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Optically detected magnetic resonance 共ODMR兲 studies of molecular beam epitaxial GaNP/GaP structures
reveal presence of a P-related complex defect, evident from its resolved hyperfine interaction between an
1
unpaired electronic spin 共S = 1 / 2兲 and a nuclear spin 共I = 2 兲 of a 31P atom. The principal axis of the defect is
concluded to be along a 具111典 crystallographic direction from angular dependence of the ODMR spectrum,
restricting the P atom 共either a PGa antisite or a Pi interstitial兲 and its partner in the complex defect to be
oriented along this direction. The principal values of the electronic g tensor and hyperfine interaction tensor are
determined as: g⬜ = 2.013, g储 = 2.002, and A⬜ = 130⫻ 10−4 cm−1, A储 = 330⫻ 10−4 cm−1, respectively. The interface nature of the defect is clearly manifested by the absence of the ODMR lines originating from two out of
four equivalent 具111典 orientations. Defect formation is shown to be facilitated by nitrogen ion bombardment
under nonequilibrium growth conditions and the defect is thermally stable upon post-growth thermal annealing.
DOI: 10.1103/PhysRevB.81.115334

PACS number共s兲: 76.70.Hb, 71.55.Eq, 68.35.Dv, 61.72.J⫺

I. INTRODUCTION

Heterojunctions between two dissimilar solids and associated interfaces are of high scientific interest in physics,
chemistry, and material science of solid states. They also
play an important role in many modern device applications,
as heterojunctions and heterointerfaces are either among key
components defining functionalities of devices or being inevitably encountered. For example, achieving high quality
Si/ SiO2 interfaces by controlling interfacial defects 共dominated by silicon dangling bonds兲 have been a decisive factor
in the success of silicon in integrated circuit technology that
is based on metal-oxide-semiconductor field-effect transistors. Heterojunctions between two different semiconductors
have been the key to the success of, e.g., high electron mobility transistors 共HEMT兲 used for radars and millimeter
wave communications, heterojunction bipolar transistors
共HBT兲 used in power amplifiers, and modern nanodevice and
quantum devices such as quantum well or quantum dot lasers
for CD/DVD and fiber-optic communications. Here, the performance of the devices is largely controlled by structural
quality of the interfaces and interfacial defects. In the case of
Si/ SiO2 interfaces the dominant defects have been positively
identified1–3 as being Si dangling bonds when the silicon
crystal is jointed with the oxides of a different crystal structure. Very little is known about origin of interfacial point
defects at semiconductor heterojunctions, on the other hand,
despite of the fact that they can severely restrict carrier mobility, minority carrier lifetime and radiative efficiency4,5 that
are the key parameters determining the performance of, e.g.,
HEMT, HBT, and light-emitting devices. In this paper we
report on the first identification of a point defect situated at
an interface between two semiconductors: GaNP and GaP.
We shall show that the defect is a complex involving a P
atom in its core, partnered by an impurity/defect oriented
along a 具111典 direction. The character of electron wave func1098-0121/2010/81共11兲/115334共7兲

tion and formation of the defect during molecular beam epitaxy 共MBE兲 growth will also be discussed.
The studied GaNP alloys belong to an interesting class of
dilute nitrides that have attracted great attention in recent
years owing to their fascinating physical properties, which
are drastically different from other conventional semiconductor alloys and arise from the large mismatch in atomic size
and electronegativity between anion atoms.6,7 They also hold
great potential in novel optoelectronic and electronic applications. For example, GaNP can be grown lattice matched to
Si, opening new possibilities to combine high optical efficiency of the III-V compound semiconductors with the mainstream microelectronics based on silicon, yielding, e.g.,
novel optoelectronic integrated circuits based on GaNP/Si.8,9
GaInNP alloys lattice matched to GaAs are expected to
greatly improve the performance of GaInNP/GaAs HBTs.10
For full exploration of the dilute nitrides in device applications, a better understanding and control of defects located at
interfaces involving Ga共In兲NP are required.
II. SAMPLES AND EXPERIMENTAL METHOD

