) Left:
A(BD3)4 molecule with the geometry of C(GeBr3)4; right: the
icosahedral arrangement of the D atoms.

Figure 4. Carbon signals from the C-resonance RBS spectrum
of Si1-x-yGexCy (y ) 0.02; dotted line: aligned, solid line:
random). The sharp surface peak does not show any ion
channeling, whereas the bulk peak channels remarkably well,
indicating that C primarily occupies lattice sites.41
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material described later. The spectra typically display
a weak absorption at 607 cm-1, corresponding to the
localized mode of substitutional C in Si. Substitutional
C in Ge is confirmed by a sharp absorption at 516 cm-1.
Strong absorption peaks at 800 cm-1 that would cor-
respond to SiC are not usually observed. Nearly all of
the materials described here have structures closely
related to that of Si. They incorporate Si-C and Ge-C
bonds substantially stretched relative to â-SiC, which
are identified from a single three-dimensional local
mode of Td symmetry at frequencies that are strikingly
different from the vibrational frequency of the Si-C
bond in â-SiC.

Group IV Semiconductor Compounds

Ordered structures composed of Si, Ge, and C offer
the possibility of strain energy minimization by ordering
the constituents in the same way that 50 atom % Si and
50 atom % C are ordered in the thermodynamically
stable zinc blende SiC phase. In fact, in its various
polytype forms, SiC is the only known stoichiometric
phase among the elements C, Si, Ge, Sn, and Pb. In
recent years, considerable effort has been devoted to
preparation of an ordered stoichiometric SiGe phase
because of its potential importance as a direct gap
semiconductor. The first successful attempt to synthe-
size ordered SiGe was reported by Ourmazd and Bean
in 1985,20 and it has been since observed by many others
in strained Si1-xGex/Si multilayers.3,21

Recent theoretical investigations have considered
related hypothetical Si-Ge-C ordered structures with
the diamond, zinc blende, Cu-Au, Cu-Pt, chalcopyrite,
and luzonite [Cu3(As,Sb)S4] crystal structures.22 With
the exception of zinc blende SiC, all compounds consid-
ered were thermodynamically forbidden, although sev-
eral showed promise for synthesis. It was reported that
the most stable compounds were those that have C on
a common sublattice and were nearly lattice-matched
with â-SiC.

In this section we describe synthetic routes, structural
characteristics, as well some other basic properties of
selected strain-stabilized or unstrained (lattice-matched)
diamond-cubic and zinc blende ordered phases from the
Si/Ge, Si/C, Si/Ge/C, and Ge/C systems. The common
feature of those that contain C is that C occupies one

sublattice with Si and Ge on the other, so that only the
closely matched Si-C and Ge-C bonds are present.

Hexagonal Si2Ge and Ge2Si Structures

Si2GeCx. An unusual ordered Si2Ge phase was
observed recently in thin epitaxial layers of approximate
composition Si2GeCx (x ∼ 6 atom) grown on (100) Si.
Except for regions near the interface, the ordered phase
forms throughout the layer23 by reactions of C(SiH3)4
with mixtures of SiH4 and GeH4. Electron microscope
examination shows a periodic superstructure that has
a periodicity along the 〈111〉 direction that is three times
larger than that of the underlying Si lattice. Typical
regions are shown in Figure 6. Selected-area electron
diffraction patterns clearly show additional superlattice
spots that correspond to the tripling of the {111}
periodicity. Vibrational spectroscopic studies indicate
that the C is completely substitutional with four Si
atoms as nearest neighbors, consistent with the incor-
poration of the entire Si4C tetrahedron into the Si-
Ge-C lattice. The measured (111) lattice spacing of
3.15 Å is very close to the corresponding lattice spacing
of Si (3.14 Å). The close matching is consistent with
incorporation of substitutional carbon in the Si-Ge
lattice.

Figure 5. Raman spectrum of Si2GeCx (x ) 6 atom %). In
addition to Raman modes associated with the alloy, the Raman
signal from the substrate is also visible at 520 cm-1. Note the
Si-C lattice mode at 607 cm-1 corresponding to substitutional
C.

Figure 6. High-resolution electron micrograph of the (Si2Ge)-
Cx ordered structure deposited on (100) Si. Diffraction pattern
(inset) corresponds to entire layer. Note diamond-cubic host
reflections marked by frames and labeled with Miller indices.
Superlattice spots indicating tripling along 〈111〉 directions are
located between spots marked. A magnified section of the
electron micrograph (below) is compared with image simula-
tion of ordered structure (right corner).
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Based on the observations of the superlattice struc-
ture, ab initio quantum mechanical modeling led to a
proposed Si2Ge structure with symmetry P3hm1, as
shown in Figure 7. In this structure, a plane of atoms,
presumably dominated by Ge is followed by two planes
of Si atoms doped with C. Lattice coordinates deter-
mined with the empirical many-body potential of Ter-
soff16 give a hexagonal unit cell with parameters a )
3.891 and c ) 9.530 Å. There are two kinds of Si
atoms: Si(1) atoms are located at ((0, 0, 0.1237) and
bonded to four Si atoms (some of these Si atoms are
replaced by C to give the true (Si2-xGe)Cx material); and
Si(2) atoms at ((1/3, 2/3, 0.7972) are bonded to three
Si and one Ge. Finally, the Ge atoms at ((1/3, 2/3,
0.5454) are bonded to one Si and three Ge. Of interest
is the fact that the rhombohedral subcell of Si2Ge, which
would correspond to the cubic cell in the disordered
phase, has a ) 5.503 Å and R ) 90.01°. The Si2Ge
structure was also confirmed by comparing computer-
simulated images with experimental micrographs.
Matching between calculated and experimental images
is shown at the bottom of Figure 6. The calculated
diffraction data for the Si2Ge structure appear to be in
excellent agreement with the experimental results and
support the proposed ordered layering for this composi-
tion.

