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Abstract—A steady-state model of a strained MQW-SOA is de-
scribed. Least-squares fitting of the model to experimental polar-
ization resolved amplified spontaneous emission spectra is used
to obtain difficult to measure model parameters such as the line-
broadening lineshape parameters, Auger recombination, bandgap
shrinkage, and intervalence band absorption coefficients. Well cap-
ture and escape processes are modeled by a carrier density depen-
dent net escape time which accounts for barrier effects. Simulations
and comparisons with experimental data are given which demon-
strate the accuracy and versatility of the model.

Index Terms—Modeling, quantum wells, semiconductor optical
amplifier.

I. INTRODUCTION

HE rapid expansion of optical networks requires the avail-
T ability of small, inexpensive and easy to integrate optical
amplifiers. InP-based semiconductor optical amplifiers (SOAs)
with InGaAsP/InGaAsP multi-quantum-well (MQW) active re-
gions are good candidates for 10 Gb/s coarse WDM communi-
cations. These devices should provide a wide optical bandwidth
and be polarization insensitive. InGaAsP quaternary multi-QW's
have already been investigated for SOA applications. Polariza-
tion insensitive operation can be obtained by stacking tensile and
compressive QWs in the active layer [1]. Compressive-strained
QWs have predominantly TE gain, while tensile-strained QWs
have predominantly TM gain. In [2] it was shown that active ma-
terial gain coefficient polarization independence (<1 dB TE/TM
gain coefficient difference) can be achieved along with a wide
optical bandwidth, by using one-width MQWs. The measured
amplified emission spectrum however had relatively high po-
larization sensitivity. It is necessary to develop a device model
that can be used to aid in its optimization especially with regard
to improving polarization sensitivity. In this paper we describe
such a steady-state model, which uses full bandstructure calcu-
lations to obtain the TE, TM gain coefficients and spontaneous
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Fig. 1. QW bandstructure, with Heavy Hole (HH) and Light Hole (LH) va-

lence bands indicated. All confined levels are taken into account in the material
gain calculations.

recombination rate. The amplified signal and Amplified Spon-
taneous Emission (ASE) are described by travelling-wave equa-
tions that are solved along with a carrier density rate equation.
Unknown model parameters are obtained by using least-squares
fitting of the model to the measured output ASE spectra for a
range of bias currents.

II. SOA GEOMETRY, BANDSTRUCTURE AND MATERIAL GAIN

The investigated SOA active region consists of three
14 nm thick Ing53Gag 47ASg.96Po.0a QWs with 15 nm
Ing sGay 2 Asg.45Pp 55 barriers made of Q1.17 material as is
the 100 nm wide separate confinement heterostructure layer, as
described in [2]. The conduction band, valence band heavy hole
and light hole offsets for these alloys are 113, 159 and 173 meV
respectively. Carrier overflow towards the barrier is taken into
account but probably underestimated as our calculations were
made for 300 K operation. Drift and diffusion transport effects
are not considered in the model.

The SOA length L and active stripe width W are 2 mm and
1.75 pm respectively. The QW bandstructure, shown in Fig. 1,
was calculated by solving the Liittinger—Kohn Hamiltonian, in-
cluding tetragonal strain, confinement effects and taking into
account the interfacial discontinuity condition [3]-[6]. Accord-
ing to the barrier height, two conduction and nine valence energy
bands are confined to the QWs.
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The active region bandgap, including carrier shrinkage due to
the well carrier density n, is given by

E, = B, — K,n'/? (1

where ;o = 806 meV. The bandgap shrinkage coefficient K
is considered to be a fitting parameter. The energy £ dependent
spontaneous emission rate 7, and material gain g,,, per well are
given by [7], [8],

4n,e*’FE

WZZ/ k. |]\[1F/11\[( )‘
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X [1— f, (Ej (k)| L(E;(kL))dk, (3)

my is the electron mass, €( the permittivity of free-space, &, the
momentum, M;; TE/TM (k1) the matrix elements, E; and E; the
ith and jth conduction and valence bands respectively, E;; the
associated transition energies, f. and f, the conduction band
and valence band Fermi—Dirac functions respectively, A Fp the
quasi-Fermi level difference, L,, the well width, n, the material
refractive index, kp the Boltzmann constant. The temperature
T is taken to be 300 K. 7, can be written as

