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We examine the distribution of N-In nearest-neighbor bonds in GaInNAssSbd quantum wellssQWsd and
observe quantitatively the evolution of the distribution during thermal annealing. We use near-edge x-ray
absorption fine structure to compare the behavior of compressively strained quantum wells with relaxed
thick-film samples, and find no significant effect of strain on the nearest-neighbor bonding. Photoluminescence
sPLd and electroreflectancesERd spectroscopies are used to quantitatively measure the distribution of N-In
nearest-neighbor states for a series of variously annealed GaInNAsSb QW samples. We find that increased
annealing temperature or time leads to a blueshift of the band gap that saturates after sufficient annealing. This
saturation is related to a thermodynamic equilibration of the N-In nearest-neighbor bonding in the material
toward highly In-coordinated states, from an as-grown material having a nearly random bonding arrangement
dominated by N-Ga bonds. The different N-In nearest-neighbor states form a fine splitting of the band gap of
the material. The average spacing between these levels is found to be considerably smaller for GaInNAsSb
s,18 meVd than for GaInNAss,35 meVd. Furthermore, we present absorption measurements that reveal an
increased optical efficiency of the higher In-coordinated N states that form upon annealing. Additionally, the
line shape observed at room temperature in all of the spectroscopic measurements is Gaussian, indicating a
strong exciton-phonon coupling in these alloys.
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I. INTRODUCTION

The GaInNAs material system has received much atten-
tion over the past decade for its potential use in low-cost
telecommunications optoelectronic devices operating in the
1.3–1.6µm wavelength range.1–3 The advantages of this ma-
terial system stem from its ability to be grown on GaAs
substrates and the possibility for monolithic integration of
highly reflective distributed Bragg reflectors, which enable
the fabrication of low-cost vertical cavity lasers as well as
resonant cavity detectors and modulators. These devices can
be applied in high volume to address the current bottlenecks
in optical networks and also to enable low-voltage optical
interconnects. Recent progress on the use of GaInNAs for
these applications has succeeded in producing devices oper-
ating at up to 1.4µm wavelength.2,4 In the past few years,
GaInNAsSb has been found to be a potentially superior ma-
terial to GaInNAs for these applications, since higher quality
material can be grown over the entire telecommunications
wavelength range and particularly at the longest wavelengths
that were previously unattainable. In addition, inherent ad-
vantages are expected for GaInNAsSb over the competing
material grown on InPsInGaAsPd, due to a heavier electron
effective mass, better electron confinement in quantum wells,
and higher differential gain. High-performance device char-
acteristics have been demonstrated with GaInNAsSb for
wavelengths spanning the 1.3–1.6µm range.5–8

Understanding the intricacies of the atomic structure and
bonding in these dilute nitride materials is important for both
improving the material quality and understanding the unique
properties they exhibit, such as the blueshift of the band gap

upon thermal annealing and the giant reduction of the band
gap upon addition of small amounts of N.9–15 We have re-
cently used x-ray absorption spectroscopysXASd to directly
examine the N-In nearest-neighbor bonding in thick films of
Ga0.7In0.3N0.03As0.97 and probe how it changes with
annealing.9 A shift in the nearest-neighbor distribution to-
ward increased N-In bonding was found to occur and to cor-
respond to a thermodynamic stabilization of the material as
well as to the observed blueshift in the band gap.

In this paper, we examine first the effect of biaxial com-
pressive strain, which is present in the technologically rel-
evant thin films used in optoelectronic devices, on the N-In
nearest-neighbor bonding, using XAS. We find that strain
does not alter the random nature of bonding in as-grown
material nor does it change the atomic reconfiguration be-
havior upon annealing. We also observe the N-In nearest-
neighbor states in thin-film GaInNAsSb material, using vari-
ous spectroscopic techniques, including photoluminescence,
electroreflectance, and optical absorption. The presence of
Sb sa Group V elementd is found not to affect the N-In bond-
ing to first order. With electroreflectance we are able to dis-
tinguish each of the N-In nearest-neighbor states and extract
bonding distributions in a series of partially annealed quan-
tum well samples. Assignments of individual bonding states
in the spectra are possible by using the results of the XAS
experiments andab initio band-structure calculations. We
find that, like GaInNAs, as-grown GaInNAsSb material con-
tains a nearly random distribution of N-In bonds, while an-
nealing drives the material toward a state with increased
N-In bonding and a larger band gap. The evolution of these
states is monitored quantitatively during annealing.

