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Effect of Different Loss Mechanisms in SiGeSn Based Mid-infrared Laser
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We have analyzed the mid-infrared SiGeSn based Barrier-Well-Barrier Heterostructure and calculated the

transparency carrier density and corresponding current density for the structure. The effects of different loss

mechanisms like free carrier absorption, spontaneous recombination and Auger recombination processes on the

transparency current density have been examined. It is shown that, the transparency current density increases

significantly with the injected carrier density. Different scattering processes like acoustic phonon scattering and

intervalley optical phonon scattering are taken into consideration for this analysis of free carrier absorption

mechanisms.

1. Introduction

Si is one of the most widely studied materials in the

history of civilization. In fact, the present day of information

age could not come into existence in absence of electronics

revolution brought about by the maturity of silicon based

microelectronics. But there is no efficient light emission

due to its indirect nature of band gap [1]. On the other

hand, there is steady increase in the area of photonics, in

the form of optical communication and networking, optical

information processing, and consumer electronics based

on light. The present day photonics relies on compound

semiconductors and their alloys. Development of Si based

active photonic devices remained a challenge over the last

few decades. Over the last 10−15 years some significant

milestones have been achieved [2–4]. The principal aim is

naturally to realize efficient light emitters, modulators and

photodetectors using Si and its alloys on Si substrate by

using the existing microfabrication facilities, and to integrate

all the devices and passive lightwave circuits. In all such

attempts heterostructures formed by Si and its alloy with Ge,

Si1−xGex are the most studied material systems. The large

amount of lattice mismatch between Si and Ge gives rise

to strain and the critical layer thickness becomes a limiting

factor.

Recently some novel ideas have been put forward [5–11]
in the band structure engineering by using alloys of Si

and Ge with Sn. Among the group-IV semiconductors,

Ge is a potential candidate for an efficient light emitter.

Although Ge is an indirect-bandgap material with its L val-

leys as the lowest conduction bands, the direct Ŵ-conduction

band edge is only 134.5meV above the L-conduction band

edge at room temperature. This small energy difference

between the direct- and indirect-conduction band edges im-

plies the possibility of transforming Ge into a direct-bandgap

semiconductor. One unique property of α-Sn is that the

S-like Ŵ−
7 conduction band edge of α-Sn is situated below

the P-like Ŵ+
8 valence band edge, i.e. conduction band edge

comes below the valence band edge which can effectively be
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assumed as negative band gap. With this negative bandgap,

alloying Ge with α-Sn can effectively reduce the energy

difference between the Ŵ and L-conduction band edges

to obtain direct-bandgap GeSn alloys for optoelectronic

applications [5]. Such direct-bandgap behaviour has been

observed experimentally [12–14]. In this way, the growth of

direct bandgap GezSn1−z alloys has the potential to provide

the gain medium for optoelectronic applications. As a

result, the binary crystalline alloy GezSn1−z has received

an extensive coverage in the scientific literature. But the

ternary alloy SixGe1−x−ySny is a more thermodynamically

stable material than binary [15] and it offers a wider range

of device possibilities [16–19].
Moontragoon et al. [15] recently reported a practical

design space for a variety of heterojunction (barrier-well-
barrier) devices whose operating photon energy is in the 0.2

to 0.4 eV range. This implies that direct gap SiGeSn is

suitable for a variety of mid-infrared photonic and optoelec-

tronic applications. Previously the mid infrared QW laser

and QW(W) laser structure and performance were proposed

by [20–23] and the MQW laser structure using group IV

material proposed by Chang et al. [24]. Chang et al. [24]
has proposed a strain balanced GezSn1−z /SixGeySn1−x−y

