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Electronic and optical properties of Si,Ge;_,_,Sn, alloys lattice-matched to Ge
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We present a combined experimental and theoretical analysis of the evolution of the near-band-gap elec-
tronic and optical properties of Si,Ge;_,_,Sn, alloys lattice-matched to Ge and GaAs substrates. We perform
photoreflectance (PR) and photoluminescence (PL) measurements on Si,Ge,_,_,Sn, epitaxial layers grown via
chemical vapor deposition for Si (Sn) compositions up to x = 9.6% (y = 2.5%). Our measurements indicate
the presence of an indirect fundamental band gap, with PL observed ~200-250 meV lower in energy than
the direct E transition identified by PR measurements. The measured PL is Ge-like, suggesting that the alloy
conduction band (CB) edge is primarily derived from the Ge L-point CB minimum. Interpretation of the PR
and PL measurements is supported by atomistic electronic structure calculations. Effective alloy band structures
calculated via density functional theory confirm the presence of an indirect fundamental band gap, and reveal the
origin of the observed inhomogeneous broadening of the measured optical spectra as being alloy-induced band
hybridization occurring close in energy to the CB edge. To analyze the evolution of the band gap, semiempirical
tight-binding (TB) calculations are employed to enable calculations for large supercell sizes. TB calculations
reveal that the alloy CB edge is hybridized in nature, consisting at low Si and Sn compositions of an admixture
of Ge L-, I'-, and X -point CB edge states, and confirm that the alloy CB edge retains primarily Ge L-point CB
edge character. Our experimental measurements and theoretical calculations confirm a direct transition energy

close to 1 eV in magnitude for Si and Sn compositions x = 6.8%-9.6% and y = 1.6%—-2.2%.

DOI: 10.1103/PhysRevMaterials.6.015402

I. INTRODUCTION

Si,Ge|_,_,Sn, alloys have attracted increasing research in-
terest due to their potential for a variety of device applications
[1,2], including diode lasers [3,4], light-emitting diodes [5,6],
photovoltaics [5,7-9], photodiodes [10], and tunneling field-
effect transistors [11,12]. For applications in multijunction
solar cells, a material lattice-matched to Ge or GaAs having
an absorption edge close to 1 eV is especially useful as it
can be incorporated into well-developed device architectures
[13]. The composition range for SiyGe;_,_,Sn, alloys suit-
able for application as a 1-eV junction in a multijunction solar
cell is Ge rich (Z85%), with a Si to Sn composition ratio
x 1y~ 3.7 : 1 required to achieve lattice matching. Beginning
from Ge, incorporation of Si increases the energy of both the
fundamental indirect band gap (L¢.-I's,; 0.67 €V in Ge) and
the lowest-energy direction transition (I'7.-I'g,; 0.80 eV in
Ge), while simultaneously reducing the lattice constant due to
the lower covalent radius of Si compared to Ge. Conversely,
incorporation of Sn acts to reduce the magnitude of the in-
direct and direct band gaps, while simultaneously increasing
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the lattice constant [8,14,15]. By balancing the relative com-
position of Si and Sn in the alloy, it is therefore possible to
engineer a material having higher fundamental band gap and
absorption edge energies than Ge, but the same lattice constant
[8,14,16,17].

Here, we present a combined experimental and theoretical
analysis of the evolution of the electronic and optical proper-
ties of Si,Gej_,_,Sn, alloys lattice-matched to Ge and GaAs.
Experimentally, we describe sample growth via low-pressure
chemical vapor deposition (CVD), while the direct interband
optical transitions are probed using photoreflectance (PR)
measurements. Photoluminescence (PL) measurements are
employed to investigate the fundamental indirect band gap.
Theoretically, we analyze the electronic structure evolution
with alloy composition, first using first-principles calculations
based on density functional theory (DFT), which we apply to
compute effective (unfolded) band structures for alloy special
quasirandom structures (SQSs) [18,19]. These calculations
identify strong alloy-induced band hybridization close in en-
ergy to the conduction band (CB) edge in energy, which
we then probe via large-supercell semiempirical calculations
based on a parametrized valence force field (VFF) potential
and tight-binding (TB) Hamiltonian [20].

We focus on the evolution of the near-band electronic
and optical properties, quantifying the nature of the indi-
rect and direct interband transitions critical to optoelectronic

©2022 American Physical Society
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FIG. 1. Schematic illustration of the structure of the epitaxial
Si,Ge;_,_,Sn, samples investigated in this work. (a) Sample set
A: grown on GaAs substrates, with a thin Ge seed layer. (b) Sam-
ple set B: grown on Ge substrates, with a thick lattice-matched
Ing012GapossAs buffer layer. Layer thicknesses indicated in (a) and
(b) are the nominal thicknesses targeted during CVD growth.

and photovoltaic device applications. Our measurements and
calculations demonstrate that the fundamental band gap in
lattice-matched Si Ge;_,_,Sn, alloys suitable for solar cell
applications remains indirect, but is larger than the funda-
mental Lg.-I's, band gap of Ge. The lowest-energy direct
transition, which dominates the absorption edge of the ma-
terial, is shown to be readily tunable to the ~1-eV values
required for optimized three- and four-junction solar cells. In
a solar cell, the maximum achievable subcell current is limited
by the fundamental band gap, while the direct absorption edge
energy is important from the perspective of current matching.
In addition to providing insight into the complexities of the
electronic and optical properties of this emerging material
system, our results suggest the potential to achieve higher
current and improved current matching in multijunction solar
cells having a Si,Ge;_,_,Sn, 1-eV junction.

II. EXPERIMENTAL METHODS

A. Sample growth and characterization

Si,Ge|_,—,Sn, samples were grown via low-pressure CVD
using an ASM Epsilon 2000 reactor, with germane (GeHy),
disilane (Si;Hg), and tin chloride (SnCly) precursors, and us-
ing H, as the carrier gas. Two sets of samples were grown
across the composition range of interest. The first, set A, was
grown on GaAs substrates with a thin (*60-nm) Ge seed
layer. The second, set B, was grown on Ge substrates which
were overgrown via metal-organic vapor phase epitaxy with
a ~500-nm buffer layer of Ingo;GaggoAs lattice-matched to
Ge. The layer structures of sample sets A and B are depicted
schematically in Figs. 1(a) and 1(b), respectively. Samples
were grown for a range of Si and Sn compositions x and Yy,
aiming in all cases for a composition ratio x : y &~ 3.7 : 1 to
achieve lattice matching to Ge, with this composition ratio
derived under the assumption that the alloy lattice constant
a(x,y) obeys Vegard’s law [21], and using room-temperature
Si, Ge, and «-Sn lattice constants [22]. Both sets of samples
include three different combinations of Si and Sn composi-
tion, and for sample set B two different structures having thin
(~0.4 um) and thick (~2 um) Si,Ge;_,_,Sn, layers with

TABLE 1. Details of the Si,Ge;_,_,Sn, samples investigated.
Sample set A was grown on GaAs substrates, using a Ge buffer
layer [cf. Fig. 1(a)]. Sample set B was grown on Ge substrates, using
a Ingg12Gag o3 As buffer layer [cf. Fig. 1(b)]. Listed Si,Ge;_,_,Sn,
layer thicknesses d were obtained from fits to measured PR spectra.
Two sets of B samples were grown: “thin” Si,Ge,_,_,Sn, layers
having thickness ~0.4 um, and “thick” layers having thickness
~2 pm. Listed Si and Sn compositions x and y are the mean value
and standard deviation obtained from 10 SEM-EDX measurements
performed on each sample. Composition measurements for the set
B samples were performed only for the thicker samples, with the
thinner samples grown under the same conditions and assumed to
have the same composition.

