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Analysis and Optimization of Polarization-Insensitive
Semiconductor Optical Amplifiers with
Delta-Strained Quantum Wells

Yong-Sang ChpMember, IEEEand Woo-Young Choi

_Abstract—Polarization sensitivity of semiconductor optical am- [7], it is preferred for many applications to use the QW SOA
plifiers (SOAs) with delta-strained quantum-well (QW) structures  which has larger nonlinearity than the bulk SOA [8]. In order
is investigated. The valence band structures and TE, TM optical , raaize a polarization-insensitive QW SOA, several different

gain spectra are calculated for the various delta-strained QW ] . .
structures. It is shown that the number and location of the delta QW Structures have been used: low tensile-strained QWs [9],

layers affect the polarization dependence of the delta-strained [10], QWSs with tensile barriers [11], tensile-strained QWs with
quantum well SOA signal gains. The optimal delta-strained QW compressive barriers [12], alternation of tensile and compres-

structure for the SOA application is identified and its theoretical  sive QWs [13]-[16], and the delta-strained QW, in which the
verification is provided. strain is applied only at a shallow and highly strained layer,
Index Terms—Delta-strain, optical amplifiers, optical gain, po- called the delta layer [17]-[19]. Among these, it is reported that

larization-sensitivity, quantum well, semiconductor. the delta-strained QW can yield a polarization-insensitive SOA
at 1550 nm [18].
I. INTRODUCTION Carlo et al. performed theoretical analysis of the delta-

o ) strained QW using the tight-bonding method [17], but their

R ECENTLY, there has been a growing interest in thgydy was limited to a particular type of delta-strained QW in

\ semiconductor optical amplifier (SOA) for opticalyhich one delta layer is located at the center of the QW. In
switching and signal processing applications because of {i$s paper, various delta-strained QW structures are analyzed

integratability with other optical devices and large nonlinearityy \which the number and the position of the delta layers

The optical nonlineariy in the SOA is used in realizing opticaj e systematically varied. From our analysis, the optimal

3R regeneration (reamplifying—reshaping-retiming) [1] wavgfelta-strained QW structure for SOA application is identified
length switching matrix in wavelength division mulitplexinggng theoretical verification is provided.

(WDM) systems [2] and wavelength converters using cross

gain or phase modulation [3] or four-wave mixing [4]. In these

applications, dependence of the SOA gain on polarization is Il. STRUCTURE AND MODELING OF DELTA-STRAINED
one of the major performance-limiting factors. The polarization QW SOA

sensitivity of the quantum well (QW) SOA stems from the . . . . .
different quantization levels for heavy-hole (HH) bands, which The delta-strained QW structure investigated in this paper

provide the TE-mode dominant optical gain, and Iight-hol%cmSiSted of one InGaAs/InGaAsP QW in which 3-mono-

(LH) bands, which provide the TM-mode dominant opticallf"yer'thiCk (about 9 A) pseudomorpic GaAs delta layers are
y bedded. It is assumed that all the layers are epitaxially

gain. In addition, the difference in the confinement factors f : :
TE and TM modes in the SOA waveguide contribute to trgrown on the InP substrate. The lattice mismatch between InP

different TE and TM signal gains and GaAs is—3.8%. The delta-strained well is surrounded by

One method for eliminating the SOA polarization sensitivit -3 um-InGaAsP quaternary layers, which also act as the SCH

is to use the bulk active layer with the square-shaped cross s&¢- The total well thickness is adjusted so that the optical

tion [5]. But such an SOA has a very small waveguide Widtlg,a'r_] peaks at around 1550 nm. .
which results in a large coupling loss when the SOA is cou- Fig. 1(a)—(c) show the valence band energy diagrams for three

pled to optical fiber. In order to avoid this problem, a mode colYPes of delta-strained QWs that are investigated in this paper.

