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Abstract: We report new approaches based on rational design and preparation of chemical
vapor deposition precursors involving novel main-group hydrides to fabricate new families of
Si-based semiconductors and prototype devices that display compositional and structural
inheritance, from the parent molecule to the solid end product. This methodology enables
materials synthesis at extraordinarily low temperatures that are compatible with comple-
mentary metal-oxide-semiconductor (CMOS) processing/selective growth and provides the
means for obtaining highly metastable strain states in prototype structures that cannot be
obtained by conventional protocols. Some of the materials and devices under development,
involving alloys in the Si–Ge–Sn system, open up exciting opportunities in photodetectors
and photovoltaics because they grow directly on cheap Si substrates and cover an extended
range of the near-infrared spectrum that is not accessible to current photovoltaic and
optoelectronic group IV semiconductors.

Index Terms: Germanium, Si-based optoelectronics, photodetectors, near infrared.

1. Introduction
Modern semiconductor synthesis and processing predominately relies on the use of simple inor-
ganic hydridesVincluding the prototypical compounds GeH4, SiH4, B2H6, AsH3 and PH3Vwhich
are currently considered to be the industry standards. Higher order analogs ðSi2H6;Si3H8;Ge2H6Þ,
previously regarded as esoteric or commercially inaccessible, have also been developed and are
now used in mass production. In fact, a range of technical problems identified in the International
Technology Roadmap for Semiconductors are being addressed using sources such as Si3H8. As
the demand continues for improved semiconductor devices, the search for new synthetic chem-
istries and associated processes has dramatically intensified. In this context, hydride precursors
remain the preferred vehicle for pursuing exploratory research as well as commercial fabrication of
a wide range of novel solid-state materials and practical device architectures. Compared with
conventional metalorganic chemical vapor deposition (MOCVD) sources, these compounds are
generally more volatile and devoid of metal-organic functionalities that can incorporate carbon
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impurities into the final product, thereby degrading device performance. On the other hand, the
weakly bonded H ligands are readily eliminated as highly stable, noncorrosive H2, leaving groups
leading to the highest possible purity in the final product at extraordinarily low temperatures that are
well below the typical desorption range of H atoms in conventional CVD of semiconductors [1].
Accordingly, the latter may serve as surfactants in the epitaxy-driven crystal assembly of materials
possessing fundamentally incompatible surface energies. Our work to date provides mounting
evidence that this metastable regime is responsible for the layer-by-layer growth of perfectly uniform
and atomically flat heterostructures suitable for the development of thick device quality films. Most
importantly, this low-temperature nontraditional processing is perfectly compatible with the
fabrication of thermally sensitive device structures in typical back-end complementary metal-
oxide-semiconductor (CMOS) processes.

Ironically, the relatively low thermal stability and high reactivity of the hydride compounds, both of
which are advantageous from a materials synthesis perspective, have hindered their production
and widespread deployment [2]. To overcome this limitation, our team at Arizona State University
(ASU) has developed, over the course of the past decade, an extensive portfolio of purpose-built
hydrides comprised of main-group elements. Our approach is based on molecular designs intended
to improve stability and/or tractability, giving synthetic access to many more compounds that can be
isolated and manipulated at room temperature. For example, an entire class of previously unknown
azido-alanes and -gallanes has been produced, including the simple and highly versatile H2GaN3,
D2GaN3, H(Cl)GaN3, H(Br)GaN3, and ðH2AlN3ÞNMe3 complexes [3]–[5]. These have provided new
pathways to form nitrides at conditions that are inaccessible by conventional MOCVD for the purpose
of integration with Si electronics:

H2GaN3 ! H2 þ N2 þGaN: (1)

Other recent materials synthesis work [6]–[12] using single source precursors, containing C, N, O, P,
As, and Sb centers bonded to silyl ðSiH3Þ and germyl ðGeH3Þ ligands, has identified an extensive and
diverse sequence of molecules including the previously known SiH3CN, GeH3CN, OðSiH3Þ2,
NðSiH3Þ3, CðSiH3Þ4, CðSiClH2Þ4, CðGeH3Þ4, SiH3NCNSiH3, SiH3C2SiH3, PðGeH3Þ3, AsðGeH3Þ3;
PðSiH3Þ3, or newly prepared OðSiH2GeH3Þ2 derivatives (see Fig. 1). These have been demonstrated
to exhibit tunable reactivities, stoichiometries and bonding arrangements that enable the synthesis of

Fig. 1. Conventional and Bnext generation[ molecular hydrides used in various film depositions.
Carbon (dark gray); oxygen (red); silicon (yellow); germanium (blue); phosphorous (orange); and
hydrogen (white).
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new electronic and structural materials, including metastable alloys and compound semiconductors
as well as superhard and ultrastrong ceramics based on light elements. The synthesis protocols are
diverse and may involve unimolecular decompositions, simple reactions between molecules, or
interaction between molecules and atomic beams. For example, the combination of SiH3CN with Al
atoms yields SiH3CN:Al transient intermediates [see (2) below], which in turn eliminate robust H2 to
produce stoichiometric SiCAlN quaternaries with direct band gaps [6]

SiH3CNþ AlðgasÞ ! ‘‘SiH3CN: Al’’! SiCNAlðcrystalÞ þ 3=2H2: (2)

In this case, it was found that the intact incorporation of the Si-C-N nanoscale cores provides a
mechanism to control the hexagonal poly-type stacking in the structure and, in turn, the associated
fundamental band gap. In a related study the reaction of OðSiH3Þ2 or PðSiH3Þ3 with NH3 produces
perfectly stoichiometric Si2N2O or Si3N3P dielectrics [see (3) below], respectively, with immediate
applications in on-chip-capacitors. Here, again, the resultant solid condenses directly on the Si
substrate surface by low temperature assembly of Si-O-Si or P-Si3 nanofragments derived from the
parent molecules [7], [8]

PðSiH3Þ3 þ 3NH3 ! Si3N3Pþ 9H2: (3)

The simplest possible protocol to new materials synthesis involves single-source thermal
dehydrogenation reactions on structurally suitable platforms. Using this technique, we have
successfully produced semiconductors of composition Ge4C and Si4C via complete H2 elimination
from CðGeH3Þ4 and CðSiH3Þ4, respectively [11], [12]. In both cases, the intact incorporation of the
Si4C/Ge4C tetrahedral units into the solids leads to a unique sub-lattice in which all carbon atoms are
ordered as third nearest neighbors.We note, that these kinetically stabilized configurations, which are
typically created heteroepitaxially on Si via UHV-CVD, are not thermodynamically accessible via
standard near-equilibrium synthetic methodologies based on traditional molecular sources.
Collectively the above examples show that the compositional and structural inheritance from the
parent molecule to a solid end product is a general and powerful concept with great potential for future
innovations in functional materials design and discovery.

