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Abstract—We review the recent developments in GaAs-based
1.55- m lasers grown by molecular beam epitaxy (MBE). While
materials growth is challenging, the growth window appears
to be relatively broad and is described in detail. The key considerations for producing high-quality GaInNAsSb material
emitting at 1.55- m regime are examined, including the nitrogen
plasma conditions, ion removal from the nitrogen flux, surfactantmediated growth, the roles of various V–III ratios, the growth
temperature, the active region thermal budget, proper annealing,
and composition. We find that emission may be tuned throughout
the 1.55- m communications band without penalty to the optical
quality varying only one parameter—the total growth rate. This
powerful result is validated by the demonstration of low-threshold
edge-emitting lasers throughout the 1.55- m regime, including
threshold current densities as low as 318 A/cm2 at 1.54 m. Additional characterization by Z-parameter techniques, cavity length
studies, and band offset measurements were performed to better
understand the temperature stability of device performance.
Lasing was extended as far as 1.63 m under nonoptimized
growth conditions. The GaAs-based dilute-nitrides are emerging
as a very promising alternative to InP-based materials at 1.55- m
due to their high gain, greater range of achievable band offsets,
as well as the availability of lattice-matched AlAs–GaAs materials
and native oxide layers for vertical-cavity surface-emitting lasers
(VCSELs). Indeed, this effort has enabled the first electrically
injected C-band VCSEL on GaAs.
Index Terms—1.55 m, Annealing, auger recombination, continuous wave (CW), dilute nitride, GaInNAs, GaInNAsSb, gallium
arsenide, GaNAs, InGaAsN, intervalence band absorption, molecular beam epitaxy (MBE), optical communications, semiconductor
laser.

I. INTRODUCTION

W

EYERS and coworkers [1] first reported the anomalous
reduction in both bandgap and lattice constant of GaAs,
with the introduction of dilute amounts of nitrogen. The subsequent proposal and initial results by Kondow and coworkers
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[2], [3] of GaInNAs for 1.3- m GaAs-based emitters has generated substantial excitement in dilute-nitride alloys. The large
conduction band offsets that are achievable and availability of
lattice-matched AlAs–GaAs distributed Bragg reflector (DBR)
mirrors are tremendous advantages for both edge-emitting
and vertical-cavity surface-emitting lasers (VCSELs). Indeed,
1.3- m range GaInNAs edge-emitting lasers [4]–[6] and
VCSELs [7], [8] have been demonstrated with performance
superior to InP-based devices. The 1.55- m emission range
is quite appealing for metro-area and “last-mile” applications
which may leverage the tremendous technological infrastructure developed for long-haul communications, especially
doped-fiber amplifiers. Inexpensive, temperature-insensitive,
1–10 mW sources are absolutely critical for the proliferation
of optical networks towards the end user. VCSELs are ideal
candidates due to their ease of manufacture and a variety of
other factors [9]. However, high-performance InP-based VCSELs are difficult to produce without resorting to complicated
growth or manufacturing techniques [10]–[12]. Progress on
GaAs-based 1.55- m GaInNAs VCSELs has been slow due to
the difficulties associated with the high indium and nitrogen
contents required, 40% and 4%, respectively. The growth
window is seen to narrow significantly [13] as the emission
wavelength is extended due to the increased nitrogen content.
Indeed, degraded optical efficiency and laser performance with
increasing emission wavelength have been almost universally
observed trends [14]–[16]. Relatively low threshold lasers
beyond 1.5 m have recently been demonstrated [13], however,
VCSELs still remain illusive.
The introduction of antimony, forming GaInNAsSb, greatly
improves the growth morphology and optical efficiency due to
its reactive surfactant properties [17]–[20]. Antimony reduces
the group-III surface diffusion length, thereby suppressing
phase segregation and roughening, improving compositional
homogeneity [17]–[20]. This is particularly important for
indium-containing alloys due to its high surface mobility. Antimony consequently enables growth at elevated temperature,
likely reducing the levels of point defects incorporated into the
active region (for example, compare [13] and [21]). Moreover, as
will be seen subsequently, GaInNAsSb may be grown in a regime
where growth parameters require less stringent control than for
GaInNAs. Only the gallium, indium, and antimony fluxes require
careful control and the emission wavelength may be tuned by
varying a single parameter: the total growth rate. The practical
importance of this growth regime cannot be understated; it
does not require growth near the V–III stoichiometric point
or careful re-optimization of the growth conditions for each
emission wavelength. This dramatic simplification in growth
is advantageous when compared with InGaAsP or GaInNAs
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growth. InGaAsP alloys require tight control of the arsenic-tophosphorous flux ratio [22] while GaInNAs growth requires a
carefully controlled arsenic-to-group-III flux ratio [13].
This paper describes the growth and design considerations for
producing high optical efficiency GaInNAsSb quantum wells
emitting at 1.55 m. Very low-threshold 1.55- m lasers are
also presented to validate these growth techniques. This growth
window has previously produced low-threshold GaInNAsSb
1.5 m [23] which are reviewed here as well for
lasers at
completeness. Laser characterization techniques are also employed to examine the lasing behavior of these devices. Special
attention is given to annealing and temperature stability effects.
Section II details the key MBE growth considerations, supported
by photoluminescence (PL), high-resolution X-ray diffraction
(HRXRD), and remote Langmuir probe measurements [24].
Section III describes the laser structure, fabrication, and device
results covering the entire S, C, and L telecommunication bands.
Device results corroborate the luminescence and structural
characterization results. Special attention is paid to the roles of
both in situ and ex situ annealing of the active region. Section IV
describes Z-parameter and band offset measurements that illuminate the remaining issues regarding the stability of device
performance with respect to ambient temperature. Section V
reviews the conclusions of this work and places the laser results
into context with other reports in the literature.

