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Confinement and Threshold Modeling for High
Temperature GeSn and GeC/GeCSn Lasers
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Abstract—Models of GeSn and GeCSn quantum well (QW)
lasers were compared to predict net gain and threshold for com-
puting applications. GeSn showed weak confinement of electrons
in both k-space (directness) and real space, as well as a weak op-
tical confinement factor. Using material parameters from ab-initio
calculations, adding 1-2% carbon to Ge or GeSn could provide all
three confinements simultaneously, with up to 350 meV of electron
confinement by Ge QW barriers and a direct bandgap that is 50-220
meV below the indirect gap. A 2-4x increase in electron effective
mass preserves strong confinement even in narrow, 5 nm GeCSn/Ge
quantum wells. Simply keeping electrons out of non-lasing, higher
energy states doubles the differential gain compared with GeSn
lasers and reduces free carrier absorption, while deeper QWs
further enhance gain. GeCSn laser thresholds as low as 160 A/cm2

are predicted for operation at temperatures of 100 °C, two orders
of magnitude lower than comparable GeSn lasers.

Index Terms—Germanium alloys, silicon photonics, diode lasers,
semiconductor lasers, waveguide lasers, energy states, effective
mass.

I. INTRODUCTION

THERE is a tremendous need for on-chip lasers, amplifiers,
and compact modulators on silicon for accelerators and

extreme bandwidth interconnects for machine learning (ML)
[1], thousand-core CPUs and GPUs [2], [3], and vector/tensor
multiplication (TPUs) [4], [5]. Furthermore, most ML algo-
rithms are dominated by vector-matrix operations such as multi-
ply and accumulate (MAC) [6], and optical MAC could operate
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as fast as input fetch, potentially 100x faster than conventional
electronics [7]. Also, existing passive devices for silicon photon-
ics, such as waveguides, have lower losses than their GaAs and
InP counterparts [8], but the lack of on-chip amplifiers means
that optical signals can only accumulate loss as they pass through
successive optical elements, closing the eye diagram. This limits
fanout and hinders one-to-many applications such as shared
parallel memory fetch. Active photonic interconnects using
integrated lasers and semiconductor optical amplifiers (SOAs)
would increase fanout, relax the memory bottleneck, and make
more connections reachable within a clock cycle. This would
benefit Big Data algorithms and the large networks needed for
overparameterization in ML [9]. In addition, integration of direct
bandgap materials on Si could reduce the size of the thousands
of modulators already on photonic integrated circuits. Active
photonics on Si would further enable a wide range of inexpen-
sive applications from eye-safe LiDAR, biochemical and gas
sensors, SWIR/MIR hyperspectral cameras for disaster rescue,
and skin-neutral measurements of fever and blood oximetry.
Unfortunately, neither Si nor any of the other Group IV elements
emits usable amounts of light.

However, Ge has a nearly-direct bandgap and can be grown on
Si with negligible dislocation densities even in thin layers [10],
[11]. Adding tensile strain and/or alloying with Sn can push the
Ge direct gap conduction band (CB) valley energy (EΓ) below
that of the L valley (EL) to create a direct bandgap suitable
for lasers. Indeed, lasers using GeSn alloys or tensile strained
Ge (t-Ge) have been predicted and demonstrated, but to date,
they have only operated with optical pumping or at cryogenic
temperatures [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22]. The bandgaps of GeSn and tensile Ge are universally
reported to be weakly direct at best, reported as EL-EΓ < 90
meV, and the directness may be reduced to less than kT and
even lost when confined in a quantum well (QW) [23], [24],
[25], [26], [27]. Therefore, most electrons at room temperature
remain in the multiple, degenerate, large-mass L valleys rather
than the small-mass valley atΓ [28]. This reduces laser efficiency
due to the reduced differential gain and increased free carrier
absorption [29]. Several theoretical models have been used to
analyze GeSn and tensile Ge laser designs [12], [23], [28], [29],
[30], [31], [32], [33], but electrically pumped, room temperature
GeSn lasers have remained elusive [30].

On the other hand, strong directness (EL - EΓ> 144 meV) is
predicted for the addition of roughly 1% C to Ge or GeSn, which
dramatically reduces EΓ while leaving EL nearly unchanged
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[34], [35], [36]. This greatly reduces the fraction of Sn required
for a direct bandgap, which eliminates growth problems such
as Sn droplets.[37] Crucially, adding 1% C does not create
a defect-like state [38] with weak optical emission. Rather,
band anticrossing (BAC) splits and moves the Γ conduction
band valley down, so the optical transition strength in Ge:C
is comparable with GaAs [39]. Furthermore, small amounts of
Sn significantly enhance substitutional C while reducing C-C
defects [34], [36].

