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E-1

EXECUTIVE SUMMARY 

We present a new, and potentially revolutionary, approach to communications, shortwave (SWIR), 
and midwave infrared (MWIR) optoelectronics, based on the growth of direct gap Ge-Sn alloys on silicon, 
via an intermediate SiGeSn virtual substrate (VS).  Direct growth of optoelectronics on Si will allow easy, 
robust integration of lasers and detectors on computer processors and avoid the current pixel size limitations 
for IR detectors due to the requirements of indium bumps when hybridizing III-V pixels to Si readout 
integrated circuits (ROICs).  Although Sn has very low solubility in Ge (less than 2%), we report the 
successful incorporation of 13% Sn in Ge using kinetically-limited, low-temperature molecular beam 
epitaxy.  Initial studies showed that Sn adatoms have a high surface mobility, sufficient to overcome the 
beneficially lower surface free energy of Ge.  The use of Sb as a surfactant did increase Sn incorporation, 
up to 6% in Ge film, but growth of thick films led to loss of crystalline structure. Compressive strain and 
low Sn reactivity in Ge films was countered by the inclusion of Si atoms in the depositing flux.  We 
successfully developed SiGeSn alloys that are single-crystalline, optically-thick (up to 500 nm), and fully-
relaxed with a large lattice constant (up to 5.75 Å) as a VS grown on a Ge (100) surface, on a Ge VS, and 
on a Si (100) surface.  We demonstrate direct bandgap absorption at 3.3 µm in the MWIR from an 800 nm 
Ge0.88Sn0.12 alloy, formed on a SiGeSn VS.  Materials improvement in the GeSn and the SiGeSn VS layers 
are possible and necessary to produce viable IR detectors. 

This report presents research conducted by Dr. Glenn Jernigan (6812), Dr. Nadeem Mahadik (6812), 
Dr. Mark Twigg (6818), Dr. Jill Nolde (6812), Dr. Chaffra Affouda (6812), and Dr. Eric Jackson (6812). 
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Germanium-Tin Materials Development for Optoelectronics 

1. INTRODUCTION

1.1 Objective 

The successful demonstration of direct bandgap GeSn alloys grown directly on Si substrates via an 
intermediate virtual substrate (VS) for group-IV optoelectronics in the communications, shortwave, and 
midwave infrared bands that can be fully integrated with Si technology. 

1.2 Motivation 

Silicon is an indirect band gap material, and as such, it has poor optoelectronic characteristics (e.g. no 
stimulated light emission and weak optical absorption near the band gap energy).  Conversely, many III-V 
alloys, having direct band gaps and strong optical coupling, are used in an enormous range of optoelectronic 
applications.  High performance optoelectronic devices, however, require both the strong optical coupling 
of a direct band-gap semiconductor, and the advanced analog and digital electronic capabilities of silicon. 
The integration of these two systems has been a difficult challenge and growing optoelectronic III-V 
materials directly on silicon has been frustrated by three key issues: 

1. The lattice constants and coefficients of thermal expansion of most III-V’s are much larger than
that of silicon, resulting in high compressive strain and high densities of threading dislocations.

2. Silicon and III-V materials are dopants or form deep levels within one another, making intermixing
during growth intolerable.

3. III-V bonding is ionic and incompatible with the covalent silicon system, leading to polarized
domains and anti-phase boundaries that are strongly detrimental to optoelectronic performance.

For those reasons, III-Vs may never be successfully grown on Si.  As a result, the field has largely turned 
to hybridization techniques such as wafer bonding, transfer printing, and indium bump bonding.  For the 
operation of shortwave (SWIR) and midwave infrared (MWIR) detectors, one of the most critical imaging 
parameters is the minimum pixel size.  Reduction in pixel size is dictated by the practicalities of 
hybridization with indium bumps (~7 µm) rather than performance needs (< 3 µm). The urgency of this 
problem is highlighted by the rapid rise of novel heterogeneous integration techniques, but it is not clear 
that such techniques provide a viable path to diffraction limited optoelectronic device size.  Hence, enabling 
growth of an optoelectronic material that is not a III-V on Si would be highly attractive.  Here, we present 
a new, and potentially revolutionary, approach to communications, SWIR, and MWIR optoelectronics, 
based on the growth of direct gap Ge-Sn alloys on silicon, via an intermediate SiGeSn virtual substrate 
(VS), taking advantage of recent developments in the understanding of this alloy system.  