,r,TE/TM (E) _

(kL)]L( ij (kl_))dkj_
2
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with
TE/TM hie? TE/TM
sp (E) = Wrsp (E) (6)

gsp has the same dimensions as the material gain. The choice
of lineshape function has a critical impact on the shape of the
material gain spectrum. L(F) is a broadening function used to
account for intraband relaxation and other broadening effects. A
common choice of lineshape is a Lorentzian; however in reality
the actual lineshape is asymmetric, with a sharper tail on the
high energy side of its peak. We use an asymmetric Lorentzian
lineshape [9],

Bt [1+ exp (E/Eygy)] ™
L(E) = K ——"— oyl
E* + Elnt [1 + exp (E/Easy)]

FEjiy¢ is the Lorentzian Full Width at Half Maximum (FWHM)
when the asymmetry energy parameter E,, is infinite, in which

)
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Fig. 2. Normalized asymmetric Lorentzian lineshape with Ej,¢ = 41 meV
and F,sy = 10.0 meV. The FWHM is 24.4 meV.

case (7) is a symmetrical Lorentzian. Negative values of Fygy
skew the lineshape toward higher energies while positive values
skew it toward lower energies. K is a normalization constant
such that the integral of L(FE) overall energies is equal to 1.
This lineshape function is a good analytical approximation to
that obtained from detailed theoretical calculations for quantum-
wells where the principle linebroadening mechanisms are hole-
hole, electron-hole and longitudinal optical phonon scattering
[10]. The determination of the exact broadening profile requires
the many-body treatment for electron-hole plasma which is out
of the scope of this study. The form of the lineshape is shown in
Fig. 2 using the model extracted parameters.

The conduction band quasi-Fermi level Ej. is obtained by
numerically solving the charge neutrality equation

— Ex| JkpT} dk

- m o kL
"= a?Ly, 21:/0 1+ exp{[Ei(kL)
®)

where ¢ = 0.586 nm is the lattice constant. A similar equation
is used to determine the valence band quasi-Fermi level, where
it is assumed that the hole and electron densities are equal.
The dependency of the quasi-Fermi levels on carrier density are
shown in Fig. 3. Typical spectral plots of g,, and g, are shown
in Fig. 4, for TE and TM transition modes, calculated at different
injection carrier densities.
The net gain coefficient is modeled by

gTE/TM _ TE/TM _

Nulre/rM9m a ©

I'rg 7w is the polarization dependent optical confinement fac-
tor per well. The TE and TM confinement factors per well are
1.97% and 1.42% respectively calculated using the Fimmwave
mode solver. N,, is the number of QWs. The polarization de-
pendent loss coefficient is modeled as

a=ay+ Nylrg/rmar, Te/TM7 (10)
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Fig. 3. Carrier density dependence of the quasi-Fermi levels relative to the
band edge.
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Fig. 4. (a) gm and (b) gsp coefficients per well for carrier densities of 2, 3

and 4 x 10%* m—3. The higher curves correspond to increasing carrier density.

where o is the intrinsic material and oy g /1M the polarization
dependent InterValence Band Absorption (IVBA) loss coeffi-
cients [12], [13]. These are also treated as fitting parameters.

III. MODEL AND EXPERIMENT

For a given carrier density spatial distribution in the SOA the
signal photon rate N at a distance z from the SOA input is

given by
P, :
Ny(z) = B exp (/0 gsdz>

where g, is the net gain coefficient at the signal energy E; and
polarization and P, is the input optical power The forward
and backward travelling ASE photon rates N TE/TM & in the kth

D
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spectral slice of energy width AE centered at energy Fj, are
obtained from finite difference solutions to the traveling-wave
equations [11],

AN

TE/TM,k TE/TM ,4
Az = NTE/TM k

+ Ny Do AE/h - (12)

where g; is the net gain coefficient at Ej. The polarization
resolved output ASE power at wavelength A, (corresponding to
E}) in a wavelength resolution bandwidth AL, is given by

2% Ahves

13)
MAE

_ NF _

Prejrve = NTE/TM,k(Z =1

The well carrier density n rate equation, assuming no sponta-

neous carrier recombination in the barrier regions and ignoring
diffusion effects, is given by

dn I Lre/r7M70w g
_—— — — —N
it erLq,,WL R =—Tw ™
> Zr )i k[N + Nl (14)

LW i=TE,TM

The first term on the right hand side of (14) is the electrical
pumping due to the bias current / assuming that all the injected
carriers enter the QWSs and that there is negligible radiative
recombination in the barrier regions. The recombination rate
R(n) is modeled as

R(n) = + Ryaa(n) + Cn?.

