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Metalorganic molecular-beam epitaxy and characterization
of GaAsNSe ÕGaAs superlattices emitting around
1.5-mm-wavelength region

K. Uesugia) and I. Suemune
Research Institute for Electronic Science, Hokkaido University, Sapporo 060-0812, Japan

H. Machida and N. Shimoyama
Trichemical Laboratory, 8154-217 Uenohara, Kitatsurugun, Yamanashi 409-0112, Japan

~Received 7 August 2002; accepted 18 December 2002!

GaAsNSe/GaAs superlattices~SLs! were grown on GaAs~001! substrates by metalorganic
molecular-beam epitaxy. Strong photoluminesence~PL! emission around the 1.5-mm-wavelength
region was observed from these SLs without thermal annealing, which suggests that high electron
concentrations in GaAsNSe layers increase the radiative recombination rate, making the
nonradiative recombination relatively unimportant. It is also demonstrated that~GaAsNSe/GaAs
SLs!/~GaAsN/GaAsSb SLs!/GaAs heterostructures are effective to reduce the strain accumulation in
the layers, which will also form effective separated confinement heterostructure. The temperature
dependence of the PL peak intensity is drastically improved by combining the GaAsN/GaAsSb SLs
with the GaAsNSe/GaAs SLs following this scheme. The PL peak intensity observed at 300 K was
as large as 20% of that observed at 19 K. This improvement of the optical property will be attributed
to the elimination of nonradiative defects by minimizing average strain in the samples. ©2003
American Institute of Physics.@DOI: 10.1063/1.1544656#
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To realize future large-scale optical-fiber networks, it
crucial to have wavelength division multiplexing~WDM!
systems for increasing the number of channels. Spectr
slicing techniques, in which a broad spectrum is sliced
narrow-band optical filter, have been intensively investiga
to realize WDM systems.1 Superluminescent diodes~SLDs!
are desirable for light sources in the spectrum-slicing te
nique. SLDs 1.3 and 1.55mm in wavelength have been de
veloped using GaInAsP/InP systems on InP substrates. A
pered GaInAsP/InP SLD emitting in a 1.55-mm-wavelength
region was reported recently.2 A chirped quantum-well struc
ture with different well thickness in the active layer w
introduced for increasing the spectral width to as large as
nm. However, in conventional GaInAsP/InP systems, th
remains the temperature stability issue due to the poor e
tron confinement resulting from the small conduction ba
offset.3,4

In this regard, GaInAsN/GaAs has received considera
attention as a material system for long-wavelength devic
because it has a large conduction band offset.5 GaInAsN
edge-emitting lasers with higher characteristic tempera
and vertical-cavity surface-emitting lasers operating aro
1.3 mm have been demonstrated.6,7 To achieve the more
longer wavelength emission, high-quality GaInAsN acti
layers with larger-N composition have to be grown. Ho
ever, it still remains difficult due to a large miscibility ga
problem to grow the ternary alloys.

In an earlier report, quaternary GaAsNSe alloys gro
on GaAs substrates by metalorganic molecular-beam epi
~MOMBE! were reported.8 It was found that the presence o
Se during the growth significantly increased the N incorp

a!Electronic mail: uesugi@es.hokudai.ac.jp
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ration in the grown layers, which resulted in a dramatic
duction of the band-gap energy. Since the GaAsNSe all
were heavily doped with donors up to;131020 cm23, de-
generate Fermi statistics will be applied in the conduct
band and nonalloyed ohmic contact was realized with t
new alloy semiconductor.8

In this letter, optical properties of the GaAsNSe allo
are examined. The samples prepared are in the form
GaAsNSe/GaAs superlattices~SLs! grown on GaAs~001!
substrates. Strong photoluminescence~PL! around a wave-
length of 1.5mm is observed from these SLs without therm
annealing, which is usually inevitable to observe intense
in these N-containing III–V–N semiconductors. It is als
demonstrated that the temperature dependence of the P
tensity is drastically improved by combining GaAsN
GaAsSb SLs with the GaAsNSe/GaAs SLs on both sid
The mechanism will be discussed from the viewpoint of
sidual average strain in the heterostructure.