Over the past 15 years, Ge has been successfully integrated into the Si electronics industry.  Today, we 
have SiGe alloys (~40% Ge) grown on Si substrates for heterojunction bipolar transistors (HBTs) and 
complementary metal-oxide-semiconductor transistors (CMOS) devices utilized in radio-frequency (RF) 
transceivers for cell phone communications (500 MHz–5 GHz).  Ge has also been used as implanted 
material into Si under the source and drain contacts of p-MOSFETs (p-type MOS field effect transistors) 

______________
Manuscript approved August 17, 2020.
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to compressively strain the Si channel.  A compressively strained Si channel has enhanced hole mobility 
over an unstrained channel.  (Nitrogen is implanted under the source/drain in order to place the Si channel 
in a state of tension within an n-MOSFET and thereby enhance electron mobility.)  Although Ge is also an 
indirect band gap material, there is only a 160 meV difference between the Γ-point (direct gap) and the L-
point (indirect gap).  It has been known that Ge could become a direct gap material if sufficient tensile 
strain is applied (in essence to pull the atoms further apart.)  In order to place the Ge layer in this degree of 
tension, it would need to be grown on a substrate with a sufficiently larger lattice parameter to achieve 4.5% 
uniaxial or 2.5% biaxial tensile strain.  A second method for producing a direct band gap in Ge was proposed 
by Richard Soref in 1993 by forming an alloy with 13% α-Sn [1].  Sn has two allotropes; α-Sn, which is a 
zero gap semiconductor with a diamond lattice, and β-Sn, which is a distorted tetragonal metal.  More recent 
band structural models predict that the band gap could be direct for alloys with as little as 8% Sn in Ge [2]. 
 
Although it has been predicted that a direct band gap is achievable in GeSn alloys, there has been little 
experimental work that addresses this possibility.  A review of the literature (Web of Science) produced a 
list of less than 700 papers that have been published on GeSn to date.  Possibly, the first attempt to grow 
GeSn was by Greene in 1998, who utilized low-temperature molecular beam epitaxy (LT-MBE) to produce 
GeSn films with up to 22% Sn [3].  Unlike SiGe, where Si and Ge are completely miscible in each other, 
Sn has less than 2% solubility in Ge.  Hence, any attempt to grow GeSn must necessarily fall within a non-
equilibrium regime (kinetically limited and at low temperature).  The growth of GeSn on Si generally 
resulted in large and compressive strains that lead to poor quality films (i.e. high dislocation density) in 
which a direct band gap was not achieved.  In 2005, however, a breakthrough in the growth of a Ge VS on 
Si was achieved [4], thus making the direct integration of pure (100%) Ge devices on Si possible.  The 
production of a Ge VS also facilitated the growth of GeSn alloys by reducing the potential stress of 
deposited films.  Since the development of the Ge VS, there have been reports of tunable photoluminescence 
from GeSn alloys (<8% Sn) [5] and of growths of GeSn p-i-n diode structures where photodetection and 
electroluminescence have been observed (<7% Sn) [6]–[11].  We extend the concept of a Ge VS by forming 
a SiGeSn VS for the growth of an optically active GeSn layer. 
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2. APPROACH  
 
