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Signature of an intrinsic point defect in GaNxAs1Àx
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The first experimental signature of an intrinsic defect in GaNAs is provided from an optically detected
magnetic resonance study. The resolved central hyperfine structure identifies the defect with a nuclear spinI
53/2, containing either an AsGa antisite or a Ga interstitial. From the strength of the hyperfine interaction and
the growth conditions, a complex involving the AsGa antisite seems to be a more likely candidate.
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Intrinsic point defects in semiconductors have been a s
ject of extensive research over the past decades, not
because of their high interest as fundamental building blo
of defects, but also due to their important role in materi
properties and device performance. Though signific
progress has been made in the understanding of some cl
of defects, e.g., vacancies in silicon1 and Zn self-interstitial
in ZnSe,2 a majority of intrinsic defects in most semicondu
tors are still eluded from a firm grasp of their properties
particular concerning their chemical nature and microsco
structure. This is particularly true for new materials a
quantum structures that have only been possible to acq
very recently by modern epitaxial growth technique
Among the typical representatives are the artific
N-containing III-V alloys such as GaNAs. Though this ne
material system is known to exhibit intriguing fundamen
properties such as the giant bandgap bowing,3–9 that has at-
tracted much interest in potential application for near inf
red photonic devices, practically nothing is known abo
point defects in the material.

In this paper, we shall provide the first experimental s
nature of an intrinsic defect in GaNAs with a lowN compo-
sition. The characteristic hyperfine structure has been
tained by the optically detected magnetic resonance~ODMR!
technique, which reveals a nuclear spinI 53/2 of the defect
atom and can be attributed to either an AsGa antisite or a Gai
interstitial. Based on the knowledge gained from earlier st
ies of the defect formation and hyperfine interaction of sim
lar defects in the parental compound GaAs, a complex de
involving the AsGa antisite is argued to be a more like
candidate. The highly localized wave function of the u
paired electron at the defect shows that it is a deep-le
defect.

All the investigated samples were undoped a
were grown at 420 °C, on semi-insulating GaAs substra
by gas source molecular beam epitaxy~MBE!. Two types
of sample structures were studied:~a! 7 periods
GaAs/GaNxAs12x (200 Å/70 Å) multiple quantum well
~MQW! structures and~b! 1100 Å-thick GaNxAs12x epilay-
ers. All samples were started with a 2500 Å -thick Ga
buffer and were finished with a 100-Å thick GaAs cap lay
TheN compositionx in the structures was varied from 1.2%
up to 2.8%. In both photoluminescence~PL! and ODMR
0163-1829/2001/63~3!/033203~4!/$15.00 63 0332
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experiments, the UV lines at 333 nm~3.723 eV! or 351 nm
~3.532 eV! or the visible 514 nm~2.412 eV! line of an Ar1

ion laser were used as the above GaAs bandgap excita
source and a tunable cw Ti:sapphire solid state laser as
below GaAs bandgap excitation source. The PL emissi
were dispersed using a double grating monochromator
detected by a cooled Ge detector. ODMR experiments w
done at around 5 K in a modified Bruker ESR spectromete
working at theX-band~9.22 GHz! and in a 95 GHz ODMR
system with the aid of an Oxford split-coil 5T magnet. Col
filters were used to select the desired spectral range of de
tion in the ODMR experiments.

Upon the below GaAs bandgap optical excitation, the
spectrum shows two distinct features as shown in Fig. 1.
first feature is due to the excitonic transitions near the G
NAs bandgap energy. The second feature of unknown or
peaks at a lower energy near 0.85 eV. These two PL em
sions have been shown to arise from the GaNAs layers f
earlier studies.10,11 None of these PL emissions is direct
related to the defect under study. They merely provide
medium in the ODMR experiments to detect the defect t

FIG. 1. A representative photoluminescence spectrum from
GaNAs epilayers and the GaNAs/GaAs MQW studied in this wo
The particular spectrum was obtained at 2 K from the GaNAs/GaAs
epilayer with anN composition of 1.3%, with the below GaA
bandgap excitation at 1.442 eV. The structure near 0.9 eV is ca
by water absorption in the air.
©2001 The American Physical Society03-1
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is involved in competing recombination channels. Theref
the details of these PL emissions will not discussed here,
can be found in Refs. 10 and 11.

