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A new near-infrared photoluminescence band attributed to the radiative capture of free
holes by neutral oxygen donors has been observed in p-type zinc- and oxygen-doped GaP.
The new emission is observed at temperatures above 70 °K and consists of a no-phonon line
at 1.453 £0. 002 eV and several-phonon replicas resulting from phonon energies of 23 and
52 meV. This free-to-bound luminescence is observed concurrently with the 1.40-eV lumi-
nescence band due to O-Zn donor-acceptor pair recombination, and is seen to be the dom-
inant radiative recombination mechanism at neutral oxygen above 120°K. The temperature
dependence of the total near-infrared luminescence from neutral oxygen is found to be a
strong function of zinc doping. In particular, lightly doped p-type crystals show an increas-
ing luminescence quantum efficiency as the temperature is raised from 60 to 300 °K, while
the more heavily doped p-type samples show a quenching of the luminescence with increas-
ing temperature. These effects are explained on the basis of several nonradiative Auger
processes involving the electron trapped at neutral oxygen.
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I.  INTRODUCTION

The luminescent properties of the deep oxygen
donor in GaP have recently received considerable
attention. Dean, Henry, and Frosch® have shown
that near-infrared luminescence (~1.40 eV) is pro-
duced at low temperature (~4 °K) from recombina-
tion of electrons on neutral oxygen donors with holes
trapped on distant shallow acceptor atoms (Zn, Cd,
and C). From analysis of the individual donor-ac-
ceptor (DA) pair lines, they deduce the ionization
energy of the O donor to be 895 meV.? Dean and
Henry® have also observed infrared luminescence
(~0. 84 eV) due to electron capture at ionized oxy-
gen donors. Sharp structure is observed resulting
from transitions between a shallow excited state and
the ground state of the O donor. To explain the
quenching of this luminescence with increasing ac-
ceptor concentration they suggest the existence of
a nonradiative two-center Auger process in which
the energy of the captured electron is given up to a
hole on a nearby neutral acceptor. They have also
proposed that Auger recombination of excitons bound
to neutral O donors may explain the more rapid
saturation of the 1.40-eV emission with excitation
intensity relative to the 0. 84-eV band at ~2 °K.

The present paper describes a new infrared emis-
sion band (~1.45 eV) resulting from the capture of
free holes by neutral oxygen donors. ¢ The no-pho-
non (NP) line resulting from the free-to-bound (FB)
transition is observed, as well as two-phonon repli-
cas. Sharp structure due to FB recombination is
found only in weakly compensated regions of lightly
zinc-doped (~ 10'" cm™®) crystals of GaP(Zn, O) at
temperatures above 70 °K. At lower temperatures,
DA recombination dominates the infrared lumines-
cence. As the temperature is raised the FB emis-
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sion appears as a sharp line on the high-energy tail
of the DA luminescence. The FB luminescence
grows rapidly relative to the DA band and becomes
the dominant infrared emission above ~ 90 °K. Al-
though no sharp FB structure is observed in more
heavily zinc-doped samples, it is concluded on the
basis of Fermi-Dirac statistics and a simple kinetic
model that the FB transition is the primary radia-
tive recombination mechanism at neutral O donors
in GaP in all p-type material above ~ 120 °K. Con-
firming this idea is the observation that the room-
temperature infrared emission bands (~1.36 eV) in
all p-type crystals of GaP (Cd, O) and GaP (Zn, O)
are identical.

A marked contrast is observed in the tempera-
ture dependence of the total infrared emission band
(FB +DA) as a function of Zn doping in p-type crys-
tals. In the lightly doped crystals, the infrared
luminescent efficiency incveases as the tempera-
ture is increased from 60 to 300 °K. For the more
heavily doped samples, however, the infrared ef-
ficiency decreases with increasing temperature. To
explain these results the existence of at least two
(and possibly three) nonradiative Auger mechanisms
is postulated. At low temperatures, nonradiative
recombination at neutral O donors can proceed by
means of a three-center Auger process in which the
energy released in a DA pair transition is taken up
by a second hole bound to a nearby neutral acceptor.
At higher temperatures, where a large fraction of
the acceptors are ionized, a single-center Auger
mechanism is operative. In this process, the energy
released when a free hole is captured by a neutral
O donor is taken up by a second free hole, which is
ejected deep into the valence band. Results of cal-
culations® of the recombination coefficients of these
processes are presented and it is found that the
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three-center Auger process is sensitive to the ac-
ceptor binding energy and to the plasma screening
of the Coulomb potential by free holes. Hence, its
strength is a strong function of Zn doping. It is this
effect which apparently gives rise to the unusual
variation with doping of the temperature dependence
of the infrared luminescence.

