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Two Ga-interstitial (Ga) defects are identified by optically detected magnetic resonance as common
grown-in defects in molecular beam epitaxial GBN., and ALGa _,N,P;_,. Characteristic hyperfine structure
arising from spin interaction between an unpaired electron and a Ga nucleus is clearly resolved. The observed
strong and nearly isotropic hyperfine interaction reveals an electron wave functibp fmmetry that is
highly localized at the Gaand thus a deep-level defect. Our analysis based on first-principles calculations
suggests that these defects are complexes containing &ﬁe Ga
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Self-interstitials, together with vacancies and antisites, been GaP substrates, by gas-source molecular beam epitaxy
long to an important class of defects, i.e., intrinsic defects, ITMBE). Two sets of samples were used to investigate the
compound semiconductors. They are commonly found ireffect of Al and N compositions on the defects. One set is
semiconductors grown under nonequilibrium conditions OrAl,Ga «NyP;_, with a fixed N composition 0f=0.012 but
subjected to high-energy particle bombardment, and couldifferent Al compositions o«k=0, 0.02, and 0.3. The other
play a crucial role in the electronic and optical properties ofggt s GaNP;, with varied N compositions(y=0.012,
semiconductors. Among a few successful experimental tecty 023, 0.03L To examine if the defects under study are
nigues, magnetic resonance techniques have been showndgmnmon in this class of alloy system, a 0.A8-thick
be a powerful probe for investigating the chemical identityGaN0 P epilayer grown on a $100 substrate by
and microscopic structure of defects. solid-'gi)u?ggzMBE was also studied

Since the middle 1980s, optically detected magnetic reso- The ODMR measurements were.performed at two micro-

nance (ODMR) studies revealed that Ga self-interstitials . )
idual def ; Ik fs. 6 wave frequenC|eS~_9.3 GHz and~95 GI_—|z). Photoluml_nes-
(Gg) are common residual defects in bulk Geefs. 6-3 cence(PL) was excited by the 532 nm line from a solid state

and in epitaxially grown AlGa,_As (Refs. 9 and 1§
AlAs/GaAs  superlattice’. a)Fld GaAs/AlGa,_As laser and was detected by a cooled Ge detector and a GaAs

heterostructure® Recently, Ga has been shown to be photodiode for the near infrared and visible spectral range,

among the dominant defects in epitaxial GaN films whenf€Spectively. ODMR signals were detected as spin-
they are exposed to high-energy electron irradiation afteFéSonance-induced changes in PL intensity. The success of
growth314|n one case, a complex involving a Geas ob- the ODMR technique in identifying the chemical nature of
served in as-grown Zn-doped G&NThough many models the Gainterstitials relies on its ability to measure the hyper-
were proposed, the microscopic structures of &e still fine (HF) interaction between an unpaired electron spin and

largely unknown. the nuclear spin of the Gadescribed by the spin Hamil-
In this work, we were able to identify two types of Ga tonian
defectgdenoted below as G& and Ga&B) by ODMR in the H=ugB-g-S+S-A-l. 1)

GaNP;, and ALGa NP, , alloys. Both defects are
shown to possess an electron wave functiodpsymmetry  Here the first and second terms describe electron Zeeman
that is rather highly localized at the Gsite. By taking ad- and HF interaction terms, respectively is the Bohr mag-
vantage of the degree of freedom provided by this alloy sysneton, B is the magnetic fieldg is the Zeeman splitting
tem, the defects were investigated under varied compositiortensor, and\ is the HF interaction tensor for each of the two
of both group-IIl and group-V atoms in the two sublattices. naturally abundant Ga isotop€¥Ga and’’Ga). The effec-

The GaNP,_, and ALGa_N,P;, epilayers (with a tive electron spin isS=1/2 andboth Ga isotopes have the
thickness of 0.75—0.&m) studied in this work were grown same nuclear spin df=3/2. Both g and A tensors are de-
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tions of a well-established signature,;Zn ZnSe(Ref. 17,
W #4\ yielded the central HF parameter in good agreement with the
\ experiment to within 10%. A supercell containing 32 atoms,
"*WW W “W which was sufficient to provide converged HF parametérs,
was used. Electron density of a free atom was calculated by
placing the atom in a large cubic supercdll0x 10
% 10 A) to reduce the intercell interactions.

Typical ODMR spectra from the studied &a,_,N,P;_,
epilayers are shown in Fig. 1, where a single line with a
value close to 2 from a defect of unknown origin has been

subtracted since it is not a subject of the present study. Ex-
M/\/L cept for a positive ODMR signal for GalN1d>g 9g2grown on
Si by solid-source MBE, the ODMR signals have a negative

_/\/\/U\/\’L sign, corresponding to a decrease upon spin resonance of PL

intensities. Such a negative and emission insensitive ODMR

X-band W-band

ODMR Intensity (arb. units)

200 400 32‘00 3460 3600 signal indicates that these defects provide a shunt pass for
R carrier recombination competing with the FRefs. 4, 5, and
Magnetic Field (mT) 19). Temperature dependence studies reveal that the ODMR

spectra are originated from two different defe¢®g-A and
Ga-B), of which Ga-B loses signal strength at elevated tem-
peratures and vanishes®t 40 K [see spectrung’) in Fig.

