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A detailed account of the experimental results from optically detected magnetic resonancesODMRd studies
of grown-in defects insAl dGaNP alloys, prepared by molecular beam epitaxy, is presented. The experimental
procedure and an in-depth analysis by a spin Hamiltonian lead to the identification of two Gai defects
sGai-A and Gai-Bd. New information on the electronic properties of these defects and the recombination
processes leading to the observation of the ODMR signals will be provided. These defects are deep-level
defects. In conditions when the defect is directly involved in radiative recombination of the near-infrared
photoluminescence band, the energy level of the Gai-B defect was estimated to be deeper than,1.2 eV from
either the conduction or valence band edge. In most cases, however, these defects act as nonradiative recom-
bination centers, reducing the efficiency of light emission from the alloys. They can thus undermine the
performance of potential photonic devices. High thermal stability is observed for these defects.
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I. INTRODUCTION

One of the most important aspects in the physics and tech-
nology of semiconductors is to understand and control de-
fects, which are known to often produce deep levels in the
forbidden energy gap. Intrinsic defects such as self-
interstitials, vacancies, and antisites have been found to be
commonly occurring defects in semiconductor crystals
grown under nonoptimized, nonequilibrium conditions, or
subject to high-energy particle bombardment. They are fun-
damental building blocks for defect complexes and in some
cases nucleation sites for the formation of clusters and ex-
tended defects. Intrinsic defects and their complexes are
known to play a crucial role in determining the electronic
and optical properties of semiconductors. In some cases
when their properties are well understood and controlled,
they can be used to tailor the physical properties of semicon-
ductors such as carrier lifetime, Fermi level position, and
dopingfe.g., the antisite-related defects in GaAssRefs. 1 and
2d and PIn antisite in InPsRefs. 3 and 4dg. In most cases,
however, defects are known to severely degrade device per-
formance and can hinder a semiconductor from practical ap-
plications. In any case, a good understanding of the defect
properties is vital, especially concerning a positive identifi-
cation of their chemical nature and their role in altering ma-
terial properties. Up to now only very few experimental tech-
niques have been proven successful in meeting the demand.
Among them, magnetic resonance techniques have been

shown to be the most powerful of the ones that have success-
fully identified many intrinsic defects in semiconductors.5–7

When the conventional electron spin resonancesESRd tech-
nique fails to provide the required sensitivity to reveal de-
fects in semiconductor thin films and quantum structures
grown by modern epitaxy techniques, its advanced variant—
namely, the optically detected magnetic resonancesODMRd
technique—has been shown to be successful.8–11

The aim of the present work is to reveal important
grown-in defects insAl dGaNP alloys by employing the
ODMR technique.sAl dGaNP represents a class of newly
emerging dilute nitrides, which have recently attracted great
attention. These materials exhibit unusual and fascinating
new physical properties, such as a giant band-gap bowing
that allows widely extended band-structure engineering.12–19

One can also vary the lattice constant of the alloy materials
over a wide range by varying the N content. For example,
adding about 1.8% of N into GaP can make the parent ma-
terial lattice matched to Si, opening the possibility for opto-
electronic integrated circuits19,20 and multijunction III-V so-
lar cells fabricated on Si wafers. A crossover from an indirect
to a direct band gap induced by incorporation of.0.4% N
sRefs. 15–18d promises high radiative efficiency. Due to the
large mismatch in size and electronegativity between N
and the replaced P atom, however, successful growth of
sAl dGaNP has to be undertaken under nonequilibrium
conditions.21,22 The nonequilibrium growth conditions, to-
gether with the disparity between N and P atoms resulting in
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a strong local potential and strain field, lead to the formation
of various point defects and clusters. The efficiency of vis-
ible light emissions insAl dGaNP has been shown to deterio-
rate with increasing N and Al compositions. Up to now,
band-to-band transitions have not been observed in this ma-
terial despite the crossover to a direct band gap, due pre-
dominantly to nonradiative recombination at the defects.
Currently, there is a great need in identifying important
grown-in defects in this dilute nitride and in assessing their
exact roles in carrier recombination.

