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Abstract—We present the first continuous-wave (CW)
edge-emitting lasers at 1.5 m grown on GaAs by molecular
beam epitaxy (MBE). These single quantum well (QW) devices
show dramatic improvement in all areas of device performance
as compared to previous reports. CW output powers as high as
140 mW (both facets) were obtained from 20 m
2450 m
ridge-waveguide lasers possessing a threshold current density of
1.06 kA/cm2 , external quantum efficiency of 31%, and characteristic temperature 0 of 139 K from 10 C–60 C. The lasing
wavelength shifted 0.58 nm/K, resulting in CW laser action at
1.52 m at 70 C. This is the first report of CW GaAs-based
laser operation beyond 1.5 m. Evidence of Auger recombination
and intervalence band absorption was found over the range of
operation and prevented CW operation above 70 C. Maximum
CW output power was limited by insufficient thermal heatsinking;
however, devices with a highly reflective (HR) coating applied to
one facet produced 707 mW of pulsed output power limited by
the laser driver. Similar CW output powers are expected with
more sophisticated packaging and further optimization of the
gain region. It is expected that such lasers will find application
in next-generation optical networks as pump lasers for Raman
amplifiers or doped fiber amplifiers, and could displace InP-based
lasers for applications from 1.2 to 1.6 m.
Index Terms—Auger recombination, continuous wave (CW),
GaInNAs, GaInNAsSb, gallium arsenide, GaNAs, InGaAsN,
intervalence band absorption, molecular beam epitaxy, optical
communications, semiconductor laser, 1.5 m, 1.55 m.

I. INTRODUCTION

K

ONDOW and coworkers [1], [2] discovered that the
bandgap of GaNAs bows with the addition of nitrogen far
more than conventional III-V alloys. Subsequent research has
led to the realization of 1.3- m GaInNAs lasers on GaAs. In the
area of low-cost transmitters, the availability of lattice-matched
AlAs–GaAs distributed Bragg reflector mirrors and lateral
oxidation layers enable the fabrication of monolithic vertical-cavity surface-emitting lasers (VCSELs) [3]. To date, high
performance 1.3- m VCSELs have been reported using both
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molecular beam epitaxy (MBE) and metalorganic chemical
vapor deposition (MOCVD) [4]–[6].
While GaAs-based lasers in the 1.5- m range hold similar
appeal for metro area network sources and pump lasers, the
material challenges have been far more daunting. Wang and
coworkers found that adding antimony as a surfactant during
GaInNAs growth improved morphology and device performance, and allowed longer wavelength devices [7]. From
methods, it was theoretically predicted that nitride–antimonide
alloys should possess similar bowing to the nitride–arsenides
[8]. This was experimentally validated when it was found that
cracked antimony incorporates into the crystal [9], [10], further
redshifting emission and allowing the demonstration of lasers
operating in pulsed mode out to 1.49 m [11]. Refinement of
these techniques, along with other improvements in growth
technology, has allowed substantial improvements in device
performance [12]–[14].
The remaining sections of this paper present GaInNAsSb
materials characterization and edge-emitting device results.
Section II describes the growth and materials characterization
including photoluminescence (PL) and high-resolution X-ray
diffraction (HR-XRD). Section III describes the device structure. As-cleaved measurements, including cavity length studies,
are presented in Section IV. In Section V, progress toward high
CW output powers is discussed. The results are analyzed to
explain the limiting factors in the maximum CW output power
and their implications for future device design.

II. GROWTH AND CHARACTERIZATION
Single quantum-well (SQW) lasers were grown in two
load-locked Varian Mod. Gen II solid-source MBE machines
with nitrogen supplied by an SVT Associates Model 4.5 plasma
cell. The cell was operated in a stable inductively coupled
mode with 300 W of forward RF power and a nitrogen flow of
0.5 sccm. As discussed elsewhere [15], the nitrogen mole fraction was controlled directly with the group III growth rate rather
than by varying the plasma conditions. The plasma source
was ignited 20 min prior to active layer growth to allow the
plasma to stabilize. Antimony was supplied with an unvalved
cracking cell. The cracking region was held at 850 C and the
measured beam equivalent pressure was 1 10 torr prior
to growth. These conditions yielded almost entirely monomeric
antimony and resulted in antimony mole fractions between 2%
and 3%. Dimeric arsenic was supplied by a valved cracker and
the group III sources with conventional effusion cells. Dopants
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Fig. 1. Room-temperature PL spectrum of a single GaInNAsSb QW, with a
linewidth of 28.7 meV.

