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Characteristics of GaAsN/GaAsSb type-II quantum wells grown by
metalorganic vapor phase epitaxy on GaAs substrates
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Pseudomorphic four-period GaAs0.978N0.022/GaAs0.78Sb0.22 type-II multiquantum well structures
were grown on �100� GaAs substrates by metalorganic vapor phase epitaxy at 530 °C. The
GaAs0.978N0.022 layers were grown at a V/III ratio of 685 and N/V ratio of 0.96, whereas the
GaAs0.78Sb0.22 was grown at a V/III ratio of 3.8 and Sb/V ratio of 0.8. The superlattice peaks in the
x-ray diffraction �-2� scans around the �400� GaAs peak were fitted using a dynamical simulation
model to determine layer thickness and alloy compositions. The GaAsN and GaAsSb thicknesses
were �8 nm and �5 nm, respectively. The photoluminescence �PL� spectra were obtained at 30 K
and the PL peak energy was found to match the type-II transition energy obtained from a 10-band
k ·p model. Postgrowth annealing under arsine-H2 with a N2 cooldown was found to increase the
low temperature PL intensity and result in the appearance of luminescence at room temperature.
© 2005 American Institute of Physics. �DOI: 10.1063/1.2148620�
I. INTRODUCTION

The active regions of conventional diode lasers that
achieve 1.55-�m wavelength operation are based on
InGaAs- or InGaAsP-multiple quantum wells �MQWs� on
InP-substrates.1,2 Unfortunately, these lasers show high tem-
perature sensitivity,1,2 due to several factors, which include
Auger recombination, carrier leakage, intravalence band ab-
sorption �IVBA�, and a strong temperature dependence of the
material gain. The temperature sensitivity of the active re-
gion and the difficulty of forming high-quality distributed
Bragg reflectors �DBRs� for the realization of vertical cavity
surface emitting lasers �VCSELs� on InP substrates have led
to the exploration of 1.55-�m-emitting active regions that
can be grown on GaAs substrates.

The active material InGaAsN is one of the strongest can-
didates for GaAs-based lasers emitting above 1.3 �m.3 Stud-
ies of wavelength extension using InGaAsN active regions
have successfully realized lasers with wavelengths beyond
1.4 �m.4,5 Furthermore, the addition of antimony into In-
GaAsN during molecular beam epitaxy �MBE� growth6,7 has
been utilized to achieve GaInNAsSb quantum-well �QW� la-
sers emitting at 1.49 �m, with a low threshold current den-
sity of 1.1 kA/cm2.7 However, these works have all em-
ployed MBE growth techniques.4–7

The pursuit of InGaAsN QW lasers grown by MOCVD
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has led to high-performance diodes with record low-
threshold current densities of 200–210 A/cm2 for emission
wavelengths in the 1280–1320 nm range.8 InGaAsN lasers
grown by metalorganic vapor phase epitaxy �MOVPE� have
been limited to �=1.38 �m, where the threshold current
density was 2.2 kA/cm2.9 However, MOVPE structures with
InGaAsN QWs and GaAsN barriers have recently demon-
strated record low threshold current densities for �=1.378,
and InGaAsN lasers with carefully chosen QW growth con-
dition, barrier material and annealing temperature have
achieved lasing to �=1.41 �m. Threshold current densities
were 563 and 1930 A/cm2 for the lasers emitting at �
=1.378 and 1.41 �m, respectively.10–12

Type-II quantum wells, which have been implemented in
mid-IR diode lasers on GaSb substrates,13 offer another po-
tential solution to the problem of achieving long-wavelength
emission on GaAs. The energy gap in a type-II structure is
governed primarily by the relative conduction and valence
band alignments in the two adjacent layers, rather than by the
bulk gap in a single layer. In principle, the resulting flexibil-
ity comes at the expense of reduced overlap between the
electron and hole wave functions that now peak in different
layers. On GaAs substrates, InGaAs/GaAsSb type-II QWs
have been proposed and implemented for �=1.3 �m
lasers.14 However, further wavelength extension is difficult,
due to the high compressive strain of the InGaAs and
GaAsSb layers.

15,16
We recently discussed an alternate approach for
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achieving 1.55 �m emission on a GaAs substrate, based on
an �In�GaAsN/GaAsSb–GaAs dilute-nitride version of the
type-II “W” configuration.13 These dilute nitride type-II W
structures offer the combination of built-in strain compensa-
tion, strong carrier confinement, and large electron-hole
overlap. This approach has the potential for realizing high-
performance monolithic GaAs-based VCSELs, as well as re-
duced temperature sensitivity edge-emitting lasers for the
1.55 �m wavelength region.