In contrast to this observation of extensive ordering
in Si2GeCx, the absence of any ordering in samples of
composition Si2Ge implies that C must have played a
role in this ordering. There is strong evidence that use
of the C(SiH3)4 precursor results in C being incorporated
into the structure as integral Si4C units, immediately
imposing substantial short-range order on the structure.
Notice that in the proposed ordered structure, Si(1)
atoms are surrounded by four Si atoms, so it is natural
to assume that this is the preferred site for incorporation
of C. Furthermore, incorporation of Si4C tetrahedra

clearly requires formation of at least two adjacent lattice
planes that consist of Si atoms connecting the randomly
distributed Si4C units.

Ge2SiCx. The possibility of similar ordering in the
corresponding (Ge2Si)Cx system was also investigated.
Samples with approximate composition 7% C, 31% Si,
and 62% Ge, corresponding to the desired (Ge2Si)Cx,
were readily obtained from the reaction of C(SiH3)4 with
GeH4 at 500 °C. This material was epitaxial and nearly
monocrystalline, and the microstructure observed in
cross section was dominated by {111} lattice fringes of
the disordered phase. However, regions were observed
that displayed a 3-fold periodicity along the 〈111〉
direction similar to that observed in (Si2Ge)Cx. Because
the compositional and vibrational data indicated that
C is incorporated in the form of Si4C units, it was
inferred that the tripling of the lattice was again due
to a Ge atomic layer followed by two layers consisting
of Si4C tetrahedra linked by Ge atoms rather than Si
atoms as proposed for the (Si2Ge)Cx system. Computer-
simulated images for a model based on a Ge-(Si0.5-
Ge0.5)-(Si0.5Ge0.5) sequence appeared to be consistent
with the experimental micrographs for (Ge2Si)Cx. Fur-
thermore, the lattice spacing of the “ordered” areas was
slightly smaller than that of the disordered regions,
implying that a larger concentration of Si4C building
blocks was incorporated into the ordered areas, thereby
imposing short-range order.

GeSi3C4 with the Sphalerite Structure. In con-
trast to the compounds just described, the most promis-
ing structures in terms of lower energy do not match
dimensionally with Si but match rather well with SiC.
Although these structures are unstable with respect to
decomposition into the constituent elements and SiC,
metastable synthesis may again be possible using low-
temperature growth techniques. For example, using
nonequilibrium methods, the synthesis of a new Si-
Ge-C compound with composition GeSi3C4 and a struc-
ture related to ZnS sphalerite was demonstrated.24 This
material was obtained by thermal decomposition (650-
750 °C) of (SiMe3)4Ge, which is a remarkably volatile,
air-stable compound, via elimination of benign byprod-
ucts such as CH4, H2, and HSiMe3. Films ranging in
thickness from 1000 to 5000 Å were deposited on single-
crystal (100) Si and SiO2 wafers. Extensive composi-
tional and structural analysis revealed that this was a
single-phase material containing Ge-C bonds, which
are ordinarily disfavored in the crystalline solid state.
Diffraction measurements gave a lattice constant slightly
higher (by 1%) than that of cubic SiC, which is con-
sistent with the larger Ge atoms substituting for Si
atoms in the sphalerite structure. Vibrational studies
(IR, Raman) revealed Si-C and Ge-C absorptions that
were indicative of the zinc blende structure.

The diffraction data and phase composition suggested
an ordered structure, as shown in Figure 8, where the
Ge and Si atoms occupied the corner and face-centered
positions, respectively, and C atoms occupied one-half
of the tetrahedral sites of the face-centered-cubic unit
cell. Independently, it has been predicted that GeSi3C4
is a low-energy structure nearly lattice-matched to SiC
(mismatch of 1%), and it should also be a direct-band-
gap semiconductor, although the optical transition
strength may be small.22 This cubic structure is de-

Figure 7. Illustration of ordered diamond structure of (Si2-
Ge)Cx. Only Ge and Si atomic planes are shown. These are
depicted by one layer of large blue spheres and two layers of
small orange spheres respectively, stacked along the vertical
direction. A possible C site (small dark sphere) and corre-
sponding Si4C tetrahedron (marked) are also shown inset in
the Si bilayer.
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scribed as that of Luzonite, Cu3(As,Sb)S4, but in fact,
this mineral has a different tetragonal structure.

Si4C: A Binary Diamond-Like Phase. An ordered
Si4C structure that consists of Si4C tetrahedra linked
at the corners by Si-Si bonds has been predicted.25 In
theory, it is energetically preferred to a random alloy
(0.4 eV per C atom) in comparison with isolated sub-
stitutional C atoms (see Figure 9). The C atoms in the
lattice are arranged as third-nearest neighbors to allow
the relatively short Si-C bond to exist with minimum
strain. A model of the structure (not stabilized by
strain) was obtained by the Tersoff method.16 Refine-
ment revealed a tetragonal unit cell (I41/a) with lattice
constants a ) 7.793 Å and c ) 5.029 Å, as illustrated
in Figure 10.26 The lattice parameter of the pseudocubic
cell is 5.029 Å. Osten and co-workers25 have postulated
that synthesis of such a highly concentrated Si-C
diamond-cubic phase is only possible as a strained
pseudomorphic layer embedded between pure crystal-
line Si layers. Related semiconductor structures that
are not found in the bulk phase diagrams have been
previously shown to be stabilized by substrate-induced
strain.27,28 A strain-stabilized Si4C layer would, how-
ever, require stretching by at least 7-8% in the x,y
plane of growth and should have very limited critical
thickness. For thicker layers, strain relief by the
formation of extensive defects and â-SiC should be
expected.