II. SPECTRA

The GaP samples in which the new emission was
observed were grown from Ga-rich solutions® con-
taining 0. 007-mole% Zn and 0. 02-mole% Gay0;.
Only selected regions of the crystals studied showed
the new emission band. The luminescence was ex-
-cited by 6328-A radiation from a (5-mW) He-Ne la-
ser, which photoneutralizes the ionized O donors by
promotion of electrons from the valence band. " The
samples were mounted in a cold-finger Dewar, and
both exciting and sampling optics were defocused so
"that changes in measured intensity due to changes
in sample position with temperature were minimized.
It is estimated that the relative intensities of spec-
tra taken at different temperatures are determined
to within +5%. )

The resulting spectra as a function of tempera-
ture are shown in Fig. 1. At 60 °K, the lumines-
cence is similar to the DA emission band observed
by Dean et al.! at 4 °K (e.g., see Fig. 4 of Ref. 1).
The NP band (composed of a number of unresolved
pair lines) peaks at 1.392+0. 002 eV and is repli-
cated by phonons of energy 19 and 45 meV. The
45-meV phonon energy is = 2 meV lower than that
observed at 4 °K.! The new structure is first ob-
served at 70 °K as a small protrusion on the high-en-
ergy side of the pair band. At 76 °K the NP line at
1.453+0.002 eV and a single phonon replica are
further developed concurrent with a substantial
broadening of the pair emission band. The new
structure is fully developed at 87 °K, where at least
two phonon replicas are resolvable in addition to
the NP line. The phonon energies giving rise to the
replicas correspond to 23 and 52 meV, respectively.
These values arc = 5 meV higher in energy than the
corresponding replicas for the pair emission.! This
increase in phonon energy is thought to correspond
to a change in the momentum conservation require-
ment in going from a pair to a FB transition,

Both the width and peak position of the 1.453-eV
band argue for its identification as a FB transition.
At 87 °K, the observed width of the NP line is ap-
proximately 28 meV, or ~4k7T. This is a reason-
able width for a FB transition, and arises as a
consequence of the distribution of hole energies in
the valence band. The threshold energy Ay, for the
FB transition can be calculated as the difference
between the band gap E, and the ionization energy Eo
of the oxygen donor. If the oxygen-donor level re-
mains fixed relative to the conduction band at the
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FIG. 1. Photoluminescence spectra from lightly zinc-
doped GaP(Zn, O) as a function of temperature. The zero
of each spectrum has been shifted for clarity, and cor-
responds to the position of the arrow denoting tempera-
ture. The NP energies for the free-to-bound and donor-
acceptor pair transitions are designated by FB-NP and
DA-NP, respectively.

value E,=0.895 eV! as a function of temperature,
then at 87 °K taking E,=2. 331 eV, ® we find kv,
=1.436 eV. On the other hand, if the oxygen level
is tied to the valence band, then kvy=1.443 eV. In
either case the 1.453-eV emission peak is within
2kT of the expected FB threshold.

Evidence to be presented in Sec. III indicates that
the O level is rigidly fixed relative to the valence
band for T <87 °K. As the temperature is raised
from 87 to 110 °K the FB peak is observed to shift
by approximately 3 meV to lower energies. Over
the same temperature range the band gap decreases
by approximately 6 meV.® Thus, it appears that in
this range the oxygen level is not rigidly tied to ei-
ther band. Above 110 °K the infrared emission
broadens into a single band with no resolvable struc-
ture (see Fig. 1). The peak of the band shifts from
1.370 eV at 110 °K to 1.356 eV at 300 °K, a shift of
14 meV as compared to a reduction of 60 meV in the
bandgap® over the same temperature interval. This
smaller shift in the infrared band as compared to
the band gap cannotnecessarily be constructed to mean
that the O level is tied to the valence band over this
temperature range. The structureless infrared
emission observed above 110 °K is presumably com-
posed of a series of broadened phonon replicas of
the FB transition, each of which broadens to higher
energies as the temperature is raised, reflecting
the change in the distribution of free-hole energies
in the valence band. Thus, any shift in the energy
threshold of the FB-NP transition to lower energies
would be at least partially offset by the broadening
of the NP line and each replica to higher energies.
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Luminescence spectra from crystals grown from
solutions containing 0. 07-mole% Zn and 0. 02-mole%
Ga,0O3 are shown in Fig. 2, (For convenience, since
the total infrared band decreases with increasing
temperature in this case, the spectra are ordered
oppositely to the arrangement in Fig. 1.) Again at
the lowest temperature, the DA pair emission is
observed, except in this case the NP line peaks at
1.399+0. 002 eV, 7 meV higher than observed for
the more lightly doped sample. This increase in
energy can be attributed to the reduction in the bind-
ing energy of Zn acceptors with increased doping
[see Eq. (15)] ®'° to broadening of the Zn level with
doping, or to increased near-neighbor pairing. No
sharp structure attributable to FB transitions is ob-
served in this material, However, at 104 °K a
shoulder appears on the infrared band correspond-
ing in energy to the FB transition observed in the
lightly doped crystals. The shoulder grows in inten-
sity at 115 °K, and the vestiges of the NP-FB tran-
sition and two replicas can be made out by compar-
ison with the 110 °K spectrum from the lightly
doped sample (cf. Figs. 1 and 2). Above 115 °K, the
infrared emission broadens rapidly to higher ener-
gies and becomes essentially identical in shape to
that observed at corresponding temperatures in the
lightly doped crystals. It is possible to conclude
from this behavior that FB transitions are also the
dominant source of the infrared emission in the
more heavily doped crystals above =~ 120 °K.

