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Abstract

Group IV Ge,,Sn, alloy in bulk form and heterostructures using quantum wells (QWs)
GeSn/SiGeSn pairs show promise for laser sources in recent years. In this paper, we
present the design of transistor laser (TL) structure with a SiGeSn emitter, GeSn QW
embedded in the SiGeSn base, and a GeSn collector grown on the top of 200 nm thick
strain-relaxed GeSn buffer, compatible with current CMOS technology. The GeSn layer
is assumed to have composition of x >0.08 to achieve the direct band-gap nature. The las-
ing is examined in terms of minimum base threshold current and optimum lasing action
obtained by using Ge, g;Sn) 13/Si; 0sGey 55N 13 MQW TL structure. The performance of
proposed structure is compared with the theoretical values of already reported GeSn TL
and some of the experimental values of InGaAs TL. The proposed design reduces the las-
ing threshold base current to some extent (~ 1.133 mA) and enhances the modulation band-
width upto~75.9 GHz.

Keywords Group IV photonics - (Si)GeSn - Multi quantum wells - Threshold base current -
Modulation bandwidth

1 Introduction

Currently, the increasing demand of inter and intra-chip data throughput necessitates the

modifications in the current CMOS technology ensuring the enhancement of bandwidth
and reduction in power consumption (Miller 2000). With the electronic and photonic
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circuit integration on silicon (Si) platform, it would be possible to fulfill such require-
ments (Stange et al. 2018). Transistor laser (TLs) is an electronic device that can func-
tion as a transistor giving optical as well as electrical output simultaneously. It was first
demonstrated by Feng and co-workers in 2004 (Feng et al. 2004a). Since then, a num-
ber of research groups reported theoretical and experimental characteristics of TLs by
using different materials, especially group III-V compounds, and their metallurgy (Basu
et al. 2015a). The literature also contain a number of research articles discussing the TL
model in detail (Faraji et al. 2009; Taghavi et al. 2012; Basu et al. 2011, 2013, 2012a,
b). (Basu et al. 2011, 2013, 2012a, b) considered a more general analytical model for TL
that uses continuity equations, virtual states (VS) to account for electron transfer from
3 to 2D in QW subbands, and Fermi’s golden rule to calculate gain in QWs by using
density-of-states and level broadening for 2D QWs. According to all of these papers, the
estimated values of threshold base current, laser light output power and injected carrier
profile in the base region agreed well with the reported experimental values. The TLs
based on Group III-V semiconductors shows excellent performance but they suffered
from some limitations including maturity problems, lack of integration, high cost, toxic-
ity in nature etc.

Additionally, the indirect bandgap of Group IV semiconductors such as Si, Ge, and their
alloys make them unsuitable for optoelectronic and photonic devices. However, the situa-
tion has changed dramatically in recent years, thanks to the unstrained and strained growth,
both succeed GeSn alloy on virtual substrates. It is found that with the increase of Sn (tin)
concentration, the I" valley drops faster than the conduction band of L valley, changing
GeSn into a direct-bandgap semiconductor for Sn content of 8% and above (Chang et al.
2010; Ranjan and Das 2016). It is because of the direct nature of the bandgap that workers
are developing various photonic devices on Si platform. So, GeSn based heterophototran-
sistors (Chang et al. 2016; Basu et al. 2015b; Pandey et al. 2018), optically pumped lasers
(Wirths et al. 2015), PIN and APD photodetectors (Oheme and Al 2012; Hossain et al.
2017) have been reported so far.

This paper investigate the lasing properties of Ge g;Sn) ;5/Sij sGe 5250 13 MQW TL
with GeSn QWs in the base and SiGeSn barriers. This is due to the fact that Ge is not a
suitable barrier material to confine the carriers in the GeSn well. By contrast, using ternary
alloys such as SiGeSn, electrons and holes can be constrained simultaneously. We chose
to use a moderately high Sn concentration of 13% in the active layer (Stange et al. 2018).
In order to obtain modified expressions for terminal currents, we first select any position
of the QW in the base. Considering the subband energies and envelope functions in the
presence of strain, the density of state function in 2D, polarization-dependent momen-
tum matrix elements, Fermi distribution, and lineshape functions, the gain in the QW is
obtained. Our study comprises the investigation of MQW Ge 5;Sn) ;5/Sig sGey 505 13 TL
with different well thicknesses and at different temperatures and comparison in accordance
with already values reported by GeSn TL (Basu et al. 2019; Mukhopadhyay et al. 2018)
and some of the experimental and theoretical values of InGaAs TL (Feng et al. 2004b,
2007, 2006; Then et al. 2010) in terms of threshold base current, emitted light output
power and modulation bandwidth. Moreover, comparing our proposed structure to already
reported InGaAs TL and GeSn TL values, we find a significant reduction in threshold base
current and, at the same time, an increase in light output power at different temperatures.
Higher modulation bandwidth is also predicted.

