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Gej_,Sn, semiconductors have promise for large-scale, monolithic, midinfrared photonics and opto-
electronics. However, despite the successful demonstration of several Ge;_,Sn,-based photodetectors and
emitters, key fundamental properties of this material system are yet to be fully explored and understood.
In particular, little is known about the role of the material properties in controlling the recombination
mechanisms and their consequences for the carrier lifetime. Evaluating the latter is in fact fraught with
large uncertainties that are exacerbated by the difficulty in investigating narrow-band-gap semiconduc-
tors. To alleviate these limitations, herein we demonstrate that the behavior of the radiative carrier lifetime
can be evaluated from straightforward excitation power- and temperature-dependent photoluminescence
measurements. To this end, a theoretical framework is introduced to simulate the measured spectra by
combining the band structure calculations from the k.p theory and the envelope function approximation to
estimate the absorption and spontaneous emission. The model computes explicitly the momentum matrix
element to estimate the strength of the optical transitions in single bulk materials, unlike the joint density
of states model that assumes a constant matrix element. Based on this model, the temperature-dependent
emission from Gegg3Sng 17 samples at a biaxial compressive strain of —1.3% is investigated. The simu-
lated spectra reproduce accurately the measured data thereby enabling the evaluation of the steady-state
radiative carrier lifetimes, which are found in the range 3—22 ns for temperatures between 10 and 300 K at
an excitation power of 0.9 kW /cm?. For a lower power of 0.07 kW /cm?, the obtained lifetime has a value
of 1.9 ns at 4 K. The demonstrated approach yielding the radiative lifetime from simple emission spectra

will provide valuable inputs to improve the design and modeling of Ge;_, Sn,-based devices.

DOI: 10.1103/PhysRevApplied.20.064001

I. INTRODUCTION

Ge;_,Sn, alloys constitute an emerging class of group
IV semiconductors providing a tunable narrow band gap,
which have been highly attractive to implement scalable,
silicon-compatible, midinfrared photonic and optoelec-
tronic devices [1]. This potential becomes increasingly
significant with the progress in nonequilibrium growth
processes enabling high-Sn-content Ge;_,Sn, layers and
heterostructures leading to the demonstration of a variety
of monolithic midinfrared emitters and detectors [2—18].
Notwithstanding the recent developments in device engi-
neering, the impact of structural characteristics on the
basic behavior of charge carriers is yet to be fully under-
stood. This includes the role of Sn content, lattice strain,
and growth defects in shaping the nature and magnitude
of the recombination mechanisms and their consequences
for the carrier lifetime. Particularly, investigating the lat-
ter remains a daunting task due to the lack of methods
and tools that can be applied to probe charge carriers
in narrow-band-gap materials. For instance, time-resolved
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photoluminescence (PL) can with difficulty be applied to
investigate materials at emission wavelengths in the mid-
infrared range as high-speed detectors covering this range
are not broadly available. Thus, the very few reported time-
resolved studies concern Ge;_,Sn, emitting below 2.3 pm
corresponding to a relatively low Sn content and/or highly
compressively strained materials [19-21].

In an attempt to circumvent the aforementioned limita-
tions, a recent study employed time-resolved PL with a
nonlinear crystal allowing the up-conversion of photons
emitted to a shorter wavelength that can be detected by a
conventional silicon-based avalanche photodiode [19]. An
effective carrier lifetime of 217 ps at 20 K was estimated
for Gegg75Sng 125 with —0.55% strain using this method
[19]. Additionally, by investigating spin-dependent optical
transitions leveraging the Hanle effect under steady-state
excitation, systematic studies combining modeling and
magneto-PL analysis of pseudomorphic layers at a Sn con-
tent below 10% reported a radiative lifetime in the range
1948 ns and an effective lifetime in the range 0.5-2.5
ns at 10 K [20]. However, significantly higher effective
carrier lifetimes reaching 450 ns were recently reported
for Ge;_,Sn, (x < 0.06) grown on In-Al-As buffer layers
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as measured by contactless microwave photoconductive
decay [21]. This scarcity of studies on carrier dynamics
in narrow-band-gap Ge;_,Sn, semiconductors limits the
understanding of their fundamental behavior and hinders
the development of accurate and predictive models for
Ge;_,Sn,-based midinfrared optoelectronic devices.

