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Comparison of GaNAsSb and GaNAs as quantum-well barriers
for GaInNAsSb optoelectronic devices operating at 1.3–1.55 mm

Homan B. Yuen,a) Seth R. Bank, Mark A. Wistey, and James S. Harris, Jr.
Department of Electrical Engineering, Solid State and Photonics Laboratory, CIS-X 126X, Via Ortega,
Stanford University, Stanford, California 94305-4075

Akihiro Moto
Innovation Core Sumimoto Electric Industries, Ltd., Santa Clara, California 95051

(Received 30 March 2004; accepted 26 August 2004)

GaNAsSb/GaAs quantum wells were grown by solid-source molecular-beam epitaxy utilizing a
radio-frequency nitrogen plasma source. The GaNAsSb layers, originally the quantum well barrier
materials for GaInNAs(Sb)devices, were studied for their general growth characteristics as well as
their structural and optical properties, which give an indication of its quality as a quantum well
barrier material. Reflection high-energy electron diffraction, high-resolution x-ray diffraction,
secondary-ion mass spectroscopy, and photoluminescence(PL) measurements were used to study
those properties. The growth parameters including arsenic overpressure and substrate temperature
were changed systematically to determine the properties during deposition and to optimize these
conditions. It was found that the addition of antimony to GaNAs did not improve the material as it
did for GaInNAs. PL measurements indicated a decreasing optical quality with an increasing
substrate temperature and no change with the arsenic overpressure. In addition, the addition of
antimony had eliminated the lattice-strain compensation provided by the GaNAs barriers. Using
GaNAs rather than GaNAsSb barriers in the GaInNAs(Sb) devices was found to be advantageous
and has dramatically improved the performance of long-wavelength GaAs-based lasers. ©2004
American Institute of Physics.[DOI: 10.1063/1.1807028]
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I. INTRODUCTION

The dilute-nitride GaInNAs has been foun
emit at wavelengths longer than what previ
possible for materials grown coherently on GaA
al. discovered that the addition of nitrogen
creases both the overall lattice parameter and
This has enabled the development of lasers a
telecommunication wavelength of 1.3mm.2–4 Ho
attempts to push out to 1.55mm have not been
cessful with GaInNAs. The addition of furthe
nitrogen results in a severely degraded mate
to phase segregation or relaxation.5

In an effort to improve the material quality
al. and Yanget al.discovered that antimony cou
a surfactant in InGaAs and GaInNAs growth, r
However, it was discovered that antimony ac
surfactant and a constituent when used in GaI
GaInNAsSb.5,8 Until recently, devices utilizing
as the quantum well(QW) material used GaN
barrier material.9,10 Antimony was used in the
cause it was also thought to be a surfactant
main on the surface during the QW and barrie
if the antimony shutter was closed. It could als
quality of GaNAs and the interfaces between th
barriers. Although GaInNAsSb has been exte
as the quantum well material, there have be
published studies of GaNAsSb by one resear
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In this paper, we investigate the effects of growt
ditions on the material properties of GaNAsSb. Chara
tics such as lattice strain and optical quality and inten
studied in depth to examine the results of altering the
rial properties. We also discuss the potential effects o
ing GaNAs barriers rather than GaNAsSb barriers
GaInNAsSb QWs operating in the 1.3–1.55mm range.
flection high-energy electron diffraction(RHEED), hig
resolution x-ray diffraction(HRXRD), photoluminesce
(PL), and secondary-ion mass spectrometry(SIMS) measu
ments were obtained to analyze the characteristics of
terial grown. The GaNAsSb compositions and thickne
this study were chosen to be similar to those utilized
previous GaInNAsSb/GaNAsSb structures from th
search group.5,9,13

II. EXPERIMENTAL DETAILS

The GaNAsSb/GaAs QW samples prepared f
study were grown onn-type (100)GaAs substrates by s
source molecular-beam epitaxy(MBE) in a Varian M
Gen-II system. Nitrogen was supplied by a modified
Associates plasma operating at a rf of 13.56 MHz. A
dard Knudsen effusion cell was used to supply galli
valved arsenic cracker supplied As2 and an unvalved a
mony cracker supplied,100% Sb1.

