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Abstract: The Ge1-xSnx alloy is a promising material for optoelectronic applications. It offers
a tunable wavelength in the infrared (IR) spectrum and high compatibility with complemen-
tary metal-oxide-semiconductor (CMOS) technology. However, difficulties in growing device
quality Ge1-xSnx films has left the potentiality of this material unexplored. Recent advances
in technological processes have renewed the interest toward this material paving the way to
potential applications. In this work, we perform a numerical investigation on absorption coeffi-
cient, radiative recombination rate, and Auger recombination properties of intrinsic and doped
Ge1-xSnx for application in the extended-short wavelength infrared and medium wavelength
infrared spectrum ranges. We apply a Green’s function based model to the Ge1-xSnx full elec-
tronic band structure determined through an empirical pseudopotential method and determine
the dominant recombination mechanism between radiative and Auger processes over a wide
range of injection levels.
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1. Introduction

Germanium-based semiconductor compounds have been considered as potential candidates for
optoelectronics applications on silicon platforms. In particular, alloys of germanium and tin - a
IV group semi-metal - have always been regarded with great interest due the possibility of ob-
taining a tunable direct band gap. Experimental investigations have shown that the fundamental
energy gap changes from indirect to direct as the Sn molar fraction increases. [1] In fact, the
incorporation of Sn in Ge reduces the energy gap between the conduction band minima of Γ
and L valleys up to the point where the crossover take place. A strong interest toward Ge1-xSnx

is clearly due to its potential compatibility with complementary metal-oxide semiconductor
(CMOS) technology and the possibility of monolithic integration on Si-based electronics. [2–4]

The early work of Goodman [5] provided the motivations to further studies on the electronic
properties of GeSn. From an experimental perspective, the growth of GeSn layers characterized
by high lattice crystallinity and low structural disorder has always been challenging. Due to the
limited 1% equilibrium solubility of Sn in Ge, [6] and to the instability of α-Sn at high tem-
peratures, which quickly degrades to β-Sn, experimentalists had to rely upon non-equilibrium
growth techniques, such as molecular beam epitaxy. [7] Furthermore, problems of composi-
tional homogeneity and phase purity prevented the formation of a stable alloy [8] above 20% of
Sn composition. He and coworkers [8] performed one of the first growth and characterization
of Ge1-xSnx films at different molar fractions. Of the characterized samples, they determined
the optical absorption coefficient, then correlated the low energy tail in the absorption spectrum
to the structural disorder of the samples through an Urbach tail model. The persistent presence
of misfits dislocation defects in fabricated Ge1-xSnx samples have been confirmed in by Bauer
and coworkers [2, 3] by TEM analysis, detecting also possible phenomena of phase separation
between Ge and Sn. Novel deposition techniques allowed to grow pseudomorphic Ge1-xSnx on
Ge(001) [9] and relaxed Ge1-xSnx on Si(001) [4]. Furthermore, ad-hoc techniques for the incor-
poration of n-type and p-type dopant species in Ge1-xSnx lattice have been developed. [7,10–12]
The performances of Ge1-xSnx based p-i-n structures, grown on Si(100) substrate, for photode-
tection applications have been studied and presented in a number of articles. [13–15] Finally, S.
Wirths, D. Buca, and S. Mantl [16] have compiled and extensive review on the history, fabrica-
tion techniques, and applications of Si-Ge-Sn based alloys.

The electronic properties of Ge1-xSnx have been investigated using a variety of theoretical
models, including ab-initio techniques. [17–20] A great deal of effort has been directed toward
the study of the energy dependence of the two conduction band minima, at L and Γ, as a function
of the Sn molar fraction and the effect of an applied strain. However, it appears that the cluster
expansion method adopted by Freitas and coworkers [21] found an agreement with the majority
of experimental results. In their framework, the fundamental gaps at Γ and L are considered
statistical quantities characterized by an average and a standard deviation as reported as shaded
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regions in Fig. 1. This statistical approach makes it possible to deal efficiently with the variety
of experimental data, encompassing most of them within their range of uncertainty.
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Fig. 1. Experimental and calculated energy gaps at Γ and L valleys as a function of the Sn
molar fraction. Shaded area and dashed lines represent standard deviation and average value
of results from Freitas and coworkers. [21] The solid lines represent the values computed
in this work. A number of values presented in literature for the energy gap have been
reported. [4, 8, 12, 22–26]