In Sect. 2, we describe the GeSn TL structure. Section 3 provides the relevant expres-
sions and material parameters. In Sect. 4, we discuss the results along with their implica-
tions, and in Sect. 5, we draw conclusions.
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Fig. 1 Schematic of the proposed Ge g,Sn, ;4/Si osGe( 5, Snj ;3 MQW TL

Zzglfhlirl;z:i;iile structure Layer Material Thickness (nm) Doping (cm‘3) Type
Emitter SiGeSn 150 1x10" n
Barrier SiGeSn 16 and 22 1x 101 p
Well GeSn 12 and 22 - i
Collector GeSn 200 1x 10" n
Virtual-Substrate  GeSn 200 - i
Substrate Si 400 - i

2 Proposed Ge, g;Sn, 13/Sig 05G€.625n, 13 MQW TL structure

Figure 1 shows the three-terminal proposed (n-p-n) Geg g,Sn, 13/Sij o5Geq goSng 13 MQW
TL structure in layers. GeSn buffer that is fully strain-relaxed (200-nm-thick) is pre-
sumed to be grown on the silicon (001) substrate and to act as the virtual substrate
(VS) will lead to a reduction of defects and a subsequent increase in QWs. Afterwards,
a thick layer of 200 nm is deposited as the collector. On the same buffer, MQWs with
three periods of {Si,sGe(4,Sn 13/Geyg7Sn; 13} are grown. All quantum wells in a
MQW stack have the same composition and layer thickness. For MQW-A, the well and
barrier thicknesses are 22 nm/22 nm and for MQW-B they are 12 nm/16 nm, respec-
tively (Stange et al. 2018). Finally, the structure is capped by an n-type SiGeSn layer,
which acts as an emitter. There are various parameters of the structure listed in Table 1
and alloy composition and layer thickness of MQW-A, and MQW-B are included in the
Table 2.
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Table 2 Alloy composition and layer thickness of the proposed MQW-A, and MQW-B (Stange et al. 2018)

Structure name Sn content in active Thickness of active Si/Sn content in Barrier
layer/QW (%) layer/QW (nm) barrier (%) thickness
(nm)
MQW-A 13.3 22 4.8/13.0 22
MQW-B 13.5 12 5.2/13.4 16

3 Theoretical model
3.1 Terminal current
The dc carrier concentrations 6NV, and 6N, respectively, by solving the time-independent con-
tinuity equation for diffusion-dominated transport process with boundary conditions, we can
calculate the QW in the base region before and after QW. (Basu et al. 2011)

sn(zp) = 5n(z;> = N,, and &n(W,) =0, 1

and can be expressed as

+Jp(Lp/qD,)ee/»

st - JE(LD/an)e_ZQ/LD z/Ly + al

SN, = Vs —z/Lp
1 2eosh(o/Ly) 2cosh(zy/Ly) @
~Wy/L —Wy/L
5Ny = My N, 3
2sinh(22) 2sinh(~-2)
I; = BN, sinh (zl) + BN, coth (zz)cosh(zl) — AJ,, cosh (zl) 4)
I = BN, coth(z,)cosh(z,) + BN, tanh(z, )cosh(z,) S
and I = I — I-where B = AZ—:”,ZI = Z—i,zz = WBL—;ZQ and A =device’s area in total, and
d d
va = an d_Z ((SNI)Z:@ - d_Z (6N2)Z=ZZ (6)

3.2 Optical characteristics
The mathematical expression for optical gain in the QW structure is given as (Mukhopadhyay
etal. 2018)
Ir'/2z
2
[E" (0) + E, — ho|” + (I'/2)

et = G X1l [l x 7 (E,) ~ 7B
0

nm

)

where Co = —2L_p20 = M jen — [ 42 (2)g,(2)
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1
n E =

f(E) 1+ exp{[E, + E,, + (m,/m*)E, — F1/kyT}
1(E) = :

1+ expl{[E,, — (m,/my)E, — F,1/ksT}

|é\.pcv|2 is element of the momentum matrix, I' is the fixed linewidth, m, is the mass reduc-
tion, Eg as a bandgap, F and Fy, are the Quasi-Fermi levels for electrons and holes, respec-
tively,E,, and E,,, are the energy of the subbands in conduction and valence bands, respec-
tively, and E, is the transition energy, T is the temperature.