verter can be used [6], but this complicates the SOA fabricati&rﬁgy_pe_ll’ oneiltldetlr'[]a Iayderlits iTserted;Si(n)Xypbe I, t(\;vo d(?llta Ia?/e{SS;
process. Although it is possible to use the low tensile-strain&g9 1N 'ype 1, three della fayers. s based on Type | [18]

bulk active layer to make the waveguide width sufficiently IarggrlOl Typ_e Il [19] have been experimentally demonstrated, anda
waveguide modulator based on Type Il has been demonstrated

[20]. The polarization dependence of SOAs based on these three
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Fig. 1. Valence band energy diagrams for: (a) Type I; (b) Type II; and (c) Type Il structures. Thin lines are LH bands and thick lines are the HH bands.
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Fig. 2. E — k diagrams for: (a) Type | (solid lines) and unstrained QW (dashed lines); (b) Type II; and (c) Type llI structures.

and the InGaAsP SCH layer for each type of delta-strained Q#fe obtained from [23]. The optical gain calculation is done with
The changes in the SOA polarization-sensitivity as functions tife density matrix formalism [24]. It is assumed that the equal
these parameters are investigated. numbers of electrons and holes exist in the QW. For many body
The band offsets for conduction and valence bands are @ffects, only the bandgap renormalization effect is considered
tained from the model-solid theory [21]. For valence band anddecause the Coulomb enhancement of the optical gain is negli-
ysis, a4 x 4 Luttinger—Kohn Hamiltonian based on thhe p  gible in the case of tensile-strained QWs [25]. The amount of
method is used with the strain effect consideration. The effectiBgandgap shrinkage due to renormalization is obtained from the
mass equations are solved by the finite element method (FEMimpirical equation given in [26].
which has a faster conversion time and is more efficient for com-Polarization-dependent optical confinement factors for the
plicated structures than the finite difference method (FDM) [2280A waveguide structure are calculated by solving the 1-D
The efficiency provided by the FEM allows us to compare manyaveguide problem for TE and TM polarizations [27]. The
different delta-strained QW structures without any difficulty invaveguide structure used in the calculation has 02h6thick
computation time. Material parameters used in the calculati®CH layers and infinitely long InP claddings. The ratios
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between the calculated TM and TE confinement factors for 14 T r
Type |, 1, and 1l structures are 0.6568, 0.6559, and 0.6553, s 12 TE mode ——ctt
respectively. 24 e cl-v2
The SOA TE and TM signal gains that are used for evaluating § ool eive
the SOA polarization-sensitivity are defined as follows [28]: 5 os] .
.",7’ 044 ) >
Gre, ™ = 10L[Cre, rvmg(w)rE, ™™ — 4] logyg(e),  [dB] § s
(1) “] Tt LR
where 001 ' - i
r optical confinement factor; 0.00 0.02 0.04 0.08
g(w) optical gain; k, (n/a)
L SOA_ length; (@)
o loss in the SOA. »
For our analysisL = 1 mm ande; = 5 cm ! are used, and the ' )
SOA facet reflectivity is assumed to be zero. § 12
& 104
g
[ll. POLARIZATION-SENSITIVITY OF DELTA-STRAINED E 087
QW SOA £ 05
v
In QWs without delta layers, HH band energy levels are usu- § 41
ally higher than those of LH bands, resulting in more TE gain 021
than for the TM case. In delta-strained QWs, as shown in Fig. 1, 0.04--
the delta layer introduces larger valence band discontinuity for 0.00 002 0.04 0.06
HH bands than LH bands, and the quantized energy levels for k, (n/a)

HH bands experience a larger shift downward than those for b

the LH bands that shift upward. This is clearly demonstrated by ®)

Fig. 2(a), where the valence bai#-k relations are shown for Fig.3. Relative transition strength for: (a) TE and (b) TM polarization for Type
a Type | structure with the delta layer in the middle of the QWptructure.