2.1 Molecular Beam Epitaxy (MBE) versus Chemical Vapor Deposition 
 
Chemical vapor deposition (and metal-organic MO-CVD) are the commercially utilized method for 
material depositions, as the gas precursors can be made very pure, with a continuous flow system that can 
control the deposition between 1 nm/s and 100 μm/h.  There are, however, a few limitations to the use of 
CVD.  One limitation is the background pressure of gas throughout the growth process, resulting in 
broadened doping or heterostructure interfaces. The other limitation, which is a significant problem in the 
growth of SiGeSn, is the high temperature needed to dissociate the precursor molecules on the substrate 
surface to initiate and propagate growth.  The decomposition rate for hydrogen based precursors, silane 
(SiH4)[12], germane (GeH4)[13], and stannane (SnH4)[14] in homoepitaxy are plotted in Figure 1.  This 
plot shows, that for any growth temperature, the deposition rate for Si, Ge, and Sn is orders of magnitude 
different. The minimum temperature to dissociate GeH4 molecule is ~125 ℃, but at that temperature, the 
SnH4 molecule will dissociate nearly 1000x faster.  Therefore, to grow a GeSn alloy, the composition of 
the gas mixture must account for the desired alloy composition, the different decomposition rates, and the 
desired total film growth rate to very tight tolerances.  For a reasonable CVD growth rate of 1 nm/s, a 
temperature of 300 ℃ is needed to dissociate Ge, and at that temperature, the partial pressure of Sn needed 
is very low, making control of the alloy composition difficult.  Much of the GeH4 precursor is wasted in 
the CVD growth.  The CVD growth process becomes even more complicated and troublesome to grow the 
SiGeSn tertiary, because the SiH4 molecule doesn’t appreciably decompose until the temperature is > 400 
°C.  At 400 ℃, Sn will segregate and diffuse out of the growing film due to the film strain and its low 
solubility in Ge and Si.  Limited thickness SiGeSn films have been grown [15], where special conditions 
(temperature, gas pressure, and growth rate) were used before the growth stopped due to the inability to 
decompose SiH4.  Due to the challenges in CVD growth of SiGeSn, new gaseous precursors are constantly 
being sought to improve the temperature window for molecular decomposition on a surface and film 
growth.  The Kouvetakis group at Arizona State University has developed a deuteriated Sn species, SnD4, 
which is stable for GeSn CVD growth [16], [17], but the cost and complications in producing SnD4 may 
make it commercially unviable.  Sn-organic precursors (e.g. Sn(CH3)4, Sn(CH=CH2)4) are both stable and 
available for CVD growth, but are not desirable as they are extremely toxic. 
 
MBE has been successfully demonstrated to produce GeSn alloys [9], [18], [19] and will be used in this 
program as well.  MBE, as a growth technique, is performed in ultra-high vacuum (< 10−9 Torr) to minimize 
unwanted contaminants and utilizes atomic fluxes of depositing species to grow films with atomic-level 
control over several microns in thickness.  In our case, the atomic fluxes are produced in water cooled, 
liquid nitrogen shrouded, electron beam heated crucibles.  E-beam crucibles are preferred over thermally 
heated crucibles (Knudsen cells, K-cells) because the deposition rates can be rapidly changed during growth 
due to the lack of thermal mass/inertia.  MBE growth can be performed at any temperature, and for GeSn 
and SiGeSn alloys, it will be done in a 50–300 ℃ temperature range.  The MBE system also contains n-
type (P and Sb) and p-type (B) dopant K-cells, which will be used to dope the GeSn films.  Very few 
research groups are capable of growing GeSn alloys, and an even smaller number are capable of doing LT-
MBE, which is the only technique to have shown the capability of growing GeSn with more than a few 
percent Sn.    
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Figure 1. Measured (solid lines) and extrapolated (dotted lines) decomposition 
rate for the hydrogen-based molecular precursors of Sn, Ge, and Si during 
homoepitaxial growth by chemical vapor deposition. 

 
 
2.2 Ge, GeSn, and SiGeSn Virtual Substrates on Si 
 
Heterogeneous integration of Ge optical detectors on Si for high power density applications has been 
pursued for the realization of high-speed response of the photodiodes under bias [20].  The primary success 
of those efforts have been the development of a Ge VS on Si.  The device development has been hampered 
by issues with dark current, where a recent report indicated that any Ge material growth will suffer from 
self-vacancies and self-interstitials [21], [22] when deposited at low temperatures requiring post-growth 
annealing.  A cyclic “step-down” annealing of Ge films (800 ℃ flash followed by a brief anneal at 700 ℃, 
repeated many times) can reduce Ge dark currents (< 50 µA/cm2 at −1V bias) in photodiodes by relaxing 
the film and improving the crystal structure [23].  These high temperature anneals are key to the formation 
of the Ge VS upon which GeSn can be deposited.  The use of a Ge VS has allowed GeSn alloys to be grown 
beyond the 2% solubility limit with up to 14% Sn [24].  However, due to the compressive stress of GeSn 
on Ge, these films are not direct band gap and are only grown to a thickness of 50 nm before coherent 
epitaxy is lost.  A new approach has been to grow two layers of GeSn, where the first layer is a GeSn VS 
allowing for a larger lattice parameter and less compressive stress (i.e. a Ge0.9Sn0.1).  A recent calculation 
by Suyog Gupta [25] for the band structure of GeSn alloys grown on a GeSn substrate indicated that all 
GeSn compositions (0–20% Sn) grown on a VS greater than 8% Sn would result in a direct band gap, as 
shown in Figure 2 below.  Not only would a GeSn VS create a direct band gap, it would also allow for the 
thicker GeSn films to be grown that are necessary for optical absorption in the vertical (non-waveguide) 
geometry needed in focal plane arrays.  The GeSn VS would also establish the capability for performing 
band gap engineering by varying Sn and Si composition in Ge, and thereby obtaining multiple band gaps 
with materials having the same lattice parameter, as is the case for III-V alloys.  As eluded to previously, 
forming a GeSn VS can be difficult due to the lack of Sn solubility in Ge and the compressive strain, but 
both can be compensated by the addition of Si.  Si adatoms on a surface are very reactive, as they quickly 
dissociate water to form SiO2.  The diatomic bond strength for Si-Ge and Si-Sn is greater than Ge-Ge and 
Sn-Sn, respectively [26].  Therefore, surface Si atoms should readily react with depositing Sn atoms and 
force Sn incorporation.  The atomic size of Si ~4% smaller than Ge and ~20% smaller than Sn; therefore 4 
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Si atoms should be able to compensate for the larger Sn atoms in the Ge lattice.  A SiGeSn layer would not 
have a direct band gap, but the grading of the Si concentration within the layer should allow for the more 
gradual strain increase to accommodate thicker GeSn layer growth.  A successful GeSn or SiGeSn VS 
would represent a seminal advance in the development of GeSn for optoelectronics.   
 