The precursor-driven synthesis approach has been extensively used to demonstrate the
generalized low-temperature deposition of alloys and strained-layer heterostructures in the SiGe,
GeSn, SiGeSn, SiSn, and SiGeSn/Ge systems [13]. The application of this technique enables
fabrication of novel devices such as extended-range near-IR GeSn photodiodes fully compatible
with Si processing protocols using silicon as a universal platform. Notable breakthroughs for this
class of systems have been described in our prior work. In this paper, we present our most
recent advances with special focus on the following topics: (a) precise nanoscale control of
composition and morphology in Ge-rich Si1�xGex materials with strained engineered structures
[14]–[16], (b) fabrication of Si–Ge–Sn materials which serve as active layers and/or enabling
buffers for Si integration in IR optoelectronics/photonics [17]–[20], and (c) new routes to device-
quality Ge on Si for applications in detectors and multijunction photovoltaics [21]. In each of the
above areas, we first provide methodologies, introduce background information, and then de-
scribe key new results.

The CMOS compatible fabrication of these systems was made possible by a new generation of Si–
Ge–Sn hydrides and corresponding derivatives of group V dopant atoms. From a structural and
bonding perspective these precursors incorporate molecular cores with precisely tailored nearest and
second neighbor configurations that ultimately define the properties of the synthesized semiconductor
alloys. This approach also addresses constraints in device fabrication such as the need for both
selective area growth, limited processing temperatures, and in situ doping of metastable
semiconductors leading to full activation at high carrier concentrations. It has also added significant
momentum to the emergence of silicon photonicsVa new and thriving area in optical materials
science and engineering [22].
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2. Results and Discussion

2.1. Designer Precursor Approaches to Strained-Engineered, Ge-rich Si1�xGex
The key SixGey building blocks of these materials are obtained from a broad-range of previously

unknown germyl-silane hydrides containing direct Si-Ge bonds. Recent examples include the
subset of deposition precursors with the general formula ðH3GeÞxSiH4�x ðx ¼ 1� 4Þ, suitable for
growth of thin Si1�xGex films with a wide range of Ge contents at low temperatures under pro-
cessing conditions inaccessible with currently available chemical precursors, notably germane gas
and silanes [14]. Si1�xGex alloys are utilized in vital components of computer chips, solar cells, and
other semiconductor devices. In the case of logic chips, the materials already play a critical role in
strained silicon technologies, enabling the continued pursuit of Moore’s law for performance im-
provements. The ðH3GeÞxSiH4�x compounds were initially synthesized at ASU and were subse-
quently used to fabricate Si1�xGex advantageously. This work in turn led to the discovery of new
branches within the general silyl-germyl class including butane-like analogs such as
GeH3SiH2SiH2GeH3, GeH3GeH2SiH2GeH3 and chlorinated derivatives [15]. The specialized
processing requirements and deposition behavior of selected compounds was also demonstrated.
In addition to fundamental value, recent collaborations with Voltaix Corporation and ASM America
have determined that they are also useful for industrial applications and can be manufactured
economically [23].

Our inventory of germyl-silane precursors was subsequently expanded to include the chlorinated
ClnH6�nSiGe hydrides. Selectively controlled chlorination of H3SiGeH3 is provided by reactions with
BCl3 to produce ClH2SiGeH3 and Cl2HSiGeH3 and poly-substituted derivatives according to the
following equation [16]:

nBCl3 þ 3H3SiGeH3 ! n=2B2H6 þ 3ClnH6�nSiGe: (4)

This scheme represents a viable single-step route to the target compounds in practical yields for
industrial level semiconductor applications, particularly once the starting SiH3GeH3 material is
produced on a commercial scale by Voltaix. Higher order polychlorinated derivatives such as
Cl2SiHGeH2Cl, Cl2SiHGeHCl2, ClSiH2GeH2Cl and ClSiH2GeHCl2 were also obtained in semicon-
ductor grade purity. The built-in Cl functionalities of these compounds are specifically designed to
facilitate selective growth compatible with CMOS processing. In particular, low-temperature epitaxy
(380–430 �C) produces stoichiometric SiGe films seamlessly, conformally, and selectively in the
recessed regions of prototypical device structures, as seen in Fig. 2. The materials deposited via

Fig. 2. XTEMmicrograph showing selective growth of SiGe in the Bsource[ and Bdrain[ areas of a device
via deposition of silyl germanes. Note the smooth and continuous morphology devoid of threading
defects. The enlarged view indicates the absence of any deposition on nitride spacers or on the
polysilicon gate.
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this method exhibit monocrystalline microstructures, smooth and continuous surface morphologies,
reduced defect densities, and record high compressive strains.

