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Abstract

To improve the performance of metalorganic chemical vapor deposition (MOCVD)-grown long wavelength

InGaAsN quantum well (QW) diode lasers emitting beyond 1.3 mm, a detailed examination of the growth parameters

was performed, including DMHy/V ratio, QW growth temperature, choice of barrier material and thermal annealing

temperature. This study reveals that a growth temperature in the 530–540 1C range is preferred in order to improve

nitrogen incorporation and prevent degradation of the material luminescence. Increasing the DMHy/V ratio is found to

be the preferred method to achieve wavelength extension. Utilization of GaAsN barrier layers, instead of GaAs

barriers, suppresses the spectral blue-shift of the quantum well luminescence after thermal annealing treatment. Under

optimized growth conditions, InGaAsN diode lasers emitting at 1.378mm are realized with a threshold current density

of 661 A/cm2 and external differential quantum efficiency of 34%. Lasing wavelengths as long as 1.41 mm with a

threshold current density of 1.93 kA/cm2 are also demonstrated, representing the longest wavelength InGaAsN QW

lasers realized by MOCVD.
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1. Introduction

Proposed by Kondow et al., InGaAsN opens up
new opportunities to realize low-cost, high-perfor-
mance 1.3-mm emitting semiconductor diode lasers
grown on GaAs substrates. With intensive re-
search effort, high-performance 1.3-mm emitting
d.
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InGaAsN quantum well (QW) lasers have been
successfully demonstrated and optimized by both
molecular beam epitaxy (MBE) [1,2] and metalor-
ganic chemical vapor deposition MOCVD growth
[3–7]. Optimized structures exhibit reduced thresh-
old current density and lower temperature sensi-
tivity as compared to conventional InP-based 1.3-
mm emitting lasers [8,9]. One challenging goal
remaining is to extend the emission wavelength
beyond 1.3 mm, while maintaining optical material
quality for the realization of longer wavelength,
high-performance, GaAs-based devices. Dilute-
nitride material grown by MBE has shown
promising characteristics in the 1.4–1.5-mm wave-
length regime. Gollub et al. demonstrated 1.49-mm
emitting ridge waveguide lasers with a threshold
current of 120 mA and maximum power of 15 mW
[10]. Recently, by introducing antimony into the
InGaAsN QW, Bank et al. demonstrated 1.49-mm
emitting devices with threshold current densities as
low as 1.1 kA/cm2 and external differential quan-
tum efficiencies of 34% [11]. While these results
are promising, they do not yet match the device
performance of conventional InP-based lasers in
the 1.5 mm-wavelength region.

For MOCVD growth, the emission wavelength
and material quality of the InGaAsN QW is
limited by the imperfection of the nitrogen
precursor and the competing behavior of indium
and nitrogen incorporation. Up to now, the
longest lasing wavelength of MOCVD-grown
InGaAsN devices has been limited to 1.38 mm
with a relatively high threshold current density of
2.2 kA/cm2 [5]. In order to fully explore the
possibilities of wavelength extension, it is essential
to study the effects of the various MOCVD growth
conditions on the InGaAsN material properties
and the resulting device behavior. Typically,
wavelength extension comes at the expense of
material quality degradation due to an increased
N-content in the QW. In this work, a systematic
investigation was conducted on gas-phase DMHy/

V ratio, QW growth temperature and thermal

annealing temperature.
In addition, the choice of the material system for

the barrier surrounding the QW is also important
to the device performance. Previous work identi-
fied that substituting GaAs barriers with tensile
strained GaAs1�xPx (x�0.15 and 0.33) effectively
suppresses carrier leakage, leading to lower device
temperature sensitivity. The temperature sensitiv-
ity of the threshold current density (Jth) and
external differential quantum efficiency (Zd) are
characterized by T0 and T1 values, respectively
(T0 ¼ 1=J th � ðqJ th=qTÞ; T1 ¼ �1=ZdðqZd=qTÞ).
The T1 value of InGaAsN–GaAs0.67P0.33 lasers
(2 mm-long cavity) is 450 K, significantly improved
compared with values of 160 K for the lasers with
GaAs barriers [12]. However, utilization of a high
bandgap material as the barrier inevitably incurs a
stronger quantum confinement effect and emission
wavelength blue-shift. This motivates the idea of
employing smaller bandgap material (such as
GaAsN) for the purpose of realizing longer
wavelength lasing devices, at the possible expense
of reduced carrier confinement. Previously, we
demonstrated 1317-nm emitting InGaAsN–
GaAsN lasers with improved threshold current
density and T0 compared to GaAs barrier struc-
tures [13]. Other reports, using MBE grown
material, by Egorov et al. also demonstrated
improved threshold current, but degraded T0