Sample d (nm) Si, x (%) Sn, y (%) Ratio, x : y
Al 1811 4.6+0.2 0.9 +0.1 5.11:1
A2 1746 6.8+ 04 1.6 + 0.1 4.25:1
A3 1828 9.6 + 04 22 +0.1 4.36: 1
B1 (thin) 332

B2 (thin) 362

B3 (thin) 353

B1 (thick) 2073 2.6+0.3 0.8+0.2 325:1
B2 (thick) 2017 59+0.2 1.5+0.1 393:1
B3 (thick) 2036 84402 2.5+0.1 336:1

nominally equal alloy compositions were grown, yielding a
total of nine samples with six different alloy compositions.
The resulting sample structures, Si and Sn compositions, and
sample layer thicknesses (obtained via fits to measured PR
data) are summarized in Table I. The Si and Sn composi-
tions of the samples were measured using scanning electron
microscopy with energy-dispersive x-ray (SEM-EDX) spec-
troscopy. These composition measurements, in addition to
x-ray diffraction and spectroscopic ellipsometry measure-
ments for these samples, are discussed in Ref. [23]. The
sample layer thicknesses reported in Ref. [23], obtained via
fitting to spectroscopic ellipsometry data, are in good agree-
ment with the values obtained here via fitting to PR data (cf.
Sec. II B).

B. Photoreflectance spectroscopy

The energy Ey associated with the direct (optical, Ak = 0)
transition between the zone-center I'g, valence band (VB) and
I'7. CB edges, and the energy Ey + A associated with the
direct transition between the zone-center I';. CB edge and
the I'7, spin-split-off (SO) VB, were studied using PR. PR is
a contactless modulation spectroscopy technique that allows
measurement of transition energies associated with direct in-
terband transitions in semiconductors via modulation of the
internal electric field as carriers are photogenerated with a
laser pump beam. The Si,Ge;_,_,Sn, samples were doped (p
type, ng &~ 5 x 10'5 cm~3). This generates an internal electric
field due to pinning of the Fermi energy at the sample sur-
face, which will have an excess of majority carriers (holes).
When carriers are generated at the sample surface by the
pump beam, this internal field causes the electrons and holes
to be separated with the minority carriers (electrons) swept
towards the surface. This carrier separation acts to screen
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the internal electric field, and thus the field is modulated by
the laser [24]. Sample reflectivity is measured via a probe
beam, both with and without the effect of the pump beam,
allowing the change in reflectivity AR due to the pump beam
to be determined. PR is therefore a differential measurement
technique, making it highly sensitive to critical points in the
material band structure. In order to eliminate the effect of
PL due to the laser pump beam from the PR measurements,
and measure R and AR simultaneously, both the probe and
pump beams were chopped at different frequencies in a dou-
ble demodulation method [25]. As such, the AR signal was
measured at the sum of the frequencies of the probe and pump
beams, while the R signal was directly measured at the probe
chopping frequency. AR and R can thus be measured using a
single detector and extracted via lock-in detection, which in
our measurements was performed using a Zurich Instruments
HF?2 lock-in amplifier, with signal gain accomplished using
a Zurich Instruments HF2TA current amplifier. The pump
beam used is a GEM 532 nm (2.33 eV) continuous-wave
laser incident at an angle of ~5° to the sample surface with
an intensity of 164 W cm~2. The probe beam was generated
using a Bentham IL1 100 W halogen lamp coupled to a Ben-
tham TMC300 monochromator. The spectral range is limited
by the laser wavelength (532 nm) at short wavelength (since
there will be significant noise around the laser wavelength),
and by the detector response at long wavelength (1700 nm).
The probe beam was focused on the sample at an angle of
45°, and the reflected beam was measured using a Thorlabs
DETI10N2 biased InGaAs detector with a detection range of
500-1700 nm.

Critical points in the measured PR spectra were analyzed
by fitting the experimental data to an expression formed of a
sum of third-derivative functional forms [26]

AR Ag e'®o Acx ¢! P

— = Re — s T —)

R (E—Ey+il0)*  (E —Ex +ilex)
[E — (Eo + Ao) + iTs, )2

ey

where the energetic (lifetime) broadening I', amplitude A, and
phase @ in each term are assumed to be independent of photon
energy E.

The first and third terms in Eq. (1) represent the third
derivative with respect to energy of the expected form of
the dielectric function around a three-dimensional Mj-type
critical point [27,28], and correspond, respectively, to contri-
butions to 48 from CB-VB (I'7.-T's,) and CB-SO (I'7-I'7,)
transitions having respective energies Ey and Ey + Ag. The
second term represents the excitonic contribution to the third
derivative of the dielectric function close in energy to the Ej
critical point, at energy E.x. The measured PR spectrum for
a Ge (substrate) reference sample shows a symmetrical peak
shape close in energy to the direct I';.-I'g, transition [27]
having three sharp extrema. It is not possible to achieve this
peak shape by fitting only a single critical point feature at the
E, feature, hence, the inclusion of the excitonic contribution.
To analyze the PR data of the Si,Ge;_,_,Sn, samples, it was
necessary to account for the impact of the clear thin-film in-
terference effects observed in the PR data. The PR data for the
Si,Gej_,—,Sn, samples with layer thickness ~2 pm showed

multiple oscillation fringes about, and below, the expected Ey
energy, while the data for the thinner set B samples show more
clearly defined Ey and E + Ay features which blueshift with
increasing Si and Sn composition.

Although fringes due to Franz-Keldysh oscillations can
occur in PR measurements [29], these occur at energies above
the critical point, while the oscillations observed here are
below the Ej energies expected from theory and observed
in spectroscopic ellipsometry analysis of the same samples
[23]. Comparing the data for the thicker and thinner set B
samples also shows that these oscillations are primarily visible
at energies below and close to the Ej critical point feature.
The width of the fringes corresponds to the width expected
due to thin-film oscillations for light incident at 45° (the angle
of incidence of the probe beam with respect to the sample
surface). The measured PR spectra for the Si,Ge(_,_,Sn,
samples were thus fitted using a combined critical point and
interference fringe model [30], with the exception of the Ge
reference sample, which was fitted using Eq. (1) directly.
Previous work investigating the appearance of interference
fringes in PR spectra [31-33] has attributed the fringes to
either modulation of the refractive index of doped materials
[31,32] or temperature changes in the sample [33]. Our fitting
approach assumes that the fringes are due to the former, and
expands upon previous models by self-consistently computing
the unmodulated and modulated optical constants from the
critical point energies, and feeding these optical constants
into a transfer-matrix method simulation [34] to compute the
modulated and unmodulated reflectivity and yield the total PR
spectrum. Full details of the fitting procedure are described in
the Supplemental Material [30].

C. Photoluminescence spectroscopy

PL measurements were performed using excitation from
a continuous-wave Spectra-Physics Millennia V Nd:YVOy4
laser with a wavelength of 532 nm (2.33 eV), and an incident
power between 100 mW and 3 W (corresponding to incident
intensities of 0.12-3.68 kW cm~2, taking into account the
laser spot size). The high photon energy means that most of
the incident photons are absorbed within a few hundred nm
of the sample surface, which ensures carriers are excited in
the Si,Ge;_,_,Sn, epitaxial layer rather than the Ge or GaAs
substrate (assuming that the absorption in the Si,Ge{_,_,Sn,
epitaxial layers considered here is Ge-like at high incident
photon energies of 2.33 eV, > 99% of the incident laser power
will be absorbed in the first 500 nm of material). The resulting
PL signal was dispersed through a 0.5-m Princeton Acton
SP2500i spectrometer and detected using a liquid-nitrogen-
cooled Hamamatsu G7754-01 extended InGaAs detector. The
monochromator was scanned across a wavelength range of
1000-2100 nm. The PL signal was processed via standard
phase-sensitive detection techniques, using a Stanford SR830
lock-in amplifier. All PL. measurements were performed at
room temperature (T = 293 K).

Power-dependent PL measurements were performed for
the Ge reference and Si,Ge|_,_,Sn, alloy samples, with the
range of incident laser intensities used for each sample chosen
depending on its observed luminescence intensity. The Ge
substrate was found to have significantly higher PL intensity

015402-3



PHOEBE M. PEARCE et al.

