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We propose the design and analysis of a group-IV material-based (Ge0.84Sn0.16/
Si0.09Ge0.8Sn0.11) multiple quantum wells (MQW) transistor laser (TL) for mid-
infrared applications. The base region incorporates Ge0.84Sn0.16/Si0.09-

Ge0.8Sn0.11 MQW structures pseudomorphically grown on silicon through
GeSn virtual substrate, compatible with CMOS platforms for cost-effective
integration of electronic and photonic circuits. With the introduction of a
certain amount of tin (a-Sn) content (Sn > 6%) into germanium (Ge), GeSn
alloy shows direct bandgap, thereby achieving the population inversion con-
dition. In addition, the use of MQW structures such as the active region en-
hances gain due to quantum–confinement effects, and better carrier
utilization over its bulk counterpart. A comparison is made between the the-
oretical finding for the proposed Ge0.84Sn0.16 MQW TL and the available
experimental and theoretical data for currently employed InGaAs-based sin-
gle quantum well (SQW) and MQW TLs. Estimated results show that a lower
threshold base current of � 2.65 mA and high modulation BW of � 53 GHz
can be achieved, which ensures the proposed GeSn-based MQW TL can be a
good alternative for III–V-based TL.

Key words: Multiple quantum well, GeSn alloy, transistor laser,
heterojunction bipolar transistor

INTRODUCTION

Transistor Lasers (TLs) have already shown
potential for use in long and short distance telecom-
munication networks for photonic integrated cir-
cuits.1–3 To date, the preferred semiconductor
materials for TLs are group III–V compounds such
as InGaAs, GaAs, AlGaAs, and InGaN. Analytical
and theoretical modeling and some experimental
work of group III–V semiconductors based TLs have
been carried out by several researchers.4–6 How-
ever, group III–V semiconductors have limitations
of lack of integration, high cost, highly toxic in
nature, and maturity problems.7

Integration of electronic circuits on the Si plat-
form has attained a remarkable level of success in
the last few decades. Electronic–photonic integra-
tion, i.e., integration of electronic circuits and
photonic circuits including lasers, detectors, modu-
lators, waveguides, and interconnect on the same Si
substrate, has been considered to be a dream project
nowadays. Unfortunately, neither Si nor its alloy
SiGe serves as a good photonic material due to the
indirect nature of the bandgap. Recently, tin (Sn)
incorporated group IV semiconductors have
attracted much attention from workers.8–10 GeSn
alloys, both strained and unstrained, are now
successfully grown on virtual substrates (VS) grown
on Si platform. Under suitable strain or with Sn
concentration in GeSn exceeding 6-8%, the alloy
shows a direct band gap.11 Another unique advan-
tage of GeSn alloy is that it possesses less noise as
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compared to III–V semiconductor compounds.12 A
number of photonic devices, such as lasers13,14 and
photodetectors: both p–i–n15,16 and HPTs17–19 have
been developed, ushering in a new era of group IV
photonics.

With the realization of a direct bandgap semicon-
ductors that can be grown on a Si platform, it is of
interest to examine the possibility of a TL that uses
group IV semiconductors alone and also to study the
performance of such TLs. In this paper, we present
a design of a Ge0.84Sn0.16/Si0.09Ge0.8Sn0.11 multiple
quantum wells (MQW) transistor laser. The incor-
poration of direct bandgap GeSn QWs in the base
leads to more carrier confinement as compared to
bulk structure due to which the gain enhances. We
first obtain analytically various characteristics of
GeSn MQW-TL, such as threshold value of base
current, laser light-output characteristics, and the
optical modulation BW. A lower value of threshold
base current and an enhanced modulation BW is
achieved simultaneously in the case of group-IV
material-based MQW TL. Secondly, we simulate the
various characteristics such as spontaneous emis-
sion spectrum for TE mode, TE and TM optical gain,
free carrier loss, potential variation, and optical
intensity using TCAD simulation tool. We compare
our present results with the corresponding values
calculated for InGaAs/GaAs MQW TLs.6 Though
GeSn and InGaAs based TLs work at different
wavelengths, the better performance predicted in
our work is likely to stimulate further theoretical
studies and to undertake growth of the structure
and study of its performance experimentally.