 
Figure 2. (Top) Compressive strain for GeSn grown on Ge leads to a larger direct band gap requiring 
greater than 12% Sn to achieve a direct band gap.  (Bottom) Growth of GeSn on a Ge0.9Sn0.1 VS 
results in tension for alloys < 10% Sn and a direct band gap. Alloys with Sn > 10 %, while being 
slightly in compression, will also have a direct band gap. 

 
 
3. EXPERIMENTS  

 
3.1 Sn and GeSn on Ge VS  
 
Initial efforts were directed at producing, and verifying the utility of, a Ge “virtual substrate” on Si (100) 
wafers for the growth of GeSn films.  The Ge “virtual substrate” is a film of Ge grown on Si at low 
temperatures and then annealed at much higher temperatures to allow the Ge film to relax.  We determined 
the surface roughness, defect density, and amount of strain relaxation in the Ge virtual substrate.  A 
comparison of the atomic force microscopy (AFM) images of a clean Ge (100) surface to a Ge VS is shown 
in Figure 3.  Although the Ge VS has more morphology than a very flat Ge (100) wafer, the root mean 
squared (RMS) roughness of both surface is approximately equal.  We can see, however, that the cleaned 
Ge surface can actually suffer from small pits where oxide desorbed during the ultra-high vacuum cleaning 
process [27].  We found that the Ge virtual substrate was an acceptable replacement for a true Ge (100) 
substrate and was therefore acceptable for the growth of GeSn films. 
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Figure 3. AFM images of (left) Ge (100) surface prepared by a chemical clean and UHV oxide 
desorption [ref] and (right) a UHV grown Ge VS on Si (100).  Below each image is a linescan 
across the surface. 

 

 
3.1.1 Sn on Ge and Ge on Sn Studies 
 
Before co-deposition of Ge and Sn to form alloys was undertaken, a study to understand the interaction 
between the two atoms on the surface was performed.  Beginning with a Ge VS, we deposited 200 Å of Sn 
onto the surface at room temperature.  The XPS measurement of the Ge 2p signal from the substrate is 
shown in Figure 4a.  The fact that the Ge signal can be observed indicates two important physical 
parameters: 1) Sn has a high surface free energy, as it does not cover the Ge surface, and 2) Sn has sufficient 
adatom mobility from the e-beam evaporation that it can form islands on the surface.  The XPS 
measurement from a 200 Å room temperature deposition of Ge on the 200 Å Sn deposition is shown in 
Figure 4b.  We observe by XPS a complete loss of the Sn signal indicating that Ge has completely covered 
the Sn surface.  This is what one would expect for Ge having a lower surface free energy and sufficient 
adatom mobility to coat the Sn islands.  For the overall growth of a GeSn alloy, if the Sn adatom mobility 
can be suppressed to prevent islanding, the depositing Ge adatoms can cover the growing surface leading 
to Sn incorporation. 
 