3.3 Band calculations

The unstrained bandgap of binary and ternary alloy GeSn and SiGeSn can be described
as

E,,(Ge,_,Sn,) = (1 = p)E, ,(Ge) + pE, ,(Sn) — p(1 = p)b; " (8)
E,,(Ge,_,_,SiSn,) = (1 —x = y)E, ,(Ge) + xE,,(Si)

) . 9
+YE, ,(Sn) — x(1 —x — y)bi’Ge -yl —x— y)bnGeS” - xybf,’S” ©)
where b5iC¢, bnG"S”, and b55" are the bowing parameters for the GeSn, SiGe, and SiSn alloys,
respectively, and # describes the I" and L conduction valleys (Chang et al. 2010, 2009).
In order to compare all the band energies, we first find the average valence band
energy of SiGeSn-based hetero-structures using the relation

Ey v = —0.48x + 0.69y (10)

which sets Ey, ,,, = 0 for the pure Ge. As a result of spin-orbit splitting in an alloy, the top
of the valence band (heavy and light holes) can be calculated by the following formula:

A0
By = By + (11)

Table 3. provides some calculated parameters used in the simulation of GeSn TL and
few of the parametric values of Si, Ge and Sn are given in Table 4.

Table 3 Parameters used in the

P t Symbol Val
calculation (Mukhopadhyay et al. arameter ymbo aue

2018) Spontaneous emission time 7, 15 ns
Capture time T, 0.8 ps
Escape time T, 1.2 ps
Confinement factor T 0.07

a
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Table 4 Parameter values of Si,

Ge and Sn (Mukhopadhyay et al. Parameter Si Ge Sn
2018) meg (T valley) 0.528m, 0.037m, 0.058m,
a(A°) 5.4307 5.6537 6.4892
A, (eV) 0.044 0.30 0.8
Ey (eV) 1.65 0.664 0.092
E,r (€V) 4.185 0.805 —-0413

4 Results and discussion

We initiated with a strain-relaxed GeSn layer that serves as a collector for lattice-
matched SiGeSn base layer. Now, QWs of GeSn material are inserted in the base region.
For Type-I direct bandgap QW structure, the appropriate compositions of Si, Ge, and Sn
(x, y, and p) have been chosen using Egs. (8 and 9).

We have chosen the composition of base region (barrier/well/barrier) as Si;15sGeg g,
Sn, 3/Geg g7 Sn 3 with different well widths (12 nm and 22 nm) respectively. The emitter
is chosen as SiGeSn to make sure its bandgap is higher than that of the base layer. While
selecting the compositions, it is important to ensure the direct band-gap for all layers, as
well as a reasonably high value for band-offsets at the hetero-junctions and between the
barriers and wells at the base.

4.1 Factors that affect threshold base current with QW width

The threshold current density can be calculated using this equation
Jp=dy+ |2 | et 12
th — Yir FC}’]CITS a @y ( )

where, J,, = qdN,./t,, am = (ﬁ)ln(ﬁ), 7, is the spontaneous emission lifetime

(15 ns), I, is the factor of optical confinement, # is the internal quantum efficiency (0.8), «
is the coefficient of loss, L is the length of device, R1 and R2 are the reflectivity of the mir-
rors on the front and back respectively (Fig. 2).
The lasing threshold current J,, is used to calculate the required density of virtual cur-
rent J,, and density of virtual carriers Nvs using the equation
J, Jgw N T Ny Now

Vs Vs s

—=—-—and — = — - — (13)
da da T daq Tcap Tesc

Based on the virtual current density and virtual carrier density, Egs. (2) and (3) were
used to calculate the threshold value of the base current.

In Fig. 3, we present the estimated threshold base currents when the quantum well is
positioned at different locations (39, 59, and 79 nm) in the base region for different quan-
tum well widths (12, 16, and 22 nm). When the quantum well is positioned at the center
of the base region (59 nm), the threshold base current is 1.133 mA for quantum well
width =22 nm, which is much lower than the values reported for TLs of GeSn and InGaAs.