In this work, we were able to identify Gai interstitial de-
fects by ODMR as the dominant grown-in intrinsic defects in
sAl dGaNP, prepared by molecular beam epitaxysMBEd. We
obtained detailed information on the electronic properties of
the defects and their role in carrier recombination. Prelimi-
nary results were briefly presented in a recent Rapid
Communication.23 In this paper, we shall present in details
our experimental procedure and an in-depth analysis by a
spin Hamiltonian that led to the identification of the two Gai
defects. New information on the electronic properties of
these defects and the recombination processes leading to the
observation of the ODMR signals will be provided. A discus-
sion about the formation mechanism of the defects will not
be included here, but can be found elsewhere.24 The paper is
organized as follows: In Sec. II, we shall describe the
samples under study, the details of the ODMR, and related
photoluminescencesPLd experiments. In Sec. III, we shall
present a detailed account of the ODMR results including
temperature, angular, and spectral dependences. An analysis
of the ODMR results by a spin Hamiltonian and a discussion
of the microscopic structures of the defects and the involved
recombination processes will be presented in Sec. IV. The
main conclusions of the present study will be summarized in
Sec. V.

II. EXPERIMENT

A. Samples

Three types ofsAl dGaNP samples were studied in this
work, varying by their chemical compositions and substrate
materials. The first two types were grown at 520 °C on GaP
substrates by gas-source molecular beam epitaxysGS-MBEd
and have a typical thickness between 0.75 and 0.9mm. They
are s1d quaternary AlxGa1−xNyP1−y with a fixed value
y=0.012 and variedx values,x=0.00, 0.01, 0.02, and 0.30;
s2d Al-free GaNyP1−y with varied y values,y=0.013, 0.023,
and 0.031. They will be referred below as AlGaNP/GaP and
GaNP/GaP, respectively. The third typesdenoted as
GaNP/Si belowd is GaN0.018P0.982 with a thickness of
0.15mm grown at 590 °C on a Sis100d substrate, by solid-
source MBE. Rapid thermal annealingsRTAd was performed
for 30 sec at the temperature range 700–900 °C with halo-
gen lamps in a flowing N2 ambient.

B. Experimental procedure

The ODMR measurements were performed at two micro-
wave frequencies on a modified Bruker ER-200 DX-band
s,9.3 GHzd setup with a flow cryostat and aW-band

s,95 GHzd setup with an Oxford superconducting split-coil
magnets0–5 Td cryostat. A solid-state laser with 532-nm
wavelength was used as an excitation source in the ODMR
measurements. The PL signal was detected through proper
optical filters by a cooled Ge detector and a GaAs photodi-
ode for the near-infraredsNIRd and visible spectral range,
respectively. The ODMR signals were detected by the
lock-in technique as spin-resonance-induced changes of PL
intensity, in phase with an amplitude modulation
s0.5–20 kHzd of the microwave radiation. The typical mi-
crowave power employed was 170–200 mW. The measure-
ments were performed in the temperature range of 2–40 K.

III. RESULTS

A. PL and ODMR

Upon above-band-gap optical excitation, all three types of
the samples studied exhibit PL emissions in the visible spec-
tral rangessee Fig. 1d that are known to arise from N-related
localized states.25 They also give rise to defect-related deep
PL emissions within the NIR spectral range whose origins
are still largely unknownssee the PL bands at the lower
energies in Fig. 1d. Judging from their energy positions and
their shifts with N and Al compositions, as well as different
signs of the ODMR signalssto be presented belowd, we be-
lieve that the deep emissions from the three types of samples
are of different origins. Representative PL spectra from the
three types of samples are given in Fig. 1, together with
typical ODMR spectra obtained by monitoring these PL
emissions. The ODMR spectra show the following two dis-
tinct features originated from different defects. The first one
is a single strong line situated in the middle of the ODMR
spectra from the AlGaNP/GaP and GaNP/GaP samples,
with a g value close to 2. Due to a lack of hyperfinesHFd
structure, unfortunately, the chemical nature of the corre-

FIG. 1. Representative PL and ODMR spectra from three types
of sAl dGaNP samples studied in this work. The PL spectra were
measured at 2 K. The ODMR spectra were measured at 5 K and at
the W bands94.8 GHzd, by monitoring the NIR PL emissions. The
sign of the ODMR signals is negative for GaNP/GaP and
AlGaNP/GaP, but positive for GaNP/Si. They are all shown as
positive for easy viewing.
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sponding defect cannot be identified. Below we shall simply
refer to it as the “g=2” defect. The second feature of the
ODMR spectra consists of a complicated pattern of lines
spreading over a wide field range. Such multiple ODMR
lines can arise from a high-electron-spin state exhibiting a
zero-field splitting due to a defect crystal field, from an HF
interaction involving a high nuclear spin, or from several
overlapping ODMR signals due to different defects. To re-
solve this issue, the temperature and angular dependences of
the ODMR spectra were investigated.

