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GaNAssSbdlayers were grown by solid-source molecular-beam epitaxy utilizing a radio frequency
srfd nitrogen plasma source. The samples contained less nitrogen and antimonys0.5%–0.8% N and
ø2% Sbd than in previous studies and were examined for their optical and electronic properties and
any interactions between the elements. Secondary-ion-mass spectrometry, high-resolution x-ray
diffraction, electroreflectancesERd spectroscopy, and photoluminescencesPLd measurements were
used to study those properties. We found that the addition of small amounts of antimony enhanced
nitrogen incorporation into GaAs, similar to other studies that used 5–153 the mole fraction of
antimony. The nitrogen concentration increased with increasing antimony flux. PL measurements
indicated an improvement in optical quality with increasing nitrogen and antimony concentrations—
contrary to the belief that adding more nitrogen necessarily degrades material quality. We collected
and simulated ER spectra to examine the general band properties of the layers. Isoelectronic
codoping can explain the improved quality when antimony is added to GaNAs. The improvement
in GaNAs with small amounts of antimony holds great promise for improving strain-compensated
GaInNAssSbd/GaNAs devices. ©2005 American Institute of Physics. fDOI: 10.1063/1.1926398g

I. INTRODUCTION

The addition of nitrogen into InGaAs has enabled the
growth of dilute-nitride materials that have much longer
emission wavelengths than previously obtainable on GaAs.1

Contrary to the behavior of most III-V semiconductors, small
amounts of nitrogen in GaAs decrease both the overall lattice
parameter and the band gap.2 GaInNAs has enabled the de-
velopment of lasers at the important fiber communication
wavelength of 1.3mm.3–5 However, the incorporation of ni-
trogen intosIndGaAs is not without difficulty as the optical
properties are degraded due to nonradiative traps, phase seg-
regation, and/or relaxation.6 These issues become more ap-
parent in any attempts to add more indium and nitrogen to
GaInNAs to reach technologically important wavelengths
near 1.55mm.7 Antimony has been used in the past as a
surfactant in semiconductor growth—improving the quality
and surface of the material.8 It was also used as a surfactant
in GaInNAs growth to improve the material quality.9,10 How-
ever, it was discovered that antimony acts as both a surfac-
tant and constituent when employed during GaInNAs
growth, forming GaInNAsSb.7,11 Since antimony in GaAs
also decreases the band gap, GaInNAsSb has allowed for the
creation of devices out to 1.5mm with the potential to reach

1.6 mm.12,13Although antimony improved GaInNAs material
quality and surface morphology, it provided little improve-
ment to indium-free GaNAs material; this may be due to the
nature of antimony incorporation and the effects of adding
indium. For the same flux of antimony, 2% antimony is
found in GaInNAsSb while 8%–10% is found in
GaNAsSb.14 The change in antimony concentration is not
primarily caused by a change in growth rates. This was
confirmed by the growth of a GaInNAsSb sample and a
GaNAsSb sample, grown with the same total group-III
growth rate and antimony flux, that showed differing anti-
mony concentrations. Therefore, it is indium that dramati-
cally changes antimony incorporation between GaNAs and
GaInNAs.

In this work, we examine the effects of adding small
amounts of nitrogen and antimony to GaAs to study the in-
teraction between the two elements. We show, using
secondary-ion-mass spectrometrysSIMSd, that the addition
of even very small quantities of antimony enhances the in-
corporation of nitrogen. This result is similar to other studies
which used 5–153the amount of antimony.14–16 High-
resolution x-ray diffractionsHRXRDd results indicate very
good, coherent epitaxial growth and interfaces. We obtained
results from electroreflectancesERd spectroscopy and simu-
lated the spectra to examine the energy-band properties of
the material. And finally, using photoluminescencesPLd, we
demonstrate an increase in PL intensity with increasing ni-
trogen and antimony concentrations of up to 2% antimony.
This suggests that antimony, if used in the correct amounts,
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does improve the GaNAs material quality. The addition of
antimony lifts the valence band, thus increasing hole con-
finement, and can be a useful band engineering component
for the design of lasers.