It is obvious from the Fig. 3 that the increased threshold base current is due to the quan-
tum wells approaches to collector base junction. Current density in the virtual state (Jvs) is

@ Springer
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MQW-A MQW-B

Fig.2 MQW-A and MQW-B Structure of well width 22 and 12 nm

Fig.3 Comparison of thresh-

old base current a well —=— QW width = 22 nm (MQW - A)

width=22 nm (MQW-A) 10| e QW width = 12 nm (MQW - B)

structure b well width=12 nm

(MQW-B) structure qw position =79 nm

Ib, =4.033 mA

Ib, =1.133 mA

0.1 qw positign =39 nm

Threshold value of base current (mA)

( 20 40 60 80 100
Quantum well positions in base (nm)

amount corresponding to the difference between two slopes of carrier distribution before
and after QW. This difference decreases as the QW approaches the collector-base junc-
tion, resulting in a higher injection to maintain the same virtual state current density, again
increasing the threshold value for the base current.

There is no experimental data for GeSn TL (threshold base current) in the literature
as of yet. Therefore, comparisons have been made between the estimated threshold base
current values with the currently available theoretical values of GeSn TL and some of the
experimental values of InGaAs TL. Figure 3 clearly depicts that the smaller threshold cur-
rent value can be obtained by comparing to our earlier work based on GeSn TL (Mukho-
padhyay et al. 2018) and theoretical and experimental values of InGaAs TL (Feng et al.
2007, 2006; Then et al. 2010). It may be pointed out that, as emission wavelength, and
capture and escape time are different for GeSn based TL from the corresponding values
in InGaAs TL, no meaningful comparative analysis is, therefore, possible. Therefore, we
may only conclude that the compared direct bandgap GeSn using TL performs better and
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Table 5 Comparative study of Ge g;Sn ;4/Sij o5Ge( 4,503 MQW TL and InGaAs MQW TL performance
of threshold base current with different QW width (12, 16, 22 nm)

MQW SQwW
Proposed Structure GeSn TL GeSn TL InGaAs TL InGaAs TL
Ge( 57510 13/Sip0sGe 525Ny 13 Basuetal. 2019)  Mukhopadhyay Basu et al. Feng et al. 2004b;
MQW TL Theoretical et al. 2018) 2011) Feng et al. 2007;
Theoretical Theoretical Then et al. 2010;
Feng et al. 2006)
Experimental
Well Ib, Well  Iby, (mA) Well Iby, Well Ib,  Well Iby, (mA)
width (mA) width width (mA) width (mA) width
(nm) (nm) (nm) (nm) (nm)
12 4.037 12 4.17 12 - 12 36 12 40
16 - 16 2.65 16 32 16 215 16 22
22 1.133 22 - 22 - 22 - 22 -
Fig.4 Laser-light output power 1
of GeSn TL compared for? =— QW width = 12 nm (MQW-B)
MQW-A structure (well width QW width =22 MQW-A
22 nm) b MQW-B structure (well § q width = 22 nm ( =4) /
width=12 nm) g
)
z
&
= 6
=
&
=
© |Ib, =1.133 mA
= th
= 4
2P
=
P
3 2
QW Position =59 nm

<P

10 20 30 40 50
Base Current (mA)

ensures low threshold base current. Table 5 provides the comparative analysis between
the Ge ¢75n,, 14/51) o5Ge€( 3o 9N, 13 and InGaAs MQW TL in terms of threshold base cur-
rent with different QW widths (12, 16, 22 nm). It may be seen that the proposed GeSn
MQW TL structure is capable of providing the threshold base current of ~ 1.133mA for
QW width=22 nm and ~ 4.037mA for QW width=12 nm which is consistently decreases
from the previous report values of GeSn and InGaAs-based MQW TLs.

4.2 QW width effects on light output power characteristics (L-1 curve)
Figure 4 shows the calculated values of light output laser power for different base cur-

rent values. The QW positioned at 59 nm away from the emitter—base junction is assumed.
Once the threshold base current is reached, the light output power increases abruptly.
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The light output power (P) increases linearly as the base current changes according to
the given relation:

P=h—w[ - (14)

IB - IB
q a+am]( )

where, a,, is the mirror loss, and the electronic charge is denoted by q.

From Fig. 4, it is clear that the rate of increase of laser light output power is higher in
case of QW thickness 22 nm as compared to QW thickness 12 nm This attributes to the
lower threshold base current that is obtained in this case.