Fig. 2. Shift in the PL peak energy with temperature (squares) and the
corresponding Varshni fit (line). The localization energy was found to be 2.5
meV.

were silicon and carbon, supplied by carbon tetrabromide. The
growth chambers were kept under UHV (background pressure
10
torr) by a cryo-pump and an ion pump to minimize
background impurities. GaAs substrates were cleaned at 350 C
for one hour in a separate chamber before introduction into the
growth chamber. To remove the native oxide from the surface
prior to buffer layer growth, the substrate was cleaned at 10 C
580 C for 10 min
above the oxide desorption temperature
under an arsenic overpressure. (Al)GaAs layers were grown at
20 C above the oxide desorption temperature with 15 arsenic
overpressure. GaNAs was also grown under a 15 overpressure
455 C. The GaInNAsSb QW was grown under a
but at
20 overpressure at 455 C. These conditions have been found
to produce the narrowest linewidth and highest intensity PL
signal [13]. Similar to GaInNAs, the as-grown luminescence is
rather poor and post-growth annealing is required to improve
the radiative efficiency. The annealing behavior of GaInNAsSb
is quite similar to that of GaInNAs and has been described in
detail elsewhere [10], [11].
An example room-temperature PL spectrum, under a high
excitation density of 10 kW/cm , is shown in Fig. 1. The
linewidth was measured to be 28.7 meV with peak luminescence at 1.45 m [13]. This sample was annealed at 800 C
for 1 min. This linewidth is comparable to those reported for
the lowest threshold 1.2- m InGaAs lasers [16] and 1.5- m
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Fig. 3. HR-XRD ! -2 scan of a triple QW sample. The visible oscillations
indicate excellent epitaxial quality.

InGaAsP–InP lasers [17]. The peak signal is 9 higher than
those reported in [11] and is due in part to improved growth
technology [14], [18]. Additionally, temperature-dependent PL
did not show the characteristic S-shaped curve seen in some
GaInNAs samples, even for excitation densities as low as 5
W/cm [19]–[21]. The S-shaped behavior has been attributed
to band-tail states that arise from local potential fluctuations
due to nonuniformities in the nitrogen distribution [19]. These
fluctuations provide confinement for excitons at reduced
temperatures. The S-shape arises as the emission changes from
mainly due to localized excitons (low temperatures) to that of
a pure band-to-band transition (high temperatures). The degree
of localization has been directly linked to material quality,
specifically the presence of nonradiative centers [19], [21].
Even when no S-shape is observed, there still exists a significant difference between the measured data and the best Varshni
fit at low temperatures ( 75 K) [22]. This energy difference,
termed the localization energy, is directly related to the nitrogen
content and inversely related to the material quality. The shift
in the PL peak with temperature for the GaInNAsSb QW of
Fig. 1 is shown in Fig. 2. While no S-shaped curve is observed
in our samples at low temperatures, a localization energy of
2.5 meV was required to properly fit to the Varshni model. This
is, however, more than two times lower than the localization
energies reported in [22] for GaInNAs films of comparable
nitrogen content. This is further evidence of enhanced crystal
quality due to the addition of antimony and improvements
in growth techniques. Additionally, GaInNAs QWs grown
under similar conditions to those in Fig. 1, but with PL peak
around 1.3 m, show similar behavior. This evidence suggests
that while some degree of localization remains, the addition
of antimony and refined growth techniques have improved
material homogeneity significantly.
An HR-XRD - scan of a nominally identical triple QW
sample is shown in Fig. 3. The narrow and well-resolved Pendellosung fringes indicate excellent epitaxial quality. A (224)
reciprocal space map is also shown in Fig. 4. No relaxation or
phase segregation is evident from the figure, which shows all
diffraction resulting from the same in-plane lattice parameter.
Any relaxation of the compressively strained QW would result
in a diffraction peak located to the lower left of the substrate
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Fig. 4. (224) reciprocal space map showing no evidence of relaxation or phase
segregation.