Fig. 1. Dependence of the PL intensity and wavelength upon the As/III flux
ratio for a single GaInNAsSb QW, surrounded by GaNAs barriers.

II. ACTIVE REGION GROWTH AND CHARACTERIZATION
It is well established that the solid-source molecular beam
epitaxy (MBE) growth technique is ideal for basic materials
investigations. Because of the low operating pressures, there
are no precursor reactions. Furthermore, the elemental sources
do not require pyrolysis which decouples the growth rate from
the substrate temperature. This is particularly advantageous
for exploring the dilute-nitride growth parameter space. The
low solid-solubility of nitrogen in GaAs [25], [26] necessitates
kinetically limited growth [27], specifically low temperature
growth [13], [21], [28], [29]. Moreover, nitrogen incorporation
may be easily controlled by the growth rate [30], [31]. These
and the other beneficial aspects of MBE growth have enabled
the rapid exploration of the many-dimensional parameter space
of GaInNAsSb alloys.
A. Growth Conditions and Test Structures
Samples were grown in two Varian Mod. Gen. II MBE machines connected via an ultrahigh vacuum loadlock. One machine was configured for dilute-nitride growth and the other for
GaAs-AlGaAs growth. Reactive nitrogen was supplied with a
SVT Associates RF plasma cell, operated in the inductively coupled mode with 300 W of forward RF power and a nitrogen gas
flow of 0.5 sccm. Gallium and indium were supplied with effusion cells. Dimeric arsenic was supplied with a valved cracking
cell. Antimony was supplied with an unvalved cracking cell. Because of the relatively low antimony fluxes required and the high
cracking temperature of 850 C, the antimony molecular beam
was almost entirely monomeric [32]. The AlGaAs MBE system
was equipped with gallium and aluminum effusion cells and an
were used for n- and
arsenic cracking cell. Silicon and
p-type doping, respectively.

Fig. 2. Dependence of indium, antimony, and nitrogen concentrations upon the
As/III flux ratio, as determined by SIMS.

A simple undoped layer structure was employed for basic
materials investigations. A 3000-Å GaAs buffer was first
grown on a (100) GaAs substrate at 580 C. The sample was
then cooled to near room temperature under an arsenic flux,
depositing an amorphous arsenic cap [33]. The plasma cell
was then ignited and run to stabilization, with the sample
surface protected by the arsenic cap [34]. The sample was then
heated back to 580 C, desorbing the arsenic and GaAs growth
was reinitiated. The wafer was cooled to the active region
growth temperature over the course of 250 Å of GaAs. A
210-Å tensiley-strained GaNAs barrier was grown, followed
by a 75-Å GaInNAsSb quantum well (QW), another 210-Å
GaNAs barrier, and then a 500-Å cap of GaAs. This simple
structure enabled straightforward characterization by both
PL and HRXRD. Samples were removed from the machine
and cleaved into pieces that were rapid thermal annealed in
a nitrogen ambient, for a duration of 1 min, at a variety of
temperatures. Arsenic outdiffusion was minimized by a GaAs
proximity cap. Each sample was examined by room temperature PL and as-grown material was analyzed by HRXRD.
PL is an ideal technique for rapidly gauging the suitability of
dilute-nitride active regions for laser applications because of
the excellent correlation with laser threshold current density
[13]. Dilute-nitride laser performance is typically limited by
defect-related recombination [35], [36] which is well reflected
by the peak PL intensity.
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Fig. 3. (a) (004) !=2 measurements for As/III flux ratios of 11.3 and 1.4. Note the significant degradation when insufficient arsenic flux was employed. (b) (224)
reciprocal space map of the GaInNAsSb QW grown with an As/III flux ratio of 1.4.