The layered structure and energy band diagram is
described in ‘‘Device Structure of Proposed GeSn
MQW TL’’ section. The theory with relevant expres-
sions and material parameters are discussed in
‘‘Mathematical Modeling and Methodology’’ sec-
tion. The results along with discussion are given
in ‘‘Results and Discussion’’ section, and finally,
conclusions are drawn in ‘‘Conclusion’’.

DEVICE STRUCTURE OF PROPOSED
GeSn MQW TL

Figure 1 shows the proposed 3-terminal (n–p–n)
Ge0:84Sn0:16/Si0:09Ge0:8Sn0:11 MQW TL layered
structure. A fully strain-relaxed GeSn buffer (400-
nm-thick) assumed as the virtual substrate (VS)
during fabrication on the silicon (001) substrate to
reduce the defects and for the subsequent growth of
the QWs. A thick layer of 200-nm is subsequently
deposited as the collector. Three pairs of
Ge0.84Sn0.16/Si0.09 Ge0.8Sn0.11 QWs, i.e., three
Ge0.84Sn0.16 QWs and four Si0.09Ge0.8Sn0.11 barriers
are then grown on a collector. The well and barrier
width, respectively, are set to 16 nm and 9 nm.20

Finally, the entire structure is capped by an n-type
Si0.08Ge0.78Sn0.14 layer, which acts as an emitter.

The strain field of the ith layer grown on the
Ge1�xSnx buffer layer is given as

eixx ¼ eiyy ¼ ei ¼ a0 � aið Þ=ai ð1Þ

eizz ¼ �2
C

ið Þ
12

C
ið Þ

11

ei ð2Þ

eixy ¼ eiyz ¼ eizx ¼ 0 ð3Þ

where a0 denotes the lattice constant of the buffer
layer, ai is the unstrained lattice constant of the ith
layer and Ci

12 and Ci
11 represents the elements of the

stiffness matrix of the ith layer, respectively. The
Ge0.84Sn0.16 wells have a large lattice constant as
compared to the buffer layer, including compressive
strain in the wells. On the other side, the lattice
constant of Si0.09Ge0.8Sn0.11 barriers is smaller than
the buffer layer, and it leads to tensile strain for the
barriers. Figure 2 shows the simulated energy band
diagram using TCAD–SILVACO tool.

Fig. 1. Layered structure of GeSn MQW TL. Fig. 2. Simulated energy band diagram.
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MATHEMATICAL MODELING AND
METHODOLOGY

Strained Electronic Band Structures

The linear interpolation formulae are used to
obtain the most of the physical parameters for the
Ge1�xSnx and Si1�x�yGeySnx materials, except band-
gaps, are defined as.21–23

P Ge1�xSnxð Þ ¼ 1 � xð ÞP Geð Þ þ xP Snð Þ ð4Þ

P Si1�x�yGeySnx

� �
¼ 1 � x� yð ÞP Sið Þ þ yP Geð Þ

þ xP Snð Þ ð5Þ

To obtain the bandgaps of binary or ternary alloys
or compounds, the linear interpolation technique is
not good due to the significant effect of bowing
parameters. The unstrained bandgap energy of
Ge1�xSnx and Ge-like Si1�x�yGeySnx can be calcu-
lated from the expression given by20