(solid lines) and also for a QW without any delta layers (dotted 20
lines). Since each valence subband has HH and LH character- ——d,lL,=0.160
o o o TEmode | d L, = 0287
istics for k) > 0 due to the band mixing effect, it is neces- s 0415
sary to estimate the strength of TE and TM transitions for the Tl dIL = 0.500
subband of interest in order to identify it as HH- or LH-like. o
Fig. 3 shows calculated transition strength for several transi- \:- 08
tions possible with the delta-strained QW whose band structure &
is shown in Fig. 2(a). From these, we can determine that the 044
top valence subband is LH-like as the TM transition strength 0.0 . _ . . ' -
for the transition between the first conduction subband (c1) and 1350 1400 1450 1500 1550 1600 1650
the top valence subband (v1) is much larger than the TE transi- wavelength (nm)
tion strength. Consequently, it can be determined that the delta (@
layer pushes up the LH band and pushes down the HH band so 20
much that their order is reversed. In Fig. 2, the top three va- T™ mode —d,J/L,=0.160
lence subbands are identified as LH- or HH-like from the tran- ef T diit, =0.287
sition strength calculations. It should be noted that our results 5 T Z;t:g:;g
shown in Figs. 2(a) and 3 that are obtained from the FEM-based = S S
effective mass approximation agree very well with the results X 081
obtained from much more elaborate, but more time-consuming, £
tight binding analysis [17]. © 04l

The influence of the delta layer location on the TE, TM gain

is shown in Fig. 4 in which the TE and TM optical gain spectra %5 700 1450 1200 1250 1600 1850

for a Type | structure are shown for several valuegofThe wavelength (nm)

injected carrier density of5 x 10*® cm~3 is used for this cal- ®)

culation. Asd, is increased, i.e., the delta layer moves toward

the well center, the peak TE gain is reduced while the peak T 4. Gain spectra for Type | structure at various delta layer locations for:
LT ! . . . gll) TE and (b) TM mode.

gain is increased. In order to determine the optimal location f

the delta layer, we have to consider the SOA signal gain rather

than the optical gain, since there exists a difference in the Td,d for each type of the delta-strained SOA structure. From this,

TM waveguide confinement factors. Fig. 5 shows the spectratbe optimal delta layer location can be determined for each type.

the SOA polarization-sensitivityX() defined as the difference For Type I, as shown in Fig. 5(a), th®G spectrum moves up

in the TM and TE signal gaing{ry — GTg) at several values asd; is increased, and the optimal location for the delta layer
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increased in the step @fx 10'% cm—3.
Fig. 5. Difference in SOA signal gain&/ — Grg) at various delta layer

locations for: (a) Type ; (b) Type II; and (c) Type Ill structures. cation of the delta layer can be determinedlasL. = 0.5 for

Type I, d2/L. = 0.195 for Type 2, andds/L, = 0.418 for
is the well center. Fig. 4 shows that the TM gain is larger tharype IlI.
that for TE at this optimal location, and this is needed in order For many SOA applications, SOA polarization-insensitivity
to offset the difference in the confinement factors. For Type I$hould be maintained for a wide range of injected carrier densi-
AG gets larger ads gets larger but it comes down whénis ties. We investigated the dependence of polarization-sensitivity
sufficiently large. This can be understood as the influence of tha the injected carrier density for each type of delta-strained QW
change in the amount of perturbation that the odd-mode enwégth the optimal delta layer location. The injected carrier density
lope functions experience that are located away from the wallestigated rangesfrom 376 x 10'® cm~3. AsseeninFig. 6,
center. For Type lll, a similar trend is observed. The optimal l@ach type shows a different dependence on the injected carrier
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densities. If we limit the wavelength range of interest to arourahd optimize any delta-strained QW that may have different pa-
1550 nm, Type Il shows the least dependence. This can fagneters. In addition, the key observation made for the optimal
understood from the valence band structures shown in Fig.sZucture should be valid for any QW structure to be used for
where the valence band structures of three types of optimizgslarization-insensitive SOA applications.

delta-strained QWs are shown. All three structures have the

LH-like top subband, which ensures the larger TM gain needed

to offset a larger TE confinement factor. The difference lies in REFERENCES
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