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Abstract:-In this work we present an analysis of static response
of Ge-Sio.12Geo.73Sn0.15/Si0.11Geo.73Sn0.16  n-p-n  mid-infrared
transistor laser (TL) with strain balanced Geo.ssSno.1s single
quantum well (QW) in the base. Laser rate equation and con-
tinuity equation are used to obtain the static response. The
estimated results illustrate that design of group IV material
based TL is feasible that has a potential application in
mid-infrared optoelectronics integrated circuit.

I. INTRODUCTION

In recent years group IV materials (Si and Ge) grab the
attention of many researchers to work on low cost
mid-infrared (2-5 pm) device [1]. However, the indirect
bandgap nature of these materials prevents them to be used
as an active optoelectronic device. Recently, the experi-
mental evidence shows that GeSn alloy can be utilize as a
direct bandgap semiconductor material [2] and it is used to
design different optoelectronic devices such as lasers, de-
tectors etc. [3,4]. But, the proper design and performance
analysis of GeSn alloy based TL is still unavailable in liter-
ature. Recently, authors reported a theoretical model of
group IV TL that works in mid-infrared region (2.68 pm)
and calculated its optical parameters [5].

The analytical modeling and performance analysis of
III-V TL is done by several researchers using rate equation
and continuity equation for both minority carrier and photon
[6, 7]. Most of the modeling parameters used in these anal-
yses can be easily extracted from literature as I1I-V photon-
ics is well established. However, GeSn which is Group IV
based direct bandgap semiconductor material is recently
developed, therefore modeling parameters and experimental
reported articles on optical device (electrically pumped la-
ser) are very limited in literature. It is main bottleneck to
modeling of group IV optical devices like laser, pho-
to-detector and transistor laser. But the advantages offers by
group IV photonics [1] motivate researchers to look for ap-
propriate solution. In this paper, authors present a static
analysis for proposed GeSn/SiGeSn based TL by solving the
laser rate equation and continuity equation which includes
the effect of capture and escape lifetime in QW [6]. Static
response of TL is required to determine the threshold base
current density (Jgm) which largely influences current gain,
photon density and minority carrier density.

II. THEORITICAL ANALYSIS & RESULTS
Schematic structure of the group IV TL considered in our
analysis is shown in Fig.1. The n-type (10'° cm™) Ge mate-
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rial forms an emitter layer, the p-type (10" cm?)
Sip.12Geo.73Sn0.15 as a base and n-type Sip.11Geo.73Sn0.16 as
collector layer. Intrinsic GeogsSno.is QW is inserted in the
Sio.12Geo.73Sng.15 base which acts as barrier. In GeggsSno.is
QW, I'-conduction band is direct band gap for lasing action,
as reported in our previous work [5]. The width of QW and
barrier is 10 nm to ensure strain balanced condition [8]. The
band-structure of I' and L valley in conduction band and
heavy hole (HH), light hole (LH) valence band in well and
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Fig.1: Schematic of carrier diffusion and quantum capture in the QW
and the I'-conduction band energy in the base region.

barrier is calculated using model solid theory [8]. The cal-
culated band profile is used to find Eigen energies and cor-
responding wave functions in I" conduction band, and HH
valance band by solving Schrodinger equation with effective
mass approximation [9]. Optical gain is estimated [6] at the
band edge in the QW with the help of Fermi golden rule [10]
The material gain is obtained in mid-infrared region, and
shown in figure 2. In the calculation of gain we assume that
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Fig.2: Material Gain as a function of total injected carrier density for
different Sn concentration in well region
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Fig.3. Current gain (left axis) and output photon density (right axis) as a

function of base current density.

the amount of carrier injected in I" valley in well region is
same as injected carrier reach in I' valley of barrier. So, the
value of gain increases due to increment in JDOS which
again depends on Sn content in QW. Using laser rate equa-
tions and continuity equation with appropriate boundary
condition [6] the static carrier concentrations in the base
region before QW (JN1) and after QW (0N2) are calculated
and given below as:
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The emitter and collector current density is derived as:
2
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where Nys and Jys is virtual state carrier concentration and
current density respectively, Wg (30 nm) is base width, Lp is
diffusion length, Dy (9.3 cm?s’!) is diffusion constant, ncgo is
excess carrier concentration at the edge of collector side and
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Fig.4: Minority carrier density in the base region for different base
current density