In this work, we demonstrate that straightforward PL
analyses along with an appropriate theoretical framework
are sufficient to alleviate these challenges and extract the
radiative carrier lifetime in Ge;_,Sn, midinfrared emitters
and evaluate its evolution as a function of temperature.
The approach relies on the simulation of the experimen-
tal PL spectra by combining band structure calculations
using the k.p formalism together with the envelope func-
tion approximation (EFA) to estimate the absorption and
spontaneous emission spectra. Unlike the joint density of
states (JDOS) model, in which the momentum matrix ele-
ment is considered constant, the oscillator strengths are
explicitly computed in this model.

In the following sections, the model is described fol-
lowed by an experimental demonstration using as-grown
Geo 5351917 layers, emitting at wavelengths above 3 pm.
Note that the presented approach is only applicable to
direct-band-gap semiconductors for which the nonradia-
tive recombinations are negligible.

II. THEORETICAL FRAMEWORK

The PL spectrum intensity is usually determined using
the direct interband emission theory and the spontaneous
emission spectrum [22]. Indeed, by considering a slab of
homogeneously excited material, Lasher and Stern [23]
and Wiirfel [24] expressed the external flux of sponta-
neous radiative emission in terms of the spectral absorp-
tivity under nonequilibrium conditions in terms of the
quasi-Fermi level splitting, Au = . — . The resulting
“Lasher-Stern-Wiirfel” (LSW) equation is

2t Efa(E)  a(E) r(E)

I (E) = =
PL( ) h302 CXP(%) 1 a(E) 4]’!,2 5

(D

where 7P is the internal spontaneous emission spectrum,
a(E) is the absorption spectrum, and 7, is the refractive
index of the medium. a(F) is the spectral absorptivity
defined as expression (2) with R the reflection from the
outside onto the sample surface and d the thickness of the
conceptual slab [25]:

a(E) = (1 — R(E))[l - exp(—a(E)d)]. )

Note that d is also considered a characteristic length scale
over which carriers are generated, travel, and recombine
radiatively [25]. Based on this definition, this parameter
should be inversely proportional to the absorption coef-
ficient at the excitation wavelength, i.e., d & 1/o(Ajaser)-

However, the PL spectrum will mostly be centered around
the band-gap energy where «(E) is at least 1 or 2 orders
of magnitude smaller than o (Aja) in the case of nonreso-
nant excitation. Therefore od << 1 and the absorbance is
a(E) =~ Aa(E). In that case, the PL intensity from Eq. (1)
becomes

24 E*a(E) A
IpL(E) ~ - ~ ——rPE). ()
P exp(fpgt) =1 4n]

With this approximation, the PL spectrum intensity is
entirely defined by either the internal spontaneous emis-
sion spectrum or the absorption spectrum, depending on
the formula used.

The spontaneous emission spectrum 7P is calculated
using Fermi’s golden rule [26,27]. In the current literature,
the computation of the spontaneous emission spectrum
is done using band structures extracted from the empiri-
cal pseudopotential method [28-30], tight-binding model
[31], multibands &.p formalism [32,33], and the parabolic
band approximation (PBA) [34,35].

For direct-band-gap semiconductors, where the opto-
electronics interactions relevant to the PL happen rela-
tively close to the band edges, the multibands k.p formal-
ism and the PBA are the most suitable approaches.

For the analysis of the experimental PL spectra of single
direct-band-gap semiconductors, 7P is commonly com-
puted using the JDOS model [34,36—39]. This model relies
on the PBA, which leads to a set of relatively simple
analytical formulas. It is most accurate for a nondegen-
erately doped semiconductor in a weak-injection regime
with the quasi-Fermi levels lying within the band gap
and away from the different band edges by several kgT.
This model was extended in Ref. [40] to account for
different excitation regimes by explicitly evaluating the
quasi-Fermi level splitting Au, and the nonequilibrium
absorption spectrum in Eq. (3). However, it still relies on
the PBA, which restricts the analysis. Indeed, for higher
excitation power and/or doping concentration, i, and
would shift towards, and even beyond, the band edges
where the PBA should be less accurate. Besides, for a biax-
ially strained semiconductor, the k direction degeneracies
in the Brillouin zone (BZ) are expected to be broken. In
this situation, the band dispersion would be increasingly
anisotropic, thus challenging one of the core principles
of the PBA. A more accurate theoretical framework is
therefore required to describe the measured PL spectra.