values for their single QW InGaAsN–GaAsN
lasers [14].
2. Experimental procedure

The structures studied were grown on (1 0 0) n-
GaAs substrate with group III sources of tri-
methylgallium (TMGa), trimethylaluminum
(TMAl) and trimethylindium (TMIn), and group
V material sources of AsH3, PH3 and U-dimethyl-
hydrazine (U-DMHy). The highly compressive-
strained 6-nm In0.4Ga0.6As1�xNx QW was grown
at a reactor pressure of 200 mbar with a QW
growth rate of approximately 1.28 mm/h. The
approximate total hydrogen flow rate was
5200 sccm. Each structure was completed in a
single growth step (i.e. no regrowth).

In this work, we focus on two variations of the
In0.4Ga0.6As1�xNx QW active region (�2.7%
compressive strain). The first consists of 75-Å
GaAs0.85P0.15 tensile-strained layers, employed for
strain compensation, with 100-Å GaAs bounding
layers on both sides of the InGaAsN QW, as
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Fig. 1. Schematic band diagram of InGaAsN QW with (a) GaAs and (b) GaAsN barrier. Tensile-strained GaAsP barriers in structure

(a) provides strain compensation.
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shown in Fig. 1(a). In the second structure, shown
in Fig. 1(b), the direct barrier was replaced with
35-Å GaAs1�yNy where the N-content y was
varied to be 0%, 1.5% and 2.5%. The separate
confinement heterostructure (SCH) consists
of a 300-nm undoped GaAs with 0.1-mm thick
Al0.75Ga0.25As cladding layers.

Room temperature (300 K) and low temperature
(25 K) photoluminescence (PL) measurements
were conducted to characterize the material
luminescence properties and the excitation source
was an argon ion laser (l=500 nm). High-resolu-
tion X-ray diffraction (XRD) experiments were
also carried out to determine the material compo-
sition and investigate the effect of thermal anneal-
ing on the InGaAsN–GaAs and InGaAsN–
GaAsN interface quality.
3. Results and discussion of MOCVD growth

studies

3.1. Effects of QW growth temperature and gas-

phase DMHy/V ratio

By altering the ratio of AsH3 to DMHy flow
rates, one can finely tune the material composition
to the desired emission wavelength target [15].
Here, we assigned the ratio of gas-phase DMHy
flow to total group V material flow, DMHy/V, as a
growth variable and study its effect on the
InGaAsN QW luminescence property. In our
experiment, we fixed DMHy flow at 5.12�
10�3 mol/min and modified AsH3 flow, keeping
the V/III ratio around 230. The AsH3 flow was
varied from 4.46� 10�4 to 8.57� 10�5 mol/min,
corresponding to a DMHy/V ratio from 0.969 to
0.994. In this study, structures shown in Fig. 1(a)
and a short thermal annealing treatment (640 1C)
of 3min were used.

Fig. 2(a) shows the measured room temperature
PL spectral peak wavelength and intensity as
functions of DMHy/V. With increasing DMHy/
V, the emission wavelength increases from
1220 nm with a ratio of 0.969 to emission
wavelengths of 1450nm with a ratio of 0.994,
indicating that the emission wavelength of InGaAsN
QW is very sensitive to the DMHy/V ratio. Without
introducing DMHy, a 6-nm
In0.4Ga0.6As QW emits at 1.22–1.23mm, which is
approximately equal to the wavelength of InGaAsN
QW with DMHy/V=0.969. Therefore, significant
nitrogen incorporated into the QW occurs only
when the DMHy/V ratio reaches values above 0.969.
With a small change of DMHy/V, the wavelength
can be engineered over a wide range from 1.2 to
1.5mm. When the wavelength is extended from 1220
to 1450nm, the PL intensity drops about 20 times
and the spectral full-width at half-maximum
(FWHM) slightly increases from 59.5 to 62.4meV,
indicating a degrading material quality as the N-
content increases.

