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The optical properties of the 1.911-eV bound exciton (BE) in Cu-doped GaP have been
investigated with several photoluminescence techniques. Photoluminescence (PL) and
photoluminescence excitation (PLE) data at different temperatures are combined with
magneto-optical data from Zeeman and high-resolution optically detected magnetic reso-
nance (ODMR) measurements. The doping conditions required for this BE spectrum to
appear, as well as isotope experiments, prove that the defect binding the exciton involves
Cu. A neutral and isoelectronic complex is suggested, most probably a linear Cu-Ga as-
sociate with a {100 )-oriented symmetry axis as determined from ODMR data. The axial
compressional strain field consistent with this defect geometry completely decouples the
spin-orbit coupling of the bound-hole states, leaving pure-spin hole states with lowest en-
ergy. The combination of two pure-spin particles accounts for the J =1 spin-triplet and
J =0 singlet states for the bound exciton. The spin-forbidden transition from the J=1
triplet to the spin-free (J =0) ground state is the 1.911-eV transition clearly resolved in
the emission spectrum at low temperatures, while the J =0 BE state is observable at 2.002
eV in PLE. The extraordinary large exchange splitting of 91 meV is related to the unusu-
al degree of BE localization. Both particles of the exciton are tightly bound, as supported
by measurements of the activation energy for the thermal quenching of the 1.911-eV
emission. We interpret this tight binding of both particles as a recently recognized but
probably general property of an exciton bound to an associate with an attractive localized
potential for holes as well as for electrons. In the present case, the hole is bound in the
strong central-cell potential of Cug,, while the electron also experiences a strong short-
range component of binding potential arising from the effect of the local compressive
strain field on the lowest conduction band in GaP. A splitting of hole states in the axial
field of the defect is estimated to about 280 meV, exceeding the spin-orbit splitting by at
least 200 meV.

I. INTRODUCTION

Many impurities and lattice defects are known
to cause deep levels in semiconductors but very few
have been positively identified as to their detailed
local lattice arrangement.! Cu is known to diffuse
rapidly into most semiconducting materials at nor-
mal processing temperatures and it causes a large
number of deep-level defects in, e.g., Si (Ref. 2),
GaAs (Ref. 3), and GaP (Ref. 4). Some of these
are believed to cause severe problems in devices,
e.g., degradation of device performance.’ It seems
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that the class of defects usually called complexes,
i.e., composed of at least two atoms or lattice-point
defects is very common in semiconductors. Partic-
ularly when the constituent elements of the com-
plex carry opposite charges relative to the host lat-
tice, such defects are favored by pairing under the
long-range Coulomb potential upon cooldown after
growth or heat treatments.® Such associate types
of defects are often neutral and some may be clear-
ly identified as isoelectronic,’ in which an impurity
or defect molecule is isoelectronic with the host
species replaced. A small but significant propor-
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tion of these electrically neutral associates intro-
duces into the semiconductor an electronic pertur-
bation sufficiently strong that additional electronic
particles may be bound, at least at low tempera-
tures, to form bound excitons. This property
makes them particularly accessible to optical stud-
ies via photoluminescence techniques,® even for ex-
citons of large localization energies Egy. For neu-
tral associates of the classical isoelectronic type,
one electronic particle is frequently bound much
more tightly than the other to produce the major
part of Epy. This is not an inevitable situation,
however, as exemplified by the centers described in
this paper. It is relatively difficult to study these
neutral associates with standard junction space-
charge techniques, such as deep-level transient
spectroscopy,” owing to low sensitivity.' Since de-
fects of this class are often able to capture both
electrons and holes, they may be important excess-
carrier recombination centers, and are therefore of
great practical interest.

In this paper we report an optical investigation
of a deep Cu-related center in GaP, binding an ex-
citon which has the lowest electronic excitation en-
ergy at 1.911 eV at 2 K. This center is introduced
by diffusion at temperatures 1000—1100°C, fol-
lowed by rapid quenching to room temperature.
Several other bound excitons are observed as a re-
sult of such Cu diffusion, the most prominent be-
ing the characteristic orange-luminescence (COL)
emission with a lowest electronic line at 2.1774 eV
at 2 K.!' For the 1.911-eV center it has been pos-
sible to carry out a complete optical study to iden-
tify the defect symmetry and the electronic proper-
ties. From a combination of photoluminescence
emission spectra (PL) and excitation spectra (PLE)
with magneto-optical data from optically detected
magnetic resonance (ODMR), a tentative identifi-
cation of the 1.911-eV defect as a neutral (100)-
oriented Cu-Ga associate is suggested but other
models are discussed as well. Preliminary results
from the ODMR investigations have already been
published separately.’> These results show that the
lowest bound-exciton state is a nearly-pure-spin
triplet, in agreement with earlier Zeeman measure-
ments.® While Zeeman data only showed an iso-
tropic triplet splitting, from ODMR measurements
it was also possible to establish the defect orienta-
tion firmly. The triplet configuration suggests that
the center binding the exciton lowers the symmetry
of the GaP lattice with a particular sign of the lo-
cal perturbation of the host states. The presence of
higher electronic states, split off from the lowest

bound-exciton state by several tenths of an eV, to-
gether with the large acivation energy for thermal
quenching of the emission, suggests that both the
electron and the hole are fairly strongly bound in
the case of the 1.911-eV center. As already men-
tioned, this situation creates quite different bound-
exciton states than the previously studied com-
plexes of nitrogen pairs'® or Cd-O and Zn-O pairs
in GaP,'"*!> where one of the particles (the hole)
can be described as bound in a shallow state (about
40 meV) merely by the Coulomb potential of the
more tightly bound electron.'® In addition, the lo-
cal perturbation of the GaP host states has oppo-
site sign to that reported here. We believe that the
results obtained here for the electronic structure of
these deeply bound Cu-related exciton states are
very helpful in the development of a theoretical
understanding of the general range of behavior
possible for deep-level complexes in semiconductors.

In Sec. II the procedures for material prepara-
tion and doping required to obtain the copper-
related defects are described. The experimental
techniques in the optical measurements are also
briefly discussed.

Section IIT A includes photoluminescence data
for the 1.911-eV center at 2 K. At low tempera-
tures a detailed structure due to phonon replicas is
observed in the emission. Several of these phonon
modes show isotope shifts when *Cu is replaced
by ®Cu. In Sec. III B the spectral evolution at
elevated temperatures is shown over a wide tem-
perature range. Also the thermal quenching of PL
emission intensity is documented up to 130 K,
where the emission disappears.

In Sec. IV selective absorption data are presented
for the 1.911-eV defect obtained from PLE with a
cw dye laser. In addition to the lowest bound-
exciton state several excited configurations are re-
vealed, with much larger oscillator strength than
the lowest triplet state. These excited states were
only observed in PLE since the energy separations
involved are much too large to permit significant
thermal population as required for their observa-
tion in photoluminescence at higher temperatures.

Section V contains a full description of the
ODMR data for the 1.911-eV center. This is the
first case where a bound exciton could be studied
in detail by ODMR in a III-V compound, and very
good data are obtained owing to the unusually high
sensitivity of ODMR in this case.

A specific model for the electronic properties of
the center is presented under the discussion in Sec.
V1. The information on the defect symmetry



26 PHOTOLUMINESCENCE STUDIES OF THE 1.911-eV Cu- . .. 829

(ODMR) suggests a dominant {100 )-oriented
compressive axial field. The very large exchange
splitting determined from PLE indicates a much
greater electron-hole overlap than in previously
studied cases of bound excitons in GaP.!”

