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Overannealing effects in GaInNAs„Sb… alloys and their importance
to laser applications
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The photoluminescence efficiency and linewidth are well-established metrics for characterizing
potential laser active regions. We demonstrate the critical importance of a new parameter for
predicting the performance of dilute-nitride lasers: the “optimal” postgrowth annealing temperature,
defined as the annealing temperature giving the highest photoluminescence efficiency. We validate
this assertion with two 1.55 �m edge-emitting GaInNAsSb lasers containing active regions with
different optimal annealing temperatures. Although both active regions showed comparable
photoluminescence efficiency and linewidth under optimal annealing conditions, laser performance
was significantly different. The room-temperature threshold current density for the active region
with higher optimal annealing temperature was 630 A/cm2, compared with 2380 A/cm2 for the
sample with lower optimal annealing temperature. We conclude that overannealing of the gain
region during upper cladding growth is the responsible mechanism. The dependence of the optimal
annealing temperature on composition and growth conditions is also discussed. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2208375�
The dilute-nitride system, GaInNAs, was originally pro-
posed by Kondow et al. to produce temperature stable
1.3 �m lasers on GaAs substrates.1 The GaAs substrate in-
troduces additional advantages for long-wavelength vertical-
cavity surface-emitting lasers �VCSELs�, including high-
quality native oxide layers for current and optical
confinements and AlAs/GaAs distributed Bragg reflector
mirrors. Despite the difficulties associated with GaInNAs
growth, excellent 1.3 �m lasers have been demonstrated.2,3

Lasing has been successfully extended to 1.51 �m with
thresholds of 780 A/cm2 and even to 1.59 �m but with sig-
nificantly degraded threshold.4 A promising method to im-
prove material quality and laser performance is to add anti-
mony, forming GaInNAsSb.5–9 Antimony reduces point
defects, promotes two-dimensional growth, suppresses phase
segregation via well known surfactant effects, and incorpo-
rates into the lattice to further redshift the emission. This
allowed the first low-threshold continuous-wave lasers on
GaAs emitting at 1.5 �m with pulsed thresholds as low as
440 A/cm2.9,10 The subsequent Infineon GaInNAs result4

was followed shortly by the demonstration of GaInNAsSb
lasers at 1.55 �m �Ref. 11� and later by others;12 however,
the target of low-threshold 1.55 �m lasers—and ultimately
monolithic VCSELs—has remained elusive until now. We
present low-threshold 1.55 �m lasers that were enabled by
increasing the thermal robustness of the active region suffi-
ciently to withstand the in situ annealing effects during the
top cladding layer growth.

It is well known that the photoluminescence �PL�
efficiency4 and linewidth13 are important metrics for gauging
the quality of dilute-nitride active regions, due to their sen-
sitivity to nonradiative centers and structural quality. How-
ever, another quantity is also critically important: the “opti-
mal” annealing temperature. Thermal annealing of the dilute-
nitride quantum well �QW�, in situ and/or ex situ, is crucial
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for obtaining high luminescence efficiency.14–16 To fully
characterize the QWs and to gauge their optical quality,
samples are typically cleaved into pieces and ex situ an-
nealed at a range of times and/or temperatures. As shown in
Fig. 1, PL efficiency increases at short times and/or low tem-
peratures, followed by a precipitous decrease at longer times
and/or higher temperatures. The optimal annealing point is a
well-known phenomenon in the dilute nitrides and has been
reported by several groups.15,17,18 Degradation of the optical
quality at high annealing temperatures has been attributed to
mechanisms ranging from the propagation of arsenic vacan-
cies created at the sample surface during annealing17,19 to an
intrinsic degradation of the metastable QW.18 Little, if any,
attention has been paid to the significance of this parameter
for device applications, however. We find that the optimal
annealing temperature is an important property that measures
the thermal budget of the active region and, consequently,
how much material can be grown above the QW without
degradation. We present two QW structures of slightly dif-
ferent compositions, both emitting at 1.55 �m with virtually
identical luminescence efficiency and linewidth, but different