The synthetic Bpalette[ of chlorinated SiGe was most recently extended to the Ge-rich propane-
and butane-like family of molecules including SiH2ðGeH3Þ2, SiHðGeH3Þ3, and ðSiH2Þ2ðGeH3Þ2 by
selective chlorination of their -SiH2, -SiH, and -SiH2-SiH2- bridging ligands. This approach led to
pure compounds such as ClHSiðGeH3Þ2, Cl2SiðGeH3Þ2, ClSiðGeH3Þ3, and ClHSiSiH2ðGeH3Þ2 [24].
The dichlorinated butane-like species ðClHSiÞ2ðGeH3Þ2 and Cl2SiSiH2ðGeH3Þ2 are also obtained as
isomeric mixtures and embody a new class of highly reactive single source precursors that are of
fundamental and practical interest. Depositions of the more reactive ClHSiðGeH3Þ2 analog in
this class produced Si0:33Ge0:67 layers with novel epitaxy-stabilized tetragonal structures exhibit-
ing unprecedented compressive strain approaching �2.4%. This is �90% of the maximum value
(2.75%) expected for this composition and it is obtained in film thicknesses of 20–25 nm that far
exceed the equilibrium critical value (G 2 nm) of the same material grown pseudomorphically on
Si(100). The external stress required to achieve this deformation in free standing samples is�4 GPa
which underscores the extreme strain state achieved in these films. XTEM observations of this
material reveal a uniform thickness, a smooth surface and fully commensurate interfaces.
Furthermore, diffraction contrast analysis indicates that the layers are largely free of threading
defects.

The above examples demonstrate that a single source route enables facile conversion of
diamond cubic Si-Ge into tetragonally structured alloys with average lattice constants of 5.451

�
A

and 5.688
�
A that cannot be obtained by conventional methods. In this case, fully stressed

Si0:50Ge0:50 layers with lattice parameters of 5.428
�
A and 5.595

�
A and thickness of 60 nm are grown

pseudomorphically on Si via decomposition of SiH3GeH3. Accordingly, this approach may represent
a practical strategy for stress engineering and control which could lead to significant performance
gains by enhancing themobility in p-typemetal-oxide-semiconductor device channels. Additionally, it
circumvents the need for the usualmulticomponent reactions and corrosiveCl2 etchants necessary to
promote selective, strained-layer deposition in conventional processes.

2.2. Materials and Device Development in the Ge and Ge-Sn Systems
Most recently, the theme of precursor driven approach was extended to the arena of activation of

group IV semiconductors where effective n-doping has been traditionally very difficult to achieve by
conventional physical and chemical methods including implantation of solid sources and vapor
deposition of PH3 and AsH3 molecules. In our work, donor incorporation and activation is achieved
efficiently in situ using an entire series of newly introduced single source precursors containing P,
As, and Sb centers bonded to silyl ðSiH3Þ and germyl ðGeH3Þ ligands such as PðSiH3Þ3, PðGeH3Þ3,
AsðGeH3Þ3, and SbðGeH3Þ3. For example, the ðSiH3Þ3P compound was used to co-dope
germanium with Si and P for the first time by building a prototype pþþSið100Þ=i �Ge=n-Ge photo-
diode structure [25]. The resultant n-type Ge layers contained active P carrier levels of �5� 1019

and Si concentrations of �1020 atoms/cm3 which is within the range expected for incorporating the
entire Si3P units into the diamond cubic Ge matrix. Extensive characterizations for structure,
morphology, and crystallinity indicate that the Si Bco-dopant[ plays essentially a passive role and
does not compromise the device quality of the host material, nor does it fundamentally alter its
optical properties. In Fig. 3, XTEM and atomic force microscopy (AFM) images show that the
surface of the film is atomically flat and the bulk is virtually free of threading dislocation except for
the interface region which reveals the typical Bpile up[ of defects within 50 nm above the Ge/Si(100)
heterojunctions. From a broader device design and fabrication perspective the ðSiH3Þ3P precursor
could also offer a simple and effective route to Ge superdoping for possible application in electrical
contact design or even superconductivity.

As in the case of PðSiH3Þ3, the analogous Ge compounds PðGeH3Þ3 and AsðGeH3Þ3 have also
been specifically designed to deliver intact Ge3P and Ge3As near-tetrahedral cores into the lattice
sites of the diamond-cubic structures at low temperatures (see Fig. 4). In recent device applications,
this precursor method has proven to be far superior to current state-of-the-art approaches for n-type
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doping utilizing arsine and phosphine which tend to significantly reduce the growth rates due to
complicated surface reactions at the growth front [26]–[28]. The use of the latter compounds
containing relatively strong P-H and As-H bonds are also known to require high temperature
depositions, which leads to clustering, precipitation, and surface segregation of the dopants,
thereby inhibiting the formation of compositionally uniform profiles and thus degrading the overall
quality of the material [29]. Ultimately, these source- and process-related issues severely limit the
active carrier concentrations achievable to levels below the 1019 atoms/cm3 range [30]. While this is
acceptable for some applications, such as SiGe modulators [31], much higher levels must be
routinely attained to fabricate Si–Ge–Sn photodetectors, as well as Ge-based lasers for appli-
cations in the general area of Si-photonics. In this regard, the PðGeH3Þ3 compound is particularly
useful in CMOS compatible fabrication of high-performance Ge0:98Sn0:02 p�i�n photodetectors
integrated directly on Si platforms [32]. The PGe3 cores of the precursor are incorporated intact into
the host GeSn structure to yield a homogeneous distribution of substitutional P without clustering or
segregation, ensuring full activation at concentration levels in the 1018 to 1020=cm3 range. In contrast
to conventional high temperature/energy methodsmentioned above, this soft chemistry strategy also
mitigates structural and morphological imperfections in the relatively fragile GeSn which ultimately
degrade the performance of these devices.

The GeSn alloys used for this application represent a new class of group IV materials that are
particularly attractive not only for IR detector but for photovoltaic devices requiring band gaps lower
than that of Ge (0.80 eV) as well. Our CVD approach to the growth of these materials directly on Si
wafers is based on straightforward reactions of conventional Ge2H6 with SnD4 at low temperatures
of 250 to 350 �C. In general we find that over this range there is an inverse relationship between the
growth temperature and the amount of Sn incorporated in the alloy. Samples with low Sn content
(2%–5%) are routinely grown at 350–330 �C, respectively and have been used to produce pro-
totype devices as discussed below. To produce materials with higher Sn contents the temperature
must be systematically and dramatically reduced to ensure full incorporation of the atoms in the
structure. For example at 290, 275, 270, and 260 �C, we obtain Sn concentrations of 9, 11, 13, and
15%, respectively. The reduction in temperature is associated with a concomitant decrease in

Fig. 4. Dehydrogenation reaction of PðSiH3Þ3 producing PSi3 near tetrahedral molecular cores. These
are incorporated into the diamond lattice ensuring full activation of the P atoms at low temperatures
without clustering or segregation.