B. Temperature dependence of the ODMR

To examine if the second feature of the ODMR spectra
originates from a single or more than one defect, temperature
dependence studies were performed. This is because the tem-
perature dependence of spin-lattice relaxation is often differ-
ent, such that relative intensity of the ODMR signals from
different defects may be altered by the measurement tem-
perature. ODMR spectra from AlGaNP/GaP and
GaNP/GaP at 5 K and 40 KsFig. 2d clearly show that about
half of the multiple ODMR lines undergo thermal quenching
in intensity. This finding provides strong evidence that the
multiline feature of the ODMR spectra in fact consists of two
groups of lines from two different defectssdenoted as
Gai-A and Gai-Bd, of which Gai-B loses signal strength at
elevated temperatures and vanishes atTù40 K ssee Fig. 2d.

C. Angular dependence of the ODMR

Both Gai-A and Gai-B give rise to multiple ODMR lines,
which can arise either from a high-electron-spin state exhib-
iting a zero-field splitting caused by a defect crystal field or
from an HF interaction involving a high nuclear spin. The
former should give rise to an anisotropic ODMR spectrum
reflecting the symmetry of the defect, whereas the latter may
or may not do so. To identify the origin of the multiple
ODMR lines, angular dependence studies were carried out
by rotating the external magnetic field in ah110j crystallo-
graphic plane. Typical ODMR spectra are displayed in Fig. 3
when the direction of the external magnetic field is oriented
along the three main crystallographic axes, as examples. The
ODMR spectra are shown to be isotropic, within the experi-

mental error. This finding supports the assignment that the
multiple ODMR lines for each defect should be due to an HF
structure, which will be shown below to arise from a strong
interaction between an unpaired electron spinsS=1/2d and
the nuclear spinsI =3/2d of a Ga atom.

D. Spectral dependence of the ODMR

In the AlGaNP/GaP and GaNP/GaP samples, all
defects—i.e., the “g=2” defect, the Gai-A, and the
Gai-B—give rise to negative ODMR signals that correspond
to a decrease upon spin resonance in the intensity of the
monitored PL emissions over the entire visible and NIR
spectral range.sThe ODMR signals are displayed as positive
ones throughout the paper merely for easy viewing.d The
only exception occurs for the AlxGa1−xNyP1−y sample series
when x=0.00 andy=0.012, where the sign of the ODMR
signals turns to positive by monitoring the NIR PL emis-
sions. A possible reason for this sign change will be dis-
cussed in Sec. IV E. In the GaNP/Si samples, however, the
ODMR signalssshown in Figs. 1 and 3d correspond to a
spin-resonance-induced increase in the monitored NIR PL
emission—i.e., a positive sign of ODMR. On the other hand,
in the visible spectral range, the ODMR signal strength was
too weak to be detected.

E. Effect of RTA on the ODMR

In Fig. 4, we show representative ODMR spectra from the
AlGaNP alloys before and after post-growth RTA treatments.
All the defects under study exhibit high thermal stability up
to 900 °C and can only be partially removed by RTA. It
should be noted that the RTA causes a larger reduction of the
“g=2” defect than the two Gai defects.

IV. DISCUSSION

A. Spin Hamiltonian analysis

The left panels of Figs. 5–7 show that the ODMR spectra
at theX band are rather irregular, which makes it very diffi-
cult to assign them to a specific nuclear spin state. For this
reason, the ODMR was also performed at theW band in a

FIG. 2. ODMR spectra taken at two different temperatures,
5 and 40 K, from GaN0.031P0.969/GaP and
Al0.02Ga0.98N0.018P0.982/GaP. The X-band microwave frequency
was 9.31 GHz.

FIG. 3. ODMR spectra of the three types ofsAl dGaNP samples
obtained at 5 K and when the external magnetic field was
oriented along the three main crystallographic axes. The
Al0.02Ga0.98N0.018P0.982/GaP sample was measured at theX band,
while the other two samples were measured at theW band.
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higher magnetic field, which usually avoids a strong nonlin-
ear Zeeman effect due to level repelling at low fields. The
ODMR spectra at theW band show a clear pattern with two
groups of lines from Gai-A and Gai-B with distinctly differ-
ent intensities. Each defect shows grossly four lines with
additional featuressa shoulder or a splittingd. A close inspec-
tion reveals that each defect in fact gives rise to two sets of
four lines with a fixed intensity ratio of 40/60 and a fixed
ratio of line spacing=1.3. The most plausible explanation for
these experimental findings is that the ODMR lines from
each defect should originate from the HF structure related to
an atom with the following properties:sid it has two isotopes,
of which both have a nuclear spinI =3/2 to account for the
two sets of four lines;sii d the ratio of the natural abundances
of the two isotopes should be near 40/60 to account for the
ratio of the corresponding ODMR intensity;siii d the ratio of
the nuclear magnetic moments of the two isotopes should be
near 1.3 to account for the ratio of the line spacing.

