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This supplementary information gives the details for the radiative recombination calcula-
tion applied to the structures described by Jain et al..! The generalized Planck’s law based
on the principle of detailed balance allows to predict the luminescence radiation from ab-
sorption data for direct or indirect band gap transitions.? In semiconductors, the occupation
of valence and conduction bands is accounted for by a chemical potential corresponding to
the difference of quasi-Fermi energies. This law can predict either thermal or luminescence

radiation. The emitted radiation per photon energy interval is proportional to

R(hw) o _a(hw)(hw)? (1)

exp(nz;“) —1

where a(hw) is the absorption and p the chemical potential. For measurements performed
with a spectrometer as shown in Ref. 1, this formula has to be modified to account for
spectral window in wavelength units. For thermal radiation, ¢ = 0. For photoluminescence,
i = Ep.— Ep, where Ep, is the quasi-Fermi energy for electrons and Egy, is the quasi-Fermi
energy for holes. For a direct band gap recombination, the absorption can be described
as a(hw) o< \/hw — Ey(f,(E,(hw)) — fo(Ec(hw)) where Ey is the band gap energy, f. and

fo the Fermi occupation factors (fo(E:) = 1 +exp((Ecl_ 5 /kT)), hw = E. — E,. The carrier

concentrations used to calculate the quasi-Fermi energies are given by the sum of the intrinsic
carrier concentration that depends dramatically on the temperature (in bulk semiconductors,
n; = v/ N. Ny, exp(—Es/2k7) where N, and N, are the temperature-dependent effective density
of states for electrons and holes) and the photo-induced carrier concentration. When tensile
strain is applied, the intrinsic carrier concentration is calculated by taking into account
the degeneracy lifting in the valence band between heavy holes and light holes. At room
temperature, the intrinsic carrier concentration in unstrained germanium is 2 x 10'% cm™.
At 550°C, i.e. 525°C temperature increase, the intrinsic carrier concentration of strained
germanium is calculated to be 1.5 x 10'® cm™. In the letter by Jain et al., the temperature
increase in the membrane follows a linear dependence as a function of the incident pump
power with a slope of 35°C/mW, i.e. 350°C at 10 mW (Fig. 5a). Indeed, apart from
strain engineering, the MEMS processing decreases the thermal dissipation of germanium.
This thermal dissipation depends on the exact geometry of the membranes and varies from

samples to samples. The dependence of 35°C/mW is thus just an indicative reference value.

We emphasize that thermal dissipation is significantly stronger in bulk germanium substrates
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and one does not expect such temperature increase in the bulk substrate used for comparison
in Ref. 1. The band gap temperature dependence is taken following the formula given in
Ref. 3. The effect of strain is considered as shown in the supplementary figure S8 for
a 1% uniaxial strain, i.e. a decrease of the band gap energy, a decrease of I' — L valley
splitting and a degeneracy lifting between heavy holes and light holes. A very important
parameter to describe the photoluminescence spectra is the photo-induced carrier density.
If the photo-induced carrier density is lower than the intrinsic carrier concentration, the
chemical potential is equal to zero and the photoluminescence is equivalent to the thermal
radiation. In Ref. 1, Jain et al. mention a non-radiative recombination time constant of 1 ns.
For simplicity we consider that the carrier concentration is governed by this non-radiative
rate, i.e. without accounting for radiative or Auger recombinations. The photo-induced
carrier density depends on carrier diffusion along the vertical direction and in the membrane
plane. If we consider a volume of 10 x 10 x 0.1um? for photo-induced carriers, and if
we account for the reflection at 532 nm, the calculated optically-induced carrier density is
around 1.6 x 10'® cm™3 for a 10 mW incident pump power. This value is only indicative as
one can expect a large dependence of non-radiative recombination vs. incident pump power
as the membrane can reach temperatures as high as 500°C. To account for this effect, we have
considered for the calculation in Fig. 1 a linear dependence of the carrier concentration as a
function of the pump power with a slope value of 2.5 x 106 cm ™3 /mW. We also note that the
spectra for germanium reported in supplementary Figure S3 are very noisy, and just above
the detection limit. Almost no signal is detected below 8 mW. It is an indirect indication that
the photo-induced carrier density is not very large in the germanium-on-insulator material,

supporting the values of carrier density used in the calculation.

The striking feature reported in Fig. 1 of the comment is the strong superlinear depen-
dence of the calculated emission as a function of the incident power with a threshold around
10 mW. For a temperature increase of 40°C/mW, the calculated power law exponent value
for the emission at 1550 nm vs. incident pump power is 7.25 in close agreement with the m
= 7.49 value reported in Ref. 1. The exponent value depends on the temperature increase
in the membrane. A temperature increase of 35°C/mW leads to an exponent value of 6.5,
slightly smaller than the one experimentally measured but still in the same range. The
exponent of the emission is also dependent on the photo-induced carrier density. The expo-

nent becomes larger as the photo-excited carrier density is reduced. With intrinsic carrier
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concentration, i.e. corresponding to a pure thermal emission, the exponent for the emission
at 1550 nm is 8. This value decreases as the carrier density increases. The exponent is
equal to 5.2 for a photo-excited carrier density of 5 x 10'® cm™/mW. The exponents are
even larger if we consider the integrated emission instead of the photoluminescence at 1550
nm as reported in supplementary Figures 5 and 6 of Ref. 1. If the strain is increased, the
band gap energy is reduced as well as the splitting of the I" and L valleys, and the threshold
occurs, as expected, at smaller pump powers.

This modeling based on the generalized Planck law indicates that the results reported
in Ref. 1 can be accounted for by the thermal emission of the membranes, which is not
surprising since the membranes reach a very high temperature for the investigated pump
powers. The exact values of slope and threshold will ultimately depend on the exact tem-
perature increase and photo-induced carrier density, both features being difficult to evaluate
experimentally and accurately at very high temperatures. It is nonetheless clear that a very

good fit to the data can be obtained with this simple model.
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