Two GaNP/GaP structures were studied in this work,
hereafter referred to as samples L021 and L022. They were
both grown at 590 ° C on 共001兲 GaP substrates by solidsource MBE. The growth started with a 100-nm thick GaP
buffer layer, followed by a 100-nm GaNP, and was finally
capped by a 20-nm thick GaP layer. Incorporation of N was
accomplished by using a RF-plasma cell to supply N radicals. N composition of 0.5% in the GaNP alloy was determined by the photon energy of the main photoluminescence
共PL兲 peak near the band edge at 5K, from a comparison with
its known dependence on N content reported in earlier
studies.11 To study effect of N-ion bombardment on formation of the studied defect, an ion collector was employed
during the growth of the sample L021 but not L022. The
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FIG. 1. 共Color online兲 Typical PL spectra measured at 5 K from
the GaNP epitaxial layers grown with and without ion collector,
denoted by L021 and L022, respectively. The excitation photon
energy is 2.33 eV. The spectra are not calibrated by the instrument
response.

application of the ion collector was expected to significantly
decrease the number of N ions impinging on the deposited
surface. In addition, N flow during the MBE growth was
50% higher for L021 than that for L022 共0.6 and 0.4 sccm,
respectively兲, which is also expected to decrease the ion
bombardment during the growth.
Both PL and optically detected magnetic resonance
共ODMR兲 measurements were performed at 5K. The 532 nm
line from a solid state laser was employed as a source of
photoexcitation above the band-gap energy of the studied
GaNP. The resulting PL was dispersed by a 0.5 m single
grating monochromator and detected by a charge coupled
device camera, in PL experiments. ODMR signals were detected by a Si photodiode as microwave induced changes of
PL intensity in the 570–810 nm spectral range by using a
combination of optical filters. ODMR experiments were performed at two microwave frequencies, i.e., X-band and
Q-band, to minimize uncertainty in interpretation of ODMR
data. Typical microwave power employed was 0.2 W, which
was amplitude modulated at a frequency of ⯝2 kHz to enable sensitive detection of microwave induced change of PL
by a lock-in technique.
III. EXPERIMENTAL RESULTS
A. ODMR

Upon above-band-gap optical excitation, both GaNP epilayers exhibit strong PL emissions as shown in Fig. 1. The
dominant emission in the visible spectral range peaks at
about 2.1 eV, and is known to arise from N-related localized
states.11 ODMR studies of defects in these epilayers were
performed by monitoring this PL emission.12 Figure 2 shows
typical ODMR spectra obtained with a magnetic field B directed along the 关1̄11兴 crystallographic axis of the samples.
Both samples show rich-structured ODMR spectra consisting
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440

Magnetic field (mT)
FIG. 2. 共Color online兲 X-band ODMR spectra obtained at 5 K
by monitoring the PL from the GaNP epilayers shown in Fig. 1. The
magnetic field is parallel to the 关1̄11兴 crystallographic direction.
The lowest curve displays the difference of the upper two ODMR
spectra from the two samples.