To confirm the assignment and to obtain information on
the physical properties of the defects, a detailed analysis of
the experimental data was performed using the following
spin Hamiltonian:

H = mBB ·g ·S+ S ·A · I . s1d

Here the first and second terms describe electron Zeeman
and central HF interactions, respectively;mB is the Bohr
magneton,B is the external magnetic field,g is the Zeeman
splitting tensor, andA is the central HF interaction tensor for
each isotope. The effective electron spin isS=1/2 and the
nuclear spin isI =3/2. By fitting the spin Hamiltonian to the
experimental data, the spin Hamiltonian parameters were de-
termined for both Gai-A and Gai-B in all samples and are
given in Table I. Bothg and A tensors are deduced to be
isotropic, within the experimental accuracy, and are reduced
to the scalarsg andA. This finding, together with the rather
strong HF interaction, points toA1 symmetryss liked for the
electron wave function localized at the defects. For example,
Figs. 5–7 show the simulated ODMR curves for
Al0.02Ga0.98N0.012P0.988/GaP, GaN0.031P0.969/GaP, and
GaN0.018P0.982/Si, assuming a Gaussian line shape for each
ODMR line. It is apparent that the agreement between the
simulations and the experimental results is very good for
both X- andW-band spectra.

The intensity of the low-fieldX-band ODMR lines ap-
pears to be weaker in experiment than in simulation. This
can be attributed to the fact that the simulations only take
into account magnetic-dipole-allowed electron spin reso-
nance transitions but not the difference in recombination
rates of the spin sublevels.10,11At lower fields when the elec-
tronic Zeeman term becomes comparable or weaker than the

FIG. 5. sad Experimental ODMR spectra from
Al0.02Ga0.98N0.018P0.982/GaP, taken at 5 K for both theX
s9.31 GHzd and W s94.8 GHzd bands.sbd The simulated ODMR
spectra including contributions fromscd–sed below. scd The simu-
lated ODMR spectrum for the “g=2” defect. A fitting value ofg
=2.017 was used.sdd and sed The simulated ODMR spectra for
Gai-A and Gai-B, respectively, by using the spin Hamiltonian pa-
rameters given in Table I.

FIG. 6. sad Experimental ODMR spectra from
GaN0.031P0.969/GaP, taken at 5 K at both theX s9.31 GHzd andW
s94.8 GHzd bands.sbd–sed have the same meaning as in Fig. 5.

FIG. 7. sad Experimental ODMR spectra from
GaN0.018P0.982/Si, taken at 5 K at both theX s9.31 GHzd and W
s94.8 GHzd bands.sbd The simulated ODMR spectra for Gai-B.

FIG. 4. ODMR spectra from the as-grown and RTA treated
Al0.02Ga0.98N0.018P0.982/GaP samples, obtained at 5 K for theX
band. The RTA treatment was done at 900 °C.
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HF interaction fsee Eq.s1dg, the spin sublevels undergo
strong admixing due to the HF interaction, which reduces the
difference in the recombination rates. As the ODMR inten-
sity is proportional10,11 to the product of the microwave-
induced spin transition probability and the difference in the
recombination rates, a reduction of the latter should thus lead
to a decrease in the actual ODMR intensity.

It should also be noted that the fitting of the ODMR spec-
tra from the GaNP/Si samples in Fig. 7 is less satisfactory
by considering Gai-B alone, due to a contribution from a
broad background close to the middle of the spectra. Though
a contribution from Gai-A to the background is possible, it
cannot be definitely concluded since the characteristic HF
structure was not resolved in this case. Even assuming the
contribution from Gai-A, additional contributions from other
unknown defectssd are still apparent. A similar situation oc-
curs in the Al-free sample in the AlGaNP/GaP series—i.e.,
the only other sample that also exhibits positive ODMR sig-
nals. In both cases, the strong ODMR line related to the
“g=2” defect, which dominates the ODMR spectra in the
rest of the samples, is absent.

B. Defect identification

The above analysis proves that both Gai-A and Gai-B in-
volve an atom with well-defined natural abundances of the
two isotopes and their respective nuclear spin numbers and
magnetic moments. Among all elements, only Ga meets all
these specifications. Ga has two naturally abundant isotopes:
69Ga s60.4% abundantd and71Ga s39.6% abundantd. The ra-
tio of their nuclear magnetic moments isms71Gad /ms69Gad
=1.27. Our ODMR results thus provide compelling evidence
for the involvement of a Ga atom in the core of both Gai-A
and Gai-B defects.