Fig. 3. (a) XTEM micrograph of a 700-nm-thick Ge/GeSiP film, which appears to be flat and free of
penetrating defects. Arrow indicates the switchover point in the growth of the intrinsic Ge layer to the P/Si
co-doped overlayer. Themicrostructure at the growth transition region is continuous and indistinguishable
from that of the bulk. (b) Schematic of the prototype p�i�n heterostructure. (c) AFM image indicating an
RMS roughness of �0.19 nm for the 5� 5 �m2 areas [25].
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growth rate from 20 nm/per minute at 350–370 �C (2% Sn) to 1.5 nm/min at 260 �C (15% Sn).
Fig. 5 shows the random and channeled plots acquired from representative samples containing the
aforementioned compositions. Notice that the ratio of the random over the aligned peak heights
[which is defined as �min in Rutherford backscattering spectrometry (RBS)] for the Sn and Ge
peaks is the same in each sample indicating full substitutionality of both atom types, which is
consistent with single phase material.

It is noteworthy that the 260 �C temperature is well beyond the characteristic range for epitaxy
driven deposition by CVD reactions involving molecular hydrides of group IV materials. Perhaps
more surprising is the fact that hydrogen is fully eliminated from the growth front allowing the
formation of supersaturated alloys with single-crystalline structures under highly metastable condi-
tions. Fig. 6 contains a plot of the amount of Sn incorporation in the alloy as a function of growth
temperature indicating that an inverse linear relationship exists between the two parameters. This in
turn reflects the almost linear concentration increase of the SnD4 needed to deliver the higher Sn
contents while unimolecular decomposition of SnD4 leading to precipitation of elemental Sn is
suppressed at the low temperatures employed in this range.

At the highest growth rates thick and atomically flat films containing 2%–3% Sn have been
routinely obtained and are found to possess low densities of threading dislocations ð�106=cm2Þ, as
required for the fabrication of photodiodes [33]. Even at these modest concentrations, the latter

Fig. 5. Aligned and random RBS spectra for a series of Ge1�xSnx samples containing 9, 11, 13, and
15% Sn, demonstrating that a similar high degree of Ge and Sn substitutionality is systematically
achieved in all films.

Fig. 6. Amount of Sn incorporation in Ge1�ySny alloy films as a function of growth temperature, indicating
an inverse linear relationship over the range 260–350 �C.
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devices are found to posses a significantly extended detection range relative to elemental Ge.
Furthermore, extensive optical characterizations of the materials have demonstrated a rapid re-
duction of the direct absorption edge as a function of Sn content to the extent that only a very small
fraction of 2% Sn is sufficient to achieve full coverage of all telecom windows with an absorption
coefficient that is at least ten times higher than that of Ge [34]. Accordingly, these materials have a
true potential to extend the optoelectronic performance of elemental Ge into the mid infrared region
of the spectrum.

The first generation of such diodes based on pþþSið100Þ=i �Ge1�ySny=n �Ge1�ySny geom-
etries (and n�i�p analogs) were fabricated using the above synthesis and doping protocols
involving the highly reactive hydrides Ge2H6, SnD4 and PðGeH3Þ3. Subsequent spectral measure-
ments of these devices revealed that the range of their responsivity is dramatically expanded up to
at least 1750 nm, well beyond the direct band gap of Ge (1550 nm), indicating a broader coverage
of the IR spectrum, as expected [32], [34]. The external quantum efficiency (EQE) plot obtained
from of a representative devices with an intrinsic layer thickness of �350 nm and a mesa size of
300 micrometers in diameter is shown in Fig. 7. The data provide unequivocal evidence that the
incorporation of a small amount of Sn (�1–2 at. %) into the Ge significantly extends the detection
range of the material, and makes the case that Ge1�ySny alloys represent a practical and po-
tentially superior alternative to Ge for telecommunication applications. In particular, the EQE of this
diode over the L band (1565–1625 nm) is about a factor of 2 higher than that of any tensile strain Ge
device in the literature confirming the attractive properties of these alloys for detection in this
wavelength range. This extended response may also have significant implications for the design of
novel photovoltaic devices as shown in Fig. 7, since it makes it possible to capture a portion of the
solar spectrum between 1400 nm and 1800 nm that is largely lost in current multijunction solar cells
based on Ge as the low band gap component.

The EQE plot of analogous diodes based on pure Ge layers that are grown directly on Si at low-
temperatures and processed in a nearly identical manner is also included in Fig. 7. The results
confirm the higher responsivity of GeSn despite the significantly lower dark currents measured in
the Ge counterparts, as shown in Fig. 8, which compares the data for pure Ge and GeSn devices
processed in the same way, and containing essentially identical architectures and layer thick-
nesses. In fact, the dark currents for our Ge diodes shown here are comparable to those reported
for similar devices grown at much higher temperatures, underscoring the high quality of our