Fig. 5. Schematic view of the edge-emitting device structure used for this
study.

diffraction peak, while relaxation of the tensile barriers would
be found in a peak located to the upper right of the substrate
peak. However, no additional peaks are present.
III. DEVICE STRUCTURE
The lasers used in this study were of the separate confinement
heterostructure ridge-waveguide type. A schematic diagram of
the device structure is shown in Fig. 5. The active layer was
As Sb
quantum well
a single 75- Ga In N
As
barriers.
surrounded on either side by 220- GaN
Compositions were determined through prior measurements of
similar structures using a combination of HR-XRD, Rutherford
backscattering, and nuclear reaction analysis [23]. GaNAs barriers exhibit improved low-temperature growth morphology, as
compared to GaNAsSb, while also providing strain compensation [18]. It is important to note that this has only been examined
over the narrow window of barrier growth conditions dictated by
these QW compositions. Work is currently underway to investigate this further. Moreover, the removal of antimony from the
barriers may provide superior hole confinement due to a larger
valence band offset between the QW and barrier. Some additional improvement in PL linewidth is likely due to diminished
alloy disorder.
The active layer was symmetrically embedded in a GaAs
waveguide with a total thickness of 4600 . A thickness of
one optical wave was chosen to approximately maximize the
overlap between the optical field and the quantum well. The
n-type cladding of the laser was 1.8 m of Al Ga As with
cm and the inner 9000
the outer 9000 doped at
doped at
cm . The p-type cladding was a similar
structure, with the inner 9000 doped at
cm and
cm . The regions
the outer 9000 was doped at
nearest to the core were doped more lightly to minimize free
carrier absorption (FCA) losses. A 500- top p-type GaAs cap
layer was doped at
cm to facilitate low-resistance
ohmic contacts.
The sample was ex situ annealed at 800 C for one min in
a rapid thermal annealing furnace where arsenic outdiffusion
was minimized with a GaAs proximity cap. Ridge widths of 5,
10, and 20 m were defined using a combination of lift-off of
evaporated Ti–Pt–Au and a self-aligned dry etch to the top of
the GaAs waveguide. The wafer was then thinned to
m

Fig. 6. CW L

0I 0V

of a 20 m

2 2450 m device.

and backside metal (Au–Ge–Ni–Au) was evaporated. To reduce
contact resistance, the structure was sintered at 410 C for one
min. Fabry–Perot cavities of multiple lengths were defined by
cleaving.
IV. AS-CLEAVED DEVICES
A. Room-Temperature Measurements
Testing was performed epitaxial-side up on a temperature-controlled copper heatsink. Unless otherwise specified, all
parameters were measured at room temperature (20 C), under
CW operation, on as-cleaved facets. Fig. 6 shows the light
) curves for
output and voltage versus current input (
a
m
m device. The threshold current density
was measured to be 1.06 kA/cm . Lasing occurred at 1.498 m
as shown in Fig. 7. The slope efficiency above threshold was
0.26 W/A corresponding to an external quantum efficiency
of 31%. Efficiencies as high as 40% were observed in shorter
devices. These low values are attributed to carrier leakage from
the well and also poor material quality of the barriers. These
effects will be discussed in more detail elsewhere [24]. The
peak output power at thermal rollover was 140 mW from both
facets. From Fig. 6, the diode turn-on voltage was low, 1.0 V,
and the peak voltage was 3 V, indicating such devices could
be driven directly by CMOS. The ideality and series resistance
were rather high, 3 and 1.3 , respectively. The relatively
high series resistance is likely caused by the thin p-side contact
and, to some extent, the low doping in the cladding layers to
of gold,
minimize FCA. Approximately 50% of the 4000
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Fig. 7. Lasing spectrum of the 20 m
at 1.498 m.

2 2450 m device showing oscillation

on the top contact, was removed during the dry etch which
resulted in substantial spreading resistance, ohmic heating, and
possibly nonuniform carrier injection along the length of the
device. Devices were probed at several points along the length
of the ridge to compensate for this effect.

