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Optical Properties of Excitons Bound to Neutral Acceptors in GaP
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Luminescence of excitons bound to five point defects and one complex neutral acceptor
has been identified in GaP. These excitons are weakly bound, and have weak no-phonon
lines because of the symmetry of the electxon in the exeiton. The high degeneracy of this
electron in GaP, resulting from the multivalleyed conduction band, together with the allowed
states for the combination of two j = 2 holes, gives 12 possible distinct no-phonon lines in the
exciton transition, many of which have been seen for the shallower acceptors. These bound
exeitons obey a modified form of Haynes s rule. This fact, the magnitude of the exciton
localization energies and the magneto-optical properties of these excitons firmly establish
the nature, ' of these transitions. Mirror symmetry is exhibited between the absorption and
luminescence spectra of the Zn exciton, and the time fox' radiative decay has been deter'-
mined. This is 500 times longer than the measured luminescence decay time, because of
the predominance of the Auger recombination channel. The radiative decay times of these
shallow excitons are nearly independent of the acceptox'. The dependence of the Auger life-
times v'& on the binding energies of the exciton complexes have been established for the first
time. It is shown that v'@ cr-E~, where g --4.5, close to the value (-4.0) predicted from a
hydrogenic model with a single spherical valence band. It is clear that deeper (neutral) ae-
ceptors form highly nonradiative recombination centers for. excitons, with very short decay
times. Strong complex satellites in the acceptor-exciton luminescence may involve phonons
associated with the dynamic Jahn-Teller effect. Weaker "two-hole" luminescence transitions
have been tentatively identified for the Zn and Cd aeceptors. If this identification is correct,
different types of final hole states are seen for these two acceptors.

I. INTRODUCTION

Electxonic transitions associated with isolated
acceptors in GaP were only recently observed and

ldentlfiedr Rlthough the shRllow Rcceptox's hRve

been long recognized in the luminescence of donor-
acceptor pairs. In addition, the radiative decay
of excitons on neutral donors was the subject of an
early study. s Theory px'edicts that a finite binding

energy shouM also exist for excitons at neutral
acceptors, ~ and it was expected that luminescence
due to the decay of this exciton should occur,

The observRtlon RIld ln particular R detRlled

study of the luminescence or absorption of accep-
tor-exciton complexes in GRP are made difficult by
several inherent properties. The band structure
of GaP is such that the radiative decay rate of
electronic states whose binding energy is primarily
due to the interaction of holes with impurities is
small compared with states associated with elec-
tron-attractive P-site impurities. The decay of
excitons'at neutral acceptors is vex'y similar in this
xespect to that of excitons at neutral Ga-site
donors. ' In addition, it happens that the localiza-
tion enexgy E~xe of excitons at typical neutral ac-
ceptors is significantly less than for excitons bound

to typical neutral donors. This is true even for
donors and acceptors with comparable binding en-
ergies E~ and E„. The luminescence of these very
shallow bound-excltoD stRtes ls readily quenched'by

tunneling of the excitation energy (exciton) to deeper
states before radiative decay can occur. ID addi-
tion, typical acceptors are shallower than typical
donors in GaP. This implies a xelatively low hole-
acceptor ion interaction, which further reduces the
oscillator strength of no-phonon decay of the bound
exciton as described in Sec. IIIA. The effect of
these considerations is that the optical spectxa of
excitons bound to neutral acceptors in GRP contain
eery soeak no-phonon lines. In consequence, crys-
tals containing optimally large concentrations of
neutral acceptors with minimal concentrations of
P-site donors such as S and isoelectronic traps
like N are a prerequisite to the detailed study of
acceptor=exciton complexes in GaP. We single
out S and N since they, together with 0, C, and,
under certain coDdltlons, Sl, R18 the predominant
inadvex'tently present impurities in GaP.

In this paper, we report detailed studies of the
optical properties of excitons bound to six different
neutral acceptors in GaP, following the preliminary
repoxt of the observation and identification of this
decay mechanism in GaP.' Crystal growth is de-
sex'lbed ln Sec. IIA RDd experimental techniques of
luminescence-spectx al and lifetime measurements
in Sec. IIB. The form of the luminescence spec-
trum and its dependence on the acceptor is dis-
cussed in See. IIIA. In Sec. III8, we show from
a detail study of the no-phonon components in these
exciton spectra and their behavior in. a magnetic
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Open-tube furnace system used to grow the deliberately doped GaP crystals with the low concentrations
of unwanted impurities needed for the study of the weak optical properties of excitons bound to neutral acceptors. Crys-
tals grown in the Ga solution in the central boat and downstream by vapor transport were used.

field that the high degeneracy possible for these
bound excitons is substantially lifted by j-j cou-
pling and, probably, crystal field interaction in
zero magnetic field. Thus, many no-phonon lines
occur, very closely spaced for shallow effective-
mass-like acceptors such as C. Observation of
the weak absorption of the Zn-exciton complex
(Sec. IIIC) enables the oscillator strength and ra-
diative lifetime to be calculated. The experimental
lifetimes reported in Sec. IIIC are much shorter
than the calculated radiative lifetimes. As has
been done for the corresponding exciton-donor
complexes, ' we attribute the speedup of the tran-
sition rate to the predominance of nonradiative
(Auger) decays. The lifetimes previously reported
for the Zn acceptor are slightly revised. In addi-
tion, observation of these lifetimes over a range
of E& and the exciton localization energy E» yro-
vides significant new evidence of the systematics
of Auger transition rates in semiconductors. Weak
satellites occur in the Zn- and Cd-exciton spectra
at positions consistent with those "two-hole" corn-
ponents predicted to be the most prominent.
Stronger satellites observed for all excitons except
Cd probably involve low-energy localized vibrations

characteristic of interactions with the ground state
of neutral acceytors in GaP.

II. EXPERIMENTAL

A. Crystal Growth

GaP crystals doped with the acceytors C, Zn,
Cd, Hg, Mg, and X (unknown) were grown from
Ga solution or from the vayor phase in the open-
tube furnace system shown in Fig. 1. This system,
a modification of the one described by Dean, Frosch,
and Henry, consists essentially of quartz reaction
apparatus containing a Ga boat which is heated to
temperatures in the range 1060-1100'C, over
which the source of P is a controlled flow of PH, .
Purified Hp, either dry or containing a determined
amount of H20 vapor, is used as the carrier gas,
while the dopant imyurities are introduced either
(a) directly from the gas phase (e. g. , CO), (b)
from metallic sources placed in a low-temperature
zone upstream of the region of crystal growth (e. g. ,
Zn, Cd, Hg, Mg), or (c) by adding the impurity in
elemental (e. g. , Mg) or compound (e.g. , Mg~Na)
form directly to the Ga charge.