To study the properties of the GaNAsSb material u
the barriers of previous 1.3 and 1.5mm laser devices,
barriers themselves were “converted” into single-QW(SQW
samples. A series of samples of 20 nm GaNAs(Sb) QW
with GaAs barriers were grown to examine the di
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growth conditions, such as the substrate temperature a
senic overpressure. The compositions of GaNAs(Sb) used in
this study were chosen to be similar to those used in th
and 1.55mm GaInNAsSb devices and are uniquely de
mined due to the restrictive nature of MBE. Since the M
chamber only has one gallium cell, the flux is fixed dur
the entire growth and is preferentially set to obtain the pr
GaInNAsSb QW composition. The nitrogen content is
determined due to its inverse proportional relationship
the group-III flux and the antimony flux is unchangea
because it is supplied by an unvalved cracker.14 These com
bined conditions do not allow the barrier compositions to
arbitrarily changed.

The GaNAs(Sb)SQWs were all grown at 425 °C(ex-
cept for the substrate temperature study) and the growth rat
was either 0.45mm/h (to duplicate the 1.3-mm QW barriers
or 0.30mm/h (to duplicate the 1.5-mm QW barriers). Th
composition of nitrogen in GaNAs was determined
HRXRD, and nitrogen and antimony in GaNAsSb by SI
and HRXRD. As mentioned earlier, the QW thicknesses w
all 20 nm with 50 nm GaAs capping layers. An arsenic
gallium overpressure of 203(except during the arsenic ove
pressure study) and an antimony flux of 0.8–1
310−7 Torr beam equivalent pressure were supplied du
the QW growth. The HRXRD was obtained with a Phil
X’Pert Pro-MRD four-crystal high-resolution x-ray diffract
meter. The PL measurements were performed at room
perature with an argon-ion laser and an InGaAs dete
The SIMS analysis was outsourced to Charles Evan
Associates.

III. RESULTS AND DISCUSSION

A. Initial findings

RHEED is a good method to examine the quality
properties of a growth surface. During the growth of
GaNAs and GaNAsSb samples, RHEED patterns wer
corded to examine any significant differences on the su
in the presence of antimony. Shown in Figs. 1(a)and 1(b)are
the patterns obtained from the GaNAs and GaNA
samples, respectively. It is seen that, although very fain
RHEED pattern from GaNAs is streaky. Although not sho
in the figure, the orthogonal[110] directions for GaNA
grown under the growth conditions mentioned ea
showed a 234 reconstruction. When antimony was app
to form GaNAsSb, the RHEED pattern changed significa
Instead of a streaky pattern, a spotty pattern emerged,
gesting that the surface quality was not as good as Ga
This result was slightly surprising because previous stu
have shown that antimony had the opposite effect with
GaAs and GaInNAs.6,7 Again, in examining the orthogon
[110] directions, the reconstruction here appeared to
34. From the RHEED, it appears that the growth surfac
GaNAs is smoother than that of GaNAsSb.

Figure 2 shows the HRXRD(004)v /2u scans from fou
different GaNAs(Sb)SQW samples. The nitrogen compo
tions of the GaNAs samples were determined by a dynam
simulation of the HRXRD spectra. For the GaNAs

samples, simulations were also performed using the value
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obtained for the antimony and nitrogen compositions f
the SIMS to confirm the validity of the SIMS measureme
The results for the 1.3 and 1.55mm device growth cond
tions are shown in Table I. As expected in the 1.55mm de-
vice growth conditions, there was more nitrogen foun
both samples due to the slower growth rate. For a fi
nitrogen-to-arsenic flux ratio, varying the growth rate
alter the amount of nitrogen incorporated as mentioned
lier. However, for a fixed antimony-to-arsenic flux ratio,
variations in the growth rate did not change the antim

FIG. 1. RHEED pictures showing the streaky patterns from(a) GaNAs and
the spotty patterns from(b) GaNAsSb.

