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We report the observation of a Ga; self-interstitial-related defect in Cu- and Li-codoped GaP,
by optical detection of magnetic resonance. This defect has a spin triplet as its lowest electronic
excited state, giving rise to a deep midgap photoluminescence band peaking at about 1.05 eV.
Strong and nearly isotropic four-line-structured hyperfine splittings resolved in the magnetic reso-
nance spectra identify the Ga; self-interstitial as part of a complex defect, which has an ortho-
rhombic symmetry. The formation of a family of defect complexes associated with the Ga; in

GaP is also discussed.

Self-interstitials, vacancies, and antisites are the funda-
mental intrinsic lattice defects in semiconductors. In
comparison to vacancies and antisites, which have been in-
vestigated intensively over the years in many semiconduc-
tors, very little is known about the self-interstitials. No-
ticeable progress has recently been made, however, with
the aid of magnetic resonance techniques, in particular
optical detection of magnetic resonance' "* (ODMR),
and from theoretical calculations.> Kennedy and Spencer
were able to detect Ga; interstitials in Alg26Gag.74As
grown by molecular-beam epitaxy.? Rong and Watkins
demonstrated the appearance of the isolated zinc intersti-
tial in electron-irradiated ZnSe.> Recently, Lee reported
the observation of the isolated Ga interstitial in oxygen-
doped GaP.*

There has been a rapidly increasing interest in defect
interactions in semiconductors over the last few years.
Most of the intrinsic defects seem to appear in the form of
complexes. One typical example is the technologically im-
portant defect EL2 in GaAs,® for which the most common
model has been a weakly interacting arsenic-anti-
site-arsenic-interstitial pair (Asga-As;).” We recently
studied the interaction between the Pg,-antisite and
foreign impurities in GaP, and we have observed at least
four different Pg,-antisite related complexes, formed after
copper and lithium diffusion,®® or gold and lithium
diffusion. '°

In this paper we report on the interaction of the Ga;
self-interstitial with foreign impurities in GaP. A deep
center is formed during copper and lithium diffusion, and
this defect (denoted as Ga;-Y below) is proved to be relat-
ed to the Ga,, giving rise to a strong hyperfine (HF) struc-
tured spin-triplet magnetic resonance spectrum, detected
optically in the photoluminescence (PL) mode. The only
previously identified defect of a similar type in a III-V
compound was reported recently by Lee, and by
Godlewski and Monemar,'! who argued that the four-
line-HF-structured ODMR spectra in GaP:O were associ-
ated with a Ga;-related defect (denoted as Ga;-X below),
challenging the previous interpretation of this spectrum as
being related to oxygen. '

Different single-crystal GaP starting materials are used
in this work, from Zn-doped p type, nominally undoped,
to S- or Te-doped n type, all grown by the liquid encapsu-
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lated Czochralski method. They are diffused sequentially
with Cu (~950°C for 1 h) and Li (~400°C for 4 h).

The ODMR setup employed in this work is a modified
Bruker electron-spin-resonance (ESR) X-band spectrom-
eter (Bruker 200-SRC) equipped with an Oxford ESR 10
continuous-flow helium cryostat and a cylindrical TEo:;
microwave cavity with optical access from all directions.
The sample temperature can be varied from room temper-
ature down to about 2 K with the aid of a second pump
line. An Ar* laser (5145-A line) or a Kr* laser (6471-A
line) was used to achieve above- or below-band-gap opti-
cal excitation, respectively. The photoluminescence signal
was collected by a liquid-nitrogen-cooled Ge detector
(North-Coast EO 817). The microwave-induced changes
in the PL were detected by a lock-in technique, in phase
with the chopped microwave radiation. For spectral stud-
ies the PL signals were dispersed by a 0.25-m Jobin-Yvon
grating monochromator, before the detector.

In Fig. 1 we show ODMR spectra from the Ga;-Y de-
fect when the magnetic field B is along the (100) and the
(110) crystalline directions. Such ODMR spectra have
been consistently observed in both undoped and Te-doped
GaP after Cu and Li diffusion. The strongest ODMR sig-
nals were obtained in n-type GaP with a Te concentration
of about 7x10' cm 3. The ODMR signals were ob-
served both by above-band-gap and by below-band-gap
optical excitation. The optimized sample temperature was
around 9 K, in order to suppress the background ODMR
signals of another origin which dominated at lower tem-
peratures. '3