PHYSICAL REVIEW MATERIALS 6, 015402 (2022)

than any of the Si,Ge_,_,Sn, samples, being approximately
an order of magnitude higher in terms of both peak and
integrated intensity compared to the Si,Ge;_,_,Sn, sample
displaying the highest PL intensity, sample Al. Due to the
observed large spread in luminescence intensities, the PL
measurements were not performed at the same incident in-
tensities for all samples, but rather the samples were divided
into two groups. The Ge reference sample, as well as the
alloy samples Al and A3, which had the highest intensities
of the Si,Ge;_,_,Sn, samples, were measured at intensities
between 0.12 and 2.46 kW cm™2. PL measurements for the
four remaining samples A2, B1, B2, and B3 were performed
at intensities between 1.23 and 3.68 kW c¢cm~2. Due to the
high incident laser power, especially for the second set of
samples, local sample heating in the illuminated spot may be
significant. To analyze this effect we have, at a given incident
laser power, (i) calculated the increase in lattice temperature
via numerical solution of the heat equation, and (ii) estimated
the carrier temperature by fitting a Boltzmann distribution
to the high-energy tail of the measured PL spectrum [30].
First, (i) reveals that the maximum local increase in sample
lattice temperature, relative to the ambient room temperature
T =293 K, is expected to be up to ~70 K (=100 K) for
an incident intensity of 2.46 kW cm~2 (3.68 kW cm™?).
Second, (ii) produces estimated carrier temperatures that are
in close quantitative agreement with our calculated lattice
temperatures [30], suggesting the presence of carrier popula-
tions in thermal equilibrium with the lattice. To minimize the
effects of sample heating on the interpretation of our measured
PL spectra, band gaps were obtained solely from fits to our
lowest-power measurements.

Both the Ge and Si,Ge;_,_,Sn, samples show multiple
clear peaks in their PL spectra. For Ge the distinct PL
peaks can be attributed to indirect (phonon-assisted) radia-
tive recombination pathways [35], with the exception of the
highest-energy peak close to 0.78 eV ~E, which is attributed
to direct (Ak = 0) radiative recombination across the I'7.-Tg,
transition. To quantify the relative strength of the observed
multiple peaks in the measured PL spectra, each spectrum was
fitted using a combination of Gaussian and Lorentzian line
shapes. The specific line shape used to fit to each peak was
chosen to provide the best fit to the measured line shape of
that peak. Generally, it was found that most peaks were best
described using a Gaussian line shape, with the exception of
the highest-energy peak corresponding to emission across the
direct transition, which were best described using a Lorentzian
line shape. For each PL spectrum the number of distinct peaks
to include in the fit was determined via a combination of
counting the visible peaks and fitting the data to identify the
number of peaks. The fitting parameters employed for each
peak were the center (transition) energy, linewidth broaden-
ing, and intensity. Full details of the fitting procedure are
described in the Supplemental Material [30].

III. THEORETICAL METHODS

A. First principles: Density functional theory

Our alloy supercell DFT calculations for ternary
Si,Gej_,—,Sn, alloys are based closely upon those we

have recently established for binary Ge;_,Sn, alloys, details
of which can be found in Ref. [20]. Calculation of structural
properties (lattice relaxation) proceeds in the local density
approximation (LDA), with subsequent electronic structure
calculations performed using the Tran-Blaha modified
Becke-Johnson (TB-mBJ) exchange-correlation potential
[36]. Our DFT calculations were performed using the
projector augmented wave method [37,38], as implemented
in the Vienna ab initio simulation package (VASP) [39,40]. All
calculations explicitly include spin-orbit coupling. Cut-off
energies, k-point grids, choice of pseudopotentials, and
convergence criteria for lattice relaxation are as in Ref. [20].
To determine combinations of Si and Sn composition x
and y which maintain lattice matching to a Ge substrate,
we estimate the alloy lattice constant a(x,y) via linear
interpolation (Vegard’s law) between the LDA-calculated
lattice constants a = 5.403, 5.647, and 6.480 A for Si, Ge, and
a-Sn, respectively [41]. Setting a(x, y) = a(Ge) we compute
a composition ratio x:y=3.41:1 for lattice-matched
SiGe|__,Sn,. This composition ratio is unchanged if lattice
constants calculated via hybrid functional (HSEsol) DFT are
employed [41]. We note that the lattice-matched composition
ratio x : y=3.41:1 obtained from our zero-temperature
DFT calculations differs slightly from the ratio 3.7:1
estimated in Sec. ITA using measured lattice constants.
We emphasize that the experimental lattice constants cited in
Sec. I A were measured at room temperature, and therefore
expect that the difference in thermal expansion coefficient
between Ge, Si, and «-Sn accounts for the difference
in lattice-matched composition ratios. In our DFT (TB)
calculations we employ the LDA-calculated composition ratio
x:y = 3.41:1 for the generation of lattice-matched supercells,
for consistency with our LDA-DFT (VFF) relaxation of these
structures.

Figure 2 shows the TB-mBJ DFT-calculated bulk band
structures of (a) Si, (b) Ge, and (c) «-Sn. Si and Ge are
indirect-gap semiconductors, while «-Sn is an inverted-gap
semimetal possessing topologically nontrivial band ordering
(in which the s-like I'7. states lie intermediate in energy be-
tween the p-like I's, and I'7, states) [42,43]. We note that the
increasing X -L-I" energy ordering of the high-symmetry point
CB edge energies in Si is distinct from the L-I"-X ordering in
Ge. This, as well as the known tendency of Sn incorporation
to induce I'-L-X ordering, i.e., a direct fundamental band gap,
when incorporated in low concentrations in Ge, suggests that
ternary Si,Ge;_,_,Sn, alloys can admit several distinct CB
orderings [44]. It is therefore critical to understand the evolu-
tion of L-, I'-, and X-point CB edge states with composition
in semiconducting Si,Ge_,_,Sn,, i.e., at low Sn composition
y, in order to develop a quantitative understanding of the alloy
electronic structure.

Our previous analysis of Ge;_,Sn, alloys revealed that Sn
incorporation drives strong alloy-induced mixing (hybridiza-
tion) between Ge I'- and L-point CB edge states [2,20,45].
Alloy supercell calculations reveal that the Ge;_,Sn, alloy
CB minimum is formed of an admixture of Ge I';. and Lg,
states, with the nature of the alloy band gap evolving con-
tinuously from indirect (predominantly Ge Lg,-like) to direct
(predominantly Ge I'7.-like) as the Sn composition y increases
[20,46]. Since for photovoltaic applications we are interested
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FIG. 2. Band structures of (a) Si, (b) Ge, and (c) «-Sn, calculated via DFT using the TB-mBJ exchange-correlation potential, and including
spin-orbit coupling [20]. In each case the zero of energy is chosen to lie at the I's, VB edge.

in Ge-rich Si,Ge;_,_,Sn, alloys having x +y < 15%, i.e.,
containing 2>85% Ge, we expect that alloy band mixing ef-
fects in the CB will also play an important role in determining
the details of the Si,Ge;_,_,Sn, alloy electronic structure. As
such, the choice of alloy supercells employed in our DFT cal-
culations must be such that band mixing between I'-, L-, and
X -point states is permitted to occur [20,46]. This is achieved
by selecting 128-atom (4 x 4 x 4 face-centered-cubic) super-
cells, in which the L and X points of the underlying diamond
Brillouin zone fold back to the supercell zone center (at su-
percell wave vector K = 0). To provide a reliable description
of short-range alloy disorder, we employ 128-atom SQSs in
our DFT calculations: beginning with a Gej,g supercell we
substitute a given number of Ge atoms by Sn, determining the
Sn composition y and hence the Si composition x =3.41y
required to achieve lattice matching to Ge. The resulting alloy
supercell is then relaxed using the LDA exchange-correlation
functional, and the electronic structure of the relaxed su-
percell is computed using the TB-mBJ exchange-correlation
potential. The SQSs used in our calculations were generated
using the alloy theoretic automated toolkit (ATAT) [47,48], by
optimizing the lattice correlation functions up to third-nearest-
neighbor distance about a given lattice site with respect to
target correlation functions corresponding to a randomly dis-
ordered ternary alloy [49].