The growth system and the experimental opera-
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tion conditions are designed to minimize contami-
nation by other than the desired acceptor impuri-
ties. To this end, the Hz carrier gas is purified
by passage through a palladium-silver alloy dif-
fuser and the PH3 is generated in situ by passing
wet H~ over powdered A1P, the Frosch process.
Liquid-N~ cold traps are used to reduce the possi-
bility of C contamination from the oil used in the
gas-flow meters and to further purify the carrier
gases admitted to the system. To remove S, which
is a common impurity in the A1P and is liberated
as Ha S, a trap containing Pb(CaH, Oa)a ~ 3HaO,
either in powder form or as a saturated solution
in water, is placed in series with the gas stream.
A Cellosolve acetate-COB cold trap at approxi-
mately-77 'C, preceded by an optional P~O5 dryer
tube, is used to reduce the concentration of un-
reacted water, acetic acid formed by reaction be-
tween lead acetate and H2S, and other residual im-
purities. Finally, a flow of dry He is maintained
continuously in the system between successive runs
and a minimum purge periodof 16his observed each
time the system is opened to air to replenish the
AlP source and the Pb(CaHSOa)a ~ 3HaO and PaO, traps.

GaP needles doped with the elemeiits Zn, Cd, and

Hg were grown by the water-vapor transport method.
In this method the GaP formed in the Ga boat in the
high-temperature zone is transported by the reaction

2GaP(s)+ H,O(g) - GaaO(g) + Ha(g) + pa(g), (1)

where the state, either solid or gas, is given in
parenthesis after the material. Gallium phosphide
needles are regrown downstream in a 960-1040 'C
temperature zone by reaction between Ga,O and P2.
The acceptor doping levels were controlled by
varying the temperature of the boat containing the
dopant elements Optim. al exciton spectra were
obtained by adopting dopant temperatures of, re-
spectively, . 400'C for Zn, 500'C for Cd, and
290 'C for Hg. Under these conditions, doping
levels in the 10 10 -cm range were typically
obtained, except for Hg, where successful doping
was not achieved.

The yield of the vapor transport and the size of
the grown needles depend critically on the furnace
configuration and on the flow rates. Typically, flow
rates were around 260 cc/min for the Ha+ PH, and
140 cc/min for the Ha+ HaO gas mixtures, the opti-
mum values being chosen empirically. A small
additional Ga boat in the needle-growth zone in-
creased the needle yield and size appreciably, with
the most massive needles originating at the upstream
end of the boat. Under these conditions, needles
-1 mm thick and -1.5 cm long were commonly ob-
tained in a 3-5 h run.

Through the presence of H~O vapor in the system,
Si contamination from the quartz liner and insert

tubes as well as contamination from other uncon-
trolled easily oxidizable impurities such as C are
reduced to negligible levels, &10"cm '. In addi-
tion, it was found that the vapor-grown needles con-
tained concentrations of the persistent impurities N
and S at only about 10% of the typical values in GaP
platelets grown in Ga solution during the same runs.
Since N and S induce prominent near-gap optical
transitions in GaP that can readily mask the accep-
tor-induced spectra, vapor-grown GaP was the pre-
ferred material in this study. Tyyically, residual
N and S levels determined by optical absorption
were -10' cm ' and -10"cm ', respectively, in
the needles.

The reactivity of C and Mg with 0 yrecludes the
growth of GaP needles doped with these elements
by the water-vapor transport method. Solution-
grown crystals doped with C were, however, con-
veniently obtained by adding CO to a dry PH3+ H~

gas stream. The C doping level was controlled by
the CO flow rate, which was set at about 10/0 of the
total flow rate given above. For Mg, the doping levels
could not be controlled readily by this technique
because of oxide formation. In fact, the Mg-exciton
spectra were best observed in crystals that were
not advertently doped with Mg, but rather had been
grown from Ga solutions to which CaC12 had been
added as a dopant in a dry PH, + H, atmosphere.
The Mg spectra were successfully reproduced first by
simply adding Mg to the Ga charge or by placing
elemental Mg upstream at 450 'C, and later with
better control by adding Mg3N~ to the Ga charge.
Usually, these Mg doping techniques were used to
produce solution-grown crystals for the study of
donor-acceptor pair spectra involving the acceptor
Mg, reported elsewhere. ' Strong Si-Si donor-ac-
ceptor pair emission was usually observed in the
crystals grown in the absence of water vapor, es-
pecially in those doped by introducing Mg from the
vapor phase, because of the reduction reaction
taking place at the walls of the SiO~ insert tube.
The unidentified acceptor X was observed in non-
intentionally doped crystals grown from Ga solution
in the presence of water vapor, as previously re-
ported

In view of the problems encountered with Mg
doping, in-growth doping with Be was not attempted.
Rather, this acceptor was introduced by diffusion
from a liquid Ga-Be-P solution into selected GaP
substrates. '~ The best Be-exciton spectra were
observed following diffusion for 1 h at 750'C into
undoped GaP needles, grown as discussed above.
The diffusion depth under these conditions is of the
order of 25 p, , comparable to the penetration depth
of the exciting light (Sec. IIB).

B. Optical Measurements

Luminescence spectra of the acceptor-exciton
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FIG. 2. Schematic diagram of the intracavity acousto-optic modulation system used with an Ar' laser to measure the

lifetimes of the fast, inefficient, luminescence of excitons at neutral acceptors in GaP.

complexes were recorded photographically with a
2-m f/1V Bausch and Lomb spectrograph from
freely suspended crystals immersed in liquid He,
generally pumped below the X point. The lumi-
nescence was excited by 4880-A light from an Ar'
laser. Zeeman spectra were obtained using either
a 12-in. Varian electromagnet (up to 30. 5 kG) with

the Bausch and Lomb spectrograph or a Westing-
house 50-kG superconducting solenoid with a 1-m
Jarrell- Ash spectrograph.