To justify this conclusion the relative strengths
of the FB and DA luminescence can be straightfor-
wardly calculated from Fermi-Dirac statistics and
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FIG. 2. Photoluminescence spectra from heavily
zinc-doped GaP(Zn, O) as a function of temperature.
Since the total infrared emission decreases with increas-
ing temperature for this sample, the spectra are ordered
oppositely from the arrangement in Fig. 1.
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a simple model of the recombination kinetics. The
FB transition rate 7 gy (in units of cm™ sec™) due
to hole capture by neutral oxygen donors is given by

7rs=BpgPNQ , (1)

where By is the capture coefficient, p is the free-
hole density, and N0 is the concentration of neutral
oxygen donors. It is difficult to express the total
DA pair recombination rate in a simple form be-
cause of the dependence of the rate on the spatial
separation for each recombining pair.*' This spa-
tial dependence requires the use of ensemble aver-
ages in calculating the kinetics. Elaboration of this
point is made in the Appendix, where it is shown
that the DA recombination rate 7p, can be approxi-
mated by the form

7pa=BpaNaNG , (2)

where N is the concentration of neutral acceptors.
The generation rate of free holes and neutral oxygen
donors resulting from the defocused below-band-gap
He-Ne excitation used in these experiments is of
order 5x10% cm™ sec™ (5 mW of 6328-A radiation
into a 3-cm-diam area, with an absorption coeffi-
cient” of 2 cm™). The longest lifetime observed for
the oxygen luminescence over the range of tem-
peratures and zinc doping used in these experiments
is ~ 40 psec.'® Thus, we expect p and N3 to be no
greater than ~ 2x10'% em™ over this range. Since
the oxygen concentration’ of the crystals studied is
~10"" cm™ saturation of the O donors by the photo-
excitation is negligible. In addition, above 50 °K
we may replace p in Egs. (1) and (2) by its thermal
equilibrium value py,. The temperature dependence
of the relative magnitudes of the FB and DA transi-
tions (¥gp/7pa) is therefore determined by the ratio
po/NS%, modulated by the temperature dependence of
Bgp/Bp,. As will be shown in Sec. IV, Bp, is ex-
pected to be temperature independent. In addition
By is only weakly temperature dependent, and is
essentially independent of p,. Hence, the doping
dependence of 7 yp/7p, is also determined primarily
by po/N?\. Using conventional semiconductor statis-
tics'® and the charge neutrality relation

po+Np=N,=N§ ,

where N is the concentration of ionized donors,
the temperature dependence of po/N3 has been cal-
culated for several doping conditions. The results
are plotted in Fig. 3. At any temperature the ratio
is largest for the lightly doped weakly compensated
sample (N, -~ Np=2.5x10'" cm™). As a result of
increased compensation (N, — Np=2.0%x10'7 cm™)
the FB transition decreases in importance at lower
temperatures. Experimentally it is found that only
selected regions of the lightly Zn-doped crystals
show sharp FB structure at ~90°K. On the basis
of Fig. 3, the observation of the NP-FB line in these
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FIG. 3. The ratio py/N} of free holes to neutral ac-
ceptor atoms as a function of temperature, plotted for
three doping levels using Eq. (3). The ratio of the FB
recombination rate to the DA pair recombination rate is
proportional to p/N g, and is largest for weakly com-
pensated lightly zinc-doped samples. The arrows indi-
cate that a value of po/N} =0. 056 at 80°K for the lightly
zinc-doped weakly compensated sample is not achieved
in the more heavily zinc-doped crystal until a tempera-
ture of 97 °K is reached.

samples would appear to be correlated with local
regions in which the residual donor concentration is
depleted.'* For the more heavily Zn-doped sample
(No-Np=1.0x10' cm™®) Fig., 3 also predicts a
lower ratio of FB to DA luminescence, in agreement
with the experimental findings. Thus, at =80 °K
the ratio 7 pg/7pa is = 3 times lower than in the
lightly doped weakly compensated crystal. I we
assume that FB luminescence becomes comparable
to DA luminescence for a ratio po/N% =0.056 (see
Fig. 3) as suggested by the ~ 80 °K spectrum of the
lightly Zn-doped sample (Fig. 1), then we expect
FB recombination to become dominant in the more
heavily doped sample at ~100 °K. This agrees with
the spectral evidence in Fig. 2. On the basis of
Fig. 3 it may be concluded that FB recombination
is the dominant luminescent process at neutral oxy-
gen above 120 °K for all samples for which N, <10*°
cm™S,

Before concluding the discussion of the spectral
results it is worth noting similar effects observed
in GaAs by Shah et al.*® Using much larger excita-
tion densities (~10% cm™sec™) at lower tempera-
ture (~15 °K) than in the present work, two “twin
peaks” were observed in photoluminescence whose
spectral characteristics were very similar to those
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described here. Namely, the higher-energy band
increased in intensity with increasing temperature,
while the lower-energy band quenched. By noting
that the ratios of the two bands followed a Boltzmann
dependence independent of the position of the quasi-
Fermi level (p > pg in their experiments), it was
concluded that the higher-energy peak resulted from
DA pair recombination between the first excited
state of a shallow donor with distant acceptor im-
purities, whereas the lower-energy peak originated
from conventional pair recombination involving only
ground states. Their analysis also indicated that
pair recombination involving the excited state of the
donor should be favored in samples with the lowest
donor concentration. This is comparable to the ob-
servation here of strong FB emission in lightly Zn-
doped samples. The method used by Shah et al. to
distinguish between FB and excited-state DA lumin-
escence involved drawing a distinction between Fer-
mi-Dirac and Boltzmann statistics in predicting the
ratio of peak heights vs temperature. For the ex-
citation densities used here, both sets of statistics
predict the same behavior (cf. Fig. 3 of this work
with Fig. 3 of Ref. 15), making such a distinction
impossible.

