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Interband Transitions in SnxGe12x Alloys
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(Received 22 November 1996; revised manuscript received 21 May 1997)

Optical absorption measurements for diamond cubic SnxGe12x alloy films indicate strong interband
transitions with a change in direct energy gap of0.35 , Eg , 0.80 eV for 0.15 . x . 0. The optical
energy gap undergoes an indirect to direct transition in this composition range and decreases muc
faster with Sn content than predicted by tight binding and pseudopotential calculations in the virtua
crystal approximation. [S0031-9007(97)04003-9]

PACS numbers: 78.66.Li, 61.10.Kw, 78.20.Ci
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Investigations of column IV semiconductor heterostru
tures have widened beyond SixGe12x alloys in order to
broadly explore the possibilities for electronic structu
manipulation in compounds which are isoelectronic w
Si, such as SixC12x [1,2] alloys and SnyGe superlattices
[3,4]. The SnxGe12x alloy system is one whose electron
structure has been a subject of interest and speculation
over a decade because of the tantalizing possibility of c
ating a column IV semiconductor with a tunable direct e
ergy gap from constituent materials neither of which is
direct gap semiconductor. In this Letter, we demonstr
that an alloy of the semimetal cubica-Sn and the indi-
rect band gap semiconductor Ge produces a tunable d
energy gap semiconductor. Thus, this new semicond
tor material is the only known example of a direct ener
gap semiconductor among the compounds which can
formed from the column IV A elements (C, Si, Ge, S
and Pb). It is thus a new IV-IV semiconductor compou
whose optical properties may broadly resemble those
III-V and II-VI compounds such as, e.g., HgxCd12xTe and
Gay In12yAsxSb12x.

While Ge is characterized by anL point indirect
fundamental energy gap, a direct energy gap lies 0.13
higher in energy owing to the conduction band min
mum at the G point sk  0d. Tight-binding [5] and
pseudopotential [6] electronic structure calculations
the virtual crystal approximation suggested that ba
mixing of the conduction band minima for Sn an
Ge would lead to the onset of a direct fundame
tal energy gap in SnxGe12x alloys of approximately
0.55 . Eg . 0 eV for 0.2 , x , 0.6, but these
electronic structure predictions have not been exp
mentally verified. Synthesis of SnxGe12x alloys is com-
plicated by compositional metastability forx . 0.005,
and thus nonequilibrium growth methods, such as mole
lar beam epitaxy, are required. Sn has a lower surf
energy than Ge, and even molecular beam epitaxy is p
lematic owing to Sn surface segregation during grow
Nonetheless, growth of compositionally homogeneo
semiconductor alloys is possible with Sn compositio
in the range of0 , x , 0.2 [7], and growth of homo-
geneous alloy films up tox  0.34 can be achieved
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by low energy ion-assisted molecular beam epitaxy [8
However, no measurements of the optical constants a
optical absorption have been made for SnxGe12x alloys,
and thus little is known about the change in electron
structure with alloy composition.

To obtain information about the bulk solid structur
and optical properties of cubic SnxGe12x alloys using
thin film samples, strain-relieved compositionally homo
geneous random alloys were investigated for films su
ciently thick so as to exclude the possibility of quantu
carrier confinement-induced changes in optical abso
tion. Specifically, SnxGe12x alloys 50–300 nm in thick-
ness were grown by molecular beam epitaxy at 180±C
on 10 nm thick relaxed Ge buffer layers (001)-oriente
Si substrates. Ge epitaxial films were grown under t
same conditions, except that the growth temperature w
450±C. For each composition investigated, six sampl
of approximately 50, 100, 150, 200, 250, and 300 n
thickness were grown, with thickness and compositi
measured by Rutherford backscattering spectrometry
cross-sectional transmission electron microscopy.