The samples were grown on GaAs~001! substrates by
MOMBE. The precursors used were triethylgallium, trisdim
ethylaminoarsenic~TDMAAs!, monomethylhydrazine, tris
dimethylaminoantimon, and ditertiarybutylselenide. T
growth temperature was 540– 600 °C. The GaAs surfa
were cleaned by heating them to 600 °C for 15 min with t
simultaneous supply of TDMAAs, and GaAs buffer laye
were grown on the substrates. GaAsNSe/GaAs SLs
~GaAsN/GaAsSb SL!/~GaAsNSe/GaAs SL!/~GaAsN/
GaAsSb SL! structures with different SL periods were the
grown. Detailed growth conditions of the GaAsNSe laye
and their electrical properties were reported elsewhere.8 SL
periods and alloy compositions for the samples are sum
rized in Table I. The layers of the GaAsNSe/GaAs SL in t
samples A and B consist of a 16-nm-thick GaAsNSe la
© 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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and a 3.4-nm-thick GaAs layer. In the samples C and
GaAsNSe/GaAs SLs were sandwiched by GaAsN/GaA
SL layers. The thickness of both GaAsN and GaAsSb lay
is 3.2 nm. The lattice constants and SL structures of
samples were examined by high-resolution x-ray diffract
~XRD! measurements. The PL characteristics of the sam
were measured in the temperature range of 19–300 K.
the samples studied in this letter are as-grown and are
treated with conventional thermal annealing.

Figure 1 shows a typical XRD profile of the ten perio
of GaAsNSe/GaAs SL grown on a GaAs substrate~sample
A!. Sharp, intense satellite peaks and interference fringes
fracted from the ten periods in the structure can be cle
seen, which suggests that high-quality GaAsNSe/GaAs
was grown by MOMBE.

Figure 2 shows the temperature dependence of the
spectra observed from the sample A. Strong PL emissio
the 1.5-mm-wavelength regions was observed. Although it
usually difficult to observe PL emission from GaAsN laye
with the N composition over 1%, a dramatic increase of
PL intensity is observed by the inclusion of Se in the laye
Since the increase of the Se composition in GaAsNSe la
increases the electron concentration,8 this suggests that thei
high electron concentrations increase the radiative recom
nation rate, making the nonradiative recombination
GaAsNSe layers relatively unimportant. Since the elect
concentration estimated from a thick GaAsNSe layer w
;831019 cm23, the Fermi energy is estimated to be locat
at ;0.09 eV above the conduction band edge. The br
luminescence with the half width at half maximum of 0.1
;0.14 eV may be caused not only by the degeneracy of
conduction band, but also by the potential fluctuations in
layers due to the increase of the N as well as Se comp
tions.

FIG. 1. Typical~004! XRD profile of GaAsNSe/GaAs SL structure grow
on GaAs. The N and Se compositions in GaAsNSe are 2.2% and 2
respectively.

TABLE I. Sample structures:M 1 and M2 are periods of GaAsNSe/GaA
SLs and GaAsN/GaAsSb SLs, respectively.

GaAsNSe/GaAs SL GaAsN/GaAsSb SL

Sample
M1

periods N~%! Se ~%!
M 2

periods N~%! Sb ~%!
Average strain

(31023)

A 10 2.2 2.9 0 0 0 28.9
B 5 1.2 7.6 0 0 0 28.7
C 11 2.2 2.9 17 0.5 11 10.9
D 5 2.2 2.9 5 0.5 11 20.8
Downloaded 28 Feb 2006 to 133.87.26.100. Redistribution subject to AIP
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Figure 3 shows the temperature dependence of the
peak energy for the sample A~open circles!. To check the
alloy composition dependence of the PL peak energy, the
for the sample B with the lower N composition is also plo
ted in Fig. 3 with the closed circles. The N and Se compo
tions of the sample B are 1.2% and 7.6%, respectively. U
increasing the N composition in GaAsNSe layers, a reds
of the PL peak energy was observed. In addition, the PL p
energy of the GaAsNSe/GaAs SLs varied only slightly w
temperature. The differential temperature coefficie
dEg/dT are 23.531024 and 22.931024 eV/K for the
open and closed circles, respectively. These values are c
to 23.131024 eV/K for the GaAsN alloys with 0.8%–3.8%
N compositions estimated near room temperature and
lower than2531024 eV/K for GaAs.9

