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A direct absorption edge tunable between 0.8 and �1:4 eV is demonstrated in strain-free ternary

Ge1�x�ySixSny alloys epitaxially grown on Ge-buffered Si. This decoupling of electronic structure and

lattice parameter—unprecedented in group-IV alloys—opens up new possibilities in silicon photonics,

particularly in the field of photovoltaics. The compositional dependence of the direct band gap in

Ge1�x�ySixSny exhibits a nonmonotonic behavior that is explained in terms of coexisting small and

giant bowing parameters in the two-dimensional compositional space.
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The properties of most semiconductor alloys can be
understood in terms of simple interpolations between the
corresponding end compounds. This is justified theoreti-
cally by the so-called ‘‘virtual crystal approximation’’
(VCA), which describes the alloy as a perfect crystal
made of imaginary average ‘‘atoms’’ [1,2]. The validity
of a VCA-like description means that the electronic prop-
erties (band gaps, effective masses, etc.) can be tailored to
specific applications by adjusting the alloy composition.
Complications arise when the alloy is grown epitaxially on
a substrate, and the change in lattice constant produced by
alloying must be accommodated by elastic deformation.
This strain adds considerable complexity to band structure
engineering and must be kept below well-defined limits to
prevent the generation of misfit dislocations. In the case of
III-V compounds, these complications can be largely elim-
inated by introducing quaternary or pseudoternary alloys
which effectively decouple strain and composition [3].

Ge1�xSix alloys are nearly perfect virtual crystals with a
tunable band structure that evolves smoothly from Si to Ge.
The alloys grow epitaxially on Si, and the ease of fabrica-
tion and low cost of the Si substrates have fueled efforts to
replace III-V materials withGe1�xSix alloys of comparable
functionality [4]. Significant progress has been made for
the past two decades, but a major stumbling block is still in
place: the lattice mismatch between Si and Ge exceeds 4%,
and the associated large strain effects are difficult to man-
age. As in the case of III-Valloys, it is natural to expect that
the decoupling of strain and band structure can be achieved
via ternary alloys with two compositional degrees of free-
dom, but so far a complete decoupling has not been
achieved experimentally. Ge1�x�ySixCy alloys represent

the first system to be explored for this purpose [5].
However, the solubility of C in Ge1�xSix is very limited,
and the perturbation represented by the C atoms is so large
that the electronic structure is no longer amenable to a
VCA-like description. More recently, Ge1�x�ySixSny al-

loys with large Sn atomic fractions were introduced [6].
These alloys represent the first realistic opportunity for

independent strain and band structure manipulation.
Results so far demonstrate a linear compositional behavior
of the average lattice constant [7] and high-energy inter-
band transitions that depend on both x and y [7,8].
In this Letter we show experimentally that a full decou-

pling of lattice constant and band structure can be achieved
in Ge1�x�ySixSny alloys lattice-matched to Ge. We study

the compositional dependence of the lowest direct gap in
these alloys and we find qualitative differences with one-
dimensional alloys. The latter can be classified according
to the magnitude of their bowing parameters (quadratic
coefficients in the compositional dependence of the gap
energies) into systems with moderate or low bowing, com-
monly characterized by extended band-edge states, and
those with large or giant bowing associated with impurity-
like electronic states [9]. Our Ge1�x�ySixSny alloys show

evidence for a mixed behavior in which small and large
bowing parameters are required to express the band-gap
energy in terms of two-dimensional polynomials.
The growth process starts with a newly developed

Ge-on-Si chemical vapor deposition (CVD) method [10]
which makes it possible to deposit Ge layers on Si sub-
strates at 350 �C. These Ge layers, with thicknesses rang-
ing from 200 to 500 nm, exhibit strain-relaxed micro-
structures, very low defect densities (�105 cm�2), and
atomically flat surfaces, thus providing an ideal platform
for the subsequent growth of Ge1�x�ySixSny alloys. In

previous work [6,7], the ternary alloy was grown on
Ge1�ySny-buffered Si using the SnD4 and SiGeH6=

