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Contactless electroreflectance �CER� has been applied to study the broadening of the fundamental
transition for GaInNAsSb/GaNAs/GaAs quantum wells �QWs� obtained at various growth and
annealing conditions. It has been observed that CER resonances are about 50% narrower for QWs
grown at lower group V fluxes and annealed at lower temperatures �660–720 °C� and longer time
�30–60 min� than those previously considered optimal ��760 °C and �60 s�. The long annealing
can be partially realized in situ during �and/or after� the growth of the upper part of the laser
structure instead the ex situ short-time annealing, where the laser structure can unintentionally be
overannealed very easily. © 2009 American Institute of Physics. �DOI: 10.1063/1.3073718�

The dilute nitrides are very attractive materials for low-
cost GaAs-based laser diodes operating in the 1.3–1.55 �m
optical fiber windows.1,2 Recently, high-quality 1.55 �m la-
sers were achieved using a GaInNAsSb/GaNAs quantum
well �QW� as the active region.3,4 This was enabled by the
significant improvement in GaInNAs quality through the in-
corporation of antimony, careful optimization of the growth
conditions �especially the growth temperature�, as well as
postgrowth treatment by annealing �i.e., usually the ex situ
annealing�.2,3

In general, annealing has been employed in dilute ni-
trides as a standard process to remove as-grown defects and
improve material quality. However, the optimal annealing
conditions can vary with the content of dilute nitrides and are
difficult to predict for unexplored dilute nitrides. Therefore,
substantial attention was recently focused on experimental
investigations of optimal annealing conditions for various
dilute nitrides and quantum systems containing dilute
nitrides.5–10 It has been observed that the budget of annealing
�the thermal energy which can be absorbed by the material
without its degradation� is limited and some material degra-
dations appear for samples annealed for too long time �i.e.,
overannealed samples�. This time depends on the annealing
temperature �i.e., shorter for higher annealing temperatures�;
however, it is possible to exhaust the thermal budget, even
for low annealing temperatures if the annealing time is too
long. This issue is very important for complex optoelectronic
devices containing dilute nitrides since the optimal growth
temperature for dilute nitrides is usually much lower than the
optimal growth temperature for other parts of optoelectronic
devices, which are grown after the growth of QW region
�i.e., the upper cladding in edge-emitting lasers or the top
distributed Bragg reflector in vertical cavity surface emitting
lasers�.10 It means that the GaInNAsSb/GaNAs QW is sub-
jected to hours of in situ annealing at a temperature higher
than the optimal QW growth temperature and therefore an-
nealing studies of dilute nitrides must be conducted with

consideration of this inevitable in situ annealing.8

Recently, it has been shown that the quality of
GaInNAsSb/GaNAs QW system can be improved by post-
growth annealing at much lower temperatures11 than the pre-
vious annealing temperatures.2,3 It means that the manipula-
tion of the annealing conditions within the budget of
annealing is still a promising way to the optimization of
GaInNAsSb laser performance, especially that the annealing
process can be partially conducted during the growth of the
upper part of optoelectronic structures. A better understand-
ing of the origin of photoluminescence �PL� improvement in
GaInNAsSb/GaNAs system during the annealing is very in-
teresting from the viewpoint of future optimization of long
wavelength lasers based on this material system. In this con-
text, it is interesting to investigate GaInNAsSb/GaNAs QW
by other experimental techniques than PL. In this work we
applied contactless electroreflectance �CER� to study the
quality of two generations of GaInNAsSb lasers grown and
annealed at various conditions: �i� the previous generation of
GaInNAsSb lasers grown at 20X V-to-III flux ratio at
440 °C and annealed at high temperatures �760 °C� for
short time �10–120 s�,3 �ii� the present generation of GaIn-
NAsSb lasers grown at lower V-to-III flux ratio �11X� at
440 °C and annealed at lower temperatures �660–720 °C�
for longer time �10–60 min�.11

So far, electromodulation spectroscopy �photoreflectance
and CER� was mostly used to investigate the band structure
for as-grown GaInNAsSb QWs,12–14 including GaInNAsSb/
GaNAs/GaAs laser structures.12,14 This technique, due to its
absorptionlike character, is insensitive to point defects �non-
radiative centers� unlike to PL where the intensity is directly
sensitive to nonradiative centers. However, the broadening of
CER resonances is very sensitive to energy gap fluctuations,
which influence carrier localization and quantum efficiency
of PL. Recently, it has been shown that the broadening of
CER resonance is also very sensitive to atom segregation in
GaInAs/GaAs QWs.15 Therefore, the investigation of the
broadening parameter for the fundamental QW transition in
GaInNAsSb/GaNAs/GaAs structures is a good method toa�Electronic mail: robert.kudrawiec@pwr.wroc.pl.
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evaluate the potential homogeneity of this system.
Three sets of GaInNAsSb laser structures used for this

study were grown by solid-source molecular beam epitaxy
on n-type �001� GaAs substrates. The first generation of
GaInNAsSb lasers is represented by GaInNAsSb/GaNAs
QWs grown at the 20X V-to-III ratio in beam-equivalent
pressure �BEP� and annealed at 760 °C in the time range of
10–120 s �set A�, see remaining growth and annealing details
in Ref. 3. The second generation of GaInNAsSb lasers is
represented by GaInNAsSb/GaNAs QWs grown at the 11X
V-to-III ratio in BEP and annealed at 660 and 720 °C in the
time range of 10–120 min �set B1 and B2, respectively�.11

For the three sets of samples the active region was nominally
a single 70 Å GaInNAsSb QW surrounded on either side by
200 Å GaNAs barriers grown at 440 °C. The active region
was grown upon a 3000 Å GaAs buffer and capped with 500
Å of GaAs grown at 580 °C. The experimental setup used to
measure the CER spectra is described in detail in Ref. 16.