FIG. 2. (004) v /2u XRD spectra showing the amount of strain in
samples. (a) GaN0.029As0.873Sb0.098, (b) GaN0.034As0.867Sb0.099, (c)
GaN0.019As0.981, and (d) GaN0.027As0.973. (a) and (c) are grown under th
1.3 mm device growth conditions, whereas(b) and(d) are grown under th

s1.55mm device growth conditions.
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composition. The antimony incorporation appeared to b
dependent of the altered growth conditions such as
group-III growth rate and the nitrogen incorporation, s
gesting that the flux ratio of antimony-to-arsenic is the
ciding factor in determining the composition. This is diff
ent than what is seen in GaAsSb growth, where for fi
antimony-to-arsenic flux ratios, different growth rates lea
different incorporation rates.15 The increase in the nitroge
composition in GaNAsSb, compared to GaNAs in both c
ditions, was expected and not surprising because this
been reported previously.10,13 The mechanism for the in
creased sticking of nitrogen in the material is not kno
However, it is thought that the properties of antimony a
“reactive surfactant” help promote the incorporation of ni
gen into GaAs.16,17As observed from the HRXRD scans,
GaNAsSb was either lattice-matched to GaAs or was
slightly compressively strained for both the compositio
This property is not advantageous when used with the h
compressively strained GaInNAs(Sb) QW materials becaus
the barriers would not provide any strain compensation in
active regions. However, both the compositions of Ga
showed an appreciable amount of tensile strain. The am
of strain found in GaN0.019As0.981 and GaN0.027As0.973 was
−0.38% and −0.55%, respectively. From the HRXRD, th
does not appear to be much of an improvement or a d
dation of material quality upon the addition of antimony
GaNAs for either set of growth conditions. From the Pen
losung fringes, the interfaces for all the materials are of g
quality. This could suggest that the GaNAs grown was
ready of excellent quality or there simply was no effect u
an addition of antimony.

SIMS was performed on the GaNAsSb samples m
tioned earlier. Figure 3 shows the SIMS depth profile for
GaN0.029As0.873Sb0.098 sample. Although it is relativel
straightforward to obtain the depth profiles, attaining the
act compositional values requires a previous calibration

TABLE I. XRD and SIMS compositional results of GaNAs and GaNA
grown under the normal 1.3 and 1.55mm device growth conditions.

GaNAs GaNAsSb

1.3 mm growth conditions 1.9% N 2.9% N, 9.8% Sb
1.55mm growth conditions 2.7% N 3.4% N, 9.9% Sb

FIG. 3. SIMS depth profile of antimony and nitrogen for

GaN0.029As0.873Sb0.098 sample.

aded 07 Dec 2010 to 129.116.230.64. Redistribution subject to AIP licens
-

s

t

-

-

to artifacts, such as matrix effects. The SIMS analysis
calibrated by Charles Evans & Associates using the pa
eters obtained from past growths analyzed with nuclea
action analysis Rutherford backscattering(RBS) for the ni-
trogen and particle-induced x-ray emission RBS
antimony.5 As mentioned earlier, the compositions were c
firmed with the HRXRD data and simulations. An interes
feature to note in the SIMS depth profile is the top inter
of the GaNAsSb layer. The nitrogen and antimony pro
do not end at the same location within the sample. This
determined not to be a measurement or a sputtering ar
as it was repeatable within the same sample and was se
all the other samples measured with SIMS. Upon exam
tion of the SIMS depth profile, it appears that antimony c
tinues to incorporate,5–7 nm beyond the end of the nit
gen incorporation. Surfactants tend to float on the gro
front and do not incorporate into the material. As mentio
in earlier papers relating to GaInNAs(Sb), antimony app
to act as a surfactant and as a group-V component.5,13 It is
very probable that antimony both incorporates and floa
the growth front for GaNAsSb as well. If this is the ca
there will be antimony remaining on the growth front a
the shutter is closed to the cell and the residual antim
continues to incorporate or desorb until the supply is
hausted. This growth artifact could be quite detrimenta
the devices because there is a thin layer of GaAsSb
could significantly change the originally intended ba
structure properties due to the changes of both the com
tion and strain.

