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A bound-exciton (BE) spectrum with a lowest electronic line at 2.2383 eV at 2 K is reported in
GaP doped with both C and Cu. This BE has an electronic structure composed of two pairs of mag-
netic singlet-triplet states. The triplets are at lower energy and separated by about 0.9 meV. The
corresponding pair of singlet states is split towards higher energies by 8 meV. This unusual elec-
tronic structure can be explained if an electron-hole pair is bound to a spin-free complex defect with
a dominantly hole-attractive central-cell potential and symmetry only slightly distorted from trigo-
nal symmetry. The identity of the defect is suggested to be Cug,-C;. The involvement of interstitial
C is evidenced by local modes in the phonon side band of the BE emission spectrum.

I. INTRODUCTION

Cu in GaP gives rise to deep acceptor levels' ~* as well
as a large number of neutral complex defects. Detailed
optical studies have been presented for bound excitons as-
sociated with such complexes, notably the so-called
characteristic orange luminescence (COL) defect,>® be-
lieved to be a trigonal Cug,-Cu;-Cu; complex, and the
1.91-eV center, assigned to be a Cug,-Ga,; complex.” Co-
doping with Li also gives rise to a large number of neu-
tral complex (Cu-Li) defects, involving both Cu and Li
atoms.® 1% A rather good understanding of the electron-
ic structure of electron-hole pairs bound to such defects
has been obtained.!""!? The microscopic identity is much
less certain, but consistent models for the geometrical
structure of these complexes have in most cases been de-
rived from optically detected magnetic resonance
(ODMR) experiments on the triplet-bound-exciton (BE)
states characterizing most of the cases mentioned
above,7—10.13—16

C in GaP is known to be a shallow hydrogenic accep-
tor when substituted on P site,'’!° the binding energy
being about 54 meV.!" C substituting on Ga sites has so
far not been positively identified. Theoretical calcula-
tions using the Green’s-function formalism indicate that
Cg. should be a deep midgap donor in GaP.?® In our
data from the present work we see no trace of such a
donor in C-doped GaP.

When C-doped GaP is Cu-diffused, a new previously
unreported strong bound-exciton spectrum is observed,
with a lowest electronic transition at 2.2383 eV at 2 K.!!
This defect appears to involve both C and Cu and is attri-
buted to a neutral spin-free complex from the electronic
configuration of the associated BE lines. It will be
demonstrated that C is most probably involved in inter-
stitial form in this case, i.e., neither Cg, nor Cp is likely
to be a part of this complex defect.

II. SAMPLES AND EXPERIMENTAL PROCEDURE

As starting material solution-grown C-doped GaP sam-
ples of good photoluminescence (PL) efficiency were used.
For Cu doping a diffusion source of Cu was first eva-
porated on the samples. These samples were subsequent-
ly placed in evacuated sealed quartz ampoules, and
diffused in these ampoules for approximately 1 h. Typi-
cal diffusion temperatures employed in this study were
850-900°C. After diffusion the ampoules were rapidly
quenched in water.

Cu diffusion at lower temperatures than 850 °C was not
successful in creating the 2.238-eV spectrum reported in
this work, while in the interval 850-900°C the spectrum
appeared with intensity comparable to other BE lines
generally observed under these conditions (e.g., the N, S,
and COL bound-exciton spectra). Correlation was found
between the intensities of the 2.238-eV emission and the
shallow bound-exciton lines related to Cp,?' under these
diffusion conditions.

Photoluminescence measurements were performed in

the temperature range 1.5-50 K. Temperatures below
4.2 K were obtained by pumping at the sample chamber
of a He immersion cryostat. For temperatures above 4.2
K a variable-temperature cryostat was used, in which the
sample temperature was controlled through thermal con-
tact with a Cu heater, which was cooled by cold He gas.
The temperature of the heater was electronically regulat-
ed and monitored with calibrated Si-diode sensors.
, Above-band-gap excitation was provided by the 5145-
A Ar? laser line. The photoluminescence spectrum was
dispersed either with a 0.75-m Jarrell-Ash or a 0.6-m
Jobin-Yvon double-grating monochromator, with 600-
lines/mm gratings blazed at 1 pm.

The cw PL signal was detected with an S-20 photomul-
tiplier (PM) tube and recorded with lock-in techniques.
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In addition, photon-counting techniques were employed,
using a GaAs PM tube (Hamamatsu R943-02).