B. Effects of the Arsenic and Antimony Fluxes
High optical quality GaInNAsSb is typically grown under relatively high arsenic fluxes. Qui et al. derived the thermodynamic
requirements for producing single phase GaNAs growth using
a regular solution model [27]. The result was two independent
conditions that the nitrogen and arsenic fluxes must each be
above certain threshold values. Although MBE growth is kinetically limited, experimental results agree qualitatively with
these thermodynamic predictions [37]. Consequently, most dilute-nitride active regions are grown under a high arsenic flux,
10 (a 20
typically an arsenic-to-group-III flux ratio of
beam-equivalent-pressure ratio). The key exception has been
1.55- m range GaInNAs that is grown at very low temperatures, 320–350 C, to suppress phase segregation [13]. Consequently, low and tightly controlled arsenic fluxes are then necessary [13] to minimize arsenic-related point defects that readily
incorporate at these low temperatures [38]–[42]. This growth
regime is at/near the stoichiometric point and is quite difficult
to control. This is a significant concern, especially when repeatability of optical efficiency and emission wavelength are required. By contrast, GaInNAsSb may be grown at significantly
higher temperatures under high arsenic fluxes. Fig. 1 plots the
emission wavelength and PL intensity for GaInNAsSb QWs,
as a function of the arsenic flux [43]. A wide range of arsenic
fluxes produced both stable optical intensity and emission wavelength. Over this range, the composition changes slightly with
arsenic flux, however, the optical efficiency and emission wavelength remained quite constant. The results of compositional
analysis from secondary ion mass spectrometry measurements
are shown in Fig. 2. Under low arsenic fluxes, however, significant structural degradation was observed in both low-temperaHRXRD
ture PL and HRXRD [43]. Fig. 3(a) plots (004)
scans of samples grown under arsenic-to-group-III flux ratios of
10 and 1.4 . As shown in Fig. 3(b), the features related to both
the GaInNAsSb QW and GaNAs barriers were significantly degraded at the lower arsenic flux. (224) reciprocal space mapping
revealed extremely weak QW- and barrier-related diffraction intensities in the sample grown with a 1.4 arsenic-to-group-III
flux ratio. A broad peak near the GaAs peak was also evident,
indicating diffraction from smaller in-plane and larger out-of-

Fig. 4. Effect of the antimony flux on the PL intensity of GaInNAs(Sb) QWs.

plane lattice constants. These features were not observed for
samples grown with high arsenic fluxes and may be related to
roughening and/or segregation effects.
For GaInNAsSb, the antimony flux is also an important consideration. The reactive surfactant effect of antimony is to limit
the surface diffusion length (SDL) of the incident adatoms [19],
[20], particularly indium, thereby inhibiting phase segregation
and roughening. It is critical not to restrict the SDL too far,
however, or adatoms will not be able to find optimal lattice
sites and the optical quality degrades [43]–[45]. Fig. 4 illustrates this point; there is a clear optimal antimony flux when
all other growth parameters are held constant. The optimal antimony flux likely depends upon the substrate temperature, nitrogen content, indium content, and the growth rate. This point
is currently under study, but is complicated by the number of
parameters involved.
C. Nitrogen Plasma Conditions and Ion Related Damage
The nitrogen plasma conditions are also quite important. The
effects of the different parameters (e.g., crucible design, operating pressure, input power, etc.) upon material quality have
been well documented. See, for example, [46]–[48]. Because
of the interrelation of these parameters upon the plasma conditions, we control the nitrogen content directly with the group-III
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Fig. 5. Measured ion current emanating from the RF plasma nitrogen cell, as
a function of the deflection plate voltage. Voltages of 30 V are sufficient to
deflect virtually all ions from the wafer surface.

6

growth rate and not by varying the plasma conditions [30]. This
eliminates the need to re-optimize the plasma conditions when
changing the nitrogen content. Nitrogen gas purity is also a very
significant consideration. To this end, we employ a parts-per-billion purifier in the gas delivery manifold to remove oxygen and
other undesirable impurities. Material quality has been found to
be strongly dependant upon residual contaminant levels.
While RF plasmas produce minimal ion counts under optimized operating conditions, the ions pose a significant issue for
producing high-optical quality dilute-nitrides [46], [49]–[52].
The undesirable ions can be electrostatically removed from the
nitrogen beam with dc biased deflection plates placed at the exit
aperture of the plasma cell [51], [53], [54]. To directly measure the effect of the deflection plates, a quadrupole mass spectrometer was installed with direct line of sight into the nitrogen
plasma cell. The ion current was measured as a function of
the voltage on one deflection plate from 90 to 90 V, with
the other grounded. The filament of the mass spectrometer was
turned off to measure only those ions emitted from the plasma
cell [55], [56]. The result is shown in Fig. 5. Deflection voltages
larger than 20 V in magnitude were sufficient to deflect the
ions away, and no significant difference was observed between
the two polarities. This result agrees well with finite-difference
time-domain simulations of ion deflection [57] and the PL results for samples grown with differing deflection voltages shown
in Fig. 6. Degradation at large negative deflection plate voltages
has also been observed [58]. An intermediate deflection plate
voltage of 40 V was employed for all other samples discussed
in this work.
D. Growth Temperature
Perhaps the most crucial growth parameter for producing dilute-nitrides of high optical quality is the
substrate temperature. Fig. 7 plots the peak PL intensity as a function of the growth temperature for single
N
As
Sb –GaN As
QWs emitGa
ting at 1.55- m [21]. The arsenic-to-group-III flux ratio was
10 and the antimony beam-equivalent-pressure was
10
torr. Luminescence degraded rapidly at low
1.2
temperatures due to increased point defect formation, most

