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Abstract

Strained-layer quantum wells are interesting
for applications in semiconductor lasers , because
they allow both, a wider range of material
combinations, and a certain amount of band
structure and gain engineering. This layer is
effected on frequency shift of the gain spectrum
,Jbut gain increase also possible. The major
advantages of strained quantum wells in the
modulated quantum well lasers diodes are a very
high modulation speed, a low frequency chirp (o-
parameter) , a narrow line-width, and a low
threshold carriers concentration. Strained quantum
well lasers are better than the semiconductor lasers,
which have a modulation band-width in upper teens
and low twenties of gigahertz.

I. Introduction

A strained quantum wells is very important in a
direct modulated quantum well lasers which this
strains are applied to semiconductor crystals,
symmetry of the crystalsis reduced, and degeneracy
of the energy bands is removed [1]. According to
the compressive or tensile strains, the band
structures change in different ways. Based on this
principle,  band-structure  engineering, which
modifies the band structures by intentionally
controlling the strains, has been developed [2]. By
introducing the strains into the active layers, we can
obtain excellent characteristics, such as a low
threshold current, a high differentiadl quantum
efficiency, high-speed modulation, low chirping,
and a narrow spectral line width in semiconductor
lasers, asin the quantum well laser diodes[1,2].

Il. Theory and analysis
A. Resonance frequency analysis of

semiconductor laser:
The anaysis of the dynamic behaviour of
semiconductor laser starts from the interaction
between photon number and carrier number [3, 4].
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Where N is the carrier density, S is the photon
density in a mode of the laser cavity , I" is the
optical confinement factor, J is the pump current

density, d is the thickness of the active region, 74

is the recombination lifetime of the carriers, 7, is
the photon lifetime, g(N) is the optical as afunction
of the carrier density, v is the group
velocity(v = €/ 4;),cisthelight speed, 1z, isthe

group refractive index, [ is the fraction of

spontaneous emission entering the lasing mode, Rsp
is the spontaneous emission rate, and e is the
electronic charge. When optical gain is normalized

(G =vg ) where g is the gain at lasing frequency,
therefore, at steady state g(N) become [4]

G, +G'n

CN)=—15

WhereG(N) is the normalized optical gain as a

function of the carrier density at steady state, G'is
the normalized differential optical gain i.e

oG
{G/ = a—N} .Gy is average optical gain , n is the
small signal deviation of the electron density from
the steady state value, and & is the gain
compression , &S , is very small compared with 1
even at very high optical power . A small signal
analysis of the rate equations gives the following
modulation response function for the photon
density:
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Where

flo)=[(lo+Re 1S +55/75)

: , G'S, 4b
x(la)+1/z's +G SO)]-Fm

Where S(w) is the small signal photon density, S
is the average photon density, J is the small signal
modulation current. , and under the assumption of a
small & the resonance frequency is approximately
given by

Tp Tp

mr:\/G’so :\/vg’so 5

The photon lifetime is related to the optical gain
(U7, =T'vg=TG), therefore, the relaxation
oscillation frequency is

f, =2—1ﬂv\/Fgg’So 6

The product quantity (gg) is very important, which
the differential optical gain is related with line-

width enhancement factor
[ =—ZKO(M)], where g is refractive
dg/oN
a9

index ,ko is the vacuum wave number, 8_N is the

0
differential optical gain (¢f), and 8_/;\11 is depended
on the joule heating of the active layer
[5]. Therefore, by using k-selection rule[5], the gain
is

e’h
2, micuE
X [; {pC(EC)IDV(EC + Ev)lMl2
x[1- 1, (Ec + E,) - fc (Ec)] }dEC

9(E) = -

ne?M |
2e, mécuE
parameter, M, is the free electron mass ,c is the

Where ¢ = is a materia

speed of light in vacuum,;is the effective
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refractive index of the mode and |l\/||2is the

transition matrix element , i = h/ 27 , hisplank’s
constant, E=hw—-E; =E;+E, EcandE,

and p-and p, ae , for the conduction and
valence bands respectively , the densities of states
per units volume per unit energy . foand f,, are

fermi-dirac probability function for conduction and
valence bands as shown in Table (1)[5].Table (2)
shows the parameters values of 1.3um Burid Letero
structure laser[4].