PHYSICAL REVIEW B 71, 125309s2005d

1098-0121/2005/71s12d/125309s8d/$23.00 ©2005 The American Physical Society125309-1



Furthermore, we attribute an observed saturation of the
band gap blueshift with increased anneal to the achievement
of thermodynamic equilibrium of the nearest-neighbor distri-
bution, consistent with our model of the mechanism for the
blueshift. Finally, by the analysis of absorption spectra, we
determine that the higher N-In bonded annealed material has
increased optical efficiencysstronger matrix elementd rela-
tive to the mostly N-Ga bonded as-grown material. While the
large increase in photoluminescence intensity observed after
annealing is mostly attributable to the removal of nonradia-
tive recombination centers, the effect of increasing the ma-
trix element for radiative recombination is also an important
intrinsic property of the crystalline material.

II. EXPERIMENTAL DETAILS

GaInNAssSbd samples were grown using solid-source
molecular beam epitaxysMBEd with nitrogen supplied by a
radio frequency plasma cell. Arsenic and antimony were sup-
plied by solid cracker cellssvalved and unvalved, respec-
tivelyd. The active regions were grown with substrate tem-
peratures of 420–455 °C, while GaAs regions were grown at
,600 °C. Details of the growth are described elsewhere.6

GaInNAs samples were rapid thermal annealed in N2
ambient at 760–800 °C for 1–2 min after growth, while
GaInNAsSb samples were annealed at 760–800 °C for 1–3
min. GaAs proximity caps were used to prevent As desorp-
tion during annealing. Typical compositions of GaInNAs
quantum wellssQWsd were 30% In and 1.6% N, with 2% N
in the barriers; GaInNAsSb QWs were<40%In, 2.5% N,
and 2.7% Sb, with 2.7% N in the barriers.

NitrogenK-edge near-edge x-ray absorption fine-structure
sNEXAFSd spectra were obtained at beam line 4.0.2 of the
Advanced Light Source16 using fluorescence detection with a
high-resolution superconducting tunnel junction x-ray detec-
tor operated at,0.1 K.9,17 GaInNAs thin-film samples for
NEXAFS consisted of uncapped 100 Å films grown on top
of GaAs buffers onn+ GaAs substrates.

Diode samples consisted of a 1.38µm thick
131018 cm−3 Si-doped GaAsn-type region followed by
a 0.5 µm thick GaAs nominally intrinsic region
s&131015 cm−3 n typed and 1.0µm of 531017 cm−3 Be-
doped GaAsp-type region, all grown on a semi-insulating
GaAs substrate. GaInNAssSbd quantum wellss8 nm thickd
with GaNAs barrierss20 nm thickd were grown in the center
of the i region, maintaining its total 0.5µm thickness. Test
devices were fabricated by depositing Ti/Pt/Au top ring
contacts, etching circular mesas down to the middle of then
region, and depositing Au/Ge/Ni/Au bottom ring contacts.
A well-defined optical aperture was left in the top contact.
The n-type contact was alloyed at 400 °C for 45 s.

PhotoluminescencesPLd was excited by the 488 nm line
of an Ar+ laser focused on the QWs through thep-doped
layer, and PL spectra were collected with a Newport 818-IG
InGaAs photodiode placed after an Acton SpectraPro 300i
0.3 m grating spectrometer. Absorption spectra were ob-
tained using the photocurrentsPCd method, with electrical
bias applied in series with the device and ammeter. The input
illumination was chopped at 307 Hz and PC detected with a

