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The oxygen donor has been studied in a series of (Zn, O)-doped GaP samples. The in-
frared-luminescence intensity associated with this center was monitored over six decades
of above band-gap photoexcitation intensity. A central feature of these measurements is a
sublinear luminescent increase which extends over three decades of photoexcitation intensity
in a range where the red emission associated with the Zn-O complex increases either linearly
or superlinearly. The effect is observed in all measured zinc-doped crystals and the be-
havior is consistent with a model in which the oxygen center successively captures two elec-
trons. In this model the infrared luminescence is associated with the deeply bound electron,
while recombination at an oxygen center which has captured both electrons occurs through
processes involving these electrons and either a bound or free hole. The experimental data
yield recombination rates associated with two-electron processes of the same magnitude as
the recombination rate of the deep electron. A value for the second electron energy level
2 400 meV is extracted from the measurements. The magnitude of the deep-electron-cap-
ture cross section of the oxygen center is evaluated on the basis of the excitation~intensity
data and a linear dependence on hole concentration is found from deep-electron-thermaliza~-
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tion data. These measurements lead to a value of 0,~10"15/10'" cm?, where p is the hole
concentration per cubic centimeter, Similar experiments performed on the Zn-O red band,
to attain a more accurate determination of the Zn-O complex electron-capture cross sec-

2

tion, yielded a value of 04,_o=2x10"¥® cm?. These two capture cross sections, the maxi-
mum values of the impurity-concentration ratio Ny, o/No (obtained from pairing theory),
and results of earlier work characterizing Zn-O red luminescence have been combined to
obtain an upper limit for the internal quantum efficiency of the Zn-O system. The predicted
maximum is ~ 35% for material annealed at 600°C, Efficiencies in the 40% range are pre-
dicted for equilibrium pairing at 500°C. Our results are consistent with reported values of
maximum-red-luminescence quantum efficiencies and minority-carrier lifetime (7) eval-
uations. Measurements on a well-characterized sample with a net acceptor concentration

of 2.5x101 ¢m™ yield parameter values of T,=13 nsec and Ng, o= 4x10% cm™,

On the

basis of pairing theory the oxygen-donor concentration is ~7x10% em™,

I. INTRODUCTION

The efficient radiative center in the red-emitting
GaP(Zn,0) system has been identified as a nearest-
neighbor zinc and oxygen complex. '2 Calculations
based on pairing theory®* indicate that only a frac-
tion of the oxygen on phosphorous sites pairs with
zinc to form the neutral Zn-O isoelectronic radi-
ative centers. In this paper we consider what
effect recombination through the unpaired oxygen
sites has on limiting the potential maximum quan-
tum efficiency of the red band. To achieve this
aim we evaluate the electron-capture cross sec-
tions of both the oxygen and Zn-O centers.

Two basic experimental techniques are used. In
the first, the excitation intensity is increased to a
level where a substantial fraction of the radiating
centers are filled and the corresponding lumines-
cent emission increases sublinearly. These data,
along with auxiliary luminescent time decay and
minority-carrier lifetime measurements, yield
the electron-capture cross section. 5-% In the sec-

8

ond technique, the luminescent time decay of the
center is monitored as a function of increasing
temperature to extract the electron-thermalization
time. These data and the principle of detailed
balance then enable us to compute the capture :
cross section. Both the first®~® and second® meth-
ods have been used previously to evaluate the Zn-O
complex electron-capture cross section., More
reliable parameter values and a better understand-
ing of the system have led us to repeat these mea-
surements with a resultant increased and improved
value of 2 x 107 cm?,

The interpretation of the measurements on the
oxygen center is less straightforward than with the
Zn-0O complex. In particular, weak saturation of
the infrared luminescence is observed over three
decades of excitation intensity before the onset of
a sharper sublinear increase. This behavior is
consistent with the description of the oxygen cen-
ter as a two-electron recombination center; an
analysis of recombination at such a centzr is given
in a companion paper. ®
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Interpretation of the oxygen-thermalization data
requires accounting of retrapping effects and is
handicapped by a large uncertainty as to the depth
of the oxygen level in the temperature range where
thermalization is important (>450 °K). However,
from these measurements the oxygen electron-
capture cross section is unambiguously demon-
strated to increase linearly with hole concentra-
tion. The value of the deep-electron-capture cross
section obtained by combining this dependence on
hole concentration, p, with the magnitude derived
from the excitation-intensity data is o, ~107"" -
x(p/10'") cm®. An electron-capture cross section
of 107'® cm? was derived by earlier workers!® from
saturation measurements in GaP(Zn,0). The
initial sublinear behavior at low intensities was
not detected in the earlier work and the data were
interpreted in terms of a single-electron center.

Oxygen concentrations incthe low 10'"-cm™ range
were deduced in Ref. 10, Values derived from
solubility data vary from!!~7x10'® to'? 2.7 x10!"
cm™, Chemical measurements are also in this
range. 3

We have not determined the oxygen concentra-
tion in this paper, but have evaluated Zn-O com-
plex concentrations of (4 to 8) x10'® cm™ in sam-
ples with net acceptor levels of ~2.5x10'" cm™,
Using this range and pairing calculations* we ob-
tain oxygen-donor concentrations of ~7x10'® to
1.4x10' cm™ in agreement with the earlier work.

From the values of the two capture cross sec-
tions and the previous characterization of the Zn-
O center!* the red quantum efficiency is given in
terms of the ratio of Zn-O complex concentration
to unpaired-oxygen concentration, Ny,_o/Ng .
Since no other competitive centers are considered,
these curves define maximum red quantum effi-
ciencies. Experiments are described which are
consistent with the predicted results.