B. Temperature Dependence
The effects of device temperature were also explored. The
natural logarithm of the threshold current density and peak
output power are plotted with heatsink temperature in Fig. 8.
The characteristic temperature
was found to be 139 K
measured over the range of temperatures from 10 C–60 C
and 43 K from 60 C–70 C. This sharp kink in the
curve is due to the rapid onset of Auger processes, which
scale with the cube of the carrier density, and strongly increase
the temperature sensitivity. Moreover, CW lasing was not
observed above 70 C. The loss of laser action is attributed to
the onset of Auger recombination and may also be correlated
with carrier leakage [24], [25]. From spontaneous emission
( -parameter) measurements performed on these lasers, Auger
recombination is found to dominate laser operation when the
current density rises above 1.5–2 kA/cm , in agreement
with Fig. 8 [25]. The -parameter technique has shown similar
evidence of Auger recombination in 1.3- m GaInNAs lasers
was always observed at the
[26]. Moreover, the kink in
reached 1.5–2 kA/cm , regardless of
temperature where
device length. As will be shown in the next section, this appears
to be a commonality among all GaInNAs(Sb) devices reported
in this wavelength regime. Onset of Auger recombination was
also found to be independent of temperature over the range
studied, indicating a low activation energy of Auger processes,
27 eV [24], [25], [27].
The wavelength shift with temperature was measured to be
0.58 nm/K, or 0.32 meV/K. This agrees with the shift observed
for GaInNAs-based lasers at 1.3 m [28] and is similar to that of
InGaAsP lasers at 1.5 m [29]. Due to this temperature dependence, CW laser action was observed at 1.52 m at a heatsink
temperature of 70 C. This is the first report of CW GaAs-based
laser operation at 1.5 m and beyond.
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Fig. 8. Plot of CW ln(J ) with temperature (squares) and the fits to an
Arrhenius relation (lines) for a 20 m 2450 m device. The T value for
each temperature range is indicated.

2

C. Comparison of QW and Barrier Designs
Through comparison with other published dilute nitride
lasers, it is now possible, to some extent, to evaluate the effects
of QW and barrier material design on device performance.
We conclude from the analysis that Auger recombination is
1.5 m.
significant in all the approaches at wavelengths
Additionally, GaNAs may have a weak type-II band lineup
with GaAs.
Several different approaches have been reported in the
literature to reach 1.5 m including GaInNAs with GaAs
barriers (termed GaInNAs–GaAs) [30] and GaInNAsSb with
GaNAsSb barriers (GaInNAsSb–GaNAsSb) [12]. It is noted
that the lasers reported here (GaInNAsSb–GaNAs) have both
and higher
than the approaches in [12] and
a reduced
[30]. As a result, we can conclude that any improvement
reported here is due to improved device structure and
in
not simply an artifact of temperature insensitive nonradiative
centers. We may similarly rule out Auger recombination as the
cause for reduced room temperature ; spontaneous emission
measurements show that Auger recombination only becomes
significant when the threshold current density is elevated above
1.5–2 kA/cm (i.e., those necessary at higher temperatures)
at
[25]. Each reported laser structure shows a kink in
a current density of 2–4 kA/cm -per-well, similar to that
above this point is
in Fig. 8 [12], [30]. Additionally, the
similar in each case: 69 K in [30], 68 K in [12] (estimated
from figure), and 43 K here. The 43 K reported here is smaller
than the others; we believe this may be due to error extracting
from only two data points (Fig. 8). It should be noted that
Auger recombination is not the dominant loss mechanism at
room temperature, but it does dominate at elevated threshold
current densities. Based upon the preceding discussion, Auger
recombination appears to be a universal characteristic of the
1.4 m.
nitride–arsenide alloys reported thus far beyond
Neither changes in barrier material nor presence of antimony
have mitigated these effects to date. In pushing to 1.55 m,
the choice of additional indium or antimony to redshift the
alloy will likely be determined by the Auger coefficient of the
resulting quantum wells.
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The dominant mechanism affecting
at low temperatures,
in the lasers reported here, is likely carrier leakage, possibly of
holes, from the QW due to weak valence band confinement [16].
This is likely also the case for 1.3- m GaInNAs–GaAs lasers
reported here (139 K
[31]. In light of the improvements in
compared to 111 K), we conclude that the addition of nitrogen
into the barriers increases the QW valence band offset which
leads to the conclusion of type-II confinement. This observation is in agreement with band-offset measurements and laser
studies by Tansu et al. at shorter wavelengths [31]. Tansu and
coworkers found a simultaneous reduction in
and enhancement in
when they changed from GaAs to GaNAs barriers
surrounding a GaInNAs QW. They attributed this improvement
to a reduction in hole leakage due to the increased valence band
offset between the QW and barrier due to the type-II nature of
GaNAs–GaAs. It is, however, difficult to determine whether the
difference in valence band offset, in the case of 1.5 m lasers,
is due to the presence of nitrogen in the barriers or is simply
due to the presence of antimony in the QW. Band-offset measurements of GaAsSb with GaAs show that bandgap reduction
takes place primarily in the valence band up to 40% antimony
reported here may also be due to
[32]. The improvement in
the reduced carrier density in the QW from reduced nonradiative
recombination and higher material gain. This could reduce carrier overflow into the confinement regions, thereby increasing
[33].
of 83 K was reported in [12] for GaInSimilarly, a
NAsSb–GaNAsSb devices. While the difference in
may
also be due to reduced threshold carrier density, the valence
band offset is reduced through the addition of antimony into the
barriers. This is further compounded by the growth morphology
problems of GaNAsSb grown at low temperatures [18]. We
conclude, therefore, that GaNAs is likely a superior barrier
material for 1.5- m lasers. Moreover, increasing the antimony
content in the QW would further improve hole confinement,
and .
thereby increasing both
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TABLE I
SUMMARY OF CAVITYLENGTH STUDY