lock-in amplifier. Values for absorption coefficient were cal-
culated from PC by assuming the maximum internal quan-
tum efficiencysat high temperatures and biasesd was 100%,
and including both QWs and barriers in the interaction
length. Interference effects of the multilayer structure on the
illumination intensity were included in the calculation by
using measured reflectivity spectra.7 ElectroreflectancesERd
spectroscopy was performed at near-normal incidence and
detected with a calibrated InGaAs photodiode using phase-
sensitive detection. A positive square wave ac modulation of
200 mV s307 Hzd was applied across the diode samples on
top of the applied dc bias. The magnitude of the ac modula-
tion was chosen to maximize the signal-to-noise ratio of the
measured ER spectra, while verifying that the spectra were
unchanged from those taken with smaller ac modulations.
The spectra were also verified to be essentially independent
of incident angle. Illumination for PC and ER was provided
by a 250 W quartz-tungsten-halogen white light passed
through a 950 nm long-pass filter and a 0.25 m grating
monochromator, then coupled into a quartz fiber bundle be-
fore being focused onto the sample. The illumination for ER
experiments was aligned onto the sample by maximizing the
PC signal.

III. RESULTS

A. Near-edge x-ray absorption fine structure (NEXAFS)

We have previously shown, using x-ray absorption
spectroscopy of both the NK-edge and InK-edge of bulk
GaInNAs having similar composition as the material in this
study, that thermal annealing causes an increase in the degree
of N-In bonding.9 Primarily from the magnitude of measured
core-level shifts in the N-K NEXAFS spectra, compared
with a GaNAs reference, it was determined that as-grown
unstrained GaInNAs material contains a nearly random dis-
tribution of N-In bonds. This result indicated a kinetic prod-
uct for the as-grown material, as expected from the low
growth temperature.Ex situ thermal annealing resulted in a
material with increased number of N-In bonds as it was
driven toward thermal equilibrium.Ab initio total energy and
band-structure calculations predicted an increased stability,
as well as a blueshift in the band gap, as the degree of N-In
bonding increased. The results agreed well with an observed
blueshift of the peak emission wavelength in PL upon an-
nealing. The reader is referred to Ref. 9, for details of the
experiments and analysis.

In this current work, the experiments and analysis de-
scribed above for unstrained thick-film samples were re-
peated on strained thin-film samples of GaInNAs having es-
sentially the same composition. The experimental procedure
for obtaining N-K NEXAFS was identical to that used in
Ref. 9 except longer acquisition times were necessary to
achieve comparable signal-to-noise ratios. The same basic
conclusions were reached: despite strain in the film, the as-
grown material contained a nearly random distribution of
bonds, while the material annealed at 800 °C for 2 min
showed an increase in the degree of N-In bonding toward a
distribution peaked at two or three N-In bonds per N atom.
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Proper analysis of the present data required repeating the
supercell calculations to account for strain. Calculations
were performed on 64-atom model supercell structures de-
noted by GaInNAssnd, where n denotes the number of In
atoms surrounding each N in the model. Details of the pa-
rameters used in the computations, which utilized ultrasoft
pseudopotentials, are given in Ref. 9. To account for the
biaxial compressive strain in the film resulting from growing
pseudomorphically on a GaAs substrate, the lattice constant
in the two in-plane directions were fixed to that of GaAs for
each model. Relaxations were then performed to determine
the out-of-plane lattice constant and equilibrium atom posi-
tions, before performing calculations of band structure, par-
tial local density of states, and core-level shifts. The Pois-
son’s ratio determined using this methods,0.34d agrees
within 4% of that obtained using Vegard’s lawslinear com-
bination of the elastic constants C11 and C12 of the endpoint
binariesd.

The main measurement result of the thin-film NEXAFS
experiments is the magnitude of the NK-edge spectrum
shift, relative to GaNAs, for as-grown and annealed material.
However, further details of the measurements, calculations,
and analysis will be presented elsewhere.18 The measured
values of spectrum shift are compared to theoretical predic-
tions for N-In nearest-neighbor configurations, with the
theory accounting for core-level shifts and differences in
conduction band offsets.9 The theory predicts smaller spec-
trum shifts for strained material than for unstrained material,
for comparable arrangements of nearest neighbors. Figure 1
summarizes the results of these measurements and calcula-
tions. The straight lines indicate the predicted spectrum
shifts, relative to GaNAs, for the different configurations of
N-In nearest neighbors in GaInNAs with,30%In and
,3%N, for both unstrained and strained material. The mea-
sured shifts for as-grown and annealed material are plotted as
symbols on top of the theoretical curves to determine the
dominant bonding configuration. The arrows in Fig. 1 indi-
cate the transition from as-grown to annealed material. Some

