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Abstract

In this research several main parameters/factors that effect on each of
structures of semi-conductor lasers have been investigated. This investigation
depends mainly on two procedures : (1) A classification for these parameters
including each of threshold current density, injecting threshold carrier density,
absolute threshold current density and their relations with each of number of
wells and cavity length.(2) A simulation process for the previous parameters
with variable values of number of wells and cavity length. Non ideal
contribution to the total output current like Auger recombination, Interface
recombination and Leakage recombination have also been estimated through the
simulation process. In other words, this research is devoted to specify the
optimum performance of multi-quantum well structure of semi-conductor laser.

The calculations were performed for a representative separate confinement
(MQW) laser structure in GaAs/AlGaAs system of: 7.5nm as a QW size, 250
nm as a thickness of the waveguide region and 8nm as a barrier size.

I. Introduction

Single Quantum Well (SQW) and Multiple Quantum Well (MQW) laser
structures, are promising candidates for use in high speed integrated optics and
optical communications field because of their significant superiority in
performance over conventional double hetero-structures (DH) [1]. Quantum
Well (QW) lasers posses [1, 2]: (1) the high potential of lower threshold current
density with lower temperature sensitivity. (2) Higher differential quantum
efficiency. (3) Improved coherency with reduced lasing line-width (i.e., small
line-width enhancement factor because of the specific refractive index inside
(QW) structure). (4) Superior mode stability. (5) Larger modulation band-width
and reduced chirping during modulation process. As a matter of fact, the
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efficiency of (QW) laser structures can be improved by introducing a number of
parameters that can determine the optimum design of this type of laser
structures and the most important of these parameters are the number of the
quantum well (vow) and the cavity length (L), which can be affected by the
values of threshold current density and carrier injection levels as will be
discussed in this research [3].

I1. Theory and Analysis

The parameters that effect on number of wells and cavity length values in
symmetric multiple quantum well (MQW) lasers are ; threshold current density
(Jw), injecting threshold carrier density (Ng) and absolute threshold current
density (In). It should be mentioned that our numerical calculations were
performed for a representative separate confinement MQW laser structure in
(GaAs/AlGaAs) system with specific waveguide parameters as shown in Fig.
(1) [4].

The total threshold current density can be obtained by adding all current
contributions as shown in Eq. (1) [5,6]:
R L N (1)
Where:
<. : 1s the radiative threshold current density.
: 1s the interface threshold current density.
<. 1s Auger threshold current density.
:1s leakage threshold current density.

The effects of parameters (Js, Nu &lIw) will be classified according to three

classifications as will be discussed below.
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Figure (1) Representative Structure of GaAs/ALGaAs of MQW Laser.

A. The relationship between threshold current density (J«), threshold carrier
density (Na) & number of the QW (vow):
The radiative QW component of the current in MQW laser is calculated from

the integral over the spontaneous emission spectrum of the QW5 [5]:
Eg
=,y Lye [ Ry (E)dE

Eg,lh

J

r,th

Lz is the size of well and the integration is taken over the transitions involving
QW states only, with the lower cutoff at the effective band-gap (En) of the QW
and the upper cutoff at the band-gap (E,,) of the barrier. While Rgp represents
the spontaneous emission and it can be calculated from the following equation:
Rop(E) = 1o ()M, Y oo s BEOLSc= f) ey oo (3)

Where:

I, 1s the spontaneous emission prefactor.

M, : 1s the transition matrix element.

Prin: 18 the density of the energy states.

