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I. PHOTOREFLECTANCE DATA FITTING

Assuming the anomalous features observed in the PR of the samples (see Fig. S1) are interference fringes due to
reflection at the buried InGaAs interface, the period of oscillations of the fringes is determined by the Si,Ge;—,—,Sn,
layer thickness, while the envelope shape of the oscillations depends on the modulation of the refractive index by the
pump beam. While Kallergi! and Huang? attribute the interference to modulation of the refractive index of doped
GaAs substrates, rather than modulation of the refractive index of the epi-layer, this explanation is unlikely for the
SizGe1——ySn, samples as the thickness of the samples (=~ 1.8 —2 pm) means that very few (<1%) of the high energy
photons from the pump beam (532 nm laser) incident on the sample are able to reach the GaAs substrate (Set A) or
InGaAs buffer layer (Set B). However, the model presented in [1] and [2] can be adapted relatively simply to assume
modulation of the epilayer refractive index rather than the substrate.

The photoreflectance signal AR/R is the relative change in the reflectivity with and without the pump beam,
so AR/R = (R’ — R)/R where R’ is the modulated reflectivity and R is the unmodulated reflectivity. For in-
stance, for Set A, considering the three layers in the epitaxial structure (Si;Ge1_z—,Sn,, Ge seed layer, and GaAs
substrate), the reflectivity is a function of the relevant thicknesses and refractive indices: the unmodulated reflec-
tivity R(E,nsiGeSns NGes (In)GaAs: dSiGesn, dge) and the modulated reflectivity R'(E,ngicesn + 0NsiGesn, NGe +
IMNGesNGaAs + ONGads, dSiGesn, dge) Where the n are the complex refractive indices. Assuming the refractive indices
of the Ge and GaAs are not significantly affected since very little pump light is able to reach these layers, the functional
dependence of the modulated reflectivity simplifies to R'(E, ngiGesn + 0NsiGesns NGes NGaAs, dsiGesn, dge). Because
of the presence of the Ge seed layer, the multi-layer reflectivity model is more complex than in [1] and [2], and rather
than constructing an analytical expression for the multi-layer interference, Solcore’s TMM optical model® was used
to calculate both R’ and R, and thus 22 with and without modulation of the dielectric function of the . The change

R
in the refractive index was expressed as in [1]:

Snsicesn % (N&igesn — e 77 (1)

The thickness, constant of proportionality A, and v were fitted to the data (dg. was kept fixed at 60 nm).

Optical constants for the different compositions were obtained from ellipsometry*, and these could be used in this
model for ng;gesn. However, this raises an issue, since the location of the critical points which occur in the PR
data is what leads to certain values of n and k; using externally imposed values of n and x is not consistent with
also fitting the location of the critical points. However, it is possible to instead fit the interference fringes and signal
from the critical point simultaneously by expressing the optical constants in terms of an analytical model such as the
Adachi model® and fitting the optical constant modulation using the optical constants calculated directly from these
analytical expressions, and the photoreflectance signal to their third derivative.

The real and imaginary parts of the dielectric constant, and thus the refractive index n, are calculated according



TABLE S1: All parameters used in fitting the photoreflectance data to a model incorporating both the critical point feature
and the effects of thin-film interference in the layer. The ticks in the final two columns indicate whether the parameter affects
the fit of the interference fringes, the critical point feature, or both.

Parameter Description Interference fringes PR signal due to CP
Ey Ey CP (I' > T') centre energy v v
Ao Split-off hole energy v v
Ao Strength of the Ey transition v

To/a, Broadening of the Ey transition Ve v
~ Exponent for envelope v

A Strength of n modulation v

Acpyo Strength of Ey CP signal v
Do/n, Phase of Ey and Eo + Ay CP signal v
Acp,a, Strength of Ey + Ay CP signal v
Fex Ey exciton binding energy transition energy v
Ace Strength of the exciton PR signal v
Tea Broadening of the exciton PR signal v
Doy Phase of the exciton PR signal v
dsiGesn Thickness of the layer Ve

dGaas Thickness of the GaAs layer (Set B only) v

dpr Overall phase of the PR measurement Ve v
C Constant offset of measurement v v

to:
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The change in the refractive index of due to modulation by the pump beam is given by (using the n from eq. 2):