For time-resolved measurements a pulsed N, laser
(Lambda Physik M1000) with a tunable dye laser (FL
2002) was the excitation source. The transients were
detected with a GaAs PM tube (Hamamatsu R943-02)
and recorded with a transient recorder (Biomation Model
6500 waveform recorder). Zeeman measurements were
made in Linkoping using a 7-T Oxford Spectromag 4 su-
perconducting magnet system, in which the sample tem-
perature could be varied. Such measurements were also
performed at Royal Signals and Radar Establishment,
employing a 3-T Varian electromagnet and an immersion
cryostat, pumped below 2 K.

III. EXPERIMENTAL RESULTS

A. Photoluminescence measurements

In Fig. 1 a typical photoluminescence (PL) spectrum of
Cu-C-doped solution-grown GaP is shown. The near-
band-gap region is dominated by PL lines related to the
shallow Cp acceptor, together with the N BE spectrum??
[Fig. 1(a)]. In the ir region (not shown) the spectrum is
dominated by oxygen-related emissions,*»?* and no evi-
dence for an isolated deep Cg, donor is seen in photo-
luminescence in these samples. The interesting new
features related to Cu diffusion occur in the spectral re-
gion 2.15-2.25 eV [Fig. 1(b)].

Partly overlapping with the COL BE emission with a
zero-phonon line at 2.1774 eV,’ a new emission [Fig. 1(b)]
with a no-phonon line L1 at 2.2383 eV at 2 K is ob-
served. Actually, two closely spaced electronic lines can
be resolved at a slightly higher temperature, the higher-
energy one, L2, at 2.2392 eV at 4 K. The relative intensi-
ties of these two lines thermalize so that the 2.2392-eV
line has about half the intensity of the 2.2383-eV line
above about 5 K, as shown in Fig. 2.

When the temperature is raised above 10 K two addi-
tional closely spaced electronic lines L3 and L4 are ob-
served at photon energies 2.2463 and 2.2475 eV, respec-
tively (Fig. 2). The thermalization between the latter pair
of lines is similar to that of lines L1 and L2. All four
lines belong to the same PL spectrum and show phonon
coupling similar to that observed for the lowest PL line at
2.2383 eV (Fig. 3) (see also Fig. 5 of Ref. 11). The high-
energy lines L3 and L4 are observed in PL through
thermal population at 15-40 K, but they are both of
much higher oscillator strength than the low-energy lines
L1 and L2, as the time-resolved measurements (to be
presented below) show. The absorption strength of all
these lines is rather low, however, and the concentration
of the 2.238-eV center is concluded to be well below 10"
cm ™3, since it was not possible to observe the total elec-
tronic spectrum of this bound exciton in absorption, nei-
ther transmission nor dye-laser—excited excitation spec-
tra.

As was observed for the COL BE,>?® a rich spectrum
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FIG. 1. (a) Near-band-gap photoluminescence spectrum at 2
K of a (Cu-C)-doped solution-grown GaP platelet. The bound-
exciton lines related to the Cp acceptor are clearly shown, as
well as N- and S-related bound excitons. (b) Extension of the
spectrum in (a) towards lower photon energies. The (Cu-C)-
related spectrum is clearly shown with sharp electronic lines at
2.2383 and 2.2392 eV, respectively. The Cu-related COL emis-
sion (Ref. 5) is also seen at the low-energy end of the spectrum.

of phonon replicas, representing both GaP lattice modes
and defect-related phonon modes, is observed in the spec-
trum of the 2.2383-eV L1 line (Fig. 3). The most prom-
inent sharp features in the one-phonon-assisted part of
the spectrum are listed in Table I, together with a sugges-
tion for the identification of the corresponding phonon
modes.

A rather strong coupling is observed to the low-energy
acoustic-phonon wing, although weaker than in the case
of the COL spectrum, as can be seen in Fig. 1(b). A pho-
non mode is observed at 8.7 meV, followed by a band of
several such features at 10-13 meV, resonant in energy
with the high-density-of-states region just below the
TA (X)-phonon energy of 13.1 meV in GaP.?® A strong,
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FIG. 2. No-phonon part of the Cu-C bound-exciton spec-
trum, measured in photoluminescence at four different tempera-
tures. Four electronic lines are observed above =~ 12 K, labeled
L1-L4. The high-energy lines (L3,L4) appear weak, due to
thermalization, but have a much higher oscillator strength than
the lower-energy pair (L1,L2).

broad peak is observed in the spectrum at 29.7 meV,
which is close in energy to the LA(L) phonon. A similar
mode is strong in the COL spectrum,>?* where it was at-
tributed to a Ga-site—localized motion, and shown to in-
volve Cu.?® Two sharp modes at 38.0 and 41.1 meV
occur in the gap of the phonon density of states in GaP,?
and may be interpreted as defect modes perturbed either
from the LA band, or the optical-phonon branch. The
latter phonon-energy range is dominated by the LO(I")
replica (Fig. 3).