FIG. 1. (@ and (a) Typical ODMR spectra from
Al g 0Gay 9dNo.01F0.988 Measured at 5 K and 40 K, respectively, at
X band(9.31 GH2 andW band(94.8 GH2. The laser and micro-
wave power used were about 2 and 200 mW, respectively. Thée~"
microwave radiation was amplitude modulated at a frequency of

1.5-2 kHz and the resulting change of PL intensite., the
ODMR signa) was detected by the lock-in techniqule) The simu- spin states. However, the ODMR spectra at\#iband show

lated ODMR spectra including the contributions fro) the @ clear pattern with two groups of lines from jG& and

Ga-A defect and(d) the GaB defect with the spin Hamiltonian Ga-B with distinct intensities. Each defect gives rise to two
parameters given in Table I. sets of four lines with a fixed intensity ratio of 40/60 and a

fixed line spacing ratio of 1.8Fig. 1). The only plausible

duced to be isotropic for both GA and GaB, within the  explanation is that each defect involves one Ga atom. This
experimental accuracy, and are reduced to the scglarel ~ way, (i) the two Ga isotope€°Ga and’Ga) produce the two
A. sets of four lines(ii) the ratio of the natural abundance of the

For each microscopic configuration, the HF interactiontwo isotopes, 39.6%6'Ga)/60.4%(*°Ga), is consistent with
tensorA can be calculated from the interaction between thehe ratio of the ODMR intensity of 40/6(iii ) the ratio of the
spin density of the electron and the nuclear spins. Usingiuclear magnetic moments of the two isotopes,
state-of-the-art first-principles supercell calculations asu("'Ga)/u(**Ga)=1.27, is consistent with the ratio of the
implemented in thewiEN2k codel® we calculated the elec- ODMR line spacing of 1.3. Our ODMR results thus provide
tron spin distribution topology that was then used to calcu-compelling evidence for the involvement of a Ga atom in the
late the HF tensor. The calculations were based on generatore of both GaA and GaB defects.
ized gradient approximation&5GA) within the framework By fitting the spin HamiltoniafEq. (1)] to the experi-
of density functional theoryDFT), using all electron full- mental data, the spin Hamiltonian parameters were deter-
potential linearized augmented-plane-wavd-PLAPW) mined for both GaA and G&B in all samplegTable ). The
method. The relativistic effects were included through scalaguality of the fit can be seen, for e.g., in the simulated
relativistic treatment for valence electrons. Our test calculaODMR curves for A} oJG& odNo 0180 9gg at both microwave

The ODMR spectra at th&X band are rather irregular,
which makes it very difficult to assign them specific nuclear

TABLE |. Spin Hamiltonian parameters obtained by fitting E@) with the experimental data for
Gg-A and Ga B in GaNP,_, and ALGa_,N,P,_,. Spin densityz? at Ga is deduced from our calculated
value of the charge density of thes dlectron A(_{Ga) can be determined by the relatiéf’'Ga)/A(®°Ga)

=1.27.
Ga-A Ga-B

X y g A%®Ga@otcemd  #Ga) g A®Ga@otem?) 2 (Ga)

0 0.031 2.001 770 0.20 2.003 1150 0.30
0 0.023 2.001 770 0.20 2.003 1150 0.30
0 0.018 unresolved 2.003 1150 0.30
0 0.012 unresolved 2.005 1150 0.30
0.02 0.012 2.01 490 0.13 2.005 1030 0.27
0.3 0.012 2.01 450 0.12 2.005 980 0.25
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frequencies in comparison with the measured spetig x=0% v=1.2%
1).?° The deduced isotropig and A tensors, together with 12001 N R

the rather strong HF interaction, point to thesymmetry for Ga-B X

the electron wave function localized at the;Geor a free . looot ! .
neutral Ga atom, we calculated the charge density of the 4 TE Ga-B
electron and foundi/,g(0)|?=72.7x 1074 cm 3. This charge +° g0l OaA '

density corresponds to théGa HF interaction A = . .