uncertainty in the calculations exists from the difficulty in
accurately determining conduction band offsets, and a mea-
surement error on the order of a couple of symbol widths
also exists, but the general conclusions are clear. As-grown
material is dominated by GaInNAss1d bondssa random dis-
tributiond, while annealed material contains an increase in
N-In bonding stoward thermodynamic equilibriumd. Little
difference is observed in the bonding distributions between
strained and unstrained material. Furthermore, these samples
show signs of “incomplete” annealing, with further shifts in
the nearest-neighbor bonding possible. This fact is explained
more clearly below.

B. Photoluminescence (PL)

That thermal annealing causes a blueshift in the peak PL
wavelength of these materials is a well-known
phenomenon.19–21 Our own calculations9,22 and those of
others11 show that this band gap shift is related to N-In
nearest-neighbor rearrangements in GaInNAs. We see a simi-
lar effect with GaInNAsSb.

At low temperatures, the PL spectra of GaInNAsSb
samples show a symmetrical line shape, or a slight shoulder
on the low-energy side arising from the exps−"v /kTd term
in the van Roosbroek–Shockley relation for band-to-band
recombination.23 However, as the temperature is raised, car-
riers are thermally excited to higher energy levels in the ma-
terial and at room-temperature high-energy ripples are
present in the PL spectra. These high-energy features are
more pronounced for as-grown material. Increasing the exci-
tation density in the PL experiment is not effective in filling
these states, since the density of states of a QW is very high
at the band edge. This is evidence that the high lying states
are not merely spatially localized inhomogeneities.

The PL experiments were performed on a series of GaIn-
NAsSb QW samples: as-grown, annealed at 760 °C for 1
min, annealed at 800 °C for 1 min, and annealed at 800 °C
for 3 min. Increasing the thermal dose results in increased PL
intensity, but also more significantly a blueshift of the peak
wavelength. However, after a certain dose, the wavelength

FIG. 1. Measured spectrum shiftsssymbolsd in N K-edge NEX-
AFS, relative to GaNAs, plotted on top of theoretical curvesslinesd
showing the predicted dependence on N nearest-neighbor environ-
ment, for both strained and unstrained GaInNAs. Arrows indicate
transitions from as-grown to annealed material. Inset: representative
NEXAFS spectra from the thin-film GaInNAs samples.

FIG. 2. Room-temperature photoluminescence spectra from
GaInNAsSb QWs, both as-grown and annealed to various degrees.
The solid vertical lines indicate the N-In nearest-neighbor peak fit
positions, while the dashed vertical lines demarcate one standard
deviation of error for the peak positions.
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ceases to shift, as shown in Fig. 2. Similar behavior is ob-
served for GaInNAs samples as well.

The peaks and shoulders in the PL spectra at room tem-
perature can be fitted very well using Gaussian line shapes,
which is somewhat unexpected; in fact, the signal from the
GaAs substrate is well fit by a single Lorentzian line. How-
ever, a Gaussian line shape is observed for GaInNAssSbd at
room temperature in all of the techniques described in this
paper, as well as in electroluminescencesnot presentedd. The
Gaussian line shape indicates a strong exciton-phonon cou-
pling in the material, arising from a large exciton effective
mass, relatively large exciton radius, and inherent lattice de-
fects in the alloy.24

A set of exactly five peaks common to all of the PL spec-
tra is found by independently fitting each spectrum with the
least number of Gaussian curves that result in a reasonable
fit. These peak positions are indicated by the vertical lines in
Fig. 2 swith 1s deviations indicated by the dashed vertical
linesd and will be shown more conclusively below to corre-
spond to the five N-In nearest-neighbor configurations in the
material. The peaks show a spacing of 17–20 meV and have
full width at half maximumsFWHMd of 20–25 meV. The
peak fitting described here was possible because the light
hole transitions in this material are separated from the heavy
hole transitions sappearing in PLd by a large energy
s.120 meVd, eliminating complications from overlap of the
two sets of transitions. This will be a very important fact in
the analysis of the ER spectra below.