Je and Jc is emitter and collector current densities respec-
tively. Due to non availability of recombination life time of
GeSn in literature, we choose carrier life time in QW (ts)
and base (18) as per conventional direct band gap and indi-
rect band gap material respectively. Hence, ts = 1 ns and
=100 ns [11].Values of Tesc and Tcap are depends on struc-
ture of TL and material used in base region so, it is calcu-
lated for given model [12]. The chosen values of other rele-
vant TL parameters like QW width (d), transparency (Ni)
and threshold (N) carrier density are 10 nm, 2.4x10'® cm™
and 9.7x10'® cm™ respectively. The differential optical gain
(Go), photon lifetime (t,) and optical confinement factor (I'y)
are 2.45x10"? m3s!, 2.35ps and 0.024 respectively. The
Optical confinemet is calculated using finite element method.
The model loss is (63.3 cm™!) which include effect of free
carrier obserbtion.

The variation of current gain (B) and output pho-
ton density (N,) with base current density (Jg) shown in fig-
ure 3. Above Jpn, lasing action starts and due to significant
recombination of carriers in QW, current gain starts to de-
crease sharply and output photon density starts to increase.
Here the value of current gain is very high (B=2771), it is
because of structure of TL where base width is only 30 nm.
In simulation we have neglected the effect of spontaneous
emission so the output photon density is zero till the base
current reaches to its threshold value as shown in figure. The
minority carrier density distribution before and after the QW
in the base region with different base current density (Jzm)
shown in figure 4. For uniformly spaced base current density
(AJpim=0.5 kA/cm?), the minority carrier density increases at a
constant rate with Jg. And as Jg reached to Jgm the minority
carrier density saturates with Jg because current gain de-
creases rapidly due to lasing action.

In this study threshold base current density (2.84
kA/cm?®), current gain (2771) and photon density are calcu-
lated for Group IV GeSn alloy based TL. The proposed TL
works in mid infrared region (2-3 um).The lower value of
Jsw is obtained due to QW structure and alloying of Sn in Ge
material. The performance of device can be improved by
selecting appropriate physical dimension and Sn composi-
tion in base of TL This result can be helpful for designing
the low cost group IV mid-infrared TL.

REFERENCES

[1]. R. Soref, Nat. Photonics 4, 495 (2010).

[2]. G. J. Kouvetakis, J. Menendez and A.V.G.Chizmeshya, Annual Re-
view of Materials Research., vol.36, pp.497-554, (2006).

[3]. K. G. E. Chang, S. W. Chang, and S. L. Chuang, IEEE J. Quantum
Electron. 46(12), 1813-1820 (2010).

[4]. J. Werner, et al., Appl. Phys. Lett. 98, 061108 (2011).

[5]. R. Ranjan and M. K. Das Optical and Quantum Electronics, Vol.48,
Article no. 201, March 2016

[6]. B Faraji, W Shi, D L Pulfrey and L Chrostowski, IEEE J. Sel. Top.
Quantum Electron. Vol.15 No.3 June 2009

[7]. L. Zhang, J. P. Leburton, IEEE J. Quantum Electron. 45, 359--366
(2009).

8]. C.G.V.de Walle, phys. Rev. B, vol. 39, no. 3, pp. 1871-1883, jan.1989.

9]. S. Dutta, Cambridge University Press, New York 2005.

10]. S.L Chuang, 2" ed. New York: Wiley, 2009.

11]. Y. Cai, et al., IEEE J. Sel. Quantum Electron., 45(4), 1901009,
2009.

[12]. B. Romero, J. Arias, I. Esquivias and M. Cada, Appl. Phys.
Lett. 76, 12, march 2000.

150