To analyze the evolution of the Si,Ge;_,_,Sn, band gap,
we compute the effective band structure [50,51] by unfold-
ing the TB-mBJ-calculated alloy SQS band structure onto
a diamond primitive unit-cell Brillouin zone defined by the
LDA-relaxed alloy lattice constant a(x, y) ~ a(Ge). This is
achieved by calculating the total spectral weight N(k, E),
where k is the wave vector in the primitive unit-cell Bril-
louin zone onto which the supercell band structure is being
unfolded. N(k, E) at a given primitive cell wave vector K,
in an energy interval of width AE centered at energy E, is
computed by accumulating the individual supercell eigenstate
spectral weights W,k within that energy interval as [52,53]

E+4E
N(k,E):/ > Wk 8(E' — E,(K)dE',  (2)
E_% n,K

where W,k = (nK|f’\(K — k)|nK) is the spectral weight as-
sociated with the unfolding of supercell eigenstate [nK) from
supercell wave vector K to primitive cell wave vector k, as
described by the projection operator P(K — k) [50,51]. For
our calculations here, we set AE = 5 meV. All effective band
structure calculations were performed using the BANDUP code
[52,53]. We note that the integrand of Eq. (2) is the spectral
function A(k, E) [51,52], so that the total spectral weight
N(, E) is the integrated spectral function in the energy in-
terval [E — 2E E + £E].

B. Semiempirical: Valence force field potential and
tight-binding Hamiltonian

As described above, only states which fold to the same
wave vector K in the supercell Brillouin zone are capable of
hybridizing and, as a consequence, careful choice of supercell
lattice vectors is required to interrogate band hybridization in
small-supercell DFT calculations. More generally, the ability
to analyze alloy-induced hybridization effects in atomistic
electronic structure calculations is limited by supercell size.
As supercell size increases, more states fold to a given K,
approaching the case of real alloy, in which all states that
can, by symmetry, hybridize will hybridize, in the limit
of ultralarge supercell size [2,54]. Indeed, detailed analyses
of electronic structure evolution in conventional [54] and
highly mismatched [55,56] III-V alloys, as well as group-
IV Ge;_,Sn, [2,20] and dilute carbide Ge,;_,C, alloys [57],
have demonstrated that obtaining quantitative accuracy in
the computed electronic properties requires the use of su-
percells containing >10° atoms. While rigorous analysis of
band hybridization effects can be undertaken using DFT, the
limitation of such calculations to supercell sizes ~10% atoms
due to computational expense means that hybridization can
only occur between the limited number of states which fold
to the same K point. As such, for alloys in which carrier lo-
calization or band hybridization play strong roles, i.e., where
the widely employed virtual crystal approximation (VCA)
breaks down due to its omission of atomistic effects, small-
supercell DFT calculations qualitatively capture but often do
not quantitatively predict properties observed in experimental
measurements.
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To overcome this limitation, we employ computationally
less expensive semiempirical TB calculations to enable high-
throughput analysis of the electronic structure of large alloy
supercells. Examining the band structures of Si, Ge, and «-Sn
in Figs. 2(a), 2(b), and 2(c), we expect that the Si,Ge(_,_,Sn,
alloy CB structure will evolve from having an indirect L-point
minimum in Ge, towards having either an indirect A-direction
minimum (in Si-rich alloys), or an “inverted” direct band
gap (in Sn-rich alloys) [44,45,58,59]. As such, to track the
evolution of the alloy band gap we are interested primarily in
analyzing the evolution of character of alloy states lying close
in energy to the CB minimum, and in allowing for hybridiza-
tion between L-, X-, and I'-point states. To achieve this we
again select supercells in which both L- and X-point states
fold back to the supercell zone center K = 0. We therefore
perform calculations for 1024-atom (8 x 8 x 8 face-centered-
cubic) SiyGejpqa—p—nSny supercells, having respective Si
and Sn compositions x = lglﬁ andy = &, with the numbers
M and N of substitutional Si and Sn atoms chosen to remain as
close to lattice-matched to Ge as possible (M : N =~ 3.41 : 1).
The atomic positions in each alloy supercell are relaxed using
a highly accurate (analytically parametrized) VFF potential
[20,41], implemented using the general utility lattice program
(GULP) [60-62], and the alloy eigenstates at K = 0 are cal-
culated via direct diagonalization of the alloy supercell TB
Hamiltonian [20]. We note that our semiempirical (VFF +
TB) calculations here are based closely on those established
and carefully benchmarked against DFT alloy supercell cal-
culations for Ge;_,Sn,, full details of which can be found in
Ref. [20].

To investigate the nature and evolution of the alloy CB
structure, and to quantify alloy-induced hybridization between
Ge host matrix eigenstates, we take selected unperturbed Ge
eigenstates [n'?), having energies E\*), and project them onto
the complete spectrum of K = 0 Si,Ge_,_,Sn, alloy super-
cell eigenstates |m), having energies E,,, as [55,56]

S(E”)
Gn(E) = Z Z f;’l,ﬂlk T(Em - E), (3)
m k=1

where g(E\?) is the degeneracy of the Ge eigenstate [n?),
T (E,, — E)is aso-called “top-hat” filter having unit height for
E = E,, being otherwise zero, and f, .« = |(n@|m)|? is the
squared projection of the alloy supercell eigenstate |m) onto
the Ge reference eigenstates |n(’). By computing G, (E) for a
series of Ge eigenstates it is possible for a given alloy super-
cell to explicitly identify the composition of each individual
alloy eigenstate as a linear combination of the eigenstates of
the Ge host matrix semiconductor. This allows direct interro-
gation of alloy band hybridization effects and, undertaken as
a function of alloy composition, enables the evolution of the
alloy electronic structure to be quantified precisely [55,56].
Equation (3) defines a spectral function that is closely related
to the K = 0 contribution to the spectral function A(k, E)
employed in our DFT effective band structure calculations [cf.
Eq. (2)]. Here, G, (E) represents the contribution to the K = 0
Bloch character associated with an individual Ge host ma-
trix eigenstate |n?’) which is, in general, spread over several
alloy supercell eigenstates |m) due to alloy-induced hybridiza-
tion. Summing G, (E) over all Ge reference eigenstates |n)

produces a spectral function representing the total Bloch char-
acter of all supercell eigenstates that backfold to K = 0. In our
TB analysis we compute and analyze G, (E) directly for indi-
vidual Ge reference eigenstates, so as to explicitly quantify the
contributions of individual Ge eigenstates to the hybridized
Si,Ge|_,—,Sn, alloy eigenstates.

IV. RESULTS

Interpretation of alloy electronic and optical properties is
challenging due to breakdown of k selection associated with
the reduction in translational symmetry arising from short-
range alloy disorder and lattice relaxation. We therefore begin
our discussion with the results of our small-supercell DFT
and large-supercell TB electronic structure calculations in
Secs. IV A and IV B, in order to inform the analysis of our PR
and PL measurements in Secs. IV C and IV D. In Sec. IVE we
compare our theoretical calculations and experimental mea-
surements of the composition-dependent direct and indirect
band gaps.

A. Density functional theory: Alloy effective band structures

The results of our effective band structure calculations
for lattice-matched Si,Ge;_,_,Sn,/Ge 128-atom SQSs are
summarized in Fig. 3. Here, the unfolded band structures
are visualized in terms of their computed total Bloch char-
acter (spectral weight) N(k, E'), which we have plotted on
a logarithmic scale in order to emphasize features indica-
tive of, and resulting from, alloy band mixing effects. These
calculations reveal several key qualitative features of the elec-
tronic structure of lattice-matched Si,Ge;_,_,Sn,/Ge that are
markedly different from the simplified description provided
by the VCA.