C. Electroreflectance (ER)

Electroreflectance is a sensitive modulation spectroscopy
technique that probes critical points in the band structure
with a scanned-energy probe beam, thus being equally sen-
sitive to ground and excited states, unlike PL. The technique
measures derivatives of the dielectric function via the expres-
sion

DR/R= aRsDed + bJsDed, s1d

whereDR/R is the measured modulated reflectivity,a andb
are the Seraphin coefficients, andDe is the modulated dielec-
tric function resulting from, in our case, modulation of the
applied electric fieldsvoltaged across the QWs.25 For isolated
QWs experiencing a change in electric fieldDE ,De can be
written as26

De = S ]e

]E0

]E0

]E +
]e

]g

]g

]E +
]e

]I

]I

]EDDE, s2d

whereE0 is the transition energy,g is a broadening param-
eter, andI is the integrated intensity of the transition. To
proceed, a line shape needs to be assumed; from our PL,
absorption, and electroluminescence measurements, we
know that a Gaussian line shape is appropriate. Furthermore,
in the vicinity of the fundamental energy gap of semiconduc-
tors,b!a, so for our analysis Eq.s1d reduces to25

DR/R~ RsDed. s3d

The latter two terms in Eq.s2d can be lumped together, and
following Shenet al., assuming a normalized Gaussian line
shape, the modulated reflectivity can be written as27

DR/R= As1/g2dFs1,0.5,− 0.5x2d + Bs2x/g2d

3Fs2,1.5,− 0.5x2d, s4ad

where

x = sE − E0d/g, s4bd

Fsa,b,zd is the confluent hypergeometric function, andA
andB are constants related to the optical matrix element of
the transition and the relative contributions of band gapsAd
and linewidthsBd dispersion to the signal, respectively.

Quantitative analysis of the ER spectra is dependent on
the proper choice of line shape and also a close correspon-
dence between the experimental conditions and the theoreti-
cal assumptions of dielectric function modulation in the deri-
vation of the line shape. Our use ofp-i-n diode samples
ensures a constant homogeneous electric field across the
QWs, in contrast to other similar experimental techniques
such as photoreflectance, where the highly inhomogeneous
fields induced across the QWs may compromise a quantita-
tive analysis. The well-controlled field modulation in our ex-
perimental configuration directly correlates the ER signal
with the assumed band gap and linewidth dispersion charac-
teristics included in Eq.s4d

Figure 3 shows ER spectra taken at room temperature
from the series of annealed GaInNAsSb QWs of Fig. 2. The
spectrum from the as-grown sample is reproduced in Fig.
4sad, showing a series of oscillators fit with Eq.s4d. The main
feature around 0.785 eV arises from transitions across the
fundamental gap between the first heavy holesHH1d and
electron levels, while the smaller features around 0.9 eV
arise from both light holesLH1d and HH2 transitions.sThe
nature of the transitions was determined by the direction of

FIG. 3. Room temperature electroreflectance spectra taken from
variously annealed GaInNAsSb QWs.
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their shifts with applied dc bias as well as comparison with
calculated energies.d The large separation and spectral inde-
pendence of the HH1 and LH1 features is clearly seen.

While at first glance the spectrum appears to consist of
single lines for each HH and LH transition, a very poor fit
results from using only one oscillator, even if a line shape
different from Eq.s4d is used. However, careful fitting with
multiple oscillators enables excellent fitting over the entire
measurement range, as demonstrated in Fig. 4sad. Care in the
fitting procedure is essential to ensure the parameters of the
fitted lines do not diverge to unreasonable values and that
extraneous lines are not included. The minimum number of
oscillators to achieve an excellent fit was always used and
attention was paid to parameters such as linewidth during the
fitting. Indeed, the procedure for fitting the multiple oscilla-
tors proved nontrivial. Nonetheless, transition energies could
be determined and, withouta priori assumption, were found
to match closely with the peak positions measured by PL
fsee Fig. 4sbdg. Further refinement of the fits, taking into
account the PL results, allowed accurate determination of the
fitting parameters for all of the nearest-neighbor states in
each sample. Consistent with the PL and PC measurements,
the strongest transitions had FWHM of 20–25 meV, while
very weak transitions showed broadening up to 40–50 meV.