This work examines the consequences of optical and carrier
confinement in GeSn, Ge1-xCx (GeC), and/or Ge1-x-yCxSny
(GeCSn) QW laser designs. Adding C to Ge or GeSn is predicted
to offer far lower laser thresholds and electrically pumped lasing,
even at CPU temperatures, by simultaneously enabling strong
carrier and optical confinement. The reduced threshold current
density reduces free carrier absorption, which further reduces
thresholds, especially at high temperatures.

II. METHODS

Threshold current densities were calculated for ridge wave-
guide QW lasers based on net gain [40] as detailed below. First,
an optical finite difference mode solver was used to calculate the
transverse optical mode and effective mode index in the wave-
guide [41]. The refractive index of Si0.07Ge0.91Sn0.02 lattice
matched to Ge for barrier layers was extrapolated from [42] to be
n≈ 3.8 at the GeCSn QW effective bandgap. Assuming isotropic
material, the optical confinement factor, which measures the
overlap of the optical mode with the cross-section area of the
gain region, A, was then calculated using [43]:

Γopt =

∫∫
A ϵ (r) |E (r)|2d2r

∫∫∞
−∞ ϵ (r) |E (r)|2d2r

, (1)

which sets the modal gain, gΓopt, where g is the material gain
per length in the QW. The subscript opt is used to distinguish
the optical confinement factor from the Brillouin zone center,
Γ. The permittivity, ϵ(r), may vary with position and material,
especially if strains are nonuniform, but uniform materials are
assumed here. All equations use SI units unless otherwise noted.

Threshold current density, Jth, is determined as follows. In a
QW of thickness Lz,

Jth =
qLz

ηi

{
AN2

th +BN2
th + CN3

th

}
(2)

where ηi is injection efficiency (assumed to be 1), q is electron
charge, Nth is the carrier density at threshold, A is the SRH
coefficient, C is the Auger recombination coefficient (discussed
later), and B is the bimolecular recombination coefficient [44]:

B =
2(2πmrkBT )

3/2

h3τrNCNV
, (3)

where kB is Boltzmann’s constant, h is Planck’s constant, re-
duced mass mr ! (me∗−1 +mhh∗−1)

−1 using density of states

effective masses, NC and NV are the effective densities of states
of the CB and VB, respectively, and the recombination lifetime
τ r of an electron-hole pair is

τ−1
r =

4πnrq2Eg

3ϵ0h2m2
0C

3
op

|M |2, Cop ≡ πq2

neffc0ϵ0m2
0ω

(4)

where Eg is bandgap, !ω is photon energy, c0 is the speed of
light in vacuum, q is electron charge, ϵ0 is the permittivity of free
space, m0 is electron rest mass, and neff is the refractive index
or, in a waveguide, the effective index of the waveguide mode.
Of these variables, only Eg varies significantly with strain and
composition studied here. The momentum matrix element

|M |2 = |⟨uv |ê · p| uc⟩|2
(

in J ! kg or(mv)2
)

(5)

is a material parameter: the fundamental strength of the optical
transition [40], and part of the overall transition matrix element:

|MT |2 = |M |2 |⟨ξv|ξc⟩|2 (6)

where ξv and ξv be the envelopes of the respective wavefunc-
tions. M is often assumed to equal the optical dipole matrix
element times imω, but a correction factor is necessary in QWs
or other finite volumes; TE mode lasing with heavy holes was
assumed here [45], [46]. The wavefunction overlap integral, the
second term in (6), accounts for selection rules and waveguide
mode polarization, e.g., ∼1/2 for the TE mode with C-HH
transitions for the lasers simulated here, with compressive strain
(GeSn) or nearly lattice matched (GeC/GeCSn) [43]; Kane band
theory [40] and density functional theory (DFT) [39] predict
similar values for M across the materials studied here. Therefore,
a value of B = 1010cm6s−1 was used for all materials [23], and
the remainder of this work focused on Γopt, Nth, and gain, as
these all have stronger effects on Jth.