(15)
Tesc
The net carrier escape/capture processes from and to the QWs
are modeled by the first term in R(n), in which the net escape
time Tes. from each QW is assumed to depend on the carrier
density as,

Tesc0
1+ ep(n—mo)
where ny is the carrier density for which the quasi-Fermi level
of the confined electrons equals the barrier height and p is an
abruptness parameter that determines how quickly the escape
time decreases from its low carrier density value 7.s.o [14].
These parameters are considered to be fitting parameters. The
Auger recombination coefficient C is also considered to be a
fitting parameter. The total spontaneous radiative recombination
rate per well R,,q is calculated as

/ rspd
0

8tn? [
= ) / (gsp.TE + gsp. v ) EZdE.  (17)
0

h3c?

The carrier density dependence of R,,q on carrier density
is shown in Fig. 5. R,,q is often assumed to be a bimolecular
recombination process approximated by R,.q ~ Bn?, where B
is the bimolecular recombination coefficient; however as Fig. 5
shows, this is not particularly accurate for this device.

The SOA model equations cannot be solved analytically, so a
numerical solution is required. The algorithm used is essentially

(16)

Tesc —

Rrad =




CONNELLY et al.: WIDEBAND STEADY-STATE MODEL OF A STRAINED INGaAsP MQW-SOA

—Full calculation
= ==Bimolecular approximation
251
o 2
w
@
£
8 15
=
T
]
r 1

05 1 15 2 25 3 35 4 45 5
Carrier density (102 m™)

Fig. 5. Spontaneous radiative recombination rate per well versus carrier den-
sity and bimolecular approximation.
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Fig. 6. Experimental (4) and simulated (—): (a) TE and (b) TM output ASE

spectra for bias currents of 100, 200, 300 and 400 mA. The resolution bandwidth
is 0.1 nm.

similar to that described in [11]-[15]. The SOA is split into 128
spatial sections and the ASE into 1024 spectral slices covering
a range of 1250 to 1650 nm. Initially the carrier density in
the amplifier is set to some reasonable value (2 x 10?* m~3).
The signal intensity and ASE photon rates are then estimated
at the section interfaces using finite difference solutions to (10)
and (11). The carrier density is then estimated at the center of
each section (using (14) with the time derivative set to zero),
which is then used to update the material gain and spontaneous
emission coefficients and subsequently the signal and ASE. This
process is continued until the values of the ASE photon rates
converge to a tolerance of less than 0.1%. The unknown model
parameters were obtained using Levenberg—Marquardt least-
squares fitting of the output ASE spectra to model predictions
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TABLE I
EXTRACTED PARAMETERS

Fint 41 meV
E,sy 10 meV
Tescl 2.7 ns

P 93 x 107 m?
no 32 x 10%* m™3
K, 1.1 x 107 eVm
C 23 %x 10740 mo . 57!
g 1330 m™!

Q1 TE 0.57 x 10720 m?
Q1T M 1.19 x 10720 m?

for bias currents of 100, 200, 300 and 400 mA as shown in
Fig. 6.

The extracted parameters are shown in Table I. The RMS
error between experiment and simulations for TE and TM ASE
spectra is 1.9 and 1.2 dB respectively. The match between the
model and simulation is good for the TM spectra, but somewhat
less so for TE. IVBA increases with energy so including this
dependency could possibly improve the matching; however this
would involve more fitting parameters [12]. However the gen-
eral trend of the ASE spectra as a function of bias current is
confirmed by the model as is the wide optical bandwidth.

The output polarization dependent ASE spectral density
(W/Hz) at EJ, is given by

hE,

OTE/TM,k = EN;E/Tl\rI,k(Z =1L). (18)

The polarization dependent noise figure spectrum is calcu-
lated using [16],

20TE/TM, k ) iB
EyGre vk

where G'ri /i is the TE or TM signal gain spectrum. The
bias current dependency of the TE small-signal gain and noise
figure at 1.46 pm are shown in Fig. 7, showing good agreement
with experiment.

Itis challenging to obtain good matching between experiment
and simulation over a wide range of currents and wavelength.
This is because QW bandstructure and material gain calculations
are more complicated than for bulk material as there are com-
paratively many more unknown or difficult to measure model
parameters. Furthermore, it is also challenging to predict the
mutual interaction of the different order confined energy levels,
which clearly appear in the lower wavelength region as the in-
jected current is increased. The TE gain spectrum has clearly
two peaks at 1.57 and 1.46 pm, corresponding to three different
transitions. The low energy peak at 1.55 pm is due to the tran-
sitions between the first confined electron level and both first
heavy and light hole states, which, given the QW width and
the low strain value, are almost degenerated. The higher energy
peak at 1.46 pum is due to the transition between the second
confined electron level and the second heavy hole level.