The growth temperature of the InGaAsN QW is
also crucial to material optimization [16,17].
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Fig. 2. (a) Room temperature PL spectrum peak intensity and

emission wavelength as functions of gas-phase DMHy/V ratio

for the InGaAsN/GaAs structure. (b) PL spectrum FWHM of

the InGaAsN–GaAs QW structure with varying growth

temperature or DMHy/V ratio. A large spectral broadening

was observed when reducing the InGaAsN growth temperature.
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Reducing the growth temperature can significantly
increase N-incorporation efficiency which results
in wavelength extension as well as deterioration of
crystalline structure. In this experiment, a QW
growth temperature ranging from 490 to 540 1C
was utilized and DMHy/V ratio was fixed at 0.991.
Generally, reducing growth temperature by 10 1C
leads to a wavelength red-shift of 20–30 nm. At a
low temperature of 490 1C, one is able to achieve
emission wavelengths as long as 1500 nm. How-
ever, large spectral broadening suggests that a
lower growth temperature is not the solution for
realizing high-performance InGaAsN QW lasers
emitting around 1.5 mm. The increase of FWHM is
possibly due to alloy cluster scattering. Generally,
compositional phase separation from immiscibility
is more severe at a lower growth temperature. The
dependence of the PL FWHM vs. emission
wavelength is shown in Fig. 2(b) with two series
of data, indicating the effects of QW growth
temperature and DMHy/V. Interestingly, unlike
varying the growth temperature, the FWHM
values remains similar (60–63 meV) with increasing
DMHy/V. The study shows that utilizing a growth
temperature around 530–540 1C while varying
DMHy/V ratio represents a more practical and
optimal growth method for achieving long wave-
length InGaAsN lasers beyond 1.4 mm.

3.2. GaAsN barrier QW structure

GaAsN can serve as an alternative material to
surround the InGaAsN QW, as shown in Fig. 1(b)
[10,18]. Thorough investigations of the use of
GaAsN barriers were carried out using MBE
growth techniques [10,18], while few MOCVD
studies have been reported [13]. GaAsN with
smaller bandgap energy and tensile-strain reduces
the quantum size effect so that emission wave-
length elongation of the InGaAsN–GaAsN QW
compared to InGaAsN–GaAs can be realized, and
secondly, it provides strain compensation for the
highly compressive-strained InGaAsN QW
(�2.7%) and therefore enhances the material
quality.

Various N-contents of 0%, 1.5% and 2.5% in
the GaAsN barrier were used to examine the
effect on the InGaAsN QW. All the samples
were annealed at 720 1C for 27 min to improve
the optical quality. It is important to note that
without this high-temperature annealing pro-
cess, the InGaAsN–GaAsN QW shows very
poor PL intensity. A detailed study of the
in-situ thermal annealing effect is presented in
Section 3.3.

With GaAs0.985N0.015 barriers, the peak wave-
length of the In0.4Ga0.6As0.9915N0.0085 QW exhibits
a red-shift of about 35 nm while the PL intensity
drops by one-half compared to the structure with
identical QW except GaAs barrier. This indicates
that there is no significant material degradation
when utilizing a N-containing barrier and the
GaAsN barrier is suitable for long wavelength
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Fig. 3. Low-temperature (a) PL intensity and (b) emission

wavelength of the InGaAsN QW with GaAs or GaAsN barrier

treated at various annealing temperatures. A reduced blue-shift

was observed for the samples with GaAsN barrier.
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InGaAsN QW lasers emitting beyond 1.3 mm.
Comparing the emission wavelengths of structures
with GaAs0.985N0.015 and GaAs0.975N0.025 barriers,
we find that no further wavelength extension is
achieved with increasing barrier N-content. The
FWHM of the PL spectrum of each sample was
measured to be near 35 meV with negligible
variation.