of several overlapping peaks. The ODMR spectrum from the
sample L021 is found to be isotropic, within the experimental error. Unfortunately the structure in the ODMR spectrum
is not resolved, making identification of the corresponding
defect impossible. As it is not the topic of the present study,
it will not be discussed further below. On the other hand,
ODMR signals from the sample L022 can be decomposed
into two parts. The first part is identical to that found in the
sample L021. The second component is the stronger lines in
the middle-field range of the ODMR spectrum, most clearly
seen after subtraction of the first part from the measured
ODMR spectrum 共see Fig. 2兲. This new ODMR signal will
hereafter be referred to as DD1.
The DD1 ODMR spectrum is dominated by two strong
lines, which can originate either from two different defects or
from the same defect. In the former case, each defect gives
rise to one ODMR line from an unpaired electron of S
= 1 / 2 at a magnetic field B = h / Bg. 共Here h is the Planck’s
constant,  is microwave frequency, B is the Bohr magneton, and g is the g factor of the unpaired electron bound at
the defect.兲 Different g values from the two defects will lead
to two ODMR lines separated in field by ⌬B
= 共h / B兲关共1 / g1兲 − 共1 / g2兲兴 at a given microwave frequency.
This line separation should scale linearly with microwave
frequency. In the latter case, on the other hand, the two
ODMR lines can originate from the same defect as a result of
a fine-structure splitting of a spin triplet 共effective electron
spin S = 1, nuclear spin I = 0兲 or a hyperfine 共HF兲 splitting
involving a nuclear spin I = 1 / 2 interacting with an unpaired
electron spin S = 1 / 2. In this case, the ODMR line separation
should be independent of microwave frequency, in sharp
contrast to the linear dependence expected when two differ-
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FIG. 3. 共Color online兲 共a兲–共d兲: ODMR spectra at 5 K from the L022 sample when an external magnetic field was rotated in three
crystallographic planes: 共110兲, 共1̄10兲, and 共010兲, at two different microwave frequencies 共i.e., X- and Q-band兲. The simulated ODMR spectra
of the DD1 defect are also displayed, using the spin Hamiltonian parameters given in Table I and assuming a Gaussian line shape and
linewidth of 10 mT. A background ODMR signal corresponding to that observed in the L021 sample is also included in the simulated ODMR
spectra. 共e兲–共h兲: Plots of the peak positions 共the full circles兲 of the ODMR lines from the DD1 defect as a function of the angle between the
applied magnetic field and the 关001兴 direction in the 共110兲 and 共1̄10兲 and 共010兲 planes. The solid curves correspond to calculated ODMR
positions of the DD1 defect using the spin Hamiltonian parameters given in Table I, of which the principal axial axis lies in the 共1̄10兲 plane
共i.e., two possible 具111典 orientations兲. The other two possible defect orientations, of which the axial axis is in the 共110兲 plane, are not
experimentally observed 共the dashed lines兲. When the magnetic field was rotated in the 共010兲 plane, see 共h兲, some of the allowed and
forbidden defect orientations overlap. In this case, all branches are plotted but only solid lines can be seen.

ent defects are involved 共see above兲. In view of this difference, we carried out ODMR studies at two different microwave frequencies 共i.e., X-band and Q-band兲 in order to
determine if one or two defects are responsible for the DD1
ODMR signal. The results are shown in Figs. 3共a兲–3共d兲. It
can clearly be seen that the splitting of the ODMR lines
when B is along the 关001兴 crystal orientation is very similar
despite of a change of the microwave frequencies by nearly a
factor of four 共topmost spectra in Figs. 3共a兲 and 3共b兲 vs Figs.
3共c兲 and 3共d兲兲. This finding leads to a conclusion that the
doublet DD1 ODMR signal must originate from the same
defect.
To determine if the observed line structure of the DD1
ODMR signal is caused by a fine-structure splitting of a spin
triplet or an HF splitting with I = 1 / 2, angular dependence of
the DD1 ODMR signal was studied in great detail in both
microwave frequencies and several crystallographic planes
关Fig. 3共a兲–3共d兲兴. In the case of a spin triplet the two ODMR
lines are expected to cross each other at some angle, whereas
it is not so if the two lines are caused by an HF splitting. Our
experimental results seem to favor the latter, see below in
Sec. III B for details.

The ODMR spectrum is found to be clearly anisotropic
implying a low symmetry of the DD1 defect. The fact that
the maximum splitting of the ODMR lines occurs when
B 储 关111兴 indicates that it is likely the principal defect axis.
Remarkably, anisotropy of the ODMR signal in the 共110兲
plane 关Fig. 3共a兲兴 is very different from that in the crystallographically equivalent 共1̄10兲 plane 关Fig. 3共b兲兴. The difference
becomes most obvious between B 储 关110兴 and B 储 关1̄10兴. The
observed difference in the two 兵110其 crystal planes, which
are supposed to be equivalent in a zinc-blende crystal lattice
of GaNP, is indeed highly surprising. Its implication will be
analyzed below with the aid of a spin Hamiltonian and will
be further discussed in Sec. IV C.
B. Spin-Hamiltonian analysis

Analysis of the above intriguing experimental data was
performed by a spin Hamiltonian that includes an electron
Zeeman term and a central hyperfine interaction term
H = BB · g · S + S · A · I.

