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An optically detected magnetic resonance �ODMR� study of Ga�Al�NAs alloys grown by molecular beam
epitaxy on GaAs substrates is presented. A number of grown-in defects were observed which act as nonradi-
ative recombination centers. A detailed analysis of experimental data using a spin Hamiltonian leads to the
identification of two Gai defects. A comparison with similar defects in other phosphide-based diluted nitride
III-V compounds, such as GaAlNP and GaInNP, allows us to obtain additional information about the nearest
surrounding of the defects. A discussion of possible models for other defects observed in the experiments is
also presented.
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I. INTRODUCTION

Point defects in various semiconductor materials are of
strong interest both academically and technologically. Inter-
stitials, vacancies, and antisites have been found to be com-
monly occurring defects in semiconductor crystals.1,2 They
can also form different defect complexes and participate in
creation of extended defects. They have been shown to play
an important role in determining electrical and optical prop-
erties of semiconductors and performance of related devices.
In some particular cases, defects can help in controlling cer-
tain properties of materials, for example, management of car-
rier lifetime and Fermi level position by introducing antisite
related defects in GaAs �Refs. 3 and 4� and InP �Refs. 5 and
6�. Unfortunately, in most cases, they lead to degradation of
properties essential for device operations. Therefore, knowl-
edge about nature and formation mechanisms of defects and
their influence on physical properties of semiconductor ma-
terials is necessary in order to control them. In the case of
diluted nitrides, the issue of defects has become very impor-
tant because required nonequilibrium growth provides favor-
able conditions for defect formation. Unfortunately, chemical
identification of point defects in Ga�In�NAs alloys has so far
been experimentally verified only in a few cases, which are
related to N interstitials, Ga vacancies, and AsGa antisites.7–13

To our knowledge, chemical identification of point defects in
GaAlNAs has not been reported so far in the literature.

Recently, it has been shown that Ga interstitials are the
dominant grown-in defects in phosphide-based dilute ni-
trides, namely Ga�Al�NP alloys.14The aim of the present
work is to study and identify important grown-in defects in
arsenide-based dilute nitride Ga�Al�NAs and to obtain infor-
mation about their role in carrier recombination processes.

II. EXPERIMENTAL DETAILS

Quaternary Ga�Al�NAs samples used for this study were
grown on �100� GaAs substrates in a Varian Gen II Modular
molecular-beam epitaxy �MBE� system using Al, Ga, and As

solid sources and an rf nitrogen plasma source without a
deflection plate. The growth rate was about 1.25 �m/h. The
growth temperature was in the range of 570 °C to 580 °C.
The typical thickness of the alloys was 0.1 �m. The Al con-
tent of investigated samples varied from 0 to 5%. Two sets of
alloys were studied, one with a nitrogen content of 0% and
the other of 1%.

Most of optically detected magnetic resonance �ODMR�
measurements were performed with a modified Bruker ER
200 D X band ��9.3 GHz� with a liquid helium flow cry-
ostat. The 532 nm line of a solid-state laser was used as an
excitation source. An ODMR signal was detected using a
lock-in technique as a change of photoluminescence �PL�
intensity due to on-off modulation of microwave power as a
function of magnetic field, by monitoring the near-infrared
spectral region by a cooled Ge detector. Complementary
W-band ��95 GHz� ODMR measurements were carried out
with an Oxford superconducting split-coil magnet �0–5 T�
cryostat. Typical microwave power employed was
170–200 mW. The measurements were performed at 5 K.