EC
g Ge1�xSnxð Þ ¼ 1 � xð ÞEC

g Geð Þ þ xEC
g Snð Þ

� bGeSn
C x 1 � xð Þ ð6Þ

EC
g Si1�x�yGeySnx

� �
¼ 1 � x� yð ÞEC

g Sið Þ þ yEC
g Geð Þ

þ xEC
g Snð Þ � bSiGe

C y 1 � x� yð Þ � bSiSn
C x 1 � x� yð Þ

� bGeSn
C xy

ð7Þ

where EC
g Geð Þ ¼ 0:7985 eV, EC

g Snð Þ ¼ �0:413 eV and

EC
g Sið Þ ¼ 4:185 eV are the direct bandgap energies of

Ge, Sn and Si respectively, and the bowing param-
eters are bSiGe

C ¼ 0:21 eV, bGeSn
C ¼ 1:94 eV and

bSiSn
C ¼ 13:2 eV, respectively.24

Absorption of Free-Carriers and Confinement
Factor

In electronic and photonic devices, different lay-
ers contain impurities through the doping process,
and as a result, there exist a large number of free
carriers in different layers or regions. These free
electrons and holes cause a transition from one state
(wave vector k) to another state (wave vector k¢) in
the same band by absorbing photons. The absorp-
tion of free-carriers may be significant because of
heavily doped regions and can be explained by the
Drude–Lorentz equation.25

af ¼
e3k2

4p2c3e0NC

NC

lC m�
c

� �2
þ NL

lL m�
L

� �2
þ P

lP m�
h

� �2

" #

:

ð8Þ

where NC, NL denotes the electron densities in the
conduction valleys (C and L), m�

C, m�
L indicates the

effective masses of the electron in the conduction

valleys (C and L), m�
h is the effective mass of hole in

the valence band, lL, lC are the electron mobilities
in the C and L conduction band, lh states the hole
mobility of the valence band and the free space
wavelength is given by k. The electron and hole
mobility of germanium in the L-conduction band at
room temperature is described as24

lL ¼ lL0

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NL � 10�17

p ; lp ¼
lp0

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P� 2:1 � 10�17

p

ð9Þ

where lL0 = 3900 cm2 V�1 s�1, lp0 = 1900 cm2 V�1

s�1 NL and P units is in cm�3. However, the value of
the electron mobility of germanium in the C con-
duction band is still not available in the literature.
So we can summarize that (1) the absorption of free-

carriers is directly proportional to k2, which is good
for long-haul communication networks,24,26 (2) the
absorption of free-carriers is directly proportional to
n3/2 will be significant for high doping concentra-
tion,24,27 (3) the absorption of free-carriers is

inversely proportional to the ðm�
hÞ

2 indicating that
it could be useful for small effective mass.

Optical Gain Spectra

With the calculated band structures, we can
calculate the optical gain spectra (TE and TM) in
the GeSn base and collector fully strain-relaxed
with respect to the buffer layer, taking into consid-
eration a Lorentzian function with a linewidth of
full width half maximum (FWHM), C as follows.18,19

gTE
w hxð Þ ¼ p

nrce0LQW

e

m0

� �2

1 � exp
hx� DF

kBT

� �� �

�
X

r¼L;U

X

n;m

r
1

0

dkt
2p

ktM
r;TE
nm ktð Þ

fn ktð Þ 1 � f rm ktð Þ
	 


C=2p

En ktð Þ � Er
m ktð Þ � hx

	 
2þ C=2pð Þ2

ð10Þ

gTM
w hxð Þ ¼ p

nrce0LQW

e

m0

� �2

1 � exp
hx� DF

kBT

� �� �

�
X

r¼L;U

X

n;m

r
1

0

dkt
2p

ktM
r;TM
nm ktð Þ

fn ktð Þ 1 � f rm ktð Þ
	 


C= 2pð Þ
En ktð Þ � Er

m ktð Þ � hx
	 
2þ C=2pð Þ2

ð11Þ

where nr indicates the background refractive index,
e0 is the permittivity (free space), c denotes the
speed of light (in free space), e signifies the unit
electronic charge, m0 is the free electron mass, h x
is the photon energy, C denotes the full width at half
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maximum of the Lorentzian line shape, DF ¼ FC �
FV represents the quasi-fermi level separation, LQW

is the width of the QW and fn ktð Þ indicates the
occupation number of the CB state at kt.