3.3. InGaAsN–GaAs(N) thermal annealing studies

Thermal annealing is well known for improving
the InGaAsN material quality with an expense of
an undesirable wavelength blue-shift. The influ-
ence on emission wavelength is possibly due to
changes of nitrogen atom nearest-neighbor con-
figuration [19–22], or atomic interdiffusion
[20,23,24]. For growing high-quality InGaAsN
QWs, thermal annealing is a necessary treatment
to enhance the material luminescence property.
Here, we focus on the investigation of InGaAsN–
GaAs(N) QW structures under various annealing
condition.

Figs. 3(a) and (b) show the low-temperature PL
peak intensity and emission wavelength of the
InGaAsN–GaAs and InGaAsN–GaAs0.985N0.015

QWs annealed in the range 640–720 1C. The QW
contains 40% In and 0.85% N, an exhibiting
emission wavelength at 1380 nm with GaAs
barriers at room temperature. We found that the
choice of barrier material also influences the effect
of thermal annealing. An InGaAsN QW with
either GaAs or GaAsN barrier both show
enhanced PL intensity after annealing at high
temperature. However, the intensity of the In-
GaAsN–GaAsN structure tends to saturate, a
behavior not observed for the samples with GaAs
barrier. The PL spectrum FWHM of the GaAs-
barrier structures are 31.8, 32.3, 36.9, 40.8 meV
after annealing at 700, 680, 660 and 640 1C. For
GaAsN-barrier samples, FWHM was also im-

proved from 66 to 37 meV for 640 and 720 1C
annealing, respectively. This dramatic improve-
ment in the PL FWHM values demonstrates the
importance of annealing treatment for N-contain-
ing barrier structures.

Another distinction between these two struc-
tures is the annealing-induced wavelength blue-
shift shown in Fig. 3(b). A more substantial blue-
shift, as large as 54–87 nm, was observed for the
GaAs-barrier structure while only a 20–64 nm
blue-shift occurs when GaAs0.985N0.015 is utilized
(640 1C annealed sample as a reference). The
suppression of the wavelength blue-shift of
annealed InGaAsN–GaAsN QWs was also re-
ported by the MBE-grown materials [22,25]. To
examine the effect of thermal annealing on the
QW–barrier interface, high-resolution XRD ex-
periments were conducted on the InGaAsN–
GaAs(N) superlattice (SL) structures. The four-
period SL samples consist of 6-nm In0.4

Ga0.6As0.995N0.005 QW surrounded by 12-nm
GaAs or GaAs0.985N0.015 barriers and annealed
at 700 1C for 27 min after the growth of SL
structures. Comparing the as-grown and annealed
samples, the FWHM and peak-to-valley ratio of
the satellite peaks are almost identical which
indicates no significant structural degradation of
the interfacial sharpness.
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Fig. 4. Light power vs. current (L–I) relation of the 1.378-mm

(laser A) and 1.41-mm (laser B) InGaAsN–GaAsN QW lasers.
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4. InGaAsN–GaAsN QW lasers emitting at

k41.3 lm

Based on the MOCVD growth optimization of
the InGaAsN QW, we are able to achieve
InGaAsN QW lasers beyond 1.3 mm with im-
proved device characteristics. Here, the approach
we take is to utilize a higher DMHy/V ratio and
GaAsN barriers to extend the emission wavelength
along with higher annealing temperatures to
improve the material quality. Two laser structures
emitting in the 1.4-mm regime have been fabricated
and carefully characterized. Both the lasers consist
of GaAs0.985N0.015 barriers around an In0.4