Nth is determined from net gain. Assuming a homogeneous
gain region, the minimum gain to achieve laser threshold, gth,
is given when modal gain equals total modal loss:

Γopt gth = ⟨αi⟩+ αm + αFCA (7)

where ⟨αi⟩ is average internal loss, αm is mirror loss, and αFCA

is free carrier absorption. We note in passing that spontaneous
and amplified spontaneous emission (ASE) may both still be
present in the spectrum at threshold, but threshold still provides
a useful reference for comparing lasers. The material gain per
unit length for a transition from a CB state to a VB state is [40]:

g (Ecv) = gmax (Ecv) (fc − fv) (8)

Neglecting excitons and line shape broadening, the maximum
possible gain (or absorption) is

gmax (Ecv) =
πq2h

neff ϵ0c0m2
0

1

"ωcv
|MT (Ecv)|2ρr (Ecv) (9)

where ρr is the reduced or joint density of states, and kB is the
Boltzmann constant. fc and fv are the Fermi-Dirac occupation
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factors for carrier populations n or p, respectively, from quasi-
Fermi levels EFn and EFp:

fc (E) =
2

√
π(kBT )

3/2

∫ ∞

Ec

√
E

exp
(

E−EFn
kBT

)
+ 1

dE, (10a)

fv (E) =
2

√
π(kBT )

3/2

∫ −∞

Ev

√
E

exp
(

E−EFp

kBT

)
+ 1

dE, (10b)

For a QW, this reduces to, for electrons and holes, respec-
tively:

fc, fv = ln
[
1 + exp

(
EFn,p − En

kBT

)]]
, (11)

where En is the energy of the nth QW state, with n = 1 for the
fundamental or lasing transition, and energy is defined positive
upwards for holes. For bulk materials (for example, bulk het-
erojunction lasers) and QWs, respectively, assuming parabolic
bands [23], [43]:

ρr,3D ("ω − EG,eff ) =
(2mr)

3/2

2 π2"2
√

"ω − EG,eff ) (12)

ρr,2D =
mr

π"2Lz
per QW state (13)

where EG,eff is the effective bandgap, which includes mate-
rial bandgap plus electron and hole confinement energies [47].
Consequently, the electron concentration Ns in a given state s,
whether 3D bulk CB or 2D QW, at energy Es with effective mass
ms, is given by

Ns =

∫ ∞

Es

f (E) ρ (E) dE (14)

Ns,3D =
m∗

s
3/2

3
√
2π2

∫ ∞

Es

√
E − Es

exp
(

E−EFn
kBT

)
+ 1

dE, or (15)

Ns,2D =
m∗

skBT

π"2Lz
ln

[
1 + exp

(
EFn − Es

kBT

)]
(16)

and similarly for holes. Threshold occurs when fc – fv is sufficient
to overcome losses, and EFn and EFp can then be determined by
substituting (15) or (16) into (2) and solving numerically [48].

Because the Ge valence band is not significantly modified
by GeC or GeSn except through strain, valence inter-subband
absorption and Auger coefficients were assumed to be the same
across materials studied here, with the same dependence on
wavelength, unless otherwise noted. Temperature effects on the
band structure itself were also neglected here, as the directness
(EL - EΓ separation) is a weak function of temperature compared
with the relative thermal occupations of these CB valleys.

Representative Ge1-xSnx material data were taken from [23],
[30], including band offsets, deformation potentials, and masses
of the CB constant-energy ellipsoids for the L and Γ valleys.
(See Table I and Supplemental Materials.) These data appear
to slightly underestimate the fraction of Sn required for a given
amount of directness compared with experimental reports, so the
GeSn results reported below are likely optimistic compared with
experiment. Lattice constants were calculated using Vegard’s

TABLE I
MATERIAL PARAMETERS USED FOR SIGESN [23], [30]

TABLE II
MATERIAL PARAMETERS FOR GECSN FROM VASP

Law starting from Si (0.543Å), Sn (0.646Å), Ge (0.566Å),
C (0.3567Å). In strained Ge, the Ge CB effective mass was
calculated from its bandgap using the 4-band Kane model.

Because the experimental properties of GeCSn are still un-
certain, unless otherwise specified below, these were generated
using the Vienna Ab-initio Simulation Package, (VASP) follow-
ing techniques in [39] and shown in Table II.

It is a common error to use the same value of electron effective
mass for both quantum confinement and population, but these
differ for anisotropic valleys. For the CB L valley, including the
4-fold degeneracy, the density of states (DOS) effective mass
is m∗DOS = (42mlmt

2)1/3 m0, where ml and mt are the longi-
tudinal and transverse masses of the constant energy ellipsoid,
respectively. QW confinement energies must be calculated using
the conductivity effective mass of a single valley, which is, for
the (100) QWs modeled in this work,

m∗
cond = 3

(
ml

−1+2mt
−1
)−1

(17)