PL measurements were obtained from
GaN0.029As0.873Sb0.098 sample. No signal was observed
the GaN0.034As0.867Sb0.099 sample, either as-grown or a
nealed. This suggests that the material was of a very
optical quality and was not studied further. The PL obta
from the as-grown GaN0.029As0.873Sb0.098 sample peaked
1.316mm, but was very weak in intensity. This was not s
prising because most groups report poor PL intensity fo
GaInNAs(Sb)samples which have not been annealed.5,8,14

The sample was annealed at a series of temperatures be
720 °C and 820 °C to study the effect upon the optical q
ity of the material. Similar to GaInNAs(Sb), annealing th
PL samples led to a dramatic increase in the PL intensit
seen in Fig. 4, the PL intensity increased with increa
annealing temperatures until it peaked at 760 °C and
creased beyond this point. The PL peak wavelength
blueshifted with increasing annealing temperatures. C
pared to the as-grown PL spectrum, the optimally anne
PL signal was 253higher in intensity and was blueshift
70 nm, which is slightly more than the blueshift found
GaInNAs(Sb). Although the blueshifting of the wavelen
was expected and is seen in all nitride-arsenide samples
interesting to note that the wavelength essentially rem
the same past the optimal 760 °C annealing tempera
Unlike GaInNAs(Sb)samples, there is no indium in t
samples, and thus, the blueshifting of the PL wavele
upon annealing cannot be explained by the In/G
rearrangement.18–20 The sources of blueshifting likely i
clude nitrogen outdiffusion, N/As/Sb rearrangement, an

trogen declustering. When compared to the typical GaIn-
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NAs(Sb)PL intensities, the GaNAsSb intensities are at l
253 lower. The low intensity, in comparison to the ot
nitride-arsenides, could be due to the poor optical mat
quality or poor band alignment in the active region desig
is unclear which reason is the cause. One final point to
is the actual transition energy of the GaN0.034As0.867Sb0.099

sample in comparison with the QW material it surround
the devices. If it is assumed that the PL peak wavele
gives a rough estimate of the band gap of the material,
it is seen that the band gap of the GaN0.034As0.867Sb0.099 is
roughly 0.99 eV whereas the QW at 1.3mm is 0.95 eV. With
only a 40 meV difference in the band gap, there is a
poor confinement of electrons and holes within the QW,
it is possible that the alignment between the GaNAsSb
GaInNAsSb at 1.3mm is not the desired type-I alignmen

B. Arsenic overpressure study

In an attempt to study the general growth propertie
GaNAsSb and to potentially improve the PL intensity
material quality, a series of samples with varying arsenic
gallium overpressures was grown with the same structu
the previous samples. It is known that in the mixed grou
materials, the relative fluxes of each group-V element pl
large role in the composition and growth kinetics. In Ga
NAs, there was no significant effect on the nitrogen inco
ration by different arsenic fluxes due to the “unity” stick
properties of nitrogen.14 However, in GaNAsSb, it is su
pected that the arsenic and antimony fluxes do indeed a
each other because they do not have the same sticking
erties as nitrogen. It is also possible that a variation in
antimony incorporation could affect the nitrogen comp
tion. To test the effects of arsenic overpressure on GaNA
the original 203arsenic-to-gallium flux overpressure w
varied among 153, 253, and 303 when growing
GaN0.034As0.867Sb0.099, which is the material used as barri
for the 1.3mm QWs. All the other growth conditions we
held constant. In the HRXRD measurements, it was seen
as the arsenic overpressure increased from 153 to 303,
the strain in the GaNAsSb layer became less compres
Since this is a quaternary system, it cannot be determ

FIG. 4. PL results from the GaN0.029As0.873Sb0.098 sample(barrier materia
for the 1.3mm QWs). The filled dots show the PL intensity. The empty
show the peak PL wavelength.
whether the decrease in the compressive strain is due to
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reduction in the antimony concentration, an increase in
nitrogen concentration, or a combination of both. In
cases, the HRXRD scans did not show any degradatio
material compared to the original 203 sample. To determin
the origin of the strain reduction, SIMS was performed
measure the composition. Figure 5 plots the results obt
from the SIMS analysis. As the arsenic overpressure i
creased from 153 to 303, the data shows that the an
mony concentration drops from 12% to 9%, whereas th
trogen concentration remains roughly constant. This w
explain the decrease in the compressive strain with inc
ing arsenic flux because a reduction in antimony would
crease the lattice constant of GaNAsSb. According to
SIMS data, the increase in arsenic flux has a direct effe
the antimony incorporation rate but had no discernable e
on the nitrogen incorporation(as seen in GaNAs). This d
crease in the antimony incorporation with increasing ars
flux is seen commonly in GaAsSb growth.15 In addition, the
change in the antimony concentration had no effect on
nitrogen incorporation in agreement with the previously
tained results.10,13 The data also show an enhanced nitro
incorporation in the GaNAsSb. GaNAs grown under
same growth conditions yields 1.8% N, much lower than
observed 2.4–2.9% in GaNAsSb. The PL measuremen
vealed no significant change in the optical material qu
between the different samples. The PL spectra from the
ing arsenic overpressure samples are shown in Fig. 6 an
from the optimal annealing temperature. The PL wavelen

FIG. 5. SIMS results from the arsenic overpressure study.(a) Antimony
composition and(b) nitrogen profile.