The luminescence decay times of transitions from
the lower-energy states of these complexes were
measured at 1.6 K using the system shown in Fig.
2. A small fraction (few percent) of the instanta-
neous cavity power was coupled out by Bragg dif-
fraction from the ultrasonic elastic waves launched
into the quartz deflector block from the ZnO trans-
ducer. ' The lifetimes of the excitons described
here are short, -300 nsec. Therefore, the HP
No. 216A rf oscillator was used to drive the trans-
ducer. With a pulse repetition rate of a few MHz

and a pulse length of -10 nsec, the time-average
laser output power was over 30/0 of that available
from the same Ar' laser operated in conventional
cw mode with the deflector and short-focus cavity
mirrors replaced by a standard long-focus 3%
transmission output mirror. With this efficient
pulsed excitation system, the lifetimes of the fast
inefficient acceptor-exciton luminescence in GaP
could be adequately measured with the Tektronix

1S1 sampling plug-in connected to function as a
boxcar integrator of fixed gate width.

Absorption spectra of crystals doped much more
heavily with Zn (-10~8 cm s) than the lightly doped
crystals used for the luminescence studies were
measured with a —,'-m f/6. 8 Spex 1401 scanning
monochromator using a tungsten light source.
Transmission studies on vapor-grown needles
5-6 mm longwere necessary for accurate measure-
ments of the weak absorption induced by neutral
acceptors, even at these high concentration levels.
The crystals were cooled to -20 'K in a stream of
cold He gas. Absorption of the Cd exciton was also
detectable in long vapor-grown needles.

III. RESULTS AND DISCUSSION

A. Luminescence Spectra of Neutral Acceptors

The luminescence in Fig. 3 is almost entirely due
to the decay of excitons bound to the acceptor Zn.
The fact that this spectrum is invariably and exclu-
sively seen in refined GaP crystals in the presence
of light Zn doping, optimally -1016 1017 cm
neutral Zn acceptors, strongly suggests that Zn is
involved in these electronic transitions. Above
-10' -cm 3 neutral Zn acceptors, lower-energy
luminescence due to electronic transitions at Zn-S
pairs becomes significant. The shallow exciton
luminescence eventually quenches in favor of the
pair luminescence because of capture competition
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FIG. 3. Photoluminescence spectrum of excitons bound to neutral Zn acceptors at low temperature, recorded photo-
graphically from a vapor-grown needle. The TA-, LA-, and TO-MC phonon replicas are overexposed to show the weak
no-phonon components Zn& 2. Phonons other thari MC are identified explicitly, e. g. , f=0(I') and I.. The multiphonon
components (below 2. 27 ev) and the satellite components Zn~~~2 are discussedin the text. Components N and S are
due to residual N and S.

and the tunneling process mentioned in Sec. I.
The relative positions of the principal lines,

shown heavily overexposed in Fig. 3, indicate that
they correspond to exciton decay with the emission
of the TA, LA, TO, and LO phonons, which con-
serve momentum in the indirect transition [momen-
tum conserving (MC) phonons]. The relatively weak
lines Zn» arise from no-phonon recombinations,
It is shown in Sec. IIIB that up to 12 no-phonon lines
may appear in such acceptor-exciton spectra in
GaP. Gallium phosphide is an indirect-gap semi-
conductor with conduction-band minima close to, or
most probably at, ' the (100) zone boundary points
in the reduced zone, symmetry point X. The de-
generate valence-band maximum occurs at the zone
center, symmetry point F. Then, the energies of
the MC phonons correspond to phonons of wave vec-
tor k»»-k„- k~-k„. The energies of the four
phonons obtained using the assignments given in

Fig. 3, together with values for three other accep-
tors, are compared with previous estimates for MC
phonons in GaP in Table I of Ref. 5 and good agree-
ment is found.

The spectrum in Fig. 3 was obtained from a crys-
tal containing 3 x 10 -cm ' neutral Zn acceptors,
with -10 -cm I isoelectronic traps. The accep-
tor-exciton states are very diffuse; the localization
energy E» of the exciton on neutral Zn acceptors
is only -6. 65 meV. As we have seen, sharp ac-
ceptor-exciton luminescence spectra can be ob-
tained only when the relative and absolute concen-
trations of optically active inadvertent impurities is
sufficiently low that excitation tunneling out of the
Zn-exciton states before recombination is improb-
able. This is a stringent requirement because of
the diffuse nature of these states.

TABLE I. Electronic energies from acceptor-exciton
complexes in GaP.

Acceptor

m(meV)
Ezz High-energy
(me V) satellites

m(meV)
Low-energy

satellites

X
C
Be
Mg
Zn
Cd

5.1
5.77
5.9
6.0
6.65
8.4

4.8; 8.3 Q~)
3.9; (Cx)
4.1; 7.4 (Be )
3'6~ 7 2 (Mgx)
4.1; 7.6 (Znx) 33 3 (ZnLA, ~)

82. 5 (Cd~a)

From the free-exciton gap, E~„=2. 328 ev.

The low value of E —(hv) Zno, -1'7 meV, pro-
vides the first indication that the exciton is bound
to a neutral Zn acceptor, since this energy must
significantly exceed (E„)z, , i. e. , be & 64 me V, '
if the exciton were bound to an ionized acceptor.
This assignment is consistent with the magneto-
optical properties of Zno (Sec. IIIB). Additional
support for this assignment is obtained in Fig. 4,
where E» is shown to be accurately proportional
to the ionization energy for the five-point defect
acceptors in GaP for which exciton transitions have
been recognized. " The values of E» for the six
acceptor-exciton complexes reported here are
listed in Table I.

A linear relationship between E» and E„ is ex-
pected from perturbation theory for small increases
in E» above the value (E»)sM for an exciton bound
to a neutral effective-mass acceptor. Such a rela-
tionship implies that the exciton is bound by the ex-
change interaction between the two like particles
(holes in the present examples) rather than, for ex-
ample, by polarization forces. This fact was rec-
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ognized by Haynes in his discussion of the first ex-
perimental proof of the existence of these com-
plexes (in Si '~), confirming an earlier theoretical
prediction by Lampert. " However, the relationship
observed both for donor and acceptor complexes in
Si is extrapolates back to pass near the point E»
= 0, E~ or E„=0, and has become known as
Haynes's rule in this form. Figure 4 shows that
E» is definitely nonzero (-3.5 meV) when E„=O
for the acceptor complexes in GaP. If we treat the
two holes on an equal footing, we may write

Eax = &(E~)zM + &(E~)cc

(+ P ) (Eg )EM + P EA ' (2)

We recognize explicitly in Eq. (2) two essentially
distinct contributions to E„, namely, (E„)zM due
to the Coulomb interaction of the hole with the ac-
ceptor ion charge, screened by the dielectric re-
sponse of the lattice, and (E„)cc, usually called
the central-cell contribution to the binding, arising
from non-Coulombic interactions with the hole
wave function in the vicinity of the central cell. We
further recognize that changes in E„due to small
perturbations in these two essentially distinct inter-
action potentials should generally produce quanti-
tatively different changes in E». These changes
are described by the coefficients n and P.