SiGe2H8 CVD precursors. This leads to Si-concentration
values x � 0:2. For this work, we need to access the 0:05<
x< 0:2 range and fine-tune the concentrations. We discov-
ered that this can be achieved by introducing Ge2H6 (di-
germane), and Si3H8 (trisilane) as additional sources of Ge
and Si atoms. For low Sn concentrations (y� 0:02), ter-
nary films can be grown at 350 �C using SnD4, Ge2H6, and
Si3H8. This bypasses the need for SiGeH6 or SiGe2H8. For
y � 0:05, the growth temperature must be lowered to
300–330 �C. Under these conditions the reactivity of tri-
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silane is reduced, and growth of the ternary is achieved
using SiGeH6, with trisilane used to fine-tune the compo-
sition. A detailed account of this fascinating chemistry will
be reported elsewhere.

The GeSiSn layers, ranging in thickness from 70 to
200 nm, were studied with an array of structural charac-
terization techniques, including cross-sectional transmis-
sion electron microscopy (XTEM), Rutherford back-
scattering (RBS) and x-ray diffraction (XRD). Fig-
ure 1(a) shows a reciprocal space map for the (224) x-ray
reflection from a Ge0:90Si0:08Sn0:02=Ge=Si sample. The
inset shows a (004) scan. Notice the perfect overlap be-
tween the Ge and GeSiSn contributions. The alignment of
the (224) Si and Ge=GeSiSn reflections along the recipro-
cal space vector direction indicates full strain relaxation in
the films. Figures 1(b) and 1(c) show XTEM data confirm-
ing the high structural quality of the films.

Optical studies were carried out using a variable-
angle spectroscopic ellipsometer [11] with a computer-
controlled compensator. The samples were modeled as a
four-layer system containing a Si substrate, the Ge buffer
layer, the GeSiSn film, and a surface layer. The ellipso-
metric data were processed as described in Ref. [12]. This
approach yields a ‘‘point-by-point’’ dielectric function,
generated by fitting the ellipsometric angles at each wave-
length to expressions containing the real and imaginary
parts of the GeSiSn dielectric function as adjustable pa-
rameters, and also a parametric dielectric function obtained
from a global fit to the layer thicknesses and ellipsometric
angles at all wavelengths. This fit uses parametrized func-

tional expressions for the dielectric function of tetrahedral
semiconductors as developed by Johs and Herzinger (JH)
[13]. The JH expressions contain many adjustable parame-
ters, some of which are associated with critical points in the
joint electronic density of states. We find that the two ap-
proaches are in excellent agreement, indirectly confirming
the Kramers-Kronig consistency of the point-by-point fits.
In Fig. 2 we show the imaginary part of the JH-dielectric
function for representative samples. It is clear from the
figure that the absorption edge can be displaced to energies
higher than that of pure Ge while keeping the lattice
parameter perfectly matched to Ge. Since Vegard’s law is
a very good approximation for GeSiSn alloys [7], the
compositional formula for an alloy lattice matched to Ge
is Ge1�XðSi�Sn1��ÞX, with � ¼ 0:79. Assuming that the

band-gap dependence on composition is also linear, we
predict for Si�Sn1�� a direct band gap E0 ¼ 3:14 eV,

much larger than E0 ¼ 0:80 eV for pure Ge. Thus the
band-gap increase as a function of X is to be expected.
For an in-depth analysis of the GeSiSn electronic struc-

ture we must extract precise E0 values from experiment.
The standard approach to obtain optical transition energies
from ellipsometric data is to compute numerical high-order
derivatives of the ‘‘point-by-point’’ dielectric function.
This method is difficult to implement in our case because
the data are quite noisy near the lowest direct gap E0.
Instead, we first extract E0 directly from the parameters
in the JH model. This is a somewhat risky approach (in
spite of the excellent agreement with the point-by-point
dielectric function) because the values of E0 so obtained