The spontaneous emission prefactor (1,) is given by:

ro(E) :ezngE/7m1gi'i203 € e, (3)

Here, (n,) is the group index of the Q W material. It should be noted that the
form of Rsp (E) 1s largely determined by the density of states function (p., ) and
Fermi-Dirac function (f, , f.).
The interface recombination threshold current density (Jss) and by assuming

identical interfaces in all of the structure, it could be simply given by [6] :

s =204 €N,V

Vs is the interface recombination velocity while the Auger threshold current
density (Jam) is given by [6,7]:

Taan T V0w Lz€CuNy (%)
Ca 1s Auger coefficient but the Leakage recombination threshold current density
(Jim) 1s given by [7]:

T Z2A N Ty (6)
N is leakage carrier concentration at the barrier material and 15 is the life-time

of the electron in the barrier. Leakage carrier concentration (N,) can be given
by:
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N, =N,,exp[f. —AE.)/K,T]
Ncp 1s the regular effective density of states in (I') conduction band of the
barrier, i.e.( N, =[m.,K,T/277°1'*) where m., is the effective mass of the
electron in the barrier [6,7].

B. The relationship between threshold current density (Jw.), threshold
carrier density (Ng) and cavity length (L):

The threshold gain (gs) is obtained from the local mode losses via the balance
equation [8]:
G, =lg, =[a,+In(/R)/L] . . ... ..., (8)
Here, (G) is expressed in terms of the local gain coefficient (g ) and gain
confinement factor (I'). The mode loss is modeled by a combination of mirror
loss om (i.e. o= In (1/R) /L), intrinsic loss (a;), and R is the reflectivity
parameter that is defined by the two mirrors reflectivity R & R, (R =/R,R, ).By
substitution, the value of the threshold mode gain can be given by [8]:
Gth: (0 i el 0 PN (9)

A good approximation for a separate confinement MQW laser, is a linear
relationship between I' and vow , which for our representative structure of Fig(1)
is with Lz=7.5nm. and d,=250nm. and reads [4]:

I =0.02300W «oveereineiniiei e, (10)

Therefore, the relationship between (Ju) , (Nw) and cavity length (L) can be

obtained by using Egs. (1),(8),(9) and (10).

C. The effects of absolute threshold current (I,) on optimum number of
wells (vow) and cavity length (L):

Besides injected carrier density N and threshold current density Ju, absolute
threshold current density Iy is also an important operational parameter of
semiconductor laser. For convenience, I has been normalized to 1pm of cavity
width, which tends to decrease slightly toward smaller L (larger vow). These
minima are largely determined by the reflectivity parameter (R) through the
relation [9]:

I =1,G,L=1,[In(1/R)+a,L]
The quantity I, is essentially a function of the QW dimensions only, 1,=J, /G,
with G, =g, " / vow where J, and g, are saturation parameters [9].

Therefore, the optimum number of QW can be obtained from:

(VW)™ =Int (Gih / Go) wevvneerineieiiaeieeeeeeeaea (12)

And the optimum cavity length at the minima I can be obtained from [9]:
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II1. Results and Discussions

By using Egs. (1),(8), (9) and (10) and table (1)and (2) and as show in Figs.(2)
and (3), the maximum number of QWs that can be accommodated with the
chosen waveguide parameters is 16. One observes the expected general trend of
increasing Ny, with decreasing L and/or vow. as a consequence of the QW gain
saturation. The series of Ji, curves for constant L exhibit minimum near Ny, = 3.5
x 10" cm”. Below Ny about 2.5x10"cm”, Jy starts to increase rapidly
approaching a vertical asymptote that corresponds to the transparency carrier
density of N, =1.8 x 10" cm™. Also it should be mentioned that the interface
recombination would become relatively more severe at these lower Ny, values.
So to keep Ny, below about 3 x 10" ¢m™ (as a candidate operation range), one
needs at least 16 QWs for L=30 ym, 8 QWs for L = 60 um, 4 QWs for L
=125um, and 2 QWs for L=250 pum. For longer cavities the Js minimum
disappears. Obviously, less is to be gained by increasing vow when the laser
cavity is longer.
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Figure (3) Relationship Between Threshold Current Density and Threshold
Carrier Density with Value of Cavity Length.
Table (1)[4]

Densities of States and Fermi-Dirac Probability Function for Conduction and
Valence Bands and Nc and N v Expressions

Parameter Expression
Fermi-Dirac probability function for —Eey
— KT
conduction band Je(Ee) = N_
C
Fermi-Dirac probability function for P %)
valence band S (Ey)= N_e