A typical ODMR spectrum is shown in Fig. 2 by mon
toring the GaNAs related PL emissions. The fact that
identical ODMR spectrum was obtained with both above a
below GaAs bandgap excitation demonstrates that
ODMR signals originate from the GaNAs layers.12 Detailed
ODMR studies at both 95 GHz~Fig. 3! and 9 GHz~Fig. 4!
clearly show that the ODMR spectrum contains two parts
single line atg52.03 ~curve b! of unknown origin and a

FIG. 2. Typical ODMR spectra obtained at 4.8 K with~a! the
above GaAs bandgap excitation~at 3.723 eV! and ~b! the below
GaAs bandgap excitation~at 1.442 eV!, by monitoring the GaNAs
PL emissions shown in Fig. 1. The microwave frequency is 9
GHz.

FIG. 3. ~a! The GaNAs ODMR spectrum taken at 5 K and 94
GHz. ~b! The simulated ODMR curve for the single line ofg
52.03. ~c! The quadruplet ODMR spectrum after subtracting t
curve b from curve a.~d! The simulated ODMR spectrum for th
AsGa antisite with the spin Hamiltonian parameters given in Tabl
~e! The simulated ODMR spectrum for the Gai interstitial with the
spin Hamiltonian parameters given in Table I.
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quadruplet~curve c!. Both ODMR signals are negative~they
are shown positive in the figures just for easy viewing!, and
correspond to spin-resonance enhanced recombination
the responsible defects that leads to a decrease in PL in
sity of the monitored radiative recombination channels.

The ODMR quadruplet is typical for hyperfine interactio
between an unpaired electron spin (S51/2) and a defect
nucleus with a nuclear spinI 53/2. The ODMR spectrum
was found to be isotropic and rather insensitive to theN
composition within the range of 1–3 % or to the quantu
confinement, i.e., the identical ODMR spectrum was o
served in both the GaNAs epilayers and the GaNAs/Ga
MQW. This indicates that the defect state must be a d
level with a very localized wave function. This is also co
sistent with the observed large and isotropic hyperfine str
ture resulting from a strong Fermi contact interaction due
a localized state ofA1 symmetry.

Among all the host atoms and possible residual impu
ties, As (75As with I 53/2 and natural abundance of 100%!
and Ga (69Ga and71Ga with natural abundance of 60.1% an
39.9%, respectively, both ofI 53/2) are the only likely can-
didates that can be responsible for the characteristic hy
fine structure. Both candidates have been taken into con
eration in the analysis of the experimental data with the
of the following spin Hamiltonian:

H5mBB"g"S1S"A"I . ~1!

HeremB is the Bohr magneton,B the magnetic field.g rep-
resents the Zeeman splitting tensor, andA denotes the hy-
perfine interaction tensor. The electron spin isS51/2 and the
nuclear spinI 53/2. A fairly good fit could be obtained~see
Figs. 3 and 4! in both cases when As~curve d! or Ga~curve
e! is considered. The determined spin Hamiltonian para
eters are listed in Table I.

9

.

FIG. 4. ~a! The GaNAs ODMR spectrum taken at 4.8 K an
9.218 GHz.~b! The simulated ODMR curve for the single line o
g52.03. ~c! The quadruplet ODMR spectrum after subtracting t
curve b from curve a.~d! The simulated ODMR spectrum for th
AsGa antisite with the spin Hamiltonian parameters given in Table
~e! The simulated ODMR spectrum for the Gai interstitial with the
spin Hamiltonian parameters given in Table I.
3-2



e fit
ed for

BRIEF REPORTS PHYSICAL REVIEW B 63 033203
TABLE I. Spin Hamiltonian parameters obtained for the intrinsic defect studied in this work, from th
of Eq. ~1! to the experimental data. The previously reported results of similar defects are also includ
comparison.

Defect Sample description Isotropic
g-tensor

Isotropic
A-tensor~GHz!

Ref.

