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Abstract: The search for Silicon-based direct band-gap
semiconductors is more relevant than ever for “More than
Moore” CMOS. Monolithically-integrated novel crystalline
materials are key to enabling increased performance and
new functionalities, such as efficient light absorption and
emission. Si-Ge-C SuperLattices [1] are highly ordered
synthetic crystals having direct band-gaps and large
oscillator strengths. This paper will present ongoing
research in simulation and epitaxial growth.
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Introduction

Materials with direct band-gaps and large oscillator
strengths are necessary to enable efficient light absorption
and/or light-emission. The ongoing search for direct band-
gap materials with large oscillator strengths that can be
monolithically integrated with CMOS has been pursued
through multiple approaches. Group-IV materials are still
generally perceived as offering the easiest integration with
CMOS technology. Engineering of strain, composition,
dimensionality, structural order and symmetry, are all being
employed to discover and generate modified band
structures and optoelectronic properties.

Recent examples include Ge tensile-strained to relaxed Ge
buffer layers, which demonstrate lasing action [2]; GeSn
alloys grown on Ge buffer layers [3]; Si-Ge superlattices
strained to SiGe relaxed buffer layers [4]; and compound
semiconductors such as InP [5] and InGaAs [6] grown in
silicon nano-trenches. The drawback of many schemes is
the use of thick buffer layers. Typical buffer layers (e.g.
SiGe), grown on Si(100) surfaces, have a high intrinsic
defectivity (> 1E5/cm2) and thicknesses greater than 1pum,
which is much larger than the thickness of the gate stack in
current and future CMOS generations (<0.2um), thereby
introducing  yield and planarization  challenges,
respectively. The difficulty of incorporating I1I-V materials
into a CMOS process leads to laborious and expensive
processes which are not well-suited to high volume
production.

An alternative to these schemes is provided by Si-Ge-C
SuperLattices (SLs). Since 2011 we have been working
with INESC MN [7] to develop ab-initio codes in order to
explore the various properties of these materials and to pick
the best ones for development. Si-Ge-C SLs strained to
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silicon surfaces are highly ordered synthetic crystals made
by alternating layers of (Si;.,C,)m and (Ge),, in which “m”
and “n” are the numbers of atomic planes. The simulations
show important variations in band-gap type (direct versus
indirect) and magnitude. These properties change as a
function of surface orientation of the substrate on which the
epitaxial growth is performed, as well as the amount of
Carbon and periodicity of the SL.

Compared to the incorporation of III-V materials in CMOS,
the use of Si-Ge-C SLs strained to Silicon in future CMOS
devices is expected to be relatively straightforward since
these new materials are epitaxially grown directly on
Silicon surfaces and do not require SiGe or GeSn relaxed
buffer layers and do not incorporate new elements, since
Si-Ge-C random alloys are widely used in BiCMOS
processes. The Si-Ge-C SLs will likely be grown by either
blanket or selective epitaxy, and etched to create the layer
configuration as required by the specific device.

Simulation Results

Ab-initio studies have shown that it is possible to have
band-gaps, including direct ones, that are much smaller
than that of Germanium, and also to have negative band-
gaps, i.e., semimetals. Figure 1, shows a schematic
depiction of a (Si4C);-(Ge), SL (Eg=0.53¢eV).

Figure 2 shows the atomistic structure, highlighting the
atomic-plane by atomic-plane construction of the cell, in
which the Ge, Si and C atoms, are presented by grey, blue
and brown spheres, respectively. The ab-initio codes we
employ are unique in their ability to represent any
combination of atoms plane by plane.

Figure 1. Schematic depiction of a (Sis.,C)s-(Ge)2 SL.
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Figure 2. Atomistic representation of a (Si4C)s-(Ge). SL
strained to a Si(100) surface.

Figure 3 shows the band structure and the dipole

momentum  elements  (ux, py, pz) for light

absorption/emission across the fundamental gap, for the

three polarizations (ux and py are for light propagating

along the z-direction, i.e., the direction of the SL axis).
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Figure 3. Band structure of a (SisC)s-(Ge). SL
strained to a Si(100) surface.

It is important to note that the same Si-Ge-C SL
composition will have significantly different band
structures when strained to different surface orientations,
such as <100>, <101>, <111>, etc. This is because the
conduction bands of different materials have energy
minima along the different directions of the Brillouin Zone
(BZ), such as the X-direction for Si, Si.,Cy, and the L-
directions for Ge. The pseudomorphic growth of the SLs
on different surface orientations leads to different
alignments between the direction of strain and the
directions of symmetry in the BZ. Given that it is possible
to have CMOS wafers with active areas with multiple
surface orientations [8,9], it becomes possible to have a
wide range of different band structures in epitaxial layers
that can be grown on adjacent active areas. This opens up a
new and vast parameter space to be explored for band-gap
and device engineering.
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Fabrication of Si-Ge-C Superlattices

The development of fabrication techniques to produce thin
films with atomic-layer control has been the focus of
several research groups in recent years. A recent major
advancement [10] in the self-limiting epitaxial growth of
Sii.,Cy mono-layers, with y=50%, provides evidence that
such layers are possible to grow in a controlled manner
both in composition and thickness (the simulations
presented in this paper were done for y=20%).