A. Spontaneous emission spectrum and eight-band k.p
formalism

The spectrum 7P is computed using the eight-band £.p
formalism together with the EFA [41], following the sim-
ulation workflow summarized in Fig. 1. The eight-band
k.p Ge;_,Sn, material parametrization is based on early
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FIG. 1. Different steps followed in the computation of the
spontaneous emission spectra.

reports [42—44], while strain implementation is based on
the Bir-Pikus formalism [45]. To account for the inac-
curacy of Vegard’s law in estimating the band gaps of
Ge;_,Sn, alloys, band-gap bowing parameters are intro-
duced for L and I' high-symmetry points [42,46]. Unlike
the JDOS model (and all the different models relying on
the PBA), the evolution of the strength of the optical tran-
sitions, with the wave vector k, is explicitly computed
using the formalism developed by Szmulowicz [47]. This
formalism requires accounting for the polarization of the
incident light, and the derivative of the kp Hamiltonian
with respect to the wave vector. The expressions of the dif-
ferent momentum matrices involved in the process can be
found in the Supplemental Material S2 [48] (see also Refs.
[26,27,47,49—-55] therein).

For a given value of the optically injected carrier density
An, if ny and py denote the total electron and hole charge
densities at thermal equilibrium, the quasi-Fermi levels pt,
(for electrons) and w, (for holes) are determined by solving
the following set of equations:

+A / Lk
no+ AR = S5 =
2r)® = JBz 1 + exp (a(k]zrug)
1 &Ik @
An=——
Pot A=y ZfB e

ievBVBZ 1 + exp (k—;’(k))

Herein, the conduction band electrons are assumed to be
shared between the I' and L valleys. This assumption is

only relevant when the energy band offset between these
valleys is relatively close to the thermal energy kp7T to
enable the electrons to transition between them. When
relevant, the electron density in the L valleys is com-
puted with the PBA using the parameters given in Ref.
[42]. The carrier concentrations ny and py are evaluated
after solving the electroneutrality equation to estimate the
thermal equilibrium Fermi level Er. Besides, the compu-
tation of the integrals over the BZ, required for estimating
the quasi-Fermi levels and #*P, relies on the special-lines
approximation [56]. Within this approximation, the three-
dimensional BZ integrals are replaced by a sum of one-
dimensional integrals over some characteristic directions
(denoted as “special”) of the crystal lattice. These direc-
tions could, for example, be the symmetry directions used
in the eight-band kp formalism. More information about
all the different directions considered in our framework can
be found in the Supplemental Material S3 [48].

Besides, to account for the sub-band-gap emission
resulting from carrier disorders and broadening mecha-
nisms in the materials, the initial definition of 7P, presented
in Refs. [26,27], is convoluted with a broadening function
B, which is usually chosen as a Gaussian or a Lorentzian to
account for the inhomogeneous and homogeneous broad-
ening mechanisms, respectively [57-59].

B. Spontaneous emission intensity and steady-state
radiative carrier lifetime

The spontaneous emission rate Ry, is defined as the
number of spontaneous recombinations per second in unit
volume, and generally expressed by an integral [26]:

+00
Ry, = / P (hw) dho. 5)
0

This quantity makes it possible to estimate the steady-
state radiative carrier lifetime 7.4, which is defined by
the density of photoexcited carriers An divided by the
net spontaneous recombination rate Ry, Ry designates
the amount by which the nonequilibrium spontaneous
recombination rate Rs," exceeds the thermal equilibrium
spontaneous emission rate Rgy (R' = Rgy" — RS). The net
rate of spontaneous emission is usually characterized by a
material-dependent parameter B known as the bimolecular,

or radiative, recombination coefficient [Eq. (6)]:
Ry = B(np — nopy). (6)

Also known as the capture probability, this variable is often
used to estimate the efficiency of the material in terms of
direct band-to-band radiative recombination. The bimolec-
ular recombination coefficient B is typically assumed to be
independent of A (and, therefore, of the quasi-Fermi lev-
els). However, this approximation is not always accurate.
For example, B was previously shown to vary linearly with
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the excess carrier density An in III-V semiconductors [53—
55]. In that case, rather than being a constant in Eq. (6), B
is replaced by a new function B(An), which can easily be

computed from R;‘;t, derived using the k.p formalism.