(see Supplemental Material) [50]. For example, in Ge0.83Sn0.17,
m∗DOS,L = 0.58 m0, while m∗cond,L = 0.12 m0. Similarly,
populations of the valence bands must be determined from
m∗DOS,HH and m∗DOS,LH weighted by their relative energies,
which differ if the layer is biaxially strained.
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Lasing is driven by electrons in the lowest confined Γ QW
state, Γ1. In turn, the fraction of electrons, FΓ1, in Γ1 is given by
the ratio of population of that state to all QW states, considering
only confined electrons:

FΓ1 =
nΓ1,2D (EΓ1, EFn,m∗

eΓ)∑
i ni,2D (Ei, EFn,m∗

i )
(18)

where i indexes all states in the QW, both direct and indirect.
The transparency condition provides an initial estimate for

quasi-Fermi levels (QFLs). Whether in bulk material or a QW,
transparency occurs when the QFLs are separated by an energy
equal to the bandgap [51] or, for a QW, the effective bandgap
between the lowest confined electron and hole states (Ee1 and
Eh1, respectively):

(EFn − EFp) |transp = EG + Ee1 + Eh1 (19)

This gives a lower limit for the separation of quasi-Fermi
levels: the threshold in an infinitely long, lossless laser. Mirror
and other losses in an actual laser will require additional gain to
compensate, requiring even greater separation between QFLs.
Because the effective masses of electrons and holes are often dif-
ferent (for example, m∗HH/m∗eΓ ≈ 8 for Ge), the CB is usually
degenerate, with EFn above the CB minimum (CBM). EFn and
the corresponding electron concentration, Ntr, at transparency
can be found by solving nΓ (EFn) = pΓ(EFp) subject to (19). For
example, using the ratio of effective masses for Ge given above,
at transparency, EFn in an arbitrary QW will be 38 meV above
the lowest confined state at 27 °C, and 33 meV at 100 °C. EFn is
even higher in GeSn, due to its smaller m∗

eΓ.
For the analysis below, hole masses from bulk GeSn were

used, and heavy (light) holes were assumed to dominate in
compressive (tensile) strained layers. Other VB effects such as
quantized hole levels or small changes in band curvature due to
strain [31], [32] were not considered here, as this work focused
on the CB, where the effects of C and Sn are most pronounced.
Strain is expected to have similar, predictable effects on all the
materials studied here [52], allowing direct comparisons. Also,
because the fraction of Sn in GeCSn is small, while the CB
offset from GeC or GeCSn to Ge is large, similar conclusions
will apply to GeC and GeCSn unless otherwise noted below
(e.g., strain), though GeCSn is easier to grow [34].

III. RESULTS AND DISCUSSION

A. Directness: Confinement in K-Space

The first requirement for low-threshold lasers is a direct
bandgap: confinement in k-space. Electrons in indirect L CB
valleys contribute no gain [43] but instead reduce differential
gain "g/"n, because extra electrons must be injected to fill
the L states as well as Γ states. This also increases FCA and
Auger losses because more holes are needed to maintain charge
neutrality, as discussed later [23]. Use of L valleys as a reservoir
for Γ electrons appears to be unnecessary since the stimulated
radiative lifetime is comparable with the energy relaxation time
and intervalley scattering time, both of which are on the order of
∼0.2 ps with or without strain [54], [55], [56]. In other words,
the bottom of the CB Γ valley will remain populated regardless

Fig. 1. GeC(Sn) confines electrons in the lasing Γ1 state better than tensile Ge
or relaxed GeSn for the same directness. Differential gain "g/"n is maximized
when all electrons are in Γ1. GeSn and t-Ge slopes are shallower than GeC due
to progressively lighter effective mass with added Sn or strain. After [53], parts
©2023 IEEE.

of which valley is being pumped, so spectral hole burning is
unlikely. Adding Sn or strain decreases the effective mass, m∗eΓ,
which partly depopulates the Γ valley (i.e., fewer electrons for
the same amount of directness), as does increasing temperature,
shown in Fig. 1. Directness in Fig. 1(x axis) might be achieved
by tensile strain and/or composition. The labeled GeSn com-
positions assume fully relaxed GeSn; any residual compressive
strain would reduce directness. Ge with 2.8% tensile strain for
90 meV of directness [27] is only somewhat better: 25% of
electrons in the direct Γ valley at room temperature, falling to
16% at 100 °C.