The goal of this works is to provide a comprehensive study of the optical properties and
carrier recombination mechanisms in Ge1-xSnx alloy for applications in the extended-short (E-
SWIR) and medium (MWIR) infrared wavelength. Specifically, we consider alloys character-
ized by an energy gap with a nominal cutoff wavelength of 2.7 μm and 5 μm at temperatures of
240 K and 140 K, respectively. This choice has been driven by the potential use of these mate-
rials for imaging applications where layers with these alloy compositions can be integrated on
silicon read-out circuits. Using a numerical model we determine the absorption coefficient, the
radiative recombination rate, and the Auger recombination rate of the material under different
injection levels. We investigate the alloy properties in different doping conditions: intrinsic, p-
doped and n-doped with concentrations of 1015 cm−3 and 1017 cm−3, for both cases. While the
numerical model can deal with strained material as well, for detector applications, where thick
layer are needed, we speculate that the material will likely be relaxed. Therefore, we restrict the
present effort to relaxed material and present the study of the strained material in a following
work.

The manuscript is organized as follows: Section 2 will describe the numerical model used to
determine the electronic properties, the absorption coefficient, and the recombination rates of
Auger and radiative processes. Section 3 discusses the results and their implications, assessing
the role played by radiative and non radiative processes at different injection levels. Finally,
Section 4 will conclude.

2. Numerical model

We have determined the electronic structure of Ge1-xSnx alloys throughout the full composition
range using a modified empirical pseudopotential method (EPM) [27] as implemented by Wen
and Bellotti. [28, 29] The numerical model explicitly accounts for alloy disorder by means of

                                                                                                  Vol. 24, No. 23 | 14 Nov 2016 | OPTICS EXPRESS 26366 



� � � � � � � � � � � � $ � �

�

� � � �

� � �

� � � �

� � �

% � 
 � � � � � & � � � � ' �



�
�


�
��
�
��
�
�
�
��
�
�

 ( ) * � � � � � 


� + 
 ( ) * � � � ! � 


� �
� �

� �
� �

� �
� �

� �
� �

� �
� 	

�
��
�
�


+
$
�

Fig. 2. Sn molar fraction required to obtain the proper cutoff wavelength, function of tem-
perature, and the corresponding intrinsic carrier concentration.

two parameters: a disorder and spin parameters, respectively. These parameters have been used
in the quadratic interpolation of atomic and spin-orbit screened atomic potentials as follows.

P(1,2)
i
= P(1,2)

i
− d(D ,SO)[x(1 − x)]

(
P(1)
i
− P(2)

i

)
. (1)

In Eq. (1), dD is the disorder parameter, dSO the spin parameter, x is the Sn molar fraction,
and P(1)

i
and P(2)

i
are the screened atomic potentials for each atomic specie - either Sn or Ge.

We set the disorder and spin disorder parameters in order to reproduce the trend of the funda-
mental energy gaps, measured at L and Γ valleys, to the average values given by Freitas and
coworkers [21] as reported in Fig. 1. Therefore, the tin molar fractions that correspond to the
cutoff wavelengths of 2.7 and 5 μm are 9% and 18% at the corresponding temperatures of 140 K
and 240 K, respectively. We have included the effect of temperature on the energy gap through
a rigid shift of all conduction states. We consider first the energy shift required to match the
experimentally measured energy gap of pure Ge at 300 K [30] and linearly interpolated it to the
temperatures of 140 K and 240 K. [12] Fig. 2 provides the value of the tin molar fraction, and
corresponding intrinsic carrier concentration, as a function of the temperature needed to achieve
a cut off wavelengths of 2.7 and 5 μm in the E-SWIR and MWIR spectral regions. Specifically,
on the left vertical axis we have the molar fraction required to achieve the chosen band gap at
a given temperature, and on the right vertical axis the corresponding intrinsic carrier concentra-
tion at a given temperature.