FIG. 6. PL spectra from the GaN0.029As0.873Sb0.098sample grown at differe

aarsenic-to-gallium overpressures.(a) 303, (b) 253, and(c) 153.
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were different due to the changing antimony concentra
Going from 153 to 303 arsenic overpressure, we hav
3% Sb decrease, resulting in a peak wavelength shift
1.275 to 1.220mm. The PL intensities are within the me
surement error and sample repeatability. Changing th
senic overpressure does not seem to have any major eff
GaNAsSb except for the change in the antimony incorp
tion. The material quality remains the same, structurally
optically. For the GaInNAs(Sb)QWs with GaNAsSb barr
ers, it would be beneficial to increase the arsenic over
sure so that the GaNAsSb obtained would have less
pressive strain and have a larger band gap for an incre
confinement in the wells.

C. Substrate temperature study

The substrate temperature during GaNAsSb growth
also varied to examine the effects on crystal quality and c
position. GaInNAs(Sb)was grown at 425 °C to preve
phase segregation and relaxation. One of the driving fa
of segregation in GaInNAs(Sb)is the clustering of th
indium-rich areas. The GaNAsSb barriers were also grow
the same temperature because it was also thought th
material would segregate. However, indium is not prese
this material and thus raised the possibility that the mat
could be grown at a higher temperature. One problem
nitride-arsenide growth is the low substrate tempera
These low temperatures introduce defects in GaAs mate
such as arsenic antisites and gallium vacancies. It is ide
grow the material as close to 580 °C as possible to mini
these defects, which may cause nonradiative recombin
and a reduced luminescence. A series of samples wit
structures and growth conditions identical to those in
initial study were grown with varying substrate temp
tures: +50 °Cs475 °Cd, +100 °Cs525 °Cd, and
+150 °Cs575 °Cd. Another set of samples with no antimo
(GaNAs) was also grown for a comparison. The HRXR
scans of the GaNAs and GaNAsSb showed that temper
did have an effect on the composition(and thus on the stra
and structure)of the material. When the substrate temp
ture was increased, the strain in the GaNAsSb sam
shifted from slightly compressive to slightly tensile. As m
tioned before, it is unclear whether this is due to a reduc
in antimony or an increase in nitrogen incorporation. I
suspected that the shift in the strain is most likely due
reduction in antimony because it is known that antim
tends to desorb more readily at higher growth temperat
It is possible that the change in the strain is also due t
increase in the nitrogen incorporation rate, although
highly unlikely. To determine whether or not temperature
an effect on nitrogen incorporation, GaNAs was grown w
varying substrate temperatures as well. From the HRX
scans, it was seen that the nitrogen composition remaine
same, except for the hottest sample in which there w
slight decrease in nitrogen. This would suggest that a
crease in the nitrogen incorporation at higher temperatu
not the reason for the shift in the strain in GaNAsSb
higher temperatures. The most surprising result from

HRXRD scans was the fact that the samples did not appea
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to have any significant segregation, relaxation, or inter
degradation when grown at higher temperatures. All
samples had very well-defined QW peaks and Pendello
fringes. To confirm that the(004)v /2u scans were not mis
ing any signs of relaxation or segregation, reciprocal s
maps(RSMs) were taken of the(224) directions of GaNA
and GaNAsSb. Figure 7 shows the RSM of GaNAsSb gr
at 575 °C. The GaNAs RSM was not shown because it l
very similar to that of GaNAsSb. The RSMs show the
plane and perpendicular components of diffraction and
lattice spacing of the material present. If a material is gr
coherently, there should be there are no major diffrac
peaks in the in-plane direction away from the(224) GaAs
peak. However, there is a slight peak to the upper right o
(224) GaAs signal, suggesting that there may be some s
amount of segregation and/or relaxation. Since the peak
the tensile direction compared to the GaAs peak, it w
suggest areas of the enhanced nitrogen concentration
distance of this peak from the main substrate peak is
small and could not be relaxed GaN clusters. It is pos
that these are regions of GaNAs(Sb) with higher concentra
tions of nitrogen than found in the rest of the material. T
small peak is found in all nitride-arsenide samples grow
all temperatures, suggesting that it is an inherent prope
the growth. Further analysis is required to determine the
gin of this peak. SIMS scans were taken of the GaNA
samples to measure the composition and depth profile
seen in Fig. 8, there is a large decrease in the antim