共1兲

Here g is the electronic g tensor and A is the central hyperfine tensor, in which information about structure and local
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TABLE I. Spin-Hamiltonian parameters and the LCAO coefficients of the DD1 complex studied in this work. The axially symmetric axis of the g and A tensors is along the 关111兴 crystallographic axis.

储

⬜

g
tensor

A
tensor
共⫻10−4 cm−1兲

2.002
2.013

330
130

␣2

␤2

2

0.07

0.93

0.59

environment of the DD1 defect is conveyed. The only reasonable model that can explain all experimental data involves an unpaired electron spin 共S = 1 / 2兲 and a nuclear spin
I = 1 / 2 of the central defect atom, consistent with the qualitative arguments given above in Sec. III A. The anisotropic g
and A tensors are both concluded to have an axial symmetry
along a 具111典 axis, and their principal values were obtained
from a best fit of Eq. 共1兲 to the experimental data 关see Figs.
3共e兲–3共h兲 and Table I兴 using the Easy spin freeware.13
Moreover, the experimental results show that only defects
oriented along two out of four equivalent 具111典 defect orientations are observed in our experiments.14 The two observed
具111典 defect directions cannot be chosen arbitrarily, but are
directly determined by the measured angular dependence of
the ODMR spectra in Figs. 3共a兲–3共d兲. They are deduced to
be in the 共1̄10兲 crystallographic plane, corresponding to the
two possible configurations of the interfacial defects residing
on the GaNP side of the GaNP/GaP interface 共to be discussed
in more details below兲. The simulated ODMR curves are
shown in Figs. 3共a兲–3共d兲, using the determined spin Hamiltonian parameters given in Table I and assuming a Gaussian
line shape 共with a linewidth of 10 mT兲 for each ODMR
transition. The calculated angular dependence of the DD1
ODMR signal is shown in Figs. 3共e兲–3共h兲, using the same set
of the spin-Hamiltonian parameters. The solid lines represent
the ODMR field positions from the two 具111典-oriented DD1
defects that are situated on the GaNP side of the interface
and were observed in our experiments. The expected ODMR
fields from the other two 具111典 orientations on the GaP side
of the interface are shown by the dashed lines, which were
not observed experimentally. Good agreement between the
experimental data and the simulated ODMR results is obtained despite of the simple model, which replicates the salient features of the ODMR spectra reasonably well.
IV. DISCUSSION
A. Chemical identification of the defect

The ODMR results in Figs. 3共a兲–3共d兲 imply that the central atom should have 100% natural abundance of I = 21 nuclei. In the MBE-grown GaNP/GaP, where H is a common
residual contaminant during the growth, phosphorus and hydrogen are the only possible candidates. In order to determine which atom forms the core of the DD1 defect, the L022
sample was annealed for one hour in Ar-ambient at 500 ° C.
Thermal annealing of GaNP at this temperature is known to

effectively remove hydrogen from the crystal.15 Since annealing did not have any effect on the ODMR signal intensity 共not shown here兲, involvement of hydrogen in the DD1
defect can safely be excluded. A phosphorus atom should
thus be at the center of the DD1 defect.
The axial symmetry of the defect, determined from the
angular dependence of the ODMR spectra, reveals that it is a
complex defect involving a P atom and a partner 共or partners兲 oriented along one out of four permitted 具111典 directions. Unfortunately no ligand hyperfine splitting originating
from the neighboring partner is resolved in our experiments,
prohibiting its chemical identification. The explanation for
the absence of ligand hyperfine structure can be twofold.
First, the partner has no nuclear spin 共i.e., I = 0兲 such as a
vacancy or an impurity with a vanishing or negligibly small
abundance of magnetic isotopes. Second, even when the
partner has a nonzero nuclear spin, its nuclear magnetic moment could be too small to lead to experimentally observable
hyperfine splitting. We note that the nuclear magnetic moment of the most abundant isotope 14N 共99.63%, I = 1兲 of an
N atom is more than five times weaker than that of a 31P
atom 共100% abundance兲, which makes N one of possible
candidates for the partner in the DD1 defect.
B. Defect configuration