II. EXPERIMENTAL DETAILS

The GaNAsSb samples used in this study were grown on
n-type s100d GaAs substrates by solid-source molecular-
beam epitaxysMBEd in a Varian Mod. Gen-II system. Nitro-
gen was supplied by a modified SVT Associates plasma cell
operating at a radio frequencysrfd of 13.56 MHz and 300 W
forward power. A SUMO effusion cell was used to supply
gallium. A valved arsenic cracker supplied As2 and an un-
valved antimony cracker supplied monomeric antimony. The
GaNAsSb layers were grown at a substrate temperature of
425 °C, a growth rate of,1.15mm/h, and were 0.4mm in
thickness. An arsenic-to-gallium flux overpressure of 203,
an antimony flux of 1.0–2.8310−8-Torr beam equivalent
pressuresBEPd, and a nitrogen gas flow of 0.5 sccmsstan-
dard cubic centimeter per minuted were supplied during the
growth. Four samples were grown under identical growth
conditions except the antimony flux. The first sample was a
GaNAs sample with 0.63% nitrogen and no antimony on top
of a GaAs buffer layer. The next three samples were grown
using the same procedures but included antimony fluxes of
1310−8, 2310−8, and 2.8310−8-Torr BEP, respectively.

III. RESULTS

The HRXRD s004d v /2u scans, shown in Fig. 1, were
used to examine structural quality and to measure the biaxial
strain in the four GaNAssSbdlayers. The nitrogen composi-
tion of the GaNAs sample was determined by dynamical
simulation of the HRXRD spectra. The simulated spectrum
of the GaNAs sample is shown in Fig. 2 with the real data
for comparison. Simulations were also performed on the Ga-
NAsSb spectra, but require SIMS for confirmation since qua-
ternary compound compositions cannot be determined
uniquely. All four samples have well-defined film diffraction
peaks as well as distinct Pendellösung fringes. This suggests
that all of the GaNAssSbdlayers are coherent with the GaAs
substrate, have good-quality interfaces, and have no discern-

ible structural defects. Reciprocal space maps also indicated
no phase segregation or relaxation had occurred. Thes224d
reciprocal space map for the GaNAsSb sample with 1.0
310−8-Torr BEP Sb can be seen in Fig. 3. The other three
space maps were very similar in appearance. As seen in Fig.
2, the strain of the GaNAs layer is tensile in nature as ex-
pected. With increasing antimony fluxes, the tensile strain
decreases and approaches a lattice-matched condition in the
GaNAsSb sample with 2.8310−8-Torr BEP antimony. The
strain of the four samples was calculated from the position of
the film diffraction peak and the results are shown in Table I.

SIMS was performed on the four samples to confirm and
correlate the compositions with those obtained from
HRXRD. The results for the antimony containing samples
were used in conjunction with additional HRXRD simula-
tions to refine the nitrogen values obtained from SIMS. The
antimony concentration was known to a high degree of con-
fidence since it was a straightforward analysis compared to
nitrogen, which requires calibration. A summary of the re-
sults from those measurements is displayed in Table I. Al-
though the same nitrogen flux was used for the GaNAs
sample as for the other three, the amount of nitrogen in the
layer increased with increasing antimony flux. The enhance-
ment of nitrogen incorporation with antimony has been re-
ported previously for larger antimony concentrations.14–16

The effect is different in the present work, and in this com-
positional regime, the addition of more antimony does in-

FIG. 3. s224d reciprocal space map of the GaNAsSb sample with 1.0
310−8-Torr BEP Sb.

FIG. 1. s004d v /2u HRXRD spectra of the four GaNAssSbdlayers. sad
GaN0.0063As0.9937, sbd GaN0.0071As0.9869Sb0.006, scd GaN0.008As0.978Sb0.014, and
sdd GaN0.0091As0.9709Sb0.02. The tensile strain decreases with increasing Sb
flux.

FIG. 2. s004d v /2u HRXRD spectrum of the GaN0.0063As0.9937sample with
its corresponding simulated spectrum.
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crease the efficiency with which nitrogen incorporates; the
increase in nitrogen is roughly linear with the antimony flux
and composition. A previous study with larger antimony
fluxes showed only a constant multiplicative enhancement of
nitrogen with varying antimony fluxes.14 Also, the rate at
which the enhancement occurs is much higher than previ-
ously observed by Harmandet al.15 In the low antimony
concentration regime, the enhanced nitrogen incorporation
behavior can be fitted to the following linear relationship:

fNg
fNog

= KfSbg+ 1, s1d

wherefNg is the nitrogen concentration,fNog is the nitrogen
concentration without antimony present,fSbg is the antimony
concentration in percent, andK is a constant representing the
incorporation enhancement. The samples in this work had a
much higher enhancement ofK=0.21 compared to the value
of K=0.03 reported by Harmandet al. It is possible that the
rise in nitrogen incorporation efficiency is a rapid phenom-
enon for small amounts of antimony and levels off to a
smaller value with antimony concentrations greater than
,5%. It is clear that antimony does have a significant effect
on nitrogen incorporation in the Sb=0% –2% range.