Si/Si4C/Si layered structures prepared via molecular
beam epitaxy (MBE) were found to be epitaxial and
crystalline.25 The “Si4C” layer was very thin (<10 Å)

and thus difficult to analyze and characterize. Recently,
a C-rich secondary phase was detected in an alloy
material that had an overall composition of Si89Ge10C1.29

In regions where this phase was observed, a reduction
in lattice spacing was measured along the vertical
growth direction consistent with a cubic material
stretched in the plane. The lattice parameter of this
secondary phase was best explained by a model based
on C atoms arranged as third-nearest neighbors (i.e
Si4C-related).29

A novel approach for synthesis of pure Si4C layers
that are sufficiently thick to allow complete character-
ization has focused on the thermal dehydrogenation of
C(SiH3)4 on clean Si surfaces:

This compound appears to be ideal for this purpose
because it already incorporates the tetrahedral building
block required to develop an extended Si4C network.

A material having Si80C20 composition was deposited
from C(SiH3)4 in the presence of H2 at temperatures
ranging from 550 to 700 °C.30 The Si80C20 elemental
content was the same as the Si:C ratio in the source
precursor, implying that the composition and potentially
the tetrahedral structure of the Si4C core had been
retained in the solid state. As-deposited material did
not contain hydrogen and was completely amorphous,
as shown in Figure 11. Annealing at temperatures
<750 °C showed partial crystallization at the substrate
alloy interface, whereas annealing at temperatures in
the range 800-850 °C led to complete crystallization
across the entire layer thickness via solid-phase epitaxy
(see Figure 11b). The material was single-phase with
the diamond-cubic structure (no evidence for SiC or C
precipitation was found), although lattice defects were
observed. Diffraction studies indicated a lattice con-
stant ranging locally from ∼0.5.35 to ∼5.30 Å. This
value is lower than that of Si (5.46 Å) but significantly
higher than the value of 5.06 Å that would be calculated
from Vegard’s Law by assuming linear interpolation of
the unit-cell parameters of diamond-C and Si. Analysis
of the annealed samples confirmed that the composition
had remained as Si4C, and elemental depth profiles
showed that the elements were still homogeneously

Figure 8. Zinc blende-based crystal structure of Si3GeC4.

Shaded spheres at corners and dark spheres at faces represent
Ge and Si atoms, respectively. Small spheres at Td sites
represent C atoms.

Figure 9. Energy per C atom relative to isolated substitu-
tional C for range of Sin-1C structures that are strained to
match the lattice of Si. The ab initio data are for the relaxed
positions obtained from the Keating model.25

Figure 10. Left: The structure of Si4C as projected on the
a-b plane for clarity. The Si4C tetrahedra (Si atoms are orange
spheres and C atoms are gray) are linked together so that C
atoms are arranged as third nearest neighbors. Right: Typical
microindentation atomic force microscopy (AFM) image and
indentation depth profile that yields a hardness slightly higher
than that of pure Si.

C(SiH3)4 f Si4C + 6 H2
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distributed throughout the sample. At annealing tem-
peratures >950 °C, nucleation of crystalline Si and
â-SiC precipitates throughout the layer were observed,
indicating the instability of the material at higher
temperatures with respect to the thermodynamically
stable products.

The Si80C20 material could only be grown as an
epitaxial, crystalline layer to a maximum thickness of
∼400 Å, above which the system became polycrystalline.
Lattice parameters as low as 5.25 Å were measured in
small grains, suggesting that the larger lattice param-
eter measured in the epitaxial layers may have been
due to substrate-induced strain. Larger-than-normal
Si-C bonds and possible strain stabilization of the
crystalline Si80C20 are consistent with the proposed
theoretical description of the structure. Vibrational
characterization showed only the C-Si stretching mode
at ∼730 cm-1. Comparison of this stretching frequency
with that of cubic â-SiC at 800 cm-1 and the reported
value31 for the local vibrational mode in substitutional
Si1-xCx alloys at 610 cm-1 indicates that the Si-C bond
is characteristic of a weakened bond, presumably due
to strain arising from the sterically crowded Si environ-

ment. According to the proposed structure,25 the
stretched C-Si bond is 7% longer than the Si-C bond
in â-SiC.

Diamond-Cubic SiGe. Bulk Si and Ge form a
continuous solid solution with diamond-cubic-type struc-
ture that has generally been accepted as an almost ideal
solution. A recent extended X-ray absorption five
structure (EXAFS) study of polycrystalline Si-Ge films
annealed at 700 °C provided strong evidence for an
essentially random alloy at all compositions.32 Ordered
phases in bulk Si-Ge have not yet been reported but
short- and long-range order in stoichiometric SiGe
grown under metastable conditions on Si substrates has
been observed or suggested. Early reports indicate that
annealing of strained layers formed on (100) Si by
molecular beam epitaxy (MBE) yield an order-disorder
transition in the SiGe sublayer.20,21 The proposed
structural model is based on a (SiGe)-(GeSi) sequence
of atomic layers along the 〈111〉 direction, as shown in
Figure 12, and corresponds to a fixed Si0.5Ge0.5 composi-
tion where three-fourths of the bonds are heteropolar
(Si-Ge). It appears that this model is preferred over a
zinc blende type in which all bonds (Si-Ge) are het-
eropolar.