The P atom involved in the DD1 complex could either
reside at a gallium site in the group-III sublattice, giving rise
to an antisite PGa, or at one of the three possible selfinterstitial sites 共Pi兲 in a Td lattice.16 From the symmetry
point of view, it is not possible to distinguish between the
PGa and the two Td sites of Pi, as they all have the four
nearest neighbors along a 具111典 axis. An isolated PGa antisite
in its singly positive charge state was previously identified
by electron paramagnetic resonance 共EPR兲, characterized by
an isotropic and strong HF interaction between the unpaired
electron and a 31P nucleus.17–20 This interpretation of the
early EPR results has been supported by several theoretical
studies where an s-like deep-level state is expected for an
1+
antisite,20–22 which warrants the observed isotroisolated PGa
pic and strong HF interaction. In contrast, a p-like state was
theoretically predicted for a Pi interstitial.20,21 Following the
same line of arguments, many defects with a sizable HF
interaction involving a central 31P atom, commonly occurring in bulk GaP grown by liquid-encapsulated Czochralski,
have been interpreted to involve PGa 共and not Pi兲 based on a
strong s-like character of the wave function and its strong
localization at the 31P atom.23–30 These assignments have received further support from theoretical prediction that defect
formation energy during equilibrium growth greatly favors
formation of antisites.22 To our best knowledge, no defect
observed by magnetic resonance in III-phosphides has been
attributed to a Pi interstitial defect.
For the studied DD1 defect, we note that the central hyperfine splitting is 3–5 times smaller than the values reported
earlier for an isolated PGa 共Refs. 17–19兲 and defect complexes involving PGa with S = 1 / 2.23–30 This signifies a significantly reduced overlap of the electron wave function with
the P atom at the DD1 defect. This observation could be
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explained in terms of 共i兲 strong attraction of electron charge
and spin density from PGa by its partner within the complex
defect in the model involving a PGa-related complex, or 共ii兲 a
non-s-like electron wave function of Pi in the model involving a Pi-related complex. In both cases, the wave function of
the unpaired electron at the DD1 complex can become anisotropic, leading to the observed anisotropic ODMR spectrum. A detailed analysis of the electron wave function from
our ODMR results can be found below in Sec. IV D. Unfortunately it is not possible at present to determine the exact
site of the P atom in the DD1 defect, i.e., whether it is an
antisite or an interstitial.
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C. Location of the defect

The observation of only two out of four equivalent orientations of the axial defect univocally implies that the DD1
defect is located at the interface between GaP and GaNP,
such that structural inversion symmetry of the Td crystal is
broken. The possibility of the DD1 defect being a surface
defect, which also has a broken structural inversion symmetry, can be safely ruled out. This is because the GaP capping
layers were grown under the same conditions for the L021
and L022 samples and therefore their surfaces are identical,
yet the DD1 defect is only present in the L022 sample. If the
defect should reside in the bulk of GaNP, on the other hand,
all four possible orientations of the 具111典 axial defect would
have been observed with equal ODMR intensity. At the 共001兲
GaNP/GaP interfaces, there are two 具111典 orientations on
either side of the interface that can be the bonding directions
to a defect atom situated exactly at the interface plane. We
believe that the DD1 defect resides on the GaNP side of the
interface for the following reasons. First of all, the defect
was introduced in the L022 sample but not in the L021
sample. As the growth conditions were identical for both
samples except during the growth of the GaNP layers, this
can be taken as strong evidence that the defect was created in
GaNP. Parallels can be drawn to the Pb defects at the 共111兲
Si/ SiO2 interface. They are interfacial silicon dangling bond
defects, in which a silicon atom at the Si/ SiO2
semiconductor-insulator interface is back bonded to three
other silicon atoms on the Si side but leaves a dangling bond
on the SiO2 side due to a missing silicon atom.1–3 Only the
关111兴 orientation perpendicular to the interface with a dangling bond, i.e., one out of four 具111典 directions, was detected. An important difference here is that the GaNP/GaP
interface lies between two semiconductor materials. A tentative and simple model for the DD1 defect complex is depicted in Fig. 4, taking as an example a defect complex involving either a PGa 关Fig. 4共a兲兴 or a Pi 关Fig. 4共b兲兴 with a
single partner in the nearest-neighbor shell. Due to the presence of a GaP buffer and capping layer, there are two such
GaNP/GaP interfaces, i.e., GaNP/GaP buffer layer and
GaNP/GaP capping layer. The fact that only two out of the
four 具111典 orientations were observed shows that the DD1
defect is favorably formed only at one of these two interfaces. Based on the discussion on possible mechanisms for
the defect formation, to be presented below in Sec. IV E, the
DD1 defect will be argued to be more likely formed at the