Four SnxGe12x film structures were studied withx 
0, 0.06, 0.11, and 0.15. Surface morphology was o
served byin situ reflection high energy electron diffrac
tion measurements, which indicated that the SnxGe12x

films were epitaxial, and were rough on the mon
layer scale, corroborated by postgrowth atomic force m
croscopy over500 nm 3 500 nm areas of the surface tha
indicated a root-mean-square roughness of 0.6 nm w
maximum feature heights of 4 nm. The lateral compo
tional uniformity was found to be within65% relative
composition over a1 cm 3 1 cm region on each sample
and each sample was compositionally uniform in dep
indicating negligible Sn segregation during growth. C
bic lattice parameters for the strain-relieved SnxGe12x al-
loys were inferred from the angular displacement of t
(400) and (440) CuKa x-ray reflectivity of the film rela-
tive to the reflectivity of the Si substrate. The in-plan
and out-of-plane lattice parameter measurements, sho
on the left ordinate in Fig. 1, indicated that the films a
fully relaxed (strain relieved) within experimental resolu
tion, except for the Sn0.06Ge0.94 alloy which indicates a
© 1997 The American Physical Society 1937
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FIG. 1. Left ordinate: SnxGe12x alloy lattice parameters (mea-
sured by x-ray diffraction) as a function of Sn concentra
tion x (measured by Rutherford backscattering): in-plane (op
upright triangles) and perpendicular (open inverted triangle
calculated for fully strain-relieved films (open circles) from
measured in-plane and perpendicular lattice parameters;
culation for virtual crystals (solid line). Right ordinate: the
bond length as a function of Sn concentration calculated
the entire supercell (solid squares), for the average among
Sn bonds (solid circles), for the average among Ge-Ge bon
(solid upright triangles), and for the Sn-Sn bonds (solid invert
triangles).

small but measurable residual strain. Moreover, we ha
also performed complementary local structural measu
ments using119Sn Mossbauer spectrometry and Rama
spectroscopy, both of which indicate Sn incorporation in
a substitutional diamond cubic alloy.

The dielectric function for SnxGe12x was obtained
from thickness-dependent optical transmittance data [
The refractive index and the absorption coefficient fo
SnxGe12x and Ge films are shown in Figs. 2(a) and 2(b
Optical transmittance measurements were performed
300 K for SnxGe12x films for the range of thicknesses
and compositions indicated above with a Fourier tran
form spectrometer. An optical multilayer calculation wa
used to calculate the six transmittance spectra for ea
Sn composition by fitting to the real and imaginary par
of the dielectric function. The values fornsvd andksvd
were derived from an optical multilayer model that d
vides the sample into coherent substructures separa
by incoherent layers. First an initial layer structure wa
assumed, and values fornsvd and ksvd were assumed
for each layer. Then polarization density transfer m
trices are calculated separately for each of these
herent substructures and incoherent layers, and are t
combined to form the overall polarization transfer ma
trices from which optical transmission and reflectio
are calculated. The optical constants for the SnxGe12x

layers were determined by iteratively fitting the ex
perimentally measured thickness-dependent transmiss
spectra to the calculated optical transmission function
1938
n
);

al-

r
e-
s

d

e
-

].
r
.
at

-

h

ed

-
o-
en

on
t

FIG. 2. Dielectric function and absorption data for SnxGe12x
alloy films. In (a), refractive index; circle symbols refe
to the tabulated Ge index (Ref. [11]). In (b), absorptio
coefficient for SnxGe12x alloy films; data points refer to Ge
absorption (circles; Ref. [11]), InAs (triangles; Ref. [12]), an
InSb (squares; Ref. [13]).

2000 points over1000 9000 cm21, yielding a spectral
resolution for the dielectric function of4.71 cm21. The
refractive index and extinction coefficient were varied in
dependently at each wavelength so as to minimize
x2 error over each set of six transmittance spectra. T
quality of the fit is illustrated by the very close agree
ment between measured values ofnsvd and ksvd for
Ge and accepted previously reported values [10]. T
refractive index at3000 cm21 varies from n  4.0 to
n  4.3 for Sn0.15Ge0.85, and the standard deviation in
refractive index over the six measurements issnsvd ,