II. SAMPLE PREPARATION
AND EXPERIMENTAL PROCEDURE

The Cu-doped GaP samples used for this inves-
tigation were all diffused with Cu at high tempera-
tures. It was found that material doped with Cu
during growth from Ga solutions cooled from 1100
to 800°C (without diffusion) did not show strongly
the photoluminescence bound-exciton spectra re-
ported here. Rather, other broad emissions were
then present, which indicates that different Cu de-
fects were preferably created. The diffusion pro-
cedure used to create a strong 1.911-eV emission
was to evaporate Cu onto a GaP slice (epitaxial or
bulk) and use an evacuated ampoule, backfilled
with dry N, gas and with an equilibrated GaP-Ga
melt adjusted to the employed diffusion tempera-
ture. Excess Cu was also placed in contact with
the melt. Suitable diffusion temperatures were
1000—1100°C, the diffusion time was typically 1
h, and the samples were rapidly quenched to room
temperature after the diffusion. It was found that
no major difference in the intensity of the 1.911-eV
PL emission occurs with doping and similar inten-
sities were found after diffusion into strongly n-
type, nominally undoped and Zn-doped p-type
wafers. Also the 1.911-eV spectrum could be pro-
duced easily in both bulk and liquid-phase epitaxy
GaP material.

For the photoluminescence measurements an
Ar™ laser, sometimes in combination with a tun-
able cw dye laser, was employed. Emission spectra
and excitation spectra could be recorded from 1.8
up to 130 K at well-regulated temperatures. A
double Jarrel-Ash 0.75 grating monochromator was
used for obtaining emission spectra, and also on
the detection side for dye-laser-excited excitation
spectra. Zeeman data of the 1.911-eV line in pho-
toluminescence reported here were obtained at the
Royal Signal and Radar Establishment with a 3.5-
T Varian electromagnet and at Hull University
with a Thor superconducting magnet at fields up
to 6 T. Unfortunately, the lifetime broadening of
excited states observed in excitation spectra made
Zeeman data of these lines impossible to obtain.
ODMR data were obtained at Hull University in
an X-band system at 2 K, as described elsewhere.!8

A superconducting magnet was employed and the
sample could be rotated within the rectangular cav-
ity by a gear arrangement to obtain the angular
dependence of the ODMR signal.

III. EXPERIMENTAL RESULTS
A. Emission spectra

The high-energy part of the photoluminescence
spectrum of Cu-diffused GaP recorded at 1.8 K is
shown in Fig. 1. The spectrum is dominated by
the so-called COL emission!! with a sharp elec-
tronic transition at 2.1774 eV. The COL center
has recently been identified as a neutral Cu associ-
ate in GaP and its properties are discussed else-
where.'"1?=22 On the low-energy tail of the COL
emission a second Cu-related spectrum is present
(Fig. 1). Both these transitions are characterized
by a very long decay time, on the order of 100
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FIG. 1. Two dominant bound-exciton photolumines-
cence bands typical of GaP diffused with Cu at 1050°C,
recorded at 1.8 K. The spectrum is not corrected for
monochromator and photomultiplicator response curves.
The stronger emission at higher photon energy is the
so-called COL bound-exciton emission with lowest elec-
tronic line at 2.1774 eV (Ref. 11). The intensity of the
low-energy spectrum with electronic line at 1.911 eV is
uncorrelated to the intensity of the COL emission.
Sometimes the 1.911-eV spectrum is absent indicating a
more critical doping procedure. Both transitions have a
very long decay time for a BE in GaP, about 100 us.
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us.2%22 A sharp electronic line at 1.911 eV is
characteristic for the low-energy emission as shown
in more detail in Fig. 2. This line is found to split
into a nearly isotropic triplet in a magnetic field
(Fig. 2). In addition, a structured phonon sideband
is present at lower photon energies with phonon
energies as listed in Table I. The most prominent
phonon replicas are labeled in Fig. 2 as B; at 10.3
meV, Bs at 24.2 meV, and By at 39.9 meV below
the no-phonon line. This last mode is a local-gap
mode, frequently seen in other bound-exciton spec-
tra in GaP.!'?%2% A remarkably low intensity is
observed for phonon modes in the optical energy
range between 45 and 50 meV. Thus the sharp
TOr and LOry replicas are not resolved clearly but
instead a broad structure in the energy range of
LOr is present in Fig. 2. Coupling to true local
modes, that is phonon modes above the highest
phonon energy of the GaP host lattice, seems ab-
sent. This indicates that the complex binding the
1.911-eV exciton does not contain any atoms
lighter than the host species replaced.

Several of the discrete phonon replicas show a
sizable isotope shift upon substitution of **Cu with
%Cu as listed in Table I. Only a very small shift
is observed for the electronic line, however. The
low-energy quasilocalized phonon mode B, at 10.3
meV might account for the major part of the pho-
non sideband through a coupling constant S~ 1.
The broad peak at about 22 meV then is the
second replica, whereas the third and fourth repli-
cas appear at about 34 and 48 meV, illustrating
anharmonic effects in the final vibronic state of
the transition. This low-energy phonon mode B, is
also present at elevated temperatures on the anti-
Stokes wing. The first anti-Stokes replica is clearly
resolved at temperatures above 25 K, showing pho-
non energies reduced by about 10% in the excited
electronic bound electron (BE) state compared with
the ground state (Fig. 3). The interpretation of the
phonon sideband of the 1.911-eV emission as being
mainly composed of multiphonon replicas of a sin-
gle 10-meV mode with sharper discrete structure
superimposed is even more appealing with rising
temperature, when this discrete structure becomes
smeared out. Then the spectrum can be viewed as
consisting only of these broad replicas at about
10-meV intervals, following the no-phonon line.

The different crystals used in this investigation
often show weaker sharp lines 9.2, 23, and 38 meV
above the 1.911-eV electronic line. Occasionally
these extra emission lines are absent, and their in-
tensities do not correlate with the 1.911-eV emis-
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FIG. 2 (a) Photoluminescence spectrum of the 1.911-
eV bound-exciton emission for the same Cu-diffused
GaP sample as in Fig. 1, recorded at 1.8 K. The excita-
tion wavelength is 5145 A. The electronic line at 1.911
eV is a spin-forbidden transition from a J =1 triplet to
the spin-free final state of an isoelectronic associate. On
the inset is shown the essentially symmetric splitting of
this line into three components in magnetic field,
B=34T, ﬁl |[100]. This splitting corresponds to
g ~2.0 and the thermalization shows that the splitting
occurs in the initial state of the luminescence transition.
(b). Splitting of the 1.911-eV emission line in magnetic
field up to 6 T. Three different orientations of the field
are shown, B|[(001), B||(111), and B||(110). All
show similar isotropic splitting.
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TABLE 1. Phonon energies from the sideband of the 1.911-eV luminescence spectrum in

Fig. 2.
Notation Phonon energy AE (%Cu-%Cu) Interpretation
meV meV

B, 10.3 0
B, 12.4 0
B, 15.4 0.2
B, 20.9 0.2
2B, 22.0 Second replica of B,
Bs 24.2 0.5 Distorted LA mode
Bg 26.9 0.3

3B,(B;) 34.8 0 Third replica of B,
By 374 0 Local gap mode
By 39.9 0.1 Local gap mode
By 42.5 0

sion. Consequently these lines are not directly re-
lated to the 1.911-eV emission, but rather to an in-
dependent emission from an unknown center. To
illustrate this situation the spectrum of a crystal
different from the one used in Fig. 2 is shown in
Fig. 4. Here the line at 1.9202 eV is about half as
strong as the 1.911 line when excited with above-
band-gap excitation (5145 A). When excited in the
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FIG. 3. Portion of the photoluminescence spectrum
for the same crystal as in Fig. 2, recorded at 47 K. An
anti-Stokes component of the phonon mode B, about 9
meV above the reduced no-phonon line first appears at
25 K. The phonon energy in the excited vibronic state
is reduced by about 10% compared with the ground
state.

strong 2.002-eV absorption line observed selectively
for the 1.911-eV emission in PLE measurements
(see Sec. IV), the 1.9202-eV line does not show a
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FIG. 4. Photoluminescence spectrum for a Cu-
diffused GaP sample, different from the one used in
Figs. 1 and 2. The upper curve shows a transition at
1.9202 eV, which is nearly equally strong as the 1.911-
eV transition in this sample, when excited above the
band gap at 5145 A. The phonon replicas of this line
dominate the phonon sideband, which has a different
shape from the sideband in Fig. 2. When exciting with
a cw dye laser in the strong 2.002-eV absorption line ob-
served in PLE, only the 1.911-eV line and the corre-
sponding phonon replicas are selectively enhanced, giv-
ing the familiar spectral shape shown in the lower curve.
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resonant enhancement of the intensity as the
1.911-eV line does. The 1.911-eV line now dom-
inates over the higher one and its characteristic
phonon sideband is revealed. This procedure
proves that the lines in fact belong to different
centers.