For quantum wells, it is required to determine the
polarization-dependent TE and TM momentum
matrix element for the transverse electric and
magnetic optical gain spectra. The average squared
momentum matrix elements (TE polarized) are
described as19

MU;TE
nm ktð Þ ¼ 3

2
fnjg 1ð Þ

m

D E2
þ 1

2
fnjg 2ð Þ

m

D E2
� �

M2
b ð12Þ

ML;TE
nm ktð Þ ¼ 3

2
fnjg 4ð Þ

m

D E2
þ 1

2
fnjg 3ð Þ

m

D E2
� �

M2
b ð13Þ

where fn is the wavefunction of the nth electron

subband in the C—conduction valley, g
1ð Þ
m and g

2ð Þ
m

(g
3ð Þ
m and g

4ð Þ
m ) represents the eigen functions of the

upper or lower block of the (‘‘J ¼ 4’’) Luttinger–
Kohn Hamiltonian, and M2

b ¼ m0

6 EP is the moment
matrix element with optical energy Ep. Similarly,
average squared momentum matrix elements (TM
polarized) can be calculated.

Modal Gain, Threshold Lasing Condition
and Confinement Factor

The two most important basic parameters, modal
gain and threshold lasing modal gain, describe the
laser performance characteristics. Modal gain
defines the optical gain for the modes (guided) in a
Fabry–Perot laser cavity, while the threshold modal
gain signifies the required modal gain to overcome
the losses (radiation + background) for coherent
light emission to take place. In addition, with the
use of optical confinement factor, it is possible to
convert material gain to the modal gain because
different modes have a capability to experience a
different amount of optical gain. The general equa-
tion of the modal gain Gmodal for a multiple quan-
tum-wells (MQW) laser with Nw wells is described
as.24

Gmod ¼ NwC
TE
w gTE

w hxð Þ þNwC
TM
w gTM

w hxð Þ ð14Þ

where CTE
w and CTM

w , respectively, denote the optical
confinement factors (TE and TM) per well of guided
modes, and gTE

w and gTM
w , respectively, represent the

material gain (TE and TM) per well. The optical
confinement factors (TE and TM) per well can be
expressed as

CTE
w ¼

nw

2g0

RR
w Exj j2þ Ey

�� ��2
� 

dydz

1
2 r

1
�1 r

1
�1 Re E�H�½ � � x̂dydz

ð15Þ

CTM
w ¼

nw

2g0

RR
w Ezj j2
� 

dydz

1
2 r

1
�1 r

1
�1 Re E�H�½ � � x̂dydz

ð16Þ

where nw represents the refractive index and g0 ¼ffiffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p
denotes the intrinsic impedance.

At the threshold lasing condition, the required
modal gain for a resonant laser cavity of length L is
given by

Gth ¼ a nð Þ þ 1

2L
ln

1

R1R2
ð17Þ

Here, R1 and R2 indicate the reflectivity of the
mirror. Once the lasing condition satisfies, modal
gain reaches the threshold modal gain.

To simulate GeSn-SiGeSn MQW TL, the commer-
cially available TCAD-Silvaco software,28 from Sil-
vaco Inc, was used. Specifically, device simulation
provides a platform for better physics insights, cut
down the cost of the finalized physical device,
realistic predictive performance, and faster devel-
opment time of device structure. The simulation
program solves the current density, Poisson, and
continuity equations by using a standard procedure
for materials, including the Auger, and Shockley–
Read–Hall recombination mechanism, and hetero-
junction model. Table I indicates different parame-
ters used in the device simulation of the proposed
structure. For physical device modeling of the
MQW-TL, several physical models were imple-
mented to model the device characteristics accu-
rately. The drift–diffusion model with Fermi–Dirac
is used. This is a statistical approach to describe 2D
carrier transport. For carrier generation and recom-
bination, it utilized the different models such as
Auger (AUGER), Shockley–Read–Hall (SRH), con-
centration-dependent SRH (CONSRH), and OPTR.
We use the SPONT model for optical recombination
in the well and barrier regions instead of the default
optical recombination model (OPTR). By enabling
FLDMOB statement, the electric-field-dependent
mobility model has been used in our simulation.
We use the Newton method to solve a fully coupled
system of drift–diffusion and laser rate equations.29