The alloy CB structure is primarily Ge-like at low Si and Sn
composition, with the CB minimum lying at the L point, but
rapidly evolves to become Si-like with increasing Si and Sn
composition, with the CB minimum lying approximately 80%
of the way along the A direction between the I' and X points.
Beginning with a SiyGe235n; (x = 3.13%, y = 0.78%) SQS
in Fig. 3(a) we note that the band structure is qualitatively
similar to that of Ge, but that even at this low Si composition
the CB minimum along the A direction is lower in energy than
the I'-point CB edge. This band ordering is already similar
to that of pure Si, where the I'-point CB edge lies higher
in energy than the CB edge states at the L and X points.
As the Si and Sn compositions increase in Figs. 3(b)—(f) the
magnitude of the calculated zero-temperature lowest-energy
direct transition increases strongly, becoming equal to 1 eV
by x & 5.5% [y ~ 1.6%; cf. Fig. 3(b)]. Simultaneously, the
minimum of the lowest-energy CB along the A direction is
reduced in energy below the I'-point CB edge. We note that
our unfolded SQS band structures predict that lattice-matched
Si;Ge|_x_,Sn,/Ge alloys retain an indirect fundamental band
gap, in accordance with previous model estimates [3] and
small supercell empirical pseudopotential calculations [14].
This behavior, which is in stark contrast to the emergence of
a direct band gap in binary Ge;_,Sn, alloys, is driven by the
requirement to incorporate Si and Sn in the ratio 3.41:1 to
maintain lattice matching to Ge or GaAs, with the impact of
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FIG. 3. Effective (unfolded) alloy band structures, calculated via TB-mBJ DFT for relaxed 128-atom Si,Ge;_,_,Sn, alloy supercells. The
supercells contain (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6 Sn atoms, with the corresponding number of Si atoms chosen in each case to achieve
lattice matching to Ge (x:y = 3.71:1). The computed spectral weight N is depicted on a logarithmic scale, to emphasize the distribution of
Bloch character over a significant wave vector and energy ranges for states lying close in energy to the CB minimum. The zero of energy is

chosen to lie at the alloy VB edge for each supercell.

Si incorporation being to strongly reduce the energy of the
A CB minimum relative to the zone-center CB edge [14].
At the highest Si and Sn compositions shown in Fig. 3, the
SipnGepoSne (x = 17.19%, y = 4.69%) SQS of Fig. 3(f), the
zero-temperature band gap is &1.2 eV in magnitude, while the
L and A CB minima are approximately equal in energy. At
higher Si compositions (not shown) the A minima reduce in
energy below the L-point CB edge, with the increasing X -L-T"
CB energy ordering then corresponding to that in pure Si for
x 2 20% (y 2 6%).

Additionally, with increasing Si and Sn composition we
note the emergence of significant energetic broadening of the
CB Bloch character. This behavior is characteristic of alloy
disorder and band mixing effects. The reduction of transla-
tional symmetry due to chemical inhomogeneity and lattice
relaxation means that the wave vector Kk is no longer a “good”
quantum number (i.e., the crystal momentum is no longer a
constant of carrier motion), with the resulting breakdown of
k selection broadening the bands at fixed energy E. Addition-
ally, this symmetry breaking ensures that orbital components
of primitive cell k states having equivalent symmetry which
fold back to the same supercell wave vector K can hybridize
with one another. In the 4 x 4 x 4 face-centered-cubic su-
percells considered here, the states which backfold to K = 0
and can hence hybridize with I'-point states are those having

primitive cell lattice vectors k whose components are integer
multiples of J- [20,57]. This includes L- and X-point states,
so that our supercell calculations allow to track the band-
gap evolution in the presence of alloy-induced band mixing
between direct and indirect CB edge states. Hybridization
between states which unfold from the same supercell wave
vector K to different primitive wave vectors k are visible as
“echoes” in N(k, E) at equal E and at the different k onto
which the states unfold. This hybridization, combined with
the loss of strict k selection, results in the distribution of
Bloch character across the energies and wave vectors of the
hybridizing states. This further drives energetic broadening
of the alloy CB Bloch character, which is then enhanced in
the presence of short-range alloy disorder. For example, in
Figs. 3(e) and 3(f) the emergence of a Bloch character “tail” at
I" is visible at the same energies as the L- and X -point CB edge
energies, reflecting that the loss of chemical and structural
homogeneity drives hybridization between these states which
acts to spectrally broaden the zone-center alloy CB edge.

The presence of such features in our effective band struc-
ture calculations reveals that alloy band mixing effects are
present in Si,Gej_,_,Sn, alloys, being strongest close in en-
ergy to the CB edge, and hence that the direct alloy band gap
is likely of hybridized character (being primarily indirect, but
possessing an admixture of direct character) in the Ge-rich
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Evolution of CB states in lattice-matched Si,Gej——y,Sn,/Ge (1024-atom supercells, configuration-averaged)
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FIG. 4. Calculated evolution of the configuration-averaged Ge L¢,. (red), I'7. (green), and X5, (blue) character of the CB states in disordered,
1024-atom Si,Ge;_,_,Sn, alloy supercells lattice-matched to Ge (x:y = 3.71:1). (a) Illustrates for reference that the L-, I'-, and X -point CB
edge states in pure Ge, respectively, possess 100% Ge Lg., I'7., and X5, character. Substitutional incorporation of Si and Sn [(b)—(h)] drives
alloy-induced hybridization, with the CB states in Ge-rich alloys formed of an admixture of Ge host matrix CB states. The reduction in
symmetry associated with short-range alloy disorder results in inhomogeneous energetic broadening of the associated direct (green) and
indirect (red and blue) CB edges. The zero of energy is taken to lie at the Ge VB edge.

composition range under investigation [2,20,46]. Given the
small separation in energy between L-, I'-, and X-point CB
edge states at these compositions, we expect that the hy-
bridized zone-center alloy CB edge will be formed primarily
of an admixture of the L., ['7., and X5, CB edge states of
Ge (cf. Sec. IV B). In several of the calculated effective band
structures we note that while an accumulation of I'-point CB
Bloch character in a given energy range enables a direct band
gap to be defined in principle, e.g., by weighting the energy of
individual alloy CB states by their computed Bloch character
[45], band mixing effects can lead to the emergence of I'-point
CB Bloch character at energies above and below the funda-
mental band gap. In this manner, alloy band mixing effects
drive strong, inhomogeneous spectral broadening of the di-
rect (optical, ['-point) band gap. These qualitative features of
the SiGe;_,_,Sn, band structure are markedly distinct from
the simplified interpretation offered by the VCA (and related
approaches that neglect atomistic effects), highlighting that
direct atomistic calculations are required to provide quantita-
tive understanding of the nature and evolution of the strongly
perturbed CB structure.

Conversely, the band structure close in energy to the VB
edge remains predominantly Ge-like across the range of com-
positions studied here. Si (Sn) incorporation in Ge acts to
decrease (increase) the VB spin-orbit splitting energy Ao,
with these effects approximately canceling one another when
the Si to Sn composition ratio is chosen to maintain lattice
matching to Ge, so that the alloy spin-orbit splitting energy
remains approximately equal to that of Ge. Furthermore,
compared to the calculated effective CB structure, we note
minimal energetic broadening of the calculated Bloch char-
acter. This suggests that alloy band mixing effects have little
impact on the band structure close in energy to the VB edge,
similar to binary Ge;_,Sn, alloys [20,45].

Overall, our DFT calculations (i) predict that lattice-
matched Si,Ge;_,_,Sn,/Ge alloys retain an indirect funda-
mental band gap, and (ii) suggest that alloy band mixing

effects, akin to those recently identified in Ge;_,Sn,, [2,20,46],
play an important role in determining the nature and evolution
of the alloy CB structure. The observed energetic broadening
of the CB Bloch character in purely substitutional (defect-
free) alloy supercell calculations suggests that the optical
absorption and emission spectra of Si,Ge;_,_,Sn, are pre-
dicted to be characterized by strong inhomogeneous spectral
broadening. This spectral broadening, identified in our calcu-
lations as being driven by alloy-induced CB hybridization and
enhanced by a loss of translational symmetry due to short-
range alloy disorder, is expected to be an intrinsic property of
Si,Ge|_x_,Sn, alloys. To obtain a quantitative understanding
of the evolution of the electronic structure requires the treat-
ment of large-scale alloy supercells, for which we turn to a
semiempirical approach.