QW structure which shows the gain at mid infrared

region. However, to exploit fully the potential of ternary

SiGeSn layers and to optimize the device performance, a

need arises to understand the fundamental optoelectronic

processes in these new materials. The study of the optical

absorption of carriers in a semiconductor is important for

the design of different optoelectronic devices. Amongst

various factors contributing to the absorption of carriers,

free carrier absorption (FCA) is an important component

in the mid-infrared range. It is well known that, in the

process of absorbing a photon, the electron must also

absorb or emit a phonon or be scattered off by other

imperfections in order to have both energy and wave

vector conserved. The dependence of the FCA coefficient

on photon frequency therefore depends strongly on the

dominant scattering mechanisms. In the present work we

address the problem of free carrier absorption loss in mid

infrared laser structure using SiGeSn alloy as proposed
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Table 1. The specifications of the hetero structures under consideration for lasing action (All transitions are referred to as Ŵ−Ŵ valley

transitions)

Corresponding Valence band Conduction

Structure Well Barrier bandgaps (eV) Strain offset (eV) band offset (eV)
(EgŴ)bto(EgŴ)w (EvŴ)bto(EvŴ)w (EvŴ)bto(EvŴ)w

A Si0.20Ge0.45Sn0.35 Si0.546Ge0.019Sn0.435 0.2 Lattice 0.12 0.37

matched

B Si0.25Ge0.40Sn0.35 Si0.555Ge0.022Sn0.423 0.3 Lattice 0.1 0.30

matched

C Si0.15Ge0.621Sn0.229 Si0.637Ge0.018Sn0.345 0.4 Lattice 0.173 0.52

matched

by Moontragoon et al. [15]. The hetero structure under

consideration [15] in this work have lattice matched layer.

So the heterostructures are strain free. There are two ways

to make such heterostructure−either by the use of a strain

relieved SiGeSn as buffer layer or to grow the first layer

on Si with the thickness greater than the critical thickness.

We have selected three groups of compositions for

SiGeSn well and barrier having the band gap of 0.2,

0.3 and 0.4 eV respectively. We calculated the reduction

in gain due to FCA loss for these structures. The

effect of spontaneous emission and Auger carrier loss are

incorporated to determine the transparency current density.

This paper has been arranged in the following manner. In

the first section of the theoretical part, we have extracted

the data of Moontragoon et al. [15] and proposed three

well-barrier-well structures, and then the gain is calculated

in the second section. The third section gives the detailed

calculation of different loss mechanisms. This follows the

results and discussions. Finally the paper ends with a

conclusion.

2. Theory

2.1. Laser Structure

This section is completely based on the work of Moon-

tragoon et al. [15]. Using empirical pseudopotential theory,

Figure 1. Band structure for the heterojunction laser for 0.2, 0.3

and 0.4 eV bandgap.

they calculated the direct (Ŵ) and indirect (L and X) band

gaps of unstrained crystalline SixGe1−x−ySny over the entire

xy composition range. They presented their results as

energy contour maps on ternary diagrams along with a

ternary plot of the predicted lattice parameters. We chose

the well and barrier material composition in such a way

that the well material has a direct gap, barrier material is

lattice matched to the well, the two materials give type I

confinement and the lowest of X or L valleys in both the

well and the barrier materials is higher than the Ŵ valley

in the well. The extracted compositions of Si and Sn for

both well and barrier and the corresponding band gaps,

conduction and valence band offsets are given in Table 1.

Fig. 1 shows the band structure for the heterojunction

laser.

2.2. Calculation of Gain

In this section we have calculated the gain of the

proposed heterostructure lasers. The barrier-well-barrier

structure has been considered as a bulk structure and effect

of quantum confinement has not been into consideration.