Two sharp local modes occur in the 2.238-eV spectrum
with phonon energies 52.3 and 53.5 meV, respectively
(Fig. 3). These modes are so-called true local modes with
phonon energies above the high-energy cutoff of the GaP
host lattice, which proves the involvement of a light ele-
ment such as C in the defect complex,?” which we hence-
forth refer to as the Cu-C center. The presence of two lo-
cal modes is similar to the case of Cu-Li defects in GaP
reported previously,® !0 where they were attributed to
interstitial Li. Isotope doping with C was not attempted
in this work. Therefore we cannot establish whether
more than one C atom are involved in the defect. It
should be noted that the Cu atoms, being rather heavy,
are not expected to give rise to true local modes, and no
such modes are observed in the COL (Ref. 5) and 1.91-eV
(Ref. 7) Cu-related BE spectra in GaP. The 2.238-eV
complex was observed to be thermally instable at room

coL LI
GaP:Cu,C

LO

LA

loc

\ u

Gap modes

—

L

2.18 2.20 2.22 2.24
PHOTON ENERGY (eV)

PHOTOLUMINESCENCE INTENSITY (arb. units, linear scale)

FIG. 3. The photoluminescence spectrum of the lowest-
energy Cu-C bound-exciton line L1 at very low temperature
(T <2 K), showing the electronic line at 2.2383 eV, together
with a phonon-assisted spectrum, mainly in the one-phonon
range. Several phonon replicas are observed and identified in
Table I. Lines marked N are 2LO replicas of the N-bound exci-
ton at 2.317 eV.

temperature. Thus its photoluminescence intensity de-
creased compared to other emissions in the same samples
that were kept at room temperature for about 2 yr. In
our opinion this suggests the participation of an intersti-
tial species in the defect, in agreement with similar obser-
vations for Cu-related defects in ZnTe.?

The Zeeman splitting at 2 K of the electronic lines of
the Cu-C BE was measured at 2.8 T. The two lowest
electronic lines at 2.2383 and 2.2392 eV (L1 and L2)

TABLE I. Phonon replicas in the Cu-C bound-exciton spectrum.

Energy difference

Energy from no-phonon line

(eV) (meV) Interpretation
2.2383 0 no-phonon line
2.2296 8.7 in-band resonance
2.2252 13.1 TAX)

2.2085 29.7 perturbed LA mode
2.2003 38.0 gap mode

2.1972 41.1 gap mode

2.1888 49.5 LO(T)

2.1860 52.3 local mode, C-related
2.1848 53.5 local mode, C-related
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FIG. 4. (a) Zeeman splitting in photoluminescence at 2 K of
the two lowest-energy Cu-C bound-exciton lines L1 and L2.
Both split as approximately isotropic triplets. The g value
ger=1(g.+84) is close to g.z=2 for both lines. (b) Zeeman
splitting at about 16 K for all four lines. No splitting is ob-
served for L3 and L4 at 6 T, whereas the triplet nature of L1
and L2 shown in (a) is confirmed. Thermal broadening at this
temperature reduces the resolution somewhat.

were both observed to split into three lines, i.e., they orig-
inate from magnetic triplet states [Fig. 4(a)]. The ob-
served thermalization between the magnetic subcom-
ponents is consistent with the triplet state being the excit-
ed BE state. The Zeeman splitting is approximately iso-
tropic for both lines, with an effective g value
8er=1(8.+8;) close to 2. If the electron g value of the
BE is supposed to have the normal value for shallow
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donors in GaP, i.e., g, =2.00, 29,30 the hole g value gy is
also close to g, =2, and the hole is effectively a spin parti-
cle. This is expected in the case of a hole bound to a
complex defect with a strongly-hole-attractive potential,
as discussed in Sec. IV. In order to determine the mag-
netic degeneracy of the high-energy lines L3 and L4, it is
necessary to raise the temperature to about 12-15 K,
where all lines can be observed with reasonable
linewidths. Figure 4(b) shows the splitting at 6 T for an
arbitrary direction of the magnetic field. It is clear that
no splitting of either line L3 or L4 is observed, whereas
both L1 and L2 split into three overlapping components,
as shown more clearly in Fig. 4(a). Hence, it is estab-
lished that the Cu-C BE has the unusual electronic
configuration of two pairs of singlet-triplet states.