To support the interpretation of the 1.453-eV
luminescence as a FB transition, the spectra of a
number of samples of GaP(Zn,O) and GaP(Cd, O)
have been examined at room temperature. The
broad infrared band observed in these crystals is
found to be virtually identical, independent of the
type of acceptor (Zn or Cd) and its concentration.
This strongly suggests that the luminescence de-
pends only on the donor level, i.e., it is FB emis-
sion. In Secs. III and IV additional support is
drawn for this contention from the line shape of
the emission and the temperature dependence of the
total infrared luminescence band.

III. LINE SHAPE

From the application of detailed radiative balance
Blakemore!® has shown that a simple relation exists
between the radiative capture cross section 0y of
a localized impurity and its photoionization (or
photoneutralization) cross section ¢,. Thus, if the
spectral variation of 0, is known, the spectral de-
pendence of 05 can be found from the relation®®

-1 207 a2
N R ) A 2 3)

20%miE

b

In the above expression E is the energy of the hole
(measured from the top of the valénce band) prior
to capture, kv is the photon energy Av=E,+E - E,,
B is the degeneracy of the ground state of the O do-
nor, ¢/n is the speed of light in the crystal, and m*
is the valence-band effective mass. The spectral
variation of the photoneutralization cross section
0, (hv) for the O donor in GaP has been measured’
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at 90 °K and the result near the low-energy thresh-
old is shown in the inset of Fig. 4. The shape of
this curve and its comparison with theoretical cal-
culations'” is discussed elsewhere.” For our pur-
pose, the spectral variation of ¢, is used in Eq. (3)
in order to calculate the shape of the 1.453-eV
emission line (at 87 °K), which is determined from
the relation

VFB(hV);Po(E)U(E)UFB(E)Ng . 4)

In Eq. (4), po(E) is the thermal equilibrium concen-
tration of free holes with energy E, and v(E)
= (2E/m*)M? is the electron thermal velocity. The

free-hole density py(E) is itself a product of the den-

sity of states g(E)<EY?and the thermal-equilibri-
um Fermi factor f ()= e ®0"B/*T (¢ is the thermal-
equilibrium Fermi level, which by the choice of
origin is negative). The spectral variation of 7 g
is therefore given by

rppv) <o (hv)(hv)2e (0-BY/RT 5)

Taking ¢q= - 43.5 meV appropriate to N, - Ny
=2.5%10'" cm™® at 87 °K, one obtains from Eq. (5)
the calculated NP line shown by the full curve in
Fig. 4. Using this shape for the FB emission line,
the contributions of the first two-phonon replicas
have been subtracted from the 87 °K spectrum in
Fig. 1, The resulting experimental NP line is
shown by the open circles in Fig. 4. Agreement
with the calculated curve is excellent, adding fur-
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FIG. 4. Comparison of experimental and calculated
line shapes for the NP-FB transition. The solid curve
is calculated using Eq. (5) and the photoneutralization
spectrum shown in the inset. The open circles are ob-
tained by using the calculated shape to subtract the
phonon replicas from the 87 °K spectrum in Fig. 1, as
explained in the text.
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FIG. 5. Temperature variation of the total infrared
emission from the heavily zinc-doped sample. The open
circles represent the relative areas under the spectra in
Fig. 2. The solid curve is plotted using Eq. (11), with
C=3.2%10"% cm?°K "2,

ther support to the interpretation of the 1.453-eV
emission as a FB transition.

The energy threshold 2v,=1, 445 eV (obtained
from the absorption curve in Fig. 4) predicts an
ionization energy for the oxygen donor of E, =886
meV at 87 °K. The decrease in O binding energy
from 895 meV at 4 °K to 886 meV at 87 °K sug-
gests that the O level is rigidly fixed to the valence
band over the range 4< 7 <87 °K. This is consistent
with recent evidence!®'!® that the electron binding
energy associated with the Zn-O isoelectronic cen-
ter, responsible for the high-efficiency red lumin-
escence in GaP(Zn, O), also decreases with increas-
ing temperature, i.e., from 300 to 230 meV in go-
ing from 4 °K to room temperature.

IV. NONRADIATIVE RECOMBINATION

In this section, elaboration is made concerning
the observation that not all electrons trapped at O
centers as a result of the photoneutralization pro-

. cess recombine radiatively. This is seen, for ex-

ample, in Figs. 5 and 6 where the total infrared
luminescence (the area under each spectrum in
Figs. 1 and 2) is plotted as a function of tempera-
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FIG. 6. Temperature variation of the total infrared
emission from the lightly zinc-doped sample. The open
circles represent the relative areas under the spectra
in Fig. 1. The solid curve is plotted using Eq. (12) with
the values C;=9.6%10"% cm®°K"2, C,=1.6%10"% cm?®°K-?,
and Cy=8.8x1076°K"%,

ture for both the lightly and heavily doped samples.
Under low-level excitation the total infrared recom-~
bination rate is given by