These observations of the long-wavelength emiss
demonstrate the possible applications of the GaAsNSe/G
SLs as active layers in long-wavelength light emitters. Ho
ever, as is shown in Fig. 2, the PL intensity is quenched
the higher temperature. The increase of the N and Se c
positions in the GaAsNSe alloys will increase the avera
tensile strain in GaAsNSe/GaAs SLs due to the smaller
tice constants of GaN and Ga2Se3 in the zinc-blende
structure.8 When the N and Se compositions in GaAsNSe
2.2% and 2.9% in sample A, respectively, the biaxial tens
strain in the GaAsNSe layers will be25.631023, and the
average strain is the biaxial tension on the order of28.9
31023. Therefore, to compensate the average tensile st
in the sample, the GaAsNSe/GaAs-SL active layers w

%,

FIG. 2. PL spectra for the GaAsNSe/GaAs SLs~sample A! measured at
temperature of 19–200 K.

FIG. 3. Temperature dependence of the PL peak energies for the samp
~open circles! and B ~closed circles!.
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sandwiched by GaAsN/GaAsSb-SL layers, which will ha
biaxial compressive strain of17.331023. This will also
form effective separated confinement heterostructure~SCH!
with additional GaAs cladding layers.

Figure 4 shows the temperature dependence of the
peak intensities for three samples with different structur
The sample A without the strain compensating GaAs
GaAsSb SLs showed the PL intensity significantly reduc
near room temperature as discussed earlier. However,
reduction of the PL peak intensity for the higher temperat
was improved in the SCH sample C, and the PL intens
measured at 300 K was;5% of the intensity measured at 1
K. One factor accounting for this improvement is the r
duced average strain, as shown in Table I. In the cas
sample D, SL periods were reduced compared with samp
to reduce the total thickness of the strained layers. The t
perature dependence of the PL intensity was much redu
and the PL intensity at 300 K was as large as 20% of tha
19 K. This improvement is attributed to the reduced def
density in each SL by minimizing the strain accumulation
the SLs. The activation energies estimated from the Arrh
ius plot of the integrated PL intensity of the samples A,
and D were 74, 96 and 98 meV, respectively. These res
demonstrate that the optical quality can be substantially
proved by the elimination of nonradiative defects by mi
mizing the average strain as well as the strain accumula

FIG. 4. Temperature dependence of the PL peak intensity for the sampl
C, and D.
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in the layers. Since the SCH structures discussed in this le
can be luminescent in the broadband wavelength range o
to 1.6mm, this GaAsNSe/GaAs SL will be a candidate wi
high potentiality to realize broadband SLDs on GaAs su
strates.

In conclusion, we reported the optical properties of t
GaAsNSe/GaAs SLs. Strong PL emission at around
1.5-mm wavelength was observed from the as-gro
GaAsNSe/GaAs SLs without thermal annealing. This w
attributed to the effect of the high electron concentration
the conduction band, which increase the radiative recom
nation rate. We also discussed the improvement of the op
property from the viewpoint of lattice strain in the sample
The temperature dependence of the PL peak intensity
drastically improved by combining the GaAsN/GaAsSb S
with the GaAsNSe/GaAs SLs to reduce the strain accum
tion in the samples, and bright PL emission was observed
to room temperature. The~GaAsNSe/GaAs SLs!/~GaAsN/
GaAsSb SLs!/GaAs SCH and obtained results demonstr
the possibility of fabricating SLD on GaAs substrates f
WDM optical-fiber comunications the wavelength regio
around 1.55mm.

This work was supported in part by the Telecommunic
tions Advancement Organization of Japan.
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