RESULTS AND DISCUSSION

We have achieved various characteristics of pro-
posed Ge0.84Sn0.16 MQW TL at 300 K by using
parameter values mentioned in Table I.20 The cal-
culated values of various material parameters for
x = 16%, for base doping 1 � 1018cm�3, for B–E
voltage (VBE ¼ 0:6 to 1 VÞ are listed in Table II
using linear interpolation formulae and some stan-
dard analytical equations.24 The calculated laser
characteristics are given in Table III, using the
values given in Ref. 28. In this present work, most of
the characteristics of the proposed GeSn MQW-TL
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device structure are obtained through simulation
using SILVACO tool, and some of the characteris-
tics were obtained analytically through MATLAB.
The optimum threshold value of base current,
optical confinement of carriers, and laser-light
power output are computed for three InGaAs and
GeSn QWs placed at a position of 39 nm, 59 nm, and
79 nm from the E–B junction. The terminal cur-
rents are obtained from the continuity equation
solution.30 The virtual state (VS) is assumed as a
path for the movement of injected charge carriers
from bulk to nanostructures. Small signal modula-
tion BW is estimated by using Statz-De Mars laser
rate equations.31–33

The base threshold current is the minimum base
current required for lasing action. First, the emis-
sion will be incoherent before the threshold, but
after the threshold, the light emission will be
coherent and will cause lasing action. So lasing to
occur early base threshold current should be low as
much as possible. If the base current is not able to
produce light emission, the collector–base junction,
which is reverse biased, will extract the carriers.
This increases the switching speed of the transistor
laser as compared to the diode laser. Threshold base
current density is expressed with the basic transis-
tor equation.

JBth ¼ JE � JC ð18Þ

where JE represents the emitter current density, JC

denotes the collector current density and threshold
base current density is denoted by JBth.

In Fig. 3 the threshold value of base current is
estimated for a GeSn and InGaAs based multiple
quantum well TL structures positioned at 39 nm,
59 nm and 79 nm respectively. A comparison is
made between InGaAs and GeSn based TL for
different quantum well width, i.e., tqw = 10 nm,
12 nm and 16 nm respectively. It appears from
Fig. 3 that the threshold base current is smaller for
QW that is nearer to emitter–base (EB) junction. As
QW position reaches towards the BC junction, the
base threshold current shows a sharp rise. This
nature for the single quantum well (SQW) has
already been obtained in Ref. 4. For quantum well
width tqw = 16 nm, the value of 21.5 mA for thresh-
old value of base current for QW positioned at
59 nm has been in good agreement with the exper-
imental value of 22 mA. The base threshold current
value of 7.06 mA and 2.65 mA, respectively, for
InGaAs TL and GeSn TL with QW placed at 59 nm.
As evident from Fig. 3c, the minimum threshold
value of base current is obtained for GeSn TL as
compared to InGaAs TL for quantum well width =
16 nm. GeSn based TL shows a lower value of

threshold base current as compared to the InGaAs
based TL.

The calculated threshold base currents are com-
pared with the corresponding experimental and
some of the theoretical values of currently employed

Table I. Parameters of various layers of the structure

Layer Material Thickness (nm) Doping (cm23) Dopant Type

Emitter SiGeSn 150 1 9 1019 Phosphorus n
Barrier SiGeSn 9 1 9 1018 Boron p
Well GeSn 16 – – i
Collector SiGeSn 200 1 9 1017 Phosphorus n
Virtual-substrate GeSn 400 – – i
Substrate Si 400 – – i

Table II. Material parameters

Parameters Value

Energy band gap ‘‘Eg’’ 0.3439 eV(GeSn),
0.64685 eV (SiGeSn)

Electron mobility ‘‘ln’’ 4500 (cm2/Vs)
Hole mobility ‘‘lp’’ 1900 (cm2/Vs)
Effective DOS in conduction

band ‘‘Nc 300’’
1:04 � 1019 (cm�3)

Effective DOS in valence
band ‘‘Nv 300’’

6:0 � 1018 (cm�3)

Carrier lifetime ‘‘sn’’ and ‘‘sp’’ 1:0 � 10�3 (s)
Radiative recombination

coefficient ‘‘Bcopt’’
6:41 � 10�14 (cm3/s)