Now let us turn to the location of the Ga atom in Gai-A
and Gai-B that gives rise to the observed HF structure. A Ga
atom, instead of residing in its designated lattice site, can
reside either on a site of the group-V sublattice forming a
cation antisite or on an interstitial position leading to Ga

self-interstitials. A Ga-related cation antisite was predicted
by earlier26 and our present theoretical calculations to pos-
sess an electron wave function ofT2 symmetry, which will
yield a very weak and anisotropic HF interaction at the de-
fect center. This is clearly inconsistent with our experimental
observation of the strong isotropic HF interaction and can
therefore be ruled out as a candidate for the model of
Gai-A and Gai-B under study. Our theoretical calculations
also estimate that the HF interaction of a neutral Gai should
be weaker than 100310−4 cm−1, which cannot explain the
observed strong HF interaction. A Gai in its Gai

2+ charge
state, on the other hand, is predicted to possess a strongly
localized electron wave function ofA1 symmetry in agree-
ment with the experimental results. Therefore we can con-
clude that the Ga atom in the Gai-A and Gai-B defects is a
Gai

2+ interstitial.
The next question is whether both Gai-A and Gai-B are

just simple, isolated Gai residing on different Gai sites or
Gai-related complexes. For that we calculated for each mi-
croscopic configuration the HF interactionA from the inter-
action between the spin density of the electron and the
nuclear spins. Using state-of-the-art first-principles supercell
calculations as implemented in theWIEN2k code,27 we calcu-
lated the electron spin distribution topology that was then
used to calculate the HF tensor. The calculations were based
on generalized gradient approximationssGGA’sd within the
framework of density functional theorysDFTd, using the all-
electron full-potential linearlized augmented-plane-wave
sFPLAPWd method. The relativistic effects were included
through a scalar relativistic treatment for valence electrons.
All atoms in the supercell are allowed to relax. The atomic
geometry optimization has been performed using the first-
principles ultrasoft pseudopotential plane-wave method with
GGA as implemented in theVASP code.28 Our test calcula-
tions of a well-established signature, Zni in ZnSe,29 yielded
the central HF parameter in good agreement with the experi-
ment to within 10%. A supercell containing 32 atoms, which
was sufficient to provide converged HF parameters,30 was
used. The electron density of a free atom was calculated by

TABLE I. Spin Hamiltonian parameters determined by fitting Eq.s1d to experimental data for the Gai-A and Gai -B defects in the three
types of samples. Spin densityh2 at Gai is also shown and is deduced from our calculated 4s electron density,uc4ss0du2=72.7
31024 cm−3. Note that for the GaN0.018P0.982/Si and AlxGa1−xNyP1−y/GaP sx=0 andy=0.012d samples, the ODMR signal of Gai -A, if
existing, is obscured by the presence of the much stronger ODMR signals from other defects and thus its HF interaction parameter cannot
be reliably determined. No ODMR signals from Gai -A and Gai -B were observed in the GaN0.013P0.987/GaP sample within the detection limit
of our ODMR experiments.