Vv

Density of State for conduction band 2
Yy u p(E) = 47( }’Zc)yzEl/z

Density of State for valence band ( 2y ) Py, (E)dE
P Z_[ E- EV
i=l,h + e KT
N ¢ 27am KT
C 2( C2 )3/2
h
N 27KT
14 2( h2 )3/2 3/2 +m222

The alternate representation of I, with cavity length L as a variable parameter
is presented in Fig.(4) ,which was chosen for demonstrating the influence of
interface recombination, Auger recombination, and carrier leakage respectively.
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In this figure, a SQW, 3-QWs, and 6-QW5 laser are compared with each other ,
which was determined in order to analyze the influence of these nonradiative
and leakage mechanisms.

Fig.(4) shows a striking increase of Iy, towards short cavity length, which is a
direct consequence of the gain saturation in the QWs at high injection levels.
With increasing QW number, the shifts will increase towards smaller L values.
The position of the anomalous increasing might be affected by Auger
recombination, leakage carrier, but only marginally by interface recombination.

Table(2)[4]

Some Parameters Values of GaAs/AlGaAs Multiquantum Well Laser

Parameter Symbol Value
Operating wave length A 1.3pum
Group velocity c/pg 3x10%/5
Group refractive index He 5
Interface recombination group velocity Vs 100cm/s
Effective mass of electron /Rest mass of m 0.35
electron —<
m
Effective mass of electron /Rest mass of m 0.11
C.b
electron
m
lifetime in the barrier T Ins
b
Waveguide region of thickness d 250nm
g
Linear current density saturation Jo 220A/cm?
parameter
Linear gain saturation parameter 2o 1250cm™
Intrinsic loss o Sem’
Reflectivity R 0.3
Auger coefficient Ca 5%10*cm®s
Matrix element/Rest mass of electron M 2 19.7+5.6y
[M,|
m, x=0.47y for
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In,«GaAs,Pyy
Effective mass of heavy hole/Rest mass m 0.62+0.05x
of electron hh
m
Effective mass of light hole/Rest mass of m 0.11+0.03x
electron th
m
energy gap of light hole band Egni 0.94ev
energy gap of barrier E.p 1.2ev
Band offset AE(eV)=0.34(1-x)+0.371x
Quantum well size L, 7.5nm
4 ! T T T T T T T T
T T S RGEREeTTT SEEELREEN .
- 3 e e e ettt et e —
=
3
E 2.5 i e B e e e e e e bbbl bbb -1
=
I=
@ P2 - 7]
= : : .
> H H H
) H H :
o ! ! :
75 5 T S S T
(%] H H H
o : : :
< i i i
e R T S . s S :
ot 2 i 2 :
= . : : V.,=1
I L'L : Il Lth : Qw
] e e s S V=3
¢ : ¢ : : $ : : : Qw
. V.., =6
i i i i i i i Qw

0
0 100 200 300 400 500 600 700 800 900 1000
Cavity length L(Km)

Figure (4) Relationship between Threshold Current and Cavity Length with V.
Different Values of Number of Wells.

Conclusions

From the previous results, it can be concluded that our representative system
of GaAs/AlGaAs has a dominant effect at longer cavity lengths, including the

8
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flat threshold current minimum, where the contributions of the non-ideal non-
radiative transitions become small.

The system has determined the maximum number of the QW5 that can be
accommodated with the chosen waveguide parameters to be 16, and the
maximum cavity length to be in the range of (250um).Higher cavity length
values might cause Ji, disappearing.

The intermediate range of Ny, between (2.5-3) 10" /cm® , can be considered as
optimal for all practical purposes. So for operation in this favorable injection
regime of Ny , one can choose either long cavities or large number of wells
(QWs) in order to avoid carrier losses, which demonstrates the preference of
MQW over SQW laser structure.

In Fig.(4), there is an anomalous increasing of Iy with increasing vow and
towards short cavity length L.This anomalous region has been estimated to be
caused essentially by Auger recombination and carrier leakage. Finally, and as
shown in Fig.(4) , the optimum cavity length at minimum Iy, can be specified.