Figures 1–3 show CER spectra for as-grown and an-
nealed GaInNAsSb/GaNAs QW samples from sets A �previ-
ous generation of GaInNAsSb lasers�, B1, and B2 �present
generation of GaInNAsSb lasers�, respectively. The identifi-
cation of CER resonances was possible on the basis of the
calculations performed in the framework of the effective
mass approximation. The notation klH denotes the transition
between the kth heavy-hole valence subband and the lth con-
duction subband. Relevant details of these calculations are
discussed in our previous papers.12–14 CER resonances,
which are observed for the as-grown sample from set A,
were analyzed in details in Ref. 14. The same optical transi-
tions are observed for the as-grown sample from sets B1 and
B2. In the case of annealed samples, all the optical transi-
tions shift to blue due to the well known effect of annealing-
induced blueshift of energy gap for dilute nitrides6,17–20 and
atom interdiffusion across QW interfaces.20 In addition, a
narrowing of CER resonances is clearly visible in Figs. 1–3.
This narrowing is the subject of this paper. The blueshift of

optical transitions is not discussed in this work since this
issue was analyzed in many previous papers. In order to
extract the broadening of CER resonance from the spectra in
Figs. 1–3, the standard fitting procedure assuming Lorentzian
lineshape21 has been applied, see details in Refs. 12–14.

Figure 4 shows the broadening parameter of 11H transi-
tion for GaInNAsSb/GaNAs QW samples from sets A, B1,
and B2, respectively. First, it is visible that the broadening
parameter for as-grown samples from the previous and

FIG. 1. Room temperature CER spectra in the vicinity of the ground state
transition for GaInNAsSb/GaNAs QWs grown at 20X V-to-III ratio in BEP
and annealed at 760 °C for various time ranges.

FIG. 2. Room temperature CER spectra in the vicinity of the ground state
transition for GaInNAsSb/GaNAs QWs grown at 11X V-to-III ratio in BEP
and annealed at 660 °C for various time ranges.

FIG. 3. Room temperature CER spectra in the vicinity of the ground state
transition for GaInNAsSb/GaNAs QWs grown at 11X V-to-III ratio in BEP
and annealed at 720 °C for various time ranges.
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present generation of GaInNAsSb/GaNAs QWs is the same
within the experimental error. Therefore, the quality of as-
grown material for the two generations of GaInNAsSb lasers
is comparable. The broadening parameter decreases after an-
nealing for the three sets of samples but this decrease is
different for the three series of samples. In the case of
samples annealed at high temperatures for a short time, the
narrowest CER resonance is observed for an annealing time
of �10–20 s. For longer annealing time, the broadening
parameter starts to increase, which means deterioration of
material quality �strong atom interdiffusion across QW inter-
faces leading to stronger inhomogeneity in QW profile�. For
samples annealed at 660 and 720 °C, a continuous decrease
in the broadening parameter is observed in this range of an-
nealing time. In addition, it is visible that the slope of �
decrease is weaker for the set of samples annealed at lower
temperatures �i.e., 660 °C�. For samples annealed at 720 °C,
very narrow CER resonance is observed just after 10 min of
annealing. The narrowest CER resonance has been observed
for GaInNAsSb/GaNAs QWs annealed at 720 °C for 60
min. It is worth noting that such narrow CER �or photore-
flectance� transitions have never been observed for dilute ni-
trides in this spectral range. In the case of GaInNAs�Sb�
alloys, it has been many times shown that different nitrogen
nearest neighbor-environments lead to various energy
gaps.6,17–20 The presence of various nitrogen environments
inside GaInNAs�Sb� can be manifested by individual reso-
nances in CER �photoreflectance� spectra or high broadening
of 11H transition.17–20 The observation of very narrow 11H
transition in CER spectra is an evidence for the dominance
of a one nitrogen nearest-neighbor environment in GaIn-
NAsSb alloys and homogenous alloy content �i.e., a homog-
enous QW profile after annealing�. It is also worth noting
that the narrower CER resonances are correlated with stron-
ger QW emission. For both the first and second generations
of GaInNAsSb laser structures, PL intensity from annealed
samples was a few times stronger than the intensity from
as-grown samples. In addition, PL intensity from the second
generation of GaInNAsSb laser structures was stronger than
the intensity from the first generation of GaInNAsSb struc-
tures. It means that CER spectroscopy is an independent

method to verify the optimal annealing conditions.
In conclusion, the broadening of the fundamental transi-

tion in GaInNAsSb/GaNAs QWs, obtained at various growth
and annealing conditions, was studied by CER spectroscopy.
It has been shown that narrower CER resonances, therefore
superior homogeneity of the QW profile, can be achieved by
longer-duration and lower-temperature annealing. Such an-
nealing conditions can be easily applied and controlled
in situ during �and/or after� the growth of the upper part of
laser structures. Also it has been concluded that the active
part of a GaInNAsSb laser structure is rather far from an
overannealing.
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