III. RESULTS

Upon the above band-gap optical excitation, all
Ga�Al�NAs alloys studied in this work exhibit PL emissions
in the near-infrared spectral range �see the left panel of Fig.
1�. Incorporation of Al in the alloys results in a strong de-
crease in intensity of the near-band-gap emission �near
1000 nm� that arises from band tail states, indicated by an
arrow in Fig. 1. On the other hand, the longer-wavelength PL
band related to deep-level defects �peaking at about �
=1500 nm� does not change significantly if Al content does
not exceed 3%. A further increase of the Al composition
leads to a drastic decrease of both PL bands. Such decrease is
often caused by introduction of defect-related nonradiative
recombination centers during growth. In order to study and
identify these defects, ODMR measurements were carried
out. Representative ODMR spectra are shown in the right
panel of Fig. 1, as a function of Al compositions. They were
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only observed in the nitrogen-containing alloys. A negative
sign of the ODMR signals signifies that the corresponding
defects act as nonradiative recombination centers, competing
with the PL processes monitored via the entire spectral range
shown on the left panel of Fig. 1.15 The ODMR signals are
shown as positive in Fig. 1 for easy viewing. In the Ga�Al-
�NAs alloy with 5% of Al, however, ODMR signals were
below the detection limit due to at least in part low intensity
of the monitored PL.

A close examination of the ODMR spectra from the
Ga�Al�NAs alloys revealed a complicated structure that con-
sists of at least two components originating from different
defects �Fig. 2�. The first one is a strong line situated in the
middle of the ODMR spectra with a g value close to 2 �de-
noted as the “middle line” below�. This line is dominant in
the ODMR spectra from the GaNAs alloy; whereas in GaAl-
NAs, its intensity becomes comparable with the second com-
ponent of the ODMR spectra. The latter consists of a com-
plicated pattern of lines spreading over a wide field range. In
the spectrum from GaNAs, this component revealed well-
resolved double lines at high fields and a few low-intensity
lines at low fields �see Fig. 2�a��. For the GaAlNAs alloys,
these lines become broadened and shifted while additional
lines appear. This finding shows that the second ODMR
component contains at least two ODMR signals originating
from different defects �denoted as Gai-A and Gai-B for the
reason given below�.

The multiline structure revealed in the second ODMR
component can arise either from a high-electron spin state
exhibiting a zero-field splitting caused by a defect crystal
field or from a hyperfine �HF� interaction involving a high
nuclear spin. A high-electron spin state with a zero-field
splitting is known to produce strongly anisotropic ODMR
spectra, whereas a HF interaction can lead to both isotropic
and anisotropic ones. To clarify this issue, an angular depen-

dence study was performed in a �110� crystallographic plane.
Such measurements revealed that all lines attributed to the
second ODMR component are isotropic, within the experi-
mental accuracy. Thus, the ODMR spectra can be attributed
to paramagnetic centers with effective electron spin S=1/2
involving high nuclear spins.

The doublet structure of the outer wings of the second
ODMR component �Fig. 2� is characteristic for a HF inter-
action with an atom having two naturally abundant isotopes
with nonzero magnetic moments. Only Ga satisfies this con-
dition among all host atoms of the GaAlNAs alloys and pos-
sible contaminants. Thus, a Ga atom should be involved in
the structure of the defects responsible for the ODMR spec-
trum. Since gallium has two isotopes �69Ga and 71Ga� with

FIG. 1. Representative normalized PL and ODMR spectra from
the Ga�Al�NAs samples studied in this work. The ODMR spectra
were measured by monitoring all PL emissions over the spectral
range of 900–1600 nm shown in the left panel. The sign of the
ODMR signals is negative in all samples. They are shown as posi-
tive for easy viewing.

FIG. 2. Experimental ODMR spectra from the GaN0.01As0.99 �a�
and Ga0.99Al0.01N0.01As0.99 �b�, taken at 5 K at X band �9.31 GHz�,
and simulated spectra for the Gai-A and Gai-B complexes by using
the spin Hamiltonian parameters given in Table I. An experimental
ODMR spectrum from the GaN0.01As0.99 taken at W-band �95 GHz�
is shown in the insert of �a�, together with simulated spectra.
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the same nuclear spin I=3/2, the ODMR spectra from the
Ga-related defects should contain two quadruplets. The in-
tensity ratio between the two quadruplets should be near
40/60 according to the natural abundance of these isotopes.
The ratio of their line spacing should be near 1.3 in accor-
dance with the ratio of nuclear magnetic moments between
the two isotopes.