B. Strained Quantum wells

To understand why, we need to examine the effects
of strain, particularly in a quantum well.
Introducing compressive strain into a quantum well
configuration is particularly simple [7]: just grow
the well layer out of a material with a larger native
lattice constant than the barrier layers. Because the
quantum well layer is typically very thin, instead of
forming misfit dislocations the lattice actually
compresses in the plane of the well to match that of
the barrier layers [6, 7]. In addition, the lattice
constant in the direction normal to the plane
becomes elongated (in an effort to keep the volume
of each unit cell the same), as shown in Fig.
1[6].Because the energy gap of a semiconductor is
related to its

Table(1)
The densities of states and fermi-dirac
probability function for conduction and valence
bands,and Ncand Ny expressions[5]

Parameter Expression
Fermi-Dirac no (<o
probability fc(Ec) = € KT
function for c
conduction band

Fermi-Dirac P (-Ev
probability fW(E))=—e ¥
function for Ny
valence band

Density of State
for conduction | p. (E) = 472-(2h_n2]C) 32 p1/2

band
Density of State - (E)dE
for valence P=> J‘%
band ( Py, ) S 1y e KT
N¢ 2(27szKT)3,2
h2
NV 2(27;#)3/2
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depth of the quantum well as seen by light holes is
reduced by the splitting energy (S) which this
energy is presented the interaction between the LH
band and the split-off hole (SO) band where
S=26,(1-0e5/A) and A is the spin-orbit
splitting energy . To predict the valence subband
structure of the strained quantum well in Fig. 2, we
simply need to add a potentia offset(V) to the
effective mass equation describing the LH band in
the well , where V is zero inside the well, and Siis
zero outside the well [2].

Table(2)

Fig.(2) Illustration of the crystal lattice deformation the parameters values of 1.3um Burid L etero
resulting from the epitaxial growth of a thin layer of structure laser[4]

material with a native lattice constant &, between Parameter Symbol Value

: : . Active-layer d 0.2 um
two thick layerswith lattice constant &, < &, [6 thickness
a semiconductor is related to its lattice spacing, we _Cav|ty !ength L 250 um
might expect that distortions in the crystal lattice Active-region width w 2pm
should lead to aterations in the band gap of the
strained layer (putting aside for the moment the Group velocity v=clu
changes created simply by quantum confinement). 9
In fact, there are two types of modifications that
occur. The first effect produces an upward shift in Effective refractive - 34
the conduction band as well as a downward shift in index H
both valence bands, increasing the overall band gap :
by an amountdsy (which is positive for Grouri)nrgfe;acnve Hg 5
compressive strain and negative for tensile strain).
The H subscript indicates that this shift origi nates Recombination . 29ns
from the hydrostaI_|c component of the strain [8,9]. lifetime of the s
The second, more important effect separates the HH carriers
and LH bands, each being pushed in opposite (radiative and
directions from the center by an amount res. The S nonradiative)
subscript indicates that this shift originates from the Photon lifetime 160s
shear component of the strain. Thus, the band edge Tp M
degeneracy of the two valence bands is removed IConfinement factor r 0.3
and two energy gaps must now be defined. The total
strained band gap can be written as Threshold current ltn 15.8mA
E, + 0¢y + 0gg, where the upper sign refers to Eraction of 5 107sT
the C-LH band gap Eg(LH),  and the lower sign spontaneous
refers to the C-HH band gap Eg(HH). J¢,as emission entering
defined is positive for compressive strain, since the lasing mode T
. in & Spontaneous Rsp 1.28x10“ s
Eg(LH) > Eg(HH).For tensile strain, og,; would be emission rate
negative, and the band ordering would be , :
rs\?ersed[8 9. o g Gain compression € 3x102 m¥s
In a quantum well, the splitting of the HH and _ factor

LH bands can have dramatic consequences, since Matrix element/Rest ||\/| |2
the large nonparabolicity of the subband structure is mass of electron 19.7+5.6y
adirect result of the HH and LH band mixing. If we m, x=0.47y
place the strained band gaps into a quantum well, for
the situation becomes as shown in Fig. 2, where the N GaAsP} |
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Let the hole density of states be D times that of the
electron density of states. Then, equating N and P
under the charge neutrality condition yields the

following  relation  between E,.  and
Ec Ev
E.ie{eX +1=(e™ +1)°}[5:

Fig.2 The modified potential barrier of aquantum
well, when the well material is under compressive
strain [2].