Figure 4 shows the ER spectra measured at 80 K for the
set of GaNAsSb layers in the vicinity of the band-gap en-
ergy. The GaN0.0063As0.9937 layer is under tensile strain,
hence two well-separated ER resonances related to absorp-
tion between the light-holesLHd and heavy-holesHHd va-
lence bands and the conduction band are clearly visible in
the ER spectrum in Fig. 4. In addition, signals below the
band-gap energysopen circles in Fig. 4d are visible. These
oscillations could be associated with the Franz–Keldysh ef-
fect which cannot be completely neglected for these layers. It
has been concluded that the GaAs buffer layer and GaNAsSb
layers are under a significant built-in electric field due to the
small thickness of the layers andn-type doping in GaAs
substrate. In the case of the GaAs buffer layer, the presence
of the built-in electric field has been confirmed by the obser-
vation of GaAs-related Franz–Keldysh oscillationssFKOsd
not shown here.17 Because both layers are undoped, we con-
clude that the GaNAsSb layer also has a built-in electric field
and the ER wing is most likely associated with this field.

In order to determine the energy of ER resonances, we
used the well-known Aspnes third derivative functional
form18 sTDFFd

DR

R
= RefCeiusE − E0 + iGd−ng, s2d

whereC is the amplitude,u the phase angle,E the photon
energy,E0 the transition energy,G the broadening parameter,
and n the exponent which depends on the type of critical
point swe assumed thatn=3d. This formula is the most ap-
propriate for the low-field limit, however, we can use it to
determine the energy of ER resonances because FKOs are
not observed for the GaNAsSb-related signal.

On the basis of the fitting procedure, the splitting be-
tween the LH and HH bands is,15 meV for
GaN0.0063As0.9937. With the increase in the incorporation of
antimony into the GaNAs layer, the tensile strain decreases
to almost zero, as shown in Table I. According to the change
in strain, the splitting between LH- and HH-related reso-
nances decreases. The evolution of the valence-band splitting
is shown in Fig. 5. Since all the layers in this study were
under tensile strain, the fundamental transition is between the
LH band and the conduction band. In the case of the sample
with the lowest strain, the GaN0.0091As0.9709Sb0.02 layer, ER

TABLE I. Summary of GaNAssSbd compositions obtained from SIMS, an-
timony flux used, and strain determined from HRXRD.

Sb BEP
sTorrd

N
s%d

Sb
s%d Strain

0 0.63 0 −0.13%
1310−8 0.71 0.6 −0.10%
2310−8 0.8 1.4 −0.03%

2.8310−8 0.91 2.0 −0.005%

FIG. 4. ER spectra of GaNAssSbdlayers measured at 80 K with simulated
fits. Experimental data are plotted by the open and solid circles. The open
circles were neglected during the fitting procedure. The solid lines represent
the simulation. The dashed lines represent modulus of individual resonance
associated with the LH- and HH-related transitions.

FIG. 5. The valence-band splitting vs the strain in the GaNAssSbd layer.
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resonances related to LH and HH transitions are not resolved
because the strain values are very small. Therefore, this spec-
trum could be fitted with only one resonance and explains
why the splitting is zero at a finite value of strain.