FIG. 1. Peak PL intensity, as a function of annealing temperature, for two
QWs emitting �1.54 �m after optimal annealing. The optimal annealing
temperature was significantly lower for the more highly strained QW con-

taining more indium and antimony.
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optimal annealing temperatures. The active region with a
higher optimal annealing temperature produced substantially
improved lasers. High-resolution x-ray diffraction �HRXRD�
and PL were employed to corroborate the laser results and to
study the nature of the degradation. In a related set of experi-
ments, the optimal annealing temperature was found to de-
crease with increasing indium content, but was unaffected by
the nitrogen mole fraction and the antimony flux. This indi-
cates that strain is not the sole factor determining the thermal
budget of the QW and that there is a chemical component.
We note, in passing, that the optimal annealing temperature
is also independent of the growth temperature and arsenic
flux employed during active region growth.

Samples were grown by solid-source molecular beam
epitaxy on �100� GaAs substrates with nitrogen supplied
from a rf plasma cell and antimony from an unvalved
cracking cell. GaInNAsSb and GaNAs layers were
grown at 440 °C with a 20� and 15� As/group-III
beam-equivalent–pressure ratio, respectively. Ex situ anneal-
ing was performed in a rapid thermal annealing furnace
under flowing nitrogen gas. Arsenic desorption was mini-
mized with a GaAs proximity cap. Samples with two
different active regions were grown. The active region with
lower optimal annealing temperature was a single 75 Å
Ga0.59In0.41N0.028As0.942Sb0.03 QW �+2.64% strain� sur-
rounded on either side by 210 Å GaN0.03As0.97 strain-
compensating barriers. The active region with a higher
optimal annealing temperature was a single 75 Å
Ga0.62In0.38N0.030As0.943Sb0.027 QW �+2.48% strain� sur-
rounded on either side by 210 Å GaN0.04As0.96 barriers. For
PL structures, the active layer was grown on a 3000 Å GaAs
buffer and capped with 500 Å of GaAs, both grown at
580 °C. Further details of the growth, including laser struc-
ture and device fabrication, are given elsewhere.9,10

Figure 1 shows the postgrowth annealing behavior of the
two active regions embedded in a PL structure. The optimal
peak PL efficiencies were virtually identical, but occurred at
significantly different annealing temperatures. Luminescence
linewidths were also comparable, �35 meV. The effects of
overannealing in these samples were evident in �004� � /2�
HRXRD measurements. The most striking differences, when
comparing overannealed material to as-grown and optimally
annealed samples, were �a� the loss of QW-related Pendellö-
sung fringes and �b� a decrease in the QW-related compres-
sive strain—indicating significant structural degradation and
loss of QW interface quality. No evidence of strain relaxation
or phase segregation was observed with �224� reciprocal
space mapping in overannealed material, however.

Room-temperature pulsed �1 �s, 1% duty cycle� light
output versus input current �L-I� curves for edge-emitting
ridge-waveguide lasers based upon the two active regions
are shown in Fig. 2. Lasing was centered at 1.552 and at
1.559 �m for the QW with lower and higher optimal anneal-
ing temperatures, respectively. The devices were of similar
size, but the laser with higher optimal annealing temperature
showed significantly lower threshold current density, 630 vs
2380 A/cm2, and higher external quantum efficiency, 44%
vs 14%, than the laser with lower optimal anneal.20 The dif-
ferences are entirely due to in situ overannealing during the
top cladding growth.

Studies of the effects of material growth above the QW
validated that this source of in situ annealing can cause irre-