For a sequence of acceptors in a given semicon-
ductor, changes in E„are governed by the coeffi-
cient P, and the term (o. —P)(E„)s„in Eq. (2) is a
constant. This constant is zero only if n = P, as
seems to be so for the common donors and accep-

FA ~ meV

FIG. 4. Dependence on the acceptor ionization
energy of the localization energy for the lowest no-phonon
component in the luminescence of excitons bound to neu-
tral acceptors in GaP. Acceptors C, Be, Mg, Zn, and
Cd are point defects, X is an unidentified complex.

TABLE II. Phonon energies in acceptor exciton spectra
in GaP.

Momentum conserving
Phonon Energy (meV) Phonon

Other
Energy (meV)

TA
LA
TO
LO

13.1
31.7
45.4
46. 8

Lo{r)
LO(1 )
To(L,)

50.0
46. 8
44. 8

tors in Si.~6 From Fig. 4, n-P is positive and

n/P 2-. 5 for acceptor-exciton complexes in GaP.
We conclude that the localization energy of these
excitons is more influenced by the over-all wave
function of the first hole to be bound than by the
central-cell interaction. Reasons why GaP differs
so markedly from Si in this respect will be dis-
cussed elsewhere, Previously reported' and more
recent data on the relationship between E» and E~
for excitons bound to neutral donors in GaP also
indicates that E» W 0 when E~ = 0."

The bound- exciton luminescence characteristic
of GaP doped with Cd, Be, Mg, "and C acceptors
is shown in Figs. 5-8. 0 No evidence was obtained
for optical transitions associated with the potential
acceptor Hg in crystals grown in the presence of
the highest usable partial pressure of Hg (Sec.
IIA). We conclude that Hg is very insoluble, pre-
sumably due to size mismatch. However, if the
acceptor Hg is significantly deeper than Cd, follow-
ing the trend established for the group-II acceptors
(Table III), Hg-exciton luminescence would be hard
to detect because of the large branching ratio in
favor of Auger recombination (Sec. III C). Studies
of donor-acceptor pair luminescence ' unambigu-
ously show that these acceptors are all point defect
substituents on the Ga(Be, Mg, Zn, Cd) or P(C)
host lattice sites. As far as can be determined,
the exciton spectra are qualitatively very similar,
with relatively weak no-phonon lines, and strong
MC one-phonon replicas. Multiphonon replicas
also occur, in which components involving second
and third interactions with the LA-MC phonon are
dominant. In addition replicas of MC one-phonon
components which involve interactions with the
long-wavelength TO and LO phonons are prominent.
The phonon energies used in Fig. 3 and Figs. 5-8
are given in Table II. Essentially all the clearly
resolved low-energy components are accounted for
by these multiphonon processes, when the phonon
sidebands of the satellite lines Zn„, Mg„, Be„, and
C„are also recognized. These satellites. are an
integral part of the exciton luminescence spectra of
these acceptors. Their origin is discussed below.
In particular, there is no evidence for strong mul-
tiple phonon-assisted transitions involving L ((ill)
zone boundary) phonons (Fig. 3), which are allowed
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FIG. 5. Low-temperature photoluminescence spectrum of excitons bound to neutral Cd acceptors in GaP, recorded
photographically from a vapor-grown needle. Notation as in Fig. 3, components CT, etc. , are due to residual C.

by symmetry, consistent with the spectra of exci-
tons bound to the shallow Ga-site donor Sn. ~

The distinctive sawtooth shape of components
associated with the LA phonon is preserved even in
the multiphonon replicas. The low- (optical transi-
tion) energy side of this component exhibits a sharp
intensity cutoff for all the acceptor-exciton com-
plexes studied. This is clearly shown for Cd
(Fig. 5), Be (Fig. 6), and X (Fig. 10). This effect
is obscured by the heavy over-exposure of the (,")
components for Zn (Fig. 3), Mg (Fig. 7), and C
(Fig. 8), but can be clearly seen in the (2",") rep-
lica for these acceptors. This shape arises from
the facts that (dE/dk)~„remai snsignificant very
close to k„,' and that an appreciable fraction of MC

phonon-assisted transitions involve phonons with

k» significantly less than k„, a result of the finite
spread of the wave functions of even weakly bound

electrons and holes away from k„and k r. This

effect introduces much smaller breadth and negli-
gible asymmetry into the TA-, TO-, and LO-MC
replicas, where the corresponding phonon disper-
sion curves are substantially flat over the outer
-25% of the reduced zone along (100) axes. 'A Of
course, curvature of the phonon dispersion curves
across the face of the reduced zone at X may also
be important for the asymmetry of the LA replica.
Very similar phonon replication is seen in the lumi-
nescence of excitons bound to Ga-site donors in
Gap. ' The spectra of excitons bound to P-site
donors' differ fundamentally in the great relative
strengthof the no-phonon components and of com-
ponents whose transition matrix element is directly
derived from them. These associated components
include long-wavelength optical phonon replicas'
and "two-electron" transitions. '

The arrows Znz and Znz in Fig. 3 mark the
anticipated position for a LA or TO phonon-assisted
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the effective-mass ground-state ionization energy is
estimated to be 40-45 meV for acceptors in GaP. '
If this component, or component Zn~L" discussed
above (Fig. 3), is due to two-hole recombinations,
this would be the first published example of this
transition.