Furthermore, a strongly direct gap is necessary because the L
valley density of states effective mass (m∗L,DOS ≈ 0.6 m0) is
more than 30 times larger than that of the Γ valley (m∗Γ,DOS <
0.02 m0 for 17%Sn) [23], [30]. Even if 100 meV of directness
was achieved, i.e., the directΓ valley 100 meV below the indirect
L valley [57], at room temperature, half of the electrons are still
in the indirect L valley since the population ratio is proportional
to (m∗1/m∗2)3/2. Achieving even this amount of directness is
unlikely for lasers using tensile strain alone in pure Ge due to the
fragility of tensile Ge under the extreme strains required, leading
to dark line defects propagating in real time when perturbed
[58]. On the other hand, Ge1-xCx (GeC) with <1%C has m∗eΓ
≈ 0.05-0.08 m0 according to ab-initio calculations [59], so most
of the electrons are in the Γ valley even for temperatures above
100 °C and modest directness.

Strain is another issue for GeSn lasers. The compressive strain
from adding Sn nearly doubles the amount of Sn required to
achieve a given directness [60]. GeSn/Ge QWs thin enough
to have a single confined state in Γ (width w ∼ 15 nm) have
only 32 meV of directness, which is less than kT at 100 °C,
and they lose it entirely when w ≤ 10 nm, according to finite
well [23], [30], [43] and pseudopotential calculations [61]. The
unwanted compressive strain can be reduced by growing low-Sn
GeSn on relaxed, high-Sn GeSn buffer layers, and this approach
has enabled electrically pumped lasers up to 100K [17], [18],
[62]. Fig. 2 shows the directness of unconfined bulk Ge1-xSnx
grown on a fully relaxed Ge1-bSnb buffer layer. However, to
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Fig. 2. Directness (EL - EΓ, in eV) for 12 nm wide QWs, coherently strained to fully relaxed SiGeSn barriers: (a)-(c) Ge1-xSnx in SiaGe1-a-bSnb varying Si,
and (d) Ge0.992-xC0.008Snx in Ge1-bSnb including only shifts of GeC directness due to strain from adding Sn to QW and barrier; actual directness may vary
with C-Sn arrangement. Adding Si to barriers reduces directness by reducing the lattice constant, increasing compressive strain in QW, but adding 0.8%C restores
strongly direct character except under high compressive strains.

compensate for the reduced bandgap in the high-Sn barriers,
relatively high concentrations of Si must be added to create
SiGeSn QW barriers. As we shall see later, this greatly degrades
optical confinement and modal gain. On the other hand, for
GeCSn on Ge, each 1% of carbon (small atom) compensates the
strain of 4.6% of Sn (large atom), greatly reducing the unwanted
effects of compressive strain.

B. Band Offsets: Real Space Confinement

A strongly direct gap is necessary but not sufficient for lasing
even at room temperature. Room temperature lasing in early
GaAs lasers was only achieved when heterojunctions were added
for physical confinement of carriers in a QW (or QD) [63],
which is thus a second requirement for low-threshold lasers.
QWs dramatically reduce laser thresholds because quantum
confinement induces a 2D density of states, which increases
carrier populations at the effective band edges [64]. QWs also
force electrons and holes into the same physical space, further
increasing gain due to the increased overlap between their wave-
functions [65]. QWs may also increase the optical dipole matrix
element by 1.5x for TE modes [66]. For maximum gain, the QW
should be narrow enough that only a single state is populated,
so more electrons contribute to gain (Fig. 4), with less thermal
broadening of population [40], [67]. In III-V lasers, this was
addressed using narrower QWs or QDs, which enabled nearly
thresholdless lasing [68], [69], [70], [71], [72], and lasing above
200 °C [73].

However, such confinement is impractical for most Group IV
lasers since no composition of GeSn or tensile Ge retains a direct
bandgap in a QD or narrow QW [74]. Quantum confinement
raises the energies of QW states as roughly the inverse of their
effective masses (1/m∗∗). Therefore, the light mass Γ valley in
GeSn and t-Ge is pushed up much faster with confinement than
the heavy, indirect L valley, and the direct bandgap is degraded
or lost. GeSn suffers particularly since m∗eΓ is 2-4 times lighter
than in Ge [47]. However, t-Ge is limited by its critical thickness,
which allows a maximum QW width of just 4 nm [75] for the
case of 2.8% tensile strain mentioned above. As with GeSn, the
Γ valley is pushed above the L valley, and the t-Ge QW becomes
indirect again.

In contrast, GeC(Sn) QWs not only start deeper, but they also
have an electron effective mass m∗eΓ that is 2-5x larger than
GeSn, preserving a single, strongly direct CB state even in a
narrow QW (Fig. 3). The heavy electron effective mass is a
hallmark of band anticrossing in highly mismatched alloys [76].
This increases differential gain because electrons are not wasted
in higher energy states.