Fig. 6. PL intensity with annealing temperature for GaInNAsSb QWs grown
with differing deflection plate voltages. Results are in agreement with the ion
count measurements of Fig. 5.

Fig. 7. PL intensity GaInNAsSb QWs grown at different temperatures, annealed at 760 C for 1 min. The trend is independent of annealing conditions.

likely arsenic antisites [13], [42], [59], due to the high arsenic
fluxes. Phase segregation and 3-D growth limit the maximum
growth temperature. Strong evidence of phase segregation
at high growth temperature has been found in TEM studies
for GaInNAs [60]. Segregation manifests itself as nano-scale
lateral compositional fluctuations of alternating indium-rich
(nitrogen-poor) and nitrogen-rich (indium-poor) regions. The
resulting growth temperature window is quite narrow, 20 C
for both 1.55- m range GaInNAs [13] and GaInNAsSb [21].
However, sufficient control of the growth temperature, 3 C,
is easily achieved in MBE growth with careful pyrometry or
band-edge thermometry measurements.
E. Discussion
The many variables involved in GaInNAsSb growth rendered the ideal growth window difficult to determine; however,
repeatability of growth in terms of optical quality and emission
wavelength does not appear to be a significant issue.1 Moreover,
in this growth window, the nitrogen content may be increased
1If the nitrogen plasma cell is always run under the same conditions. The gallium and indium fluxes (and their ratio) then control the gallium, indium, and
nitrogen concentrations. A high arsenic flux is supplied so the antimony content
is controlled directly with the antimony flux. Therefore, only the indium, gallium, and antimony fluxes require careful control—essentially a quasi-ternary.
We routinely achieve 1–2 nm control in the as-grown emission wavelength. Additionally, the emission wavelength can be “trimmed” with the ex situ annealing
conditions.
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Fig. 8. PL intensity as a function of the nitrogen content, under (identical) optimal annealing conditions [71]. No trend in the optical quality is observed.

without penalty to the optical quality. Fig. 8 plots annealed PL
spectra of samples emitting between 1.45–1.55 m that show no
trend in the optical quality. The nitrogen content was increased
by decreasing the growth rate, rather than varying the nitrogen
plasma conditions. This powerful result shows that the emission
wavelength may be tuned across the entire 1.55- m communications band changing only one variable—the total growth
rate—without affecting the optical quality. This finding runs
contrary to the universal result in the early years of dilute-nitride
research that the optical quality and laser thresholds degraded
rapidly with increasing nitrogen content (See for example, [14]
and [61]). This growth regime is also quite promising from a
manufacturing perspective as different emission wavelengths
may by targeted without complicated re-engineering of the
growth conditions.1

Fig. 9. Laser layer structure showing the thicknesses, doping levels, and growth
temperatures.

III. EDGE-EMITTING LASERS
A. Device Structure and Fabrication
Separate confinement heterostructure ridge-waveguide
lasers were employed to quantify the epitaxial quality of the
GaInNAsSb active regions. The layer structure is shown in
Fig. 9. As mentioned in Section II, the waveguide and active
region were grown in separate machines. Samples were capped
with arsenic for transfer between the cladding-layer (AlGaAs)
MBE machine and the dilute-nitride MBE machine under
ultrahigh vacuum. The location of the growth interruptions are
labeled with thick lines in Fig. 9. Samples were ex-situ annealed
after growth for one minute in a rapid thermal annealing furnace
under a flowing nitrogen ambient. Arsenic evaporation was
minimized with a GaAs proximity cap. 20 m wide ridges were
defined using a combination of lift-off of evaporated Ti–Pt–Au
and a self-aligned Ar: BCl :Cl inductively coupled plasma
etch to the top of the GaAs waveguide. The samples were then
120 m and backside metal (Au–Ge–Ni–Au)
thinned to
was evaporated. The structure was then sintered at 410 C
for one minute. Fabry–Perot cavities of multiple lengths were
defined by cleaving. Bars were mounted epitaxial-side up onto
temperature-controlled copper heatsinks with InSn solder.
Low-threshold 1.5- m range lasers have been previously
demonstrated [23], [62]. The continuous-wave (CW) –

Fig. 10. CW L–I curve and optical spectra (inset) for a 20 m
device emitting at 1.45-m.