0.05 except for the Sn0.15Ge0.85 where snsvd  0.1
between3000 4500 cm21 and from 5800 6600 cm21.
Noisy data in the refractive index and absorption spe
tra below 2500 cm21 and above7500 cm21, due to
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multiphonon absorption in the silicon substrates and
creased instrumental efficiency, respectively, are not
played in Figs. 2(a) and 2(b). The error analysis th
indicates that the resolution in refractive index is su
cient to indicate an increase as noted above, but tha
the case of the Sn0.15Ge0.85 the relative maxima at 380
and 6100 cm21 may be measurement artifacts. The a
sorption data of Fig. 2(b) indicate a very rapid drop in t
onset energy for absorption with increasing Sn cont
with an absorption coefficient for all SnxGe12x composi-
tions that is similar in magnitude to that seen for the
set of direct interband absorption in Ge at 0.8 eV. T
absorption coefficients for SnxGe12x films are seen to
be high and indeed comparable to the absorption c
ficients across the direct energy gaps for InAs [11] a
InSb [12] which are also plotted for reference in Fig. 2(
Absorption data were analyzed using a model that
cludes contributions to absorption from the direct g
the indirect gap, and a source of localized states c
acterized by an Urbach tail parameter. The values
these parameters are listed in Table I. Thus these
suggest that thex  0.15 sample has a direct fundame
tal energy gap, and for thex  0.06 and 0.11 samples
the difference in the direct and indirect energy gaps
smaller than the experimental error. The error is p
marily in the measurement of the indirect energy g
as absorption in submicron-thickness films constrains
minimum measurable extinction coefficient to appro
mately 0.01 and absorption coefficient to approximat
500 cm21. The presence of an Urbach tail may be
tributable to the disorder arising from the approximat
107ycm2 dislocations present in the strain-relieved all
layers.

The strong absorption features in SnxGe12x seen in
Fig. 2(b) correspond to absorption across the direct
ergy gap of the alloy, and they establish an upper bo
on the fundamental energy gap, given by the squa
in Fig. 3. The errors in energy gap estimation result
from compositional and strain inhomogeneities are gi
by the vertical error bars, and the compositional va
ation for each measurement is equal to the width of
square. A solid curve with linear and parabolic terms
TABLE I. Direct energy gap, indirect energy gap, and Urbach tail energy for SnxGe12x films
derived from fit to absorption data in Fig. 2(b).

Absorption feature SnxGe12x compositionsxd Energy (eV)

Direct gap 0.06 0.614 6 0.004
Indirect gap 0.06 0.599 6 0.019
Urbach tail 0.06 0.531 6 0.004
Direct gap 0.11 0.445 6 0.003
Indirect gap 0.11 0.428 6 0.019
Urbach tail 0.11 0.383 6 0.003
Direct gap 0.15 0.346 6 0.003
Indirect gap 0.15 0.441 6 0.004
Urbach tail 0.15 0.277 6 0.007
e-
is-
s
-
in

-
e
nt,

-
e

ef-
d

).
n-
p,
ar-
of
ata
-

is
i-
p,
he
i-
ly
t-
ly
y

n-
nd
es
g
n

i-
e

is

fitted to the measured energy gap data. It is forced to
energy gap of20.4 eV for Sn, and yields a bowing pa-
rameter of 2.8 eV. This bowing parameter is rather lar
compared to, e.g., the bowing parameter for SixGe12x of
0.206 eV [13]. Also shown as a dashed line in Fig. 3
the direct energy gap variation predicted by tight-bindin
calculations [4]. Tight binding also predicts that theL
point indirect energy gap ranges from 0.67 to 0.55 e
over the composition range0 , x , 0.2. The open tri-
angle datum is an estimate of the energy gap of zi
blende Sn0.5Ge0.5 from a density functional theory cal-
culation using the linear muffin tin orbital method [14]
Clearly there is a large discrepancy between the expe
mentally measured energy gap and any of the theoreti
estimates which cannot be accounted for by sample str
or compositional inhomogeneities or measurement erro
The deviation between measurement and tight binding
or pseudopotential [6] calculations can be plausibly a
tributed to the large deviations in local structure from th
virtual crystal approximation as discussed above. It is u
clear why there is a large deviation of the measureme
from the Sn0.5Ge0.5 (triangle) datum calculated by density
functional theory, but there could be considerable error
the measurement-based estimate of the Sn0.5Ge0.5 energy
gap due to extrapolation from measurements at lower
concentrations. Also, the calculation in Ref. [14] for zin
blende Sn0.5Ge0.5 employed added external potential cor
rections in the density functional theory calculations
reproduce the energy gaps of elemental Sn and Ge, an
is possible that these corrections may not be fully tran
ferable to the zinc blende alloy.