1 1
gP :épr [ + Ey -1 11

(eXT +1)° ek +1

we see that the LH bands have been pushed deep
into the band. As a result, the density of statesin

the conduction( o ) and valence ( p,, )bands in the
strained quantum well is reduced significantly, and
matching between p. and p, is greatly
improved. Both of these features should lead to
lower transparency levels as well as higher
differential gain than the un-strained quantum well

[2,7]. Therefore , The gain spectrum of the strained
quantum well.

Assume that the electron mass is unchanged,
and different values of D reflect different hole
masses. One of the principal effects of inducing
strainisto lower the value of D. The current density

where g, crosses zero is the transparency level,

and it decreases with decreasing D, as expected.
The peak achievable gain is aso dightly reduced
for small D[1,5]. We have

1 1
g(E)=§pr Ec—Er + E,—Ep -1 8

l+re KT 1+e KT

¢ P A 12
SRR -
v Ee<T+)"° exTH1

Where Eg is the equivaent band gap of the
quantum well material, which is the sum of the
lowest quantization energies of the electrons and
that of the holes, and the band gap of the parabolic

band. The quantity p, (E) is the reduced density

of states, which in the case of a two dimensional
quantum well [1,5] (staircase approximation) is

The summation is over al heavy- and light-hole
bands. It can be easily seen that the maximum of
this gain curve occurs at E=0 i.e. Ec=Ev = 0. Thus,

the peak gain g, isgiven by

1 1
9p = 5P, =+ -1 Jao

_EfV

1+eXT  14+ekKT
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C. Modulation response analysis of
Dynamic Quantum well laser diode

In quantum well laser , a part of the carrier
density in the separate confinement heterostructure
(SCH) region will be captured in the well and
another part will be escaped from the well which
this two cases appears due to Strained Quantum
WEells, therefore rate equations can then be written
that describe exchange of carriers between the
confined and unconfined carriers densities in the
well, and between photon density. The small signal
rate equations are[10,11]

ds
—=TG'Sn 13
dt >
ﬂ: s N —G’Son— S LN 7
dt Teap  Tes I'e, 7,
dn3=_ n, n, v o ny 15
pump
dt Tcap  Tes T,
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Where s, n,, and nz are the (small signa) photon
density, carrier density in confined quantized states,
and carrier density in the unconfined states in SCH
regions respectively, S, is the photon density at the

bias point7,and 7jare the recombination times,
7p is the photon lifetime, and .. is the
pumping current density., The effective gan

Where &, isthe effective gain compression due to

the effective carrier capture time
R~

R
Ecap :TcapﬁGO capl RV(g )eff } and

(o)« isthe effective differential optical gain
{(9)er=g/(1+R)} .