B. Temperature dependence of the 1.911-eV
luminescence

As already mentioned, the phonon coupling of
the 1.911-eV electronic line is dominated by cou-
pling to a single quasilocalized mode of about 10
meV, giving the structured emission spectrum
shown in Fig. 2 at low temperatures. The coupling
strength for this emission is rather weak. The
Huang-Rhys factor S, evaluated from the ratio be-
tween the integrated intensities of the zero-phonon
line and the total emission according to the equa-
tion Iy/I =exp(—S) (Ref. 25) gives S =~2. This is
considerably smaller than in the case of the COL
emission where S =5 (Ref. 19) (cf. Fig. 1).

The electronic line of the 1.911-eV emission is
clearly visible as a discrete peak up to about 80 K,
although drastically smeared out as shown in Fig.
5. About 80 K the no-phonon line can still be
easily distinguished as a broad shoulder at photon
energies between the increasing anti-Stokes wing
and the envelope showing faintly the broad 10-
meV phonon replicas. At 100 K this structure
disappears together with the no-phonon line, leav-
ing a smooth emission envelope. In contrast to the
COL which shows a strong coupling to low-energy
modes, both discrete and continuous, this behavior
is typical for a weaker coupling to the low-energy
parts of the continuous acoustic phonon bands.
The no-phonon line vanishes in the COL emission
at much lower temperature or just above 40 K.!°

A marked increase in the background intensity is
observed at temperatures above 100 K, where the
remaining intensity of the 1.911-eV emission ap-
pears superimposed on a broad emission extending
from about 2 eV down to below 1.8 eV, with its
maximum around 1.9 eV. This background was
subtracted when evaluating the curve in Fig. 6,
which shows the temperature dependence of the
total-emission intensity for the 1.911-eV emission.
Only a slight decrease of the intensity (within
15—20 %) is observed in the low-temperature re-
gion up to about 80 K. This decrease may be part-
ly overvalued due to difficulties in separating the
electronic quenching for such a structured emission
from vibrational broadening effects, which con-
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FIG. 5. Spectral evolution of the 1.911-eV emission
band with rising temperature. The electronic line is visi-
ble up to about 100 K, where all structure vanishes, al-
though it is very much smeared out above 80 K. At
this temperature the phonon sideband clearly consists of
replicas of the electronic line with a dominating 10-meV
phonon mode. This same mode is also observed on the
anti-Stokes wing. The total intensity of the emission is
not affected much until above 80 K.
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FIG. 6. Temperature dependence of the total-
emission intensity for the 1.911-eV emission taken with
extrinsic excitation at 2.03 eV. The thermal activation
energy as the emission rapidly disappears in the tem-
perature range 100— 130 K is E;=120+10 meV. The
smaller decrease before the final step corresponds to a
second activation energy E,=30+5 meV.
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FIG. 7. Photoluminescence excitation spectrum for the 1.911-eV emission obtained with a tunable cw dye laser at 1.8
K. The detection wavelength is set to 6550 and 6650 A alternatively, giving identical spectra. The electronic line B, at
1.911 eV in (a) is a spin-forbidden triplet transition with a very low oscillator strength, just barely detectable. A dom-
inating electronic line 4, at 2.002 eV marks the onset of a strong phonon wing, showing general similarities in phonon
coupling as for the B, emission line at 1.911 eV. The line 4, is attributed to a J =0 singlet BE state and the replicas
A —A7 are manifestations of the same 10-meV phonon mode as in the emission spectrum in Fig. 2.

serve the area under the emission curve. The ther-
mal activation energy observed as the emission en-
velope rapidly disappears in the temperature range
100—130 K is E;=120+10 meV for extrinsic ex-
citation at 2.03 eV. A second smaller activation
energy E;=30+5 meV is deduced from the slope
of the gradually decreasing intensity curve before
the final step. The overall shape of the quenching
curve is described by the expression

I(T)=I(0)|1+Ce _—
(1)=1(0) 16%p kT
+Cyexp | — 2 1
2 €Xp kT ’

where the weighting factors C; =4 X 10°, C, =25
express the relative importance of each step. From
the thermal activation energy it can be deduced
that the more loosely bound particle has a binding
energy of the order of 120 meV. This is a factor
2—3 larger than observed in the case of previously
studied excitons bound at isoelectronic centers in
GaP.!>!¢ The large binding energy of both elec-
tronic particles of the BE causes an unusually
strong electron-hole overlap in this case as dis-
cussed below.

Measurements with intrinsic excitation at 5145
A give qualitatively similar results; the discrete
structure disappears around 100 K and the emis-
sion is undetectable above 130 K. A marked
difference though, is a considerably lower activa-
tion energy (E=50+5 meV) than for extrinsic ex-
citation. The curve is described by this slope

alone. Consequently the decrease is more rapid at
lower temperatures than in the extrinsic case but
slower towards higher temperatures. This differ-
ence is very probably due to other effects than
thermal release of particles from the 1.911-eV
center, relating to the mechanism by which these
BE states are created under extrinsic excitation.'?

IV. PHOTOLUMINESCENCE
EXCITATION SPECTRA

In Fig. 7 is shown the low-temperature PLE
spectrum of the 1.911-eV emission, obtained with a
cw dye laser in the energy range between 1.9 eV
and the band gap. The detection monochromator
wavelength is selectively set to portions of the
emission envelope, alternatively to 6550 and 6650
A to exclude possible interference with Raman
scattering lines. The excitation spectrum consists
of a weak electronic line at 1.911 eV, correspond-
ing to the emission line at the same energy. This
line has a surprisingly low oscillator strength and
is indeed very difficult to detect even with dye
laser excitation. Therefore, no clear signs of the
structured phonon wing present in emission are
seen in the absorption spectrum. However, at
1.956 eV a group of weak and badly resolved lines
is seen, the strongest one being a factor of 10—15
stronger than the 1.911-eV triplet. This peak has a
linewidth of approximately 1.5 meV, which sug-
gests that it involves a lifetime-broadened excited
state. A careful inspection of PLE curves for dif-
ferent crystals shows that this broad feature is con-
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nected with a weaker sharp line at 1.949 eV, which
is also sometimes seen in emission, although barely
detectable. We therefore conclude that these
features are not related to the 1.911-eV center, and
their appearance in the PLE spectrum is due to a
different defect.

At 2.002 eV a strong and broad line 4 (half-
width 2 meV) marks the edge of a richly struc-
tured absorption wing extending up to the band-
edge region. From the previous discussion it is
clear that this strong wing originates from the
1.911-eV emission. When exciting in the 2.002-eV
line the 1.911-eV emission is selectively enhanced,
and in addition the absorption wing occurs only
when detecting this emission. From Fig. 7(a) it is
evident that almost the total oscillator strength of
the optical transitions related to this bound exciton
lies in the higher-energy components starting at
2.002 eV. The relative intensities of the 1.911-eV
By line and the strong 2.002-eV component 4, are
about 1:100. This ratio is even lower when the
phonon-assisted sidebands are taken into account.
The discrete phonon structure connected with the
Ay transition resembles closely the corresponding
phonon wing of the 1.911-eV line in emission.
This is another strong argument for the identifica-
tion of the 2.002-eV line as an excited configura-
tion of the bound exciton having its lowest state at
1.911 eV. In Table II the phonon energies from
the excitation measurements are listed, the notation
referring to the labels in Fig. 2.