4.3 Effect of temperature on threshold base current for MQW-A and MQW-B
Structure

The estimated value of base current threshold when a quantum well is located at three dif-
ferent locations (39, 59 and 79 nm) in the base region for different quantum well width
(22 nm and 12 nm) at different temperatures is refer in Fig. 5. Quantum well threshold
current is around 1.133 mA when the quantum well is positioned at the centre of the base
region (i.e. 59 nm) for quantum well width 22 nm at a temperature 300 K. which is much
lower as compared to the low temperature 4 K. From the above fig., it is clearly seen that
the threshold base current increases as temperature approaches to lower value i.e. 4 K.

4.4 Effect of temperature on light output power for MQW-A and MQW-B Structure

From Fig. 6a and b, it is clear that the rate of increase of light output power is maximum
at temperature 300 K as compared to temperature 4 K in both the cases with QW thick-
ness 22 nm and 12 nm, respectively. This attributes to the minimum threshold base current
achieved at room temperature as compared to temperature 4 K.

T T T T | T T T T

, 3
—=—4K QW width=22nm | —=—4K QW width=12nm |
—e— 300K I

o 300K
1B, = 6.226 mA ..'
1B, = 4.033 mA \/'... 4

QW Position =59 nm

e
!

10 4

1
1

Tb, = 3.498 mA

e
1
ot

L

Threshold base current (mA)

QW Position = 59 nm
'

T T T T

T
100

0 20 40 60 80
Base width (nm)
(@)

T
120

Threshold base current (mA)

20

40 60
Base width (nm)

(b)

T
80 100

Fig. 5 Comparison of threshold base current for different temperatures 4 K and 300 K a well width=22 nm
(MQW-A) structure b well width=12 nm (MQW-B) structure
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Fig.6 Comparing laser light output for different temperatures 4 K and 300 K with a MQW-A (well width
22 nm) b MQW-B (well width=12 nm)
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Fig.7 Shows the threshold base current with the variation of temperature (0 to 300 K) for QW

width=22 nm and 12 nm

Figure 7a and b clearly shows that the threshold base current decreases with the increase
of temperature (0 to 300 K) for QW thickness 22 nm and 12 nm. Hence, we conclude that
maximum threshold current for base is obtained at low temperature, and minimum thresh-
old value of base current is obtained at room temperature (300 K).

4.5 Effect of QW thickness on injected carrier concentration in base layer

Figure 8 indicates minority carrier distribution along the base region of MQW Ge 3;Sn,, |5
1814 05Geg goSng 13 TL with different QW widths (12, 16, 22 nm). The profiles for three dif-
ferent QW widths for TLs show the same pattern as indicated in Kumar et al. (2018); how-
ever, QW width=22 nm shows a steeper slope indicating higher and more confinement
of carriers in the base region as compared to the TL with 12 nm QW width. Steeper slope
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Carrier Concentration, 10°21/m”3

QW Width =12, 16 and 22 nm

QW Width

£
=
~
I

]
=l
I
2

£ E
= =
I

40 60
Base Width, nm

100

Fig.8 Variation of current injected in the base when QW is placed at three different positions (39, 59 and
79 nm) for densities of virtual state carriers with different qw width (12,16 and 22 nm)

ensures fast disposal of minority carriers so that fewer carriers wait to recombine and that
results in a resonance-free modulation response.

Figure 9 shows the optical modulation BW of Geg;Sn ;5/Sigo5Geqg,Sng 3 MQW
TL. Now, it may be interesting to compare the optical modulation BW of the pro-
posed Ge, g7Sn) 13/S1) 05Ge( 325N 13 MQW based TL with the already existing GeSn and
InGaAs using MQW TL. Table 6. provides the comparative analysis of optical modula-
tion BW. Figure 9 clearly indicate that, the proposed Ge ¢;Sn ;5/Sij o5Geg g,Sn, 3 MQW

Fig.9 Small signal modu-
lation BW of Ge g;Sn,) |3
1Sig,05Geq 5251, 13 based MQW
TL

Modulation Response (dB)

20 ———

[ —m— Modulation Bandwidth = 75.9 GHz]

- -,

1 10
Frequency (GHz)
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Table 6 Comparison for modulation BW of Ge g;Sn, ,5/Sij o5Geg 5,51, 13 MQW TL of InGaAs and GeSn
material

Ge( 57510 13 GeSn TL InGaAs TL InGaAs TL InGaAs TL
/81 0sGey5Sng 13 (Theoretical) (Theoretical) (Theoretical) (Experimental)
(Proposed Struc- Basu et al. 2019) Kumar et al. 2018) Basu et al. 2012a)  Feng et al. 2006)
ture)

Parameter/modulation bandwidth
75.9 GHz 53 GHz 29 GHz 21 GHz 13.5 GHz

TL is capable of providing ~ 75.9GHz of modulation BW, which is much better than the
previously reported values for GeSn and InGaAs-based MQW TLs (Basu et al. 2012a,
2019; Kumar et al. 2018). This enhanced modulation response is due to the more car-
rier confinement in the direct band-gap Ge g;Sng 15/S1) 05Ge( 5,Sn 5 Structures, which
increases the switching speed of propose structure.