The relative strengths of the components in the
acceptor-exciton spectra are analyzed in Table III.
Ratios for the Lo-MC phonon replica are not in-
cluded in Table III, but it was observed that the
TO/LO intensity ratio was -1.5, independent of the
acceptor. Since the LO replica is -5 times broader
than TQ, it is appreciably harder to observe and

was not recognized amidst strong k = 0 phonon rep-
licas in an early paper on donor-exciton complexes
in GaP. Two reasons for the weakness of the no-
phonon components in the acceptor-exciton spectra
have been given in Sec. I. Table III shows that
these factors indeed account for much of the quanti-
tative differences in the ratios I„c/Io between the
acceptor and P-site donor-exciton spectra. These
ratios are very similar for a Ga-site donor such as
Sn and an acceptor complex of nearly equal exciton
localization energy, such as Cd. This is consistent
with expectation, since the electrons bound in both
these complexes should be quasi-p-like, and no-

phonon recombinations involving electron scattering
through a virtual state derived from the energeti-
cally favored I', conduction-band minimum are for-
bidden. However, the experimental intensities of
the no-phonon transitions decrease with decreasing
E„much more rapidly than accounted for by the
effective-mass theory used in Table III. The ratio
Io /IMc increases approximately exponentially with
increase in E» for these point defect acceptors in
GaP (Fig. 9), in contrast to the approximately
linear variation observed for donors and acceptors
in Si at small E». '

Luminescence due to the decay of excitons at an
unidentified shallow neutral acceptor, called X
(Fig. 10), has also been reported. This acceptor
has axial symmetry. " The j-j coupling scheme and
magneto-optical properties of this exciton have been
discussed elsewhere. " Here, we are concerned
only to contrast the satellite spectra of this exciton
with those of excitons bound to point defects. The
position of the lowest no-phonon component X, de-
viates but slightly (Fig. 4) from expectation ac-
cording to the binding energy determined for this
axial acceptor. " However, Fig. 9 and Table III
show that the ratio Io/I„c is remarkably large for
such a low value of Esx (-5 meV), judging by ex-

TABLE III. Parameters of absorption and luminescence of excitons bound to some neutral donors and acceptors in GaP.

Impurity

Sulphur (D)

Ionization
energy (meV)

104.0

Lm. ~zp

o.oo9(I.)
0.011(A)

ILA /I p
. ITo/I p

0.015(L) 0.005(L)
0.02 Q.) 0.005(A)

(ILA.grp) ~~," (I~]lp)~)..'
o.osoL, A)

Selenium (D)

Tellurium (D)

Tin (D)

Carbon (A)

Beryllium Q.)

Magnesium (A,)

Zinc (A)

102.0

89.5

65.5

48.0

50

53. 5

64. 0

o.o5o(L)
0.053@,)

0.021(L)
0.02 (4)

2.3 K)

1.7 L)

54 L)

L)

13 (L)

(L)
26 (A)

o. 084L)
0.083 (4)

O. 13 (L)
o. o3 (A, )

5.5 (L)

5.1K)

250 (L)

4o (L)

40 (L)

54 (L)
ss (A.)

o.o3 L)

o.005L)

1.1 (L)

0.9 (L)

25 L)

6.5 K)

~5 L)

(L)

O. 016(L)
0.021(A)

0.022(L)
0.029(A)

1.o L)
1.3 (A)

2.4 K)
3.2 Q)

K)
2.9 Q)

2.o (L)
2.6 Q)

1.7 (L)
(A,)

K)
1.4 (A)

0.12 (L, A)

5.3L, A)

13 (L, A)

(L, A)

11 (L, A)

8.8(L, A)

5.6(L, A)

96.5
1.1 (L)

Cadmium Q.) 2 2 Q)0

~The I~ are integrated intensities for the no-phonon
(subscript 0) and MC phonon replicas, measured in
luminescence (L) and absorption (A).

"Calculated using the relation Pp)g, g =
pg +A,D~+D)sI

O. 51(L)1.s (L) o.38 (L)
4.7 (A) o.5 Q)

&& (fp)s —Eq. (2) of Ref. 5.
'Calculated using the relation (fp)z& =

&~ [E~/N~)8, ]
x (fp)se' (The prefactor

&&
is omitted in the intercomparison

of ex citons bound to P-site donors. )
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FIG. 9. Dependence on the exciton localization
energy of the intensity ratio between the no-phonon com-
ponent Qo) and the associated MC replicas QMc) for the

luminescence of excitons bound to neutral acceptors in

GaP.

pectation from the experimental trend for the point
defect acceptors. Perhaps fortuitously, the ob-
served ratio I» /Io for the acceptor X is close to
the value predicted from the donor-exciton spectra.
Such large no-phonon oscillator strength indicates
strong hole-defect interaction, which is also a pre-

requisite for the nearly complete quenching of the
orbital contribution to the hole g value noted for this
acceptor. " The main features of the multiphonon
spectrum for the X exciton, not shown in Fig. 10,
are identical with those shown in Figs. 3, 5, and 6.

No evidence for two-hole transitions to excited
states -35 meV above the -46-meV-deep ground
state of the X acceptor is present in Fig. 10. Such
transitions would produce relatively weak satellites
near components XL" . The origin of these latter
components is an intriguing mystery. Clearly, they
belong to a series of MC phonon replicas; the cor-
responding components due to TA and TO phonon-as-
sisted transitions are clearly shown in Fig. 10. The
displacement energies below Xo of the two no-pho-
non spectrum lines deduced from these MC replicas
are given in Table I. These satellite lines defi-
nitely form part of the luminescence spectrum of
the X exciton. Similar satellites displaced a few
meV from the principal components are also ob-
served for the Zn, Be, Mg, and C excitons (Figs.
3, 6-8, and Table I). No such satellites were
found for the Cd exciton, however (Fig. 5). These
satellite spectra all have extremely weak no-phonon
components, which are not always observable since
they fall close to the no-phonon lines due to resid-
ual N. The component Mgx, can be clearly seen
in the original photographic spectra from the best
crystals, since it falls in the gap between the two

groups of N* lines (Fig. 7). The similarity between
the C-, Be-, Mg-, and Zn-exciton satellites ex-
tends to a near identity of their energy displace-
ments below the principal exciton lines (Table I).