In Eq. s4ad, the relative magnitudes ofA and B can be
understood to represent a phase factor, so the total amplitude
of the transition can be taken as the quadrature sum:

C = ÎA2 + B2. s5d

Since the states have approximately the same intrinsic matrix
element, the relative amplitudes of the nearest-neighbor tran-
sitions can be used to directly determine the distribution of
nearest-neighbor states in the material. These distributions
are plotted in Fig. 4scd for the as-grown and variously an-
nealed samples. Also plotted in Fig. 4scd is the calculated
distribution for a random arrangement of atoms in material
having the same In and N composition as these samples. A
correspondence is clearly seen between the random distribu-
tion and the distribution measured for the as-grown sample,
confirming the kinetic nature of the low-temperature growth.
As the material is annealed, the less-thermodynamically-
favored Ns0d and Ns1d states are quickly depleted and high In
coordinations become dominant. Here we have introduced
the notation Nsnd, in analogy with the GaInNAssnd notation, to
denote a N environment withn In nearest neighbors irrespec-
tive of the host materialsi.e., GaInNAs or GaInNAsSbd.

D. Photocurrent (PC)

Figure 5 summarizes the photocurrent results from the
same GaInNAsSb samples used in the PL and ER experi-
ments. The raw responsivity data was converted to absorp-
tion coefficient in the figure. The wavelength region shown
only includes the HH1 transitions. The excitonic peaks in the
absorption spectra were well fit by a Gaussian line shape
with FWHM ,25 meV, consistent with the results presented
above.

The spectra clearly show discrete peaks corresponding to
the transitions found in PL and ER, which are indicated by
the vertical lines in the figure, and the higher energy states
are seen to grow as the material is annealed. Similar to the
PL results, we see discrete jumps between the states, but
unlike PL which is dominated by the lowest energy transi-
tion, the PC results show us the relative strengths of the
transitions. Particularly interesting is that for the as-grown
sample the PL shows a dominant peak at the Ns0d position,
while in PC only a small shoulder appears for Ns0d and the
dominant peak is at Ns1d fFig. 5sadg. As the Ns1d state anneals
out, the Ns2d state becomes dominant. As the annealing pro-
ceeds, the absorption also becomes stronger, as both the ma-
terial quality improvessevidenced by the sharpening of the
exciton peaksd and also more optically efficient higher In
coordinated states appear.

IV. DISCUSSION

The five peaks observed in the PL spectra correspond to
the five possible N-In nearest-neighbor configurations in
GaInNAssSbd. The ER and PC results further corroborate
this conclusion and also show precisely how the nearest-
neighbor bonding changes while annealing, in tandem with
the PL blueshift. While the presence of Sb, a Group V ele-
ment, does not play a direct role in the N nearest-neighbor
bonding in GaInNAsSb, the energy spacing between the
nearest-neighbor states is found to be about 50% smaller
than for GaInNAs. Our calculations for GaInNAs with com-
parable N content predicts an average energy spacing of
,34 meV per In atom,22 and measurements have found a
spacing of,40 meV or more.11 However, our measurements
of GaInNAsSb in this work indicate a spacing of,18 meV.

Although Sb contributes to band gap lowering in GaIn-
NAsSb due to the small band gaps of the binary antimonides,
nitrogen bonding still dominates the band edge states of
GaInNAsSb, as in GaInNAs. The two main effects of Sb
incorporation, in addition to the incidental band gap lower-
ing, are improvement in material/interface quality through
the reactive surfactant effect of SbsRef. 28d and increase of
the valence band offset between QW and barrier. Being a
Group V element, Sb does not directly influence the N bond-
ing in the material, although an enhancement of N incorpo-
ration from the presence of Sb has been observed.29–31 The
precise effect of Sb as both a surfactant and incorporant in
GaInNAsSb is complex and not fully understood. Certainly,
there are contributions to the attachment and diffusion rate of
speciesse.g., N and Ind on the surface during growth. Nev-
ertheless, the random distribution of as-deposited bonds is
not affected by the presence of Sb at these low growth tem-
peratures, as evidenced by the ER results and Fig. 4scd.