The intrinsic defect
in GaNAs studied

in this work

GaNAs epilayers and
GaNAs/GaAs QWs grown by

MBE at 420 °C

2.00 2.21(75As)
or

1.95(69Ga)
2.48(71Ga)

This
work

Earlier results of
AsGa antisite

EL2 in LEC as-grown or
irradiated GaAs

2.04 2.656(75As) 16

MBE GaAs
grown at 200 °C

2.037 2.691(75As) 17

MBE GaAs
grown at 400 °C

2.03 2.300(75As) 18

Earlier results of
Gai interstitial

MBE AlGaAs
grown at 620 °C

2.025 1.500(69Ga)
1.920(71Ga)

13

MBE GaAs/AlGaAs
superlattices grown at 580 °C

2.007 1.620(69Ga)
2.070(71Ga)

14

GaAs/AlGaAs heterostructure 2 1.440(69Ga)
1.829(71Ga)
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In favorable cases of a narrow ODMR linewidth, hype
fine structure from an As atom can be distinctly differe
from that of a Ga atom. When this occurs, the two isoto
of Ga give rise to two sets of the four-line structure of whi
the ratios in intensity and in splitting are determined by th
ratio in natural abundance and nuclear magnetic mom
respectively.13–15 The broad linewidth in the present ca
has, unfortunately, prevented from such a distinction~see
curve e in Figs. 3 and 4!. Therefore no conclusion can b
made on a definite identification of the defect as being du
As or Ga.

However, a close comparison with the previously repor
results of similar defects in AlGaAs and the common par
tal GaAs compound~see Table I!13–18 can provide a usefu
clue to whether the involvement of As or Ga is more like
From Table I, it is clear that the hyperfine interaction d
duced for the defect under study seems to be much stro
than that ever reported for a Gai interstitial in GaAs and
AlGaAs by about 20%.13–15 This is in sharp contrast to th
observations that the hyperfine strength of Gai is rather in-
sensitive to the Al composition in AlGaAs.13 On the other
hand, the hyperfine strength, assuming the As atom is
sponsible, is very close to what has been observed for
AsGa antisite in MBE-GaAs grown at a similarly low tem
perature~400 °C!.18 This is consistent with the earlier exper
mental findings that the AsGa antisite can be preferably intro
duced in GaAs that is grown at low temperature under
off-stoichiometric conditions.19 Though the exact reaso
why the hyperfine interaction of the AsGa antisite in MBE-
GaAs grown at 200 °C is stronger than that in MBE-Ga
grown at 400 °C is still unclear, it is quite likely that th
latter with a weaker hyperfine interaction may arise from
complex involving the AsGa antisite. The complex formation
was presumably promoted by an enhanced mobility of ato
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at the higher growth temperature. Since the spin densit
highly localized at the AsGa antisite ~judging from the still
rather large hyperfine coupling!, the hyperfine structure du
to 75As can still remain nearly isotropic, as has been o
served from the earlier16 and the present studies. In the G
NAs alloys, on the other hand, one would expect a stro
effect of the nearest neighbors on the hyperfine interac
depending on whether AsGa is surrounded by all As, allN or
a mixture of two. Though the exact reason is still unknow
the insensitivity in the strength and anisotropy of the hyp
fine interaction to theN composition seems to be not une
pected for the case dominated by the all As nearest neigh
within the studied range of rather lowN compositions up to
2.8%. The biaxial strain seems to have little effect on
hyperfine interaction, perhaps because the local crystal fi
of the defect and the local disorder introduced byN are the
dominant factor. The latter provides a random field that m
have only contributed to the rather broad ODMR linewidt

Among other possible As- and Ga-related intrinsic po
defects, the cation antisites such as GaAs can be ruled out due
to their expected non-A1 symmetry of the state.20 Very little
is so far known of the Asi interstitial in GaAs-based III-Vs.
Therefore nothing can be concluded in its role of the def
under study. The fact that it has not been unambiguou
observed before in GaAs-based III-Vs by magnetic re
nance techniques, however, seems to make it less proba

In summary, the first signature of an intrinsic defect
GaNAs has been provided from the ODMR studies. T
characteristic hyperfine structure consisting of a group
four ODMR lines has identified the involvement of either t
AsGa antisite or the Gai interstitial in the responsible defec
From a close comparison with the previously published
sults of the similar defects, a complex involving the AsGa
antisite seems to be a more likely candidate. The wave fu
3-3
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tion of the unpaired electron at the defect is highly localiz
near the AsGa antisite, explaining the experimental observ
tions that the75As hyperfine interaction is rather strong an
isotropic and is not sensitive to either theN composition or
the quantum confinement.
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