Further investigations of the same Si0.5Ge0.5 composi-
tion by Le Goues and Iyer by Raman spectroscopy and
electron diffraction confirmed the same ordering in
unstrained layers, but an entirely different model was
proposed.33-35 In this case, the unit cell of the diamond-
structured ordered phase is essentially doubled along
the 〈111〉 direction (see Figure 12, top right). The
ordering is described as alternating Ge and Si {111}
lattice planes, where three-fourths of the bonds are
homopolar (Si-Si, and Ge-Ge) and one-fourth are
heteropolar (Si-Ge). This structure has been described
as “microscopically strained” due to the difference in
bond lengths, and its formation is justified in terms of
its lower chemical energy. This energy was calculated
by Martins and Zunger27 and attributed to the higher
number of homopolar Si-Si and Ge-Ge bonds that are
considered stronger than the heteropolar Si-Ge bonds.
Martins and Zunger27 also determined that the lower
chemical energy in this structure should compensate for

Figure 11. Cross-sectional electron micrographs of film with
composition Si0.80C0.20: as deposited and completely amorphous
(top); after annealing at 850 °C (bottom). Complete crystal-
lization via solid-phase epitaxy has occurred across the entire
layer thickness in the latter case.

Figure 12. Models consistent with the proposed structure of
SiGe. Top: one-eighth of the ordered unit cell (left: model
proposed by Bean; right: model proposed by LeGoues).33

Bottom: [101] projection through the unit cell.
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the higher mechanical energy that arises from strain,
particularly because the latter was relatively small in
Si-Ge alloys. The same argument was also used to
explain why the model structure in Figure 12 (with 75%
Si-Ge bonds) would be preferred over the zinc blende
structure (with 100% Si-Ge bonds).

The strongest evidence for the structure proposed by
Le Goues is obtained by high-resolution electron dif-
fraction and resonant Raman studies. Determination
of the exact structure was based on strong superlattice
reflections observed in diffraction patterns collected
along several zone axes. All superlattice reflections,
including intensities, were compared with simulated
diffraction patterns and found to be in exact agreement
with the structure in Figure 12. The Raman spectra of
the ordered phase were also recorded and compared
with the spectrum of the corresponding random alloy.
The changes in the relative intensities of the different
optical phonon modes (Si-Si, Si-Ge, and Ge-Ge) were
consistent with an ordered structure in which the
majority of the bonds were homopolar and the minority
were heteropolar. The Raman intensity changes sup-
port the proposed structure although the spectra also
showed that ordering was always incomplete at ∼60-
65%.

Other phases in the Si1-xGex system have been
reported, although they appear to be less certain and
not as thoroughly studied as the cubic SiGe. More
recently, two coexisting ordered models have been
proposed in a strained Si0.6Ge0.4 layer.36 Based on
extremely weak superlattice reflections in X-ray dif-
fraction pattern, the atoms in the structure are pur-
ported to align in the sequences Ge-Si-Ge-Si and Ge-
Si-Si-Si along the (111) axis. However, no microstruc-
tural data was provided to support the claim. A similar
Ge-Si-Si-Si ordering has been proposed for isolated
grains in a material with bulk composition Si0.70Ge0.30.37

In all of these cases, the ordered phase is a minority
component of the bulk material.

Group IV Semiconductor Alloys

The SisGesC System. Alloys of Si1-xGex have
continuously variable lattice parameters and band gap,
and they have attracted much attention because of their
potential for numerous practical applications.38 For
example, they have been successfully used to create
heterojunction bipolar transistors (HBTs) with cutoff
frequencies in excess of 100 GHz, which is substantially
higher than for the traditional Si counterparts.39 For
this reason, the Si-Ge system has been considered as
the natural complement to silicon in high-frequency
applications.40

A problem facing Si-Ge technology is the inherent
4% lattice mismatch between Si and Ge that causes
compressive strain in Si1-xGex layers grown hetero-
epitaxially on Si. The strain increases both with
increasing Ge concentration as well as increasing Si-
Ge film thickness. A possible solution to the mismatch
problem is the incorporation of C which, in the diamond
form, has a lattice constant of 3.57 Å, which is signifi-
cantly smaller than those of Si (5.43 Å) and Ge (5.65
Å). Incorporation of C into SiGe material should reduce
the lattice mismatch with the smaller size of C, com-
pensating for the larger size of Ge. Using Vegard’s Law,

a Ge:C ratio of ∼9:1 would in principle at least provide
an alloy that is lattice-matched with Si. The incorpora-
tion of a third component also adds additional flexibility
in band-gap engineering. Indeed, it has been suggested
that the advent of high quality Si1-x-yGexCy material
could push device performance into even higher fre-
quency ranges, posing a challenge to GaAs technologies
that have dominated the high-frequency market.40

The incorporation of C into SiGe has been the objec-
tive of much ongoing effort since the early 1990s using
techniques such as MBE and solid-phase epitaxy, as
well as conventional CVD. These attempts have typi-
cally resulted in maximum C incorporation levels of
∼1-2 atom %, which allow a limited range of Si-Ge
compositions under lattice-matched conditions. Re-
cently, CVD processes using hydrocarbons with multiple
C-H bonds, such as C2H2 and C2H6, as the source of C
led to the development of device-quality material with
2 atom % C incorporation.41 The addition of C was
shown to have a marked effect on the structural quality
of the material. Whereas defects such as misfit disloca-
tions were usually observed at the SiGe/Si interface due
to lattice mismatch, the new SiGeC films grown at 700
°C had very few interfacial defects, as shown in Figure
13.42 Furthermore, the addition of C into the SiGeC
lattice led to substantial increases in the critical thick-
ness for defect-free epitaxial growth. Substitution of C
into SiGe lattice has thus achieved reduction of the
lattice mismatch between the SiGe layer and the Si
substrate.