Optically detected magnetic resonance experiments
were attempted for this BE emission in a 9-GHz equip-
ment. No ODMR resonance could be detected in these
experiments, similar to the case of the COL emission,’
where ODMR experiments also failed. As mentioned be-
fore, ODMR data have been recorded for excitons bound
to several other complexes of similar type in GaP,'*~ !¢
however. The reasons for the failure of ODMR in this
case might be connected with details of the electronic
structure of the BE, as discussed below.

B. Decay-time measurements

The exchange splitting, 8 meV, between the singlet and
the triplet components of the Cu-C bound exciton is of
intermediate value among the reported such splittings in
GaP,’>~!° and is large enough that both components can
be studied well separated at elevated temperatures in a
rather wide temperature range, before thermal ionization
of the bound exciton quenches the photoluminescence.

Figure 5 shows the experimentally measured decay
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FIG. 5. The decay of the Cu-C BE at different temperatures,
measured at L1 (dots) and L2 (squares). The curve represents a
fit of Eq. (1) to the data with r,,=140, 7,,=80, and
Ti3=Trs= 1 usec.
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time as a function of temperature. A theoretical fit to the
experimental values is included in the figure. The
analysis assumes that the spin-lattice relaxation time be-
tween the different states is much shorter than any of the
radiative recombination times involved. A value of 25 ps
has been reported for the relaxation time in a similar
J
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isoelectronic system, GaP:N.3! Because of the fast relax-
ation time all four components of the Cu-C BE show the
same experimental decay time, since they interact to form
a canonical distribution of states at all times after excita-
tion. Using simple statistics the resulting experimental
decay time at temperature T, 7.,,(T), can be expressed as

(=B, /kT)

)

(—Ap,/kT)

I/TL1+1/TL2e +gs/gT(I/TL3e

The four states are labeled Li, where i =1,2 denotes
the triplets and i =3,4 the singlets with degeneracies g,
and gg, respectively. 7; is the radiative recombination
time for state i and A;; denotes the energy separation be-
tween states i and j. A good fit of Eq. (1) to experimental
data is obtained with 7, =140, 7, ,=80, and 7, ; =7, ,=1
us.
It should be pointed out that a four-parameter fit to a
limited number of experimental points is somewhat arbi-
trary, and the result should not be interpreted too literal-
ly. The decrease of 7., with increased temperature is,
however, a clear demonstration of the change in the pop-
ulation distribution between the triplet and singlet states.
The slow spin-forbidden recombination from the triplets
dominates at low temperatures, while the allowed and
consequently faster recombination from the singlet states
is thermally favored at higher temperatures. The ob-
served difference between the singlet and triplet lifetimes
(about a factor of 100) agrees with other singlet-triplet
systems both in GaP (Ref. 32) and Si (Ref. 33).

The sizable exchange splitting of the Cu-C BE makes
this system more suitable for dynamical studies than BE
systems with either smaller or larger such splitting.’~1°
With a splitting of about 2 meV, a common value in
GaP, =% the two components are observed simultaneous-
ly only in a very narrow temperature interval. In cases
where the splitting is much larger, on the other hand,
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FIG. 6. The integrated intensity of the Cu-C photolumines-
cence, taken as the area under the PL band, as a function of
100/T. The inset shows that to a good approximation the rapid
quenching above 30 K can be described by a single nonradiative
process with activation energy 35 meV.
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thermal ionization may prevent the singlet from being ob-
served.” In the present case, however, both the singlet
and triplet components of the Cu-C BE show strong
luminescence lines at temperatures above some 25 K,
well before thermal quenching. It is therefore possible to
measure separately the decay time of the singlet and trip-
let lines at the same temperature [at the actual tempera-
tures it is not possible to resolve the small splitting ( ~ 1
meV) between the two singlets or the two triplets]. The
decay time was found to be identical for both com-
ponents, which supports the model presented above.