 
Figure 4. XPS measurements of (a) Ge 2p and (b) Sn 3d after deposition of 200 Å Sn at room 
temperature on Ge (red curves) and after deposition of 200 Å Ge at room temperature on Sn (black 
curves). 
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3.1.2 GeSn on Ge VS 
 
Multiple growth runs have been performed to ascertain the parameters for crystalline Ge0.9Sn0.1 films on Ge 
VS.  Literature results indicate that growth should be performed at as low a temperature as possible to 
minimize Sn segregation and diffusion out from the Ge matrix.  We investigated temperatures between 
room temperature (nominally 25 ℃) and 300 ℃ for a 200 Å Ge0.9Sn0.1 alloy that could be the basis for a 
GeSn VS.   XPS measurements of the Ge 2p and Sn 3d signals as a function of growth temperature are 
shown in Figure 5.  Although the Ge and Sn fluxes are nominally identical, which implies identical GeSn 
composition being deposited, for five growth temperatures, we observed a different surface composition 
for each temperature.  Based on our studies of pure Sn on Ge and Ge on Sn, the spectra for the room 
temperature deposition is an accurate measure of the depositing flux, as a calculation based on the XPS 
experimental cross-sections indicates a 10% Sn/90 % Ge composition.  For the 50 ℃ deposition, we see an 
increase in the Ge 2p signal and a decrease in Sn signal over the room temperature deposition.  This 
phenomenon can best be described by Sn islanding on the surface due to a higher surface adatom mobility 
for Sn than Ge.  For the growths of 100 ℃ and 150 ℃, we see a surface composition that is close to the 
depositing flux.  The deposition at 200 °C has a surface composition that is slightly lower in Ge and higher 
in Sn than the depositing flux.  This is the result of Sn segregation out of the alloy layer due to strain.  To 
avoid Sn segregation, alloy growths should be performed below 200 °C. 
 

 
Figure 5: XPS measurement of (a) Ge 2p and (b) Sn 3d as a function of temperature for the growth 
of a 200 Å Ge0.9Sn0.1 alloy on a Ge VS. 

 

 
In addition to having the correct depositing composition, the alloy formed must also be crystalline.  We 
used low energy electron diffraction (LEED) as an in vacuo method for determining surface order and 
crystallinity in depositing films throughout this research.  We found that a growth temperature above 100 ℃ 
necessary to obtain a LEED pattern indicative of a crystalline growth.  The LEED pattern for GeSn grown 
on Ge at 200 ℃ is shown in Figure 6 and is a 2x2 pattern, as seen by the switching of integer order spots 
by 45° with increasing incident electron energy, and is typical for this alloy deposition.  In comparison, also 
shown in the figure, the Ge VS is a 4x2 pattern.   Both patterns are expected for a crystalline orientation on 
a Si (100) wafer.  The diffuse background and broad diffraction spots for the GeSn growth are an indication 
of poorer surface order and/or surface segregation of Sn on the larger lattice parameter GeSn alloy.   
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Figure 6. LEED images for Ge VS (a and b) and Ge0.9Sn0.1 (c and d) at similar incident energies 
showing the crystalline nature of GeSn growth. 

 
 
 

3.1.3 Sb Surfactant Assisted GeSn Growth on Ge VS 
 

Unique to the MBE growth method is the ability to use a “non-growth” element to act as a surfactant to 
improve a film’s material properties [28], [29].  We found this necessary because the growth of GeSn alloys 
greater than 200 Å lead to Sn segregation resulting from increased compressive strain as the films grew 
thicker.  We need to grow GeSn alloys thicker than 1000 Å in order to perform x-ray diffraction 
measurements of strain relaxation and lattice parameter, and we need to grow GeSn alloys greater than 
5000 Å in order to perform photoluminescence measurements of band gap and optical properties.  By using 
Sb as a surfactant in the growth of GeSn films, the Sb surface segregation exceeds Sn surface segregation 
and facilitates the Sn incorporation.  By comparing identical growths with and without the use of Sb, we 
have found that the Sb surfactant does acts to increase the Sn composition in the film, to maintain a smoother 
growth surface, and to improve the film crystallinity, as measured by x-ray diffraction (XRD) and 
transmission electron microscopy (TEM).  Figure 7 shows the structure, XRD, and TEM results from a 
1500 Å Ge0.94Sn0.06 alloy grown at 200 ℃ with a monolayer of Sb atoms used as a surfactant on a Ge VS.  
The XRD shows the GeSn alloy is under compression, as its out-of-plane lattice constant “a ┴” is greater 
than its in-plane lattice constant “a║”.  The compressive state of the GeSn alloy layer is revealed by the 
two-dimensional XRD intensity map, which shows that the GeSn peak is situated above that of the Ge VS 
diffraction spot.  Both the GeSn and VS peaks are shifted from the Si substrate due to the relaxation 
provided by the Ge VS.  The sharpness (i.e. narrowness) of a given diffraction peak is a measure of 
crystalline quality. Given that the Si substrate is a nearly ideal crystal, we find that both the Ge VS and 
GeSn are highly crystalline (~ 400 arcsec compared to Si at ~40 arcsec) but broadened by the presence of 
grain boundaries.  This departure from perfect crystallinity is confirmed by the TEM image, where misfit 
dislocations are seen traversing the Ge VS and GeSn layers.  The TEM image reveals very abrupt interfaces 
between layers, which may be attributed to the use of the Sb surfactant.  Unfortunately, 6% Sn, incorporated 
in a Ge film at a growth temperature of 200 ℃, does not contain sufficient Sn to produce a direct bandgap, 
while attempts to grow a 10% Sn alloy with Ge using an Sb surfactant failed due to Sn particle formation.  
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Figure 7. a) Schematic of growth structure; b) XRD results showing relaxed Ge VS and 
compressively strained GeSn layer; c) TEM results showing abrupt interfaces but having 
dislocations traversing the Ge VS and the GeSn layers. 