2.1. Auger recombination rate and lifetime

Theoretical models of Auger processes were first developed by Beattie and Landsberg. [31]
Within the framework of second order perturbation theory (SOPT) they proposed an ana-
lytical expression for Auger lifetimes in semiconductors, normally referred to as the BLB
model. However, their model assumes parabolic bands and applies to direct gap semiconduc-
tors. Successively, a Green’s function based approach was introduces by Takeshima [32,33] and
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Fig. 3. Effective masses at critical points for Sn molar fractions comprised between 0% and
20%.
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Fig. 4. Absorption coefficient for intrinsic Ge1-xSnx in E-SWIR and MWIR configurations.
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Bardyszewsky and Yevick [34]. This approach overcomes the numerical singularity of SOPT
and allow to embed the contribution of carrier-phonon interactions into the spectral density func-
tion. In this work, we have employed a Green’s function based model to determine the Auger
recombination rate and lifetime for the bulk material. We considered two categories of Auger
processes: direct and indirect. In the first category, the transition is mediated just by Coulomb
interactions while in the second an additional interaction, such as phonon or impurity scattering,
takes part in the process. Furthermore, we have calculated separate contributions for electron
and hole based processes, respectively labeled as eeh and hhe. The numerical model we have
employed in based on the formalism proposed by Takeshima, [32,33] successively extended to
the case of full band structure by Wen and coworkers. [28, 29, 35–37] The total Auger recombi-
nation rate per unit volume and time in bulk material is given by:

RAR =
2π
�

V 3

(2π)9

[
1 − e(µv−µc )/kBT

] ∫
dk1dk2dk1′dk2′ |Mee |2 δ(k1 + k2 − k1′ − k2′ )

×
∫

dE1dE2dE1′dE2′Θ(E1)Θ(E2)[1 − Θ(E1′ )][1 − Θ(E2′ )]

× ImGR
l1

(k1 , E1)ImGR
l2

(k2 , E2)ImGR
l1′ (k1′ , E1′ )ImGR

l2′ (k2′ , E2′ ). (2)

where ImGR
l1′ (k1′ , E1′ ) is the spectral density function representing the energy broadening of

state l1′ at k1′ , Θ(E) represent the Fermi-Dirac occupation statistical factor, |Mee |2 is the ma-
trix element for the Auger process representing the square overlap integral between the four
state wavefunctions involved in the transition. The Coulomb interaction between carriers with
different wave-vectors is screened by a wave-vector dependent, static dielectric function, imple-
mented using a analytical expression given by:

ε(q) = 1 +
c1

|q|c2 + c3
, (3)

in which c1, c2 and c3 are parameters obtained by fitting results from random phase approxi-
mation [38]. The presence of the twelve-fold k-space integrals in Eq. (2) makes it very difficult
to use a direct integration approach. The numerical evaluation of Eq. (2) is performed using
an hybrid approach that employs a Monte Carlo procedure and a direct integration based on
the tetrahedron method [39]. The indirect processes are evaluated including the contribution of
carrier-phonon interaction through four self-energy functions, introducing an energy broadening
for the states involved in the transition (Sec.2.3). From the knowledge of the total recombination
rate it is possible to compute the Auger coefficients Cn and Cp starting from the expression:

RAR =
(
nCn + pCp

) (
np − n2

i

)
, (4)

In the same way, the carrier lifetimes can be obtained for an arbitrary doping and injection
condition from the expression:

τeeh =
np − n2

i

nR(eeh)
AR

, τhhe =
np − n2

i

pR(hhe)
AR

. (5)

2.2. Absorption coefficient and radiative recombination rate and lifetime

Unlike Auger, radiative recombination processes are mediated by dipole interactions, where a
photon is absorbed or emitted to conserve the total energy of the transition. A Green’s function
based model has already been presented in [28] and applied by Wen and coworkers to deter-
mine the optical properties of InAs1−xSbx alloy, silicon and germanium [28, 40]. The radiative
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recombination rate is given by:

RRR =
2e2nrωph

π�m2
0c3

0Vε0

∑

kv ,kc

|〈kv |ê · P| kc〉|2
∫

dE1

∫
dE2Θ(E2)[1 − Θ(E1)]

× δ
(
kc − kv − kph

)
δ
(
μc − μv + E2 − E1 − �ωph

)
ImGR

lv
(kv , E1)ImGR

lc
(kc , E2). (6)