5, = A, e'E (n2 - 1)
n=n-+on (3)
This modulated refractive index is fed into the TMM model of the layer stack to calculate R’; R is similarly calculated
with the unmodulated refractive index n, so that the change in reflectivity AR = R’ — R due to interference can be
calculated. The interference signal IS is given by (R’ — R)/R.
The critical point feature in the photoreflectance data is fitted using:

i®a,

_ Acpoe'®o Agget®ez Acp,aqe
8= (E—Eo+iTo/a,)%/? T (E—Ecz+ilez)? + (E—(Eo+Ao)+ila,)5/2 (4)

Finally, the overall modelled value for the PR signal is the sum of the contributions, plus a constant offset. In
addition, a phase factor is fitted (this is due to the phase chosen for the lock-in amplifier during the measurement):

% = R{(CP+ 1S+ C)e'*rr} (5)

The symbols used for each parameter, and their physical meaning, are given in Table S1.

This model, which fits the full photoreflectance signal, has a large number of parameters to account for the layer
thicknesses, peak strength and broadening, phase factors, and degree of optical constant modulation. The differential
evolution (DE) optimization technique was used to fit the model to the data for all nine samples. Since the model has
a large number of parameters, the differential evolution was run multiple times for each sample to identify whether
consistent results could be obtained between runs of the optimization algorithm. The fits with the lowest root mean
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FIG. S1: Best fits (out of 10 runs of the differential evolution model fitting) to the PR data of the samples from a)-c) Set A,
from lowest to highest compositio; d)-f) ~ 2 pm Set B samples from lowest to highest composition; and g)-i) ~ 400 nm Set B
samples from lowest to highest composition, using the combined interference/critical point model. The overall model fit (black
line) is shown in addition to contributions from thin-film interference, the Ey critical point (plus excitonic contribution) and
the Eo + Ao critical point.

square error (RMSE) are shown in Fig. S1. A list of all fitted parameters fitted and the bounds imposed is given in
Table S2. This shows that while the standard deviation across 10 iterations of the model fitting procedure was large
for some parameters, the error associated with the key parameters Ey and Ay was relatively small.

As the Set B samples were grown after the Set A samples, when the effect of interference of the PR signal had been
identified, two versions of each composition were grown; ~ 2 pm samples, similar to the Set A samples, and thinner
~ 400 nm layers were grown as part of Set B. The expectation was that for the thinner samples, the interference



fringes would be significantly wider, and the photoreflectance signal arising from the critical points would be more
easily identifiable; this can be seen clearly in the data in Fig. S1(g)-(i). The two different thicknesses of Set B samples
were fitted independently, but the values for Ey and Ag are in good agreement for each composition, validating the
model presented here for simultaneous fitting of the critical points and interference fringes, and the consistency of the
composition grown across two different sample thicknesses.
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II. POWER-DEPENDENT PHOTOLUMINESCENCE MEASUREMENTS
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FIG. S2: Measured power-dependent room temperature PL spectra of a reference Ge substrate sample. The incident laser
intensity varies from 0.34 kW cm™2 (dark purple) to 2.46 kW cm™? (yellow). In addition to the fundamental (indirect I'-L)
band gap emission at 0.69 eV, satellite features related to additional phonon-assisted emission processes are also visible.

Unnormalised power-dependent room-temperature PL measurements of the Ge and samples are shown in Fig. S2
and S3 respectively. The power dependence of the integrated PL intensity for each sample is shown in Fig. S4.
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FIG. S3: Measured power-dependent room temperature PL spectra of the samples.
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Measurements for sample set B were

performed on “thick” samples (= 2 pm). Samples Al and A3 had higher PL intensities at a given incident laser intensity
than the other four samples, so PL measurements performed for incident laser intensities between 0.12 and 2.46 kW cm~2. PL

measurements for the other four samples were performed for incident laser intensities between 1.23 and 3.68 kW cm
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FIG. S4: Variation of integrated room-temperature PL intensity over the whole measurement range (0.62 eV to 1.10 eV/1125
nm to 2000 nm) with incident laser intensity for each sample. The grey lines show fits to a power law (eq. 11); the number
by each line is the fitted value of m. For the higher PL intensity samples (Ge, Al and A3), only data for powers up to and
including 0.66 kW/ cm? was included as the dependence above these powers becomes visibly sub-linear on the log-log plot.



