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Design of composite InAsP/InGaAs quantum wells for a 1.55 mm
polarization independent semiconductor optical amplifier

J. E. M. Haverkort, B. H. P. Dorren, M. Kemerink, A. Yu. Silov, and J. H. Wolter
Department of Physics, COBRA Inter-University Research Institute, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands

~Received 12 April 1999; accepted for publication 18 August 1999!

We investigate a composite InAsP/InGaAs quantum well in which an 8 nm tensile strained InGaAs
well is surrounded by two compressively strained InAsP layers which feature a 70:30 conduction
band offset ratio. The composite quantum well is found to provide a high TM differential gain. The
InAsP layers provide strain compensation while simultaneously shifting the band gap to the relevant
1.55 mm wavelength region and increasing the electron confinement. Composite InAsP/InGaAs
quantum wells are a promising candidate for realizing a polarization independent semiconductor
optical amplifier at 1.55mm. © 1999 American Institute of Physics.@S0003-6951~99!01944-0#
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Semiconductor optical amplifiers are important buildi
blocks for wavelength converters in wavelength divisi
multiplexing and all-optical loop mirrors in optical time do
main multiplexing applications. Polarization independe
quantum well semiconductor optical amplifiers~SOAs! in
the 1.3 mm region have first been reported by Tiemei
et al.,1 employing different quantum wells for TE and TM
gain. This design has the advantage that the compress
strained quantum wells can be optimized for TE gain wh
the tensile strained quantum wells can be separately o
mized for TM gain. There has been one report in literat
aiming to extend this design to the 1.55mm region by New-
kirk et al.2 They needed a 16 nm 1% tensile strained qu
tum well for providing TM gain. This thick tensile straine
well is quite close to the critical layer thickness. Moreover
close examination of their result reveals that the effect
electron confinement in the tensile strained quantum we
very small, resulting in a bad temperature behavior. T
challenge for shifting the Tiemeijer design to the 1.55mm
wavelength region is thus to design a quantum well for T
gain without the difficulties mentioned above.

More recently, two other designs have been reported
ing either a compressively strained well for TE gain and
tensile strained barrier for TM gain3–5 or a tensile strained
quaternary active layer.6 Both these designs however lack th
advantage of the Tiemeijer design, which employs optimiz
quantum wells for both TE and TM gain.

In this study, we focus on the tensile strained quant
wells, which are used for TM gain for extending th
Tiemeijer design to the 1.55mm region. Our objective is to
design a quantum well for TM gain at 1.55mm, which does
not approach the critical layer thickness too closely. For t
purpose we exploit the possibilities of thin InAsP laye
which are reported7 to have a conduction band offset as lar
as 0.7060.02 for arsenic compositions between 0.25 a
0.65. As shown in Fig. 1, we surround the tensile strain
InGaAs well with two InAsP interface layers. The advanta
of the two compressively strained InAsP layers is a comp
sation of the high tensile strain in the InGaAs well wh
simultaneously decreasing the transition energy towards
1.55mm region. An added advantage of the InAsP layers
2780003-6951/99/75(18)/2782/3/$15.00
nloaded 11 Jul 2011 to 131.155.2.66. Redistribution subject to AIP license
t

ely

ti-
e

-

e
is
e

s-
a

d

is

d
d
e
-

he
s

that they also increase the total electron confinement, wh
is beneficial for the high temperature behavior of the SO

The layer design for a polarization independent SOA
presented in Fig. 1. TM gain is provided by a compos
InAs0.6P0.4/In0.35Ga0.65As/InGaAsP quantum well, while TE
gain is provided by a conventional In0.68Ga0.32As quantum
well. We further concentrate on the composite well in whi
the valence band is dominated by a 8 nm 1.25% tensile
strained In0.35Ga0.65As layer in which the light-hole level is
the upper level providing TM gain. Due to the large condu
tion band offset of the InAsP, the 1.8 nm InAs0.6P0.4 layers
do not change the valence band structure too much; the h
are primarily confined in the InGaAs well. On the oth
hand, the electrons are confined in a coupled three well st
ture consisting of two outer compressively strain
InAs0.6P0.4 wells and a central In0.35Ga0.65As well.