To investigate the defect center responsible for the ob-
served ODMR transitions, we have studied the spectral
dependence of the ODMR signal [Fig. 2(b)]. Clearly the
broad PL band peaking at ~1.05 eV is responsible for the
ODMR. The microwave-induced resonant transitions
give rise to an increase in the PL intensity of the 1.05-eV
band, i.e., a positive ODMR signal. In the same figure
[Fig. 2(a)], we show a PL spectrum of the same sample in
the midgap spectral region with above-band-gap excita-
tion, with the same spectra resolution as that in Fig. 2(b).
Besides the 1.05-eV PL band, there are two other broad
PL bands appearing within the spectral region, one peak-
ing at ~1.13 eV and the other at the lower-energy side of
the 1.05-eV band. The former corresponds to a donor-
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FIG. 1. ODMR spectrum for the Ga;-Y defect in GaP taken
at 9.5 K and 9.2 GHz with (a) BI{100) and (b) BIK110), by
detecting the entire PL emission in Fig. 2(a) with a cooled Ge
detector. The Ga; (nuclear spin /=3 for both naturally abun-
dant isotopes ®®Ga and "'Ga) central hyperfine structure is
clearly resolved. A donor resonance D (g=2) and a back-
ground from other defects R can also be seen in the spectrum.

acceptor pair emission associated with the shallow Te
donors, which gives rise to an isotropic donor resonance
signal (g =2) in the ODMR spectrum (as shown in Fig.
1), commonly observed for Te-doped GaP crystals. The
latter PL band originates from the so-called Pg,-B com-
plex,’ as evident from its characteristic ODMR spectrum
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FIG. 2. (a) Midgap photoluminescence spectrum of Cu-Li-
diffused bulk GaP:Te, taken at 9.5 K with Ar*-laser optical ex-
citation (5145-A line). (b) Spectral dependence of the ODMR
signal from the Ga;-Y defect as shown in Fig. 1, taken at 9.5 K
with the same spectral resolution as that in (a).

observed in the same crystal at a different temperature.

The angular dependence of the Ga;-Y ODMR spectrum
was measured, when B is rotated in the (110) crystalline
plane. The experimental data can be fitted by a spin
Hamiltonian for a spin triplet:

H;,=pupzB-g-S+S-D-S+I1-A-S. (1

The first and second terms are the linear electronic Zee-
man and fine-structure terms, respectively. The third
term describes the central hyperfine (CHF) interaction
between an electronic spin S and a nuclear spin I. S =1
for the spin triplet and = % is immediately deduced from
the overall four-line CHF splitting in the ODMR spectra.
A basis set of wave functions, |S=1,Mg,I=7% m;)
(where Ms=—1,0,+1 and my=—3%,— %+ + % +3),
was used in the diagonalization of Eq. (1) with the aid of
a computer program. The evaluated spin-Hamiltonian
parameters are given in Table L.

The electronic g value obtained for the Ga;-Y center is
nearly isotropic and close to +2, as commonly observed
for spin triplets in GaP.'* The fine-structure D tensor is
very anisotropic and of a large magnitude, however,
reflecting a strong low-symmetry crystal field (whose ori-
gin will be discussed in more detail below). The CHF ten-
sor is found to be nearly isotropic with 4, =4.0x10 ~®eV.
Overlapping with it, another isotope of =% is present,
whose A-tensor amplitude is evaluated to be about
A,=5.0x10 "% eV. They are argued below to arise from
the two naturally abundant Ga isotopes, *°Ga (60.4%)
and "'Ga (39.6%), both with a nuclear spin of 3. The
symmetry for the Ga;-Y center is deduced, from the angu-
lar dependence of the ODMR spectra, to belong to the
symmetry group C,.. The crystal field is strongest, how-
ever, along the (100) crystalline direction.

Based on the present experimental data the electronic
structure of the Ga;-Y defect can be discussed either in
terms of a two-electron model or in terms of a deep
bound-exciton (BE) model. In the first model the ob-
served 1.05-eV PL emission is interpreted as a radiative
transition between an excited state of the Ga;* (denoted
as Ga;/**) to the ground state of Ga;', i.e.,

Ga,~+* — Ga,-+ +hv. (2)

The first bound electron in this case should lie at an a,

TABLE I. The spin Hamiltonian parameters for the Ga;-Y
defect in GaP, where x =[110], y =[110], and z =[001].

Parameters Values

g tensor

8x =g =&: 2.0
D tensor (1075 eV)

Dy —1.14

D, —2.33

D, 3.47
A tensor (1079 eV)

A, (®Ga) 4.0

Az (""Ga) 5.0
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state to account for the nearly isotropic and strong CHF
interaction, whose magnitude is close to one-half of that
for the same electron bound to the isolated 7;-site Ga; in
its Ga?* charge state (24,).* This is due to the relation
A=(A, +A,)/2, ie., the magnitude of the resultant A4
tensor for the spin triplet should be one-half of the sum of
the A tensors for the two electrons, provided that the
second electron is loosely bound and the influence from
the coupling term related to AA =(A,., —A.,)/2 is negli-
gible. The observed strongly anisotropic D tensor and the
low symmetry for this defect would have to be explained
in terms of a large lattice distortion (due to, e.g., the
Jahn-Teller effect) driving the Ga; away from its Ty site.