FIG. 7. Reciprocal space map of the GaN0.029As0.873Sb0.098sample grown a
a high temperatures575 °Cd. No in-plane components from the QW
seen in the diffraction pattern.

FIG. 8. SIMS results from the substrate temperature study.(a) Antimony

rcomposition and(b) nitrogen profile.
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concentration with increasing substrate temperature, wh
the nitrogen concentration remained roughly constant.
loss of 8% Sb explains the large shift in the strain obse
in the HRXRD peaks. Similar to the SIMS data from
arsenic overpressure study, the nitrogen composition
mained constant, even though the antimony concentr
changed. With this data, one might be encouraged by the
that at high temperatures, the material obtained was coh
and had smaller amounts of antimony so that the band
was larger. However, the PL results displayed in Fig. 9 w
unexpected. With increasing substrate temperature, th
spectra blueshifted, as expected, due to a lower antim
concentration, but also decreased in intensity. There is a
large shoulder to the PL spectra for all three samples, w
was not found in the original substrate temperature sam
This longer wavelength shoulder could be a result of mi
segregation, which could not be observed easily in HRX
but possibly in the RSM. Since there could be areas of
tering of increased nitrogen concentration within the QW
could lead to areas of luminescence in which the band g
smaller, leading to a luminescence of a longer waveleng
these regions occurred only inside the QWs, they would
no effect on the interfaces and thus would not affect o
duce the diffraction thickness oscillations. As evidenced
the poor PL results, GaNAsSb cannot be grown at high
peratures without a large decrease in the optical ma
quality.

D. Discussion

In choosing a barrier material for a QW, it is desirable
have certain key properties which will enhance the struc
without detrimental effects. The barriers must have a s
cient band offset and of the correct type. If the QW
strained, it would be important to strain compensate with
barriers of the opposite strain. This will prevent the re
ation and the formation of defects by effectively increas
the critical thickness of the layers. Finally, the material m
be of a good quality. If it is not, the defects present will l
to a higher rate of nonradiative recombination, preven
the carriers from recombining radiatively in the QW. One
the unfortunate limitations of MBE is the limited number

FIG. 9. PL spectra from the GaN0.029As0.873Sb0.098sample grown at differen
substrate temperatures.(a) +150 °Cs575 °Cd, (b) +100 °Cs525 °Cd, and
(c) +50 °C s475 °Cd. The small peak at 1400 nm is the water present in
testing environment.
sources, which constrains the choice in alloy compositions
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for a barrier material with a defined QW composition. T
would not be an issue if the fluxes could be accura
changed during the growth, but most MBE systems do
have this capability. GaNAs was the previous barrier m
rial utilized in the GaInNAs QWs.5,14 When antimony wa
added to GaInNAs, antimony was also added to GaNAs
suming that the expected surfactant nature of antimony
the improvement in the material to GaInNAs would also
ply to GaNAs. However, the GaNAsSb material has sev
properties that do not make it the desired barrier materi
choice. An examination of the RHEED patterns showed
the addition of antimony to GaNAs actually degraded
surface quality and turns the pattern from streaky to sp
This suggests the surface roughens and there could
been some clustering on the surface that could possibly
to defects. GaNAsSb does not provide any strain comp
tion to the highly compressive GaInNAs(Sb) QWs. Withou
the strain compensation, it is difficult to grow more than
QWs in a laser structure and thus would not be good
applications such as high-power laser diodes or ver
cavity surface-emitting lasers(VCSELs). GaNAs, howeve
is tensile and does provide a strain compensation. The
NAsSb barriers used for the GaInNAs(Sb) QWs also have
band-gap value which is very close to that of the QW. H
ing a small band offset in the valence and conduction b
would result in a poor hole and electron confinement
may even reduce the overlap between the two wave
tions. This would lead to poor luminescence and also
thermal characteristics in the device performance. It is
suspected that GaNAsSb has a band-gap region th
shifted toward the conduction-band edge, because anti
tends to increase the valence-band offsets while not affe
the conduction-band offset. This could lead to a typ
alignment with the QW. GaNAs has a larger band
s,1.1–1.2 eVdand thus provides a better electron and
confinement. Finally, the optical properties of a GaNA
have been found to be of a relatively poor quality. Altho
PL is not the absolute measure of the optical and elec
quality of a material, it does give a very good idea. F
these findings, it is seen that GaNAs is the better ba
material compared to GaNAsSb for the GaInNAs(Sb) QWs.