Samples GaNyP1−y/GaP GaNyP1−y/Si AlxGa1−xNyP1−y/GaP

x 0 0 0 0.01 0.02 0.3

y 0.031 0.023 0.018 0.012

Defect Gai-A Gai-B Gai-A Gai-B Gai-B Gai-B Gai-A Gai-B Gai-A Gai-B Gai-A Gai-B

S 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2

I 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2

g 2.001 2.003 2.001 2.003 2.001 2.005 2.01 2.005 2.01 2.005 2.01 2.005

As69Gad310−4 cm−1 770 1150 770 1150 1145 1150 490 1030 490 1030 450 980

As71Gad310−4cm−1 1000 1480 1000 1480 1477 1480 630 1320 630 1320 580 1260

h2sGaid 0.20 0.30 0.20 0.30 0.30 0.30 0.13 0.27 0.13 0.27 0.12 0.25
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placing the atom in a large cubic supercells10310
310 Å3d to reduce the intercell interactions. Our theoretical
calculations predict strong HF interactions for isolated Gai in
GaP: i.e.,As69Gad=1876310−4 cm−1 for Gai at theTd site
surrounded by four Ga atoms andAs69Gad=1599
310−4 cm−1 for Gai at theTd site surrounded by four P at-
oms. These values are much largers.30%d than the experi-
mental values determined for Gai-A and Gai-B. A reduced
HF interaction is commonly regarded as evidence for a com-
plex due to charge transfer or redistribution of the electron
wave function from Gai to the other partnerssd of the com-
plex. This conclusion is supported by recent experimental
ODMR studies in wurtzite GaN that have convincingly
shown that isolated Ga self-interstitials are unstable at tem-
peratures well below room temperature and readily form
complexes.31–33Considering the more dilute crystal lattice of
the GaNP and AlGaNP alloys that makes Gai easier to mi-
grate, the isolated Ga self-interstitials in these alloys are
more likely to be unstable at the growth temperatures, lead-
ing to the formation of complexes. Such complexes usually
possess larger binding energies, which are consistent with the
observed high thermal stability of the Gai-A and Gai-B de-
fects.

C. Localization of electron wave functions at the defects

The degree of localization of the electron wave functions
at the defect can be estimated using a one-electron linear
combination of atomic orbitalsLCAOd scheme.34 The wave
function for the unpaired electron can be constructed as a
LCAO centered on the atoms surrounding the defect:

C = o
i

hici . s2d

The wave function on theith site can be approximated as a
hybrid of thens, np orbitals:

ci = aiscnsdi + biscnpdi , s3d

wheren=4 for Ga. The normalization, ignoring the overlap,
requires

ai
2 + bi

2 = 1, o
i

hi
2 = 1. s4d

Generally, with an axially symmetricA tensor, the principal
values can be described as

Ai
i = ai + 2bi , s5d

A'
i = ai − bi , s6d

where

ai =
8

3
pg0gNmBmNai

2hi
2uc4ss0dui

2, s7d

bi =
2

5
g0gNmBmNbi

2hi
2kr3p

−3li . s8d

Hereg0 andgN denote electron and nuclearg values. In our
case, the HF tensor of the Gai site is shown to be isotropic—

i.e., Ai
Ga=A'

Ga and thusaGa
2 =1 andbGa

2 =0. The wave func-
tion of the unpaired electron at the Gai-A and Gai-B defects
can then be approximated as being constructed from thes
orbital only.

For a free neutral Ga atom, we calculated the charge den-
sity of the 4s electron using the relativistic GGA-FP-LAPW
method described in Sec. IV B and founduc4ss0du2=72.7
31024 cm−3. Based on this, we estimate the localization of
the unpaired electron at the Gai to be in the range of 12%–
30% sTable Id. The rather strong localization confirms that
these are deep-level defects.

D. Local surrounding of the defects

In a tetrahedral semiconductor like GaNP or AlGaNP,
self- interstitials can occupy three high-symmetry positions
in which two of them haveTd symmetry surrounded by
group-III or group-V atoms, respectively, and the third has
hexagonal symmetrysD3dd surrounded by both group-III and
group-V sublattices. In order to provide information on the
specific Gai site and the sublattice immediately surrounding
the Gai in Gai-A and Gai-B, the chemical compositions of
each sublattice were varied experimentally by varying Al and
N compositions. The results are summarized in Table I. It
can be seen that a rather strong reductionsabout 10% for
Gai-Bd of the HF interaction was observed when the Al com-
position is raised fromx=0.00 to as low asx=0.01. With a
further increase in Al composition, however, the rate of de-
crease in the HF interaction is drastically reduced to about
5% from x=0.01 tox=0.30. This observation indicates that
Al directly affects the Gai-A and Gai-B defects. The nonlin-
ear dependence also indicates that the presence of Al near the
defects may not necessarily follow the statistic distribution
expected for random alloy formation.24 This suggestion is
further supported by the fact that the ODMR intensity in-
creases significantly upon incorporation of Al in the alloy.
We should point out that the incorporation of Al in GaAs was
also required to introduce the Gai defect in AlGaAs.35,36

Moreover, the strength of the HF interaction in the
sAl,GadAs-based structures35–38 is very close to that of
Gai-A in the Al-containing AlGaNP studied in this work.
Assuming that a similar Gai defect complex is involved, the
correlation between these two alloy systems seems to
suggest that the Gai in Gai-A is surrounded by the group-III
sublattice as the group-V sublattice is made of completely
different atoms between AlGaAs and AlGaNP. In the
previous studies of Gai in AlGaAs,35 it was suggested that
Gai is not very near the group-III sublattice based on the
experimental observation that the ODMR spectrum is insen-
sitive to the change of Al composition from 20% to 50%.
Our finding of the nonlinear dependence of the HF interac-
tion on Al compositions, which exhibits a much-reduced
variation for high Al compositions, questions this earlier
suggestion.