ITI. RESULTS AND DISCUSSION

The accuracy of the established theoretical framework
has been evaluated through the analysis of the PL spectra
recorded as a function of the excitation power and temper-
ature from Ge g3Sny 17 layers [60]. The epitaxial growth of
these layers is achieved using low-pressure chemical vapor
deposition starting from a 600—700-nm Ge virtual substrate
on a 4-inch Si wafer. To ensure the growth of a Ge g3Sn 17
layer with a uniform Sn composition, a multilayer het-
erostructure consisting of top layer/middle layer/bottom
layer is grown while the incorporation of Sn in each layer
is controlled by adjusting the growth temperature. More
details of the growth and characterization of Gegg3Sny 17
material can be found in Ref. [60].

In as-grown Gegg3Sng 7 layers, the band alignment
favors electron and hole diffusion to the top layer, where
they should recombine. Indeed, the PL spectra are con-
firmed to originate from carrier recombination in this spe-
cific layer [60]. Therefore, from a theoretical standpoint,
it would be judicious to analyze the PL results as if they
were emitted by a bulk GeSn material with a 17 at. % Sn
composition. On this basis, the different power-dependent
PL spectra, recorded at 4 K, are fitted to the normalized
calculated 7P while using the excess carrier concentration
An and y the full width at half maximum of the broad-
ening function as fitting parameters. This process allows
the extraction of An and the quasi-Fermi levels, required
to estimate the radiative carrier lifetime. Indeed, with .
and p, being the only missing parameters in the definition
of P, their extraction allows for the computation of the
intensity RQ;‘, which is afterwards used to compute ;,q.
To solve Eq. (4), and extract the quasi-Fermi level couple
(e, 1), the p-type background doping is considered to be
around 10" cm~3 at 4 K. This value is chosen with refer-
ence to the p-type background doping estimated between
1 x 107 and 5 x 10'7 cm~3 at 300 K [10]. Besides, using
the band-gap bowing parameter b, g, from Ref. [46], the
direct-band-gap energy is expected to be 441 meV at 4 K.
This value is higher than the peak position observed in PL
spectra in the low-carrier-injection regime, thus standing
in sharp contrast to what is expected from band-to-band
spontaneous emission recombination [34]. To solve this
issue, bg.g, is adjusted by fitting the PL spectra in the low-
carrier-injection regime, where the peak position is slightly
above the direct-band-gap energy, following the same pro-
cess as in Ref. [60], yielding a value of 2.674 eV at 4 K.
The estimated direct-band-gap energy is subsequently used
to fit the measured PL spectra at higher power densities.
Using this value, the energy band offset between I' and L
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FIG. 2. (a) Power-dependent photoluminescence at 4 K for
—1.3% biaxially strained Geyg3Sng ;7. The scatter points are
from the measurements while the black curves are the results
from the simulations. (b) Evolution of the extracted quasi-Fermi
levels (ue, () With the power density.

valleys is found to be higher than 90 meV, thus making the
electron population of the L valleys negligible.

Figure 2(a) displays the measured and simulated spec-
tra for the as-grown Geg g3Sng 17 material. For each power
density, a coefficient of determination (R?) of around
99.5% is obtained, thus highlighting the accuracy of the
simulated spectra. Moreover, the evolution of the extracted
quasi-Fermi levels with the excitation power density Pey.
is outlined in Fig. 2(b).

For a p-type background doping of 103 cm™3, the ther-
mal equilibrium the Fermi level Er is about 42.73 meV.
As shown in Fig. 2(b), the nondegenerate semiconduc-
tor approximation is not appropriate here since Er is less
than the top valence band edge located around 42.93 meV.
Starting from a power density of 67.95 W/cm?, both
the electron and hole quasi-Fermi levels start to deviate
from Ep. In fact, a progressive increase from 450.02 to
462.57 meV is observed for the quasi-Fermi level p.,, caus-
ing the electron concentration to increase. Simultaneously,
the hole quasi-Fermi level p;, decreases while remaining
very close to the thermal equilibrium level with a max-
imum offset of 6.88 meV at 5.4 kW/cm?. While these
variations may be perceived as small, they are not insignif-
icant. Indeed, with a thermal energy of about 0.34 meV at
4 K, one should expect a noticeable increase in the spon-
taneous emission intensity Ry,. Moreover, the steady-state
radiative carrier lifetime 7,4 is extracted [Fig. 3(a)] and
shown to decrease from 3.52 to 1.89 ns in the range of
power density used in this study.