The two general possible models to account for
such satellites are (a) interaction with low-energy
phonons and (b) two-hole transitions which leave the
acceptors in very shallow excited states. Model (b)
seems most improbable. States lying -E„/10
above the acceptor ground state, with precise exci-
tation energies only weakly dependent on E~, are
entirely unanticipated for unstrained GaP crystals.
In addition, these satellites exhibit no striking be-
havior in a magnetic field additional to that exhib-
ited by the principal components. Considering

(a) 1.6'K
GaP:X S~ ~X(0 TA

(b) 4.20K

I—

NLO (f)

l
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O
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X
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XTA XTA
Xa XX1
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Xo

Xi Xd FIG. 10. Low-temperature photo-
luminescence of excitons bound to
neutral X acceptors in GaP, an un-
identified complex acceptor, re-
corded photographically. Notation
as in Fig. 3.
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FIG. 11. Details of
the zero-field no-
phonon lines in the low-
temperature photo-
luminescence of exci-
tons bound to the
neutral acceptors Cd,
Zn, Mg, and C in GaP,
recorded photograph-
ically. The effective
sample temperature
was increased between
(d), (i), and (ii) to
populate the high ini-
tial states of the C-
exciton transition, thus
enhancing the corre-
sponding luminescence
components. The no-
phonon lines of the
Be exciton are shown
in Fig. 6.

model (a), it is clear that the low-energy phonons
are not normal in-band resonance modes, since
their energies are sensitive neither to the mass de-
fect nor to the lattice site of the acceptor ion. How-

ever, the energies in Table I are consistent with
acoustical phonons in GaP, ' strongly coupled for
wavelengths comparable to the ground-state radius
of the neutral acceptor. Morgan has suggested 6

that these may be T~ modes which can control the
properties of bound holes in a zinc-blende semicon-
ductor such as GaP through the dynamic John- Teller
effect."The principal structure in these satellite
spectra (Table I) might be vibronic, while the sub-
structure clearly resolved for the Zn acceptor
(Fig. 3) might be rotational. This seems to be the
only ylausible model for these components, although
their absence in the Cd-exciton spectrum (Fig. 5)
remains unexplained.

B. J-J Coupling and Magneto-Optics

Unlike excitons bound to neutral P-site donors,
the acceptor-exciton complexes in GaP all contain
several no-phonon lines (Fig. 11). This structure
does not arise from excited orbital states of the
bound particles, and many of the no-yhonon lines in

the acceptor-exciton spectra have comparable os-
cillator strengths (Table IV). This complexity of
the acceptor-exciton spectra has several causes
(Fig. 12). First, two j= —,

' holes may combine to
form two states, J=0 and Z= 2 [Fig. 12(a)]. By
contrast, only one state (Z=O) is allowed for two

s = —,
' electrons bound to a P-site donor. Next, the

electron is repelled by the acceptor core, and

therefore will not experience a large valley-orbit
splitting. For acceytors which are point defects
on the Ga site, in fact, the electron valley-orbit
state will be a "pseudo"-P-state transforming as

TABLE IV. Relative oscillator strengths of zero-field
no-phonon components of acceptor excitons in GaP.

Acceptor

X
Mg
Cd

20
1.0
0. 28

4b
0.92 0.7 0.7

~Assuming f = 1.0.
2

"Probably mcu e than one component (unresolved).

I"5 under the T~ point group [Fig. 12(b)]. ' The
I'8 state is shown lowest in Fig. 12(b), to illustrate
the simplest situation where, preserving small
crystal field splittings, the lowest-energy exciton
transition may be a Kramers doublet with a small
initial-state g factor, in agreement with experi-
ment for the Cd and Zn excitons (see below). By
contrast, electrons bound to attractive P-site
donors have s-like wave functions, transforming
as I", . Combining these effects, Fig. 12(c) shows
that a total of 12 no-phonon lines might be seen in
zero magnetic field.

Nine of these lines may have been seen at high
excitation intensity for the shallow acceptor C in

Fig. 11(d), where the zero-field separations are
minimal. However, no definitive assignment of
these weak lines can be made, since it was impos-
sible to resolve clearly the magnetic behavior of
other than the lowest-energy lines associated with
the deepest acceptors (see below). It is therefore
possible. that some of the lines in Fig. 11(d) are
connected with states additional to those considered
in Fig. 12(c), although it is certain that they all be-
long to the C exciton.
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FIG. 18. Portion of the transmission spectrum of a
heavily Zn-doped GaP vapor-grown needle containing
broad lines attributed to the combined effects of lines
Zn& Zn~ shown in Fig. 11(b), which have uniform oscil-
lator strength (Table IV), and their TA- and LA-MC
phonon replicas. Components subscript are discussed
in the text. The underlying absorption represented by
the upper dashed lines and their smooth interpolation is
intrinsic.

However, it was established that the gross splittings
of Mg& and Be, at low fields were similar to Fig.
17, confirming the presence of a single hole in the

final state of these transitions also, since no ther-
malization occurs for these magnetic subcompo-
nents.

C. Absorption Spectra of Neutral Acceptors and the

Radiative Lifetime of Bound Excitons

The small no-phonon oscillator strength of the
acceptor-exciton transitions makes it impossible
to record absorption spectra by conventional means
in crystals sufficiently lightly doped that the detailed
structure can be seen. Figure 18 shows the broad-
ened exciton absorption recorded from a 5. 7-mm
Gap needle doped with 2&&10' -cm neutral Zn ac-
ceptors. The principal components are due to TA-
and LA-MC phonon-assisted transitions, consistent
with expectation from Fig. 3 assuming mirror sym-
metry of the phonon replicas in the no-phonon line.
Table III shows that the relative strengths of these
phonon replicas in the absorption and luminescence
spectra are quantitatively mutually consistent.

Two broad lines are clearly resolved in the TA
and LA phonon-assisted Zn-induced absorption in

Fig. 18. These lines are superimposed upon in-
trinsic absorption due to the photocreation of free
excitons with the emission of MC- TA and - LA pho-
nons. The fine structure observable near the
thresholds of these square-root absorption thresh-
olds in undoped refined GaPI' cannot be resolved
from this crystal, The energies of the lower-ener-

gy absorption components Zn» and Zn& ", correspond
to a no-phonon component Zn& 5 just below 2. 322 eV,
near the centroid of the group of five no-phonon
lines observed in luminescence (Fig. 11), which
we have seen have comparable oscillator strengths
(Table IV). The higher-energy broad components
Zn„" and Zn„" lie 3.0 meV above components Zn, ~

and Zn& "„and the corresponding no-phonon com-
ponent Zn„ is too weak to be clearly distinguished.
It might be thought that component Zn„contains the
higher-energy group of no-phonon lines expected
from the j-j coupling model of this complex [Fig.
12(c)]. However, this group of lines should lie
close to the strong components C, ,9 shown in Fig.
11, if their position is little affected by central-
cell interactions. In fact, Zn„ lies about 1 me V
big&ex than C8,9.