In contrast to the dependence on Al composition, the HF
interaction of both Gai-A and Gai-B defects in GaNP
was found in this work to be insensitive to N compositions
up to 3%. On the other hand, the incorporation of N is es-
sential for the observation of the Gai-A and Gai-B defects in
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GaNP. This indicates that either N is directly involved as part
of the defect or the required nonequilibrium growth condi-
tions or possible ion bombardment during the incorporation
of N in GaNP facilitates the formation of the Gai-A and
Gai-B defects. It is interesting to note that the strength of the
HF interaction of Gai-A in GaNP, As69Gad=770
310−4 cm−1, is very close to 741310−4 cm−1 observed for
the Gai in its parent GaP.39 The same applies to Gai-A in
AlGaNP; i.e.,As69Gad=s450–490d310−4 cm−1 is very close
to 500310−4 cm−1 observed in the AlGaAs-based
alloys.35–38 In contrast, Gai-B was never observed in N-free
GaP and AlGaAs-based alloys. This may indicate that
N could be directly involved in the structure of the Gai-B
defect.

E. Recombination processes

The ODMR signals were detected as changes of the PL
intensity induced by the spin resonance. The sign of the
ODMR signals can thus provide us with useful information
about the role of the involved defects in carrier recombina-
tion processes.

In the GaNP/GaP series of samples, in Figs. 1 and 6,
the ODMR signals correspond to a decrease upon spin
resonance in the intensity of all monitored PL emissions
over the entire spectral range. Such a negative and emission-
insensitive ODMR signal has often been taken as a signature
of a nonradiative defect,10,39 which is not directly related
to the monitored PL emissions. The reason why a nonradia-
tive defect can be detected via a radiative recombination
process lies on their competition in recombination of
photogenerated free carriers. Figure 8sad shows schemati-
cally the recombination processes leading to the observation
of the negative ODMR signals. Spin-resonance-enhanced
recombination via a nonradiative defect leads to a reduction
of free carriers available for radiative recombination and
thus to a decrease in the intensity of PL emissions.10,11,25,40

Such nonradiative recombination can occur via a single
defect or via intercenter charge transfer41 between two
defects—e.g., between the “g=2” defect and Gai-A
sor Gai-Bd. The latter scenario is quite likely in the present
case, judging from the simultaneous appearance of these
two defects for each sample under various measurement
conditions. Therefore it can be concluded that Gai-A, Gai-B,
and the “g=2” defect act as nonradiative recombination
channels, reducing the radiative efficiency of the alloys.
This is confirmed by an anticorrelation between the
intensities of the visible PL emissions and the ODMR
signals, in Fig. 9. For example, a significant increase in the
ODMR intensity of the Gai-A and Gai-B defectssand also
the “g=2” defectd can be observed with increasing N
composition, which is accompanied by a substantial decrease
of the visible PL emissions. These defects can undermine
performance of potential photonic and optoelectronic
devices and therefore should be addressed adequately.
The observed increase of the NIR PL in Fig. 9,on the
other hand, can be explained by the fact that the NIR PL
originates from defects that were introduced by the incorpo-
ration of N.

In the GaN0.018P0.982/Si samples, the ODMR signals
were found to be positive by monitoring the NIR PL
emissionssFigs. 1 and 7d. This can be explained as follows:
The monitored PL emission is directly related to the
defects—e.g., intercenter charge transfer between an un-
known defect and the Gai-A sor Gai-Bd defectfsee Fig. 8sbdg.
The spin-resonance-enhanced radiative recombination
between them leads to an intensity increase of the
corresponding PL. It should be pointed out that the “g=2”
defect is absent in this case. Instead, a broad background
ODMR was detected, as shown in Fig. 7, of which the origin
of the corresponding defect is still unknown. It is denoted
as “unknown defect” in Fig. 8sbd. The energy of the related
PL emission can usually be employed to estimate the energy
position of the defect level if the recombination process
is fully understood. Since the spin-dependent recombination
processes involving the Gai defects are likely to be of
an intercenter charge transfer origin and the energy position
of the other partner is unknown, at present we are not able

FIG. 8. sad A schematic diagram of the carrier recombination
processes leading to the observation of negative ODMR signals in
GaNP/GaP. The spin resonance induces an increase in the nonra-
diative recombinationsindicated by the dashed arrowsd via the “g
=2” and Gai-A sor Gai-Bd defects and a decrease in the radiative
recombination process monitored by the PL in both the visible and
NIR spectral ranges.sbd A schematic diagram of the carrier recom-
bination process leading to the observation of positive ODMR sig-
nals in GaNP/Si; i.e., the spin-resonance-induced increase in the
radiative recombination via the unknown defect and Gai-A sor Gai