PL measurements were made at room temperature on
as-grown samples using a frequency-doubled diode-pumped
yttrium aluminum garnetsYAGd laser at 532 nm to deter-
mine the optical qualities and properties of the GaNAssSbd
layers. As shown in Fig. 6, the position of the
GaN0.0063As0.9937 layer peak was 964 nm. With the addition
of antimony to the GaNAs layer, the peak intensity increased
and the wavelength redshifted with increasing antimony flux.
The shift in the peak wavelengthsout to 987 nm in the
GaN0.0091As0.9709Sb0.02 sampledwas not surprising as the ad-
dition of antimony to GaAs reduces the band gap in the
GaAsSb alloy. In addition, antimony enhanced the incorpo-
ration of nitrogen, which further reduced the band gap. The
reduction in band gap agrees with the reduction in transition
energy seen in ER. Interestingly, we observed an increase in
PL intensity with increasing amounts of nitrogen and anti-
mony in the layer. We previously reported that adding 8%–
10% antimony to GaNAs degraded the optical quality of the
material even though the addition of antimony to GaInNAs
improved the material.14 These results indicate that the
amount of antimony plays a crucial role in whether or not it
improves the material. The GaN0.0091As0.9709Sb0.02 sample
shows ,2.33 increase in PL intensity over the
GaN0.0063As0.9937 sample as well as a reduction of the full
width at half maximumsFWHMd from 56 to 44 meV. It was
previously believed that the addition of nitrogen degrades the
electronic and optical properties of the material. We show
that the addition of small amounts of antimony negates the
“nitrogen penalty” and material with more nitrogen can be
grown with comparable or better optical quality. Annealed
samples were also studied. Although an in-depth discussion
is beyond the scope of this paper, those samples had uni-
formly increased intensity as well as the typical blueshift
found in dilute nitrides, but the trends were identical to those
in the as-grown samples. With increasing nitrogen content
and antimony content, the optical properties have improved.
The improvement of GaNAs with increasing amounts of ni-

trogen and antimony shows that the nitrogen penalty should
be thought of as a “nitrogen complexity” in which the opti-
mal growth parameters must be rediscovered for each com-
position of the alloy.

IV. DISCUSSION

The mechanism of material improvement upon addition
of antimony to GaNAs is not completely known. One promi-
nent theory to explain why the addition of antimony to Ga-
NAs improves the material is isoelectronic codoping.19

Charge codoping in semiconductors allows for greater solu-
bility of the dopants. In a similar manner, isoelectronic
codoping in semiconductors should result in the same advan-
tages. The solubility of the isoelectronic species and the car-
rier mobility should be enhanced. This phenomenon was ob-
served with the increased nitrogen incorporation efficiency.
Also, PL intensity improved with increasing nitrogen and
antimony concentrations. In isoelectronic codoping, the large
antimony atom added to GaNAs compensates the large mis-
match in size and electronegativity between the arsenic and
nitrogen atoms and leads to defect reduction. A similar be-
havior has been observed in the GaPNBi system.20 However,
it is uncertain if this is the only effect occurring. As men-
tioned earlier, antimony was used as a surfactant in GaInNAs
to improve material quality. However, what exactly the “sur-
factant effect” entails is unknown. Surfactant growth itself is
still not well understood and is evident from the fact that
there are several competing models which describe the
mechanisms of improved quality.21–26Also, it is possible that
the surfactant effect encompasses several effects which all
enhance the material quality. Isoelectronic codoping appears
to be a model, in this situation, which can explain the im-
provement in material. However, it is unclear why a much
smaller antimony flux is required to improve the material
compared to GaInNAs. An order-of-magnitude larger anti-
mony incorporation results in a degradation of GaNAs ma-
terial. It is possible that adding too much antimony negates
isoelectronic codoping effects and degrades GaNAs growth
kinetics.

V. SUMMARY

In conclusion, we grew a series of GaNAssSbdsamples
to study the codoping effects of nitrogen and antimony in
GaAs. Using SIMS we have determined the compositions of
the four samples and discovered that, for a fixed nitrogen
flux, the nitrogen concentration increases with increasing
antimony concentration. For small amounts of antimony
s,2% d, the incorporation efficiency of nitrogen with anti-
mony was also observed to be much higher than previously
reported values. HRXRD was used to determine the strain in
the layers and to confirm that the material was of good struc-
tural quality. ER spectra provided information on the band
properties of the GaNAssSbd layers and also showed a
valence-band evolution which agreed with the strain mea-
sured from HRXRD. PL measurements indicated an im-
provement in optical quality with increasing nitrogen and
antimony concentrations. A redshift in the wavelength due to
increased amounts of nitrogen and antimony also agreed

FIG. 6. PL spectra of the GaNAssSbd samples showing a redshift and in-
crease in intensity with increasing antimony flux.sad GaN0.0063As0.9937, sbd
GaN0.0071As0.9869Sb0.006, scd GaN0.008As0.978Sb0.014, and sdd
GaN0.0091As0.9709Sb0.02.
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with the shift in transition energies measured in ER. Isoelec-
tronic codoping can explain why the addition of antimony to
GaNAs improves the material quality. Further study is re-
quired to understand the behavior of antimony and nitrogen
incorporation more completely. Antimony compositions
above 2% and below 10% need to be examined to determine
the optimal growth parameters of GaNAsSb for good optical
quality and to examine the different behaviors of antimony in
different amounts.
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