The schematic energy band diagram of a
GaAsN/GaAsSb/GaAs type-II W active region optimized
for emission at �=1.55 �m is shown in Fig. 1. The conduc-
tion band minimum is in the GaAs0.97N0.03 electron QWs,
while the valence band maximum is in the GaAs0.65Sb0.35

hole QWs. Such a design is possible due to the large dispar-
ity between the GaAsN and GaAsSb band lineups and that of
GaAs.17 As shown by Wu et al.,18 GaAsN has a very small
negative valence band offset ��Ev� of 20 meV/ %N. The
weakly type-II lineup of the GaAsN/GaAs valence bands
results in a large conduction band offset, e.g., �Ec

�350 meV for N=0.03. It has been reported that
GaAsSb/GaAs has a transition to type-II lineup of the con-
duction bands at Sb=0.43, with relatively weak type-I align-
ment for Sb=0.35 resulting in a large �Ev of
�500 meV.19,20

In contrast to previous InGaAs/GaAsSb type-II
designs14 for �=1.3–1.55 �m, our structure has the potential
advantage of offering strain compensation, since it combines
tensile-strained GaAsN with compressively strained
GaAsSb. This would allow any number of the multiple QWs
to be incorporated into the design without sacrificing mate-
rial quality. Another advantage is the strong confinement of
both electrons and holes in their respective wells. The elec-
trons in the GaAsN QWs are sandwiched by GaAs and
GaAsSb layers with large �Ec, while the holes in the
GaAsSb are confined by the large �Ev of the GaAsN. Our
simulations15 project that lasers with the GaAsN/GaAsSb
type-II W QWs can potentially realize high-temperature and
high-power operation due to the strong carrier confinement
coupled with the potential for minimal Auger nonradiative
decay.13

In this paper, we present preliminary results from

FIG. 1. Schematic energy band diagram for the active region of the pro-
posed dilutenitride type-II “W” laser.
MOVPE growth and optical characterization of
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GaAsN/GaAsSb type-II QW structures. The observation of
room-temperature photoluminescence �PL� at wavelengths
near 1.43 �m demonstrates the type-II nature of the transi-
tions. We find good agreement of the PL peak wavelength
with calculations based on a 10-band k ·p formalism. A
strong effect of the thermal annealing conditions on the room
temperature PL intensity is also established.

II. EXPERIMENTAL METHODS

GaAsSb and GaAsN layers were grown in a horizontal
MOVPE reactor operated at 78 Torr. Trimethyl gallium
�TMGa�, trimethyl antimony �TMSb�, 1,1-dimethyl hydra-
zine �DMHz�, and arsine were used as the Ga, Sb, N, and As
precursors, respectively, in Pd-diffused H2 carrier gas. Semi-
insulating �SI� epiready GaAs �100� wafers without an inten-
tional miscut were used as the substrates. Prior to the growth,
the substrates were annealed in arsine at 650 °C for 10 min
to desorb any surface oxides. The temperature was subse-
quently ramped down to the growth temperature of 530 °C
under an arsine environment. A 30-nm-thick initial layer of
GaAs was grown before the alloy-layer growth. Thick layers
of GaAsN were grown at a V/III ratio of 740, with a N/V
ratio of 0.89. The thick-layer samples were characterized us-

FIG. 2. �a� XRD �400� �-2� scan and �b� �311� reciprocal space map for a
0.25-�m-thick GaAsN film.
ing on-axis �400� x-ray diffraction �XRD� �-2� scans and
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off-axis �311� reciprocal space mapping to determine the
strain state and the composition of the GaAsN layers. Elec-
tron microprobe analysis �EMPA� was also carried out, to
determine N concentration in the thick layers. The As/III
ratio was then decreased in a stepwise manner to achieve
desired N concentrations in the GaAsN films. Four-period
pseudomorphic GaAs/GaAsN superlattice �SL� were grown
under varying As/III ratios. The growth time for a GaAs
layer was 34 s, while that for a GaAsN layer was 8 s. �-2�
XRD scans were obtained around the �400� substrate peak
and the SL peaks were fitted to a dynamical simulation
model to determine the layer thickness and N concentration.
This information was then used to calibrate the growth rate
and composition of GaAsN layers. A V/III ratio of 684 and
N/V ratio of 0.96 resulting in 2.3% N incorporation in the
films was chosen for growth of GaAsN/GaAsSb type II SLs.