B. Tight binding: Evolution of alloy band edge states

Figure 4 shows the TB-calculated Ge L¢, (red), I'7, (green),
and Xs. (blue) character of the Si,Ge;_,_,Sn, alloy CB states
as a function of composition for 1024-atom disordered alloy
supercells. Here, the alloy CB L-, I'-, and X -point CB charac-
ter is computed using Ge g4 eigenstates |n?) = |L$_)), T ;(3_)),
and |X5(?)) in Eq. (3). For reference, Fig. 4(a) shows the calcu-
lated Ge Lg., I'7., and Xs. character in unperturbed Gejpq.
Here, the K = 0 eigenstates form a complete orthonormal
basis set, with (m@|n®) = §,,,,, so that Eq. (3) returns a value
of unity at the energy E of the reference Ge eigenstate [n?).
Results for alloy supercells in Figs. 4(b)—4(h) are obtained
via configurational averaging: at each alloy composition we
construct, relax, and compute the electronic structure of 25
distinct, randomly disordered supercells, and use the resulting
alloy supercell eigenstates |m) in Eq. (3). Once the G,(E)
spectra are computed for each of these 25 supercells, config-
urational averaging is performed by (i) accumulating the total
Ge Lg., I'7., or Xs. character calculated for each individual
supercell into energy bins of width 5 meV, and (ii) averaging
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the total Ge L., I'7., or X5, character accumulated in each of
these energy bins for alloy 25 distinct disordered supercells
considered at that composition. The resulting G,(E’) spectra
of Figs. 4(b)—4(h) provide detailed insight into the evolu-
tion of the alloy CB structure, effectively decomposing the
calculated total Bloch character of the DFT unfolded alloy
band structures of Fig. 3 into its distinct L-, I'-, and X -point
contributions.

Examining the evolution of the alloy CB structure de-
scribed by Fig. 4, we first note a blueshift and energetic
broadening of the L-point CB edge Bloch character with in-
creasing Si and Sn composition. Across the composition range
investigated, the alloy CB edge retains primarily indirect Ge
Le. character (red), but also acquires an admixture of direct
Ge I'7. character (green). By comparison, we note that the
energetic broadening of the I'-point Bloch character due to
alloy band mixing is significantly enhanced, with Ge I';, char-
acter spread over an energy range extending upwards from the
alloy CB edge by ~1 eV, even at low Si and Sn compositions
x =4.00% and y = 1.07% [cf. Fig. 4(c)]. We note that this
is primarily driven by hybridization of I'-point states with the
large density of L-point states lying in the same energy range.
Our calculations indicate that increasing the Si and Sn compo-
sition drives an admixture of Ge I';. character to the alloy CB
edge, while the majority of the calculated Ge L. character
remains close in energy to the alloy CB edge, suggesting
the presence of an indirect fundamental band gap. Finally,
we note that the evolution of the X-point Bloch character is
qualitatively similar to the L-point character, albeit redshift-
ing in energy with increasing Si and Sn composition. The
calculated Ge X5, character also undergoes inhomogeneous
energetic broadening with increasing Si and Sn composition,
although in a less pronounced manner than that computed for
the I';. character.

As suggested by our DFT-calculated effective alloy band
structures, our large-supercell TB calculations confirm that Si
and Sn incorporation in Ge to form ternary Si,Gej_,_,Sn,
alloys primarily and strongly impacts the CB structure, with
the VB structure remaining comparatively unperturbed (and,
for lattice-matched compositions, quantitatively close to that
of the Ge host matrix semiconductor). This was verified via
additional TB calculations of the alloy VB maximum (Ge I'g,)
and spin-split-off VB edge (Ge I'y,) character which, com-
pared to the calculated CB character of Fig. 4, were found to
undergo minimal energy shifts or energetic broadening [30].

Having tracked the evolution of the CB and VB edge states
in lattice-matched Si,Ge|_,_,Sn, via atomistic electronic
structure calculations, we turn our attention now to elucidat-
ing the implications of our calculations for the nature and
evolution of the alloy band gap. The strong inhomogeneous
energetic broadening of Ge CB character across a multiplicity
of hybridized alloy CB states complicates interpretation of
the alloy band gap, and hence comparison between theoreti-
cal calculations and experimental measurements. To facilitate
comparison to experiment, we use the G, (E) spectra of Fig. 4
to compute the weighted average energy associated with the
Ge Le.-, I'7.-, and Xs.-like alloy CB states and, in this manner,
compute the composition-dependent band gaps that the asso-
ciated indirect or direct optical transitions can be expected to
track in experiment. We define this weighted average energy

as
S(ED)
(E) =YY" fumkEn, “)
m k=1

where we use the Ge [n(®) character of each individual alloy
supercell eigenstate |m) as the weight for the latter state’s
energy [cf. Eq. (3) and Fig. 4]. We note that Eq. (4) is properly
normalized due to the fact that the K = 0 eigenstates {|n(?)}
and {|m)} of the Ge and Si,Ge;_,_,Sn, supercells form com-
plete basis sets, so that the weights f, ,x sum to unity. As a
consequence of the spectral theorem, Eq. (4) is equivalent to
the matrix element (n”|H (x, y)|n'”) taken using the Ge host
matrix supercell eigenstate |n(?’), and the Hamiltonian H (x, y)
of the Si- and Sn-containing alloy supercell.

Using Eq. (4) therefore allows to compute averaged Si
and Sn composition-dependent shifts to the alloy I'-, L-, and
X -point CB edge energies, which correspond, respectively, to
the weighted average energies associated with the Ge I'7,, Le,,
and Xs. character distributions shown in green, red, and blue
in Fig. 4. Applying the same procedure to compute the Ge I's,
(HH/LH) and I'7, (SO) character allows us to track the evolu-
tion of the alloy VB states, and hence to compute the evolution
of the direct and indirect alloy band gaps with composition for
comparison to experiment in Sec. IV E, below.

C. Photoreflectance: Evolution of direct band gap

The open black circles in Fig. 5(a) show the measured PR
spectrum for a pure Ge (substrate) reference sample. We note
the presence of a critical point feature with a sharp minimum
at energy ~0.8 eV, and an additional feature at ~1.1 eV,
which correspond, respectively, to the expected direct I'7.-I'g,
(CB-VB) transition at energy Ey, and the I'7.-I';. (CB-SO)
interband transition at energy Ey + Ag [27]. These data were
fitted using Eq. (1) (solid black line), including critical points
for Ey and Ey + A transitions, as well as the excitonic contri-
bution at energy E. close to Ey. Previously reported exciton
binding energy values for Ge are close to 2 meV [63], and
so the exciton binding energy was fixed to this value dur-
ing the fit, i.e., Eex — Ey = —2 meV. The individual CB-VB,
excitonic, and CB-SO contributions to the total PR fit are
respectively shown in Fig. 5(a) using solid red, green, and blue
lines.

Fitting of the features corresponding to the lowest-
energy direct transition in the measured PR spectra for the
Si Ge|_y_,Sn, samples was performed using the combined
interference/critical point model described in Sec. II B, to ac-
count for thin-film interference effects in addition to changes
in reflectance associated with the critical point feature of
interest. Open black circles and solid black lines in Fig. 5,
respectively, show the measured PR spectra and best model
fit for the Si,Ge;_,_,Sn, samples (b) Al, (c) B2 (thick), and
(d) B3 (thin). The combined critical point/interference model
was fit using a differential evolution algorithm and, due to
the large number of model parameters, running the model
multiple times produced slightly different results. However,
the key parameters of interest (Ey and Ag) were found to
display minimal variation across multiple runs of the fitting
algorithm [30]. Again, the CB-VB, excitonic, and CB-SO
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FIG. 5. Measured (open black circles) and fitted (solid black lines) low-energy PR spectra for (a) a Ge reference sample and samples
(b) Al, (c) B2 (thick), and (d) B3 (thin) (cf. Table I). The left- and right-hand vertical arrows, respectively, denote the Ey and Ey + Ay
transition energies extracted based on the PR fit. The data for Ge were fitted directly to Eq. (1), while fits to the Si,Ge,_,_,Sn, data were
performed using the combined interference/critical point model described in Sec. II B. Dashed red, green, and blue lines, respectively, show
the best-fit 3D M,-type Ey (CB-VB), excitonic, and Ey + Ay (CB-SO) contributions to the PR fits. Dashed black lines show the thin-film

interference contribution to the PR fits for the Si,Ge;__,Sn, data.

contributions to the overall fit are shown using solid red,
green, and blue lines for each alloy sample in Figs. 5(b)-5(d),
while dashed black lines show the contribution to % due to
thin-film interference. The best-fit values of Ey and A for
all samples are listed in Table II. The direct transition energy

Ey was observed to blueshift strongly with increasing Si and

TABLE II. Direct transition energy E, and VB spin-orbit split-
ting energy A, extracted from fits to measured room-temperature
PR spectra, and fundamental (indirect) band gap Ej,q extracted from
fits to measured room-temperature PL spectra. Listed values of E,
and A, are averages obtained from 10 different runs of the PR
fitting algorithm [30]. Listed uncertainties are the associated standard
deviations. PL measurements were performed only for the “thick”
(d =~ 2 pm) samples from set B (cf. Table I).