We have calculated the envelope functions and the tr
sition energies of the composite InAs0.6P0.4/In0.35Ga0.65As/
InGaAsP quantum well in order to establish whether it
possible to obtain a band gap in the 1.55mm region. We find
that the electron light-hole transition energy can easily
shifted between 1425 and 1650 nm by varying the InA
thickness between 0 and 3 nm, as shown in Fig. 2. By c

FIG. 1. Band alignment of a polarization independent SOA with a comp
ite InAs0.6P0.4/In0.35Ga0.65As/InGaAsP quantum well for TM gain and a con
ventional In0.68Ga0.32As well for TE gain. The light-hole bands and envelop
functions are dotted.
2 © 1999 American Institute of Physics
 or copyright; see http://apl.aip.org/about/rights_and_permissions
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Dow
culating the overlap integral between the electron and lig
hole envelope function, we find that thee-lh overlap in the
composite well decreases by approximately 25% as c
pared to a conventional well. Furthermore we obtain an
fective electron confinement in the composite well as la
as 127 meV relative to a 1120 nm In0.82Ga0.18As0.4P0.6 sepa-
rate confinement barrier, which is considerably larger th
the 86 meV effective electron confinement of a 16 nm 1
tensile strained quantum well relative to the same SCH b
rier.

Subsequently, we performed gain calculations in orde
compare the gain in composite and conventional quan
wells. Gain calculations are required in order to establish
number of compressively and tensile strained QWs requ
for a polarization independent SOA. As a first step, we h
calculated the hole dispersion relations using the 434
Luttinger–Kohn Hamiltonian including the valence band
teractions. This approach is necessary for correctly pred
ing the TE and TM gain. The dispersion relations are sho
in the inset of Fig. 3. We find the usual mass reversal for
in-plane mass, which yields a heavy in-plane light-ho

FIG. 2. Calculated effective band gap of the composite InAs0.6P0.4/
In0.35Ga0.65As quantum well as a function of InAsP thickness, showing
feasibility to tune the band gap from 1425 to 1650 nm.

FIG. 3. Calculated hole density of states for a composite 1.8
InAs0.6P0.4/8 nm In0.35Ga0.65As quantum well showing a strong peak ne
E50 due to the very heavy light-hole mass atk50. The dotted horizontal
line is the hole density of states in the parabolic approximation using
band-edge hole effective massmlh50.938m0 . The inset shows the light-
hole ~dotted! and heavy hole~full lines! dispersion relations calculated wit
the 434 Luttinger–Kohn Hamiltonian.
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mass. The band-edge light-hole mass is however further
creased up tomlh(k50)50.938m0 due to the interaction
with all other valence subbands.

Assuming for the moment a parabolic dispersion re
tion, the transparency densityNtr and the differential gain
dg/dN are approximated8 as

Ntr5Amlhme, ~1!

dg/dN5
Amlhme

mlh1me
. ~2!

These simplified expressions based on the parabolic b
approximation suggest that the extremely heavy light-h
mass in the composite InAsP/InGaAs well strongly degra
laser performance. In the following, we will show that th
band-edge effective mass is not the relevant quantity for
termining the gain. The only relevant quantity is the int
grated hole density of states.

TE and TM absorption spectra were subsequently co
puted. These spectra are shown in the inset of Fig. 4 fo
temperature of 4 K in order not to wash out the details. W
calculated the absorption spectra by computing the wave
tor dependent matrix elements for TE and TM polarizati
which show strong heavy-hole to light-hole crossover n
each avoided crossing of the valence subbands. The sp
shown include the Van Hove singularities. Next, the valen
band chemical potentialmh is numerically solved using

N2D5E Dh~Eh!
1

11e~Eh2mh!/kT dEh, ~3!