The device structure for our long-wavelength Ga
NAs(Sb) optoelectronic devices was changed to reflect
new knowledge that GaNAs was the preferred barrier.
change led to an improvement in the GaInNAsSb PL qua
For the GaInNAsSb QW samples at 1.55mm, the full width
at half maximum(FWHM) of the PL peak was 57 meV wi
the GaNAsSb barriers and 44 meV with the GaNAs barr
The FWHM of the PL peak is a good measure of the qu
of the material and structure. Once it was confirmed tha
PL quality improved, the edge-emitting lasers and VCS
were grown with the new device structure. 1.5mm edge
emitting lasers with GaInNAsSb QWs and GaNAs barr
have been demonstrated.21 These devices are the lowe
threshold QW lasers in this wavelength range ever grow
GaAs and show an enormous improvement in the opera
parameters. Figure 10 shows the dramatic improveme
our devices compared to other groups and previous stu

It was once thought that a “nitrogen penalty” had existed for
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devices past 1.31mm, and the threshold current density
herently increased with more nitrogen. However, we dem
strated that by improving the device structure and mate
the nitrogen penalty was not an actual impediment to g
devices. VCSELs utilizing the GaNAs barriers have a
been demonstrated.22 The previous VCSELs on GaAs ha
only been able to reach a maxiumum wavelength
1.31mm. The VCSELs grown by this group were found
operate at 1.46mm and represent the longest wavelen
VCSELs ever grown on GaAs.

IV. CONCLUSION

In conclusion, GaNAssSbd/GaAs QWs were grown o
(100)GaAs substrates by MBE. The properties of GaNA
have been studied using RHEED, HRXRD, SIMS, and
RHEED showed streaky patterns for GaNAs, but tur
spotty when antimony was added to form GaNAs
HRXRD showed the GaNAsSb has a lattice constant
similar to that of GaAs for the compositions relevant to
current long-wavelength optoelectronic devices. SIMS,
calibrations, gave the compositions of the GaNAsSb mat
and confirmed that antimony enhances the nitrogen inco
ration. PL showed that the wavelength of GaNAsSb
similar to that of the QWs it was surrounding. Upon ann
ing the PL intensity increased and the wavelength b
shifted, similar to that seen in GaInNAs(Sb) QWs. The lu-
minescent properties of the GaNAsSb QWs w
significantly lower than those of GaInNAs(Sb)QWs, indicat-
ing either a poor optical material quality and/or a poor ca
confinement. Changing the arsenic overpressure had n
nificant effect on GaNAsSb except for a change in the
mony concentration because arsenic and antimony com
with each other for the group-V sites. Increasing the ars
flux decreased the antimony concentration. Although
NAsSb can be grown coherently at higher temperat

FIG. 10. Compilation of the long-wavelength edge-emitting GaAs la
threshold current-lasing densities vs wavelength from literature. Util
the GaNAs barriers has allowed for the greatly reduced threshold c
densities, as shown by the star data point.
s475–575 °Cd, the optical quality of the material was dras-
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tically reduced. Increasing the substrate temperatures
shifted the PL peak wavelength(due to the decreased an
mony incorporation), but also decreased the inten
Finally, with these properties in hand, GaNAsSb was sh
not to be a good barrier material for GaInNAs(Sb)QWs. The
recent laser devices utilizing GaNAs rather than GaNA
QW barriers have shown remarkable advances.
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