H. P. GISLASON et al.
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The sharp peak at 3.8 meV above the 4, elec-
tronic line does not correspond to any phonon
mode in emission. Otherwise the structure largely
consists of a strong coupling to a 10-meV phonon
mode in a similar way as for the 1.911-eV emission
line By. The first replica 4, 10.2 meV above 4,
is strongest, while the second one, 21 meV above
the A, line, is still very distinct. The third replica
(33 meV) is merging into the continuum back-
ground and partly hidden by the sharp peak Ag,
34.8 meV above 4. Ay is not represented in the
emission spectrum. However, the 37.4-meV By
mode is fairly close to the 43 mode in energy, be-
ing a localized-gap mode as well. The energy
difference is 2.6 meV between the A3 and Bg
modes while the 49 mode of 38.7 meV is 1.2 meV
lower in energy than the strong By gap mode of
39.9 meV. On both sides of this mode dips occur
in the excitation spectrum in a similar manner as
for the emission spectrum. The high-energy
shoulder of the dip lies at 42.5 meV which is also
the value for the corresponding feature in emission.
This is close to the lower edge of the optical
density-of-states branch for pure GaP lattice.?

No major discrete peaks occur in the absorption
spectrum above 2.10 eV until a strong broadened
(half-width about 1 meV) electronic line C, ap-
pears at 2.1928 eV, more than 0.28 eV above the
1.911-eV ground state [Fig. 7(b)]. Above this line
a well-resolved structure has the proper width and
energy range to represent phonon replicas of the

TABLE II. Energies of the observed structure in the PLE spectrum of the 1.911-eV emis-

sion in Fig. 7.

Notation Photon energy Phonon energy Interpretation
By 1911 eV J =1 BE triplet
Ao 2.002 eV J =0 BE singlet
As 3.8 Quasilocalized low-energy mode
A, 10.2 cf. B, in Fig. 2
24, 21 Second B, replica
34, 33 Third B; replica
Ag 34.8 cf. Bg in Fig. 2
Ay 38.7 cf. By in Fig. 2
AlO 42.5 cf. By in Flg. 2
Co 2.1928 eV BE states from split-off

hole states (see Fig. 15)

C, 16.8 Phonon replica of C,
C, 34 Local gap mode of C,
Cs 37.2 Local gap mode of C,
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Cy line. This excitation structure appears only
when the detection wavelength is within the 1.911-
eV emission band, which associates it with this Cu
center. The strongest peaks are C|, a rather broad
(2 meV) peak 16.8 meV above Cy, closely followed
by another much weaker one, 4 meV higher in en-
ergy. A pair of peaks C, and C; at 34 and 37.2
meV above C, are relatively sharp as expected for
localized gap modes, and are therefore most likely
phonon replicas of the Cy electronic line. No fur-
ther structure is found in the absorption spectrum
up to the nitrogen bound-exciton line N, which
occurs as a narrow dip in the spectrum. This is in
contrast to the COL emission in the same crystals
(Fig. 1) which gets a considerable excitation
transfer at the N, bound-exciton energy.!! No oth-
er well-known shallow exciton lines are observed in
this excitation spectrum. It is also interesting to
note that excitation transfer from the dominating
COL spectrum (Fig. 1) in these crystals is ap-
parently very weak and not observed in Fig. 7.
This can be understood in terms of a rather small
concentration (probably < 10'® cm~3) for both the
COL center and the 1.911-eV center discussed
here, and the large exciton localization energy Epy
of the COL. Radiation-field transfer will also be
poor because of low oscillator strengths of lumines-
cence associated with the B spin-triplet BE states.

In Figure 8 the low-energy part of the PLE
spectrum is shown at elevated temperatures. Here,
the structure of the phonon sideband due to the
dominating 10-meV phonon mode becomes even
more pronounced, since sharp features become
smeared out at higher temperatures. This is simi-
lar to the case of the phonon sideband of the B,
line in emission.

V. ODMR RESULTS

The experimental technique used in obtaining
ODMR data was briefly discussed above under
Sec. II. All data discussed here were obtained with
the sample immersed in pumped He at 2 K and at
X-band (~9 GHz) microwave frequencies. For the
1.911-eV emission an unusually strong ODMR sig-
nal was observed, since the fraction of the total PL
signal that was modulated with the microwave
field was as high as 5%. This is fortunate since it
makes very detailed and well-resolved resonances
obtainable. A preliminary report has been pub-
lished.!? An example of typical ODMR signals for
the orientation k ||B|| [001] is shown in Fig. 9,
where resonances in both the circularly polarized
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FIG. 8. Portions of PLE spectra for the 1.911-eV
emission at several different temperatures. The spectral
evolution of the structured absorption band when the
temperature is raised is largely similar to the case of
emission in Fig. 6. Thus the dominant 10-meV phonon
mode is clearly seen at elevated temperatures both on
the Stokes and the anti-Stokes wing.

emission components Al . (upper) and AT _
(lower) are shown. Both signals are, in fact, in-
creases in emission intensity, which means that the
total emission intensity is also increased by the mi-
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FIG. 9. ODMR signals for B||[001] obtained by
monitoring AJ_, (upper curve) and AJ _ (lower curve).
The spectrum consists of AM;=+1 resonances from the
three (100) centers [001], [010], and [100] as shown
and a single AM; =+2 resonance which is approximate-
ly the same for each center.
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crowave field. This is the usual case when we have
an unthermalized or a partly thermalized essential-
ly pure-spin-triplet system, i.e., the emission life-
time 7 is shorter than the spin-relaxation time 7'
Also the observation of pairs of resonances for
each axial center with different orientation relative
to the z=[001] axis of the experiment is charac-
teristic for a triplet exciton.

The ODMR signal of Fig. 9 was obtained by
monitoring a broad spectral range of the emission,
with an edge filter cutting out light at wavelengths
shorter than 6600 A to obtain optimum signal-to-
noise ratio for a detailed analysis of the resonance
shapes. To ascertain that the ODMR signal was
actually derived from the 1.911-eV triplet emission,
the spectral dependence of the ODMR intensity
was measured. In this case a fixed magnetic field
was employed and the spectrum of Al was ob-
tained by using a monochromator in front of the
photomultiplier. As shown in Fig. 10 the spec-
trum of the microwave-induced PL signal at reso-
nance is exactly the same as the 1.911-eV PL emis-
sion (Fig. 2). It can be seen that the tail from the
COL emission (Fig. 1) does not contribute to the
ODMR signal, confirming that this signal is only
related to the 1.911-eV PL spectrum. It should be
noted that the detailed structure obtained in the
spectral dependence measurement allows indepen-
dent confirmation of the assignment of the phonon
replicas to the 1.911-eV system.