The the absorption coefficient can be directly evaluated using Eq. (6) with a different pre-factor
and accounting for the proper initial and final valence and conduction states. The carrier-phonon
interaction is included through two self-energy functions, one for conduction and one for va-
lence states. The classical result for the direct process, obtained from Fermi golden rule can be
retrieved by substituting the self-energies with delta functions. Our results include broadening
for both initial and final states. We calculate the radiative coefficient and lifetimes, assuming the
same concentration of electrons and holes, as follows:

τn =
np − n2

i

nRRR

, τp =
np − n2

i

pRRR

. (7)

2.3. Spectral density function

The core of the Green’s function based approach consists in the evaluation of the spectral density
function, related to the imaginary part of the retarded Green’s functions (ImGR

li
), that depends

on the system self-energy (Σi ).

ImGR
li

(k, E) = − 1
π

ImΣi (k, E)

[E − Ei − ReΣi (k, E)]2 + [ImΣi (k, E)]2
. (8)

The imaginary part of the retarded Green’s function, presented in Eq. (8), has a lorentzian dis-
tribution shape, centered at Ei . The real and imaginary part of the self-energy term describe
respectively the shift and the broadening of the distribution over the energy domain, modeling
the effects of all perturbations (e.g. carrier-phonon scattering) acting on the system. The con-
ventional approach to evaluate the self-energy is by means of the Dyson’s equation, truncating
the expansion up to the desired order [28,32]. In the case of our interest, namely the calculation
of Auger and ratiative recombination rates and absorption coefficient, we have truncated the ex-
pansion to the lowest order [29]. The interactions taken into account to evaluate the self-energy
are non-polar optical and acoustic phonon scattering mechanisms. Their numerical contribution
to the self-energy is obtained by using the appropriate matrix element, given by [28]:

|gAC(q) |2 =Ξ
2
d
�ωac (q)

2cl

q4

(
q2 + λ2)2 , (9)

|gNPO(q) |2 = �D
2v2

s

2c̄ωop (q)
q4

(
q2 + λ2)2 , (10)

In Eqs. (9)-(10), cl and ct are the longitudinal and transverse elastic constants, c̄ = cl/3+ 2ct/3
is the average lattice constant, vs is the sound velocity. Table 1 reports the parameters used to
evaluate the matrix elements for each mechanism presented in Eqs. (9)-(10).

Earlier calculations [42–45] made use of a simplified analytical model for the band structure
(i.e. effective mass approximation). Their motivation was to avoid costly numerical calculations
and investigate the limit cases. The use of analytical bands within the effective mass model
is a drastic approximation, both for Ge and GeSn. In fact, in these materials both the Γ and
L valleys significantly contribute the conduction band density of states, and consequently the
number of available final states for the Auger transition, making both the direct and indirect
processes important. Furthermore, the valence band structure and the relevant matrix elements
play a significant role in determining the strength of direct and indirect transitions.
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Fig. 5. Radiative recombination rate for intrinsic Ge1-xSnx in the E-SWIR configuration at
240K under different injection conditions.
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Fig. 6. Radiative recombination rate for intrinsic Ge1-xSnx in the MWIR configuration at
140K under different injection conditions.

3. Numerical results

Figure 1 presents a comparison between the calculated and experimental [4,8,12,22–26] values
of the energy gap values for Ge1-xSnx and the results of our EPM model. Based on our results,
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Table 1. Alloy parameters for E-SWIR (9%) and MWIR (18%) Ge1-xSnx. [30, 41] The
values for the alloy has been obtained using a linear interpolation in the molar fraction.

Parameter Unit Ge0.91Sn0.09 Ge0.82Sn0.18

cl GPa 117.950 114.100

ct GPa 64.769 65.522

ε0 - 16.880 17.440

ε∞ - 16.880 17.440

�ωop meV 35.930 35.060

Ξd eV 9.1 9.1

D(L6c ) 108 eV/cm 12.17 12.17

D(Lv ) 108 eV/cm 10 10

we can see that Ge1-xSnx is an indirect energy gap material at the E-SWIR cut off and a direct
energy gap material in the MWIR case.

We have calculated the electronic structure of Ge1-xSnx for a Sn composition between 0%
and 20% and evaluated the effective mass variations as a function of the molar fractions at Γ
and L valley minimum. Subsequently, we have also averaged the effective masse values along
different principal directions, that for the zincblende reciprocal lattice are denoted as: Σ, Δ, and
Λ. For the i-th band the mass is computed determining the second derivative, as in Eq. (11), of
the band profile using a second order interpolation close to the minima.