Llr: (TO/Tir)IGaNO » (6)

where T, is the total lifetime of an electron trapped
at an O center, 7,,is the radiative lifetime, and
is the excitation intensity. Since the photoneutral-
ization cross section 0, has been found to be tem-
perature independent, ’ the temperature variations
in Figs. 5 and 6 result from variations in the
branching ratio® 7,/7,, which for this case is just
the infrared quantum efficiency 7;.. For the heavily
doped sample (Fig. 5), some nonradiative process
exists to make this ratio less than unity at higher
temperatures, while in the lightly doped crystal
(Fig. 6) the efficiency is quenched by some nonradi-
ative mechanism at low temperatures. Discussed
below are several possible nonradiative transitions
that qualitatively explain both the doping and tem-
perature dependence of the observed quenching.
Because of the comparatively large energy to be
dissipated (~ 1.4 eV) the most likely nonradiative
mechanism quenching the oxygen luminescence is
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the Auger or impact recombination process. 20 Four
possible Auger processes involving the neutral oxy-
gen donor are shown schematically in Fig, 7, along
with the two radiative mechanisms discussed in the
previous sections. Process PP (the so-called T4
process of Landsberg et al.?!) is a particular exam-
ple of nonradiative recombination involving the in-
teraction of two free carriers with a third particle
trapped at a single imperfection center in the crys-
tal. Calculations of the transition rate of the PP
process have been made by Landsberg et al. 2 and
more recently by Sinha and DiDomenico, ® This
process has been found!® to be important in explain-
ing the temperature dependence of the decay time??

RADIATIVE PROCESSES

DA FB
° °
No
Na
o]
NONRADIATIVE PROCESSES
SINGLE THREE
CENTER CENTER
PP AA
f
o...
TWO CENTER
PA . AP
! ‘.\
0 -

FIG. 7. Radiative and nonradiative recombination
processes at the neutral oxygen donor in p-type GaP.
An electron trapped at the oxygen donor (concentration
No) may recombine radiatively with a hole on a neutral
acceptor impurity (concentration Ny) via a DA transition,
or with a free hole by means of the FB transition. Non-
radiative Auger recombination of the electron interact-
ing with two holes can be classified according to the num-
ber of separate centers involved. In the single-center
process (PP), the electron interacts with two free holes,
while in the three-center process (AA) the electron in-
teracts with holes trapped on two separate acceptor im-
purities. Two-center recombination involves the inter-
action of the electron with one free hole and one trapped
hole, and can be classified according to whether the re-
coil particle is initially trapped (PA) or free (AP).
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of the efficient red luminescence originating from
deep isoelectronic traps due to Zn-O nearest-neigh-
bor pairs in GaP. It is also important in under-
standing the doping dependence of the room-tem-
perature quantum efficiency and decay time of the
red luminescence. !*'!® As will be shown below, the
PP process is responsible for the quenching of the
infrared luminescence from neutral oxygen at higher
temperature in the heavily doped sample. It can be
thought of as a nonradiative analog of FB recombin-
ation, with the energy given off in the capture of the
free hole being used to eject a second free hole deep
into the valence band. The recombination rate for
the PP process is proportional to the neutral oxygen
concentration and the square of the hole concentra-
tion:

'Vpp:BPPPZN?) . (7)

Thus, it possesses the proper temperature depen-
dence to explain the data in Fig. 5, i.e., #pp be-

comes large at high temperature where holes are

thermalized off of zinc acceptors.

Auger processes involving carriers localized at
two separate centers in the crystal are denoted by
PA and AP in Fig. 7. Process PA is similar to the
two-center problem discussed by Tolpygo ef al., 2
who considered capture of a minority carrier with
the simultaneous ejection of a majority carrier from
a neighboring center into the nearest band. The lat-
ter process is identical to that discussed by Dean
and Henry® to explain the quenching of the capture
luminescence (~0. 84 eV) for the ionized O donor.
More appropriate to the experiments described here,
for which no minority carriers are generated, ** is
the capture of majority carriers by the neutral O
donor with the simultaneous ejection of a carrier
(of either sign) from a nearby center, as in the PA
process of Fig, 7. This process is also a nonradia-
tive analog of the FB process, with the recoil par-
ticle in this case being initially bound to a shallow
acceptor. The other two-center process AP is a
nonradiative analog to DA pair recombination.

Thus, the excess energy from the recombination of
an electron trapped at a neutral O center with a hole
trapped on a neutral acceptor is used in ejecting a
free hole deep into the valence band. Both pro-
cesses PA and AP are expected to be important in
an intermediate temperature range for which the
populations of free holes and neutral acceptors are

comparable. The recombination rates for these
transitions can be written
VPA=BPAPN2.N% > (8a)
TAP=BAPPN%N?) , (8b)

where use has been made of the approximations giv-
en in the Appendix.
A new® type of nonradiative recombination mech-
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anism involving carriers bound to three separate
centers is the process AA shown in Fig. 7. This
process is also a nonradiative analog of the DA
transition, with the recoil particle initially bound
to a shallow acceptor. The recombination rate for
this process (see the Appendix) is given by

2
,VAAzBAANl)\NOO . (9)

Thus, the three-center Auger process is expected
to be strong at low temperatures where all the holes
are frozen out onto neutral acceptors. The quench-
ing of the low temperature infrared luminescence
in the lightly doped sample (Fig. 6) can be attributed
to this process.