=0.3855 cm. This is in good agreement with two prior cal- :{

culations with relativistic effects includét?? i.e., (1) 600r Ga-A
Hartree-Fock-Slater calculations by Morton and Pre&ton -\‘
(A=0.4070 cm?) and(2) DFT calculations by Van de Walle 400 "
and Blocht® (A=0.3277 cm?). Based on our gcharge den- 3 2 10 10 20 30
sity, we estimate the localization of the unpaired electron at N composition y (%) Al composition x (%)

the Gato be in the range of 12-30 ¥@able l). The rather o .
strong localization indicates that these are deep-level defects, FIG- 2. The constant of hyperfine interaction wifia nucleus

To be a defect, a Ga atom can residg on a site of the plotted_ as a function of Al and N compositions in, &k _,NyP;_.
group-V sublattice forming a cation antisite @) on an O reliable data for Ga from GaN.o1£%.0gs aNd GaN.o1d%.0s2

interstitial position leading to a Ga self-interstitial. A COUd Pe obtained, as the corresponding ODMR signal was ob-

Ga-related cation antisite in GaP has been predicted by easf_cured by the much stronger ODMR signals from other defects that

. Y - . overlap within the same field range.
lier calculation$* as well as our theoretical calculations to
possess an electron wave function Tof symmetry, which  that Al might be present near the Gaand GaB defects,
will yield a very weak and anisotropic HF interaction at the affecting the HF strength at the G&he nonlinear depen-
defect center. This is clearly inconsistent with our experi-dence of the HF interaction on the Al composition also indi-
mental observation and therefore such an antisite can beates that the presence of Al near the defects may not nec-
ruled out. Our theoretical calculations also found the HF in-essarily be random. In other words, Al might play a role in
teraction of a neutral Gato be weaker than 100 the formation of the defects. This suggestion is supported by
X 104 cmL, which is also inconsistent with our observed the fact that the ODMR intensity increases significantly upon
strong HF interaction. A Gan the (2+)-charge state, on the incorporation of Al in the alloy. Note that incorporation of Al
other hand, is predicted to possess a strongly localized elea GaAs was also required to introduce the; @afects in
tron wave function ofA; symmetry consistent with our mea- Al,Ga _As (Refs. 9 and 1P Moreover, the strength of the
sured results. Therefore we can conclude that the Ga atom idF interaction observed in ABa,_As alloy$'? is very
the Ga-A and GaB defects is indeed a G4 interstitial. similar to that of GgA in Al,Ga,_,N,P;_, studied here. If
Now the question is whether both & and GaB are  the defect observed in fba;_,As systems is indeed GA,
just isolated Gaor they are Garelated complexes. We be- this would be an indication that the Gis surrounded by
lieve the latter is true. Our calculations give much strongeigroup-lll atoms since it is not sensitive to the variation of
HF interactions for isolated Gan GaP, i.e., A=1876 group-V atoms.
X 104 cm! for Gg at the T[Ga] site (the site surrounded While the HF interaction strength of both && and
by four Ga atompand A=1599x 10* cmi ™ for Gg at the ~ Ga-B varies with Al composition, they are insensitive to N
T4 P] site. A reduced HF interaction is commonly regardedcomposition(Fig. 2, left pane). However, the small compo-
as evidence for complexing due to charge transfer or théition of N is essential for the formation of the G&and
redistribution of the electron wave function to neighboringGa-B defects. This indicates that either N is directly in-
atoms. We have calculated some of the Gamplexes and Volved as part of the defect or the nonequilibrium growth
found large reductions of the HF interaction due to complexconditions for the incorporation of N facilitate the defect
formation, as expected. Recent experimental ODMR studieformation but without directly involving N. It is interesting
for wurtzite GaN(Refs. 13 and Ighave convincingly shown to note that the HF parameter of Gain GaNP, A(**Ga)
that isolated Gas unstable at temperatures well below room=770x 1074 cm%, is very close to 74k 10* cm™* for Ga
temperature and readily form complexes. Since the latticén its parent GaP. The same applies to GA in
constants of Ga,N,P;, and ALGa,_,N,P,_, are consider- Al,Ga,NyP;, i.e., A®Ga)=(450-490x 10 cm* is
ably larger than that of GaN, Gshould migrate easier. Thus, very close to~500x 10 cm™* for Al,Ga,_As alloys?-*?
the same conclusion should also hold here. This is an indication that N might not directly involve in
To provide more structural information on @& and Ga-A. Gg-B was never observed in N-free GaP and
Ga-B, the chemical compositions of both group-lll and -V Al,Ga,_,As alloys, on the other hand. This indicates that N
sublattices were varied experimentally. The resulting HF in-or the process to incorporate N could lead to the formation of
teractions of the defects are summarized in Table | and Fighe GaB defect.
2. A rather strong reductiofabout 10% for GaB) is ob- In summary, two different Gadefects, i.e., GaA and
served even at a low Al compositiqias low as 2% With  Gg-B, are identified by ODMR for Gajf;, and
further increase in the Al composition, however, the rate ofAl,Ga_,N,P,_,. Both defects exhibit the characteristic HF
reduction is significantly reduced, i.e., by 5-8 % for the en-structure arising from a strong interaction between an un-
tire range ofx = 0.02 tox = 0.3. This observation indicates paired electron spin and the nuclear spin of, @éh the
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