. . Table(3)
compression coefficient Ecap deduced from these Some Parameter s values of InGaAsP/InP quantum
equations is purely due to the carrier capture effect. well laser[10]
The total ¢ s then the sum of the effectives Parameter Symbol Value
and £y, Where gy, is due to other Operlatingt;hwave A 1.3um
. . . eng
mec_hanlsms, such as spectral hole burning, carrier Current injection o 086
heating, and standing wave effect. efficiency
are neglected for Smplicy = the recompinaion | DEdermomet | an  Tod0em
re neg ity Dipole relaxation Tin 0.1x10"s
times (7, and 75) are typicaly afew nanoseconds time
and, therefore, larger than the time scale of interest. Electrons inter- T 0.3x10%s
From Eg. (15) [11], we obtain an expression for net aband refaxation
capture current as follows: lime
Holes inter-aband ey 0.07x10%s
- relaxation time
—T J Effective mass of 0.11 for x<0.7
rb rb nz i f pump 16 electron /Rest ﬂ 0.35for x>0.7
Teap Tow Toxc 1+i OFap 1—Ha)€ap mass of electron m,
Effective mass of m 0.62+0.0
Following a standard analysis of the rate equations, heavy hole/Rest —h 5%
(13) and (14), we obtain the modul ation response: mass of electron m,
S IGS§
qump ~f (1+RH wz;ar)-i-(l-l-langa;)(aﬁ S+4) 17 Effective mass of m 0.11+0.03x
o light hole/Rest —n
= 3 mass of electron m,
(@) Quantized energy Ey(HH) = Asshownin Fig.(3)
gap of heavy hole 9
G’ S Teap band (Ing.49 Gao51 ) —
Where o, = andR=——, when the E, (INoso Gaos:
Tp Tesc P)
limit of extremely small capture time( @7, — 0) Quantizedenergy | Ey(LH)=1- ] AsshowninFig.(3)
gap of light hole Ey(HH)
and small but finite tey (@7 &, ((1), the modulation band
; ; ; ; ; Splitting energy S=Ey(LH) -
response can be obtained using a differential gain Eq(gHH)
constant G{ (1— £S) in the conventional rate Spin-Orbit A(eV) =0.34
equations: Splitting energy X(1-x)
+0.371x
£ 1 Quantum well L, 5nm
F(0)=-0" +i0G)S)| 1+ —=2| — | |+ o] 18 size
Go Tp Quantum well Tcap 45 ps
capture lifetime
escape lifetime TEsC 400 ps
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Fig. 3. Band schemes of N-n-N InGaAsP/InP SCH
SQW structures [10].

I11. Resultsand Discussions

By using Eq.(12)as
(.eG' =0G/ON =vg') Table(2),
Table(2),Table(3) and as illustrated in Fig. 4, the
differential optical gain 0G/ON in the quantum well
laser is larger than that in the semiconductor laser
diode. The absolute value of o in the quantum well
laser is small, which leads to a narrow spectra line-
width.

By using Eq.(12) and the relation of the line width
enhancement factor ((i.e.a = —2K, (M) )

ag/oN

, Fig. (5) shows calculated () values as a function
of the quasi-Fermi level of the conduction band E.
It is found that a in the quantum well laser is
smaller than that in the semiconductor laser diode.
Moreover, a small a leads to low chirping during
modulation, which is suitable for long-haul, large-
capacity optical fiber communication systems.

As shown in Fig.6, the quantum well laser, the
differential optical gain dG/ON is larger than that in
the semiconductor laser diode. Hence, f, in the
quantum well laser is larger than that in the
semiconductor laser diode, which leads to high-
speed modulations in the quantum well laser.

normalized

NUCEJ Vol.14 No.1

T T
for Quantum well laser diode
for semiconductor laser diode

Differential optical gian (x 10716cm?)

40 50 60 70 80 90 100 110 120 130 140
Quasi-Fermi lewel of the conduction band Efc (meV)

Fig. 4 Differential optical gain variation with
Quasi-Fermi level of the conduction band
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Modulation Response (dB)

for Quantum well laser diode
for semiconductor laser diode

e s Eolal Setetat et ettt s

Frequency(GHz)

Fig.6 M odulation Response of Semiconductor and Quantum well Lasers
Diodes as a function of frequency modulation

V. Conclusions
1. Thelow threshold current

Strains in the active layer decrease the radius of
the curvature of the heavy hole band in the vicinity
of the band edge, which reduces the effective mass
of the heavy hole. As a result, the threshold carrier
concentration decreases, and therefore the Auger
recombination rate is also reduced. Furthermore,
from the momentum conservation law and the
energy conservation law, the Auger transitions are
going to be inhibited. Hence, the Auger processes
are drastically reduced. As a result, a high light
emission efficiency and a low threshold current
density are simultaneously obtained. The strains in
the active layers a so enhance the differential optical
gain 0G/oN, which further reduces the threshold
carrier concentration.
2. High-speed modulation
The strains in the active layers enhance the
differential optical gain 6G/oN, which leads to high-
speed modulations. The compressive strains result in
large gain saturation, while the tensile strains lead to
low gain saturation with alarge optical gain. Hence,
the tensile strains are expected to improve high-
speed modulation characteristics.
3. Low chirping and Narrow spectral line
width

The strains increase the differential optical gain 0G/oN
and decrease a. Therefore, a narrow spectral line-width
The compressive.
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