Fig. 7. (Left) Schematic representations of the p-i-n photodiode showing the sequence of the layers and
the oxide antireflective coating and the metal contacts. The mask containing the circular mesas with
diameters ranging from 60 to 300 is shown below along with the metal contacts of the devices. (Right)
External quantum efficiency plots comparing the optical response of �350-nm-thick Ge0:99Sn0:01 and
Ge0:98Sn0:02 photodiodes with a pure Ge analog. The EQE of the GeSn is significantly higher the entire
near IR range due to the higher absorption coefficient of the alloy and the absorption edge shifts
systematically to higher wavelength with increasing Sn content. This also allows a significant degree of
overlap with the solar spectrum (dark gray trace) within the measured wavelength range [32], [34].
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specially developed Ge materials in both intrinsic and doped form. The latter were deposited using
new synthesis protocols that allow unprecedented control of film microstructure, morphology and
purity [35]. The method utilizes designer molecular precursors targeted to tailor the surface
reactions at the growth front. The deposition is conducted at 350–420 �C using molecular mixtures
of Ge2H6 and small amounts of highly reactive ðGeH3Þ2CH2 organometallic additives. Under these
conditions, gas-phase reactions are suppressed. Optimized molar ratios of these mixtures have
enabled layer–by-layer growth. The driving force for this novel reaction mechanism is the facile
elimination of extremely stable CH4 and H2 byproducts. Our results in general indicate that the
additives moderate the surface diffusion of the Ge atoms thereby profoundly altering the classic
Stranski-Krastanov growth mechanism of epitaxial Ge on highly mismatched Si surfaces. This
approach produces atomically smooth (AFM RMS �0.2 nm) and stress-free Ge films with
dislocation densities less than 104 cm�2, as required to advance the optoelectronic performance
of the IR photodetectors. An empirical relationship between dislocation density and dark current
for Ge-on-Si heterostructure diodes, as determined by Colace and Assanto [36], is shown in the
right panel of Fig. 8. The red shaded region indicates the dislocation energy range and dark
current range for samples grown in this study, showing a close correspondence with the empirical
trend.

We anticipate that our novel CVD approach to the growth and doping of these Ge and GeSn
materials/devices should be compatible with the selective growth strategies needed for waveguide
photodetectors. In particular, the much higher alloy absorption coefficient of GeSn may actually
eliminate the constraints that dictate a waveguide geometry for Ge on Si receivers. We also
anticipate that increased Sn concentrations in this alloy should to shift the responsivity further into
the infrared, overlapping the wavelength range of InGaAs detectors. From a growth and doping
perspective, a critical advantage of our inherently low-temperature soft-chemistry approach is that
all high-energy processing steps are completely circumvented.

GeSn quantum wells have been grown using higher gap SiGeSn barrier layers. These materials’
architectures have yielded light emission in the vicinity of the direct gap and are considered critical
building blocks for a range of novel optoelectronic structures including high-speed modulators
based on the quantum-confined Stark effect (QCSE). Most recently, however, we have observed
direct-gap photoluminescence at room temperature in thick GeSn layers grown directly on Si, in
which confinement effects are not manifest. In this case, we find that the luminescence peak shifts
to longer wavelengths as the Sn concentration is increased from �0.8, 0.73 eV and 0.68 eV for
samples containing 0.0 Sn% (pure Ge), 1.5% Sn, and 3.0% Sn, respectively. These peak values
very closely follow the direct gap energies obtained from ellipsometric studies of the dielectric
function. Preliminary photoluminescence spectra show that while these low-Sn concentration alloys

Fig. 8. (a) I–V graphs obtained from Ge and GeSn device mesas with sizes of 100 �m in diameter. The
dark current in GeSn is significantly higher than that of pure Ge likely due to either inferior crystallinity or
alloy scattering effects. (b) Dark current versus dislocation density trends for Ge-on-Si heterostructure
diodes, as determined by Colace and Assanto [36]. The red region indicates the ranges of dislocation
density and dark current for samples grown in this study.
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are expected to be indirect gap semiconductors, the separation between the direct and indirect
edges is less than in pure Ge, and therefore, the �-valley minimum in the conduction band of the
GeSn alloy is easily populated by a combination of photo- and thermal excitation. The indirect gap
emission is far more sensitive to defects than the direct gap emission, and therefore, it is not
observed in these samples. This is similar to previous results for Ge layers on Si that have led to the
recent announcement of lasing in these materials. The advantage of GeSn alloys is that their
emission energy is tunable as demonstrated in our studies (to be published). Moreover, the sepa-
ration between conduction band minima is also tunable, and this reduces (or eliminates altogether)
the level of n-type doping needed to achieve lasing devices.

2.3. Si–Ge–Sn System
The previously discussed Ge1�xSix alloys have recently been introduced into conventional

CMOS to enhance the performance of Si-based transistors and expand the optoelectronic capa-
bilities of group IV materials enabling the design and realization of novel high-speed modulators and
quantum cascade lasers [22], [31], [37]–[39]. However, the large lattice mismatch between Si and
Ge that enables these strain engineering technologies is also the source of various structural
issues. In the case of multijunction photovoltaics, the incorporation of Ge-rich components has not
been possible due to the high levels of deleterious dislocations created at the mismatched hetero-
junctions. Furthermore, the band structure and lattice dimensions of Si1�xGex cannot be decoupled
since the compositional change needed to adjust the band gap of the alloy produces a simulta-
neous change in molar volume and, therefore, the lattice constant.

Most recently, the focus in group IV materials has shifted to the Si–Ge–Sn system, where the
compatibility in electronegativities and bonding character between the constituents allows rough
estimates of band gaps and optical properties to be made using simple Si, Ge and Sn averages.
Intriguing new concepts that could lead to breakthroughs in optical engineering have been pro-
posed, and specific device designs have been introduced (particularly in the patent literature) on the
basis of interpolating critical point energies as a function of composition. We note that the validity of
these assumptions can only be verified by fabricating these new alloys as perfect substitutional
crystals on conventional platforms that would allow a detailed and unambiguous characterization of
their optoelectronic properties. While deposition chemistries needed to fabricate Ge1�xSix alloys
are well understood and widely available corresponding protocols to introduce Sn into SiGe require
the design of development of new process protocols based on chemically compatible sources. The
facile reactivity of stannanes (hydrides of tin) over silane or germane derivatives extends the
synthesis parameter space to unprecedented low-temperatures regimes which favor the formation
of otherwise inaccessible compositions and metastable structures. In addition, the strong/large
scattering cross section of Sn makes this element amenable to quantitative detection at very small
concentrations (G 1 at. %) in the lattice as well as routine and reliable spectroscopic analysis of the
bonding and electronic properties.