In order to fit the data of Figs. 5 and 6, Egs. (1),
(2), and (6)-(9) can be combined to yield an expres-
sion for the infrared quantum efficiency:

Nip= (]_+BPPPZ+(BPA“‘BAP)I’N?\‘*BAAN[Aa)‘!
r BpaNi+Bpgh ’

(10)

Rather than undertake the four-parameter fit re-
quired by Eq. (10), different limiting forms of the
expression have been used in the case of high and
low zinc doping, respectively. Thus, in fitting the
data for the heavily doped sample in Fig. 5, it has
been assumed that only the FB radiative and PP non-
radiative processes are important, yielding the
following simplification of Eq. (10):

Nir= [1+(BPP/BFB)p]-1 . (11)

In order to explain the rapid falloff of n,, at higher
temperatures, where the hole concentration begins
to saturate, it is necessary to choose Bpp/Bpg=CT?%
where C=3.2%10"% cm®°K™2, The T? dependence
is not completely understood. Landsberg et al.?
find that Bpp increases approximately linearly with
increasing temperature in the so-called first-order
approximation. Assuming this dependence is cor-
rect, the observed thermal quenching of 7,, is ex-
plained by taking Bpg 7™, This inverse tempera-
ture dependence is stronger than usually calculated
for a FB transition.?® Since most calculations of
FB transition rates!’’2=2 involve approximations
appropriate to impurities of moderate or shallow
depth in direct-gap semiconductors, it is not sur-
prising that they do not give a good account of the
FB temperature dependence for the deep O donor in
indirect-gap GaP.

There is clearly considerable uncertainty as to
how the observed temperature dependence of Bpp/B 5g
for the heavily doped sample should be divided be-
tween the PP or FB transition. For convenience
we arbitrarily assign the full 7% dependence to the
FB process. Hence, we take Bps=CT™, where C
is a constant. To fit the data for the lightly doped
crystal, the two-center processes are neglected,
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and Eq. (10) is written in the form

_ Clp2+C2NRz>-1
nlr‘ <1+CSNUA+T-EP ’
where C;=Bypp/C, C,=B,,/C, and C43=Bp,/C. From
Fig. 3 we have for Ny - Np=2,5%x10" cm™, 7 5
=7pa at T~ 80 °K, which yields C;=8.8x107 °K2,
The data in Fig. 6 are fit by adjustment of C, and C,
to the values C,;=9.6%X10"2 cm®°K*? and C,
=1.6x10"% cm?® °K 2,

The fits to the data in Figs. 5 and 6, though in
good agreement with observation, are by no means
quantitative, For example, the inflection point at
120 °K in the data for the heavily doped crystal (Fig.
5) indicates the importance of processes other than
the two (FB and PP) used in deriving Eq. (11), It
does appear, however, that the single-center Auger
process is'the dominant recombination mechanism
in this sample above 200 °K. Even in the lightly
doped crystal, the PP mechanism becomes impor-
tant near room temperature, where it is responsible
for the slight decrease in 7y, as T is increased from
260 to 300 °K. For this sample, the infrared effi-
ciency is quenched at a constant value over the range
20<T<60 °K, a result that is qualitatively explained
by the temperature independence of the three-center
(AA) process for these temperatures. The impor-
tance of this process for the lightly doped sample
would seem to be anomalous, since the recombina-
tion rate varies as N3° [Eq. (9)]. To explain this
result it is necessary to examine the doping depen-
dence of the coefficients B,, and Bp,.

Theoretical calculations show that Auger transi-
tions of bound particles in solids have rather strong
dependences on the binding energy of the trapped
carrier(s). Landsberg ef al.,? for example, find
that the PP process (Fig. 7) increases in strength
as the binding energy of the trapped particle in-
creases. They attribute this increase primarily
to the reduction in total energy absorbed by the re-
coil particle as the binding energy is raised. Like-
wise, Tolypgo et al. 2 find that the transition rate
of the two-center Auger process which they investi-
gated involving two shallow centers of binding energy
E, (analogous to process AP and PA in Fig. 7) in-
creases as E4. For processes analogous to the sin-
gle-center PP mechanism, calculations by Bess?®
as applied to GaAs by Weisberg® also show an in-
creasing Auger recombination rate as the binding
energy increases. Likewise, Sinha and DiDomeni-
co'® have shown that the Auger recombination rate
of trapped excitions with free holes is proportional
to EY?E¥% where E, and E, are the binding ener-
gies of the majority- and minority-carrier compo-
nents of the exciton, respectively. By comparing the
matrix element M, for this process with that for
the AA process M,,(Ry,R;), and making the identi-
fications E,~E,, E,~E,, one can show™ for a

(12)

2595

suitable choice of origin
Mya Ry, Ry) = (1/a )2 e CRirarRel Ry (13)

where R; and R, are the separations of the two neu-
tral acceptor atoms from the donor impurity, @, and
ag are the effective Bohr radii of the acceptor and
donor states, respectively, and R, is the screening
length.'® Since a,<E3l’2, and M2« EY % E%/2 we
find

BA.AOC(I/“A)EM?cOCEi . (14)

The approximations leading to Eq. (14) give an up-
per bound to the dependence on E,. By comparison
with the two-center process we expect B, <E}
where 25n £5,

Empirically® it is found that the acceptor binding
energy E, shifts as a function of acceptor concentra-
tion according to the formula®'?