versible damage to the active layer. The active region was a
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highly strained QW �+2.70%, 1.6 �m emission� with a low
optimal annealing temperature. For the first sample, a
GaAs/Al0.33Ga0.67As waveguide, identical to that of the la-
sers �0.2 �m GaAs, 1.8 �m AlGaAs cladding, and 0.05 �m
GaAs cap�, was grown above the QW at 560 °C. A second
sample was grown with a somewhat thinner top cladding
region �0.2 �m GaAs, 1.1 �m AlGaAs cladding, and
0.05 �m GaAs cap�, also at 560 °C. The ex situ annealing
characteristics for the two structures are shown in Fig. 3. For
the sample with a thicker top cladding, any subsequent an-
nealing degraded the optical quality. The typical annealing-
related behavior was recovered for the thinner 1.1 �m clad-
ding region. It is not fully understood why the optimal
annealing temperature was �800 °C—a significantly higher
temperature than when embedded within a PL structure. This
is likely due to the presence of multiple types of defects with
differing activation energies for annealing. A long treatment
at typical growth temperatures may remove one type of de-
fect but has little effect on the other�s�.21 As with PL effi-
ciency and linewidth, it is important to compare the optimal
annealing temperature between samples of identical struc-
ture. It is likely also beneficial to use PL test structures that
reproduce the thermal cycling an active region experiences
during device growth.

To determine whether the optimal annealing temperature
is controlled simply by the strain or by a more complex
mechanism, the QW nitrogen content was varied between
2.2% and 3.0%, with an active region consisting of a single
75 Å Ga0.62In0.38NyAs0.973−ySb0.027 QW surrounded on either
side by 210 Å GaNzAs1−z barriers and embedded in a PL
structure. Samples emitted between 1.45 and 1.55 �m after

FIG. 2. Room-temperature pulsed L-I curves for lasers of similar dimen-
sions based upon the two active regions of Fig. 1.20

FIG. 3. Ex situ annealing behavior for nominally identical QWs subjected to
different in situ annealings from the growth of different cladding thick-
nesses. The 1.8 �m thick cladding overannealed the QW, but the typical

annealing behavior was recovered with a thinner 1.1 �m cladding.
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annealing, with comparable optical efficiency. The QW strain
was varied from +2.48% to +2.60%, a range comparable to
the difference in strain between the laser active regions of
Figs. 1 and 2. As shown in Fig. 4, no difference was found in
the optimal annealing temperature, indicating that strain is
not the sole determining factor. These findings are consistent
with those of Mussler et al. for GaNAs of similar nitrogen
contents.18

In two additional, separate sets of experiments, the in-
dium and antimony contents were also varied. The active
region was a single 70 Å GaInNAs�Sb� QW, containing
�2% nitrogen, and surrounded by GaAs and emitted at
�1.25–1.35 �m after annealing. For one set of samples, the
antimony flux was fixed at 1�10−7 torr and the indium con-
tent was varied from 8% to 32%. In the other set of samples,
the indium content was fixed at 32% and the antimony flux
was varied from 0 to 1�10−7 torr. Further details of this
study are presented elsewhere.22 It should be noted that vary-
ing the antimony flux increased the strain from +1.73% to
+1.92% while increasing the indium content modulated the
strain more substantially from +0.70% to +1.92%. The opti-
mal annealing temperatures are summarized in Fig. 5. In-
creasing the indium content dramatically reduced the optimal
annealing temperature, while varying the antimony flux had
no discernable effect. The dependence upon indium content
is consistent with previous reports for GaInNAs of low ni-
trogen content.15 This preliminary work indicates that the
optimal annealing temperature may be most sensitive to the

FIG. 4. Variation of the optimal annealing temperature for GaInNAsSb
QWs, as a function of the nitrogen content. Also shown is the QW mismatch
determined with HRXRD.

FIG. 5. Variation of the optimal annealing temperature for GaInNAsSb
QWs, as functions of the indium content and antimony flux.
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indium content; however, direct evidence and further study at
higher indium mole fractions are certainly required.

The importance of the optimal annealing temperature to
device design and growth has been proven and these findings
have enabled low-threshold 1.55 �m lasers on GaAs. Further
work is needed to identify the various mechanisms that de-
termine the optimal annealing temperature; however, the ef-
fect is not purely due to strain. The optimal annealing tem-
perature was found to be most sensitive to the indium
content of the QW and independent of the nitrogen content.
We also note, in passing, that the optimal annealing tempera-
ture is independent of the growth temperature and arsenic
flux employed during active region growth. However, other
growth parameters, such as the nitrogen plasma conditions,
can have strong effects.
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