Despite the successful synthesis of device-quality, low-
carbon-content Si-Ge-C films, it has been proven
difficult to incorporate C in sufficient quantities to

Figure 13. Cross-sectional electron micrographs: (a) Si/SiGe
interface with misfit dislocations (arrowed); (b) Si/Si-Ge-C
interface (arrowed) showing defect-free coherent growth.
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achieve lattice matching, especially for large Ge con-
centrations. Continuing efforts to introduce >2 atom
% C by conventional CVD require high deposition
temperatures and have usually resulted in amorphous
or at best polycrystalline materials. The low C incor-
poration is attributed to the high stability of the C-H
and C-C bonds of the precursors. High reaction tem-
peratures are required, which seem to favor SiC pre-
cipitation, phase separation, and inhomogeneous ma-
terial. MBE studies confirm that the incorporation of
substantial C into substitutional sites of the SiGe crystal
lattice can only be accomplished by kinetically favored,
low-temperature growth conditions (450-500 °C) in
contrast to thermodynamically stable SiC, which is
likely to form at high temperatures.6

Novel deposition methods are required that provide
a higher degree of compositional control as well as
favoring lower temperature reaction routes that could
lead to novel metastable structures with the desired
compositions. The primary objective is to develop
alternative methods of creating highly concentrated
layers (C > 4 atom %) that are inaccessible by conven-
tional routes. Methods based on reactions of C(SiH3)4
and C(GeH3)4 with SiH4 and GeH4 have been success-
fully utilized to prepare Si-Ge-C materials with C
contents substantially higher than obtained previously.

(i) (Si4C)xGey and (Ge4C)xSiy. Reactions of C(SiH3)4
with GeH4 at 450 °C, and C(GeH3)4 with SiH4 at 500
°C, yield materials with the general formulas (Si4C)x-
Gey and (Ge4C)xSiy, respectively.

A range of (Si4C)xGey compositions containing 3-10
atom % C was prepared. A typical sample having C )
5 atom %, (Si ) 20 atom %, Ge ) 75 atom %) was
monocrystalline and epitaxial.9 However, severe deg-
radation of crystallinity and epitaxial quality occurred
when the C content was increased to levels >7 atom %
and samples with 10 atom % C were entirely polycrys-
talline. As shown in Figure 14, a typical sample of the
(Ge4C)xSiy material with C ) 5 atom %, (Ge ) 20 atom
% and Si ) 75 atom %) was completely epitaxial and
displayed better crystallinity and fewer defects than the
corresponding (Si4C)xGey sample with the same C
concentration. The reactions of C(SiH3)4 and C(GeH3)4
with GeH4, and SiH4, respectively, demonstrate the
successful preparation of single-phase material incor-
porating significant carbon (5-6%) content. They also
indicate the remarkable degree of compositional control
that these two compounds can provide by incorporating
the composition of the Ge4C and Si4C molecular frame-
work into the solid state.

(ii) Si1-x-yGexCy. The reactions of C(SiH3)4 with
various combinations of SiH4 and GeH4 was further
explored to determine the optimum conditions for pos-
sible lattice matching. The objective was again to
prepare Si1-x-yGexCy materials that incorporated wide
variations in Si and Ge concentrations while maintain-
ing the C content at a significant level in the 5% range.
One aim of these experiments was to establish whether

a Ge:C ratio of ∼9:1 would indeed afford lattice-matched
material as predicted by Vegard’s Law. By growing at
470 °C with a rate of 6 Å/min, Si1-x-yGexCy materials
(x ) 0.31-0.34 and y ) 0.03-0.07) were produced that
were nominally lattice-matched to Si. An SiGeC layer,
with a nominal C content of 4-5 atom %, displayed a
high degree of crystalline perfection, and the lattice
constant (5.46 Å) matched closely with that of Si (5.43
Å). No evidence of SiC precipitation was observed, and
the subtle decrease in the lattice constant of the
diamond-cubic unit cell with increasing C content from
3 to 6 atom % was consistent with the smaller size of C
substituting for the larger size of Ge in the lattice. The
remarkably low deposition temperature undoubtedly
favors incorporation of the C in the diamond lattice as
indicated by a variety of analytical methods.

The GeC System. A major reason for continued
interest in Ge-C alloys is the observation that the
lattice parameter of Si (a ) 5.43 Å) is intermediate
between that of Ge (a ) 5.657 Å) and diamond (a )
3.567 Å). A Ge film doped with a suitable level of C
should exactly match the lattice parameter of Si, which
would then allow growth of strain-free heteroepitaxial
layers. This simple binary system offers the potential
for band-gap engineering and, in theory, band gaps
greater than those of Ge, Si-Ge, or even Si are expected
with increasing C concentration. Wide band gap Ge1-xCx
superlattices would likely have important technological
applications in high-speed heterojunction bipolar tran-
sistors and optoelectronics.43 Surprisingly, although
SiC is a well-known stable phase and Si and Ge form
continuous solid solutions, the mutual solubility of C
in Ge is very small and the compound GeC is predicted
to be metastable with respect to disproportionation into
the elements.44 In fact, no inorganic crystal structure
with the Ge-C bond appears to have been reported,45

although metastable dilute solutions of C in Ge have
been prepared recently by a variety of deposition and
implantation methods. Antimony-mediated growth of
epitaxial Ge1-xCx hybrids of diamond and germanium
(x ) 1 atom %) have been prepared by MBE.46 This
method of surfactant (As,Sb)-mediated growth has been
successfully applied to suppress island formation (Stran-