The model can be used to determine the SOA carrier den-
sity and photon density distributions and the principle carrier
recombination mechanisms. When the input signal power is

NFrg rm,r = 101logy ( (19)
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terms on the RHS of (13) to the overall carrier density depletion and the spatially
independent carrier density.

negligible, simulations show that the carrier depletion due to
the signal and ASE is very small and consequently the well
carrier density has almost no spatial dependence. The bias cur-
rent dependency of the spatially independent carrier density and
the contributions of the various terms in (15) normalized to the
pump term I/(eN, L, WL), to (14) are shown in Fig. 8. For
bias currents greater than 150 mA, where the peak gain ex-
ceeds 0 dB, the principle recombination processes are Auger
and carrier escape/capture processes, the latter becoming in-
creasing prominent at high bias currents as the carrier density
approaches ny, indicating the importance of barrier effects. The
spatial dependency of the ASE is shown in Fig. 9 for low and
high values of the bias current, showing the expected symmetry.
At low bias currents, where the peak gain is less than 0 dB, the
total ASE is a maximum at the center of the SOA, whereas at

Experimental (—o) and simulated (—): TE (a) small-signal gain and
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bias currents where the peak gain is greater than O dB the total
ASE attains its maximum value at both ends.

It is also of interest to model the SOA saturation character-
istics. Simulated TE gain, signal power and ASE power ver-
sus input power characteristics are shown in Fig. 10. Carrier
density distributions are shown in Fig. 11 for a bias current
of 400 mA, which corresponds to an unsaturated TE gain of
19 dB at 1.46 pm. It can be clearly seen that as the input signal
power increases the carrier density distribution becomes more
asymmetrical due to the increasing dominance of the forward
propagating signal. Fig. 12(a) shows the spatial distributions of
the signal and ASE photon rates for an input TE signal power
of —10 dBm corresponding to a low degree of saturation. The
spatial dependency of the carrier density and the contributions
of the various terms on the Right Hand Side (RHS) of (14)
normalized to the pump term [/(eN,, L,, W L), are shown in
Fig. 12(b). The carrier density is relatively uniform. As the
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signal becomes amplified as it propagates through the SOA, its
contribution to carrier depletion increases mainly at the expense
of the net escape/capture processes; the Auger contribution is
not significantly affected.

Fig. 13(a) shows the spatial distributions of the signal and
ASE photon rates for an input TE signal power of 5 dBm
corresponding to a high degree of saturation (the gain has re-
duced to 10.5 from 19 dB) and the signal power greatly ex-
ceeds the ASE. As can be seen in Fig. 13(b) the carrier density
distribution becomes asymmetric and the amplified signal be-
comes the dominant recombination process especially near the
SOA output. Escape/capture processes could probably be re-
duced by using higher band gap energy barrier materials such as
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Ing 906 Gag 94 Asg.207Py.793 to ensure efficient carrier confine-
ment in the quantum-wells [2].

There are very few studies in the literature that model MQW-
SOA steady-state characteristics spanning detailed wideband
calculations of the material gain, additive spontaneous emis-
sion and recombination and use this information in accurate
traveling-wave equations for the amplified signal and ASE that
are solved along with a carrier density rate equation, from which
the optical power and inhomogeneous carrier density spatial dis-
tributions can be predicted. Prediction of the latter is of particular
importance in SOAs [17]. The model does not include the effects
of Auger related carrier heating, which can impact on the shape
of the ASE spectra particularly at high carrier densities [18]. In
including carrier heating effects should lead to improved model
accuracy. The device temperature might be higher than that as-
sumed in our model and the carrier temperature is probably
higher than the lattice temperature. This explains qualitatively
why the experimental ASE drops faster than the theoretical one
in the high energy range.

IV. CONCLUSION

A wideband steady-state model of a strained MQW-SOA has
been described, which uses an asymmetric broadening function
in the material gain and additive spontaneous emission calcula-
tions. Doing so, we obtain good agreement with experimental
polarization resolved ASE spectra. The model and parameter
extraction leads to the estimation of meaningful model param-
eters that characterize difficult to model processes including
intraband gain broadening, bandgap shrinkage, Auger recom-
bination, carrier escape/capture and IVBA. Dominant recom-
bination mechanisms for low input signal power are linked to
Auger recombination as well as net escape/capture processes;
the latter is particularly important when high carrier densities
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are present due to poor carrier confinement effects. However
this latter could be improved by using higher barrier materials.
At high input signal powers the carrier depletion induced by
the amplified signal becomes important and primarily competes
with Auger and escape/capture processes.
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