D. Cavity Length Studies

Fig. 9. Plot of 1= with cavity length (squares) and the fit to theory (line) for
10-m-wide lasers, measured under pulsed operation.

and , in pulsed mode, were
Cavity length studies of
employed to determine various device parameters. The results
of the cavity length study are summarized for each stripe width
as a function of cavity length, ,
in Table I. Fig. 9 plots
with insures
for 10- m-wide stripes. The linearity of
that parameters extracted were not influenced by effects that become significant at short cavity lengths [34]. The internal loss
was found to be quite low, in the range of 1.91–4.7 cm for
5, 10, and 20 m stripes [35]. The loss for 5- m wide stripes,
1.91 cm , is comparable to some of the best results for InP
waveguides [36] and is lower than 1.5- m InAs quantum-dot
lasers grown on GaAs [37]. The internal quantum efficiency, ,
was found to be between 42% and 50%. This low value may
be due to short carrier residency in the QW in conjunction with
nonradiative centers within the GaNAs barriers. While GaNAs
barriers are of superior optical quality to GaNAsSb, under these
growth conditions, they likely possess large numbers of nonramay
diative centers. An additional mechanism for the low
be poor interfaces between the QW and barriers, however, no

evidence currently supports such a mechanism. More work is
needed to identify and remedy the cause(s) for the low .
As shown in Fig. 10, the internal loss was found to be moderately temperature dependent. The characteristic temperature
was 306 K when fitted to an Arrhenius relation. This
of
is likely due to parasitic intervalence band absorption (IVBA)
and is a significant loss mechanism in these lasers. Theoretical
and experimental studies have found IVBA to be, in general,
strongly temperature dependent in unstrained InGaAs–InP devices in the range of interest [38], [39]. For GaAs, IVBA is expected to have a characteristic temperature of 300 K, which
agrees with the measured internal loss data of Fig. 10 [38].
indicate that while IVBA processes
The small values of
are significant, they are not currently the dominant loss mechaby 5
nisms. Removal of this process would only increase
is also likely due to waveguide roughK. Some fraction of
ness and other unavoidable loss mechanisms. To quantify this
somewhat, these losses may be estimated by extrapolating
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Fig. 10. Measured ln( ) for 20 m stripes as a function of device
temperature (squares) extracted under pulsed (1 s, 1% duty cycle) operation
to minimize device heating. Fits to experimental data are also shown (line).
The increase in loss with temperature is a strong indication of IVBA.
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0

Fig. 12. L
I curves under pulsed and CW operation for an HR coated
10 m
983 m laser. Peak output power was limited by COD under pulsed
excitation and thermal rollover under CW operation.