C(SiH3)498
GeH4

-H2
(Si4C)xGey

C(GeH3)4 98
SiH4

-H2
(Ge4C)xSiy

Figure 14. Cross-sectional electron micrograph showing
heteroepitaxial growth of (Ge4C)xSiy (y ) 0.05) obtained using
C(GeH3)4 as the C source. Note relatively defect-free Si/Si-
Ge-C interface. The crystal quality of materials obtained
using C(GeH3)4 was better than those obtained from C(SiH3)4.
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ski-Krastanov mode) during growth of pure Ge layers
on Si by artificially reducing the strain that exists
between the lattice-mismatched Si and Ge. It was
determined, however, that the Ge1-xCx layer did not
behave identically to pseudomorphic Ge and it should
instead be considered as a new material with its own
intrinsic strain properties. Several other synthetic
studies by solid-source MBE have yielded strain-
stabilized materials with reduced lattice constants and
increased band gap relative to bulk Ge that are con-
sistent with formation of a solid solution between
diamond and germanium.47

A more recent investigation utilized implantation of
C into single-crystal Ge followed by annealing at 350
°C to introduce a very minor concentration of substitu-
tional carbon.15 The substitutionality of C was con-
firmed by a sharp absorption in the IR spectrum at 516
cm-1. This value is characteristic of a weak and rather
elongated Ge-C bond and it is in good agreement with
the calculated frequency of C impurities in Ge. The
elongation was attributed to steric strain around the C
lattice site. Complementary ab initio calculations were
also performed to investigate the length and stability
of the Ge-C bond. In these calculations, clusters of a
central C atom are surrounded by either 34 or 70 Ge
atoms forming a fragment of the diamond structure (Td
symmetry). The Ge-C bond lengths were longer than
normal, being 2.081 and 2.045 Å in the smaller and
larger clusters respectively, as shown in Figure 15.

Highly Saturated Ge1-xCx Incorporating Ge4C
Building Blocks. C(SiH3)4 and (to a lesser extent)
C(GeH3)4 were successfully utilized to synthesize high
carbon content, heteroepitaxial Si1-x-yGexCy alloys. The
corresponding Ge1-xCx materials are, however, much
more difficult to prepare. The instability of the Ge-C
bond (due to strain) is considered to be a dominating
factor. Nevertheless, we have demonstrated that
C(GeH3)4 is a highly effective precursor for low-temper-
ature Ge-C growth.48 The lack of strong C-H bonds
favors lower deposition temperatures thus leading to
novel metastable compositions. For example, the ther-
mal dehydrogenation of the molecule at 500 °C on
chemically clean (100) Si yields a new crystalline
semiconductor that has Ge and C in the ratio of ∼4:1,
according to the following equation. This ratio corre-
sponds to the same atomic ratio as the precursor
suggesting that the Ge4C composition, and possibly the
tetrahedral structure of the gaseous molecule, is re-

tained in the solid state.

Structural analysis indicates that the deposited mate-
rial has the diamond cubic structure and a lattice
constant lower than that of Ge but substantially higher
than the value calculated by Vegard’s Law. Interactions
of C(GeH3)4 (and analogous germylmethanes)49 with
GeH4 or (GeH3)2 at 500 °C produced Ge-C materials
with C compositions ranging up to 20 atom %. The
Ge1-xCx materials having C concentrations up to ∼3%
were virtually monocrystalline and completely epitaxial.
As shown in the high-resolution electron micrograph in
Figure 16, the low deposition temperature and the
relative low growth rate of 5-6 Å/min have yielded
nearly perfect epitaxy, and allowed the formation of a
remarkable layer of l000 Å thickness for a material that
should be dominated by strain. The Ge-C samples with
C content ranging from 2.5 to 6 atom % were crystalline
and heteroepitaxial but, as shown in Figure 17, they
showed a substantial concentration of {111} stacking
faults and microtwins that originated from the Ge-C/
Si interface and extended through the layer. The lattice
constant of samples with composition Ge94C6 was 5.50
Å, about midway between those of Si and Ge. This
value is again higher than the value calculated by
Vegard’s Law.

A noteworthy highlight of the Ge-C synthesis was
the dramatic change in morphology and structure of the
material with increasing C content. A decrease in
growth rate with increasing C content from 3 to 5 atom
% provided layer-by-layer growth that resulted in high-
quality epitaxy and virtually atomically flat surfaces.
This type of growth behavior is not observed for pure
Ge deposition on Si. Novel defect-induced crystal
growth of carbide nanorods occurred in samples with

Figure 15. Structure of substitutional C in Ge calculated from
ab initio theory.15 The bond lengths are expressed in Ang-
stroms.

Figure 16. High-resolution electron micrograph showing
cross-sectional view of heteroepitaxial Ge0.98C0.02. The electron
diffraction pattern and the SIMS depth profile are also shown.

C(GeH3)4 f 6H2 + Ge4C
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overall C content of ∼13-15 atom % (see Figure 18).
The lattice constant of these monocrystalline rods,
which grew very rapidly from the surface of a 400 Å
Ge-C layer, is ∼5.46 Å, which is remarkably close to
that of pure Si. These unstrained nanostructures offer
the promise that a diamond-structured Ge-C material
that matches dimensionally with Si may be possible.