Fig. 4 shows the energies and relative occupations of each
CB QW state as a function of QW width. For GeSn QWs in
SiGeSn barriers, the maximum fraction of electrons in Γ1 is
62%, obtained at a QW width of 16 nm at 27 °C. At higher
temperatures, electrons populate higher energy states, so the
relative occupation of Γ1 drops (red arrow) to 40% at 100 °C.
In contrast, for GeC QWs in Ge barriers, even narrow, 5-10 nm
QWs have nearly 100% occupation in theΓ1 state, as highlighted
by the blue arrow, and this high occupation is almost unchanged
at 100 °C.

Deep QWs also reduce loss from thermal escape of carriers to
further reduce thresholds. For example, even in InGaAsP, which
has the desirable, heavier electron effective masses, an extra
0.3 eV barrier still reduced leakage currents by 33x [43]. Thus,
strong confinement by a deep QW is crucial at CPU temperatures
[43], [77], [78]. For GeSn QWs, using SiGeSn instead of Ge for
the barriers could provide confinement up to ∼200 meV for
10% Si [61], [74], [79], [80], [81], but at the cost of optical
confinement (see below). In contrast, GeCSn QWs are both
deeper and have larger me

∗ = 0.05 m0 to 0.08 m0, reducing
thermal leakage currents.

C. Optical Confinement

Finally, optical confinement maximizes the optical mode
within the QW for maximum gain [82]. Here GeC(Sn) offers
a significant advantage over carbon-free GeSn. Since Si (as
SiGeSn) is not necessary for carrier confinement, it is avail-
able for optical cladding layers with low refractive index, i.e.,
separate confinement heterostructures (SCH, Fig. 5) [83], [84],
[85], [86].

In contrast, GeSn QWs without C typically require relaxed,
high-Sn buffer layers to reduce strain [87], [88], [89], but this
produces claddings with higher refractive index, pulling the
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Fig. 3. Energies of confined CB states and corresponding electron distributions at 100 °C for (a) 31 nm GeSn QW in SiGeSn barriers, (b) 15 nm GeSn QW in
SiGeSn barriers, and (c) 8 nm GeC QW in Ge barriers. Relative population in the lasing state (Γ1) is shown in blue; all others in red. Bulk L valley CBM is dashed
green; QW L states are dashed black. L1 in (e) is unconfined. Red bar shows 3kT at 100 °C. After [53], parts ©2023 IEEE.

Fig. 4. (a)-(b): Energies of confined CB states for (a) GeSn QW in SiGeSn barriers, and (b) GeC QW in Ge barriers, as a function of QW width. (c)-(d): Fraction
of electrons in each QW state for (a) and (b), respectively, after [53], ©2023 IEEE. Blue regions represent fraction of electrons in Γ1 state; pink is fraction in L
states. Solid lines are boundaries of occupation of each state at 27 °C; dashed lines: at 100 °C. Maximum differential gain "g/"n when 100% of electrons are in Γ1
state.

Fig. 5. Laser mode and refractive index n profiles for: (a) GeSn/SiGeSn
(recalculated from Margetis) and (b) GeCSn/Ge QW with SiGeSn optical
cladding layers. Red arrow highlights pulling of optical mode away from QWs
by high-index buffer layer. GeCSn keeps optical mode centered at QWs (blue
circle). After [53], parts ©2023 IEEE.

optical mode away from the QWs (Fig. 5(a)) [90]. Even for very
wide 31 nm GeSn QWs, which only have 25% of electrons in
the lowest Γ state at 300K (Fig. 4), the total optical confinement
factor was reported as only 7.3% over four QWs, ranging from
0.3% for the top QW to 3.48% for the QW closest to the centroid
of the mode [90]. Reducing the Si content to improve the optical
confinement factor [57] results in loss of carrier confinement,
limiting lasing to cryogenic temperatures. In contrast, by keep-
ing the mode centered at the QWs, GeCSn provides the same
optical confinement factor with a quarter of the gain volume:
four 8 nm QWs in 10 nm Ge barriers, Fig. 5(b) [41]. Further-
more, GeCSn has lower strain than GeSn, allowing growth of
additional QWs without exceeding the critical thickness [31].
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The freedom in choice of strain in GeCSn may also help avoid
the Type II valence band alignment reported for GeSn/SiGeSn
QWs [57].

It is worth noting that careful selection of doping can slightly
reduce the threshold in GeSn lasers, but reported predictions for
threshold were still above 1.2 kA/cm2 [23], [30]. Doping is ex-
pected to produce similar slight improvement in GeC(Sn) lasers,
so the present work focuses instead on gain and confinement.