2 2150 m

curve and optical spectrum of a 1.45- m laser are shown in
Fig. 10 and inset. The chuck temperature was 15 C. The
, for the 20 m 2150 m device
threshold current density,
was 440 A/cm , the external efficiency, , was 51% (both
facets), and the peak output power was 431 mW from both
facets. A peak wallplug efficiency of 16.3% was measured
at 180 mW of output power. The emission redshifted with
bias and reached 1.50 m at thermal rollover. CW lasing was
observed up to 65 C, at a junction temperature of 90–95 C.
Lasing was progressively extended to 1.52 m and 1.55 m
by increasing the nitrogen content, as described in Section II
(the two longest wavelength active regions of Fig. 8). Fig. 11
plots the room temperature pulsed – curve and optical spectra
(inset) of a typical 20 m 2666 m 1.52- m laser. The
was 550 A/cm and was 30%.
Fig. 12 plots the room temperature CW – curve and optical
spectra (inset) of a typical 20 m 2400 m 1.55- m laser.
was 579 A/cm and was 40%. As shown in Fig. 13,
The
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Fig. 11. Pulsed L–I curve and optical spectra (inset) for a 1.52-m laser.

Fig. 14. Pulsed L–I curve and optical spectra (inset) for a 1.61-m laser grown
under nonoptimized conditions.

Fig. 12. CW laser L–I curve and optical spectra (inset) at 1.56-m.
Fig. 15. Shift in PL intensity for a GaInNAsSb QW upon annealing for variable
temperature (fixed time of 1 min) or variable time (fixed temperature of 700 C).

of a typical
m
m 1.6- m laser. The
was
was 17%. Despite the poor growth con3200 A/cm and
ditions, lasing persisted at elevated temperature and emission
as long as 1.63 m was achieved at 70 C. This is the longest
lasing wavelength for a GaAs-based QW device.
B. Annealing Effects on Laser Performance

Fig. 13. Temperature dependence of J
Fig. 12.

and  for the 1.56 m laser of

the characteristic temperatures for the threshold current density
and external efficiency
were 71 and 171 K, respecand
at
tively, near room temperature. The degradation of
elevated temperature is likely due to carrier loss from the QW
into the defect laden GaNAs barriers, as discussed in Section IV
and [63].
Under nonoptimized growth conditions, the lasing wavem. Fig. 14 plots the room
length was extended
temperature pulsed – curve and optical spectra (inset)

1) Over-Annealing Effects: The PL efficiency [13] and
linewidth [64] are important metrics for gauging the quality
of dilute-nitride active regions, due to their sensitivity to point
defects and structural quality. The PL efficiency is especially
important as it correlates directly with laser threshold [13].
Thermal annealing of the dilute-nitride QW, in situ and/or
ex situ, is crucial for obtaining high luminescence efficiency
[65]–[67]. PL efficiency increased at short annealing times
and/or low temperatures, followed by a precipitous decrease
at longer times and/or higher temperatures. Example ex situ
annealing characteristics are shown in Fig. 15. The “optimal”
annealing temperature/time, meaning the annealing temperature/time that produces the strongest PL, is also an important
figure of merit [68]. This optimal annealing point measures
the thermal budget of the active region and, consequently,
how much material can be grown above the QW without
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Fig. 16. L–I curves for lasers with 1.55-m active regions with high (2.48%
strain) and low (2.64% strain) optimal annealing temperature. Increased thermal
robustness resulted in superior laser performance.
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Fig. 17. Dependence the 1.56-m laser J
temperatures.

on L, for several ex situ annealing

degradation. It is, therefore, a critical parameter for evaluating
dilute-nitride active regions.
Active regions with a low optimal annealing temperature
produce inferior devices because the active region may degrade
during top DBR/waveguide growth [68]. Fig. 16 illustrates
this point with room-temperature pulsed (1 s, 1% duty cycle)
light output versus input current, – , curves for edge-emitting
ridge-waveguide lasers. The active regions of the two devices
produced virtually identical optimal peak PL efficiencies,
under optimal annealing conditions. However, the optimal
annealing temperatures were significantly different. Luminescence linewidths were also comparable, 35 meV. Lasing
was centered at 1.552 and at 1.559 m for the QW with lower
and higher optimal annealing temperature, respectively. The
devices were of similar size, but the laser with higher optimal
annealing temperature showed significantly lower threshold
current density, 630 A/cm versus 2380 A/cm , and higher
external quantum efficiency, 44% versus 14%, than the laser
with lower optimal anneal.2 Ancillary experiments were performed to verify that the differences in performance were due
to over-annealing effects [68].
For GaInNAsSb active regions emitting in the 1.55- m
regime, the optimal annealing temperature does not appear to
depend upon the growth temperature or arsenic flux. Other
growth conditions, such as increased ion-related damage from
the nitrogen plasma source, or nonoptimal plasma operating
conditions, do strongly degrade the optimal annealing temperature. There is also a certain compositional/chemical component
to the optimal annealing temperature, with significant degradation observed at elevated indium contents [68], [69], [70].
It appears that the typical dilute-nitride design methodology
for extending the emission wavelength [14], [69]—maximum
indium concentration and minimum nitrogen content—is undesirable in the 1.55- m regime because of over-annealing
considerations. This issue does not pose a significant obstacle
to 1.55- m-range dilute-nitride lasers because, under optimal
growth conditions, the nitrogen content may be increased freely