The Si-C System. Carbon incorporation onto the
substitutional sites in Si to create hybrids of C (dia-
mond) and Si has attracted the most attention among
the various group IV combinations described in this

report. The Si1-xCx alloys and strained superlattices are
the focus of substantial ongoing academic and industrial
research, particularly in the field of band-gap engineer-
ing. The principle again is that the lattice mismatch
between the substrate and the deposited material can
be accommodated by elastic strain, which directly
influences the band structure. Furthermore, the forma-
tion of solid solutions between diamond and Si should
also influence the band structure, and band gaps
intermediate to those of Si and SiC are expected. From
a synthesis viewpoint, the most difficult problems
associated with the realization of device quality epitaxial
superlattices of Si1-xCx on Si are: the low solubility of
C in Si; the enormous (52%) lattice mismatch between
Si and C (diamond); and the high stability of stoichio-
metric SiC in its various polytype forms.

It has been known for decades that C impurities
prefer substitutional sites in the Si lattice with a
thermodynamic solubility limit of only 1 × 10-6 atom
% C at the Si melting point.50 This extremely low
solubility is attributed to the large mismatch between
the bond lengths of Si-Si (2.35 Å) and C-C (1.55 Å),
which causes considerable strain around the C site and
presumably results in elongation of the Si-C bond
relative to the Si-C bond (1.89 Å) in zinc blende â-SiC.
Substitutional carbon in Si is readily identified by IR
or Raman spectroscopies from a single three-dimen-
sional local mode at a frequency of 607 cm-1.

Alloys of C with Si are unstable with respect to SiC.
To avoid SiC precipitation, the synthesis of Si1-xCx is
possible under metastable conditions that can only be
achieved by chemical and physical deposition methods
and low temperatures. Once deposited as random alloy
at ∼450-550 °C, the material can then withstand
higher annealing temperatures, such as 800 to 900 °C,
a range that is compatible with Si processing technolo-
gies. Early attempts to prepare Si1-xCx were reported51

using remote plasma-enhanced CVD to fabricate 7-mm
thick layers with C concentration of ∼3.0 atom %. A
noteworthy result of this study was that the lattice
constant was higher than expected, which indicated
that, unless there was some precipitation of SiC during
growth, the material did not obey Vegard’s Law. This
work was followed by the development of a low temper-
ature (500 °C) process that allowed synthesis of high
quality epitaxial material and strained-layer super-
lattices stable up to 850 °C.52 Comparable C concentra-
tions were obtained by solid-source MBE.53

Substantial research is currently ongoing, and im-
pressive results have been achieved in growing device-
quality, thin superlattices and quantum wells using a
variety of nonequilibrium growth processes such as
CVD, MBE, and ion implantation followed by regrowth
methods.54 The effect of C concentration on the struc-
ture, strain, and band gap has been considered as well
as stability versus temperature issues. Materials with
C concentration ranging from 0.2 to 3.0 atom % typically
consist of a single diamond-cubic phase and they have
lattice constants significantly higher than predicted by
Vegard’s Law because of elongation of the Si-C bond.
Furthermore, the materials were highly strained but
always withstood annealing at higher temperatures.
Between 800 and 900 °C, release of strain by inter-
diffusion was observed, whereas >900 °C, the layers

Figure 17. High-resolution electron micrograph showing
smooth surface of heteroepitaxial Ge0.95C0.05.

Figure 18. Cross-sectional view of monocrystalline C nano-
rods growing out from 400 Å Ge1-xCx epitaxial layer. The C
contents of the rods are higher that of the layer, and the lattice
constant is considerably lower.
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relaxed predominantly by â-SiC precipitation rather
than formation of extended defect structures.

Highly Concentrated Si1-xCx Based On Si4C
Building Blocks. The incorporation of high C concen-
trations (C > 3.0 atom %) are thus far inaccessible. An
alternative synthetic approach of creating highly con-
centrated layers has utilized reactions of the Si-C
sources, C(SiH2Cl)4 and C(SiH3)4 with either SiH4 or
(SiH3)2.55 The major advantage of this configuration is
that it provides Si4C tetrahedral units that are struc-
turally compliant with the desired Si1-xCx diamond-like
materials. Furthermore, the absence of strong C-H
bonds permits substantially lower reaction tempera-
tures, which are essential for growing metastable mate-
rial and suppressing formation of the thermodynami-
cally favored SiC in these highly saturated systems. A
very recent study of Si1-xCx deposition very clearly
demonstrated that lower growth temperatures reduce
the mobility of carbon on the surface during growth and
considerably improve the substitutional carbon incor-
poration.56

Synthesis of Si-C random alloys with carbon com-
positions ranging up to 20 atom % was achieved at 600
°C using gas mixtures of SiH4 with C(SiH3)4 or C(SiH2-
Cl)4. The final Si0.80C0.20 composition, described earlier,
consists of interconnected Si4C tetrahedra that form a
diamond-like network in which the C atoms occupy a
common sublattice. A very important result obtained
by quantitative Raman measurements suggested that
the substitutional C concentration obtained using this
protocol is higher than concentrations obtained by other
methods. Raman spectroscopy can be used to estimate
substitutional C concentration using the shift of the Si-
Si mode and the relative intensity of the C mode.57 The
Raman and IR spectra also show that the C local mode
vibrational frequency increases with increasing C con-
centration, which is consistent with a decrease in bond
length.55 Materials that have relatively higher C,
content such as Si4C and SiC display higher vibrational
frequencies at 730 and 800 cm-1, respectively, and have
relatively shorter Si-C length. This compositional
dependence of the C mode can also be used to estimate
C concentration if it is assumed that this mode would
extrapolate for C ) 50 atom % to the weighted average
of the frequencies of â-SiC.