D. Auger Recombination

In addition to the confinement requirements for gain listed
above, high temperature laser designs must also minimize losses.
These may be generally divided into Auger recombination
[91] and free carrier absorption (FCA), which includes both
plasma absorption (Drude model) [23] and inter-valence band
absorption (IVBA) [92]. FCA is the dominant loss in existing
Ge-based lasers such as GeSn [12], [29], [61], [91], but both
IVBA and Drude absorption increase with wavelength. Because
FCA increases proportionally with carrier density [93], and
Auger recombination by its cube, even small reductions in
threshold have an outsized effect in reducing losses. We consider
contributions from each of these losses separately below.

Auger coefficients may themselves be dependent upon carrier
density, and also may increase by orders of magnitude with just
0.37% tensile strain [94]. However, adding even a few percent
of Sn may reduce Auger losses by even more than this, partially
by increasing the split-off energy [95]. GeC induces only weak
tensile strain due to the very small fraction of C in the alloy, and
almost no change in the VB, so hole-dominated Auger processes
such as CHHS and CHHL are expected to be similar to Ge.
Despite the reduced bandgaps, which tend to increase Auger
recombination, the lack of directly comparable data for each
material led to use of Auger coefficients here for Ge for both
GeSn (as in [23]) as well as GeCSn. Similarly, the effects of Sn
on the VB, and therefore CHHS/CHHL Auger recombination,
are expected to be very similar for GeSn vs. GeCSn, allowing
relative comparisons. Adding C to GeSn may provide the gain
and confinement advantages presented in this work while taking
advantage of the decrease in Auger recombination.

To illustrate the effect that a larger Auger coefficient would
have, thresholds were also calculated using C = 3.2 × 10−28

cm6 s−1 in (2) from a direct bandgap material (InGaAs) [96]
with a similar bandgap, instead of that of Ge. This increased
all calculated threshold current densities accordingly. Using this
new C, at 100 °C, the threshold for a 5 QW GeCSn laser increased
∼7× from 0.16 kA cm−2 to 1.2 kA cm−2, while a carbon-free
GeSn laser increased even more sharply, from 14 kA cm−2 to
132 kA cm−2 (9×). These results further emphasize the benefit
of adding carbon to GeSn. However, they should be considered
qualitative, as detailed calculations of the Auger coefficient [96]
are beyond the scope of this paper.

E. Free Carrier Absorption

Plasma absorption may occur for heavy and light holes, as
well as electrons in the CB L and Γ valleys. A Drude model
was used to estimate plasma FCA from all four of these states

[23]. Due to a lack of GeSn data on free carrier mobilities and
their dependence on concentration and temperature, following,
the carrier-averaged expressions from [31] were used, except
the proportionality relation µeΓ, / µeL ≈ meL / meΓ was used
because drift mobility is inversely proportional to effective mass
according to the Einstein relation. Also, to handle heavy holes
(HH) and light holes (LH) separately, as a first order correction,
the respective mobilities µhh and µlh were estimated using their
effective masses and a conductivity sum rule. It can be shown
(see Supplementary Information) that the HH and LH mobilities
(µHH, µLH) can be approximated as functions of the average hole
mobility, µh,avg, which is a function of hole concentration and
temperature:

µHH (nHH , T ) ≈ m3/2
HH +m3/2

LH

m3/2
HH +mHHm1/2

LH

µh,avg (pHH , T )

(20)

µLH (nLH , T ) ≈ m3/2
HH +m3/2

LH

m3/2
LH +mLHm1/2

HH

µh,avg (pLH , T ) (21)

where nhh and nln are the concentrations of heavy and light holes,
respectively, and T is temperature. Using these mobilities, the
Drude model predicts an absorption coefficient for any particular
state (LH, HH, CB) as follows:

αDrude(λ,nconc) =
10−4q30λ

2nconc

4π2c03nrϵ0m∗
h
2µ

(22)

in cm−1, where λ is wavelength of incoming light in µm, nconc
is concentration of carriers in the state in cm-3, µ is mobility
in cm2V−1s−1, m∗ is conductivity effective mass of the state.
Alloy scattering in both GeSn and GeC(Sn) will reduce all
free carrier mobilities from the values used here, particularly
at low temperature, but this does not significantly change the
comparisons presented below.

FCA can also be caused by intervalence band absorption
(IVBA), particularly from light or heavy holes to the split-off
band. This transition is forbidden at k = 0 but increases rapidly
as k2 [97]. This leads to a rapidly increasing joint density of
states for the absorption proportional to (hν − EG)3/2.