 
 
 

3.2 Sn Reactivity on Various Surfaces  
 
3.2.1 Sn on Si, Ge, and Sapphire substrates 

Although Sb and Ge have lower surface free energies and can effectively coat a Sn surface, they can not 
effectively bind (make bonds) to the Sn atoms.  This was made apparent during a “growth calibration” run 
in which the flux would be calibrated against deposition source power (e.g. voltage, current, or temperature) 
by measuring the mass of the deposited film. In Figure 8, we show the AFM morphology for a Sn calibration 
growth run deposited on a sapphire wafer (Al2O3), a Ge wafer, and a Si wafer at room temperature.  In 
every case the Sn forms islands, but what is relevant in the images is the space between islands.  The 
sapphire surface is terminated with oxygen atoms that are known to effectively bind to Sn.  In this case the 
islands of Sn are numerous and continuous.  For the Ge surface, the islands are very large, spaced very far 
apart, and clearly not bound to the surface.  This result was anticipated from the early studies of Sn on Ge 
and Ge on Sn as measured by XPS in Figure 4.  The interesting result is for Sn deposited on the Si surface, 
where the islands are in-between that for deposition on sapphire or Ge. The Sn deposited on Si shows larger, 
but fewer, islands than on the sapphire surface, but unlike the Ge surface, the islands are joined along the 
edges.  This indicates that there were fewer nucleation sites that grew outward along the surface before 
growing vertically, and indicates that there is a favorable interaction between the Sn adatoms and the Si 
surface. 
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Figure 8.  AFM images of MBE growth calibration of 60 minutes of Sn deposited at 7.5 kV and 
100 mA on a) sapphire (Al2O3), b) Ge, and c) Si wafers to measure mass gain. 

 

3.2.2 Co-depositing Sn and Si on Sapphire 

Evaporation of Sn from an e-beam source imparts sufficient energy to the depositing adatoms that they can 
move on the surface to form islands when the surface has a lower free energy than a Sn surface.  This is 
referred to as a Volmer-Weber (VW) growth mode.  There are two other growth modes: Frank van de 
Merwe (FM) growth is layer by layer growth, where the depositing atoms have a lower surface free energy, 
and Stranski-Krastanov (SK) growth is layer followed by islanding, where the depositing atoms have lower 
surface free energy but physical constraints lead to islanding.  Growth of Ge on Sn would be an example 
of FM growth and Ge on Si would be an example of SK growth.  Both FM and SK growth modes can lead 
to epitaxial growth.  The formation of Sn islands in VW growth is detrimental to epitaxial growth, and once 
formed they do not dissolve/merge into the growing film furthering the disruption of growth.   Realizing 
that Sn deposited on a Si surface showed a different interaction than Sn deposited on a Ge surface, we 
pursued SiSn growth in analogy to GeSn growth.  Figure 9 shows the co-deposition of Sn at 0.1 Å/s with 
differing rates of Si on a sapphire surface where Sn islands should form.  We observe that even a small 
amount of Si (1/10th of the Sn rate) radically changes the surface morphology.  No longer do we observe 
multiple small islands, instead we observe large ridges of material that has accumulated.  With increased 
increase Si rate (1/5th of the Sn rate), we observe only a few islands spaced far apart.  Finally, with an equal 
rate of Si and Sn, there are no islands and the film is smooth and flat. We postulate that by depositing Si 
with Sn, the Si atom has 4-coordinate bonds that are very reactive, thus bonding quickly to the surface and 
to other depositing atoms (Sn).  Si is also smaller than Sn allowing for some degree of strain compensation.  
SiSn is an indirect band gap material until it becomes a metal and is not a desired compound, but co-
depositing Si with Sn can be used to incorporate Sn in Ge, as Si and Ge are 100% miscible in each other. 
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Figure 9. AFM images of co-depositing Sn (at 0.1Å/s) with varying rates of Si a) 0.01Å/s, b) 
0.02Å/s, and c) 0.1Å/s on a sapphire surface. 