In this work, cubic lattice parameter and local bon
lengths and bond angles were calculated for SnxGe12x

alloy structures in the range of the experimental com
positions using density functional theory calculations
the local density approximation [15]. Norm-conservin
pseudopotentials were used for Sn and Ge atoms, wh
were arranged in 8-atom supercells with periodic boun
aries, with initial positions at lattice points of the cubi
unit cell of the diamond lattice, and the minimum to
tal energy unit cell volume was found. Wave function
were calculated self-consistently by conjugate gradie
1939
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FIG. 3. Direct energy gap variation with Sn concentratio
present measurements (squares), linear-parabolic fit to mea
ments (solid line), tight-binding calculation (dashed line), de
sity functional theory calculation for zinc blende SnGe.

minimization, and local structure was evolved by ato
movement via Feynman-Hellman forces to positio
yielding minimum total energy, with an atomic positio
convergence criterion of1 meVynm. The plane basis
cutoff energy was chosen to be 19.8 Ry, with a Brillou
zone integration cutoff length of 1 nm.

The three 8-atom SnxGe12x alloy supercell structures
investigated consisted of a (i) Sn1Ge7 structure and two
Sn2Ge6 structures, one of which has (ii) a Sn-Sn bond a
the other which has (iii) no Sn-Sn bond in the superc
structure. The calculations indicate a small but posit
alloy enthalpy of mixing relative to pure Sn and G
of 12 meVyatom for the Sn2Ge6 with no Sn-Sn bond,
15 meV for the Sn1Ge7 structure, and30 meVyatom for
the Sn2Ge6 with a Sn-Sn bond. The calculated cub
lattice constants for Ge and Sn of 0.554 and 0.620 n
respectively, are in good agreement with the measu
low temperature values of 0.563 and 0.648 nm, for
and Sn, respectively. The calculated total energy a
function of unit cell volume yielded bulk elastic modu
of 77.6 and 53.1 GPa for pure Ge and Sn, which are
good agreement with the experimental values of 78 a
53 GPa for pure Ge and Sn, respectively. Bulk elas
moduli of 76.7 and 71.0 GPa were found for Sn1Ge7
and Sn2Ge6 structures, respectively. The calculated cub
lattice constants deduced from the energy-minimum u
cell volume are within 0.06% of the predictions resultin
from the assumption of a virtual crystal of SnxGe12x .
However, the averages for nearest-neighbor Ge-Ge,
Sn, and Sn-Ge bonds in these alloy configurations sh
significant departures of bond length and bond angle fr
the virtual crystal approximation, as shown on the rig
1940
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abscissa of Fig. 1. The bond length deviations from th
virtual crystal approximation are of the order of 5% of th
bond length itself, and 40% of the bond length differenc
between Ge and Sn. Average Ge-Ge-Ge bond angles
Sn1Ge7 and Sn2Ge6 structures were, respectively, 110.7±

and 116.5±.
These first experimental results on the optical prope

ties of SnxGe12x alloy films are surprising, and are also
very interesting from the perspective of fabrication o
silicon-based optoelectronic devices with tunable absor
tion features or GeySnxGe12x heterojunctions because the
Sn concentrations required to realize large changes in
loy energy gaps are much smaller than anticipated. Im
portant questions also remain about the role of coheren
strains of pseudomorphic epitaxial films in determinin
the optical properties of dislocation-free single crystal
which will be the subject of a subsequent report.
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