without penalty to the optical quality or the optimal annealing
temperature (Fig. 8) [71].
2) Ex Situ Laser Annealing: Optimal post-growth annealing
of laser structures is also essential for achieving high-perforwith the inverse of
mance devices. Figs. 17 and 18 plot
cavity length, , and
with for various annealing temperatures of the 1.55- m active region: 720 C, 740 C, and
760 C, for a duration of 1 minute. While the lower annealing
temperatures both produced low thresholds at large , the behavior at shorter values of was significantly different. This is
understood as lower values of the peak gain coefficient, , and
, for the 720 C anneal.3 The
transparency current density,
anomalous behavior of with for the 720 C anneal (Fig. 18)
can also be understood as a consequence of the low QW gain.
The carrier densities must be far greater to reach threshold, exacerbating carrier leakage-related effects that degrade the ,
especially at reduced . Difficulties also arise with excessive
annealing. Higher temperature annealing appears to reduce the
internal quantum efficiency as seen from Fig. 18. This results
with . Practical devices, especially
in a rigid increase in
VCSELs, require high gain, and hence, sufficient annealing. The
740 C and 760 C anneals showed much improved gain and
was univirtually identical QW gain parameters; however,
formly higher at 760 C.

2Cavity length studies verified the difference in cavity lengths was insufficient
to explain the improved external efficiency.

3This analysis was performed under the typical assumption of a logarithmic
current-gain relation.

Fig. 18. Dependence the 1.56-m laser  on L, for several ex situ annealing
temperatures.
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Fig. 19. Plot of g and J , as a function of the annealing temperature, as determined from Figs. 17 and 18.

Fig. 19 plots the variation of
and
with annealing
temperature extracted from the cavity length measurements of
increase and then saturate with
Figs. 17 and 18.4 Both and
increasing annealing temperature. This behavior, coupled with
at high annealing, creates an optimal annealing
decreased
is low for insufficient annealing, while
is
temperature:
high and is low for too much annealing (temperature and/or
duration). The monotonic increase of both
and
with
annealing is likely an effect of nearest-neighbor rearrangement
[72], [73]. Each In-N nearest-neighbor combination: zero,
one, two, three, and four indium atoms surrounding a nitrogen
,
,
,
, and
, respectively)
atom (denoted
creates a unique conduction band. Annealing is known to
increase the number of indium nearest-neighbors per nitrogen
atom [72]–[74]. A sufficiently long/hot anneal essentially
and
bands, primarily increasing
removes the lower
band. Each nitrogen atom in
the number of states in the
the crystal contributes a single state to the appropriate band
[75]. The new (lowest) conduction band after anneal, typically
, then has a significantly larger density of states. Moreover,
the oscillator strength is known from electro-reflectance and
absorption measurements to increase with the number of In-N
should, therefore,
nearest-neighbors [74], [76]. Both and
increase with longer/hotter annealing. The reduction in with
increasing anneal is likely due to degradation of the QW optical
quality at high annealing temperatures. The cause of this effect
is not fully understood, but is likely another manifestation of
thermally induced degradation of the metastable QW [77].
C. Very Low-Threshold Lasers
Deeper ridge etching, through the QW, was attempted to
. Fig. 20 shows the
investigate the remaining portion of
pulsed (500 ns, 1% duty cycle) room temperature – curve of a
1.55- m active region 20 m 2933 m device with as-cleaved
facets. The
was substantially improved to 318 A/cm and
was 34%. An optical spectrum taken at 1.3 threshold
the
is shown in Fig. 21, showing lasing at 1.54 m. The CW
4Because of the unphysical values of  and
found for the 720 C anneal,
these quantities were assumed to be the same as for the 740 C anneal (60%
and 4.5 cm , respectively). Qualitatively, g is independent of the values of
 and . J is quite low regardless of the value of  but depends strongly
on . This particular device process and structure,
has been found to range
from 2 5 cm . The calculated values for J are quite low over this range
of .

 0

Fig. 20. Pulsed L–I a 1.55-m active region laser with ridge etching through
the QW.