 

3.3 Developing a SiGeSn VS 
 
3.3.1 SiGeSn on Ge (100) wafer and Ge VS 

The thermodynamic growth of GeSn is limited by the solubility of ~1.6% Sn in Ge.  Therefore, to get more 
than 2% Sn into Ge, one must use a kinetically limited growth mode, where the depositing flux more rapidly 
incorporates than segregates/diffuses out of the forming solid.  Our studies show that to accomplish 
kinetically limited growth, we must control the surface free energy, the depositing adatom mobility, and 
the reactivity of the growing surface.  Utilizing a 0.5 Å/s flux of Ge to effect surface free energy, a ~0.1 Å/s 
flux of Sn to limit adatom mobility, and a 0.1 Å/s flux of Si to enhance surface reactivity, we were 
successful at growing a 100 nm 13% Sn alloy for the first time on a Ge (100) surface.  To account for strain, 
the growth was compositionally graded from the Ge wafer to a GeSi alloy before the Sn was introduced 
and increased to 13%.  The XRD measurement for the SiGeSn alloy formed in this manner is shown in 
Figure 10a.  We observe discrete diffraction spots from the individual GeSi layers and from the SiGeSn 
layers with < 13% Sn oriented vertically from the Ge substrate diffraction spot.  This vertical alignment 
indicates that all of the layers were strained epitaxially to the Ge substrate, with those layers above the Ge 
being under compression and those layers below being under tension.  The final 13% Sn alloy shifts away 
from vertical alignment due to partial relaxation, and has a lattice parameter of ~5.74 Å, which is equivalent 
to a 10% Sn alloy without Si. The growth of the Si0.13Ge0.74Sn0.13 alloy was accomplished at 135 ℃, and 
thus, this layer composition would be sufficient to act as a VS for the growth of GeSn.  However, a thickness 
greater than 100 nm is needed in order to fully relax the strain.   

Beginning with a Ge VS formed on Si, we performed an identical growth program to form a Si0.13Ge0.74Sn0.13 
to a thickness of 500 nm that was sufficient to result in a nearly complete film relaxation, as determined by 
XRD shown in Figure 10b.  TEM measurements of the SiGeSn film showed that the film was uniform in 
composition, had no Sn particle inclusion, but was very defective from twinning and misfit dislocations.  
The high density of dislocations prevents the observation of photoluminescence as a measure of the direct 
bandgap.  However, an infrared transmission measurement was performed to see the absorption band edge 
of ~0.68 eV (1.8 µm), which is close to the expected value based on the composition derived from a 
theoretical model.  Utilizing the Si0.13Ge0.74Sn0.13 alloy as a virtual substrate for the subsequent growth GeSn 
and SiGeSn alloys has begun with the intention of improving crystal quality to observe direct gap 
photoluminescence. 
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Figure 10. XRD measurements of a Si0.13Ge0.74Sn0.13 layer grown on a) Ge (100) wafer, and b) Ge VS 
formed on Si (100). 

 
3.3.2 SiGeSn on Si (100) 

The realization that deposition of Si with GeSn prevented Sn segregation was a major breakthrough and 
allowed the growth of films with high Sn concentrations (up to 16%).  That work was done using a Ge 
wafer substrate, but the objective of this program is to grow GeSn on a relaxed virtual substrate formed on 
Si.  Through an iterative process, we succeeded in growing a Si0.10Ge0.80Sn0.10 relaxed alloy VS on a Si 
substrate using a step-graded transition from Si to SiGe to GeSi before the SiGeSn alloy.  By stepping 
through the compositions, we were able to observe relaxation begin in the GeSi alloy where the composition 
was only 70% Ge and 30% Si.  All layers after that point were fully relaxed.  We successfully created a 
virtual substrate with a 5.71 Å lattice parameter on a Si substrate for the subsequent growth of GeSn alloys 
with direct band gaps.  The use of a Si0.10Ge0.80Sn0.10 VS for the growth of a relaxed, direct gap Ge0.90Sn0.10 
alloy is shown in Figure 11. 