PR PR PL

Sample Ey (eV) Ap (eV) Eing (€V)
Ge 0.807 0.308 0.666
Al 0.941 £ 0.007 0.28 +0.01 0.705
A2 1.000 £ 0.020 0.27 £ 0.02 0.713
A3 1.010 £ 0.002 0.30£0.01 0.745
B1 (thin) 0.870 4+ 0.006 0.29 +0.01

B1 (thick) 0.870 £+ 0.003 0.29 £ 0.01 0.690
B2 (thin) 0.910 £ 0.003 0.30£0.01

B2 (thick) 0.910 £ 0.020 0.29 +0.01 0.711
B3 (thin) 0.950 £ 0.010 0.29 £ 0.01

B3 (thick) 0.950 £ 0.008 0.30£0.01 0.726

Sn composition, while the VB spin-orbit splitting energy Ag
remains close to the value 0.308 eV measured for pure Ge.
For sample set B, the measured PR data for the “thick” and
“thin” samples were fitted to independently, yet yielded the
same average Ej energy to within 4 meV. This confirms that
the samples have nominally equal Si and Sn compositions
at different thicknesses (cf. Table I), as expected based on
structural characterization experiments [23]. In addition, the
best-fit Ey values are in good quantitative agreement with
values obtained via spectroscopic ellipsometry measurements
performed on the same set of samples [23].

D. Photoluminescence: Evolution of indirect band gap

PL spectra for the six Si,Ge;_,_,Sn, alloy samples are
shown in Figs. 6(b) and 6(c), where measured PL spectra for
sample set B are shown only for the thicker samples due to
their observed higher luminescence intensity. The presence of
multiple peaks in the measured power-dependent PL spectra
for each sample, fitted as shown in Fig. 7, hinders the straight-
forward determination of the indirect band gap from the PL
data. The origin of these peaks could be phonon-assisted
emission involving either L- or X-point CB and I'-point VB
states (akin respectively to the fundamental band gap of Ge
or Si), or direct ["-point transitions (akin to the direct I'7.-I'g,
transition in Ge). Also possible are peaks corresponding to the
spectral broadening of the emission spectra predicted by our
large-supercell TB calculations of the alloy CB state character,
as well as recombination involving localized states associated
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FIG. 6. Measured PL spectra of (a) Ge, (b) Si,Ge;_,_,Sn, alloy sample set A, and (c) Si,Ge;_,_,Sn, alloy sample set B, at low (dashed
lines) and high (solid lines) incident laser power. In (b) and (c) green, blue, and purple lines, respectively, show the measured PL spectra in
order of increasing Si and Sn composition (cf. Table I). The spectra for the medium and high composition samples are, respectively, rigidly
shifted by +0.5 and +1, to enhance visibility. In (c), measurements are shown only for “thick” set B samples. All PL spectra are normalized

with respect to their peak luminescence intensity.

with native defects. Contributions to the PL spectra of a given
sample are also likely to consist of several distinct peaks
corresponding to different phonon-assisted transitions, as is
the case for Ge [cf. Fig. 6(a) and Ref. [35]]. Here, the power
dependence of the observed room-temperature PL indicates
that it is due to emission from the bulk rather than localized
features or defects [30]. Our theoretical calculations indicate

that, across the composition range under investigation, the
Si-like Xs.-T'g, transition energy of =1 eV is significantly
higher than the direct E| transition, making it unlikely that
this transition contributes significantly to the PL of any of the
SiGe|_;_,Sn, samples.

Thus, the most likely origin of the multiple PL peaks in
the measured Si,Ge|_,—,Sn, room-temperature PL spectra is

Fitted PL signal

PL intensity (arb. units)

06 07 08 00
Energy, E (eV)

Energy, E (eV)

Q = g S
0.7 0.8 0.9 1.0
Energy, E (eV)

— Total fit == Individual peaks

FIG. 7. lustration of the fits to the PL data at low power using Gaussian and Lorentzian line shapes. The total fit to the data and individual
peaks are shown for (a) the Ge reference sample, (b) sample A2, and (c) the thicker B3 sample. The arrows indicate the individual peak
locations; the red arrow in each case indicates the peak with the highest intensity, which was taken to correspond to LA phonon absorption by

analogy with the PL spectrum of Ge.
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different phonon-assisted L¢.-I's, recombination processes, in
combination with emission from the direct ['7.-I's, gap, with
the latter appearing as a high-energy tail. For the indirect gap
emission processes we do not expect that any individual PL
peak energy corresponds directly to the fundamental band
gap, as the energies of these features will be offset by the
energy of the emitted or absorbed phonon, with the observed
phonon-assisted PL peak energy being lower (higher) in en-
ergy than the associated indirect band gap for a transition
assisted by phonon emission (absorption). There is therefore
some difficulty in associating the observed low-energy PL
peaks directly to specific phonon modes, first since the loss
of translational symmetry in the alloy removes the require-
ment to conserve crystal momentum, allowing a large number
of phonon modes to contribute to indirect recombination,
and, second, due to a lack of information on how phonon
energies vary in disordered Si,Ge;_,_,Sn, alloys compared
to Ge. Overall, we note that there does not appear to be a
direct correspondence between the measured energy offsets
between the phonon-assisted PL peak energies and associated
indirect fundamental band gap for the Si,Ge;_,_,Sn, alloy
samples compared to the Ge reference sample. This makes
it challenging to associate specific phonon modes to observed
indirect PL peaks. Therefore, the room-temperature band gap
of the Si,Ge;_,_,Sn, samples was estimated by identifying
the highest-intensity peak in the Ge room-temperature PL
spectrum, which corresponds to an indirect L -I"s, transition
assisted by absorption of a longitudinal acoustic phonon hav-
ing energy 27 meV [22]. In order to consistently estimate the
fundamental indirect band-gap energy, it was assumed that the
highest-intensity peak in the measured PL spectrum for each
Si;Ge|_x_,Sn, sample was also associated with absorption of
a phonon of energy 27 meV. The resulting estimated indirect
band gaps are listed in Table II, and plotted in Fig. 8(b)
using closed red squares, demonstrated a linear blueshift with
increasing Si and Sn composition.

E. Theory vs experiment: Direct and indirect band gaps

The results of our PR (closed green diamonds) and PL
(closed red squares) measurements of the direct and indirect
band gaps are summarized in Fig. 8(b). Following the pro-
cedure described in Sec. IV B, we have used the TB method
to compute the composition dependence of the weighted
average direct and indirect band gaps of lattice-matched
Si Ge_x_ySn,. The results of these calculations are shown in
Fig. 8(b) using open triangles for the direct I'7.-I'g, (green),
and indirect L¢.-I'g, (red), and Xs.-I's, (blue) band gaps. In
order to compare our zero-temperature theoretical calcula-
tions and room-temperature experimental measurements, we
have rigidly redshifted the calculated band gaps so that the
calculated direct I'7.-I'g, band gap of Ge aligns with the
value of 0.807 eV extracted from our PR measurements (cf.
Table II). Applying this same redshift rigidly to all calculated
band gaps then allows the predicted composition dependence
to be quantitatively compared to experiment.