References

[1] D. Wilt and A. Yariv, “A self-consistent static model of the double-
heterostructure laser,” IEEE Journal of Quantum Electronics, vol, QE-17,
pp. 1941-1951, 1999.

[2] N. Tansu, J.-Y. Yeh, and L. J. Mawst, “Extremely low threshold-current-

density InGaAs quantum-well lasers with emission wavelength of 1215-
1233 nm”, Appl. Phys. Lett., vol. 82, no. 23, pp. 4038-4040, 2003.
[3] S. Shirakata, M. Kondow, and T. Kitatani, “Temperature-dependent

photoluminescence of high-quality GaInNAs single quantum wells”, Appl.
Phys. Lett., vol. 80, no. 12, pp. 2087-2089, 2002.

[4] A. Partovi, A. M. Glass, T. H. Chiu, T. H. Liu, “High-speed joint-transform
optical image correlator using GaAs/AlGaAs semi-insulating multiple
quantum wells and diode lasers,” Optics Letters, 18(11), pp. 906-908, 2000.

[5] VK. Kononenko, I.S. Manak, and S.V.Nalivko, “characteristics of
symmetric multiple- quantum well heterostructures with broad-band
controllable radiation” ,Proc. VIII Int. Symp. Advanced Display
Technologies, pp.239-244 2005.

[6] M. Dovrat, Y. Goshen, J. Jedrzejewski, 1. Balberg, and A. Sa'ar, "Radiative
versus nonradiative decay processes in silicon nanocrystals probed by time-
resolved photoluminescence spectroscopy," Physical Review B, vol. 69,
155311, Apr 2004

[7] M.J.Hamp,D.T.Cassidy,B.J.Robinson,Q.C.Zhao,D.A.Thompson,and

M.Davies, “ Effect of barrier height on the uneven carrier distribution in



MJPS....Vol.(2)....No(1)....December 2014

symmetric multiple- quantum well lasers”, IEEE Photon. Technol. Lett.
10,1380 -1382 (20006).

[8] B. R. Nag, “ Boundary conditions for the heterostructures multiple- quantum
well lasers”, J. Appl. Phys., vol. 70, no. 8, pp. 4623-4625, 2003.

[9] F. Qiao, C. Zhang, J. Wan, and J. Zi, “. Photonic Multiple quantum-well
laser.” Appl. Phys. Lett., vol.77, no. 23, pp. 1208-1211, 2009.

Cuand)
(Quantum Wells) dacSall LY 22 (e S ‘;A o yigall Jal g2l (e 22 A ja Eanll 124 ‘f I~
Al )all o2 aaial g CiBla gall slndl ) 5l il S 55 & (cavity length) 2t sl yull Jgha g
s Ol idee e ald JS0
threshold current) 4=l LS 486S ;e AUS diaaia Jal gall 03¢] Coviiat dplee (1
Jkal 4S5 (injection threshold current density) ¢l <Bkls 235 | (density
.)(absolute threshold current density) 4&laxl
e e JSDo pitia aid 3 sa g0 4l Jal g2l) (e JSI (simulation prosess) 8lSkss agae (2
aal gl il e g Y
S A g (amial e aVEY)) adbdl e Glalend) e maall Ay Sl PR Gl LS
:Jie (total output current) gz &l Lol 4Kl dadl) e
) (Auger recombination) S 3 jalls (e Ul Al -
(Interface recombination) gawl) die sy} -
(leakage recombination) <l Lo adl - -
S 3 D gl oLadil il 5l il A€ i Joml apan ) ol S Cogy il 138 ()
(symetric multiple quantum welllaser structure) Jilaiall ¢ Cldall daaial)
CI3 (GaAs/AlGaAs) J 53k (e 4dl pe ada] diacada il Einall 138 sadiad) cilibuall o
Jas jala ana 5 (250nm) ) Jeas 4x sall dnia ddhaid clew 5((7.5nm A s S J s
(8nm)

10



	Department of Physics / Collage of Sciences
	Abstract