1
mi

=
1

m(Σ)
i

+
1

m(Δ)
i

+
1

m(Λ)
i

(11)

mi = m0
i + x m1

i (12)

Once the effective masses are known for a discrete number of molar fractions a linear interpola-
tion, as in Eq. (12), can be used to obtain values for arbitrary compositions. First and zeroth order
fitting parameters for heavy hole (HH) band, light hole (LH) band, spin-orbit (SO) band, and
first conduction band are reported in Tab. 3-2. The direction averaged effective mass function of
Sn molar fraction for HH band, LH band, SO band, and first conduction band are presented in
Fig. 3. The effective mass for HH band, LH band, and first conduction band at Γ decrease for
increasing values of molar fraction, while the effective mass for SO band and first conduction
band at L increase for increasing values of molar fraction.

Table 2. Zeroth order interpolation coefficients for direction dependent effective masses.
Curves were fitted to Sn molar fraction comprised between 0% and 20%.

mvalley
direction HH LH SO CB

m(0) ,Γ
(111) 0.7361 0.0533 0.1318 0.0487

m(0) ,Γ
(100) 0.2845 0.0600 0.1323 0.0486

m(0) ,Γ
(110) 0.5451 0.0545 0.1322 0.0486

m(0) ,L
(111) - - - 1.4469
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Table 3. First order interpolation coefficients for direction dependent effective masses.
Curves were fitted to Sn molar fraction comprised between 0% and 20%.

mvalley
direction HH LH SO CB

m(1) ,Γ
(111) -0.1294 -0.1855 0.4387 -0.1532

m(1) ,Γ
(100) -0.4434 -0.2149 0.4364 -0.1533

m(1) ,Γ
(110) -0.5269 -0.1922 0.4369 -0.1546

m(1) ,L
(111) - - - 0.3572

3.1. Optical emission and absorption properties

We have also computed the optical emission and absorption properties, commonly referred to
as the radiative recombination rate and absorption coefficient, of intrinsic Ge1-xSnx with cutoff
in the E-SWIR (Ge0.91Sn0.09) and MWIR (Ge0.82Sn0.18) spectral range at a temperature of 240K
and 140K, respectively. Figure 4 presents the calculated absorption coefficient for Ge0.91Sn0.09

and Ge0.82Sn0.18Ṫhe total absorption coefficient is represented by solid lines, while direct and
indirect contributions are represented by dotted and dashed lines, respectively. The trend of
direct and indirect components of the absorption coefficients in Fig. 4 confirms an indirect
energy gap for the E-SWIR material in the E-SWIR, and a direct energy gap for the MWIR.

We have also calculated the radiative recombination rates for Ge0.91Sn0.09 and Ge0.82Sn0.18

through a direct numerical evaluation of Eq. (6) and reported the results in Fig. 5 and Fig. 6,
respectively. Furthermore, we have considered the material under different injection levels: from
1016 cm−3 up to 5×1019. In case of Ge0.91Sn0.09 (Fig. 5) to an increase in the injection level
we observed an increase in the overall rate together with a minor blue shift of the wavelength
at which the emission peak occurs. Instead, in case of Ge0.82Sn0.18 (Fig. 6) to an increase in
the injection level we observed a strong blue shift of the peak wavelength and correlated it to
the contribution coming from the indirect L valley, whose minimum is located at an energy
higher than Γ valley minimum. The non-zero contributions below the energy gap, as seen in
Fig. 5, correspond to recombination processes close to the band minima assisted by phonon
emission/absorption.

3.2. Auger and radiative recombination

The total Auger recombination rate is calculated separately for electron and holes, the eeh and
hhe Auger processes, as a sum of direct and indirect contributions. For each carrier type, we
have considered two different processes, classified by the energy band of the secondary particle
final state: first and second conduction bands for eeh processes and first and second valence
bands for hhe processes. Furthermore, when dealing with a doped semiconductor, we have
calculated the Auger recombination rate for the dominant mechanism, determined by the type
of minority carriers: eeh for p-doped and hhe for n-doped. The Auger lifetimes are obtained
using Eq. (5) once the rate is known from the numerical integration of Eq. (2). To perform a
quantitative comparison, we also determine the radiative lifetime that is obtained directly from
Eq. (7) using the radiative recombination rate computed using Eq. (6).