FIG. 4. 共Color online兲 A sketch of tentative models for the DD1
defect complex located at the GaP/GaNP heterointerface. The complex shown here involves 共a兲 a PGa antisite or 共b兲 a Pi interstitial,
bonded to an unknown defect 共or defects兲 in the nearest-neighbor
shell 共represented by the small dark ball兲 along a 具111典 direction on
the GaNP side of the interface.

interface between GaNP and the GaP buffer layer than the
interface between GaNP and the GaP capping layer.
D. Character of the electron wave function localized at the
defect

To get information regarding the degree of localization
and the s and p character of the unpaired electron’s wave
function at the DD1 defect from the observed hyperfine interactions, we have utilized a one-electron linearcombination-of-atomic-orbitals 共LCAO兲 method.31 In this
method, the wave function for an unpaired electron at the
central nucleus can be approximated by a combination of ns
and np valence orbitals

 = 共␣ns + ␤np兲 ⫻  ,

共2兲

where ns and np denote ns and np valence orbitals at the
central defect atom, ␣2 is the fraction of s, and ␤2 is the
fraction of p orbital at the central nucleus, with ␣2 + ␤2 = 1.
2 is the fraction of the electron wave function at the central
nucleus and n = 3 for the 31P. Assuming no contribution from
the second-order perturbation, components of the axially
symmetric A tensor can be described as
A储 = a + 2b,
A⬜ = a − b,

共3兲

where
a = 20␣22兩3s共0兲兩2 = 197 ⫾ 20 ⫻ 10−4 cm−1 ,
−3
典 = 67 ⫾ 5 ⫻ 10−4 cm−1 .
b = 3␤22具r3p

共4兲

Here  = 2ggNBN / 15. N and gN denote nuclear magneton
and nuclear g value, respectively. The unpaired electron density at the nucleus is 兩3s共0兲兩2 and the term a 共i.e., Fermi
contact term兲 provides a direct measure of the 3s character of
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the wave function since only s orbitals have nonzero density
−3
典 corresponds to the expectation value of
at the nucleus. 具r3p
3
1 / r over the phosphorus 3p orbital and r represents the
distance between the electron and the nucleus. Parameter b is
a measure of the 3p character of the unpaired electrons wave
function. Using the values derived from the Hartree-FochSlater atomic orbitals32 for the valence 3s and 3p orbitals of
the free 31P atom 共a = 4438⫻ 10−4 cm−1, b = 122
⫻ 10−4 cm−1兲, the parameters ␣2, ␤2, and 2 are estimated
and are given in Table I. It is concluded that about 59⫾ 5%
of the wave function is located at the central 31P atom, much
higher than previously reported for S = 21 defects involving
PGa in GaP 共ranging from 14 to 23%, as calculated using Eq.
共4兲 based on the reported values of A tensors兲. In contrary to
the 3s character previously reported for PGa-related
defects17–20,23–25 共isotropic A tensor兲, the electron wave function for the DD1 defect is predominantly 3p-type 共⬃93%兲.
The observed character of the electron wave function could
be attributed to the involvement of either a Pi interstitial
complex in the DD1 defect or a PGa antisite coupled with a
defect partner that significantly alters the overall character of
the electron state at the DD1 defect.
It should be pointed out that the above analysis by LCAO
has not included possible distortion of the electron charge
distribution by the electronic potential imposed by the partner of the DD1 complex. Therefore, it could overestimate the
contribution of the p-like wave function and thereby overestimate the overall degree of electron localization at the defect. In view of the nearly isotropic electron g value, which
indicates a rather “pure” spin state with little effect of orbital
angular momentum, this scenario seems to be very likely
here.