Fig. 21. CW L–I and optical spectrum (inset) of a 1.55-m active region laser
with ridge etching through the QW.

was only 373 A/cm and
and was 41%, as seen in Fig. 21.
Peak output powers were 650 mW (current driver-limited) and
250 mW under pulsed and CW operation, respectively. These
laser thresholds are only 50% higher than the best devices
reported for dilute-nitride lasers at 1.3 m [4] and comparable
to the best reports beyond 1.3 m [78], despite the increased
Auger recombination and intervalence band absorption caused
by the longer emission wavelength, as well as the substantially
greater nitrogen content ( 6 ). Cavity length studies show an
internal quantum efficiency of 85% in these structures, approaching the best reports for dilute-nitride lasers at 1.3 m [4].
Etching through the active region eliminates lateral current spreading under the ridge, yielding a more accurate
. Previous
measurement of the active area, and hence, of
measurements of the threshold and efficiency for ridges of
various widths [79] and of the partially amplified spontaneous
emission [36] showed that the differential lateral current
, was 84%
spreading efficiency above threshold,
[36]. Thus, deep etching increased the overall internal effifrom 70% for shallow etched lasers to
ciency by
70%/84% 83% for deep etched lasers. This agrees quite well
with the measured internal efficiency of 85%. Without lateral
spreading, the threshold current density was also reduced,
but this time by the subthreshold lateral current spreading
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Fig. 22. Energy level structure for the Ga
In
N As
Sb
–GaN As
QW/barrier structures of Fig. 8. (a) 2.2% and 3.1% of N in
GaInNAsSb and GaNAs layers, respectively; (b) 2.8% and 3.8% of N in
GaInNAsSb and GaNAs layers, respectively; (c) 3.0% and 4.3% of N in
GaInNAsSb and GaNAs layers, respectively. The QC for GaInNAsSb–GaAs
and GaNAs–GaAs interfaces is assumed as being 85% and 80%, respectively.

efficiency,
, which is different than
.
Carrier spreading is expected to be greater below threshold
because fewer carriers experience stimulated emission and
are, therefore, available to spread laterally. The observed reduction in threshold from 550 to 318 A/cm is explained if
60 and differences in device lengths are
accounted for.
IV. INTRINSIC MEASUREMENTS
A. Band Offset Measurements
Knowledge of the bandgap discontinuities is crucial for optimal design of the active region of a laser structure, especially
in regards to the stability of device performance with ambient
temperature. Modulated reflectance techniques can probe optical transitions related to the ground and excited states at/above
room temperature—i.e., in the typical operating temperature
range of devices—due to their absorption-like character and
high sensitivity. The analysis of interband transitions, together
with theoretical calculations, makes it possible to determine the
energy level structure, including the band gap discontinuity, at
QW interfaces.
Fig. 22 plots the band structure of the GaInNAsSb–GaNAs
QWs of Fig. 8, obtained with contactless electroreflectance
(CER) [80]. Details of the method are provided elsewhere [81],
[82]. It was expected that increasing the nitrogen content in the
GaInNAsSb QW would increase the confinement potential for
both electrons and holes. However, as the N% content in GaInNAsSb QW was increased to extend the emission wavelength,
the N% in the GaNAs barriers was also necessarily increased.
This was due to the MBE system configuration.5 This increased
the tensile strain in the barriers, significantly reducing the
minimum confinement barriers for holes—between the heavy
hole ground state in the QW and the light hole band in the
barriers. This may enhance hole leakage issues from the QW
[83], [84], adversely affecting the temperature stability of the
5There was only one gallium cell in the MBE system. Therefore, the GaNAs
growth rate, and hence N%, was fixed by the QW growth rate.
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Fig. 23. Local Z-parameter versus current density J at 15, 35, and 55 C. Increased barrier recombination reduces Z at fixed J .