To confirm this hypothesis and obtain information on
physical properties of the defects, a detailed analysis of the
experimental data was performed by using an effective spin
Hamiltonian

H = �BB · g · S + S · A · I . �1�

Here the first and second terms describe electron Zeeman
and central HF interaction terms, respectively; �B is the
Bohr magneton, B is the magnetic field, g is the Zeeman
splitting tensor, and A is the central HF interaction tensor for
each isotope. The effective electron spin is S=1/2 and the
nuclear spin is I=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
shown in Table I. Both g and A tensors are deduced to be
isotropic, within the experimental accuracy, and are reduced
to the scalars g and A. Taken as an example, the simu-
lated ODMR curves for the GaN0.01As0.99 and
Ga0.99Al0.01N0.01As0.99 alloys are shown in Fig. 2, by using
the spin Hamiltonian parameters in Table I and assuming a
Gaussian line shape for each ODMR transition. The simu-
lated spectra do agree with the experimental data that justi-
fies the proposed model. The weaker intensity of the experi-
mental ODMR lines at low fields as compared to that of
the simulated ones can be attributed to the fact that the
simulations only take into account the probabilities of
magnetic-dipole allowed electron spin resonance transitions,
but not the difference in recombination rates of the spin
sublevels.16,17 It can be concluded that the Gai-B defect is
present in all N-containing Ga�Al�NAs alloys, even in the
Al-free GaNAs, but Gai-A can only be clearly observed in
GaAlNAs. �Note that a strong overlap with the more inten-
sive middle line could mask the Gai-A ODMR spectrum in
the Al-free GaNAs�. Based on a striking similarity with the
Gai-A and Gai-B defects observed in phosphide-based dilute
nitride Ga�Al�NP reported earlier,14 we strongly believe that

the defects under study here are in fact the same Gai com-
plexes but in two different dilute nitrides.

The strong middle line in the ODMR spectra from GaNAs
revealed additional features that were observed more clearly
on the high-field shoulder. This finding implies the presence
of an additional substructure of the middle line. A similar
substructure might also be present in the ODMR spectra
from the GaAlNAs alloys but could be masked by the signals
from the Gai complexes presented above. In order to obtain
information on the substructure, we subtracted the simulated
ODMR spectra of the Gai-A and Gai-B complexes from the
experimental ones for the Al-containing GaAlNAs. The re-
sulting spectra of the middle line are shown in Fig. 3 for
three samples, clearly displaying a similar line shape consist-
ing of several lines. Such a line shape can be described as a
superposition of several lines in various ways. Some possible
models for this substructure are presented in Fig. 4. Model 1
implies that it contains three independent single ODMR lines
with different g values originating from three different para-
magnetic defects. Another possibility is a superposition of a
single line and a group of lines originating from an unre-
solved HF structure. The simplest HF line shapes resulting
from an isotropic HF interaction with one nucleus of I
=3/2 �gallium or arsenic� and of I=1 �nitrogen� are pre-
sented in Fig. 4 as model 2 and model 3, respectively.

The simplest distinction between model 1 and the other
two models can be made by performing ODMR measure-

TABLE I. Spin Hamiltonian parameters determined by fitting the spin Hamiltonian Eq. �1� to the experimental data for the Gai-A and
Gai-B defects in Ga1−xAlxN0.01As0.99 samples studied.

x 0 0.01 0.02 0.03

Defect Gai-A
a 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

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

g 2.005 1.98 2.003 1.98 2.003 1.98 2.003 1.98

A�69Ga��10−4 cm−1 770 1250 490 1050 490 1050 490 1050

A�71Ga��10−4 cm−1 1000 1590 620 1330 620 1330 620 1330

aParameters are determined from the W-band ODMR measurements. At X band, the corresponding ODMR spectrum is masked by the more
intensive middle line.

FIG. 3. A close-up of the middle line ODMR signal from the
Ga�Al�NAs alloys, after subtracting the simulated Gai-A and
Gai-B ODMR spectra from the experimental ones.
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ments at two different microwave frequencies. This is be-
cause the field separation between different ODMR lines
with different g values in model 1 should scale with the
microwave frequency. On the contrary, the line spacing
caused by a HF interaction as proposed by models 2 and 3
will be nearly independent of the microwave frequency used.
Figure 4 presents both X-band and W-band ODMR spectra
from the GaNAs alloy. It is clearly seen that the middle line
has a similar linewidth at both microwave frequencies, thus
concluding that the substructure must be due to an unre-
solved HF structure. A slight modification of the line shape
between the ODMR spectra at the two microwave frequen-
cies could be caused by a slightly different contribution in
intensity from the single line that overlaps with the unre-
solved HF structure discussed above.

