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Introduction

Owver the past decade or so, research
in silicon-based heterostructures has
evolved from a few seminal publications
on the growth and physical properties of
5i,.,Ge, heteroepitaxial layers'™* to a
technology currently entering large-scale
commercial production for heterojunc-
tion bipolar transistors (HBTs).” During
this period, extensive work has taken place
on the optoelectronic applications of Si/
Siy-/Ge, such as 1.3-1.55-um detectors
for optical communication,*” 2-12-um
infrared detectors for two-dimensional
(2D) focal plane arrays for night vision
and thermal imaging,” and infrared
emitters for chip-to-chip optical com-
munication™" as well as waveguiding "
and modulators. The overall goal of this
work has been to merge optoelectronic
functionality with the very large-scale-
integration and electronic signal process-
ing capabilities of silicon to create a
silicon-based “superchip.” "

Since the mid-1980s, several inherent
limitations of the 5i/Ge material system
for future heterojunction optoelectronic
and more advanced electronic devices
have become apparent. [n this article, we
review the work on the Si,.,. ,Ge,C, ter-
nary alloys and 5i,.,C, binary alloy ma-
terial systems that have emerged over the
past five years or so and address how
they allow us to overcome these long-
standing basic materials limitations of
the Si,..Ge, system. We also will briefly
discuss the more recent Sn.Ge,-, mate-
rial system.

Limitations of the Si/Ge

Materials System

Pseudomorphic Si,_,Ge, layers on
5i(100) substrates have several very fortu-

itous properties that have enabled the
rapid progress toward HBT commercial-
ization. These include miscibility of Si
and Ge over the complete alloy range,
ease of growth at low temperature with
near-atomic-level precision, bandgaps up
to several hundred meV less than that of
Si, and similar ease of doping in 5i and
5i,-,Ge,. However over the past decade,
the field as a whole has been constrained
by several significant limitations. The
first of these is the well-known critical
thickness for thermal stability against
misfit dislocation formation due to the
lattice mismatch. For a Ge fraction x of
0.2 and resulting bandgap change of
~150 meV, the critical thickness is only
~15 nm." This, for example, severely
limits the quantum efficiency of normal
incidence detectors relying on excitation
across the bandgap of Si;- Ge..

Second for structures grown commen-
surate on 5i(100) substrates, the conduc-
tion-band offset is negligibly small, at
least for Ge fractions less than 0.7.” This
issue can be addressed by growing
5i;-,Ge, relaxed buffers on top of the sili-
con substrate and then growing a pseudo-
morphic heterostructure (with a lateral
lattice constant larger than that of 5i) on
top of the buffer.”*" Despite much work,
such relaxed buffers still suffer from
threading dislocation densities of the or-
der of 10°-10° em %, making future large-
scale applications uncertain.

Third the practical implementation of
heterojunction device structures usually
requires the placement of dopant atoms
with respect to the heterojunctions using
nanometer precision. Whereas this can
be achieved during the initial growth of
the heterostructure at temperatures of

700°C or below, such precision {and de-
vice performance) is often degraded
from dopant diffusion during subse-
quent thermal processing during device
fabrication. ™

Finally Si,..Ge, under all combinations
of strain is an indirect-bandgap material,
resulting in inefficient detection and emis-
sion of light based on processes involving
transitions across the bandgap. There have
been many attempts to create a direct-gap
material by the “zone-folding” principle
in short-period 5i/Ge superlattices,” but
such experiments have been inconclusive.

Si,.,C, and Si,_,.,Ge,C,
Materials Growth and
Structural Properties

In the early 1990s, several groups be-
gan very basic work investigating the
addition of substitutional C to 51 and
Siy. ,Ge, structures to extend the capabil-
ities of Si-based heterojunctions bevond
the boundaries imposed by the four lim-
itations discussed in the previous sec-
tion. The properties of the resulting
materials were generally not known
@ priori, but these materials have now
been found to have a set of fortuitous
properties for overcoming most ot the
limitations of the 5i/Ge materials system,
Carbon has a very low solid solubility in_ -
Si (<107 at all temperatures). However '
early work demonstrated that, by using
low-temperature (400-650°C) growth, it |
was possible to incorporate a few percent
of substitutional carbon to create metas-
table layers of 5i,-,.,Ge,C, and 5i,..C..
The growth techniques used included
remote plasma-enhanced chemical va-
por deposition (CVD),” molecular-beam
epitaxy (MBE),*-** and thermal® or rapid _
thermal CVD.” Typically carbon fila-
ments were used as carbon sources for
MBE and methylsilane or hydrocarbons
for CVD. Substitutional carbon levels
were of the order of 1% in early work and
are currently on the level of 3-5%. The
early work all demonstrated the ability to
adjust the strain in pseudomorphic h{;r;
because of the small size of the car
atom, which compensates for the strain
introduced by 8-10 Ge atoms. For ex-
ample, Si,_,C, layers on 5i{(100) were
shown to be under tensile strain, and
Siy-1-Ge,C, on 5i(100) had reduced com-
pressive strain for low C levels (compared
to Siy-,Ge,) (Figure 1%°), and had zero
strain or even tensile strain for higher
carbon levels. Because of the reduction in |
strain as carbon is added to compres-
sively strained Si,-,.,/Ge,C, on 5i(100),
the early work successfully showed an:
increase in the critical thickness as C
was added.” T
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Figure 1. X-ray rocking curves of pseudomorphic (a) Si. .,