For the Auger rate, the convergence of the Monte Carlo integration is achieved once the ratio
between the standard deviation and the average value of the result is below 0.1%. Moreover,
we have considered doping concentrations of 1015 cm−3 and 1017 cm−3, for both n-type and
p-type, and the excess carrier concentration to values ranging from 1014 cm−3 to 1017 cm−3

for the lower doping and from 1016 cm−3 to 5×1019 cm−3 for the higher one. Figures 7 to 10,
present the calculated radiative and Auger lifetimes for doped Ge0.91Sn0.09 and Ge0.82Sn0.18
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Fig. 7. Auger and radiative lifetimes function of excess carrier concentrations for doped
Ge0.91Sn0.09 (E-SWIR configuration). The doping level is 1015 cm−3 for both n-type and
p-type.
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Fig. 8. Auger (eeh and hhe) and radiative lifetimes over a wide range of excess carrier
concentrations in case of doped Ge0.91Sn0.09 (E-SWIR configuration). The doping level is
1017 cm−3 for both n-type and p-type.

compositions.
We have checked that all the important contributions have been taken into account for both
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Fig. 9. Auger (eeh and hhe) and radiative lifetimes over a wide range of excess carrier
concentrations in case of doped Ge0.82Sn0.18 (MWIR configuration). The doping level is
1015 cm−3 for both n-type and p-type.
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Fig. 10. Auger (eeh and hhe) and radiative lifetimes over a wide range of excess carrier
concentrations in case of doped Ge0.82Sn0.18 (MWIR configuration). The doping level is
1017 cm−3 for both n-type and p-type.

eeh and hhe Auger transitions. In case of eeh processes, the large majority of energy states in the
third conduction have energies higher than the gap. Therefore, only a limited set of final states is
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Fig. 11. Auger recombination coefficient as a function of excess carrier concentration for
intrinsic Ge1-xSnx at 300 K and three molar fractions: x = 0.04, x = 0.06, and x = 0.08.
The Auger coefficients decrease with increasing Sn molar fractions and the contribution
from CHSH processes in case of Ge0.91Sn0.09 and Ge0.82Sn0.18 is negligible.

available in this band, resulting in a negligible contribution to the total Auger rate. On the other
hand, it is worthwhile to investigate the contribution of CHSH transitions, or hhe processes, in
which the final state is found in the split-off band. [22] Since the spin-orbit splitting energy
in Ge1-xSnx increases with molar fraction, [22] the transition rate of hhe processes having the
split-off band as final state is expected to decrease as well. [46]

We calculated the contribution to the Auger coefficients of direct and indirect hhe transitions
for processes where the final state for the scattered hole is located in the split-off band . We
have done so in the case of intrinsic Ge1-xSnx for x = 0.04, x = 0.06, and x = 0.08, at 300
K, and under four excess carrier concentrations, namely n = p = 1016 cm−3, n = p = 1017

cm−3, n = p = 1018 cm−3, and n = p = 1019 cm−3. From the results reported in Fig.11, we are
able to conclude that the contribution of CHSH transitions diminishes with Sn molar fraction,
regardless of the relative magnitude of the split-off energy and gap.

Considering the case of Ge0.91Sn0.09 with a doping concentration of 1015 cm−3, as shown in
Fig. 7, we observe that the radiative lifetime is smaller than Auger lifetimes at excess carrier
concentrations below 1017 cm−3. Therefore the radiative recombination process is the dominant
mechanism in low injection regime. In the case of Ge0.91Sn0.09 doped at the 1017 cm−3 level,
as we observe in Fig. 8, the radiative processes dominates over the Auger processes at excess
carrier concentrations lower than 1017 cm−3 and that the two Auger processes - eeh and hhe -
are rather similar in magnitude at any given excess carrier concentration. Considering instead
the case of a Ge0.82Sn0.18 with a doping concentration of 1015 cm−3, we observe in Fig. 9
that the radiative lifetime is smaller than Auger lifetimes at excess carrier concentrations be-
low 1016 cm−3. However, the hhe Auger recombination processes still play a significant role
in the low injection regime due to the small difference between radiative and hhe Auger life-
times. In case of Ge0.82Sn0.18 with a 1017 cm−3 doping level, as it can be seen in Fig. 10, the

                                                                                                  Vol. 24, No. 23 | 14 Nov 2016 | OPTICS EXPRESS 26376 



� �
� �

� �
� !