The effect of catalytic quantities of Ge on the growth
characteristics and microstructure of the Si-C materi-
als was also investigated in this study.55 The objective
was to exploit Ge-assisted growth to achieve lower
deposition temperatures, increased growth rates, and
the highest possible amount of substitutional C in the
material. Moreover, it was anticipated that small Ge
concentrations (<1 atom %) should serve to minimize
strain in the system by reducing the lattice mismatch
between Si1-xCx and the Si substrate. The results
confirmed that Ge incorporation indeed had a profound
effect on the crystallinity and growth characteristics.
In general, the Ge-doped samples were highly mono-
crystalline with some minor growth defects such as
stacking faults, whereas the pure samples without Ge
were highly defective. In addition, much more uniform
growth and substantially higher growth rates were
obtained in those depositions where Ge was used as the
reactant.

Influence of Carbon on Band Structure

From an experimental and theoretical viewpoint, the
current knowledge of optical and electrical properties
of strained Si1-xCx or lattice matched Si1-x-yGexCy alloys
is still limited but a reasonable understanding of the
effect of substitutional C on the band structure is
evolving. Early theoretical investigation of Si1-xCx and
Si1-x-yGexCy band gaps by Soref,10 using an empirical
interpolation technique, predicted that the band gap of
Si (1.1 eV) would increase dramatically with increasing
C concentration. Alternatively, Sankey et al.11 modeled
Si1-xCx alloys with supercells having random occupation
of the lattice sites, and found that the fundamental band
gap should be reduced by a small concentration of C in
the Si lattice. In fact, the band gap is smaller than that
of pure Si at ∼10% C and such compositions were
predicted to become metallic. This is a very unexpected
result because both SiC and diamond have band gaps
that are much wider than that of Si. It was eventually
determined that the band structure of Si-C must be a
complex function of alloy composition and strain effects.
A similar conclusion was reached by Osten and co-
workers58 for both Si-Ge-C and Si-C random alloys
containing only modest C concentrations. They find
that current theoretical models cannot describe the
behavior of optical transitions obtained experimentally
in these systems.58

To adequately account for the observed energy shifts
for pseudomorphic C-containing layers, both strain-
induced effects and effects due to alloying have to be
considered (the initial incorporation of substitutional
into pseudomorphic Si1-xGex has two separate effects
on the band gap). Recent investigations of direct
transitions and electrical properties suggest that the
influence of C on band structure is not as significant as
its effect on crystallographic structure.59 Indeed, strain
compensation and reduction of the lattice constant is
now readily obtained as a function of increasing C
content in the Si1-x-yGexCy system. A given Si1-x-yGexCy
has less misfit strain and greater critical thickness than
Si1-x-yGex that is C-free. However, a corresponding
increase in band gap, assuming the average band
structure between Si-Ge and diamond as suggested by
Soref, is not observed. In fact, for C concentrations of
∼1 atom %, the band gap of Si1-x-yGexCy alloys has been
found by photoluminescence to have a lower energy than
that of Si1-xGex with the same Si:Ge ratio (see Figure
19).60 Nevertheless, HBTs have been fabricated using
Si1-x-yGexCy and initial results indicate a slight increase
in band gap (by 26 meV/% C).61

Photoluminescence studies have shown52 that band
gaps in strained Si1-xCx/Si quantum well structures
decrease slightly with increasing C concentration up to
∼1.5 atom % C. The band gap reduction in this system
is, however, attributed to the large tensile strain that
must exist within the alloy layers, and this lowers the
energy of the D-electron valleys oriented in the growth
direction. Based on these results, a prediction of the
band structure was formulated, as shown schematically
in Figure 20, and is compared with the corresponding
structure of compressively strained Si1-xGex.62 The
fundamental gap is reduced and the main offset occurs
in the conduction band, whereas the reduction in the
Si1-xGex system occurs in the valence band. This
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feature is expected to have important implications for
heterostructure engineering. Initial measurements also
show surprisingly enhanced electron mobilities due to
the presence of carbon in the Si1-xCx system, in contrast
to the standard reduction of mobility due to scattering
observed in other alloy systems.62

Many groups can now deposit epitaxial Si1-x-yGexCy
layers on Si with ∼1.5% C content that display a well-
identified, band-edge luminescence. Although theoreti-
cal studies of these systems remain uncertain and
contradictory, a reasonable picture of the influence of
substitutional C on the band gap and band alignment
is beginning to emerge. The band offset of Si1-xCx/Si
quantum wells is mainly in the conduction band, thus
making the Si1-xCx/Si system an alternative to Si/SiGe.
Superlattices of the type Si1-xGex/Si1-xCx are attractive
for optoelectronic applications. Laser emission in the
SiGe(C)/Si quantum wells is considered a reasonable
possibility. The development of novel HBTs with an
SiGeC base has been reported,61 and the expected
advantage of reduced strain effects in the heterostruc-
ture has been satisfied. To achieve lattice matching and
further influence the band structure, however, higher
C concentrations are still required.

Summary

In this report we have described the development of
simple inorganic precursors that provide the means for
synthesis of completely new alloys and compounds in
the Si-Ge-C system that cannot be obtained by other
methods. Examples include strain-stabilized Si4C, the
microscopically strained (Si2Ge)Cx, and (Ge2Si)Cx as well
as strained or completely relaxed carbide nanostruc-
tures in the Ge-C system. Their utilization in the
heteroepitaxial growth of Si-Ge-C and related alloys
has pushed the solubility limit of C in SiGe, Ge and Si

well beyond the levels already achieved by conventional
synthetic routes. These precursors are expected to have
substantial impact in the further useful development
of these technologically important systems. The newly
developed family of inorganic compounds C(GeX3)4,
where X ) H, Cl, and Br, is not only a practical source
of precursors for materials synthesis but they also
provide important bonding information with regard to
structural characterization and theoretical modeling of
crystalline semiconductor systems.
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