In principle, Sn could eliminate IVBA by increasing the
spin-orbit (SO) splitting of the VB. If the spin-orbit splitting,
EHH/LH – ESOH, is larger than the effective bandgap, then
intervalence band absorption (IVBA) is essentially eliminated
within the gain region. For example, Ge0.85Sn0.15 has a bandgap
of roughly 0.34 eV and a spin-orbit splitting of 0.36 eV. Even
when pumped to transparency, the IVBA near the band edge
would be negligible, at least in bulk material. Furthermore,
compressive strain pushes the light hole band with its large IVBA
farther away from the quasi-Fermi level, reducing the number
of light holes and corresponding LH-SO absorption.

However, that same compressive strain also increases the ef-
fective bandgap, as does QW confinement. This leads to sharply
increased IVBA. Thus, IVBA seems likely to remain a dominant
source of loss in practical GeSn lasers. Furthermore, IVBA may
still exist in the barrier layers, where the Sn concentration is
lower and spin-orbit splitting is smaller. On the other hand, the
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Fig. 6. Calculated Ge0.9Sn0.1 DH laser threshold current density Jth vs.
photon energy Ephoton. Green: All injected electrons forced to Γ CB valley and
assuming no losses. Black: CB L valleys allowed to populate, but still lossless.
Red: Adding realistic losses first, then high temperature. Blue: Calculated
threshold of GeCSn MQW laser at 100 °C including same losses. After [53],
parts ©2023 IEEE.

low thresholds in GeC(Sn) lasers reduce IVBA by reducing the
free hole concentration. Precise calculations of IVBA require
exact solutions to wave functions including band anisotropy, so
IVBA was therefore omitted from FCA calculations presented
here. Detailed calculations are underway and will be presented
elsewhere.

F. Other Nonradiative Recombination

Other nonradiative recombination such as Shockley-Reed-
Hall (SRH) was neglected for this analysis, as it primarily
originates from technological parameters such as the quality of
material growth and surface passivation. This assumes compa-
rable material quality is possible as growth of each material
matures.

G. Effects on Laser Thresholds

To illustrate the effect of the above conditions on laser
performance, the threshold current density for Ge0.86Sn0.14
/ Si0.03Ge0.89Sn0.08 DH lasers was calculated under various
conditions, along with Ge98.44C0.78Sn0.78 QW lasers at 100 °C,
all assuming broad area edge emitting lasers with cleaved end
facets. Unless otherwise noted as lossless, all lasers included
FCA and Auger recombination, injection efficiency of 80%, and
a cavity length of 1 mm. The GeCSn lasers used five 10nm-thick
QWs with Ge barriers and SiGeSn optical cladding layers, an
optical overlap of 7% per QW calculated as in Fig. 5, and an
injection efficiency of 100% due to the high QW barriers plus
SCH for further carrier confinement.

Even though the GeSn L CB valley was 0.12 eV higher than
the Γ valley, with only 45% of injected electrons in the higher
L valley, the reduction in differential gain led to a 3.3x increase
in threshold current from 459 to 1520 A cm7minus;2 even in
lossless lasers, as shown in Fig. 6. Adding realistic losses such
as FCA, 40% injection efficiency (est. from [22]), and a reduced
optical overlap of 75% further increased the detrimental effect
of the L valleys since more gain was required to overcome these
additional losses, but instead the differential gain was reduced.
High temperatures further compounded these effects, leading to
Jth above 39 kA cm−2 at 100 °C.

IV. CONCLUSION

The progress of GeSn lasers toward electrically pumped
operation at room temperature or higher is limited by weak
confinement of both electrons and photons. Even assuming
ideal material growth, predicted threshold current densities for
GeSn/SiGeSn lasers on a 100 °C process core approach 40
kA#cm−2. Providing the necessary additional confinement is
a significant challenge due to the small CB offsets at hetero-
junctions, lack of a suitable low-index cladding layer, and weak
directness. The very light electron effective mass in GeSn means
many electrons remain in the indirect L valley, especially when
confined in a narrow QW, contributing to free carrier losses
rather than gain. On the other hand, strong confinement of both
electrons and photons is predicted with the addition of a few
percent of carbon to Ge or GeSn, forming GeC(Sn), because the
highly mismatched but isovalent Group IV carbon atoms shift
the direct CB valley well below the indirect valley. This leads to
a marked reduction in threshold current density. The reduction in
threshold is further magnified by the reduced free carrier losses,
which further reduced predicted thresholds in GeCSn MQW
lasers as low as 160 A#cm−2 even at 100 °C. These results are
highly promising for dilute germanium carbide GeC(Sn) lasers
that can be integrated directly within hot processor cores.
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