The previously described advances in Ge and GeSn epitaxy and hydride precursors develop-
ment have also enabled the CVD growth of Ge1�x�ySixSny ðy ¼ 2� 12%Þ ternaries with random
diamond cubic structures [13]. Historically, these materials were initially deposited on GeSn and Ge
buffered Si(100) via reactions of specifically designed Si–Ge–Sn hydrides described above such as
SnD4 and the ðH3GeÞxSiH4�x ðx ¼ 1� 4Þ family of silylgermanes. The latter furnish building blocks
of specifically tailored elemental contents that possess the necessary reactivity to readily form the
desired metastable Ge1�x�ySixSny structures and compositions at low temperatures (300–350 �C).
For example, ðGeH3Þ2SiH2 reacts readily with SnD4 at 350 �C to yield films with a Ge:Si ratio of
2 : 1, precisely matching that of the corresponding precursor. More recently, the routine growth of
compositions containing up to 7 at. % Sn has been demonstrated on both Si(100) and Ge(100)
wafers using commercially available sources such as trisilane, digermane, and stannane, thereby
making the process suitable for direct industrial scale up and applications [20].

Extensive optical characterizations indicate that the properties of Ge1�x�ySixSny are independent
of the platform on which they are grown including Si, Ge/Si(100) and GeSn/Si(100) and, most
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recently, bulk Ge and GaAs substrates (see below for details concerning the latter platforms) [20].
More importantly, from an optoelectronic application perspective, the independent tuning of band gap
and lattice constants has been unequivocally demonstrated for the first time in group-IV
semiconductors [40]. In principle, alloy compositions can be generally chosen to lattice match a
specific desired length scale ranging from that of Si to Sn. Experimentally, ternary alloys with Si to Sn
molar ratio close to 4 : 1 possess a fixed lattice constant identical to that of Ge and can be routinely
and reproducibly obtained for Si and Sn contents ranging from 2%–11% and 8%–43%, respectively
[26], [41]. This is illustrated schematically in Fig. 9 which described the qualitative variation in the band
gap (optical properties) of the ternary group IV films, whose molar volume and lattice constant remain
unchanged as the composition of Si and Sn is increased. Accordingly, these materials can be viewed
as Bpseudobinary[ alloys that can be described with a general formula Ge1�X ðSi0:8Sn0:2ÞX . The
elemental composition of these systems is typically determined using RBS, as shown for a repre-
sentative sample containing �10% Sn and �46% Si in the right panel of Fig. 10. Their optical
properties of these alloys have been thoroughly measured, and plots containing the dependence of
the direct gap ðE0Þ on composition X (left panel of Fig. 10) indicate that the corresponding transition
energies are strongly nonlinear (e.g., large bowing) [40]. Nevertheless, the data show that the lowest
direct gap E0 increases monotonically as the Ge atoms are substituted by Si0:8Sn0:2 in the alloy,
yielding a new family of semiconductors with properties complementary to those of SiGe andGe. This
makes it possible to design new optoelectronic devices fully compatible with Si processing that range
from communication applications to sustainable energy systems such as photovoltaics based on
hybrid group IV/III-V multijunctions. In the latter case the efficiency of the conventional Ge/InGaAs/
InGaP designs is increased by inserting a material with the same lattice constant as Ge and a band
gap close to 1 eV [42]–[44], as illustrated schematically in Fig. 11. In this context, theX minimumof the
conduction band for SiGeSn should remain close to 1 eV (it is 1.1 eV in Si, and 0.9 eV inGe and a-Sn),
whereas the � (direct) and L minima increase as the Ge concentration is reduced while keeping the
lattice constant equal to that of Ge. Thus, it may be possible to design an SiGeSn alloy where either all
gaps or at least the direct and indirect ðX Þ gaps are close to 1 eV, as required to improve solar cell
performance. Finally, systematic doping protocols have been developed to produce n and p-type
layers with Sn concentrations of 2, 5, and 8 at.% possessing remarkably high carrier mobilities

Fig. 9. Schematic illustration of the compositional tuning concept for Ge-rich SiGeSn alloys latticed
matched to Ge (light blue circles), in which a ratio of Si (orange spheres) to Sn (large gray spheres) of
4 is maintained. The plots below illustrate the corresponding increase in band gap associated with the
addition of Si and Sn, while preserving the 4 : 1 ratio.
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comparable with those in elemental Ge, indicating that all elements are now in place to fabricate the
first PN and PIN diodes based on these materials [45].

2.4. First Principles Simulation Studies
We also routinely integrate modern state-of-the-art simulations into our studies in order to

elucidate the structural, optical, vibrational, thermoelastic, and thermodynamic behavior of group IV
systems being investigated experimentally. Here, we focus on several key issues involving the role
of atomic level distribution on the optical bandgap in ternaries lattice matched to Ge. For an ideal
SiGeSn ternary alloy, statistical mechanics delivers the bond distributions which are in turn needed
to describe the compositional dependence of the optical and vibrational properties. Cluster expan-
sion models based on the Connolly-Williams approach [46] are used to estimate the properties of
complex alloys by examining a finite number of discrete compositional configurations. We have
successfully used this approach in prior work to predict the observed bandgap-composition de-
pendence in SiCAlN quaternary alloys [6].

For SiGeSn systems containing significant concentrations of Sn, discrete quasi-random structural
models can also be used to investigate the role of Sn nanoclusters on various properties of Si–Ge–
Sn systems (e.g., thermoelastic, thermodynamic, optical). Our recent work on Si1�xSnx alloys,
which represent the BSiSn[ component of the SiGeSn ternary, has shown that nanoscale tuning of
the Sn distribution within the alloy can have a profound effect on the value of the band gap for a
given Sn content [47], and suggests that individual Bloch-like bands can be coaxed into the band

Fig. 11. Possible multijunction structures incorporating a lattice matched Ge1�xðSi0:8Sn0:2Þx alloy
(indicated as BSiGeSn[) with bandgap of 1 eV.