Furthermore, similar techniques have been applied
successfully to the self-limiting growth of several other
group-IV elements and dopants [11]. In both cases,
commercial epitaxial production equipment was used,
which is typically employed to grow random alloy SiGeC
layers, for the Base of HBTs in BiICMOS and in leading
edge CMOS for strain engineering. These epitaxial growth
methodologies enable the consistent fabrication of
precisely-defined atomic layer compositions and
thicknesses. In addition to the standard process parameters
of temperature, pressure and time, novel chemical
precursors can be employed to increase the Carbon content
of the resulting material or to build-in a particular ratio of
elements. We are currently working to develop a CVD
process technology to grow these Si-Ge-C SLs.

To ensure that the composition is well-defined, the
substrate on which the epitaxial growth occurs should also
be atomically flat [12-15], thereby avoiding surface
roughness, fluctuations in composition, and in potential.
Complementary to the atomic-plane control of epitaxial
pseudomorphic growth processes, is the atomic-plane
control of etching of silicon and other materials [16].
Atomic-plane control on atomically—flat surfaces of both
growth and etching, enables unprecedented precision in
manufacturing of materials and devices, and in particular
short-period  superlattices, along with superlattice
nanowires and dots. Consequently, the SL materials
represented in the ab-initio simulations, can indeed be
realized and manufactured on a commercial scale.

Applications of Si-Ge-C Superlattices

A key application for future Si-Ge-C SLs are high-quantum
efficiency photo-diodes in CMOS pixels, for the visible
range, as well as for the Short-Wavelength Infra-Red
(SWIR), Mid-Wavelength Infra-Red (MWIR), and Long
Wavelength Infra-Red (LWIR), which can all be
monolithically integrated side-by-side. Because the photo-
diodes can be entirely formed by epitaxial growth, CMOS
Active Pixel Sensors can be made with Fully-Depleted SOI
CMOS. One important advantage of FD-SOI CMOS is its
superior radiation hardness, which makes it ideally suited
for a number of aerospace and military applications.

Figure 4 shows a schematic cross-section of a Si-Ge-C
CMOS pixel, in which the photo-diode comprises a Si-Ge-
C SL photo-absorption region, surrounded by a pinning
layer, thus making it a Pinned Photo-Diode (PPD). Both the



Si-Ge-C SL and the pinning layer are epitaxially grown on
the source/drain region of a NMOS Transfer Gate (TG),
which could be part of a 4T pixel APS. PPDs are preferred
in CMOS image sensors for the ability of the pinning layer
to suppress the surface-related leakage (dark) currents.

Pinning Epi: p+ Si

P-Substrate

Figure 4. Schematic cross section of a CMOS pixel with a
PPD comprising a Si-Ge-C SL absorption region.

The composition of the SL in the photo-absorption region
is chosen according to the desired wavelength range of the
sensor. Several Si-Ge-C SLs have direct band-gaps across a
wide range of energies, i.e., a wide interval of wavelength
cutoffs, ranging from Eg=0.53eV (Ac=2.3um) for (Si4,C);-
(Ge), strained to Si(100) in Figure 3; Eg=0.21eV
(Ac=5.9um) for (SiyC)s-(Ge)s strained to Si(111) in Figure
5; and Eg=0.16eV (Ac=7.75um) for (Si,C)s-(Ge)s strained
to Si(100) in Figure 6.

Another application of Si-Ge-C SLs, shown in Figure 7, is
the replacement of the SiGeC random alloy in the base of
Heterojunction Bipolar Transistors (HBTs), part of a
BiCMOS process, by a Si-Ge-C SL. The large variety of
Si-Ge-C SL band-gaps and band offsets, enables the
fabrication of HBTs in which not only the Base layer is a
SL, but also the Emitter and the Collector may be SLs.
This enables the fabrication of high-performance
Complementary SL HBTs, which can be useful for analog
applications [17].
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Figure 5. Band structure of a (SisC)s-(Ge)s SL
strained to a Si(111) surface.
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Figure 6. Band structure of a (SisC)s-(Ge)s SL
strained to a Si(100) surface.

Si-Ge-C SLs with direct band-gaps may also be used to
emit light in certain device configurations, such as
LEDs/LASERs, as schematically depicted in Figure 8 for a
Vertical Cavity Surface Emitting Laser (VCSEL)
monolithically integrated with CMOS devices. HBT-
LASERs [18], will also be possible when using a direct
band-gap Si-Ge-C SL for the Base layer, which can be
monolithically integrated with CMOS circuitry.
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Figure 7. Schematic cross section of a HBT in a BICMOS
technology, with Si-Ge-C SL Base layer.

M1 ] ) Light Emission

vy
)

ya
<

)

Silicide

SL\

Pinning P-Implant

P-Substrate

Figure 8. Schematic cross section of a possible monolithic
integration of a Si-Ge-C SL VCSEL with CMOS.



An additional device well suited for improvement with SLs
is the Avalanche Photo-diode (APD). We are currently
using a commercial foundry to develop Separate
Absorption & Multiplication (SAM) APD 2D arrays, in
which the absorption region is a Si-Ge-C SL.

Conclusions

Si-Ge-C SLs present an exciting opportunity to vastly
expand the functionality of silicon-based devices and
circuits, enabling “More than Moore” with the creation of
active photonic devices monolithically integrated with
CMOS. Applications include Multispectral CMOS Image
Sensors, higher performance HBTs in BiCMOS, and
CMOS-based LED and LASER 2D arrays.
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