E. Defect formation

The fact that the DD1 defect was only observed in the
L022 sample, which was grown under the conditions with
more severe bombardment of N ions, strongly indicates that
the defect formation is facilitated by ion damage. There are
two possible mechanisms for the defect formation that are
promoted by ion bombardment.
共1兲 In the first mechanism, the DD1 defect was directly
generated at the interface between GaNP and the GaP buffer
layer due to irradiation of N ions on the surface of the GaP
buffer layer during and immediately after growth interruption. The growth interruption was applied prior to the growth
of GaNP, when the shutter of the Ga cell was closed and the
RF plasma was started and stabilized. Though the shutter of
the RF-plasma cell was closed during the interruption, it was
still possible that leaking N ions could arrive at the surface of
the GaP buffer layer. More severely, immediately after the
growth interruption, the shutter of the RF-plasma cell opened
and the growing surface was directly exposed to N-ion bombardment. When the growth of the GaP capping layer started,
on the other hand, the RF plasma was turned off and thus
formation of the DD1 defect was less likely at the interface
between GaNP and the GaP capping layer.

共2兲 In the second mechanism, intrinsic defects such as PGa
antisites, Pi self-interstitials and vacancies were created in
the GaNP epilayer. During the growth, these defects could
migrate until energetically most favorable sites had been
found, e.g., near other defects or at the interfaces, forming
thermally stable defects. Although the specific process of defect migration leading to the formation of the DD1 defect
complex cannot be deduced from the present study, it is clear
that the growth conditions favored the formation of the DD1
defect 共i.e., a P-related defect complex兲 at the GaNP/GaP
interface. The preferential formation of the defect at the interface could be caused by the difference in formation energy
of the defect between bulk and interface, and between GaNP
and GaP side of the interface, under the influence of an electric field 共caused by the electronic band offset and charge
transfer兲 and/or strain field 共caused by the lattice mismatch兲
near the heterointerface. It should be noted that the DD1
defect complex is indeed very stable, confirmed by our postgrowth thermal annealing experiments at 500 ° C. No effect
on the ODMR intensity of the DD1 defect was observed after
annealing.
We should note that, in Ga共In,Al兲NP with higher N compositions, Gai interstitial related defects and an unknown defect with a g value around 2 are dominating in ODMR
spectra33,34 and the DD1 has not been observed. A possible
explanation is that the much stronger ODMR signals from
the Gai defects and the unknown g = 2 defect have completely obscured the ODMR signal from the DD1 defect,
even the latter is present.

V. SUMMARY

Our ODMR studies of GaNP have revealed the presence
of a paramagnetic defect, exhibiting a hyperfine interaction
between an unpaired electronic spin 共S = 1 / 2兲 and a central
nuclear spin I = 21 of 31P. The defect is concluded to be a
complex involving a PGa antisite or a Pi interstitial with a
neighboring partner aligned along a 具111典 direction, from
detailed angular dependence studies of the ODMR spectra at
both X- and Q-band microwave frequencies. The principal g
and A values, g⬜ = 2.013, g储 = 2.002, A⬜ = 130⫻ 10−4 cm−1,
and A储 = 330⫻ 10−4 cm−1, are obtained from a spin Hamiltonian analysis. The interface nature of the defect is clearly
evident from the absence of the ODMR lines originating
from two out of four equivalent 具111典 orientations. A simple
LCAO analysis suggests that the electron wave function at
the defect is predominantly p type at the P atom 共93%兲, with
7% admixture of s type. The fraction of the p-like state was
found to be markedly higher than that previously reported for
PGa-complexes in GaP, which could at least partly be contributed by a strong distortion of the charge and spin density
around the P atom due to the presence of the partner in the
DD1 complex. The defect formation is shown to be triggered
by severe nitrogen ion bombardment under nonequilibrium
growth conditions during solid-source molecular beam epitaxy.
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