So, the gain of the structure can be written as,

g(ω) = α(~ω)
[

f e(Ee) − (1− f h(Eh))
]

, (1)

where

α(~ω) =
q2(2mr )

1/2

2πε0cηm2
0~

2

(~ω − Eg)
1/2

~ω
〈|p2

cv |〉, (2)

where me — effective mass for electrons, mh — effective

mass for holes, η — refractive index, ε0 — permittivity of

free space, c — velocity of light in free space, m0 — free

electron rest mass, h — plank’s constant, Eg — bandgap

energy, 〈|Pcv |
2〉 — average of the square matrix element

for transitions between Bloch states in the valance and

conduction bands. We use the expression for 〈|Pcv |
2〉 for

unpolarized light, which is

〈|P2
cv |〉 =

m2
0Eg(Eg + 1)

3me(Eg + 21/3)
. (3)

The term in the square brackets arises since the emission

of photons in proportional to f e · f h, while the absorption
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process is proportional to (1− f e)(1− f h). The difference

of these terms appear in the above equation:

Ee = Ec +
~
2k2

2m∗
e

= Ec +
m∗

r

m∗
e (~ω − Eg)

, (4)

Eh = Ev −
~
2k2

2m∗
h

= Ev −
m∗

r

m∗
h(~ω − Eg)

. (5)

The occupation of electrons and holes in equilibrium is

given by the Fermi level EF . As excess electrons and

holes are injected into the conduction and valance band

respectively, occupation is given by quasi-Fermi levels, EFn

and EFp.

2.3. Free carrier absorption

Free carrier absorption occurs when a material absorbs

a photon and a carrier is excited from a filled state

to an unoccupied state in the same band. Initially the

electron is in a state k in the conduction band it may

go to the final state k′ in the same band only when a

momentum scattering process is involved in addition to

photon absorption. We considered two scattering process:

acoustic phonon scattering and intervalley optical phonon

scattering process. The transition rate can be written as [1]

W (k) =
2π

h
6 |S+ + S−|

2
δ(E f − Ei), (6)

where

S+ =
1

~ω

[

〈k± q|Hep|k〉〈k|Hλ |k〉

− 〈k± q|Hλ|k± q〉〈k± q|Hep|k〉
]

. (7)

Where Hep is the electron-phonon interaction potential. The

optical matrix element is of the form

〈k|Hλ |k〉 =
qA0

h

∫

U∗
k exp(−ikr)(ǫp)Uk exp(ikr)dr

and in the effective mass approximation this may be written

as

〈k|Hλ |k〉 =
qA0

~
ǫλ(∇kE)

[

nλ +
1

2
±

1

2

]1/2

(8)

considering only the stimulated emission and ignoring the

spontaneous emission process. The absorption coefficient is

calculated from the relation

α f ca =
η

c
2π

~
6{|S+|

2 + |S−|
2}δ(Ek − Ek′ ∓ ~ω ∓ ~ωq).

(9)

This equation is modified by including the probability f (k)
of having an electron at state k and the probability

[1− f (k′)] for not having an electron in state k′ . Con-

sidering phonon emission and absorption processes, the

following term should be inserted after |S|2 in the above:

Iq =

(

nq +
1

2
∓

1

2

)

f (k)[1 − f (k′)]

−

(

nq +
1

2
∓

1

2

)

f (k′)[1− f (k)]. (10)

The + and − signs refer to phonon absorption and emission

processes, respectively. Under equilibrium

nλ0

(

nq +
1

2
∓

1

2

)

f (k)[1 − f (k′)]

− (nλ0 + 1)

(

nq +
1

2
∓

1

2

)

f (k′)[1− f (k)] = 0, (11)

where nλ0 is a photon number corresponding to a black

body. Using this relation we can obtain

Iq =
sinh(~ω/2kT )[ f (k) − f (k′)]

2sinh(~ωq/2kT )sinh[~(ω ± ωq)/2kT ]

= F±(ω, ωq)[ f (k) − f (k′)]. (12)

Using the above relations we can calculate the absorption

coefficient as

α f ca =
2V 2η

(2π)6c

∑

+−

∫∫

s(k, k′)[ f (k) − f (k′)]F±(ω, ωq)

× δ(Ek′ − Ek − ~ω ± ~ωq)dkdk′. (13)

Now, the effect of different scattering mechanisms can

be determined considering the scattering matrix element

for different scattering processes. The scattering matrix

elements used for our calculation are given below:

For acoustic phonon scattering

〈k′|Hac |k〉 = De

[

~

2Vρωq

]1/2

(ǫq · q)

(

nq +
1

2
±

1

2

)1/2

.