Ga0.6As1�xNx QW with DMHy/V ratio of 0.991
for 1.378-mm emitting laser (laser A) and 0.994 for
1.41-mm emitting laser (laser B). We estimate the
N-content of the QW to be around 0.85% and
0.9%, respectively, based on extrapolation from
1.3-mm emitting structures. The thermal annealing
process was completed during the growth of the
1.1-mm p-type AlGaAs cladding layer. For laser A,
the annealing temperature was 680 1C and in-
creased to 700 1C for laser B. Other growth
conditions and the laser structure were identical
for these two bases. The growth temperature of the
6-nm InGaAsN QW was fixed at 530 1C and the
reactor pressure was 200 mbar. The 300-nm
undoped GaAs separate confinement heterostruc-
ture (SCH) and 1.1-mm bottom AlGaAs cladding
layers (n�1018 cm�3) were grown at 530 and
775 1C, respectively. Broad area lasers with a
stripe width of 100 mm, defined by V-groove
etching and 1000-Å SiO2 passivation, were fabri-
cated and characterized.

In Fig. 4, the light power vs. injection current
(L–I) curve at 20 1C of lasers A and B under pulsed
operation (1% duty cycle) are shown. A very low
Jth of only 661 A/cm2 and lasing wavelength of
1378 nm for 800-mm long devices were obtained.
The external differential quantum efficiency was
measured to be 34% for the as-cleaved devices.
For 1-mm long devices, Jth and Zd of the 1379-nm
emitting lasers are 563 A/cm2 and 25.4%, respec-
tively, representing the highest performance of
InGaAsN QW lasers achieved by MOCVD near
the 1400-nm wavelength region. The temperature
sensitivity of device characteristics was also
measured. From 20 to 60 1C, the threshold current
increases with a T0 value of 67 K and the
differential quantum efficiency decreases with a
T1 value of 70 K for 800-mm long devices. A
significant improvement of laser performance is
achieved compared to our previous results of 1380-
nm lasers [26]. The previous laser structure
consisted of an In0.4Ga0.6As0.9915N0.0085 QW with
GaAs barriers, subjected to an annealing tempera-
ture of 640 1C. Jth and Zd values were 1010 A/cm2

and 27%, respectively, and characteristic tempera-
tures T0 and T1 of 73 and 55 K were quantified.
The slight increase of T1 from 55 to 70K suggests
that losing carrier confinement from using GaAsN
barrier structures does not necessarily lead to
stronger temperature sensitivity. By employing the
optimal growth conditions and device structure
established here, we were able to successfully
reduce Jth by 45% and enhance Zd by about
25%. This improvement in device performance
demonstrates the benefit of utilizing a higher
thermal annealing temperature in combination
with a GaAsN barrier. For the 1.41-mm laser (B),
Jth and Zd were measured to be 1.93 A/cm2 and
19% for the uncoated 600-mm devices. The
degradation of laser performance at 1.41 mm
probably results from the higher QW N-content
leading to increased monomolecular (nonradia-
tive) recombination. Nevertheless, this data repre-
sent the longest wavelength InGaAsN QW lasers
achieved to date by MOCVD.
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5. Summary

In the effort to improve the performance of long
wavelength InGaAsN quantum well (QW) diode
lasers emitting beyond 1.3 mm grown by MOCVD,
a detailed examination of the growth parameters
was performed, including DMHy/V ratio, QW

growth temperature, choice of barrier material and

thermal annealing temperature. This study identi-
fies that a growth temperature in the 530–540 1C
range is preferred in order to improve nitrogen
incorporation and minimize compositional phase
separation. Increasing the DMHy/V ratio is found
to be the favored method to achieve wavelength
extension. Utilization of GaAsN barrier layers
instead of GaAs suppresses the spectral blue-shift
of the quantum well luminescence after thermal
annealing treatment. Under optimized growth
conditions, InGaAsN diode lasers emitting at
1.378 mm are realized with a threshold current
density of 661 A/cm2 and external differential
quantum efficiency of 34%. A slightly improved
T1 compared to our previous 1.38-mm InGaAsN–-
GaAs QW lasers indicates that no serious penalty
exists for replacing the barrier material to a small
bandgap material GaAsN. Lasing wavelengths as
long as 1.41 mm with a threshold current density of
1.93 kA/cm2 are also demonstrated, representing
the longest wavelength InGaAsN QW lasers
realized by MOCVD.
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