Table III. Laser parameters

Laser parameters Value

Photon energy (eV) 0.49
Neff (effective refractive index) 4.5
RR (reflection from the front mirror) (%) 32
RF (reflection from the rear mirror) (%) 32
Cavity length (lm) 100
Gainmod (modal gain for

multiband k.p. model)
5

Maxch (maximum change
in photon densities) (cm�1)

2.5
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InGaAs-based single QW and MQW TL for
three different quantum well widths. As shown in
Table IV minimum base threshold current is
obtained for the proposed GeSn-based TL for quan-
tum well width = 16 nm as compared to InGaAs-

based TL. This is attributed to the carrier confine-
ment and GeSn MQW inserted in the base.

Figure 4 shows the estimated values of light
output power with an increasing base current for
MQW-TL for two different materials InGaAs and

Fig. 3. Comparison of threshold base current of InGaAs and GeSn TL for different quantum well widths (a) tqw = 10 nm, (b) tqw = 12 nm, (c)
tqw = 16 nm.

Table IV. Comparative study of the InGaAs and GeSn TL for threshold base current Ibth for quantum well
width tqw = 10 nm, 12 nm and 16 nm

Multiple quantum well Single quantum well

GeSn TL (proposed
structure)

InGaAs TL
(theoretical)6

InGaAs TL
(theoretical)4,28

InGaAs TL
(experimental)3,34–36

tqw (nm) Ibth (mA) tqw (nm) Ibth (mA) tqw (nm) Ibth (mA) tqw (nm) Ibth (mA)

10 7.07 – – – – – –
12 4.17 – – 12 3.6 12 40
16 2.65 16 7.06 16 21.5 16 22
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GeSn at QW position 59 nm with different quantum
well width (tqw = 10 nm, 12 nm, and 16 nm, respec-
tively). As shown in Fig. 4, light emission occurs
once the base current exceeds the threshold value.
It shows the linear relation with the base current.
Lesser the value of base threshold current density
will cause early emission of coherent light. The
minimum threshold base current is achieved for
GeSn TL, and at the same time maximum light
output power is obtained in this case for quantum
well width tqw = 16 nm, as shown in Fig. 4c.

The light output power P shows linear relation
with base current, above a threshold current, and
the relation is given by,6,34

P ¼ �hx=qð Þ am=aþ am½ � Ib � Ibth½ � ð19Þ

where q denotes the unit electronic charge, am

signifies the mirror loss and, �h is the Planck’s
constant.

Figure 5 compares the small signal modulation
response of InGaAs and GeSn TL. The resonance
frequency and consequently the modulation BW
increases substantially for GeSn material based TL
as compared to InGaAs based TL. Modulation
response of a TL is given by the ratio of optical
output at the base to the electrical input current
for the operating range of frequency. The Statz De
mars laser rate equation performs the AC and DC
analysis to obtain the optical modulation band-
width. Modulation response helps in calculation of
the modulation bandwidth, which also indicates
the switching speed. For higher modulation band-
width, the switching speed of the device will be
higher.37

Modulation response is given by

Hm -ð Þ ¼ S xð Þ
J xð Þ ð20Þ

Fig. 4. Comparison of light output power a function of base current for InGaAs and GeSn based TL (QW position = 59 nm) (a) tqw = 10 nm, (b)
tqw = 12 nm, (c) tqw = 16 nm.
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where S xð Þ indicates light output and J xð Þ indi-
cates input current signal and Hm -ð Þ indicates the
modulation response of the transistor laser. It is
now of interest to make a comparison of modulation
bandwidth for the proposed GeSn TL and InGaAs-
based TL. Table V gives the comparative data of
modulation bandwidth for the quantum well width
of 16 nm. The proposed GeSn TL is able to provide
modulation bandwidth of � 53 GHz, which is higher
than the InGaAs-based TL. This can be explained
on the basis of a threshold base current. As shown in
Table V, the minimum threshold base current has
been obtained for the proposed GeSn-based TL.
Note that the theoretical results cannot be com-
pared with experimental results of GeSn TL as no
experimental data has yet been available in the
literature for GeSn TL.