In Fig. 11 a spectrum from a level crossing mea-
surement is shown. Here, the change in PL inten-
sity upon variation of the magnetic field is detect-
ed with no microwave field applied. This measure-
ment confirms that the resonances in the ODMR
signal (Fig. 9) are due to a triplet exciton as illus-
trated in the level diagram for B||z in Fig. 12. The
magnetic sublevels | —1) and |0) cross for

ODMR intensity (arb.units)

TR S T | TR B

T B |

1.85 190
Photon energy (eV)

FIG. 10. Spectral dependence of the ODMR triplet
resonance at high resolution (0.1 nm).
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FIG. 11. Level crossing signal (AI vs B) for B||[001]
and monitoring all of the emission.

a certain value of the magnetic field B||z, in which
case a mixing between these states occurs. For this
direction of the magnetic field (B||z=(001)) the
symmetry is not reduced below the crystal-field
symmetry Cy, appropriate for a {001 )-oriented de-
fect. In Fig. 12 the BE levels are labeled according
to the representation of this point group, and the
allowed electric dipole transitions are shown.
Transitions between the I', level and the ground
state are forbidden in this symmetry. Therefore,
both the I _ component and the total emission in-

tensity increase when the level crossing mixes the
states. In spite of a small orthorhombic distortion
of the center which relaxes the above selection
rules an increase in the total emission intensity is
obvious in Fig. 11. This provides an independent
identification for the observation of an uncom-

C4v SYMMETRY ORTHORHOMBIC
- | Mg DISTORTION
Bllz = [00I] (IMp>) N

n 10> -
10> Bllx

BE /I'I)

STATES S
i -
B ] 10> Blly
1-1>
GROUND ;I éllz
STATE fi Electric 10>
dipole
transitions

FIG. 12. (a) Energy-level scheme for C,, symmetry
assuming negligible orthorhombic distortion. The al-
lowed electric dipole transitions are shown for
| +1)—]0) and | —1)—0. The AM;=+2 is allowed
only for B,¢||B whereas the AM; = +1 transitions are ob-
served for the usual experimental arrangement with
B,rLB. (b) Energy-level schemes for an orthorhombic
center with the magnetic field parallel to the principal
directions, e.g., [110]=x, [011]=y, and [001]=z.



pletely thermalized triplet system.!® We see no evi-

dence of a hyperfine structure analogous to that
observed by Lee et al.?’ in our case.

The Hamiltonian describing these bound exciton
states in magnetic field B is'®

H =B B S+D[S2—TS(S+1)]
+E(S}-S;)) . (1)

For an axial center (where E is small) the basis
states are | +1), |0), and | —1), and the zero-
field splitting between | +1) and |0) states is
determined by the parameter D. If an orthorhom-
bic distortion is present as in this case, the last
term in Eq. (1) has to be included. Then the two
| +£1) states are also split in zero magnetic field
and labeled | +). The three principal directions
describing a [001] defect are x =[110], y =[110],
and z=[001] and the corresponding energy-level
schemes for the magnetic field parallel to these
directions are shown in Fig. 12. If the system is
unthermalized, the population differences between
these energy levels are determined by the different
decay rates from the levels. Thus the levels with
high emission rates empty preferentially, and at
resonance the microwaves induce transitions to
these states from weakly emitting states. A similar
situation occurs for partly thermalized systems.
This is also illustrated in Fig. 12, where for the
magnetic field along the major axis (z) of a defect
the |0) state emission is weak. Two resonances
are observed, as shown, |0)— | 4+ ) which in-
creases the I, emission principally at low field

and |0)— | —) which increases the I __ emission

at high field. These resonances are separated by
2D /g g and the mean-field position gives ge.
The ODMR spectrum for GaP:Cu is more com-
plicated than that observed in an axial crystal such
as GaSe (Ref. 28) since it is clear that there will be
a set of three axial defects for symmetry (001).
For orthorhombic centers there will be six ine-
quivalent defects and with each exciton giving two
triplet resonances a total of 12 ODMR signals may
be observed for an arbitrary angle between the
magnetic field and the crystal axes. In the present
case the ODMR spectrum for B||[001] can be seen
to contain two distinct pairs of lines since, as la-
beled in Fig. 9, two of the three sets of (100)
centers remain degenerate; [001]| |§, [OlO]lﬁ, and
[100]1§. The separation between the resonances is
determined by the angles between the axes of the
center and the magnetic-field direction. Observa-
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tions of the ODMR spectra as B was rotated in the
(110) and (100) planes of the crystal confirmed
that the resonances are due to {(001) centers. The
results for rotation in the (110) plane are shown in
Fig. 13(a), where the solid lines have been calculat-
ed using the Hamiltonian in Eq. (1). Figure 13(b)
shows the angular dependence for rotation in the
(001) plane and a fit using Eq. (1). The corre-
sponding spin-Hamiltonian parameters were found
to be g, =2.20+0.01, g,=1.95+0.01, and
g,=2.0540.01, further D=+0.013+0.001 meV
and | E | =0.0025+0.0006 meV.

It is apparent in Fig. 13 that there is a low-field
transition which shows only slight anisotropy.
This is, in fact, the AM, = +2 transition which is
shown on the energy-level diagram (Fig. 12). The
position of this line depends principally on the g
value and since this is nearly isotropic, g ~2, the
AM;=+2 transition occurs near an effective g =4.
For B||[001] this transition is very weak for the
usual experimental arrangement (the oscillating rf
field perpendicular to the z axis of the system)
though it can be seen in Fig. 9. However, the in-
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FIG. 13. Angular dependence of the triplet ODMR
spectrum for rotation in the (110) plane and the (001)
plane. The solid lines are calculated for orthorhombic
symmetry with the parameters given in the text.
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FIG. 14. An ODMR spectrum for §||[110]. When
the magnetic-field orientation is away from the defect
axis (the z direction) emission is allowed for all levels in
Fig. 12 and population differences are small. Then all
resonances are weak.

tensity of this line increases as B is rotated away
from the defect axis. This is obvious from Fig. 14
where an ODMR spectrum is shown for B||[110].
For B away from the z direction the emission is al-
lowed for each level so that population differences
are small and all resonances are weak (Fig. 14). A
small degree of thermalization and different decay
rates from the | +) and | — ) states account for
the observation of the AM; = +2 transition. Also,
the sign of the D as positive is clear from the ef-
fect of thermalization on the magnitude of the
ODMR signals (for B||[001], AT_, > Al _).

VI. DISCUSSION

The new information on the 1.911-eV center in
GaP:Cu obtained in the present study illustrates
the complexity of such deeply bound exciton sys-
tems, which behave quite differently from previ-
ously studied deep BE states in GaP, (e.g., Zn, O
and Cd, 0).!%15 The theory for bound-exciton
states available in the literature!” is inadequate to
explain the detailed electronic structure of the
complex Cu defects responsible for the COL emis-
sion!! and the 1.911-eV emission. We have there-
fore extended the previous generic theoretical
models for exciton binding at axial centers to ac-
count for the observed electronic structure of the

1.911-eV center and use this to support tentative
models for the identity of this defect in GaP:Cu.

Before discussing our models for the identity
and electronic structure of the 1.911-eV center, a
short review of the relevant experimental data
available is helpful. The photoluminescence data
in connection with the doping conditions give the
information that Cu is involved, and that the elec-
tronic triplet observed at 1.911 eV has the charac-
teristics of an exciton bound to a neutral associate
(long luminescence lifetime). Attempts to prove
possible association of Cu with other impurities
have shown no connection with intentional or inad-
vertant dopants such as S, Te, O, N, or Zn. Fur-
ther, isotope shifts are observed in the sharp pho-
non replicas of the 1.911-eV sideband when
83Cu—%Cu (Table I). These shifts are as large as
0.5 meV in the 24-meV replica, which is probably
a locally perturbed LA mode. The presence of Cu
in the complex is thus proved. Since the LAy
mode involves the motion of the Ga sublattice
alone? the selectively largest isotope shift for a
mode isoenergetic with LA normal modes of the
GaP lattice suggests a Cug, substituent.’’ The
Zeeman measurements of the 1.911-eV line show
an almost symmetric splitting into three com-
ponents in magnetic field (Fig. 2). A nearly isotro-
pic g value g =2 is deduced from the angular
dependence of the splitting. Partial thermalization
of these three components in a magnetic field up
to 6 T proves that the splitting occurs in the initial
state of the luminescence transition, ruling out,
e.g., a transition of an outer electron into a d-shell
triplet of the Cu atom. Important complementary
information is provided by the ODMR data, which
show the (100) orientation of the symmetry axis.
This illustrates the higher resolution of the ODMR
measurements when the Zeeman analysis is unable
to determine the symmetry of the center from the
very small anisotropy of the recombination ener-
gies from the different magnetic substates of the
triplet-bound exciton. The ODMR technique has
greater sensitivity in this respect because transi-
tions between the magnetic substates are measured
directly, and the anisotropy is a much larger pro-
portion of these energy separations.