IIT. LOCAL SAMPLE HEATING DUE TO LASER EXPOSURE

To estimate the temperature increase due to the high-power laser (up to 3W total power, or 3.68 kW /cm? intensity,
for some samples) used for the PL measurements, two methods were used: fitting the slope of the high-energy edge
of the measured PL to find the carrier temperature, and solving the steady-state heat diffusion equation.

A. Obtaining the lattice temperature from PL data
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FIG. S5: Fits of the high-energy PL edge to eq. 6. a) Shows data for Ge, measured at varying temperatures (in a cryostat) with
1 W (1.28 kW /cm?) of incident laser power (intensity). b) Shows data for Si,Gei—.—,Sn, sample Al, all measured at room
temperature (not using a cryostat) but with laser power (intensity) between 1 W (1.28 kW /cm?) and 3 W (2.51 kW /cm?). In
both plots, the labels next to the lines indicate the temperature obtained from fitting eq. 6. The spectra are rigidly shifted
along the y-axis for clarity.

Following the method applied to Ge by Lieten et al.®, we fit the high-energy edge of the measured PL using:

Ipy o (E — Ey)*? e (F=Fo) /KT (6)

The first term approximates the density of states above the bandgap, and the second term is a Boltzmann distri-
bution where T, is the carrier temperature. Figure S5a shows the results of fitting this equation to data for a Ge
reference sample measured at different temperatures using a laser power of 1 W. Below room temperature (200K and
250K), the measurements were carried out in a cryostat (i.e. the sample is actively being cooled), and the fitted T,
values deviate by 12K and 1K from the nominal temperature. At room temperature (293K), no cryostat was used, and
the T, fitted is 18K above room temperature. Fitting the high-energy PL edge in this manner thus gives reasonable
results for the Ge reference sample. In Fig. S5b, PL of Si,Ge;_,_,Sn, sample Al measured at room temperature
(without a cryostat) at different lasers powers above 1W (1.28 kW /em?) is shown. Fitting the high-energy slope here
gives T, values between 49K (1W laser power) and 60K (3W laser power) above room temperature, indicating there
is quite significant heating of the samples due to laser exposure.

B. Calculating the temperature due to laser exposure
The steady-state (i.e. time-invariant) heat equation is:

k VT =g (7)

Where k is the conductivity of Ge (material constants for Ge are used throughout as an estimate for the values),
taken to be 0.58 W m~' K~!, and ¢ is the heat generated in the sample by the laser. In this case, we assume a



Gaussian beam profile and Beer-Lambert absorption of the laser in the sample, and thus the problem can be reduced
to two dimensions:

<82T2 . 62T2) _2P(1- R)ae_g(y_ym)zh,ge_w ®)
ox? Oy? r2

Where P is the total incident laser power, as measured, R is the fraction of light reflected at the front surface
(calculated to be 0.52 for Ge at 532 nm), « is the absorption coefficient of Ge at 532 nm (5.5 x 10%), and 7, is the
radius of the laser spot size where its intensity falls to 1/e? of the maximum intensity. It was assumed that the
material properties (conductivity and absorption coefficient) are constant. Integrating over y and x gives a total
absorbed laser power of P(1 — R), as required.

To solve this partial differential equation (PDE), we use Firedrake”, which uses the Finite Element Method (FEM)
to numerically solve PDEs (which can be expressed symbolically). The boundary conditions used assume that no
heat can flow across the surfaces of the sample in contact with air (i.e. the front surface, where the laser is incident,
and the sides) so that Vu - 7 = 0 where ; is the unit vector pointing out of the surface. The rear surface allows
heat flow and is maintained at the ambient temperature; the rear surface of the sample is in contact with a copper
plate, which is much larger than the sample itself, and it is assumed that heat is conducted away from the sample
efficiently by the copper. The thickness of the sample was fixed at 500 pm, and the width at 2.5 mm. The samples
measured have variable thickness depending on the substrate used, and differ in width as samples for measurement
were cleaved manually, but these values are representative for the whole sample set.