E,=E%-3%x10°NY% eV, (15)

where ES is the dilute ionization energy (EY =64 meV
for zinc). Some workers®® have suggested that Eq.
(15) does not refer to a real shift in ionization en-
ergy, but results rather from a sensitivity of ther-
mal activation experiments (e.g., Hall measure-
ments) to other shallow energy states of the crystal.
On the other hand, Bonch- Bruevich® has given the-
oretical justification for a real shift in binding en-
ergy given by Eq. (15) in terms of plasma screening
of the Coulomb potential by both bound and free
carriers. Taking the latter point of view, we see
that Eqs. (14) and (15) predict a strong decrease in
three-center Auger recombination as the zinc con-
centration is increased. -
The factor which determines whether or not the
nonradiative three-center process will be observed
at low temperature is its strength relative to the
radiative DA pair process, i.e., the ratio 7p,/7,,.
Using a simple atomic model it can be shown3!+3

7pa @ E EY? (BY? + EY?)™NS | (16)

where E, is the oxygen-donor ionization energy.
Combining Egs. (9) and (14)-(16), we find that if
B, 4 varies as strongly as the fifth power of E,, then
7pa/7 aa decreases by a factor of 5 as N, is de-
creased from 10" to 10" cm™. If these approxi-
mate calculations are valid they indicate that the
three-center process in some cases can be stronger
relative to pair emission in the lightly zinc-doped
samples, in agreement with the experimental find-
ings.

Although the three-center process is a plausible
mechanism for explaining the low-temperature
quenching in the lightly doped crystal, at least one
other possibility should be mentioned. Thus, atwo-
center Auger process involving a multivalent accep-
tor® (e. g., Cu in GaP) would also explain the ob-
served temperature dependence for the lightly doped



2596 J.

crystal. In this process, the electron at the neu-
tral O site recombines with one of the holes frozen
out on the acceptor, while a second hole is ejected
out of the acceptor into the valence band. If such a
multivalent Auger process were responsible for the
observed low-temperature quenching, then the lack
of quenching in the heavily doped sample could be
explained chemically, on the basis of the incorpor-
ation of the unknown multivalent acceptor into the
GaP lattice as a function of zinc doping. Alterna-
tively, the reduction in E, could also be expected
to reduce the strength of the multivalent process

in the more heavily doped sample in analogy with
the three-center process.

V. TIME DECAY

As shown by Thomas et al. 1 the luminescent de-
cay for a DA pair process is a nonexponential func-
tion of time, resulting from the spatial dependence
of the transition probability. On the other hand, the
FB process exhibits an exponential time decay for
sufficiently low excitation intensities that the major-
ity-carrier concentration is not modulated by the
exciting radiation. Hence, it would appear that
time-decay measurements furnish a means of dis-
tinguishing between the two radiative processes. ‘2
The existence of the Auger processes shown in Fig.
7 interferes with this procedure, however, since
the nature of the time decay is determined by the
dominant recombination mechanism, which is not
necessarily a radiative one.

More explicitly, we can express the lifetime 7,
of a carrier at the recombination center in terms of
the coefficients defined previously:

1/To=Bygp + BpaNa+Bpp)®
2
+ (BPA+BAP,)N%P+BAAN% . 7

If either of the processes FB or PP dominate the
lifetime, then the decay will be exponential, while
the processes DA, PA, AP, and AA give rise to a
nonexponential decay. As an example, consider the
case for which the acceptors are 50% ionized so
that p=NS. Then, even if Bpg > Bp,, the decay will
be nonexponential if we also have BpaNS > Bgp.
Thus, decay-time measurements do not necessarily
furnish an unambiguous determination of the nature
of the 7adiative recombination mechanism at a de-
fect center. Only in the extreme limits (i) p < NY
or (ii) p > NY do we expect a clear-cut distinction
to be possible on the basis of time-decay measure-
ments. For these limits we expect, in case (i), all
dominant radiative and nonradiative transitions to
be nonexponential, and in case (ii), all dominant
radiative and nonradiative process to be exponen-
tial.

In the case of the oxygen donor in GaP, the analy-
sis of Sec. IV indicates that the FB radiative and
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PP nonradiative transitions dominate the recombin-
ation above = 170 °K in the heavily doped p-type
crystal (Fig. 5). Thus, we expect the time decay to
be exponential above this temperature, as has been
observed by Bhargava. '? In contrast to Ref. 12,
however, we find a large fraction of the total room-
temperature recombination to be nonradiative for
this doping level. For the lightly zinc-doped sam-
ple (Fig. 6), the fitting parameters used in Eq. (12)
indicate that the AA process is important up to

~ 220 °K. Hence, we expect the infrared time de-
cay for this crystal®® to be nonexponential well above
120 °K, even though the radiative transition is al-
most completely FB.

V1. SUMMARY

A new infrared emission band (1.45 eV) in un-
compensated r‘egions of lightly zinc-doped crystals
of p-GaP(Zn, O) has been identified as resultingfrom
the radiative capture of free holes by the deep neu-
tralized oxygen donor. This transition is found to
be the dominant radiative recombination process at
neutral oxygen in GaP above 120 °K, Two nonradia-
tive Auger processes have been suggested to explain
the quenching of the infrared luminescence, At high
temperatures in the more heavily zinc-doped sample
the recombination at neutral oxygen is dominated by
a single-center Auger process involving the inter-
action of two free holes., To explain the quenching
of the oxygen luminescence at low temperatures in
the lightly doped sample, a new three-center Auger
process is postulated. Approximate calculations
indicate that the three- center process correctly ex-
plains the observed temperature and doping depen-
dence.