The data discussed so far provide only results
for the lowest state of the bound exciton, being
based on low-temperature photoluminescence spec-
tra. The temperature dependence of the emission
intensity adds information on thermal activation
energies of the particles involved in the transition.
However, in this case the higher bound-exciton
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states are separated too far in energy from the
lowest state to become thermally populated before
the emission is strongly broadened and quenched.
Photoluminescence excitation spectroscopy on the
other hand provides valuable results for the higher
electron states of the bound exciton. This is a
much more valuable method than optical absorp-
tion in the detection of weak absorption processes
associated with a particular center in isolation
from competing absorption from other centers.
The linewidth of the transitions to these higher-
energy states shown in Fig. 7 is lifetime broadened
by transitions to lower-energy states. A very
strong magnetic field would be needed to reveal the
multiplicity of these high-energy components.
However, by analogy with the COL center'! these
may well be predominantly due to magnetic
singlet-exciton states as discussed below.

A model of the defect complex causing the
1.911-eV emission has to account for all the
above-mentioned pieces of information. The model
should include the local arrangement of Cu atoms
in the center, as well as the electronic structure of
the exciton bound at the center.

A. The electronic structure of
the 1.911-eV bound exciton

From the Zeeman and ODMR data displayed in
the previous sections it was concluded that the
electronic structure of the 1.911-eV bound exciton
depends on the axial symmetry of the center bind-
ing the exciton. The final state in the transition is
the ground state of a neutral isoelectronic center
having no spin, while the initial state of the bound
exciton in emission is found to be an approximate
spin triplet giving an almost isotropic g value
g=2. Similar behavior has been reported for
several other centers!”3!*2 where the isotropic
behavior has failed to reveal the symmetry axis in
the absence of ODMR data.

In a general model for the bound-exciton states
these can be regarded as formed from electron
states derived from the six (100) conduction-band
minima and hole states derived from the upper-
most valence-band maximum at I' in the reduced
Brillouin zone. For the present situation of rela-
tively tightly bound electron states E, >0.1 eV, the
camel’s back splitting of the GaP conduction-band
structure near symmetry point X in the Brillouin
zone is negligible,'” and a simplified model with
three isoenergetic minima centered on X is suffi-
cient. The valley-orbit splitting of the threefold

degenerate linear combination of conduction-band
states, induced by the localization of the electron
in case of an attractive local potential, results in a
lowest-lying I'¢ (C4» double group) bound-electron
state with m j=+7. A similar result can be de-
duced if a strong compressive axial field is the pri-
mary perturbation of the electron states as dis-
cussed below. The bound-hole states can be con-
sidered to be formed from p-like orbital states cou-
pled with spin. The C,, (001 )-oriented axial crys-
tal field splits the p states into a p, (m;=0) and a
P+ (my=+1) state, which when coupled with spin
form mj=i% (T¢) and m;=+5, +5 (¢, Ty)
bound-hole states, respectively. In the limit of a
strong axial field the spin-orbit coupling between
the I'¢ and I’ states is quenched and the [ state
tends to behave as a pure-spin state. In the case of
the 1.911-eV system we have observed magneto-
optical behavior which is consistent with the
lowest energy state of the bound exciton being the
triplet state (effective spin J =S =1) formed from
the I'g bound-hole and bound-electron states cou-
pled by the Coulombic exchange interaction, thus:

PeXTg=T+T,+T5.

The T'; state refers to a .S =0 singlet BE state and
the S =1 triplet consists of a I's (M, =+1) doublet
and a I'; (M;=0) singlet as shown in Fig. 12. The
small value of the zero-field splitting of the S =1
triplet state (D = +0.013 meV) confirms the al-
most pure-spin character of the bound particles.!’

The splitting of the hole states discussed above,
giving a lowest-lying I'¢ bound-hole state, implies
that the system experiences a strong compressional
axial crystal field (as shown in Fig. 15). This is
the most probable way of obtaining an attractive
local potential for electrons as well as holes, a
neglected possibility in earlier descriptions of these
states.!” The sign of the axial field is opposite to
the sign appropriate for, e.g., the Cd-O system in
GaP,'*15 owing to the large ionic radii of the Cuy
atoms and the small radius of Op. The spin-orbit
splitting A, of the GaP host is around 82 meV,
whereas the axial field causes splitting on the order
of 280 meV as shown in Fig. 15. Mixing of the
hole wave function with the 3d states of Cu, which
show inverted spin-orbit splitting, should reduce
the local spin-orbit splitting of the bound-hole
states,?® or even result in a negative value com-
pared to the GaP host. In any case the large axial
field splitting dominates over the spin-orbit split-
ting as illustrated in the coupling scheme of Fig.
15.
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FIG. 15. Level diagram for the 1.911-eV bound exci-
ton. To the left hole states are shown to split from the
triply degenerate I';s representation into a p, singlet hole
state (at highest hole binding energy for compressive-
strain field) and a doubly degenerate p 4 hole state.
Adding the smaller spin-orbit coupling a pure-spin state
I has the highest hole binding energy while the p 4
state splits into I's and I'; doublets. To the right the
bound-exciton states are shown. The combination of
two pure-spin particles gives a singlet-triplet pair J =0, 1
where the triplet is the lowest BE state. The spin-
forbidden 1.911-eV transition is between the triplet J =1
(highest in the diagram) and the spin-free ground state.
The exceptionally large exchange splitting A;;=91 meV
is owing to a large overlap between the electron and hole
wave functions in the hole-attractive central cell of the
defect. This is possible through strain-induced contribu-
tion to the electron binding energy, compared with the
Coulomb value predicted in the HTL model.

Comparing the level diagram in Fig. 15 with the
experimental data in Figs. 2 and 7 the transition
from the J =1 bound-exciton state (i.e., the effec-
tive spin S =1) to the ground-state singlet refers to
the 1.911-eV electronic line seen in emission. This
transition has a very low oscillator strength in ex-
citation measurements, illustrating a spin-selection
rule AS =0, according to which the transition is
forbidden. The strong line at 2.002 eV observed in
PLE spectra corresponds to a transition between
the ground state and the J =0 bound-exciton state.
This interpretation requires a large exchange split-
ting of A;;=91 meV, exceptional for BE in semi-
conductors. A J-J coupling of this size implies an
unusual degree of overlap and therefore a strong
exchange interaction between the electron and hole
of the bound exciton in the vicinity of the central

cell containing the associate. The COL center
which is believed to be a triple Cu associate exhi-
bits a smaller but also unusually large exchange
splitting.!! In agreement with the increased exci-
ton binding energy of the 1.911-eV center (0.44 eV)
compared with the COL (0.18 eV), and hence gen-
erally more localized wave functions, the exchange
splitting Aj; is much larger for the former;

Aj; =91 meV for the 1.911-eV center but
A;;=23.2 meV for the COL.

Cu is known to create deep acceptor states in
GaP, 0.5 and 0.7 €V from the valence-band edge.*
The centers causing the acceptor levels are not
identified but presumably Cug, is involved,
perhaps in a complex with other defects for at
least one of these two centers. Hence, it may be
concluded that the hole is also very tightly bound
to the isoelectronic center suggested here if the
hole wave function is mainly localized on an ac-
ceptorlike associate containing Cug,, [for example,
the (Cu-Ga)g, split interstitial discussed below].
The BE states involved are deep compared to
effective-mass theory and the exciton is strongly
localized at the defect. Also as discussed above,
the hole states are strongly perturbed by the local
axial field compared with the host states.