� �
� 	

� �
� "

� �
� �

� �
� �

� �
� �

� �
� �

� �
$ �

5 � � � � � � � 0 � � - � � � � � � 

+ $
�

*
�
�
�


#
��
�
��
�
�
��
�
��
��
�


+$
-
+�
�

� + � � .

� + . . �

� + � + �

� + � + �

0 + � � .

0 + . . �

0 + � + �

0 + � + �

� �
� !

2 3 � 

+ $

Fig. 12. Auger and radiative recombination rate function of excess carrier concentrations
for doped Ge0.91Sn0.09 (E-SWIR configuration). The doping level is 1017 cm−3 for both
n-type and p-type. The first label in each legend entry refers to indirect (i) and direct (d)
processes, respectively. The second label refers to radiative (r) or Auger class (eeh or hhe).
The last label, reported for radiative processes only, refers to the type of doping (n or p
respectively).

radiative process becomes less important than the Auger processes for all the excess carrier con-
centrations considered and that the hhe Auger process is the overall dominant recombination
mechanism. Furthermore, it is possible to observe a saturation behavior for the dominant Auger
processes for increasing excess carrier concentrations and a change of monotonicity in the ra-
diative lifetime for excess carrier concentrations above 1018 cm−3. As a result, for excess carrier
concentrations above 1018 cm−3 the radiative recombination rate decrease and the correspond-
ing lifetime slightly increases. We report results on the radiative recombination rate, function
of excess carrier concentration, and separate contribution from indirect (phonon-assisted) and
direct processes in Fig. 12 and 13.

We speculate that the driving factor behind the differences between the lifetime trends of
Ge0.91Sn0.09 and Ge0.82Sn0.18 compositions can be traced back to the difference in the energy
gaps and the position of Γ with respect to the L minima. In fact, considering the small difference
in the effective masses between the two compositions (as reported in Fig. 3) the curvature of
the band structure around the Γ and L minimum undergoes a small variations going from a
composition to the other. On the other hand, the reduction of the energy gap and the different
positions of Γ and L valley minimum strongly affects the quasi-Fermi energies and the carrier
distribution in the k-space. We have also computed the radiative and Auger coefficients, to be
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Fig. 13. Auger and radiative recombination rate function of excess carrier concentrations
for doped Ge0.82Sn0.18 (MWIR configuration). The doping level is 1017 cm−3 for both
n-type and p-type. The first label in each legend entry refers to indirect (i) and direct (d)
processes, respectively. The second label refers to radiative (r) or Auger class (eeh or hhe).
The last label, reported for radiative processes only, refers to the type of doping (n or p
respectively).

used in device simulation models, accordingly to the following expressions:

B =
RRR

np − n2
i

, (13)

Ceeh =
R(eeh)
AR

n
(
np − n2

i

) , (14)

Chhe =
R(hhe)
AR

p
(
np − n2

i

) . (15)

Equations (13)-(15) ascribe the dependence of radiative and Auger recombination rates to sec-
ond and third order polynomials on free carrier concentration, respectively. These equations are
used to fit data on total recombianation rate, without distinction between direct and indirec pro-
cesses. Given the total recombination rate from the numerical evaluation of Eq.(2) and Eq.(6),
we calculate the Auger and radiative recombination coefficients directly from Eqs.(13)-(15).
Therefore, coefficients calculated through Eqs.(13)-(15) are valid as long as the recombination
rate computed from Eq. (2) and Eq. (6) are physically accurate. Figures 14 to 17 present the
calculated values, as a function of injection level, for doped Ge1-xSnx in E-SWIR and MWIR
configuration. The same Auger recombination model and calculation methodology have been
used to evaluate Auger coefficients in relaxed and strained Ge [47]. As it can be observed in
Fig. 14 and Fig. 16, in the low injection regime and doping concentration of 1015 cm−3 both
radiative and Auger coefficient are almost constant with injection level. However, radiative and
Auger recombination coefficients in Ge0.82Sn0.18 exhibit significant variations for injection lev-

                                                                                                  Vol. 24, No. 23 | 14 Nov 2016 | OPTICS EXPRESS 26378 



� �
� �

� �
� �

� �
� �

� �
� !