The saturation of the PL blueshift with increased anneal-
ing stemperature, time, or bothd is very important for the
practical use of GaInNAssSbd in optoelectronic devices such
as vertical cavity surface emitting laserssVCSELsd. The
ability to accurately and reliably predict the peak gain wave-
length srelated to the peak PL wavelengthd is necessary to
allow matching to the VCSEL cavity and specification of the

NEAREST-NEIGHBOR DISTRIBUTIONS IN… PHYSICAL REVIEW B 71, 125309s2005d

125309-5



operating wavelength. In the past, this has been difficult to
achieve since annealing and other thermal processing would
result in potentially unknown amounts of wavelength shift.
However, if the material is “fully” annealed, the wavelength

will be stable and, furthermore, the amount of the shift from
as-grown material can be predicted. Steps may need to be
taken to prevent degradation of PL intensity at the highest
annealing temperatures/timess“rollover” d, which sometimes

FIG. 4. sad Room-temperature electroreflectance spectrum from
as-grown GaInNAsSb QWscirclesd and theoretical fitssolid curved.
Dashed curves show the individual oscillator fits, while arrows in-
dicate the transition energies.sbd Dominant peak positions for HH1
to conduction band transitions obtained by ERssymbolsd plotted
against the peak fit positions from PLshorizontal linesd. The num-
bers in parentheses indicate the number of In nearest neighbors to
N, as in Fig. 2.scd Distribution of N-In nearest-neighbor bonding
obtained from the amplitude of the ER fitssbarsd. Stars indicate the
calculated distribution for random bonding, which agrees well with
the measurement for as-grown material.

FIG. 5. Absorption spectra of GaInNAsSb QWs around the
band edge region taken with photocurrent, forsad as-grown,sbd
annealed 760 ° C for 1 min,scd annealed 800 ° C for 1 min, andsdd
annealed 800 ° C for 3 min. The vertical lines indicate the peak fit
positions from PL, from Fig. 2.
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is observed. The precise mechanism of this degradation is
not well understood, but probably has to do with activation
of some point defect or in-diffusion of vacancies from the
wafer surface. Thick cap layersswhich are inherently a part
of laser structuresd and high quality interfaces seem to miti-
gate this effect.

These results interestingly show that “partially” annealed
material is indeed possible. From a technological point of
view, the fully annealed state is the most ideal for device
design, as described above; however, comparing the PL and
ER results, we can see that even when the PL wavelength
apparently has saturated, the nearest-neighbor distributions
may still change. Also, it is not clear what the final equilib-
rium distribution should be; the distribution from ER for the
furthest annealed sample shows a sort of equalization of the
Ns2d ,Ns3d, and Ns4d states. We also note that early in the an-
nealing process, the Ns0d and Ns1d states are quickly dimin-
ished to very low levels. This is consistent with our calcula-
tions shown in Fig. 1scd of Ref. 9, where the greatest drop in
the total energy of the system occurs between the Ns1d and
Ns2d states. Additionally, while ER is a technique well suited
to measuring excited states and thus was able to produce the
distributions shown in Fig. 4scd, PL is most sensitive to the
lowest energy transition in the system, since the intraband
carrier relaxation rates are much higher than the spontaneous
recombination rates and the thermal population of excited
states is exponentially lower than the ground-state popula-
tion. Thus, the most dramatic shifts in the PL spectra are
observed when a lower energy state essentially disappears.
By examining Figs. 2 and 4scd, we can see that after anneal-
ing at 760 °C for 1 min, the as-grown sample lost essentially
all of the Ns0d states and produced a correspondingly large
shift in the PL. Similarly, the sample annealed at 800 °C for
1 min showed an additional discrete shift in PL as the Ns1d

state was depleted. However, all of the samples show signifi-
cant populations of the Ns2d state, and no significant further
shift is clearly observed in PL after annealing at 800 °C for 1
min. Furthermore, the peaks in PL are spaced very close
together s,18 meVd compared to their full widths
s,25 meVd, so small changes in the nearest-neighbor distri-
butions would not be grossly apparent, as in the case be-
tween the samples annealed at 800 °C for 1 and 3 min. A
further point is that, as the material is annealed, the PL in-
tensity increases due to the removal of nonradiative recom-
bination centers, but some of the intensity increase is attrib-
utable to the increased N-In bonding, according to our band-
structure calculations,9,22 the x-ray absorption/emission
experiments of Strocovet al.,15 and our PC measurements.