ACKNOWLEDGMENTS

The author is indebted to M. DiDomenico, Jr.,
for a critical reading of the manuscript as well as a
number of helpful discussions, including the origi-
nal suggestion that the room-temperature 1. 36-eV
emission band results from a FB transition. The
solution-grown samples were provided by F. A.
Trumbore and L. Derick, The expert technical as-
sistance of E. F. Kankowski is also gratefully ac-
knowledged.

APPENDIX: POSITION-DEPENDENT KINETICS

Calculations of the recombination kinetics involv-
ing transitions between separated DA pairs and trip-
lets are complicated by the spatial dependence of
the transition rate. Consider a crystal in which the
donor concentration Ny is dilute relative to the ac-
ceptor concentration N,. For a given distribution
{f‘,} of acceptor positions relative to a donor at the
origin, the kinetic equations can be solved straight-
forwardly in terms of exponential functions. The
quantity of interest, however, is the ensemble aver-
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age of the solution, taken over all possible distribu-
tions of {r;}.!* The necessity of taking ensemble
averages greatly complicates the computation of the
time decay—which becomes nonexponential—and the
quantum efficiency. Here we investigate the ap-
proximations necessary to derive the simplified ex-
pressions given in the text, i.e., Egs. (2), (8), and
(9).

Low-level steady-state recombination at neutral
oxygen (at the origin) is governed by the following
equation, assuming a given distribution {F,} of ac-
ceptor positions and a photogeneration rate G:

G =N(0){Ej [WDA(VJ) +Wpalr;) + WAP(”J)

+ 20 Waa@ s, 7))+ B p +Bppp’}.

In Eq. (A1) the quantities Wp,(r,), Wpa(¥;), and
Wyp(r,) are the transition probabilities for an elec-
tron at the O donor to recombine with a hole on a
neutral acceptor at T, via processes DA, PA, and
|

. .
(22 Wpalry)y =23, ‘—,—,,‘./:/ --/-WDA(V,)dsrldayz. el dBry,

where #n is the number of neutral acceptors in the
crystal volume V. Noting that N =n/V, we have
from Eq. (A5)

(L Woalr ) =N} [ Wa(r)d®y (46)

I we identify (D)=G/NJ, then combining Eqs. (A4)
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AP, respectively. The quantity W,,(r,,7;) is the
transition probability for the AA process, in which
a second hole on the acceptor at T, is ejected into
the valence band. It will be convenient to define the
quantity D via the relation G =N D, by comparison
with Eq. (Al). For this distribution {¥;} of accep-
tors, the total DA recombination rate is given by

Rpy = (G/D)EJWDA(VJ) . (A2)

The experimentally observed quantity is the ensem-
ble average of Ry,

Rpa=(Rba)={(G/D) 22 Wpalr))) . (A3)

In general the ensemble average in Eq. (A3) is diffi-
cult to perform. We gain simplicity if we make the
approximation

Rpa=G (EJ WDA("’:))/<D> .

The average (EJWDA(rj)) is straightforwardly eval-
uated:

(A4)

(A5)

|
and (A6), we obtain Eq. (2) in the text, where

Bpa Ef Woar)d®r . (A7)

Likewise, we obtain Egs. (8) and (9) by similar ap-
proximations, where in particular {see Eq. (9)]

Baa Eff WAA(%”z)daylds"’z . (A8)
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We report electroreflectance spectra for the chalcopyrite crystals CdSiAs, and CdGeAs,.
These compounds are characterized by large built-in compressions and internal displace-
ments of the As anions due to the difference in the cation covalent radii, Cd being 27% larger
than Si and 21% larger than Ge. We find that CdSiAs, has a directbandgap at 1.55 eV. The
simple quasicubic model for the crystal field splitting of the fundamental band gap in chalco-
pyrite crystals breaks down in CdSiAs, because of a contribution (~50% of the compressional
splitting) of opposite sign due to the difference in the pseudopotentials of the cations Cd and
Si. However, the quasicubic model quantitatively explains the observed polarization depen-
dences in terms of the measured valence band splittings. Transitions corresponding to the
A transitions in zinc-blende ¢rystals are not observed in CdSiAs, and CdGeAs,. Instead, a

new doublet is observed for E L Z in both crystals, and we assign this new structure to
transitions at the point N in the chalcopyrite Brillouin zone.

1. INTRODUCTION

Many of the electronic and optical properties of
II-1V-V, chalcopyrite semiconductors can be under-
stood in terms of a simple binary-ternary analogy
which emphasizes the similarity of the zinc-blende
and chalcopyrite lattices. !~° In previous electro-
reflectance studies'™ of CdSnP, and ZnSiAs,, a
simple quasicubic model accounting for the built-in
compression of the chalcopyrite lattice quantita-
tively explained the (i) ordering, (ii) splittings,
and (iii) polarization dependences for the three

transitions derived from the triply degenerate
fundamental band gap I'j;—TI'; in zinc-blende crys-
tals. A quasicubic model was also constructed to
explain the splittings and polarization dependences
of the transitions in CdSnP, and ZnSiAs, corre-
sponding to the A transitions in zinc-blende crys-
tals. Other electroreflectance structure was at-
tributed to pseudodirect transitions—direct trans-
itions in chalcopyrite corresponding to indirect
transitions in zinc-blende crystals which become
allowed because of the doubling of the unit cell
along the Z direction in chalcopyrite crystals.