Results of the FEM calculations are shown in Fig. S6. Fig. S6a shows the maximum local temperature and the
mean temperature within the radius of the laser spot found in at the sample surface at each incident laser power,
while Fig. S6b shows the spatial distribution of temperatures in the sample with 3W incident laser power. These
results show that at high laser powers, there is expected to be significant heating of the sample in the area exposed
to the laser, up to 100 K for the highest laser power used (3W). The maximum and mean temperatures observed at
the sample surface scale linearly with the laser power. We expect these temperatures to be an overestimate as they
ignore heat loss through radiation and convection.
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FIG. S6: a) Maximum (Trmes) and mean (Teqn) temperatures observed at the surface of the sample (x = 0) within the laser
spot radius 75 vs. incident laser power. b) Temperature increase (relative to room temperature) for the maximum incident
laser power used (3 W). The laser is incident from the left at z = 0 cm, y = 0.125 cm

The two methods for calculating the heat generated in the sample by the laser agree quite well; solving the heat
equation gave a temperature increase above room temperature of around 25-30K at 1W laser power, and 50-60K at
2W. Looking at Fig. S5b, the carrier temperature fitted to eq. 6 for 1W and 2W incident laser power are 342K and
368K respectively. Taking room temperature to be 293K (20°C), this gives temperature increases of 49K and 75K
respectively.
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IV. PHOTOLUMINESCENCE DATA FITTING

The Gaussian and Lorentzian peaks fitted to the PL data were expressed as:

To(B) = 7= 1552 o)
[0 P A S (10)

(BB 477

The parameters fitted in each case were the centre energy of the peak (FE;), the broadening (standard deviation
o for the Gaussian distributions and scale parameter « for the Lorentzian distribution), and the strength A, which
corresponds to the area under the peak. Figure S7 shows the resulting fits at the highest and lowest incident laser
power used to measure each sample. In each case, it was possible to fit the same number and type of peak consistently
across data for different incident powers, although for sample A2 it was not possible to fit the two lowest-energy peaks
at low power. Figures S8 and S9 show how the centre energies fitted for each peak change with the laser power used;
this shows that despite the expected increase in temperature due to the laser, the centre energies fitted are quite
constant, although there is some evidence of a general redshift with increasing power for the samples measured at the
highest powers (A2, B1, B2 and B3). To avoid issues due to sample heating and band-filling as much as possible, data
for the lowest power possible was used to estimate the band gap as presented in Table IT of the main manuscript.

The data in Fig. S3 shows that a peak at 0.645 eV /1922 nm is present for all Si, Ge;_,_,Sn, samples, independent
of the laser power used to excite the samples. It is not clearly visible in all the plots in S3 due to the varying intensity
of the PL. Since this peak was present for all measurements, it was attributed to some background signal (note that it
was not possible to see this peak in the measurements for Ge — there is significant PL intensity from the Ge samples at
0.645 eV, and the PL signal is around 2 orders of magnitude higher than for the samples where this constant-energy
peak is apparent, see Figs S2 and S3). This peak did not have the expected power dependence for PL for a bulk
material as observed for the other peaks; for instance, sample B3 has around 5 times the PL intensity of sample B1
at a given power (Fig. S3), yet the peaks around 0.645 eV are only around twice as intense, indicating that their
source is some external source of background signal with constant intensity (with the remaining difference of intensity
being due to the low-energy tail of the PL signal). For this reason, only data above 0.68 ¢V was used in fitting the
PL signal of the samples with relatively low PL intensity (A2, B1, B2 and B3).