A key to the understanding of the large elec-
tron-hole overlap observed for excitons bound to
the Cu complexes discussed above is to consider
the effect of the strong local strain field on the
electron states as well as the hole states. Through
the presence of Cug,, as mentioned above, the hole
is strongly bound in the hole-attractive central-cell
potential of Cu. Apparently the electron is also
tightly bound with an energy much larger than
predicted by the Hopfield-Thomas-Lynch (HTL)
model'® for the binding energy of electrons in a
Coulomb potential as second particles at hole-
attractive neutral (isoelectronic) centers. A max-
imum value of 45—50 meV is expected for the
electron binding energy in the case of GaP accord-
ing to the HTL model. However, the thermal ac-
tivation data indicate that neither particle of the
BE takes less than about 120 meV of the total ex-
citon binding energy of 440 meV for the 1.911-eV
center.

Therefore, we postulate that the compressional
local strain field increases the binding energy of
the electron states as well as the m; =+ % hole
states which are split from the top of the valence
band to produce a large hole binding energy under
this sign of the axial field. This effect of the
compressional strain field is opposite to the previ-



ously reported examples of neutral complexes in-
volving small substitutional species such as N or
O. This strain-induced contribution to the electron
binding energy of a center with a strong hole-
attractive central cell as Cug, is responsible for the
unusually large electron-hole overlap in the vicinity
of the defect.

The local strain-induced attraction for the elec-
tron can be partly caused by a hydrostatic effect of
the compressive strain which shifts the center of
gravity of the electron states towards lower ener-
gies along with the band gap for compression.>* If
the defect axis is not oriented along a (111) direc-
tion, which is equivalent for all three (001) con-
duction-band minima of GaP, the crystal field
causes splitting of the multivalley degenerate elec-
tron states. For an electron-attractive center in cu-
bic symmetry the lowest state is generally a
154 ,(T¢) state,®>! which is unsplit by an axial
strain field. This is also the case for bound-
electron states at the more electron-attractive P site
in GaP. However, if the axial strain energy
exceeds the valley-orbit energy of the electron
states, the electron ground state will be an s en-
velope state from only the (100) pair of valleys
for stress parallel to (100).

In cubic symmetry a 1sE(I'g) state which is
magnetically a pure-spin state!” is separated from
the T'¢ ground state by the valley-orbit splitting.
This state will split into a pair of doublets in an
axial strain field away from the (111) direction in
GaP. An inverted V-O splitting occurs if the elec-
tron is bound in a locally repulsive potential.

If the lowest electron state is a 1sT', state as in
the case of a donor on the less electron-attractive
Ga site? there will be a small spin-valley splitting
of the 1sT, state, resulting in a T'; doublet and a
fourfold degenerate I'g state in cubic symmetry.*!
The spin-valley splitting is likely to be a negligible
feature, however, for the cases of large dominating
strain splitting discussed in this paper. Instead,
the triply degenerate T, electron states split into a
singlet and a doublet with the former at lower en-
ergy for compression. Therefore, a pure-electron
spin state is formed just as for the holes in an axial
strain field under this sign. This is required to ac-
count for the observed case of a singlet-triplet pair
of BE states with large overlap between the parti-
cle wave functions.

A detailed model for the 1.911-eV center is still
tentative. It is not clear which of the above cases
would be most appropriate for the electron-binding
problem. However, the increased electron-binding
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energy at the center will result from those com-
ponents of the electron states which are lowered by
the compressional axial field of the defect. In view
of the very large exchange interaction between the
particles of the bound exciton, it is concluded that
the electron wave function is most probably sym-
metric around the impurity site.

We believe that strain-induced contribution to
the binding energy of electrons at neutral isoelec-
tronic associates which produce compressional
strain fields is a general result for such defects. In
the case of Cu-Li complexes, which appear after a
second Li diffusion of GaP:Cu, a complex BE
structure involving a singlet-triplet pair is assigned
to a splitting of the electron states by a compres-
sional axial strain field in a similar way as dis-
cussed above.”> Here the BE states are subject to
the same sign of the axial-strain field as the Cu
complexes giving the 1.911 eV and the COL emis-
sions. However, the magnitude is much smaller
due to the smaller Li atoms replacing Cu in the
complexes.”? Also the axial center Sbp-Sbp in GaP
(Ref. 32) shows two singlet-triplet pairs of BE
lines. The basic electron states are here assumed to
be 1s(E), since the Sbp core is attractive to holes
and the valley-orbit splitting characteristic of the P
sublattice in GaP will be inverted. The 1s(E) state
can split in the (110)-oriented compressional field
of this defect to produce, together with the s =%
hole, the two pairs of J =0 and J =1 states ob-

served.??
The electronic line C,, 280 meV above the

1.911-eV transition, is attributed to transitions to
bound-exciton states derived from the p. split-off
hole states (Fig. 15). This gives roughly the size of
the axial field splitting, neglecting A,,. A lifetime
broadening of the Cy component is consistent with
rapid excitation transfer to lower bound-exciton
states or to continuum states where one particle is
ionized. The A line is also lifetime broadened.
At this point the details of the higher-energy com-
ponents are not firmly established. The level
scheme presented, however, accounts for the basic
properties of the 1.911-eV bound exciton, con-
sistent with the identification of the center binding
the exciton as being a linear (100 )-oriented defect.

B. The identity of the 1.911-eV center

It has proved to be a difficult task to obtain a
unique microscopic model for the defect binding
the 1.911-eV exciton. Although the generic model
for the binding mechanism in the case of local at-
traction for both electrons and holes has been es-



842 H. P. GISLASON et al. 26

tablished as presented above, we can still only be
tentative about our microscopic model despite
knowing the defect symmetry. ,

The careful isotope and doping studies made in
this investigation, and also by Wight et al.,? im-
ply that the 1.911-eV center involves Cu without
correlation to other intentional dopants. However,
native defects can neither be revealed by isotope
measurements nor by chemical doping studies and
must therefore be considered as possibly involved
in the defect. Neutral Cu has the electronic con-
figuration 3d'%s and is therefore lacking two
valence electrons to complete the local bonds to the
phosphorus neighbors when replacing
Ga3d!%s?4p. Also, Cu can act as an interstitial
donor: Cut3d!04e~ 4s.

Hence, if a complex is to be neutral and only
consist of Cu atoms with complete d shells it has
to involve three atoms. This is the case for the
COL center, where a Cu-Cug,-Cuy defect was
found to correspond to the observed properties of
that center.!! All three Cu atoms then have the
3d'° configuration and the substitute is neutral in
the sense that all valence-bond requirements are
fulfilled in the neutral-charge state. The Cuy-
Cug,-Cuy center might then be described as isoelec-
tronic in the sense that it provides the same
valence bonding as the Ga atom replaced, though
of course it is not isoelectronic with respect to the
total electron configuration, including the inner
shells. However, the neutral center has no un-
paired electronic spin and all inner shells are com-
plete. The considerable differences in phonon cou-
pling between the COL Cu complex and the
1.911-eV complex will have to be understood in
terms of the model for the defect identity. It has
been suggested that the complicated low-energy-
mode structure observed for the COL emission as
discrete replicas at 5.3, 6.8, and 8.8 meV from the
electronic line'"!? is due to vibrations of the two
interstitial Cu atoms. The 10.3-meV B; mode of
the 1.911-eV emission does not seem to be compar-
able to these low-energy COL modes, since it
shows no Cu isotope shift (Table I). Compared
with the COL the B; mode lies close to an energy
region in which coupling to much higher density
of states of lattice modes may dilute the fractional
kinetic energy of the Cu ions sufficiently to make
the isotope shift hard to measure. However, the
complete absence of an isotope shift suggests that
the B; mode does not involve the motion of Cu
and the model with Cu atoms only has to be reject-
ed for the 1.911-eV center.