IV. DISCUSSION

From the previous study in Ga�Al�NP, it was assumed that
Gai-A is probably located in the Td-symmetry interstitial po-
sition surrounded by group-III atoms.14 The present data
seems to confirm this assumption. The strengths of the HF
interaction of Gai-A in the Al-containing GaAlNAs deter-
mined in this study are equal to 490�10−4 cm−1 and 620
�10−4 cm−1 for 69Ga and 71Ga, respectively. These values
are very close to that in AlGaNP �A�69Ga�= �450–490�
�10−4 cm−1� �Ref. 14� and in �Al,Ga�As-based structures
�A�69Ga�= �480–540��10−4 cm−1� �Refs. 18–21�. Assuming
that a similar Gai defect complex is involved, the similarity
in the HF strengths seems to suggest that the defect has the
same nearest surrounding in these systems. This is possible
only when the Gai occupies an interstitial position with
group-III atoms in the nearest environment. Moreover, simi-
lar to GaAlNP, the HF interaction strength in GaAlNAs de-

creases with incorporation of Al. For example, the value of
A�69Ga� decreases from 770�10−4 cm−1 for GaNAs �this
study� and GaNP �Ref. 14� to 490�10−4 cm−1 for GaAlNAs
�this work� and �450−490��10−4 cm−1 for GaAlNP �Ref.
14�. Apparently this should indicate a direct involvement of
aluminum atom�s� in the nearest surrounding of defects in
the Al-containing alloys. In GaAlNP, this was attributed to a
possible site exchange between a substitutional Ga atom and
an interstitial Al atom due to a stronger bonding between Al
and the group-V atoms, resulting in an interstitial Ga atom
and a substitutional Al �Ref. 14�. A similar mechanism can
also possibly be responsible for the present case of
GaAlNAs. This attribution seems to be consistent with the
earlier experimental finding of preferred Al-N bonding �Refs.
22 and 23�. Note that the strength of the HF interaction of
Gai-A in GaNAs and GaNP, A�69Ga�=770�10−4 cm−1, is
very close to 741�10−4 cm−1 observed for the Gai in GaP
�Ref. 24� that may be considered as another piece of evi-
dence for the similarity in the nearest surroundings of the
defect.

On the other hand, the Gai-B defect was never observed in
nitrogen-free GaP and GaAs alloys. This may indicate that
either the N atom could be directly involved in the structure
of the Gai-B defect or the growth conditions required for the
incorporation of N strongly facilitate the defect formation.
The HF strength A�69Ga� of Gai-B in GaNAs determined in
this study is equal to 1250�10−4 cm−1. This value slightly
differs from the value of 1150�10−4 cm−1 in GaNP �Ref.
14�. This may indicate a difference in the nearest surround-
ing of the defect between these two alloys that should be
related to the group-V atoms. In a tetrahedral semiconductor
like GaNAs or GaAlNAs there are two different interstitial
positions with group-V atoms in the nearest surrounding.
These are the Td-symmetry position surrounded only by
group-V atoms and the D3v-symmetry position with both
group-III and group-V atoms as the nearest neighbors. From
the observed dependence of the HF strength on Al composi-
tions, namely a decrease of the HF strength A�69Ga� from
1250�10−4 cm−1 �Al-free� to 1050�10−4 cm−1 �Al-
containing� in Ga�Al�NAs and from 1150�10−4 cm−1 �Al-
free� to 980�10−4 cm−1 �Al-containing� in Ga�Al�NP, it is
tempting to suggest that the Gai-B defect could reside in the
D3v-symmetry interstitial position.

Similar to the case of GaAlNP, both Gai-A and Gai-B are
believed to be complexes involving a Gai, rather than the
isolated Gai residing at two inequivalent interstitial sites.