A detailed analysis of the dynamics of singlet-triplet
BE systems in GaP, including the present one, will be
given elsewhere. >34

C. Thermal quenching of the photoluminescence

The integrated intensity of the 2.238-eV Cu-C PL band
was measured as a function of temperature as illustrated
in Fig. 6. The sharp decrease in the intensity above about
30 K can be described by the equation®®

Y(T)=I(0)/I(T)—1=Wxg(T)/ Wk , (2)

where Wy is the radiative recombination rate, taken to
be temperature independent, and Wygr(T) is the com-
bined nonradiative recombination rate. The latter is well
described by a single thermally activated process in our
case as shown in the inset, Wyg(T)=Wye ° with
E,=35 meV and the preexponential factor W,=4x10*
sec”!. The quenching behavior was measured with
above-band-gap excitation (5145 A), since it was found
that extrinsic excitation was a very ineffective excitation
source for the Cu-C BE.

IV. DISCUSSION

A. Electronic structure of the 2.238-eV
(Cu-C)-related bound exciton

From the above analysis of bound-exciton spectra, we
assign the Cu-C defect to a neutral ““isoelectronic” center.
For such a center there is an electron-hole pair bound to
the defect in its excited state, while no particle is bound
in the ground state. A strong argument for this assump-
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tion is the relatively strong radiative intensity observed
for this rather deeply bound exciton (114 meV), which is
not expected if the center were a neutral donor or accep-
tor, with an additional particle present in both excited
state and ground state. Indeed, in the latter case compet-
ing Auger effects upon BE recombination are quite strong
in GaP,?3® which quenches the photoluminescence. In
addition, the observed electronic singlet-triplet structure
of the defect is inconsistent with an odd number of elec-
tronic particles in either the excited state or the ground
state.

The mechanism for obtaining a magnetic triplet as the
lowest-energy configuration of an electron-hole pair
bound to a neutral complex defect has been discussed
previously, e.g., for the case of Cu-related complexes in
GaP.>’'! A necessary condition is a rather strong local
strain field at the defect site, acting more strongly on the
hole states than the spin-orbit interaction. If the defect
potential is hole attractive and of low symmetry, an orbit-
ally nondegenerate state with a quenched orbital angular
momentum can result as the lowest-energy bound-hole
state at the defect. Such a hole, i.e., essentially a spinlike
hole shz%, once bound, attracts an electron (se=%) to
form a BE with either a spin singlet (S =0) or spin triplet
(S =1) configuration, for antiparallel or parallel spins, re-
spectively. Usually, the spin-triplet state has the lowest
energy for bound excitons.’

An electronic structure similar to the double singlet-
triplet pairs of the 2.238-eV BE was encountered in re-
cent work on (Cu-Li)-doped GaP.’ In that case, however
the singlet-triplet splitting was much smaller, or about 2
meV, and only one of the two triplets could unambigous-
ly be identified as such in magnetic field.’

In a simple model a small splitting of either hole states
or electron states seems to be required to explain a corre-
sponding small splitting of the bound-exciton states.
Such a splitting cannot be easily understood for the high-
ly localized A,-like hole states, which are a necessary
condition for orbitally nondegenerate holes.>!"12 The
bound-electron states, on the other hand, offer such possi-
bilities. These states derive from multivalley degenerate
conduction-band states. They are rather delocalized in
nature and predominantly effective-mass-like for the class
of hole-attractive centers discussed here.

An evidence for this is the activation energy for the
thermal quenching of the BE, which was shown to be 35
meV from the data in Fig. 6. We attribute this activation
energy to the thermal release of the electron from the BE,
its binding energy thus being of the order expected from
effective-mass theory (actually lower, but Coulomb repul-
sion from the electron-repulsive core of the complex must
be taken into account). We note that the reverse, a
thermal ionization of a hole, seems very unlikely. Judg-
ing from the spin-only behavior of the hole, it is highly
localized.