-Bd is directly monitored by the NIR PL.scd A schematic diagram of
the competitive carrier recombination processes leading to the ob-
servation of positive and negative ODMR signals in the
AlGaNP/GaP series of samples.
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to precisely deduce the energy level positions of the
Gai defects. However, a rough estimate of the energy
position for the Gai-B defect can be made to be at least
.1.2 eV away from either the conduction or valence band
edge.

In the AlGaNP/GaP series of samples, on the other hand,
both positive and negative ODMR signals have been ob-
served, depending on the Al compositions and the monitored
PL. In the Al-free sample, positive ODMR signals similar to
that from the GaN0.018P0.982/Si sample were detected by
monitoring the NIR PL. The recombination process can thus
be described in a similar fashion as discussed above and
shown in Fig. 8sbd. In the Al-containing AlGaNP, however,
the ODMR signals switch sign to become negative. This is
accompanied by the appearance of the “g=2” defect and a
simultaneous disappearance of the “unknown defect” in the
ODMR spectra, as shown in Fig. 5. This sign change can be
understood, as schematically shown in Fig. 8scd, by the fol-
lowing competing intercenter charge transfer and recombina-
tion processes between these defects:s1d the nonradiative
recombination between the “g=2” and Gai-A sor Gai-Bd de-
fects, which gives rise to negative ODMR signals, ands2d
the radiative recombination between the “unknown
defect” and the Gai-A sor Gai-Bd defect, which gives rise to
positive ODMR signals. In principle, both processes coexist
and the sign of the combined ODMR signals depends on
their relative importance. The change of the signal sign from
positive in the Al-free sample to negative in the Al-
containing samples as soon as Al is incorporated suggests
that process s1d becomes dominant over processs2d.
With increasing Al composition, the intensity of the negative
ODMR signals in Fig. 10 increases, signifying the impor-
tance of the nonradiative recombination between the “g=2”
and Gai-A sor Gai-Bd defects. With a further increase of
the Al composition to 30%, however, the ODMR intensity
decreases for all defects. This is a sign that other nonradia-
tive defects become important and overshadow the above
defects.

It should be pointed out that, although the intercenter
charge transfer is shown in Fig. 8 only from the “g=2” de-

fect sor the “unknown defect”d to the Gai-A sor Gai-Bd de-
fect, the reverse process is also possible if their energy order
is reversed. This possibility holds as long as the paramag-
netic charge state of Gai in the Gai-A sor Gai-Bd defect, be-
fore the charge transfer, is 2+.

V. CONCLUSIONS

In summary, we have studied and identified two different
Gai defects in dilute nitride AlGaNP by ODMR. The assign-
ment of Gai to both defects is concluded from its unique HF
interaction. Both defects are complexes involving a Gai

2+.
The redistribution of the electron wave function leads to a
reduction of the HF interaction. The HF interaction also
strongly depends on the presence of Al, indicating that the
defects may be surrounded by group-III atoms. The incorpo-
ration of both Al and N is shown to play an important role in
the formation of the defects, indicative of the involvement of
N in Gai-B. The defects are found to introduce energy levels
deep inside the band gap—e.g.,,1.2 eV from the conduc-
tion sor valenced band edge for the Gai-B defect. In most
cases, these defects act as nonradiative recombination centers
reducing the efficiency of light emissions from the alloys.
They can thus undermine the performance of photonic de-
vices based on these materials. In view of the high thermal
stability sat up to 900 °Cd of the defects, post-growth RTA
was found to be inadequate to remove the defects. Future
studies are needed to control their formation during the
growth, in order to improve radiative efficiency. The present
studies also shed new light on Ga self-interstitials in III-V’s
in general.
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FIG. 9. Relative intensities of the PL emissions and the ODMR
signals as a function of the N composition, obtained from the
GaNP/GaP series of samples. The open and solid circles denote the
intensities of the visible and NIR PL emissions, respectively. The
solid and open triangles represent the intensities of the Gai-A and
Gai-B ODMR signals, respectively. The solid squares denote the
ODMR intensity of the “g=2” defect.

FIG. 10. Relative intensities of the PL emissions and the ODMR
signals as a function of the Al composition, obtained from
the AlGaNP/GaP series of samples. The legends are the same as in
Fig. 9.
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