Fig. 10. (Left) Direct gap E0 versus (SiþSn) fraction X for Ge1�X ðSi0:8Sn0:2ÞX alloys. The solid red line
represents the best fit of the data, indicating that the gap reaches a maximum value and then decreases
[42]. (Right) RBS spectrum of a representative Ge-lattice-matched sample showing distinct Si, Ge, and
Sn signals from the atoms in the epilayer (green) and the buffer (blue). The aligned spectrum (red trace)
indicates complete substitutionality of the Si, Ge, and Sn in the lattice.
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gap to potentially produce bona fide intermediate band (IB) photovoltaic materials. Accordingly, in
the present work we investigate the effect of Sn atom clustering on optical properties of the SiGeSn
alloys by explicit comparison of the band structure of random systems containing both ideal and
nonideal bond distributions. Following our earlier work, we use density functional theory (DFT) as
implemented in the VASP code [48], [49], and adopt random 64-atom supercells in which both atom
positions and cell parameters are fully relaxed. In the case of ideal random alloys the atomic
constituents are arbitrarily distributed on the available lattice sites to produce a series of compo-
sitions which are then screened on the basis of their bond distributions. Three configurations
possessing the ideal alloy distributions (e.g., for a binary AB alloy NAA ¼ x2, NAB ¼ 2xð1� xÞ,
NBB ¼ ð1� xÞ2) are selected for subsequent calculation and the alloy properties are then simply
obtained by averaging over these three distributions. We have verified that the averaged total
electronic energies and molar volumes obtained using this procedure are essentially indistinguish-
able from those calculated using smaller 32-atom special quasi-random structures (SQS) at a
number of compositions (0.125, 0.25) [50].

In the present case of theGe-lattice-matched systems, we also adopt a 64-atom cell representation
with random distributions of Si, Ge and Sn atoms. Among the configurations explored we specifically
retain those which possess ideal bond distributions obtained from simple concentration products of
the corresponding elemental constituents at each composition. For example the number of
homonuclear Sn-Sn bonds is x2 while for the heteronuclear Sn-Ge and Ge-Sn analogs the total is
xð1� 5xÞ þ ð1� 5xÞx ¼ 2xð1� 5xÞ. Here, again, fundamental alloy properties such as energies
and lattice constants are obtained by averaging over the three selected configurations. For the
purpose of describing the bonding within these configurations, it is convenient to express the
Ge-matched ternary as a pseudo-binary admixture of pure Ge and Si0:8Sn0:2, where the latter is a
random alloy possessing the Ge lattice constant. By defining X ¼ 1� 5x , this can be written with a
general formula of Ge1�X ðSi0:8Sn0:2ÞX , where X represents the Ge content in the material. The
corresponding Bideal[ bond distributions for this system are plotted as a function of composition in
Fig. 12, which elucidates distinct bonding regimes exhibiting SiSn-like (X � 1), SiGe-like (X � 0:25)
and Ge-like (X � 0) behavior are expected. It is interesting to note the SiGe-like regime corresponds
to alloys with 5%–8% Sn content, which are observed to exhibit facile formation and a remarkable
thermal stability in spite of their high Sn content, as discussed in recent work describing the
thermodynamics of these systems [26].

The electronic energies of the random alloys are obtained directly from the VASP code from a full
structural optimization over the cell parameters (zero stress) and all atomic positions (zero force).
We employed the Ceperley-Alder parameterization of the local density functional (CA-LDA) [51],
[52], a plane wave cutoff of 350 eV, and a 3 � 3 � 3 Monkhorst-Pack sampling for reciprocal space
integrations yielding 14 irreducible k -points in the first Brillouin zone. Using these computational
conditions we obtained the electronic ground state energy and relaxed structures of nine com-
positions in the range from 0% to 13% Sn, by averaging over three configurations in each case, as
described earlier.

A by-product of the latter calculations is the band structure of the ternary alloys. To compute the
band energies, we evaluated the electronic density using a denser grid of k -points (approximately
55 irreducible points) and the optimized atomic structures for each composition. The electronic
energies were then evaluated along a series of standard paths in the Brillouin zone corresponding to
our simple cubic supercell. The resulting band gaps were found to vary from 0.0 to approximately
0.3 eV as the Ge content was reduced [e.g., increasing the percent amount of ðSi0:8Sn0:2Þ]. The
vanishing of the band gap for Ge is awell-known limitation of the LDA so that the results obtained here
provide quantitative trends only with respect to the compositional variation rather than the absolute
value of the gaps. The actual values of the band gap were found to vary by less than 0.02 eV between
random configurations for a given composition, justifying the use of a simple arithmetic average. For
the Ge-rich systems considered here a simple shift (offset) of the calculated band gaps by the
observed value of 0.78 eV was applied as shown in the vertical axis of Fig. 12. Over the range of Sn
concentrations form �5%–10%, this fixed shift gives essentially the same values as the Vegard
average of the corrections for Si (�0.62 eV),Ge (�0.78 eV) andSn (0 eV). The plot in Fig. 13(a), which
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includes these corrections, indicates a systematic increase in the band gap with Si and Sn con-
centration up a maximum value of �1.1 eV for an alloy with composition Ge0:45Si0:44Sn0:11, followed
by a small decrease for larger concentrations of Si/Sn, in semiquantitative agreement with the ex-
perimental results presented in Fig. 10.

A potential concern in SiSnGe ternary alloys is clustering of the Sn atoms on the nanoscale,
particularly in samples with high Sn concentrations. As mentioned above, this may have a profound

Fig. 13. (a) LDA band gap dependence on %ðSi0:8Sn0:2Þ indicating a gradual increase of the gap to a
maximum value of 1.08 eV for Si0:44Ge0:45Sn0:11. (b) LDA electronic band structure in the vicinity of the
band gap for a representative Si0:44Ge0:45Sn0:11 alloy with Si/Sn ratio of 4, in which the Sn atoms are
randomly distributed (left) or clustered (right). In this example, the Sn clustering reduces the gap by 50%
and alters the character of the transition from �! � to �! X (Note that the k -space points refer to a
simple cubic supercell and not the traditional FCC primitive cell.) Legend: Silicon (yellow), Germanium
(blue), Tin (gray).