whereDh(Eh) is the hole density of states which shows
sharp peak near the band edge, but is relatively small w
averaged over the relevant energy range~see Fig. 3!. We find
that the relevant quantity for a high gain is not the band-e
effective mass, but rather the integrated magnitude of
hole density of states, which is most strongly influenced
the light-hole heavy-hole separation. The room tempera
gain spectrum of the composite InAsP/InGaAs quantum w
is shown in Fig. 4. The gain spectrum is broadened wit

e

FIG. 4. Calculated TE~full lines! and TM ~dotted lines! gain spectra for a
composite 1.8 nm InAs0.6P0.4/8 nm In0.35Ga0.65As QW. The gain spectra are
plotted for carrier densities of 1.1012– 5.1012/cm2 ~see numbers in the figure!
at 300 K with a relaxation broadening time of 1.10213 s. The inset shows the
calculated TE and TM absorption spectra at 4 K. The electron heavy-
(ei-hhj ) and electron light-hole (ei-lhj ) transition energies are indicated i
the inset.
 or copyright; see http://apl.aip.org/about/rights_and_permissions
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hyperbolic cosine line shape function with a relaxati
broadening time of 1.10213s. We find that the peak gai
calculated with the true hole density of states is a factor o
larger than the peak gain calculated by using the band-e
effective massmlh50.938m0 , and formulas for the chemica
potential based on a parabolic band approximation.

We compare the peak gain of both composite 1.8/8
and 1.4/12 nm InAs0.6P0.4/In0.35Ga0.65As quantum wells with
a series of conventional InxGa12xAs quantum wells in Fig. 5.
At a low injected carrier density of 2.1012/cm2, we observe
the well-known behavior of the peak gain versus the stra8

for conventional quantum wells. The peak TM gain is hi
for tensile strained quantum wells with more than 1% ten
strain and rapidly decreases for smaller tensile strain.
compressively strained quantum wells, the peak TE gain
increases as a function of the strain. It should, however
noted that although the TM gain of the.1% tensile strained
quantum wells is high, the peak TM gain shifts below 15
nm and cannot be increased to the 1550 nm range anym
It can be observed from Fig. 5 that it is impossible to real
high TM gain at or above 1550 nm with a convention
quantum well. The composite wells, however, easily all
tuning the peak TM gain wavelength above 1550 nm.

At the low carrier density of 2.1012/cm2, the composite
well features a gain comparable to the 8 nm unstrained qu
tum well. At a high carrier density of 5.1012/cm2, the peak
gain of the composite InAsP/InGaAs well increases dra
cally. The composite well at high carrier density compa

FIG. 5. Comparison of peak gains at injected carrier densities of 2.1012/cm2

~dotted connecting lines, dotted arrows! and 5.1012/cm2 ~full connecting
lines, full arrows! between the composite wells and various conventio
quantum wells with different indium composition. The quantum well thic
ness and the wavelength corresponding to the peak gain are indicate
each structure. TE gain is dominant at 53% indium composition and ab
while TM gain is dominant for indium compositions below 45%.
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quite favorably with the unstrained and the compressiv
strained quantum wells, pointing to a high differential gain
the composite wells. In order to further optimize the gain,
also investigated a 1.4/12 nm composite well with an
creased light-hole heavy-hole separation, which increases
hole chemical potential. Although the 1.4/12 nm well pr
vides a little bit more gain, it approaches the critical lay
thickness more closely.

In conclusion, we propose a novel compos
InAs0.6P0.4/In0.35Ga0.65As/InGaAsP quantum well in which
the conduction band offset is substantially increased du
the InAs0.6P0.4 layers. The band gap of the composite w
can be easily tuned between 1425 and 1650 nm, the effec
electron confinement is increased to 127 meV relative t
1120 nm separate confinement heterostructure barrier,
the tensile strain in the In0.35Ga0.65As well is compensated by
the compressive strain in both InAs0.6P0.4 layers. Finally,
gain calculations show that the peak gain in the compo
well is comparable to an unstrained quantum well at l
carrier density, while the differential gain in the compos
wells is quite high. A sequence of three composite InAs
InGaAs wells and 3–4 compressively strained InGaAs we
is finally expected to provide polarization independent g
at any desired wavelength between 1425 and 1650 nm.
residual polarization sensitivity can be minimized within th
whole wavelength region by a proper positioning and
proper ordering of both the compressively strained wells a
the composite wells within the separate confinement barr
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