 
3.4 GeSn on SiGeSn VS 

For optical measurements, the GeSn alloys need to be grown thick enough for substantial absorption and 
emission. We grew an 800-nm-thick 12% Sn alloy on our virtual substrate for testing.  An IR absorption 
measurement shown in Figure 12 has three distinct absorbing layers: GeSn alloy at 3.25 µm, SiGeSn virtual 
substrate at 2.2 µm, and relaxed GeSi layer at 1.8 µm.  The GeSn layer is in the MWIR and has a direct 
band gap of ~0.4 eV.  The SiGeSn virtual substrate is in the SWIR but is an indirect band gap.  The GeSi 
layer is in the NIR at a frequency used by fiber optic telecommunications but is also indirect band gap.  
Indirect band gap materials are inefficient light emitters, but the direct gap GeSn should be photoexcitable.  
We attempted to observe photoluminescence from the GeSn, but it was too weak for our experimental setup 
to detect. 
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Figure 11. XRD measurement of a 250nm SiGeSn VS formed on Si for the growth of a 200nm 
GeSn alloy. 

Figure 12: Infrared absorption of Ge0.88Sn0.12 alloy grown on a SiGeSn VS formed on a Si (100) 
surface.  We observe an absorbance edge at 3.3 µm, the direct bandgap of the GeSn alloy layer.  The 
absorbance changes at 2.2 µm and 1.8 µm are indirect and are associated with the SiGeSn VS and 
GeSi transition layer. 

 

XRD, TEM, and energy dispersive x-ray (EDX) analysis shown in Figure 13 of our 800 nm GeSn alloy 
showed an imperfect material quality, as an explanation for the weak photoluminescence.  The XRD results 
indicate that relaxation begins in the GeSi layer as observed previously, and that all subsequent layers are 
relaxed.  The Ge0.88Sn0.12 layer gives rise to intense diffraction due to the layer thickness, although the width 
of the diffraction peak is due to columnar growth resulting from the use of Si atoms to suppress atom 
mobility.  TEM images also show a a rough interface between the relaxed GeSi layer and the onset of the 
SiGeSn virtual substrate that may provide nucleation sites for columnar growth.  We are currently 
developing strategies for reducing the roughness of this interface and thereby preventing columnar growth 
and its associated extended defects.  We began a series of experiments growing thicker relaxed buffer layers 
at a slower rate before the onset of the SiGeSn virtual substrate.  This resulted in a less defective, less 
columnar, and smoother GeSn film with a higher Sn concentration of 16%. 
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Figure 13: XRD (left), TEM (middle), and EDS (right) of Ge0.88Sn0.12 alloy grown on a SiGeSn 
VS formed on a Si (100) surface.   

 
 
4. CONCLUSIONS  

GeSn is being pursued as a means to directly grow an optoelectronic material on silicon in order to integrate 
infrared detectors and emitters on Si ROICs without the need for indium bump bonding that limits pixel 
size and functionality.  Successful realization of direct band gap GeSn films grown on a Si substrate was 
achieved in this program through the use of a SiGeSn virtual substrate.  The successful growth had 12% Sn 
with an IR absorption in the midwave IR at 3.3 µm demonstrating the viability of this approach.  Alloys of 
GeSn can now be grown on the SiGeSn VS to cover the infrared spectrum from communication through to 
the midwave wavelengths. 

The success of the program derives from understanding the chemical interactions between Sn and Ge and 
between Sn and the substrate.  In order to achieve Sn incorporation above the solubility limit, low-
temperature, kinetically-limited molecular beam epitaxy was utilized.  While Ge has a lower surface free 
energy and naturally coats a Sn surface, Sn did not form strong bonds with Ge allowing for Sn to segregate 
and diffuse resulting in Sn particle formation.  The use of co-depositing Si, with Ge and Sn, resulted in a 
more reactive surface that effectively bound the Sn atoms.  Thus, a SiGeSn virtual substrate was formed 
with a sufficiently large lattice parameter that optoelectronic alloys of GeSn could then be subsequently 
grown without compressive strain. Although the infrared absorption of the GeSn layer was as anticipated, 
materials improvements are necessary in order to observe infrared emission.  
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