In contrast to both PL and ER, PC spectra show features
mainly sensitive to the relative oscillator strengths of the
measured transitionssin addition to the distribution of the
statesd. Thus, the PC data enables us to determine the stron-
gest transitions in each sample and relate them to the nearest-
neighbor distributions. The data in Fig. 5, when compared
with Fig. 4scd, show that the Ns0d state has a small oscillator
strength, since even with significant population of the Ns0d

state in the as-grown materialfFig. 4scdg, the absorption
spectrum is strongly peaked at the Ns1d position and shows
only a small kink for the Ns0d statefFig. 5sadg. On the other
hand, the states with at least 1 N-In nearest neighbor show

considerably higher transition strengthssespecially Ns2+dd.
Furthermore, as annealing removes the less-optically-
efficient low-In coordinated N states, the absorption coeffi-
cient is increased at the band edge, as seen in the PC data
with increasing anneal. This is in addition to improvements
in material quality, demonstrated by the narrowing of the
exciton linewidth.

V. CONCLUSIONS

Near-edge x-ray absorption fine structure measurements
on compressively strained thin-films of GaInNAs grown on
GaAs show that the biaxial compressive strain does not af-
fect the N-In nearest-neighbor distribution in this material,
compared with unstrained thick films studied previously. As
in the thick films, as-grown material was found to have a
nearly random bond distribution peaked around one N-In
nearest neighbor, while annealed material moved toward a
more thermodynamically favored distribution peaked at two
to three N-In nearest neighbors. Thus, the strain present in
technologically relevant material for use in the 1.3–1.6µm
wavelength region does not significantly affect the bonding
properties or annealing kinetics of the material.

Furthermore, we found a series of states at the band edge
of GaInNAsSb that are consistent with N-In nearest-neighbor
states, as found in GaInNAs. The presence of Sb, a Group V
element, does not alter the N bonding environment directly,
although it plays some role in the growth kinetics of the
material. The splitting between the nearest-neighbor states
in GaInNAsSb was found to be significantly smaller
s,18 meVd than in GaInNAss,35 meVd. Nevertheless, as-
grown GaInNAsSb still was found to contain a nearly ran-
dom distribution of nearest-neighbor bonds.

The nearest-neighbor splittings were observed in photolu-
minescence, optical absorptionsphotocurrentd, and electrore-
flectance experiments, up to room temperature. The line
shape observed in all cases was found to be Gaussian, with a
FWHM ,25 meV at room temperature, indicating a strong
exciton-phonon coupling. Careful peak fitting of the ER data
enabled distributions of bonding states to be determined di-
rectly from the relative amplitudes of the oscillator fits. The
distributions illustrate the shift from near-random N-In bond-
ing after growth to high-In coordinated N bonds as the ma-
terial is annealed. As the nearest-neighbors reconfigure to-
ward increased numbers of N-In bonds, the band gap
blueshifts accordingly, but eventually saturates when the
fully annealed, thermodynamic equilibrium distribution is
achieved. However, the band gap measured by PL, which is
most sensitive to the lowest energy transition, only shows a
strong shift when a nearest-neighbor state is almost fully
depleted, which occurs rather quickly for the Ns0d and Ns1d

states. The increased N-In bonding also contributes some-
what to the increased luminescence and absorption observed
after annealing.

Photocurrent measurements of the absorption spectra of
the GaInNAsSb QWs highlight the relative oscillator
strengths of the observed transitions. The Ns0d state was
found to have much weaker optical activity than the others.
As annealing drives the introduction of additional N-In
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bonds, the optical efficiency of the material improves, in
addition to the improvement from removal of nonradiative
defects in this low-temperature material. Regarding grown-in
nonradiative defects, GaInNAsSb is of higher quality than
GaInNAs, since the surfactant property of Sb improves the
as-grown material quality and interface smoothness. Conse-
quently, the PL efficiency and absorption coefficient of as-
grown GaInNAsSb is appreciably higher than for as-grown
GaInNAs.7 Additionally, the higher electron effective mass

in the antimonide contributes to a higher value of absorption
coefficient for GaInNAsSb relative to GaInNAs.
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