FIG. 1 (color). (a) Reciprocal space map for the (224) x-ray reflection from a Ge0:90Si0:08Sn0:02=Ge=Si sample. The Ge and GeSiSn
contributions appear as a single peak due to their overlap. The overlap is also apparent in the inset showing a (004) scan. Both layers
are relaxed, as confirmed by the alignment of the Si and Ge=GeSiSn reflections along the (224) reciprocal space vector direction.
(b) Bright field XTEM micrograph of the entire Ge=GeSiSn film structure on Si (001). (c) High resolution XTEM image of the
Ge=GeSiSn interface.
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could be affected by uncontrollable systematic errors due
to the presence in the JH model [13] of many additional
parameters with unclear physical meaning. Thus we use a
second approach for the determination of E0. Regardless of
the physical meaning of its individual parameters, the JH-
dielectric function can be regarded as a smooth fit of the
point-by-point data with a function that is Kramers-Kronig
consistent. We then fit the imaginary part of the JH-
dielectric function with a realistic expression for the
band-edge absorption near the E0 gap, including excitonic
effects and k � p expressions for the effective masses. The
only adjustable parameters of the fit are the E0 value and
phenomenological broadening parameters. For the case of
pure Ge, a Lorentzian broadening is used; for the ternary
alloy we use a Voigt broadening in which the Lorentzian

component is fixed and equal to that of Ge. Some of these
fits are shown in Fig. 2(a). Since our expressions assume
parabolic bands, they are valid only very close to the band
edge, but their range of validity is sufficient to fit the E0

values. As a third way to confirm our E0 values, we
performed photoreflectance experiments on selected
samples. An example is shown in Fig. 2(b). This technique
reveals sharp features corresponding to the E0 transition.
The data are modeled as a combination of a 3D critical
point and an excitonic oscillator. The E0 gap values as a
function of temperature merge nicely with those found
from ellipsometry. The good agreement between our three
methods confirms that our E0 values are reliable. They are
shown in Fig. 3 as a function of X and compared with the
linear interpolation discussed above. It is apparent that
there is a strong deviation from the simple prediction,
indicating the presence of large nonlinear terms in the
compositional dependence of E0.
The simplest phenomenological model beyond linear

interpolation assumes that the optical transition energies
in Ge1�x�ySixSny can be written as two-dimensional qua-

dratic polynomials. For the E0 gap, the corresponding
expression is E0 ¼ EGe

0 zþ ESi
0 xþ ESn

0 y� bGeSixz�
bGeSnyz� bSiSnxy, where z ¼ 1� x� y, EGe

0 (ESi
0 , E

Sn
0 )

is the direct band gap in pure Ge (Si, �-Sn), and bGeSi

(bGeSn, bSiSn) is the bowing parameter of the E0 transition
in binary Ge-Si (Ge-Sn, Si-Sn) alloys. Notice that at this
level of approximation the nonlinear behavior in the ter-
nary alloy is fully determined by the nonlinear terms in the
underlying binary alloys. For Ge1�x�ySixSny lattice

matched to Ge, the band-gap expression can be rewritten as

E0ðXÞ ¼ EGe
0 þ AX þ BX2 (1)

FIG. 3. Direct-gap values in GeSiSn alloys lattice-matched to
Ge as a function of the combined Siþ Sn fraction X. The
markers correspond to the experimental values. The dashed
line indicates a linear interpolation between Si, Ge, and �-Sn.
The dotted line shows the linear term in the quadratic expression
for the band-gap energy [Eq. (1)] as predicted from experiments
on GeSn and SiGe alloys (Ref. [12]). The solid line is a fit with
Eq. (1) using the linear and quadratic coefficients as adjustable
parameters.