The pseudomorphic GaAsSb layers in the type-II MQW
structure were grown at a V/III ratio of 3.8 and Sb/V ratio of
0.8, which resulted in 20% Sb incorporation. The gas switch-
ing sequence was optimized to produce the most abrupt in-
terfaces between the alloy layers. That sequence consisted of
5 s of TMSb and H2 exposure prior to the GaAsSb growth
and 1 s of TMGa in H2 followed by 5 s of arsine and DMHz
exposure prior to the GaAsN growth. The optimal gas-
switching sequence for reproducibly inducing minimal Sb
compositional grading in the GaAsSb layers of pseudomor-
phic GaAs–GaAs0.8Sb0.2 SLs was established in a separate
study.21

Four periods of a GaAs0.78Sb0.22/GaAs0.978N0.022 type II
SL were grown using the above-mentioned optimized condi-
tions. XRD �-2� scans and dynamical simulations were used
to determine the layer thicknesses and compositions, and
transmission electron microscopy �TEM� was performed in
cross section to confirm the layer thicknesses. The samples
were subjected to various postgrowth annealing treatments,
which consisted of annealing under arsine-H2 and N2. The
cooldown ambient after the arsine anneals was varied be-
tween arsine-H2 and N2. Photoluminescence spectroscopy
was performed on the as-grown and annealed samples, using
a cooled Ge detector and lock-in amplifier. The 10-band k ·p
model was used to calculate QW transition energies in the
type II structure.

III. RESULTS

Figures 2�a� and 2�b� present the �400� XRD �-2� scan
and �311� reciprocal space map �RSM�, respectively, for a
0.25-�m-thick GaAsN film grown at a V/III ratio of 740 and
N/V ratio of 0.89. The peak splitting along the 2� axis in the
RSM was used to calculate d311 for the GaAsN lattice. This
d311 and the out-of-plane lattice constant, d100, obtained from
the �400� �-2� scans were then used to determine the in-
plane lattice constant of the GaAsN film. The film in-plane
lattice constant was found to match the lattice constant of
bulk GaAs. This coherency of the lattice at the interface
indicated that the GaAsN film was completely strained at its
250 nm thickness. Using Vegard’s law and assuming a Poi-

son’s ratio of 0.25 for the strained film, the N concentration
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was found to be 0.016. The electron microprobe analysis
yielded a consistent N composition of 1.6±0.6%.

A pseudomorphic four-period GaAs/GaAsN SL struc-
ture was grown at the same growth conditions. XRD �-2�
scans were obtained, and the SL peaks were fitted to a dy-
namical simulation model to determine the individual layer
thicknesses. Samples grown with decreasing arsine flow to
the reactor were found to have increasing N concentration in
the GaAsN films. Figure 3 shows the experimental �-2� scan
for a GaAs/GaAsN SL structure grown at a V/III ratio of
665 and N/V ratio of 0.99, along with the fitted dynamical
simulation. The presence of second and higher order diffrac-
tion peaks indicated that the interfaces between the layers
were uniform and smooth. The GaAsN layer thickness and N
concentration were determined from the fit to be 1.9 nm and
0.027, respectively.

The GaAs0.978N0.022 layers of a four-period type-II
GaAsN/GaAsSb SL were grown at a V/III ratio of 685 and
N/V ratio of 0.96. Figure 4 shows the experimental XRD
�-2� scan and dynamical simulation for a four period
GaAs0.978N0.022/GaAs0.78Sb0.22 SL sample. The growth time
for the GaAsN layer was 18 s, whereas the GaAsSb layer
was grown for 53 s. The fit to the x-ray data indicated
GaAs0.78Sb0.22 and GaAs0.978N0.022 layer thicknesses of 4.9
and 7.2 nm, respectively. A cross-sectional bright field strain-

FIG. 3. XRD high-resolution �-2� scan around the �400� Bragg peak �bot-
tom� and a dynamical simulation �top� for a 8.4 nm GaAs/1.9 nm
GaAs0.973N0.027 four period SL.