Figure 10 demonstrates the rate of spontaneous emission density as a result of pho-
ton energy. The TE and TM spontaneous emission rate density is obtained into the
Ge 3790 13/S1 0sGep 525N 13 TL structure as lasing action occurs in the QWs of base
region. As shown in the Fig. 10, the spontaneous emission peak is obtained around
0.8 eV photon energy which is calculated by TCAD simulation tool. Thus, the proposed
Ge,, 5750 15/Si; 05Ge 52590 ;3 TL structure is useful for mid-infrared applications such as
medical surgery, molecular spectroscopy, gas sensing etc.

Figure 11 depicts the electric potential variation from emitter to collector region
through the base region in accordance with increase of voltage of base-emitter which
is calculated by atlas software. It clearly indicates that the potential along the dis-
tance between the emitter and the collector of Gegg;Sn 15/Sij05Gen5,SN 13 MQW TL
increases as the base-emitter voltage varies from 0.4 to 1 V.

Figure 12 shows the conduction current density in accordance with increase of voltage
at base-emitter from 0.4 to 1 V. The conduction current density shows the sharp rising
curve in the well region of the Geg;Sn 4/Sij(sGey oS, 13 TL structure and increases
in accordance with increase of base-emitter voltage. This is due to the more carrier con-
finement in the well region. So, it can be concluded that more current density will be
obtained in the quantum well region of structure of the Ge 3;Sn 1551 (sGeq 5,51 13 TL
and increases in accordance with increase of voltage.

In Fig. 13, the optical intensity is shown across the base region of Gegg,Sn 3
181y 05Geg g, SNy 13 MQW TL. The maximum intensity is achieved in the middle of the base
region and tends to decrease as we move outwards. It ensures that QW regions undergo
stimulated emission and enables coherent mid-infrared emission once the base current
reaches its threshold value.

4.6 Effect of temperature on capture and escape time within the QW

Figure 14 shows the escape and capture time with the variation of QW width of GeSn TL at
different temperatures. As seen in fig., if we increase the QW width, both escape and cap-
ture time increases at low temperature (4 K) and room temperature (300 K), respectively.
However, the escape and capture time within the QWs of Gegg,Sn ;5/Sij5Ge( 5,50 13
TLs is very much less at room temperature as compared to low temperature. So, we prefer
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Fig. 10 The spontaneous emis- 14 T R T T T T T
sion rate density varies with o ] '\ o i
photon energy ~.: 124 B Spontaneous emission (TE) (well 1)
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Fig. 11 Electric potential variation with the increase of different base-emitter voltages (Vyg) (for Sn=13%,
doping of base 1 x 10'¥cm)

the Ge 37Sn,) ;5/Sij 5Gep 5250, 13 TL operation at room temperature to increase the speed
of TL.

5 Conclusion

In our study, we investigated the effect of varying quantum well thickness and temperature
on threshold base currents, terminal currents, light output power, and modulation band-
width of TLs with Ge, 3;Sn, ;5/Si( sGe( 5,51, 13 MQW in the base. Moreover, various sim-
ulated characteristics such as spontaneous emission rate density, potential variation, con-
duction current density, optical intensity etc. also have been studied using TCAD software.
Based on the results of the experiments, the laser light output power is a function of base
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Fig. 12 Conduction current density with the increase of different base-emitter voltages (Vgg) (for Sn=13%,
doping of base 1 x 10*¥cm)

current, and the width of the quantum well as well as temperature strongly affect threshold
base current. Calculated threshold base current at its lowest value ~ 1.133 mA, and higher
value of modulation BW ~ 75.9 GHz shows that the proposed structure operates with high
speed. This will give encouragement to the workers for the characterization and fabrication
of the practical device structure using group IV alloy.
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Fig. 13 A cross-sectional view of optical intensity of Ge, g;Sn,, ;5/Si sGe( g, Sn, ;3 MQW TL
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