Figure S4 shows the variation of the integrated PL intensity (area under the curve) for all samples, integrated over
the whole measurement range (0.62 eV to 1.10 eV /1125 nm to 2000 nm). The room temperature power dependence
of the integrated PL intensity of all samples follow a power law of the form:

Ipr o Ijgse, (11)

where Ipyp is the integrated intensity of the PL signal and I}, is the incident laser intensity (the peak intensity
follows a similar power law behaviour for all samples) and m is a positive constant. The samples which showed higher
PL intensities (Ge, Al and A3) become sub-linear on a log-log plot at powers above ~ 1 kW /cm?, indicating that at
higher powers there may be additional effects such as band-filling which affect the PL intensity. The power law fits
shown in Fig. S4 are fitted to data for all the incident intensities for the lower-intensity samples (A2, B1, B2 and B3)
and up to and including the measurements at 0.66 kW /cm? for the higher-intensity samples (Ge, A1 and A3).

TABLE S3: Power law exponents fitted to the peak and integrated intensity of PL data for Ge and samples.
Sample Mint Mpeak
Ge 1.23 1.20
Al 1.42 1.39
A2 1.28 1.11
A3 1.83 1.84
B1 1.43 1.53
B2 2.17 1.88
B3 1.67 1.38

While PL from all the samples follows a power law as expected, the variation of the exponent m between samples
does not seem to correlate to an obvious parameter such as peak energy, composition or Si:Sn ratio, and lies between
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FIG. S7: Fits to power-dependent room-temperature PL. data using Gaussian and Lorentzian lineshapes. The lowest and
highest power measured and the corresponding fits (total fit and individual peaks) are shown for each sample.

1 and 2 for all the samples. The Ge substrate has an exponent of 1.23, which differs from values previously reported
in the literature as summarized in Table S4; Lieten et al.’ report a power law exponent of 2.02, relating to PL from
the indirect transition, while Klingenstein & Schweizer® report an exponent of 1 for the indirect transition and 1.6
for the direct transition, with the latter measured at significantly higher laser intensities by around two orders of
magnitude (Table S4). Both of these sets of measurements were taken at low temperature (9K and 2K respectively).
Measurements of the Ge sample at 30 K give an exponent of 1.66, higher than the room-temperature value of 1.23.
The laser intensity used here for the low-temperature measurements is between those used by Lieten et al. and
Klingenstein & Schweizer, and an intermediate value of the power law exponent is obtained. Considering the power-
dependent data for Ge at room temperature shown here, and the exponents for the indirect transition obtained by
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TABLE S4: Summary of some parameters from this and previous work on Ge photoluminescence.

Reference Power law exponent Power densities Temperature (K)
Lieten et al.® 2.02 (indirect) 0.008-0.128 kW /cm? 9

Klingenstein & Schweizer® 1 (indirect), 1.6 (direct) 0.8-6.7 kW /cm? 2

van Driel et al.? not reported 0.05-10° kW /cm? 174, 295

This work - 295 K 1.23 (indirect) 0.12-3.68 kW/cm? 295

This work - 30 K 1.68 (indirect) 0.01-0.25 kW/cm? 30

Lieten at low laser intensity and by Klingenstein at high power, it appears that higher incident laser power decreases
the exponent m while higher temperatures lead to higher m. This indicates that the behaviour of the Ge PL is
quite consistent with that previously observed once variations of the exponent m with temperature and incident laser
intensity are taken into account.

Schmidt et al.'® formulated a general model to describe the dependence of the intensity of the near-bandgap lumi-
nescence on the incident laser power by considering rate equations for carrier excitation and different recombination
processes, including free and bound excitons and recombination involving donors and acceptors, and non-radiative
processes; this model indicates that a value of m between 1 and 2 is consistent with interband radiative recombination,
rather than transitions involving bound states (such as would occur with defects), indicating that the PL emitted by
the Ge and samples at room temperature is consistent with radiative recombination in the bulk.