FIG. 4. XRD high-resolution �-2� scan around the �400� Bragg peak �bot-
tom� and a dynamical simulation �top� for a 4.9 nm GaAs0.78Sb0.22/7.2 nm

GaAs0.978N0.022 four period SL.
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contrast image of the same GaAsN-GaAsSb sample is de-
picted in Fig. 5. The average GaAsN and GaAsSb layer
thicknesses determined from six TEM images were found to
closely match the XRD values. Considerable nonuniformity
of the layer thickness was observed across each wafer and
among different growth runs. The GaAsSb thickness ranged
between 4.3 and 5.9 nm, whereas the GaAsN thickness var-
ied from 5.9 to 8.3 nm across different runs.

PL spectra obtained at 30 K from as-grown and annealed
SL samples with 8 nm GaAs/2 nm GaAs0.984N0.016 are
shown in Fig. 6. The PL peak intensity increases twofold
after the annealing treatment, indicating that the alloy layer
experiences small changes in the optical and electrical prop-
erties upon annealing. The transition energy for the type-I SL
calculated assuming a perfect valence band lineup between
GaAs and GaAs0.984N0.016 was 1.44 eV, which matches well
with the experimental peak energy of 1.39 eV. PL spectra
obtained from the 5.7 nm GaAs0.978N0.022/4.3 nm
GaAs0.78Sb0.22 type II SL sample are shown in Fig. 7. The
upper curve was obtained after the sample was annealed for
30 min at 640 °C in arsine-H2 and cooled down under N2

ambient. Comparison with the PL from the same as-grown
sample before annealing �lower curve� shows that the anneal-
ing produced a 70-fold increase in the intensity. On the other
hand, RTA at 500 °C for 1 min resulted in a threefold de-
crease in the PL intensity. No room temperature �RT� PL

FIG. 5. Cross-sectional BF TEM micrograph of a 4.9 nm
GaAs0.78Sb0.22/7.8 nm GaAs0.978N0.022 four period SL.

FIG. 6. 30 K PL spectra from as-grown �bottom� and annealed �top� 8 nm

GaAs/2 nm GaAs0.084N0.016 four period SL.
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signal was observed from any of the as-grown type-II SLs.
Following annealing under arsine-H2 with a N2 cooldown,
however, the type-II sample yielded the RT PL spectrum
shown in Fig. 8. The peak wavelength was found to be about
1425 nm. The origin of the small peak at �1200 nm is un-
known, and does not match with simulated energy for the
transition between GaAsN and GaAs clad layer.

Theoretical energy gaps were derived from the 10-band
k ·p formalism. The calculated results for the type-II
GaAsN/GaAsSb SL structures were in good agreement with
the experimental PL data, especially before the annealing
treatment. Sb and N compositions obtained from the XRD
simulation fits were used for calculation of transition ener-
gies. For example, the theoretical energy gaps for the struc-
ture of Figs. 7 and 8 are 1419 and 1515 nm at the tempera-
tures of 30 and 300 K, respectively. Good agreement was
also obtained for a series of type-I GaAs/GaAsSb SLs emit-
ting at wavelengths in the 1.0–1.2 �m range.21 Furthermore,
the calculated energy gap of 1043 nm for a 6 nm
GaAs0.975N0.025 QW surrounded by thick GaAs barriers re-
produced closely the experimental PL peak. The simulated
peak positions, taken together with the PL data in Figs. 6–8,
confirm that the transition observed in the
GaAs0.78Sb0.22/GaAs0.978N0.022 SL indeed has a type-II na-
ture, i.e., with staggered conduction and valence band edges.
We emphasize that the dilute nitride type-II structures dis-

FIG. 7. 30 K PL spectra from as-grown �bottom� and annealed �top� 5.7 nm
GaAs0.978N0.022/4.3 nm GaAs0.78Sb0.22 four period SL.

FIG. 8. Room temperature �300 K� PL spectrum from the annealed four

period GaAsSb/GaAsN SL sample of Fig. 7.
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cussed in this article produce photoemission at much longer
wavelengths than either the GaAs/GaAsSb or InGaAs/GaAs
SLs.

IV. CONCLUSIONS

PL peak energies in the vicinity of the 1.55 �m wave-
length region were obtained from GaAsN/GaAsSb type-II
SL structures grown by MOVPE. Post-growth annealing is
found to substantially improve the optical properties of the
alloy layers. Annealing increases the PL intensity at 30 K by
a factor of 70, and yields a substantial signal at room tem-
perature. Optimization of the type-II structure, in terms of
higher Sb content and thinner QWs will induce both longer-
wavelength emission and enhanced electron-hole wave func-
tion overlap.
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