However, it should be pointed out that despite this evi-
dence for effective-mass properties of the electron, the
large exchange splitting between the singlet and triplet
states, which is related to the overlap between electron
and hole wave functions, suggests a considerable overlap
of these. Here the e-h exchange splitting for each triplet-

singlet pair is about 8 meV. This value is larger than for
most (Cu-Li)-related complex BE’s in GaP [where A, is
typically 2 meV (Refs. 8—10)] but smaller than for other
Cu-related complexes in GaP, such as the COL defect
[A.,,=23 meV (Ref. 5)] or the 1.91-eV defect [A,,=~90
meV (Ref. 7)]. This is inconsistent with an extended
effective-mass-like electron wave function. Another evi-
dence for the same is the absence of effective-mass-like di-
magnetic shift in magnetic fields up to 6 T. Hence, both
particles of the Cu-C BE seem to have quite localized
character, the hole presumably more so, however.

The symmetry of shallow donor electron states in GaP
has been discussed by Morgan for tetrahedral symme-
try,”? neglecting the small “camel’s-back” effect of the
conduction-band structure. In this approximation the
electron wave function contains contributions from three
equivalent conduction-band minima at the X points of the
Brillouin-zone boundaries.’” For symmetries lower than
tetrahedral, this equivalency is broken, which results in a
splitting between wave functions with nodes and an-
tinodes of the donor sites.®

Trigonal symmetry is an exception, however, since the
(100)-oriented  conduction-band  valleys  remain
equivalent with respect to trigonal (111) strain. There-
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FIG. 7. Schematic representation of the electronic structure
of bound states for the Cu-C defect in GaP (center), compared
with other similar complex defects. For a hole-attractive center
the lowest bound-electron state is an orbitally degenerate E
state in trigonal symmetry, which splits further upon lowering
the symmetry. (All symmetry notations refer to orbital degen-
eracy.) The bound-hole state is assumed to be an orbital singlet
in symmetry lower than T, for a strongly hole-attractive defect
potential. The bound-exciton states shown below the corre-
sponding bound-electron states are spin triplet-singlet pairs in
all cases. The case of trigonal symmetry is, in practice, realized
with the COL defect (Refs. 5 and 6), and the case of small ortho-
rhombic distortion is found for the Cu-C defect discussed in this
work, but also for the (Cu-Li)y; defect (Ref. 9). The case of
large orthorhombic distortion is found in the majority of cases,
such as the 1.91-eV defect (Ref. 7), and the (Cu-Li); (Ref. 8) and
(Cu-Li)y defects (Ref. 10).
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fore C,, symmetry does not split the 4, and E states of
tetrahedral symmetry further. This is shown to the left in
Fig. 7. For a hole-attractive defect the E state has lower
energy, since the symmetric A, state has an antinode at
the electron-repulsive central cell. This splitting is ex-
pected to be sizable by analogy with the central-cell shift
of donors at tetrahedral P sites in GaP.’’ Hence a bound
exciton at a hole-attractive site in trigonal symmetry
would have the orbital degeneracy A4, XE as shown in
Fig. 7, given that the hole states are orbitally nondegen-
erate, transforming as A4, in C;,. This results in a single
spin singlet-triplet pair of BE lines as has been encoun-
tered for the 2.177-eV COL bound exciton in GaP.>®

Any lowering of the symmetry beyond trigonal splits
the orbitally-twofold-degenerate E state as shown in Fig.
7. A strong deviation from trigonal symmetry causes a
large splitting of the electron states as shown to the right,
resulting in a single nondegenerate electron state 4, and
a corresponding single 4,X A, pair of BE states, for a
similarly orbitally nondegenerate hole. This is the pre-
vailing situation for low-symmetry hole-attractive defects
in GaP, such as the (Cu-Li); (Ref. 8), (Cu-Li)y (Ref. 10),
and 1.91-eV (Ref. 7) defects.

For a small perturbation of the trigonal symmetry,
such as a minor orthorhombic distortion, we envisage a
situation where the trigonal E state splits into two closely
spaced orbitally nondegenerate A4, states. This would ex-
plain the particular electronic structure of the bound ex-
citon in the present case, as shown in the central part of
Fig. 7, that is, two spin singlet-triplet pairs. The same ar-
gument holds for the (Cu-Li);; complex previously dis-
cussed.” This observed electronic structure is therefore
taken as evidence for a defect with a symmetry close to
trigonal.