For a Gaussian broadened line, neglecting local-
&ield corrections for very diffuse bound-exciton
states, the oscillator strength is given by

f=9.6x10' n n I'/N . (6)

In Eq. (6), n is the refractive index and N is the
concentration of optically active centers (neutral
Zn acceptors). The absorption cross section o,'~I'
of the components Znj „+Zn»+Zn& 5 is 4. 2x10
cm ' eV. The total absorption cross section for
this transition is -4. 8x10 cm 'eV, allowing for
the TO component by using the relative strengths
determined from luminescence (Table III). Hall-
effect measurements indicate that (N„-N~) = 2. 1
&10' cm 3 for this sample in the dark. Control
experiments showed that this large value of (N„-N~)
was not significantly altered by optical pumping at
the light levels used in the absorption measure-
ments. Using these experimental paraMeters, with
n=3. 47, Eg. (6) gives f=7. 8x10 ' for this vapor-
grown needle. Measurements on other crystals
gave slightly differing results and a reasonable
average is f= 6+2x10 5. We take this to represent
absorption at five equally weighted no-phonon com-
ponents (Table IV), and hence conclude that f, = 1. 2

X10 ' for the lowest-energy component of the Zn

exciton. Assuming detailed balance, the radiative
lifetime r~ is

rz ——(nf/1 5X )(g~/g2). ,

where X is the transition wavelength and g2, g, are
the degeneracies of the initial and final states of
the luminescence transition, respectively, 2 and
4 according to Fig. 13 inset. From Eq. (7),
=55 p, sec for the Zn& transition.

Ne were unable to make satisfactory electrical
plus optical measurements to determine f, and
hence T~, for the other acceptors, mainly because
it was not possible to obtain sufficiently high con-
centrations of the desired dopant with sufficiently
low concentrations of inadvertent dopants, espe-
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TABLE p. Branching ratio 5 = YR/v@ for the recombination
of excitons at neutral acceptors in GaP.

Acceptor

X
C
Be
Mg
Zn
Cd

vR(@sec) ~

50
55
55
55
55
42

v&(psec) b = ~R/~&

300
280

170
200

190 290
110 500

14 3000

cially N. Absorption of the Cd exciton was also
seen from vapor-grown needles (Table III), but the
approprjate values of N&-ND were uncertain be-
cause of optical pumping in the absorption experi-
ment. However, we can conclude that v.R should
be similar for exciton recombination over the whole
range of acceptors contained in Table III, since
the fractional oscillator strength in the no-phonon
transition increases the transition rate by only- 309p for the acceptor Cd and by a much smaller
amount for the other acceptors.

We may compare the Zn-acceptor oscillator
strength with that previously reported for S donors
by anticipating that fz, =f~ x &, where 4 is the
fractional oscillator strength in the TA+ LA+ TO
phonon replicas of the S exciton (3. 6% ). Using
the oscillator strength quoted in Ref. 3, corrected
for a factor of ~ omitted from the right-hand side
of Eq. (4) in that paper, we predict fz, = 3@10 ',
about 2. 5 times the observed value. Much better
agreement with the experimental value of fz, is
obtained using Pikhtin and Yas'kov's' absorption
cross section for S, which is -30% of the value
quoted in Ref. 3.

The experimental lifetimes of the acceptor-ex-
citon luminescence were determined using the sys-
tem shown in Fig. 2. The sampling scope record-
ing channel was appropriate for these short life-
times. The Dumont 150 UVP photomultiplier was
terminated with 50 Q. Sample temperatures were
& 1.65 'K throughout, so that the luminescence mea-
sured was predominantly due to the lowest-energy
component of each set of exciton transitions. The
spectrograph setting was adjusted so that only ap-
propriate light was detected by the photomultiplier;
usually the strong LA-MC replica was selected.
For the Cd and X excitons, decay-time measure-
ments were also made on the relatively intense no-
phonon components. The time decays were general-
ly exponential over better than a decade, although
a poor signal-to-noise ratio prevented a very close
check of this for the C acceptor.

The experimental lifetimes w~ are compared in
Table V with the values predicted for radiative de-

cay. The ratios vs/rs are a.ll » I, -500 for the Zn

exciton (Table V). A similar discrepancy has been
explained for exciton recombination of neutral do-
nors in GaP and Si by postulating that TE is deter-
mined by a nonradiative Auger decay channel, in
which the whole of the transition energy appears
as kinetic energy of the second electron which is
ejected deep into the conduction band. The hypo-
thesis is consistent with the low radiative efficiency
of this recombination process.

Similar nonradiative processes involving the
ejection of holes into the valence band of GaP have
been inferred from the temperature dependence of
the intensity and decay time of the red lumines-
cence in Gap: Zn, 0 (interaction with free holes),
and from the quenching of electron-capture lumines-
cence at the deep 0 donor by interaction with holes
bound to neutral acceptors. However, the ob-
servation of the Puger effect for excitons bound to
neutral acceptors provides a very direct measure
of the branching ratio h = vR/rE between nonradia-
tive and radiative decays for hole ejection.

Table V shows that 5 is very sensitive to the
localization energy of the exciton at the neutral
acceptors. This variation is almost entirely due
to a sharp dependence of 7~ on E&. Figure 19
shows that the Auger transition probability Ps
varies with E& approximately according to

n
P@oc —fx;E (3)

where n-4. 5. This strong variation of I'~ has
two causes. First, the Auger rate depends upon
the overlap in real space between the two like par-
ticles (holes) in the exciton complex. In the spirit
of the sudden approximation, in which the wave

function of one hole comes mainly from the ac-
ceptor ground state while the other hole is rela-
tively weakly bound, the hole-hole overlap is pri-
marily determined by I+, I for the shallow hole,
evaluated near the acceptor core where the tightly
bound hole is confined. For an S state

I
+

I small r ~Br

Momentum must be conserved in the Auger tran-
sition. This gives rise to an additional dependence
of I'~ on E„. The hole momentum k& in the final
state of the Auger transition is very large, corre-
sponding to the large-hole kinetic energy e(k)- 2. 3
eV. Momentum conservation via interaction be-
tween the hole and the acceptor ion depends on

I +, l~ „- for the tightly bound hole in the initial state,
corresponding to a hole binding energy E„. In the
approximation that the valence bands may be rep-
resented by a single spherical band with hydrogenic
acceptor wave functions,

~Marginally overestimated, since the satellites in
Table III and the multiphonon replicas were disregarded.