Besides GaAlNP �Ref. 14�, Ga interstitials complexes
were also previously suggested to be present in GaInNP al-
loys �Ref. 25�. Our present finding of Gai in Ga�Al�NAs
alloys shows that they are common point defects in various
diluted nitrides. Apparently, the specific character of growth
processes required for diluted nitride alloys, such as low sub-
strate temperatures, nitrogen incorporation, or associated ion
bombardment, etc., have created favorable conditions for the
formation of these defects.

In contrast to the Gai complexes, the origin of the middle
line in the ODMR spectrum from the Ga�Al�NAs alloys can-
not unfortunately be positively identified. The cross-
examination by both x-band and w-band ODMR measure-

FIG. 4. Experimental and simulated ODMR spectra from
GaN0.01As0.99 at both X-band �9.31 GHz� and W-band �94.8 GHz�.
The simulated ones include the contributions from three single lines
in model 1, a superposition of a single line �solid� and an unre-
solved HF quadruplet �dotted� in model 2, and a superposition of a
single line �solid� and an unresolved HF triplet �dotted� in model 3.
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ments �Fig. 4� clearly shows that the broad linewidth �full
width more than 100 mT� is caused by an unresolved HF
structure. A possible source of the HF interaction can arise
from the host atoms with nonzero nuclear spins, i.e., I=1 �N�
and I=3/2 �Ga and As� in GaNAs �see Fig. 4�. Assuming
only one nucleus is involved, the values of the HF parameter
A estimated from the linewidth are �260�10−4 cm−1 and
�400�10−4 cm−1 for I=3/2 and I=1, respectively. These
host atoms, if they are the nearest neighbors of the defect,
can also be the source of ligand HF structure. Unfortunately,
a lack of resolved HF structure of the middle line does not
allow us to determine the exact number and values of the
nuclear spins involved, which would otherwise shed light on
the chemical identity of the responsible defect.

It is interesting to note that the AsGa antisites defect, pre-
viously found to be predominant in Ga�In�NAs grown at low
temperatures �e.g., at 420 °C� by gas-source MBE �Refs.
11–13�, was not observed in the Ga�Al�NAs alloys studied in
this work. We believe that the higher growth temperature of
570 °C to 580 °C used for the latter is the major factor that
has strongly suppressed the formation of the AsGa antisites
defect, consistent with the previous study.11–13

The negative sign of the ODMR signals for all studied
defects represents a decrease in the intensity of the PL emis-
sions over the monitored spectral range of 900–1600 nm
upon spin resonance transitions. The fact that the ODMR
signals from the four different defects studied here can be
detected via the same two PL bands �shown in the left panel
of Fig. 1� provides strong evidence that the defects are not
directly involved in the radiative recombination processes
giving rise to the PL. Instead, they are nonradiative recom-
bination centers that compete with the monitored radiative
recombination processes. Due to this competition, increasing
carrier recombination via these nonradiative centers induced

by the spin resonance transitions will consequently lead to
the observed decrease in the monitored PL intensity. The
observation that the introduction of the two Gai-related de-
fects promoted by the incorporation of N and Al in the alloys
is accompanied by a decrease in the intensity of the moni-
tored PL emissions, especially for the one near the band
edge, supports the conclusion that the defects play an impor-
tant role in degrading the optical quality of the alloys.

V. CONCLUSIONS

In conclusion, we have studied and identified two differ-
ent Gai defects in Ga�Al�NAs alloys, namely Gai-A and
Gai-B. The involvement of a Gai in both defects is concluded
from its unique HF interaction and similarity to Ga�Al�NP
studied previously. This finding shows that Ga interstitials
are common intrinsic defects in various diluted nitrides. The
obtained results seem to support that Gai-A is surrounded by
group-III atoms while Gai-B has both group-III and group-V
atoms in the nearest neighborhood. The middle line ODMR
signals observed at around g=2 are suggested to arise from
superposition of a defect with a single ODMR line and a
defect with an unresolved HF structure. All defects studied
are shown to act as nonradiative recombination centers, com-
peting with the radiative recombination processes monitored
in ODMR, and are therefore harmful for device performance
if the alloys are to be utilized as active regions of light-
emitting devices.
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