The failure to observe ODMR resonances for either of
the lowest two triplet lines in this study might be ex-
plained by the suggested electronic structure of the BE.
If the bound-exciton state is an orbitally degenerate E
state, it is sensitive to random strain fields in the crystal,
which are known to broaden microwave resonances for
orbitally degenerate levels in semiconductors to an extent
that resonances may not be observed. The observed
small splitting of the E state might not be sufficient to re-
move completely the interaction between these states, so
that they may still cause sufficient broadening of ODMR
resonances to make ODMR unobservable. The situation
would then be analogous to the COL BE,>% where the
bound-electron state in the BE is an E state, and where
no ODMR signals can be observed.>®

B. Possible identity of the Cu-C complex defect

In the absence of symmetry information from
magneto-optical or ODMR data, the geometrical struc-
ture of the complex has to be deduced from the informa-
tion on sample preparation, as well as the electronic
structure discussed above. The doping experiments dis-
cussed in Sec. II demonstrate that the Cu-C defect re-
ported here appears only when GaP is doped with both C
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FIG. 8. Two possible configurations of the geometrical struc-
ture of the Cu-C defect studied in this work. (a) The possibility
of a C atom in a tetrahedral interstitial position is shown. Small
deviations from trigonal symmetry are not shown. (b) The case
of bond-centered interstitial C atom, having a substitutional
Cug, nearby, is illustrated.

and Cu, and should therefore involve both. As noted in
Sec. II, the strength of the Cu-C emission correlates with
the intensity of the shallow Cp-related bound-exciton
lines; further, the observed local modes in PL spectra are
naturally interpreted as C related.

The electronic structure discussed in Sec. IV A rules
out several possibilities for defect configurations. Thus
the requirement of an overall hole-attractive defect po-
tential strongly argues against Cp as the acceptorlike core
of the defect. C, is a shallow acceptor, probably shal-
lower than interstitial donors such as Cu; or C;, and
would not be the dominating part of complex defect
comprising of a donorlike and an acceptorlike part. We
consequently assume that Cug, is the hole-attractive part
of the complex, knowing that isolated Cug, gives rise to
deep bound hole states.! —*

In what follows, we shall assume that the Cu-C defect
has a symmetry close to trigonal, in view of the observed
electronic configuration. The requirement that the defect
be neutral and isoelectronic greatly restricts the possible
defect configurations. Since Cug, is a double acceptor, it
requires two electrons to complete its local bonds for a
neutral defect in an ionic model. If Cp is involved as well,
the center would be a triple acceptor instead. A logical
conclusion is therefore the participation of interstitial
atoms in the Cu-C center.

From the sample preparation and the presence of local
modes in the BE spectrum, we feel confident that C; is in-
volved in the defect complex, as in Fig. 8(a). An intersti-
tial C has four valence electrons, two of which might
compensate for the missing electrons when Cu replaces
Ga. The remaining two electrons of the C; would thus be
required to remain in a paired configuration, not affecting
the magnetic properties of the Cu-C complex in either its
ground or excited state.
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Another possible configuration would be a bond-
centered C, adjacent to Cug, [Fig. 8()]. In such a
configuration two electrons are needed for bonding pur-
poses in addition to the two compensating the double-
acceptor Cug,. The symmetry in this case would be tri-
gonal with a possible slight distortion off the (111) bond
direction, thus in agreement with the above predictions.
We tentatively suggest either of the two Cug,-C; com-
plexes in Fig. 8 as the identity of the 2.238-eV Cu-C com-
plex.

C. Lattice sites for C and the problem of Cg, in GaP

The electronic structure of the Cg, donor in GaP has
been treated theoretically in recent Green’s-function cal-
culations,?® where a deep midgap A, state was suggested
for this donor. Such a state would be observable in the ir
region via donor-acceptor (D- 4) pair spectra at low tem-

perature. The presence of an isolated deep Cg, donor in
GaP is not established experimentally, however. On the
other hand, recent ODMR measurements on a PL band
at 1.4 eV in crystals containing the 2.238-eV center may
suggest the existence of a neutral complex containing Cg,
as a donorlike part.*® Careful experimental work on C-
doped GaP is necessary to examine the possibility of the
existence of the isolated Cg,.

Our conclusions from the present work is that C may
occupy interstitial sites in GaP in addition to the well-
known Cp shallow acceptor site. It is not clear, however,
whether the interstitial C atoms are present in the as-
grown GaP, or occur as a result of a defect reaction tak-
ing place during Cu diffusion at elevated temperatures
(T >850°C), when the Cu-C defects are formed. More
detailed future work is necessary to understand the defect
reactions governing the behavior of C in GaP.

*Present address: University of Iceland, Science Institute,
Dunhaga 3, 107 Reykjavik, Iceland.
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