5/2

[E„+e (kg)]
(10)
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FIG. 19. Dependence on the acceptor ionization
energy of the experimental decay time v& of excitons
bound to the neutral acceptors X, C, Mg, Zn, and Cd.
The slope of the dashed line, -4.0, indicates the varia-
tion predicted from a simple model with hydrogenic energy
states and a single spherical valence band.

is the appropriate asymptotic form, where hole en-
ergy is reckoned positivebelow Ez. For the Auger
transitions, e(17& )»E„and Eq. (10) shows that
~+, ~~ccE~~2. Combining the factors in Kqs. (9)

and (10), and noting that changes in Es» are Pro-
portional to changes in E„(Fig. 4), the total depen-

dence of P& on E& predicted by this simple theoret-
ical model has the form of Eq. (8), with s =4. 0.

The simple model outlined above neglects all de-
tails of the valence-band structure; in reality the

valence bands are far from spherical, especially
at large e(k). In view of this, the close descrip-
tion of the experimental data in Fig. 19 by this
simple theory is remarkable. However, this crude
approximation is more realistic for the valence-
band structure of GaP than for the conduction-band
structure. The calculations of Cohen and Berg-
stresser suggest that energy can be conserved in

the Auger recombination of donor-exciton com-
plexes simply by an interconduction-band transition,
unlike the corresponding process for acceptor-
exciton complexes. Thus, details imposed on the

band structure by the lattice periodicity may be

more important for Auger decays at donor-exciton
complexes. The donor-exciton Auger rates' is
significantly smaller than for acceptor excitons
for comparable values of E» and E~ or E&.

The data in Fig. 19 could have significant im-
plications for the fabrication of efficient GaP light-
emitting diodes. Extrapolation of Fig. 19 to E&
=203 meV, appropriate for the deep acceptor Si, '
suggests that 7~ may be as small as 1 nsec for this
exciton complex. Figure 4 indicates that E»-15
meV for the Si acceptor, deeper than the radiative
bound state due to ¹

6 Thus Si, a persistent resid-
ual impurity of GaP grown in furnaces with Si02
components, produces a moderately deep bound-
exciton state with extremely low radiative efficiency
and decay time, a model luminescence killer cen-
ter. Estimates from Table V suggest that the
branching ratio in favor of nonradiative decay for
the Sl.-acceptor exciton may be -10000 if 7~ is 10
times smaller than for Cd because of the assumed
predominance of no-phonon transitions in the decay
of this relatively deep exciton (extrapolation of Fig.
9 to E„=208 meV). Attention has already been
drawn to the likelihood that strong luminescence
quenching may be produced from the decay of ex-
citons bound to the deep neutral donor O. The
weak luminescence anticipated for the Si and O
excitons has yet to be identified experimentally,
but theory leaves no doubt that the relevant bound-
exciton states should exist. The shallow Si donor
also exhibits a similar value of b for bound exciton
decay. However, these Si bound excitons are both
relatively shallow. The significance of this non-
radiative mechanism may be considerably reduced
at 300 'K in GaP doped to the levels typical for
light-emitting diodes, because of tunneling and
thermal liberation of the bound excitons before
nonradiative recombination can occur. Even so,
the above considerations suggest that the concen-
tration of 8i. in GaP grown for device purposes
should be reduced to minimal practicable levels.

IU. SUMMARY

The radiative decay of excitons bound to six dif-
ferent shallow acceptors has been identified in

GaP, confirming theoretical predictions of the
existence of these bound states. Evidence for this
identification is obtained from measurements on

refined, deliberately doped, crystals, from the
magnitude of the exciton localization energy and its
dependence on the acceptor ionization energy, and

from Zeeman studies of the no-phonon transitions.
The hole g values obtained from this study are con-
sistent with previous results for weakly bound holes
in GaP. Many no-phonon components are easily
seen for the shallower acceptors. For the deepest
acceptor Cd, the energy spacing between the low-

est-energy exciton states becomes relatively large
and the majority of the higher states cannot be pop-
ulated and seen in luminescence. The multiplicity
of no-phonon states occurs because takeo values of
combined angular momentum are allowed by the ex-
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elusion principle for two j = —,
' holes and because of

the high degeneracy of an electron bound to a center
with a repulsive central cell in GaP. Many of the
lowest-energy no-phonon lines have comparable
oscillator strengths. These individual no-phonon
lines cannot be resolved in absorption, but their
collective effect has been seen for the deeper Zn

and Cd acceptors. The radiative decay times 7&

of the lowest-energy states of these excitons have
been estimated from the absorption cross section
measured for the Zn exciton, using information
about the intensity ratio between the no-phonon
components and the (MC) phonon replicas obtained
from the luminescence spectra. The no-phonon
components are weak compared with excitons bound
to neutral P-site donors, as anticipated. The ra-
diative decay times thus obtained are more than
two orders of magnitude longer than the experimen-
tal values 7~, depending on the acceptor. This
discrepancy is due to the predominance of a totally
nonradiative (Auger) decay channel for these ex-
citon complexes, consistent with expectation for an
indirect-gap semiconductor. The dependence of
the decay-time discrepancy on the acceptor is
mainly due to a strong dependence of 7~ on the ac-
ceptor binding energy E&. Experimentally w~ ~E&"

where n-4. 5, remarkably close to the value 4. 0
predicted from simple theoretical considerations.
This is the first experimental study of the binding-
energy transition-rate systematics of Auger re-
combinations in semiconductors. It is clear from
this study that the deepest neutral donors and (par-
ticularly in GaP) acceptors are strong luminescence
quenching centers for excitons. In particular, these
considerations indicate that Si contamination should

be avoided in GaP crystals from which light-emit-
ting diodes are made.

After this paper was submitted for publication,
a paper describing the absorption and luminescence
of excitons bound to neutral C, Zn, and Cd accep-
tors in GaP was published by Vink and Peters.
The luminescence spectra were less well resolved,
owing to residual strain in the GaP layers grown
by vapor-phase epitaxy, it is claimed, but possibly
also owing to inadequately low impurity concentra-
tions in the majority of their crystals. No Zeeman
studies were made by Vink and Peters, and they
were unable to measure the true decay times of
excitons bound to these three acceptors. In addi-
tion, the authors attention has been drawn to a re-
port of two-hole transitions in GaAs, recently sub-
mitted for publication. ' The relative oscillator
strengths of the no-phonon lines in the GaAs accep-
tor-exciton spectra are relatively large, and the
two-hole spectral components are correspondingly
more clearly defined than reported here for GaP.
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