C, and (b) 5i, , ,Ge.C, of

thickness d, grown on Sif100). The mmgﬂs show the raduc:m of fattice constant as

C is added, as well as simulations,

The arrow in (b) shows the peak of a pseudo-

marphic Sip -sGeq s layer without carbon. The tall peak in all curves is diffraction

from the Si substrate.

The small size of the carbon atom in-
troduces severe distortions in the lattice
near carbon sites,”™ which can lead to
new phases™ and which affect the elec-
tronic structure.™ A thorough review of
such effects and early growth experi-
ments exists." Carbon can occupy an in-
terstitial site in a Si (or 5i,.,Ge,) lattice as
well as occupy a substitutional site.
Above some limit, which strongly de-
pends or growth conditions however,
the carbon no longer incorporates substi-
tutionally but instead incorporates inter-
stitially. Because they may lead to deep
levels, such interstitials may not be desir-
able. Figure 2 from Reference 32 presents
an example of how varying growth con-
ditions in CVD can affect the maximum
substitutional levels of carbon, which
can vary from as low as 0.3% to as high
as 1.8% for the growth conditions of
their studies. High-temperature anneal-
ing leads to SiC precipitates because of
the low solubility of the carbon. This oc-
curs mostly above 900°C," so that there
is optimism that practical device pro-
cessing may be performed at lower tem-
peratures without excessive degradation
of the material quality. An especiallv im-
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Figure 2. Dependence of
substitutional carbon content upon

chemical-vapor-deposition growth
condition in 51, ,C, layers. Low-
growth tempﬂrﬂmrﬂs lead to mgher
subsiitulional levels.™

portant area of work in the next few
vears will be to attempt a better under-
standing of interstitial versus substitu-
tional carbon and the affects of thermal

treatments and processing, especially
below 900°C.

Bandgap Effects

It was initially not known if carbon
would lead to an increase or decrease in
the bandgap of Si,.,C, or Si, ., ,Ge,C.
films. In relaxed films without strain,
one might expect a large bandgap because
of the large bandgap of 5iC or diamond.™
However the large lattice distortions near
C sites have been predicted to lead to a
lower bandgap and even a semimetal ™
Photoluminescence measurements of
compressively strained 5i, , ,Ge,C,
films with low C (<1%) and low Ge~
{=40%) showed an increase in the band-
gap of +21-25 meV/*%C."*" The band
edge is defined by the heavy hole band.
in the Si,.,.,Ge,C, and four-conduction-
band minima lying in k-space in a plane
perpendicular to the growth direction
Transport measurements in HBTs witi
Siy . ..Ge,C, bases vielded a similar*
number,lmplwnga uniform gap through _
the material. Whereas the bandgap in-
creases as carbon is added and the strain
is reduced, the bandgap does not go up
nearly as fast as it would if the strain
were reduced solely by reducing the Go
traction (Figure 3). Therefore for a given
bandgap, the Si,_,_ Ge,C, would have a
lower strain and hence a higher critical
thickness than a 5i,.,Ge, laver of the
same bandgap. The expected magnitude
of this effect appears in Figure 4 “ which
shows how the critical thickness of a
Si,.,.,Ge,C, layer would shift as C is
added, assuming similar elastic con-
stants for 5i;,.,Ge,C, and Si,-,Ge,. For
example, for a layer with a target bandgap
100-meV less than Si, with no C the criti-
cal thickness (of SigwGeyy) would be
~25 nm. With 1% C (SigxGeyzCau), the
critical thickness would be —~70 nm.
With 226 C Esiun":leu ;|Cuu;}.- it would be
over 1 pm as the strain were reduced
to near zero. This demonstrates that
Siy.,.,Ge,C, alloy layers with small
amounts of carbon offer a route to over-
come the long-standing tradeoff of criti-
cal thickness versus bandgap offset from
silicon that has limited the silicon-based
heterojunction field since its inception.