laser [36], [63]. This may explain the degradation of
and
at elevated temperatures observed in Fig. 13. Employing GaAsP
barriers instead of GaNAs barriers may be a solution to this
problem, as they would provide both strain compensation and
large band offsets [85]–[87]. Installing an additional gallium
cell in the MBE chamber may also be helpful, because it would
allow independent control of the QW and barrier nitrogen
contents [87].
B. Z-Parameter Measurements
The local Z-parameter and its temperature dependence provide valuable insight into the dominant recombination processes
and help to explain the temperature sensitivity of the threshold
and external efficiency
of the laser. The
current density
method, which is described in detail in [36] and also in [35],
[62], [88]–[90], consists of using a photodiode with a flat spectral response to measure the integrated spontaneous emission,
TSE, emitted from the laser as a function of applied current,
, and then calculating
from the
measured curve. To improve the overall accuracy, we instead
measured this derivative directly using small signal modulation
and lock-in detection [91].
The Z-parameter represents an average of the effective Z-parameters of all recombination processes, weighted according to
their fractional contribution to the total current. The expected recombination processes in our lasers are: 1) midlevel QW traps,
i.e., ideal monomolecular; 2) midlevel barrier traps; 3) N–N
barrier electron traps located near
eV; 4) As–N
barrier electron traps near
eV; 5) radiative; 6) Auger
CHCC; and 7) Auger CHHS. In the nondegenerate limit, the effective Z-parameter will be: 1, 1, 1.3, 2, 2, 3, and 3 for these
processes, respectively, however, the conduction band becomes
quickly degenerate even at low injection levels and so the theoretical effective Z-parameters near threshold are 1.2, 1.4, 1.4,
3.6, 2, 4.3, and 3.6, respectively [36]. Notice that radiative recombination always has an effective Z-parameter of 2. Also, we
assume that Auger recombination in the barriers is negligible
compared to in the QW because of the much smaller carrier density there.
Fig. 23 shows the – curves at 15, 35, and 55 C. The
N–N
barrier electron trap energy level is located just below
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the conduction band of the QW. Thus, the trap is only partially filled at low injection levels, which caused the initial decrease shown in the – curve [36], [63]. At medium injection
levels, the Z-parameter at fixed decreased with temperature.
This indicates that as the temperature is increased, a larger fraction of the current is due to recombination through midlevel or
N–N
traps since these are the only processes that can pull
down the average when is below 2. Recombination through
QW traps is relatively temperature insensitive and its contribution should not significantly change with temperature. However,
given the very small effective valence band offset of 45 meV
between the heavy-hole level in the compressively strained QW
and light-hole level in the tensiley strained barriers, the density
of holes in the barrier can increase quite rapidly with temperature. Thus, we conclude that barrier trap recombination is the
dominant process that determines the temperature sensitivity of
the – curves. Barrier recombination limits the room temperand
and drastically reduces these parameature values of
ters at elevated temperatures, as shown in Fig. 13. The 1.5- m
lasers of Fig. 10 contained significantly less nitrogen in the barriers (less tensile strain) and therefore yielded a larger effective
valence band offset of 110 meV to the QW [36], [92]. Consequently, those devices had temperature insensitive – curves
[36], [90], higher
and
values at room temperature, and
less noticeable kinks at elevated temperatures [62], [63].
At medium to high injection levels, the Z-parameter in Fig. 23
exceeded 2, indicating significant barrier As–N
electron trap
and/or QW Auger recombination. It is unclear which mechanism
is responsible, but given the small effective valence band offsets
and previous studies indicating that after annealing the trap concentration of As–N , defects remains approximately two orders of magnitude greater than the concentration of N–N
debarrier trap is responsible.
fects [93]. We believe the As–N
Despite the larger defect density, recombination through this trap
did not become strong until high injection levels and temperatures, i.e., when there was a sufficient electron occupation of this
barrier trap located approximately 200 meV above the QW conduction band edge. The temperature dependence of this recomdefect and
bination path is stronger than that for the N–N
should pull up the average for at high injection levels as the
temperature is increased. However, due to the overall increase
in trap recombination, the carrier density at fixed current density decreased sharply with temperature and so the slope of the
– curve was quickly reduced. At threshold, the Z-parameter
in Fig. 23 was 2.7, 2.8, and 3.3 at 15, 35, and 55 C, respectively.
are only slightly higher those of our preThese values for
vious lasers. At elevated temperatures, the increase in both the
N–N
and As–N
barrier recombination leave
rela.
tively unchanged despite increasing
V. CONCLUSION
We have described the growth of high-quality 1.55- m
dilute-nitride lasers. The critical growth parameters have been
described, including growth temperature, group-V fluxes,
nitrogen plasma-related ion damage, and thermal annealing
considerations. PL studies, HRXRD measurements, and laser
characterization were employed to study the role(s) the different parameters. The growth window that has emerged is

Fig. 24. Plot of J with lasing wavelength reported for dilute-nitride based
QW lasers. Adapted from [71] and references therein.

one that, while narrow, is easily controllable and the emission
wavelength may be easily tuned.1 Emission may be tuned
around 1.55 m—without penalty to the optical quality—by
simply adjusting a single parameter: the growth rate.
As shown in Fig. 24, lasers based upon this approach represent a substantial improvement over previous results in the literature and validate the GaInNAsSb–GaAs materials system as
an ideal active region for 1.55- m optoelectronics. When coupled with the inherent advantages of the GaAs substrate, namely
AlAs–GaAs DBRs, native oxide layers, and mature fabrication
techniques, GaInNAsSb active regions are quite promising for
use in VCSEL sources and laser amplifiers in next generation
optical networks, as well as in novel and highly manufacturable
active photonic crystal devices.
Future improvements in laser performance are anticipated by
tuning the arsenic-to-antimony flux ratio to minimize point defects [43] and engineering the band alignments to reduce the
temperature sensitivity of laser performance [63].
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