Peak centre energy (eV)
<

o 0.3 04 05 06 07 0809
Laser intensity (kW/cmz)

FIG. S8: Dependence of fitted peak centre energy on incident laser intensity for Ge.
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FIG. S9: Dependence of fitted peak centre energy on incident laser intensity for the Si,Gei_;—,Sn, samples.
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V. CHARACTER OF SI,GE;_,_,SN, ALLOY VALENCE BAND STATES FROM TIGHT-BINDING
SUPERCELL CALCULATIONS

In Fig. 4 of the main text we presented the calculated indirect (Ge Lg. and Xs.) and direct (Ge I'z.) character of
SizGei_g—ySn, alloy states lying close in energy to the conduction band (CB) edge. These calculations demonstrated
the presence of strong alloy-induced band mixing in the CB, leading to significant energetic broadening of the associated
L-, X- and I"-point CB Bloch character. Here, we present the corresponding calculated character of alloy states lying
close in energy to the valence band (VB) edge, demonstrating that the VB structure is much less strongly perturbed.

For the VB we take as our Ge host matrix eigenstates [n(?)) the T's, heavy-hole (HH) and light-hole (LH) states, and
the T'7, spin-orbit split-off (SO) states. Using these states in conjunction with Eq. (2) of the main text, we compute
the Ge HH/LH and SO character of the alloy VB states |m). We note that these VB calculations were performed
using the same alloy supercells, and hence alloy eigenstates |m), and energy binning employed for the calculation of
the CB character of the main text. The results of our VB calculations are summarised in Fig. S10, which displays the
calculated Ge T's,, (HH/LH; blue) and I'7,, (SO; red) character. As in Fig. 4 of the main text, the results presented in
Fig. S10 have been configuration-averaged.

Beginning in panel (a), we note for reference that the HH/LH and SO states in a pure Ge supercell respectively
possess 100% I's,, and 'y, character (i.e. G, = 1). As the Si and Sn composition increases in panels (b) — (h) we
note (i) a small reduction in energy of the HH/LH and SO VB edge energies, and (ii) an energetic broadening of the
Ge T'g, and T'z, character. Here, (i) is associatfed with minimal change in the VB spin-orbit splitting energy Ay,
while (ii) is significantly less pronounced than for the Ge Lg., X5, and I'7. character of the alloy CB states (cf. Fig. 4
of the main text). Indeed, we find that the energetic broadening of the Ge I's, and I'7, character of the alloy VB
states is minimal, with almost all of the calculated Ge HH/LH or SO character lying within a small energy range;
note, e.g., the difference in scales on the abscissae of Fig. S10 (below) vs. Fig. 4 (main text). This indicates that the
observed limited energetic broadening is driven primarily by the weak perturbation associated with the reduction in
translational symmetry in the disordered alloy, rather than by a strong perturbation associated with alloy-induced
hybridisation (as dominates the band structure close in energy to the CB edge).

As such, we conclude that the VB edge states in lattice-matched Si,Ge;_5—,Sn,/Ge alloys retain primarily Ge-
like character, being minimally perturbed from those of the Ge host matrix semiconductor at the compositions of
interest for photovoltaics (i.e. when the direct band gap is ~ 1 eV). From a theoretical perspective, our results then
suggest overall that while the virtual crystal approximation (VCA) can likely be applied to model the Si, Geq_z;—,Sn,
VB structure with reasonable accuracy, beyond-VCA approaches — i.e. direct atomistic calculations or appropriately
modified continuum model Hamiltonians — are required in order to quantitatively describe the nature and evolution
of the CB states, and hence the alloy band gap and its optical properties.

Evolution of VB states in lattice-matched Si,Ge;_,_,Sn,/Ge (1024-atom supercells, configuration-averaged)
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FIG. S10: Calculated evolution of the configuration-averaged Ge I's, (blue) and I'7, (red) character of the VB states in disor-
dered, 1024-atom SiyGe1—4—ySny, alloy supercells lattice-matched to Ge (z:y = 3.71:1). Panel (a) illustrates for reference that
the HH/LH (blue) and SO (red) VB edge states in pure Ge respectively possess 100% Ge I's, and I'7,, character. Substitutional
incorporation of Si and Sn — panels (b)—(h) — produces minimal changes in the band structure close in energy to the VB edge.
The reduction in symmetry associated with short-range alloy disorder results in inhomogeneous energetic broadening of the
associated VB edge features, but much more weakly than for the alloy CB edge states. The zero of energy is taken to lie at
the Ge VB edge.
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