� �
+ � $

� �
+ � �

� �
+ � �

� �
+ � �

� �
+ "

� 1 � � - - � � � � � � � � � � � � � � � � � � � � � � � � � 

� + $
�

*
�
0
��
��
,
�
��
�
�
��
��
��
�
��
��


��
$
-+
�
�

. . � 4

6
7 � 
 ( ) * 8

� � .
� 2

/
3 � �

� �

6
7 � 
 ( ) * 8

� 2 3 � �
� �

4

6
7  ( ) * 8

� � .
� 2

/
3 � �

� �

. . �
6
7  ( ) * 8

� 2 3 � �
� �

Fig. 14. Radiative recombination coefficient function of injection level for doped Ge1-xSnx
in E-SWIR and MWIR configurations. The doping level is 1015 cm−3 for both n-type and
p-type.
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Fig. 15. Radiative recombination coefficient function of injection level for doped Ge1-xSnx
in E-SWIR and MWIR configurations. The doping level is 1017 cm−3 for both n-type and
p-type.

els higher than 1016 cm−3. The complexity of Eq. (2), in which many different contributions are
present, prevents us from being able to give a simple explanation of the differences between the
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Fig. 16. Auger recombination coefficient function of injection level for doped Ge1-xSnx in
E-SWIR and MWIR configurations. The doping level is 1015 cm−3 for both n-type and
p-type.
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Fig. 17. Auger recombination coefficient function of injection level for doped Ge1-xSnx in
E-SWIR and MWIR configurations. The doping level is 1017 cm−3 for both n-type and
p-type.

calculated Auger coefficients for Ge0.82Sn0.18 and Ge0.91Sn0.09. Therefore, we have performed
an additional number of simulations to discern the relative importance of the various contribu-
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tions. From our analysis, we have concluded that the band structure changes, from Ge0.82Sn0.18

to Ge0.91Sn0.09, due to different molar fractions is the dominant factor, while differences in the
activation energy (i.e. energy gap and phonon energies) play a lesser role. We explain the re-
duction of Auger coefficient in case of Ge0.82Sn0.18 at an injection level higher than 1017 cm−3

as a saturation in the number of final states available to the secondary particle. The number of
these states correlates to the Auger lifetime and the dependence of Auger coefficients on the
lifetimes is function of the inverse square of excess carrier concentration (obtained by combin-
ing Eqs. (14)-(15) with Eq. (5)). Therefore, the reduction of Auger coefficients in Fig. 17 is the
direct consequence of Auger lifetimes saturation in Fig. 10.

4. Conclusions

We have presented a numerical study of the absorption coefficient, radiative and Auger recombi-
nation properties of intrinsic and doped Ge1-xSnx at two Sn molar fractions, 9% (E-SWIR) and
18% (MWIR), and temperatures of 240K and 140K, respectively. We have computed the absorp-
tion coefficient and radiative recombination rate for the intrinsic material and showed how the
emission spectrum changes according to the injection level. Furthermore, we performed a com-
parison between the radiative and Auger lifetimes given two different doping concentrations for
the E-SWIR and MWIR compositions.

As opposed to previous analytical work on Auger recombinations, [42–45] in this work we
have applied a Green’s function based model to the full electronic band structure of the material,
considering the two topmost valence and the two lowest conduction states as possible final
states for the scattered particle. Therefore, the relevant contributions that previous analytical
works might have neglected, due to applied approximations, have been taken into account in
this study.

From this analysis, we concluded that in the E-SWIR case the radiative processes are the
dominant recombination mechanism given an injection level lower than 1017 cm−3 while in
the MWIR case the Auger processes are the dominant recombination mechanism above the
injection level of 1017 cm−3.

Since the present study was aimed at evaluating the potential use of these alloys in detector
applications, we have considered only unstrained material. In fact, absorber layers several μm
thick may be required for high quantum efficiency photodiodes and these are likely to be relaxed.
Nevertheless, for other kinds of applications, such as light emitters, it is likely that strain will
play an important role and further investigation is needed.
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