Assuming the parameters given in Table I, we
calculated the base current (IB) and collector cur-
rent (IC) with the variation of base–emitter voltage
(VBE), the TonyPlots of which are illustrated in
Fig. 6a. As this work focuses on low bias voltages,
VBE is increased up to 1 V, and fixed values of the
collector-emitter voltage (VCE = 2 V) are considered.
The TonyPlot shows that the base current mono-
tonically increases, while the collector current
increases sharply from VBE = 0.4 V. This sudden
increase in collector current is due to the onset of

lasing action from that point. Figure 6b depicts the
well-confinement factor. As the base–emitter volt-
age (VBE) approaches 0.4 V, the confinement of
carriers takes place in the wells for lasing action.
Figure 6c depicts the photon density at base–emit-
ter voltage 0.4 V. It is clearly shown that there is a
sharp rise in photon density as the stimulated
emission takes place at base voltage VBE = 0.4 V.

Figure 7 shows the electric potential variation
across the distance from the emitter to the collector
for different base–emitter voltage. It is evident that
the electric potential through the depth (distance
from the emitter to collector) of GeSn based TL
increases with increasing base–emitter voltage from
0.6 V to 1.05 V.

Figure 8 shows the free carrier loss across the
different layers of MQW TL at a different base–
emitter voltage (VBE). It is clearly revealed that the
maximum free carrier loss occurs in the emitter
region and decreases through the depth of the GeSn
TL structure (distance from the emitter to collector)
as the base–emitter voltage increases. In actual
device structures, different regions or layers doped
with impurities and consequently, there exist a
large number of free carriers in different regions.
These free electrons and holes make a transition
from one state to another state in the same band by
absorbing photons. The free-carrier loss may be
significant because of heavily doped regions and can
be explained by Drude–Lorentz equation.24

Figure 9 indicates the TE spontaneous emission
rate density with the variation of photon energy. TE
and TM optical gain and the spontaneous emission
spectrum are calculated in the active region of TL
using the bound state energies that are fully
coupled to the electrostatic potential. From Fig. 9,
it is evident that the spontaneous emission spec-
trum is estimated above threshold as a function of
photon energy. The fast-increasing TE spontaneous
emission spectrum is obtained as the TE gain
reaches the lasing threshold condition. The sponta-
neous emission spectrum is peaked around 0.59 eV
(emission wavelength = 2.883 lm). Hence,
Ge0.84Sn0.16 MQW TL is important for present-day
mid-infrared applications.

It is now interesting to investigate TE and TM
optical gain spectra with the variation of photon
energy. TE and TM optical gain spectra obtained inFig. 5. Small-signal modulation response for InGaAs and GeSn TL.

Table V. Comparative study of the InGaAs and GeSn TL for modulation bandwidth

Multiple quantum well Single quantum well

GeSn TL BW (proposed
structure)

InGaAs TL BW
(theoretical)30

InGaAs TL BW
(theoretical)31

InGaAs TL BW
(experimental)36

tqw (nm) Ibth/BW tqw (nm) Ibth/BW tqw (nm) Ibth/BW tqw (nm) Ibth/BW

16 2.65 mA 16 7.08 mA 16 21.5 mA 16 23 mA
52.29 GHz 29 GHz 21 GHz 13.5 GHz
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Fig. 6. (a) illustrates base current and collector current with the variation of applied base–emitter voltage for (GeSn/SiGeSn) multiple quantum
well (MQW) TL. (b) Confinement factor across the wells at base–emitter voltage = 0.4 V (VC = 2 V, Sn = 16%, base doping concentration of
1 � 1018 cm�3). (c) Photon density at base–emitter voltage = 0.4 V (VC = 2 V, Sn = 16%, base doping concentration of 1 � 1018 cm�3).

Fig. 7. Electric potential variation at different base–emitter voltages
(VBE) (for VC = 2 V, Sn = 16%, base doping concentration of
1 � 1018 cm�3).