Models including a native defect seem to give
better agreement with the observed properties of
the 1.911-eV center. Considering the observed lack
of correlation with all the likely impurity species, a
plausible interstitial component for the 1.911-eV
center may be Ga;. The ionization energies of
atomic species suggest that Ga; would contribute
only one electron to the local bonding of the asso-
ciate. Then a simple possibility for the associate is
a Cu-Gay pair defect. For completing the bonds to
the neighboring P atoms this defect must either ac-
cept an electron if the Cu atom is to be in the 3d '°
configuration (a charged center), or else the Cu has
an unfilled d shell (3d®). In the latter case the
center is neutral and can in principle be viewed as
a neutral acceptor, since it is negatively charged
upon electron capture. The unfilled d shell implies
that the Cug,-Gaj center has a magnetic moment
and the ground state of the neutral center will not
be a J =0 state as required for an isoelectronic
center. It is possible, though, that the overlap be-
tween the d° hole and the electronic particles in
the BE is sufficiently small to give negligible mag-
netic coupling, so that the d° hole remains unal-
tered during the BE recombination. A crystal-field
ground state of 3d° well below the top of the
valence band provides a possible configuration for
such a case. This could in fact also be consistent
with weak overlap between the d° hole and the
valence band to give a weak Auger process. Nor-
mally strong Auger effects are expected upon the
recombination of a tightly bound exciton at a
center binding more than two electronic particles.*’
The very long decay time observed for the 1.911-
eV emission is in contradiction to the presence of
any Auger effects. Therefore, the two 4s electrons
left on the Gay atom are probably a more serious
problem in view of the absence of Auger effects at
the 1.911-eV center. Magnetically though, the two
electrons would couple to give a total spin of zero.
Also the high Cu diffusion temperature required to
produce the 1.911-eV system might indicate that
Gay is indeed involved.

If the 1.911-eV center is simply a Cug,-Ga; pair
defect the interstitial atom would need to be on the

- tetrahedral site surrounded by P atoms in agree-

ment with the (100 )-oriented defect axis deter-
mined by the ODMR measurements. This is
shown in Fig. 16(a).

Other types of defects with this specific symme-
try axis include (100)-split interstitial pairs such
as (Cu-Cu)g, or (Cu-Ga)g,. Combined with a na-
tive interstitial species such as Gaj along the same
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(b)

FIG. 16. (a) Cug,-D; pair oriented in the (100)
direction is a possible configuration of the defect bind-
ing the 1.911-eV exciton in GaP. The black atoms are
phosphorous atoms and the white ones gallium atoms
while Cu is shown dotted. The interstitial atom
(presumably a Ga;) is located on a tetrahedral site sur-
rounded by four P atoms. (b) Another possible configu-
ration of the 1.911-eV center in GaP. The black atoms
are phosphorous atoms, while the white ones are Ga
atoms. Cu is shown as dotted. The (Cu-Ga)g, forms a
split (100) interstitial pair, which is stabilized by an in-

 terstitial atom adjacent to the Cug, atom, providing an
electron to complete the valence bonds. This interstitial
atom is possibly Ga;.

direction, these possess both the correct orientation
and account for the lack of isotope shift in the 10-
meV phonon mode. In the (Cu-Ga)g, case strong
mixing of Cu and Ga motion should occur, leading
to an isotope shift in the 24.2-meV mode as re-
quired. The Cu atom would in this case have a
complete d shell, since the split interstitial pair on
a Ga site needs just five electrons to fulfill local
bonding requirements. This model suffers from
the disadvantage that the (Cu-Ga)g, split intersti-

tial would seem likely to be weakly metastable
against the configuration Cu-Gag,, unless the split
interstitial would be stabilized by the Ga; in the ar-
rangement Ga;-(Cu-Ga)g,. This associate is shown
in Fig. 16(b).

Since Ga is unlikely to contribute more than one
electron to the local bonding, both Cu atoms are in
the divalent charge state (3d°) if the center is (Cu-
Cu)g,-Ga;. Therefore, a simpler possibility is
indeed Cug,-Gay, where again the Cug, involves a
3d° hole which would have to be magnetically
inactive in the BE transition as discussed above.
This last model may be the most consistent with
the relatively straightforward vibronic-mode struc-
ture of the 1.911-eV center although the absence of
Auger effects seems difficult to understand if Ga;
is involved.

In addition, on this model it may also be possi-
ble to account for the substantial change of Egy
between the 1.911 eV and the COL (Ref. 11)
centers. This shift can receive a rather simple ex-
planation on an electrostatic (ionic) model, if the
1.911-eV center is simply Cug,-Ga;, whereas the
COL is Cuj-Cug,-Cuy. Then, the additional inter-
stitial donor would be expected to produce a sub-
stantial reduction in the hole binding energy at the
COL compared with the 1.911-eV center.

VII. CONCLUSIONS

The BE emission bands introduced into GaP
upon Cu diffusion under proper conditions have
been the subject of a systematic optical study, in-
cluding the investigations of the 1.911-eV bound
exciton reported here. Together with the COL
bound exciton at 2.1774 €V, the 1.911-eV BE exhi-
bits several unusual properties, which seem to be
characteristic for excitons bound to Cu complexes
in GaP.!1*% However, it is argued here that the
very large exchange splitting A;; exhibited by these
bound excitons may be a general result for an asso-
ciate with a large locally compressive axial strain
contribution to the electron binding provided that
the central-cell potential is also strongly attractive
for a hole. The activation energy for the thermal
quenching of the BE luminescence of 120 meV re-
ported here also supports the conclusion from the
large Aj; that the electron and hole are both bound
by large energies to this associate.

The results of this work have necessitated a
reconstruction of the theory of exciton binding at
neutral centers in semiconductors. The general
model developed here for the case of a large
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compressional local axial field represents a signifi-
cant extension of previous concepts. Although
such phenomena may be expected for centers other
than those associated with Cu, it may be that the
activity of Cu as a fast-migrating interstitial
species makes it exceptionally likely to promote as-
sociates with large compressional strain.

A spin-selection rule is indicated in the PLE
spectrum suggesting that the lowest state is a rela-
tively pure-spin triplet, consistent with the excep-
tionally large crystal-field and exchange splittings
and yet small zero-field splitting of the | +1) and
|0) substrates of the triplet. A similar though
less rigid selection rule has been observed for the
COL Cu-related center in GaP.!!

The 1.911-eV BE emission is observed only after
Cu diffusion at high temperatures, about 1050 °C,
when the temperature is rapidly quenched after a
typical diffusion time of about 1 h. Attempts to
relate this BE to any other dopants have failed as
also observed in previous doping experiments.®2
The presence of Cu in the defect complex is there-
fore concluded from the doping procedure as well
as isotope shifts of some phonon replicas when
substituting %*Cu for °Cu. The absence of isotope
shift for the dominating 10-meV phonon replica in
the emission spectrum, on the other hand, suggests
that other species besides Cu are also involved. In
view of the doping results Gay is proposed as the
additional part of the associate. In agreement with

the defect symmetry determined from ODMR
measurements it is concluded that the linear
(100)-oriented (Cu-Ga)g, split interstitial is likely
to be responsible for the 1.911-eV emission, as a
neutral associate with filled d shell when paired
with a Gay donor. This defect is consistent with
the fact that two electrons are needed to compen-
sate Cug, when forming a neutral center. Alterna-
tively a (Cu-Cu)g,-Ga; or a Cug,-Ga; associate
where the Cu atoms have unfilled d shells may be
considered as the identity of the 1.911-eV center.
On this model, the magnetic properties of the d°
configuration must remain unaltered in the transi-
tion. This is reasonable if the 3d° state of Cu™?
lies well below the top of the valence band in
GaP.* 1In all cases, the Ga; would need to be in
the tetrahedral site surrounded by P atoms to
maintain the (100)-oriented symmetry. Alterna-
tive models seem inconsistent with the absence of a
Cu isotope shift in the dominant low-energy pho-
non replica and no spin in the final state of the
recombination.

In conclusion we note that further progress in
the understanding of these remarkable spectra begs
the question of a detailed understanding of the
form of the phonon coupling in both the 1.911-eV
and COL centers. In particular, the reason for the
considerably weaker phonon coupling of the
1.911-eV spectrum despite larger exciton localiza-
tion energy Epy, requires an explanation.
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