FIG. 2. (a) Imaginary part of the dielectric function of selected
GeSiSn samples in the spectral region corresponding to the
direct gap E0. The dotted lines indicate the values obtained
from the room-temperature spectroscopic ellipsometry data.
The solid lines show fits with theoretical expressions including
excitonic effects and broadening, as discussed in the text.
(b) Typical low-temperature photoreflectance spectrum used to
confirm the direct-gap values obtained from the ellipsometry
study. The dotted line corresponds to the experimental data and
the solid line is a fit using a three-dimensional critical point
minimum and a Lorentzian excitonic contribution with a fixed
binding energy of 4.6 meV.
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with

A ¼ ESi
0 �þ ESn

0 ð1� �Þ � EGe
0 � bGeSi�� bGeSnð1� �Þ

(2)

and

B ¼ bGeSi�þ bGeSnð1� �Þ � bSiSn�ð1� �Þ (3)

The linear coefficient A is determined by the elemental
semiconductor band gaps and by the bowing parameters
for GeSn and SiGe alloys. From Ref. [12], we obtain A ¼
1:75 eV. The linear term is plotted in Fig. 4 of that refer-
ence as a dotted line, and it is seen that it is in better
agreement with experiment than the simple linear interpo-
lation (shown by dashed line), but it still overestimates the
observed E0 values. This implies that B is negative, and
from Eq. (3) we conclude that bSiSn > 3:4 eV. If we fit the
band-gap values with Eq. (1), using A and B as adjustable
parameters, we obtain A ¼ 1:70� 0:42, in excellent
agreement with our prediction, and B ¼ �1:62� 0:96,
which implies a very large bSiSn ¼ 13:2 eV. Of course,
this conclusion depends on our assumption that the com-
positional dependence of the band gap is quadratic. It is in
principle possible that the large bowing arises from higher-
order terms. For example, a large contribution proportional
to xyz, which vanishes for the binary alloys, could be the
explanation for the negative B. However, there are reasons
to believe that a large bSiSn makes a significant contribution
to the quadratic coefficient B. Calculations for binary
Si1�ySny alloys [14] show a large and compositional de-

pendent bowing parameter, ranging from bSiSn ¼ 14 eV
for y ¼ 0:2 to bSiSn ¼ 4 eV for y ¼ 0:5. Previous results
on the compositional dependence of the E1 transition in
GeSiSn alloys could be explained by assuming that the
bowing parameters for the binary Si-Ge, Ge-Sn, and Si-Sn
alloys scale according to the lattice constant and Phillips
electronegativity mismatch [8]. For the E0 transition, we
have [12] bSiGe ¼ 0:21 and bGeSn ¼ 1:94 eV, from which
we predict bSiSn ¼ 3:26 eV. This is comparable to the
value bSiSn ¼ 4 eV for y ¼ 0:5 found from supercell cal-
culations [14]. The corresponding band edge states show
considerable dispersion and do not appear to be impurity-
like. We conjecture that the much higher bowing found for
y ¼ 0:2 signals the transition to an impuritylike regime
associated with more localized states. This behavior is
similar to that computed for GaAs1�xNx compounds by
Wei and Zunger [15], who invoked the localized character
of the conduction band wave functions to explain the origin
of anomalous bowing behavior in the band gap.

In summary, we find that the direct-gap absorption edge
in ternary GeSiSn alloys lattice-matched to Ge can be
tuned over the 0.8–1.4 eV range. Research in photovoltaics
has identified a hypothetical 1-eV gap material lattice-
matched to Ge as the most promising route to improve
the performance of multijunction solar cells based on the
Ge=InGaAs=InGaP system [16,17]. Our alloys meet these

two fundamental requirements, and may have important
applications in this field. The analysis of the compositional
dependence of the direct band gap yields a very rich
phenomenology unique to ternary alloys. This includes
the coexistence of small and large bowing parameters,
which probably implies that the nature of the band-edge
states can also be tuned from bandlike to impuritylike by
proper adjustment of the alloy composition.
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