As C is added to the compressively
strained Si,_,-/Ge,C, films, the strain is
reduced. This by itself will cause the
bandgap to increase. If one assumes
deformation potentials of Si, ,.,Ge,C,
similar to those of 5i, ,Ge,, from the
above data one expects the bandgap of an -
unstrained alloy to decrease by ~20 meV/
%C for initial amounts of carbon. This
would imply a “bowing"” of the curve of
bandgap versus lattice constant™ as
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commonly occurs in between 11-V com-
pounds with a large difference in lattice
constant. Note added in proof: The
bandgap of such strain-free 5iGeC
(without dislocations) has recently been
directly measured by luminescence, and
the effect of C (apart from that of Ge} is to
reduce the bandgap by —27 meV/%C.*
The bandgap of Si-,,Ge,C, alloys has
also been measured by optical absorp-
tion, especially in films of high Ge con-
tent. For relaxed (heavily dislocated)
Ge,.,C, films with up to 3% C, an in-
crease of bandgap with C of 50-100 meV/
2%C has been observed.™ This discrepancy
may be caused by different physical prop-
erties of Ge-rich films, a fundamental
difference between absorption and lu-
minescence/transport experiments or
defect effects in the Ge-rich film.

The bandgap of Si,-,C, on Si(100) has
been measured by photoluminescence,”
and an elegant technique of photolumines-
cence under uniaxial stress has been used
to confirm a type-1 band alignment with
respect to Si! as shown in Figure 5. The
bandedge transitions in the 5i,-,C, are
between the light hole and the 4, valleys
in the conduction band (parallel to the
growth direction). Because of the strong
effect of the tensile strain in the 5i,.,C,,
the bandgap decreases sharply as initial
levels of C are added {— 65 meV/%C). The
bandgap decrease is larger than that ex-
pected from the strain alone (—46 meV/
%(C) so that one finds that the effect of
the € on a relaxed alloy would be ex-
pected to be —19 meV/%C. This is con-
sistent with the value found for the effect
of C on the inferred bandgap of relaxed
Si ... Ge,C, films described earlier.

Band Offsets

Beside the bandgap itself, how the
conduction and valence bands align
themselves across a heterojunction inter-
face is of first-order importance for de-
vice applications. As mentioned earlier,
there is little conduction-band offset in
the Si,.,Ge, /Si material system if relaxed
Si,..Ge, buffers are not used. In com-
pressively strained Si -, Ge,C,, on 5i(100),
the valence-band offset to Si has been
measured by capacitance-voltage (C-V)
techniques on unipolar p~ Siy-,-Ge.C./
p~ Si diodes and has been found to de-
crease at —20-26 meV/%C,™ essentially
the same rate at which the bandgap in-
creases. This implies the band positions
of Si,.,Ge, and Si,.,.,Ge,C, with iden-
tical bandgaps to be nearly the same,
so that no conduction-band offset of
Si;-,.,Ge.,C, to asilicon (100) substrate is
expected (Figure 5). This absence of a
conduction-band offset and a similar va-
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lence-band offset has also been con-
firmed by a metal-oxide-semiconductor
C-V technigue similar to that of Refer-
ence 42 and other methods." There is
not universal agreement on this topic
however.*!

A more fortuitous situation arises in
the case of a tensile-strained 5i,-,C,
layer grown commensurate on a 5i(100)

1
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Figure 3. Bandgap for pseudomarphic
Si_..,G8,C, and Si,. ,Ge, on S 100}
as a function of comprassive strain,
For a similar bandgap, 5i,-,_,Ge,C,
layers have lower sirain.
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Figure 4. Critical thickness (thermally
stable withou! distocation formation)
versus bandgap offset from bulk Si
for various C levels in 5i; , ,Ge.Cy
films commensurate on Sif 100).%
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Si100) S0y, Gy
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Figure 5. Qualitative picture of band-
gap offsets of pseudomorphic Si, G,
(tensile strain) and Si-., ,Ge.C,
{eompressive strain) on Sif 100).

substrate. As in the case of tensile-
strained Si on a relaxed 5i,-,Ge, “sub-
strate,” the strain leads to a substantial
splitting of the conduction band with
electrons being confined to the film un-
der tensile strain. This offset has been
measured by both C-V techniques*’ and
by the successful fabrication of 2D elec-
tron gases with the electrons confined to
the Si;_,C, layer.*” The offset is 75-90-
meV %C with the conduction band lyin
lower in the Si,,C, (Figure 5). This off-
set is more than sufficient with 1-2% C
to make well-defined 2D electron gases
through the modulation-doping tech-
nique.* It is not yet known however if
the presence of C will lead to substantial
alloy scattering and severely limit the
mobility of these layers.