In comparing our theoretical calculations and experimen-
tal measurements, we note three important considerations.
First, our theoretical calculations are for nominally lattice-
matched alloy supercells, where the supercell lattice constant

(a)
1 I 1 L 1 1 1
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o o A2
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L oma 1
ks o B3
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T T T T T T
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FIG. 8. (a) SEM-EDX measured Si to Sn composition ratios x:y
for the samples investigated (cf. Table I). (b) Comparison of the tran-
sition energies extracted from experimental measurements (points)
and calculated using TB method (lines), showing data for the indirect
band gap from PL measurements (red squares), and for the direct
transition from PR measurements (green diamonds). The theoretical
results are the calculated weighted average direct I'7.-I'g, (green),
and indirect Le.-I'g, (red) and Xs.-I's, (blue) transition energies.

conforms very closely to that Ge, while our CVD-grown
samples possess composition ratios which deviate from the
ideal lattice-matched Si to Sn composition ratio, as shown in
Fig. 8(a). As a result, a given Si composition in Fig. 8(b) does
not imply equal Sn compositions in theory and experiment.
The measured lattice constants for these samples suggest
lattice mismatch of < 0.03% with respect to Ge [23], and
thus strain is not expected to impact the measured transition
energies. Second, we recall that the CB and VB energies used
to calculate the theoretical transition energies are computed
as a weighted average of the distribution of the corresponding
Ge I'-, L-, or X-point Bloch character over individual alloy su-
percell states. These weighted average energy gaps therefore
display virtual crystal-like behavior, i.e., approximately linear
variation with composition, with bowing of individual state
energies averaged out, which can only be expected to describe
the composition dependence of a given transition energy on
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average in terms of its contributions from a multiplicity of
states possessing an admixture of I', L, or X character and
spread over a range of energies in the alloy band structure.
As described in Sec. 111, the allowed band mixing in a given
alloy supercell is determined in part by the supercell size,
which controls the number of states that fold to a given super-
cell wave vector K. We therefore expect that our calculated
weighted average band gaps will tend to overestimate the cor-
responding transition energies measured in experiment since
only a limited number of states fold back to K = 0 close in
energy to the CB edge in a given alloy supercell. Third, as dis-
cussed in Sec. IV D, the presence of multiple peaks in the PL
spectra, associated with different phonon-assisted emission
pathways, means there is uncertainty associated assigning a
single energy to the measured indirect fundamental band gap.

Bearing these potential sources of error in mind, we
nonetheless note good overall agreement between theory and
experiment in Fig. 8(b). Our calculated increase of 28.4 meV
per % Si of the direct I'7.-I'g, transition (open red triangles)
corresponds well to the Ey values extracted from the PR mea-
surements (closed red diamonds) for samples A1, A2, and B1,
but overestimates the direct transition energy measured for
samples A3, B2, and B3. Similarly, our calculated increase of
14.1 meV per % Si of the indirect Lg.-I'g, band gap slightly
overestimates, but corresponds well to, the fundamental band
gap identified from our PL measurements. As predicted by
theory, the VB spin-orbit splitting energy A does vary signif-
icantly across the composition range. Based on this analysis
we conclude that lattice-matched Si,Ge;_,_,Sn, retains an
indirect fundamental band gap, associated primarily with an
L-point CB minimum, albeit with theoretical calculations
suggesting that band hybridization effects result in this fun-
damental band gap having a hybridized nature, possessing an
admixture of Ge I'7. character that should allow for (weak,
spectrally broad) optical absorption at energies below the
weighted average direct band gap indicated in Fig. 8. Finally,
our calculated reduction of 4.6 meV per % Si for the Xs.-I'g,
band gap results in a crossover from L-I"-X to L-X-I" CB edge
energy ordering for x 2> 7.5%. We note that this is predicted
to occur in the composition range in which the direct Ey
transition is close to 1 eV in magnitude at room temperature,
in accordance with the band ordering identified in our DFT
effective band structure calculations (cf. Fig. 3).

For multijunction solar-cell applications, the indirect na-
ture of the fundamental band gap of Si,Ge;_,_,Sn, alloys
having a direct I'7.-I['g, transition energy close to 1 eV (x =
8.0%, y =~ 2.2%) is expected to have a detrimental impact on
the cell voltage. For application as a 1-eV junction, where
lattice-matched Si,Ge;_,_,Sn, is grown epitaxially with
thicknesses up to several um, the direct I'7.-I'g, transition
will dominate the optical absorption. This offers advantages
for current matching in three- or four-junction solar cells
compared to a cell having a pure Ge junction. However, the
presence of the lower-energy indirect Lg.-I'g, band gap will
allow carriers to thermalize to lower-energy CB states after
being absorbed across the I'7.-I'g, transition, thus reducing
the voltage that can be extracted from the cell compared
to a material having a 1-eV direct fundamental band gap.
Nonetheless, since the fundamental indirect band gap is in-
creased in lattice-matched Si,Ge;_,_,Sn, compared to that

of Ge, Si,Ge|_;_,Sn, subcells should be able to achieve a
higher voltage, and thus an overall improved triple-junction
cell efficiency, compared to an equivalent cell employing a
pure Ge junction.

V. CONCLUSIONS

In summary, we have presented a combined experimen-
tal and theoretical analysis of ternary Si,Ge;_,_,Sn, alloys
lattice-matched to Ge and GaAs. Our experimental measure-
ments quantified the evolution of the optical properties with
alloy composition, focusing on trends in the direct and indi-
rect band gaps, while our theoretical calculations elucidated
these trends in terms of the evolution of the alloy electronic
structure. Our results provide insight into the Si,Ge(_,_,Sn,
alloy band structure, demonstrating that its evolution is char-
acterized primarily by a perturbed CB structure that undergoes
rapid change with increasing Si and Sn composition.

Experimentally, we reported room-temperature PR and
PL spectroscopic measurements, which were respectively
employed to track the evolution of the direct and indirect
band gaps as a function of alloy composition. Theoretically,
we reported first-principles and semiempirical calculations
of the alloy electronic structure. Effective (unfolded) first-
principles band structure calculations for lattice-matched
Si,Ge|_x_,Sn, highlighted the presence of Si- and Sn-induced
alloy band mixing, similar to that observed in recent calcula-
tions for binary Ge;_,Sn, alloys. We predicted theoretically
and confirmed via photoluminescence measurements that
lattice-matched Si,Ge;_,_,Sn, alloys retain an indirect fun-
damental band gap, and further identified that the electronic
structure evolution at low Si and Sn composition is strongly
influenced by the impact of alloy band mixing on the CB. This
alloy band mixing, combined with a breakdown in k selection
due to a loss of translational symmetry in a disordered alloy,
generates significant energetic broadening of CB edge states.
Large-scale semiempirical calculations further elucidated this
behavior, demonstrating that alloying results in a distribu-
tion of direct-gap (Ge I';.) character across a multiplicity of
alloy CB states. Taken together, our theoretical calculations
and experimental measurements suggest that the observed
strong inhomogeneous broadening of optical spectra is then
an intrinsic property of substitutional Si,Ge;_,_,Sn, alloys.
Our experimental measurements and theoretical calculations
confirm the previously demonstrated blueshift of the direct
band gap with increasing Si composition, suggesting that it
increases at a rate of ~28 meV per % Si in a lattice-matched
alloy.

Our results confirm that Si,Ge;_,_,Sn, alloys lattice-
matched to Ge possess an indirect fundamental band gap
which, for Ey = 1 eV, lies 250-300 meV below the I'7.-Tg,
transition in energy, which theoretical calculations identify as
resulting from alloy CB edge states being primarily derived
from the L. CB minimum of the Ge host matrix semiconduc-
tor. While the presence of an indirect fundamental band gap
is expected to adversely affect the voltage of a Si,Ge;_,_,Sn,
solar cell compared to a material having a 1-eV direct band
gap, the improved potential for current matching in lattice-
matched architectures and an expected increase in voltage
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compared to an equivalent Ge cell make Si,Ge{_,_,Sn, alloys
a promising candidate material for multijunction solar cells.
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