2

results are expected through advances in growth techniques. It is
also expected that the actual differential gain with respect to car, will be significantly higher than predicted
rier density,
due to the low and
.
by
V. HIGH-POWER LASERS

Fig. 11. Plot of ln(J ) with the inverse of cavity length (squares) and fit to
theory (line) for 10-m-wide lasers, measured under pulsed operation.

to 0 K, yielding 0.51 cm . Removing this extrapolated loss,
the characteristic temperature for the internal loss was 273 K.
curve that is atAbove 60 C, there is a kink in the
tributed to the turn-on of Auger recombination, in concert with
incomplete Fermi level pinning along the device length. This
is an artifact of the device structure caused by the thin p-type
ohmic contact. Some devices showed sensitivity to Auger reand others did not.
combination in
, with 1 , for 10- m stripes is shown in
A plot of
Fig. 11. Using conventional methods [40], the gain overlap
was determined to be 25–26 cm and the
product
transparency current density
was found to be 0.5–0.65
kA/cm . From finite difference simulations, a two-dimensional overlap of the fundamental mode with the active
1.4 was calculated, yielding a gain coefficient,
region
, in the range 1786–1871 cm . This is higher than for
GaInNAs–GaNAs lasers at 1.3 m [31] and InGaAsP lasers at
,
1.5 m [17], [41]. With continued improvements in and
GaInNAsSb will become quite promising for high power laser
applications, including Raman pump lasers.
Based on these data, the peak differential gain at transparency,
, was quite low, 2.79–3.91 cm/A, and predicts poor
current modulation response. This is attributed mainly to the
large number of nonradiative recombination sites and improved

In an attempt to obtain higher output powers, a highly reflective coating ( 98.7%) was applied to one facet and the other was
and obtained were 1.05 kA/cm
left as-cleaved. The best
and 44%, respectively. Fig. 12 shows representative
curves
for 10 m 983 m devices under pulsed (1 , 1% duty cycle)
and CW operation. The single facet CW output power and efficiency are approximately the same as that observed from both
facets of uncoated devices with the same mirror loss.
Under pulsed conditions, the peak output power was substantially higher than under CW operation, 527 mW versus
100 mW. The difference in output power is attributed to the
high thermal resistance associated with mounting devices
epitaxial-side up during testing. Measurements of the thermal
983 m
resistance show it to be 38 K/W for a 10 m
device, which agrees with theory [42]. Calculations indicate a
threefold to fourfold reduction in CW device heating if devices
are mounted epitaxial-side down. Moreover, the sharp decrease
of the peak CW output power with chuck temperature (Fig. 13)
indicates that ohmic heating and the temperature sensitivity
of threshold and efficiency are important issues for achieving
high CW output power. Over the limited temperature range of
the measurements, the electrical and thermal resistivities of
the semiconductor layers increase approximately linearly [43],
[44]. This is in agreement with the observations of Fig. 13,
are considered. Additionally,
when the variations in and
higher pulsed output powers, up to 707 mW, were observed
from the 20 m 1000 m device shown in Fig. 14. If thermal
management is improved, CW output powers 500 mW are
considered feasible from a SQW laser with minimal added
packaging and processing.
The rapid degradation in pulsed output power shown in
Fig. 12 is attributed to catastrophic optical mirror damage
(COD) and/or burnout of the p-side contact directly under
the probe tip. The optical power density was calculated to be
4.9 MW/cm at the onset of failure, which is in agreement
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conditions and thermal rollover during CW operation. By
mounting devices epi-side down, much higher CW powers are
expected. If improvements in the active region follow the trend
of GaInNAs at 1.3 m, GaInNAsSb devices will become quite
promising for next-generation optical networks.
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Fig. 13. Peak CW output power for an HR coated 10 m 983 m laser as a
function of ambient temperature (squares) and a linear fit (line). The increase in
threshold and decrease in gain with temperature, along with slight increases in
thermal and electrical resistance, produce a nearly linear relationship between
peak CW output power and chuck temperature.
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