Fig. 8. Free carrier loss at different base–emitter voltages (VBE) (for
VC = 2 V, Sn = 16%, doping concentration (base) of 1 � 1018 cm�3).
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the QW (active region) of the GeSn TL structure is
shown in Fig. 10. Since the heavy hole (HH1)
transition has a dominant momentum matrix ele-
ment (TE), the TE optical gain is significantly larger
in contrast to the TM optical gain in this MQW TL.
In addition, due to the lighter effective mass of
heavy hole, there is a sudden rise in TE gain
reaching the lasing threshold condition. Also, with
the introduction of compressive strain in the GeSn
wells, the top valence band behave as a heavy hole
(HH) band, giving dominant TE gain in this TL. The
peak of the TE optical gain spectra is around
0.63 eV, corresponding to an emission wavelength
of 2.883 lm. Thus, results ensure that GeSn based
TL is suitable for a wide range of applications in the
mid-infrared region.

Figure 11a illustrates the optical intensity across
the base region of multiple quantum well TL. The
maximum value of optical intensity is achieved in
the middle of the base region and starts decreasing
as we move outwards from the middle portion of the
base region. It ensures that stimulated emission
takes place in the QW regions and enables coherent
emission of light for mid-infrared range once the
base current reaches its threshold value. Figure 11b
shows the plot at different base–emitter voltages
(VBE) (for VC = 2 V, Sn = 16%, base doping concen-
tration of (1 � 1018 cm�3). As vertical cutline is
applied through the base region of GeSn TL struc-
ture, it is now interesting to show that how the
optical intensity increases in the active region of
GeSn based TL as we increase the base–emitter
voltage from 0.6 V to 1.05 V.

Figure 12 shows the radiative recombination rate
(RRad) at different base–emitter voltages (VBE) (for
VC = 2 V, Sn = 16%, base doping concentration of
1 � 1018 cm�3). Carriers escaping from the emitter
terminal have to travel the barrier and recombina-
tion takes place. This recombination leads to non-
radiative recombination resulting in spontaneous

Fig. 9. Spontaneous emission with the variation of photon energy
(for VC = 2 V, Sn = 16%, doping concentration (base) of
1 � 1018 cm�3).

Fig. 10. Gain as a function of photon energy (for VC = 2 V,
Sn = 16%, doping concentration (base) of 1 � 1018 cm�3).

Fig. 11. (a) Cross-sectional view of the optical intensity and (b) its cutline plot at different base–emitter voltages (VBE) (for VC = 2 V, Sn = 16%,
doping concentration (base) of 1 � 1018 cm�3).
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operation, so this recombination must be reduced.
Carriers confined in QWs will only lead to the lasing
operation. Therefore, carriers should travel less in
the barrier and, furthermore, they should remain in
quantum wells. From Fig. 12, it is clearly seen that
the carriers trapped in quantum wells contribute to
the radiative recombination process and ensure the
lasing operation for mid-infrared applications.
Remaining carriers go to the collector region, which
leads to electrical output. In addition, an increase in
the base–emitter voltage of the GeSn TL owing to
more carrier recombination in the quantum well
regions and contributing to coherent light emission.

CONCLUSION

In this work, we have studied, both analytically
and using simulation, the performance of GeSn-
based MQW TL. We have estimated the terminal
currents, threshold base current, light output
power, and modulation BW of a TL having GeSn/
SiGeSn MQW in the base. We have also studied the
effect of varying quantum well width on the thresh-
old base current. In addition, various simulated
characteristics such as potential variation, free
carrier loss, confinement factor, spontaneous emis-
sion rate density, and radiative recombination rate
have also been studied. The results show that light
output power is strongly dependent on the base
current, and the width of the quantum well signif-
icantly influences the threshold base current. The
estimated results show that the lower value of
threshold base current � 2.65 mA and the modula-
tion BW of � 53 GHz have been predicted. Having
the CMOS compatibility, high modulation band-
width, and lower threshold base current, we con-
clude that the proposed GeSn-based TL can be used
as high-performance laser for a wide range of
applications at a mid-infrared wavelength of
2.883 lm such as gas-sensing, chemical process
monitoring, and molecular spectroscopy.
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