(14)

Using Eqs (3), (5), (9) and (11) in Eq. (10) and performing

the integrations, finally we get the absorption coefficient as

α f ca

∣

∣

ac
=

8

3

(

nq2

4πε0

)

√

(2/π)
√

(mekT )D2
e

~3ωcηcL

× K2

[

~ω

2kT

]

sinh

[

~ω

2kT

]

, (15)

where De is the effective deformation potential for acoustic

phonon, n is the carrier concentration, η is the refractive

index, ω is the photon frequency, cL is the elastic constant

along the principal axis of a valley and K2 is a modified

Bessel function of the second kind.
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Table 2. Values of Different Parameters [26]

Parameters Silicon(Si) Germanium [Ge] Tin[Sn]

Dielectric Constant 11.8 16 . . . . . . . . . . . . . . .

Lattice Constant 5.43 Å 5.657 6.48920

De 9.4450 eV −5.3 eV . . . . . . . . . . . . . . .

ρ 2.33 gm/c·c 5.32 gm/c·c 5.79 gm/c·c

sL 9 · 105 cm/sec 5.4 · 105 cm/sec 2.73 · 105 cm/sec

D1 = DŴL . . . . . . . . . . . . . . . . . . 4 · 108 eV/cm . . . . . . . . . . . . . . .

ω0 = ωŴL . . . . . . . . . . . . . . . . . . 6.54 · 1012 sec . . . . . . . . . . . . . . .

Augur recombination coefficient 1.4 · 10−42 m6/sec2 2 · 10−43 m6/sec . . . . . . . . . . . . . . .

Similarly the absorption coefficient for intervalley optical

phonon scattering can be written as,

αinv =
nr ne2D2

i j~
2{n(ω0)[n(ω0) + 1]}1/2

6cπ3/2(~ωv)3ω0m∗εvρm(kBT )1/2

[

2m∗

~2

]5/2

× sinh

[

~ωv

2kBT

][

(~ω+)3K3

[

~ω+

2kBT

]

+ (~ω−)3K3

[

~ω−

2kBT

]]

,

(16)

where Di j is intervalley optical phonon deformation poten-

tial, and εv is the permittivity. Here K3 is the modified

Bessel function of third kind.

All the expressions are derived considering constant

spherical energy surfaces and parabolic bands. The fun-

damental contribution to the current density from sponta-

neous emission and Auger scattering losses were included

phenomenologically to the total current density

J = Jsp + ed(CN3
I ), (17)

where C is the Auger coefficient, NI is the injected

carrier density, Jsp is the current density from spontaneous

emission phenomena has an expression given below [25],

Jsp = ed

∞
∫

0

dv
(nBv

πc

)2

G(v)

[

exp

(

hν − µeh

kBT

)

− 1

]−1

,

(18)

where, d is the active region thickness, kB is the Boltzmann

constant, and µeh is the electron-hole quasi-chemical poten-

tial energy separation taken to be transparency point in the

gain spectrum.

3. Results and Discussion

The values of different parameters are given in Table 2.

The values of different parameters are obtained for specific

structures are obtained by linear interpolation. First,

we considered unstrained SixGe1−x−ySny /SixGe1−x−ySny

(structure A) quantum well-barrier structure with band gap

of 0.2 eV (λ = 6.2µm) [shown in Fig. 1]. We calculated

the gain coefficient using eq. (1) and plotted in Fig. 2 with

different carrier concentrations. The free carrier absorption

coefficient is also calculated considering different scattering

mechanisms and shown by dotted lines in the same Figure.