There are some difficulties in explaining the experimen- -

tal results on basis of the above model, however. First of
all, transitions between two-electron states are, in general,
believed to be nonradiative (Auger type), in contrast with
the quite strong PL emission observed for the Ga;-Y de-
fect. Also, if the spin triplet of the excited Ga/t* state
originates from the excited state of the primary bound
electron, the CHF interaction would be expected to differ
from half the value of that in its Ga;" ground state, which
is not the case. Furthermore, the excited state of the
second electron could not explain the large energy separa-
tion of 1.25 eV from its ground state, since this electron is
believed to be loosely bound at the Ga;*, as evident from
its negligible contribution to the CHF splitting. In view of
these facts the model of a defect complex (to be discussed
below) seems to be more likely in this case.

In the second model, a BE recombination (annihilation
of an interacting electron-hole pair) at the Ga;-Y defect
complex is considered to be responsible for the 1.05-eV PL
band. Here Y represents an acceptor part of the complex.
A hole tightly bound to such a defect may readily have a
quenched orbital angular momentum, in the presence of a
dominating low-symmetry crystal field.'> The deep BE at
the Ga;-Y complex, composed of a hole with a quenched
orbital angular momentum and a primarily bound elec-
tron centered at the Ga; (in the Ga?* state), may produce
a spin singlet-triplet pair at its lowest-excited state, with
the triplet lying at lower energy.'* The g tensor for such a
spin triplet is related to the corresponding quantities for
the individual particles by gex =(g. +gx)/2, where gy, g.,
and g, denote the g tensor for the BE, the electron, and
the hole, respectively. The observed nearly isotropic gex of
about +2 agrees well with the model of the deep BE,
where the quenching of the hole orbital angular momen-
tum is nearly complete, giving rise to g, = 2. The electron
g value is commonly observed to be around +2 in GaP,'®
both for shallow and deep donors. The strong fine-
structure interaction (strongest for all spin-triplets in GaP
observed so far) is induced mainly by the magnetic
dipole-dipole interaction between the electron and the
hole and by a possible spin-orbit coupling for the hole. '’
However, we believe the former cause is dominant in this
case.

The key results from the ODMR study is the resolved
four-line-structured CHF splitting, indicating the involve-

ment of a defect atom with a nuclear spin of 3. In the
samples under study, there are three types of atoms
present which all have a nuclear spin of %, ie., Ga [®Ga
(60.4%) and "'Ga (39.6%)], Cu [**Cu (69.2%) and %Cu
(30.8%)], and Li ["Li (92.5%)]. The Cu atoms can be ex-
cluded because the ratio of the nuclear gyromagnetic mo-
ments between the two isotopes, about 1.071, disagrees
with the observed value of about 1.25. (The other isotope
of the Li atom, °Li, has a nuclear spin of 1 and natural
abundance of 7.5%, which disagrees from the experimen-
tal observations.) The ratio of the nuclear gyromagnetic
moments of 1.271 for Ga is indeed, within experimental
error, consistent with the experimental value of 1.25.
Theoretical expectations predicted that a Gap antisite
should have a T, state in which the spin density has a
node at the center,® which cannot explain the strong and
nearly isotropic CHF interaction observed in the experi-
ments. The only plausible candidate is a Ga;. Theory did
predict an A, state for the T;-site Ga self-interstitials,’
which is in full agreement with the experimental data.
The observation of an A4 value nearly half of the A4 value
for the isolated Ga; (Ref. 5) further supports the model.

It is interesting to note the close similarity of the Ga;-Y
defect studied in this work with the Ga;-X defect reported
previously. '? Firstly, they both give rise to PL bands in the
midgap region with an energy difference less than 0.3 eV,
indicating their similar binding energies. This might be
explained by the argument that the defect potential is
predominantly induced by the Ga?*. A similar situation
was observed for Pg,-related complexes, all of which ex-
hibited similar binding energies due to the dominating po-
tential of the P&} .2 710 Secondly, the PL bands associated
with the two Ga,-related defects are both featureless with
a half width (full width at half maximum) of about 250
meV. This implies that they have similar strength in cou-
pling to the lattice.

In conclusion, we have studied a Ga, self-interstitial-
related defect named Ga;-Y in GaP, which has a spin trip-
let in its electronic excited state, by optically detected
magnetic resonance. The radiative transition of this
center gives rise to a PL band peaking at 1.05 eV, with
zero-phonon electronic transition energy at around 1.25
eV. The assignment of the Ga; as a constitute of the de-
fect has been identified unambiguously by the central-
hyperfine structure resolved in the experiments. This
work belongs to one of very few cases in semiconductors
where the self-interstitial is clearly identified. The results
demonstrate the tendency of pairing of Ga; with other de-
fects to form complexes. Further work on the kinetics of
the defect formation and on the ligand hyperfine structure
by optically detected electron and nuclear double reso-
nance (ODENDOR) is highly desired, as well as theoreti-
cal calculations.

We are grateful to H. P. Gislason and M. Linnarsson
for providing some of the GaP samples used in this investi-
gation.
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