Effect of Carbon on Diffusion in
Si-Based Heterostructures

We have shown that Si,.,. Ge,C, and
Siy- C, alloys allow one to overcome two
long-standing fundamental limitations
to the Si-based heterojunction field —
critical thicknesses and the lack of a
significant conduction-band offset for
structures pseudomorphic to Si{100) sub-
strates. In practice the problem of dopant
diffusion during processing can severely
limnit the utility of most Si-based hetero-
junction devices. This is because many
desired devices (e.g., a high-mobility
electron gas using modulation doping)
require the dopant be placed using nm-
precision with t to the heterojunc-
tion, and the dopant can diffuse during
5ub5e1 ent thermal processing after
growth. Unfortunately some thermal
processing is nearly inevitable during
the integration of devices onto silicon-
integrated circuits, and integration is one
of the overriding goals of the field. In the
past few years, however, it has emerged
that small amounts of substitutional C
can lead to a dramatic reduction in the
amounts of boron diffusion, especially
when resulting from interstitial injection
mechanisms such as oxidation or im-
plant annealing. This mechanism appears
to be similar in either carbon-doped sili-
con® or Si,_,-,Ge,C," films. Significant
effects can already occur for C levels as
low as 10 cm . An example of how the
enhanced diffusion due to overlying ion
implant damage of a buried boron la
can be suppressed by substitutinnafecr
appears in Figure 6. This figure shows the
base profile of the boron and Ge in a
Siy-.-,Ge,C -base HBT after the top 50 nm
{far from the boron) were subjected to an
As’ ion implant of dose 1.8 x 10" cm %,
followed by 10-min annealing at 755°C.
Note the presence of significant boron
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diffusion in the sample without C (which
had abrupt boron profiles before anneal-
ing) and the absence of such diffusion in
the sample with 0.5% C. This reduced
boron diffusion has been observed to
give rise to a marked improvement in the
HBT characteristics.”

Substitutional C acts as a sink for 5i
self-interstitials, which are known to be
required for boron diffusion. However
the exact complexes that form between
the Si interstitials and the carbon and
their quantitative relationship to boron
diffusion are not yet known, and their
effect on electronic properties is not
known. The degree to which the Si,.,C,
or 5i;-,.,Ge,C, can suppress boron dif-
fusion in carbon-free regions outside the
carbon-containing regions is also not
known.” Nevertheless because boron dif-
fusion is such a common issue in silicon-
based device fabrication, 5i,-,-,Ge,C,
and Si,-,C, layers may be very useful for
properties other than their electronic
structure or optical properties.

Direct Bandgaps in
Column-IV Materials

Si,.,Ge,, Si;_,C,, and 5iy.,-,Ge.C, al-
loys are all indirect-bandgap materials.
“No- " luminescence is regularly
observed, but this is because alloy scat-
tering due to the random nature of the
alloy can be used to conserve momentum
in transitions between the conduction
and valence band.**-%1%3%4% Although
stronger than the phonon-assisted pro-
cesses, this is still a relatively weak
process, making the fabrication of high-
efficiency optical detectors and high-
efficiency optical emitters inherently
difficult.
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The direct bandgap in Ge is only 0.1 eV
above the indirect gap. It has long been
recognized that an alloy of cubic tin and
Ge might pull this direct gap below the
indirect gap, leading to a direct-bandgap
semiconductor consisting of all column-
IV materials.”* The growth of such
layers is difficult because of the low solu-
bility of Sn in Ge and because of the ten-
dency of Sn to segregate on the surface
during growth. Nevertheless by using

work is still in its early stages, these
results may be the first evidence of the
formation of a direct-bandgap semicon-
ductor of all column-IV materials and
will ppen new possibilities for the creation
of column-IV-based optoelectronics.

Summary

Fundamental issues that have limited
the development of optoelectronics in the
5i/Ge material system have been dis-
cussed, These include the critical thick-
ness issue, the lack of a conduction-band
offset for layers commensurate on Si{100)
substrates, the sensitivity of devices to
dopant diffusion, and the lack of a direct
bandgap. Recent results in the 5i, ,C,,
Siy-..,Ge,C,, and 5n,Ge,., materials
systems show that materials solutions
exist for all of these problems. Much more
work remains both to exploit these new
possibilities in devices and to solve out-
standing materials issues. However for
the first time, we have a basic set of mate-
rials with which to realize optoelectronic
chips based on all column-1V materials.
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