The free carrier absorption increases as expected with

carrier concentration. As a result, the net gain decreases

significantly with respect to the gain calculated without

considering the effect of free carrier absorption, with the

increasing carrier concentration as shown in Fig. 2. The

similar calculations for other structures (B and C) as given

in Table 1 for different band gaps (0.3 and 0.4 eV) are

performed and the net gains are compared in Fig. 3.

The transparency current density is calculated using the

relationg. Jr =
qdNtr

τs
for structure A, is essential to start the

lasing action in structure A. The active region width is taken

as 300 Å. The transparency current density will increase

due to the loss of Auger recombination and spontaneous

recombination with increasing carrier density. The current

due to Auger recombination and spontaneous recombination

are calculated by Eqs (17) and (18) and the analytically

calculated values are shown separately in Fig. 4. The sum

of two current densities, i. e. (Jaug + Jsp) which causes

significant increase in total transparency current density is

shown in Fig. 4 by broken lines. As a result the total

Figure 2. Variation of optical gain, free carrier absorption and the

reduced gain/net gain with different carrier concentrations at 0.2 eV

band gap for hetero structure A.
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Table 3. Comparison among different structures

Structure of the model
Photon energy

Corresponding Carrier
Value

under consideration
Material used for modeling corresponding

wavelength (λ) concentration
of the peak gain

to the peak gain coefficient

Heterostructure laser [our work] Si0.25Ge0.40Sn0.35/Si0.555Ge0.022Sn0.423 0.31 eV 4 µm 4 · 1018 cc 950 cm

SiGeSn/GeSn/SiGeSn double Si0.15Ge0.75Sn0.1/Ge0.94Sn0.06/ 0.77 eV 1.6 µm 4 · 1018 cc 95 cm

heterostructure laser [27] Si0.15Ge0.75Sn0.1

Quantum well structure [24] Ge/Si0.2Ge0.7Sn0.1 0.78 eV 1.58 µm 4 · 1018 cc 2000 cm

Figure 3. Comparision of net gain for structure A, B and C. The

net gain is calculated considering different scattering mechanisms.

Figure 4. Variation of different current densities (Spontaneous re-
combination currentdensity, Auger recombination current density,

Total current density and transparency current density) with carrier

concentration at 0.2 eV band gap.

Figure 5. Comparison of total current density (with transparency

current density) for structure A, B and C.

Figure 6. Variation f gain with the injection current density.
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transparency current density (J tot) increases with increasing

carrier density as shown in Fig. 4. The comparisons of

transparency current density (J tot) for structure A, B and C

are given in Fig. 5. In Fig. 6 optical net gain is plotted

as a function of injection current density. In Table 3,

our theoretical work is compared with the results of other

researchers who worked on infrared lasers using the same

materials.

Our model shows higher gain than that of a

SiGeSn/GeSn/SiGeSn double heterostructure laser

model [27] for same concentration while quantum

well laser structure [24] shows higher value than that of

our model at a fixed carrier concentration. Our proposed

structute can be used in the near to mid infrared region

with the wavelength of 4mm.

4. Conclusion

We have studied the mid-infrared SiGeSn based structure

and estimated the effective gain of the structure. It has

been observed in our study that, due to free carrier

absorption process the gain decreases; as for example with

the structure having band gap of 0.2 eV, the gain decreases

with an amount of ∼ 210/cm for carrier concentration of

7 · 1018/cm3. Similarly, the transparency current density

cannot remain constant; rather it increases with the increase

in the injected carrier density. The similar results are ob-

tained for other structures having band gap of 0.3 and 0.4 eV.

For 0.4 eV bandgap the lowest value of transparency carrier

density is obtained. The Auger carrier losses and free-carrier

absorption are incorporated to allow the estimation the net

gain and current densities. The modified gain is useful for

calculation of carrier induced refractive index change which

plays a major role to predict the dynamical performance of

laser and the quality of output beam.

The first author (VC) acknowledges financial support

from the UGC, New Delhi, India sponsored Project Fel-

lowship under its RESMS scheme.
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