Fig. 12. Ge concentration dependence of the statistical bond distributions in ideal Ge1�X ðSi0:8Sn0:2ÞX
alloys possessing the lattice constant of pure Ge, where 1� X ¼ 5x represent the fraction of Ge in the
ternary. The vertical axis is normalized to the maximum number of bonds (128) in a 64-atom diamond
lattice supercell.
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effect on key thermoelastic, thermodynamic, and optical properties. Here, we briefly investigate the
impact of Sn clustering on the band-structure by constructing a series of unit cell configurations with
a common composition but Sn-Sn bonding distributions that are intentionally enhanced relative to
the ideal random case. This is illustrated in Fig. 13(b) for the Si0:44Ge0:45Sn0:11 alloy for which Sn-
clustering is seen to reduce the band gap by 50% over random alloys which typically contain only
�1.6% Sn-Sn bonds (Note that in an ideal 64-atom random alloy representation of Si0:8Sn0:2, there
are 82 Si-Si bonds, 41 Si-Sn bonds, and only five Sn-Sn bonds.) Furthermore, the band plots in the
figure clearly indicate that the character of the transitions is profoundly altered by the clustering of
Sn, exhibiting an apparent change from a direct gap to an indirect gap semiconductor. A more
precise determination of the symmetry of the valence band (VB) to conduction band (CB) transitions
will require an analysis of the band folding from simple cubic to FCC.

2.5. Comparative Studies of SiGeSn on Ge and GaAs
To establish the generality of our synthesis and processing approach we also recently deposited

Ge matched ternaries on both nonpolar Ge and polar GaAs bulk wafers. The latter substrates were
specifically chosen since they are commonly used in commercial multijunction solar cells, including
the recently introduced Binverted design,[ in which the ordering of the junctions is reversed relative
to the conventional architectures. The objective here is to show that using similar deposition
protocols the materials can be integrated onto these non-Si bulk substrates. The insertion of
SiGeSn layers into current three junction structures will likely extend the capability of these
conventional devices by increasing their efficiency.

The growth procedure involved the typical wafer pre-deposition cleaning steps, including rinsing
in HF/methanol solutions followed by drying in a N2 stream. The substrates were subsequently
transferred into the reactor and heated to a nominal growth temperature of 350–375 �C. In both
cases, high-purity digermane diluted in H2 was allowed to flow over the wafer surface for 2 min at
10�4 Torr for the purpose of removing any residual surface contaminants prior to commencing the
growth of the bulk layer. This was an enabling step to ensure successful formation of
monocrystalline and epitaxial samples under these low-temperature conditions employed in these
experiments. Under these conditions, layers with defect-free and fully commensurate interfaces
were produced at typical growth rates of 10–15 nm/min. Fig. 14 shows representative XTEM, XRD,
and RBS plots for the SiGeSn films obtained on bulk Ge and GaAs wafers. The XTEM image shows
that a 250-nm-thick layer of Ge-matched Ge0:90Si0:08Sn0:02 is devoid of threading dislocations and
possesses an atomically flat surface when grown directly on a bulk Ge wafer. The reciprocal space
map in part (b) of the figure shows that the Ge/SiGeSn heterostructure is fully relaxed and perfectly
lattice matched. In contrast, the !=2� plot in part (c) shows that the same composition of SiGeSn
grown directly on a bulk GaAs wafer is slightly mismatched with the underlying substrate as
expected. The XRD plot contains two distinct (004) peaks corresponding to the epilayer and the
underlying wafer. This data also show the characteristic fringe pattern due to the minor lattice
mismatch and the finite thickness of the film. This feature is also indicative of the high quality of
these film in terms of thickness uniformity, smooth and abrupt interface, flat surface, and low defect
density of the bulk. RBS plots of the latter sample, such as those shown in Fig. 14(d), provide the
nominal layer thickness and the elemental composition of the samples. The aligned RBS give a
semiquantitative assessment of the epitaxial registry between the film and the wafer, as well as the
substitionality of the Si, Ge, and Sn constituents in the diamond cubic framework.

3. Summary
New families of molecular hydrides with tunable reactivities and compositions have been developed,
and their applications in CVD synthesis of group-IV semiconductors, including alloys incorporating
Sn, have been explored. Here, we have focused on the synthesis, materials properties, and device
applications of three such Ge-based semiconductor systems fully integrated with Si including (1) Ge
layers with thicknesses 9 5mm possessing dislocation densities G 105=cm2 are formed below 400 �C
by combining of Ge2H6 and highly reactive ðGeH3Þ2CH2 organometallic additives circumventing the
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classical Stranski-Krastanov growth mechanism; (2) GeSn alloys are grown via reactions of Ge2H6

and SnD4; and (3) ternary SiGeSn analogs are produced lattice-matched to Ge-buffered Si using
admixtures of commercially viable SiGeH6, SnD4, Ge2H6, and Si3H8 sources. Optical experiments
demonstrate that the SiGeSn system represents the first group-IV alloy with a tunable electronic
structure at fixed lattice constant, effectively decoupling band gap and strain and eliminating themost
important limitation for device designs in this class of materials. From a device perspective, doping
levels of 1019 cm�3 are routinely achievable in all the above systems using chemically and structurally
compatible PðSiH3Þ3 and (P, As)ðGeH3Þ3 delivery agents. Applications of Ge-Sn materials in the
fabrication of high performance, near IR photodiodes have been demonstrated. The results show that
the binaries significantly expand the range of detection beyond that of Ge (1550 nm) and substantially
increase the absorption, indicating that these materials represent a viable alternative to Ge in IR
photonic applications, including high-performance detectors and photovoltaics.
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