Besides, the bimolecular recombination coefficient B is
also evaluated using the different parameters obtained from
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FIG. 3. (a)Evolution of the radiative carrier lifetime as a func-

tion of the excitation power density Pe.. (b) Evolution of the
coefficient B as a function of the excess carrier density An.
The filled circles represent the values of B computed from the
extracted An, Ry, using Eq. (6), while the black curve is the result
of a fit using a rational function.

the analysis above, and its behavior is outlined in Fig. 3(b).
Rather than being constant, it decreases with An, as sug-
gested earlier for I1I-V semiconductors [53,54]. However,
its evolution for the as-grown Gegg3Sng 7 is not as lin-
ear as presented by Olshansky et al. for In-Ga-As-P and
Al-Ga-As light sources [55]. In fact, after performing a
fit of the obtained data, B is shown to evolve with An
following a rational function [Fig. 3(b)]. Additionally, for
An above 10"° cm™3, the values extracted are shown to
be lower than the value of 1.04 x 10~7 c¢m?®/s computed
assuming parabolic band dispersion and the nondegener-
ate semiconductor approximation (see Sec. S4 within the
Supplemental Material for more details [48]).

The impact of temperature on the steady-state radia-
tive carrier lifetime has also been investigated. Herein,
assuming a p-type background doping of 1 x 10" cm™3
at 4 K and 1 x 10'7 ¢cm™ at 300 K, which is in line
with recent measurements [10], the evolution of the dop-
ing with temperature is estimated. Using these values, the
temperature-dependent PL spectra are fitted to the theoret-
ical estimation of the spontaneous emission spectrum from
the framework described above, and the evolution of 7.4
is extracted for the as-grown Geg g3Sng 17, as displayed in
Fig. 4.

Note that from this analysis, a minimum R? factor of
about 98% is observed throughout the range 4-300 K.
The estimated steady-state radiative carrier lifetime 7.9
increases with the temperature from approximately 3.2 ns
at 10 K to approximately 22.2 ns at 300 K. These val-
ues are very comparable to the reported recombination
lifetimes in the literature for Ge and I1I-V compound semi-
conductors, which are generally in the nanoseconds range

o 1 ’
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Temperature (K)

FIG. 4. Evolution of the radiative carrier lifetime as a function
of temperature for the as-grown Ge g3Sng ;7.

[61—64]. They are also of the same order of magnitude as
the values reported for GeSn materials with Sn content
below 10% [20]. However, it is important to note that the
investigated layers in that work are highly compressively
strained and thus of indirect band gap, whereas the cur-
rent work addresses a material system that differs in defect
density, Sn content, thickness, and band-gap directness.
These parameters are expected to profoundly influence the
radiative lifetime.

Finally, to appreciate the radiative emission strength
of Ge;_,Sn, with respect to other direct-band-gap semi-
conductors, we compare the radiative emission rate or
more precisely the bimolecular recombination coefficient
B. Using the same process as for the power-dependent
PL, B is extracted as a function of the temperature. From
this analysis, B is found to evolve following the allomet-
ric power law aT? with b ~ —1.5143, and reaching 3.81 x
1071% ¢cm?3/s at 240 K. This value is comparable to those
extracted at 300 K for Ga-As (3.5 x 107! cm?/s), In-
P (1.2 x 107'% cm?/s), and hexagonal Si20Geggo (0.7 x
10719—11 x 10719 cm?3/s).

IV. CONCLUSION

To circumvent the limitations in the experimental stud-
ies of carrier dynamics in narrow-band-gap Ge;_,Sn,
materials, this work demonstrates a straightforward
method to obtain the carrier radiative lifetime from simple
PL spectra. The approach relies on a theoretical frame-
work combining band structure calculations using the &.p
formalism together with the envelope function approxima-
tion to estimate the absorption and spontaneous emission
spectra. This framework simulates accurately the experi-
mental measurements thereby allowing the evaluation of
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the steady-state radiative carrier lifetime from the net rate
of spontaneous emission and the density of photoexcited
carriers. For a Ge g3Sng 17 material under an in-plane biax-
ial compressive strain ¢y = —1.3%, the analysis reveals a
lifetime 7,4 in the nanosecond range increasing from 3 to
22 ns for temperatures between 10 and 300 K. Addition-
ally, the introduced model also overcomes the restrictions
that are inherent to the JDOS model resulting from the
PBA and the weak-injection approximation.
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