We discuss experimental considerations in Sec.
II and present the experimental results in Sec. III,
The Zn-O complex and oxygen-donor electron-
capture cross sections are evaluated in Sec. IV.
Curves defining the maximum red quantum effi-
ciency are then calculated and several consistency
experiments are described in Sec. V, followed by
concluding remarks in Sec. VI,

II. EXPERIMENTAL

A. Apparatus

Data were recorded with both photon-counting
and conventional analog techniques. The photon-
counting system has been described elsewhere®®;
the central components are a cooled RCA C31000E
photomultiplier and a Didac 800 multichannel ana-
lyzer. An argon-ion laser pulsed with an acousto-
optic modulator gives a modulator-limited system

|o

time of 2.5 nsec. Time decay was measured by
the delayed coincidence method. 118
Low-temperature measurements were taken by

mounting the samples in a Janis variable-temper-
ature helium-gas-flow Dewar. High-temperature
measurements were performed with the sample
mounted in the center of a small (about 6-cm long
1.5-cm bore) cylindrical ceramic furnace.

The luminescence-output versus excitation-in-
tensity experiments required steady-state condi-
tions and at the same time avoidance of heating
effects at the higher intensities. In this regime
long excitation pulses, 500 usec, were obtained
by chopping the laser beam mechanically. Duty
cycles of less than 10% were used. Both the Zn-O
red band and the oxygen infrared band were moni-
tored. A Corning 7-56 absorption filter was used
for the infrared band and these measurements were
repeated on a few samples with a silicon-disk fil-
ter, 0.15 mm thick. An RCA 7102 S-1 photomul-
tiplier detected emission from both bands and the
incident excitation was measured by monitoring a
portion of the laser beam with an EG&G SGD-444
photodiode. Pulse heights were read on an oscil-
loscope. To facilitate measurement of beam diam-
eters and hence excitation intensity, samples were
mounted on a micromanipulator, planar with a ra-
zor edge on the same mount.

The relative efficiency of the red Zn-O band was
obtained by monitoring the peak of the band as the
temperature was changed and then measuring the
spectra. The spectra were normalized for the
system response'® and the integrated emission was
obtained by combining the peak and spectral area
measurements. These results were verified for
several crystals by directly measuring the inte-
grated signal at a fixed excitation level as a func-.
tion of temperature. The two measurements
agreed closely.

B. Crystal Data

Measurements were performed on a variety of
samples. These included solution-grown (Zn, O)-
doped p-type GaP crystals with a doping range of
0.007-0.1 mole % zinc and 0-0.1 mole % Ga,O4
(oxygen is inadvertently present in the crystals
not purposely doped with Ga,0;). In addition,
several (Zn, O)-doped liquid-phase-epitaxial (LPE)
layers were measured. A detailed deccription of
the system in which these latter crystals were
grown will be given elsewhere.!” Experiments
were also conducted on a (Cd, O) and a carbon-
doped solution-grown crystal.

III. EXPERIMENTAL RESULTS
A. Luminescence Emission versus Excitation Intensity

Emission versus excitation-intensity data were
taken on several samples. Typical results are
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FIG. 1. Luminescent-intensity vs excitation-intensity
data for the Zn~O red and oxygen infrared bands on two
(Zn, O)-doped GaP samples, The upper sample is a
relatively thick solution-grown crystal while the lower
sample is a 25-um LPE layer grown on an n-type sub-
strate. The solid lines denote linear dependence, The
arrows on the solution-grown data denote the excitation
intensities at which spectra in Fig. 2 were taken.

depicted in Fig. 1 for a (Zn, O)-doped solution-
grown crystal and for a similarly doped LPE layer
approximately 25 pm thick. Data are given both
for spectral bands encompassing the oxygen-asso-
ciated infrared emission and the efficient Zn-O
red luminescence,

Measurements were taken over nearly six de-
cades of excitation intensity. To obtain this range
several runs were taken at different beam radii
between 25 and 2500 um. The beam radii at the
sample surface were determined from profiles
taken with a razor edge. The values were selected
to provide large overlap from one run to the next.
Reproducibility was good and when necessary beam
sizes were adjusted and runs repeated to include
critical regions (changes in slope) within a single
run.

A few experimental considerations require com-
ment. Deviations from uniform excitation provided
by the Gaussian profile of the laser beam and the
exponential falloff of intensity within the sample
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washout changes in slope of the emission intensity.
The data in Fig. 1 were taken using only the cen-
tral portion of the beam, nominally uniform exci-
tation. The open-circle data for sample 502 in
Fig. 1 represent a beam size of 25 pm while the
triangular points represent a beam size of 150
um. The onset of saturation occurred at a much
lower intensity for the larger beam. This effect
has been explained previously® as due to the im-
portance of diffusion in the radial direction for
small beam sizes. The diffusion gives the
appearance of a larger beam size and results in

a nominally higher onset of saturation. In general,
saturation of the red band was achieved with beam
sizes of 75 um or larger, in which case the dif-
fusion effect was not consequential.

The measurement on the 25-pm LPE layer helps
alleviate the nonuniform behavior in the direction
of the beam. The 5145-A line of the argon-ion
laser used for these measurements has a room-
temperature absorption length of 30 um in GaP.
The curvature of the infrared data of this sample
(Fig. 1) is more pronounced than in the data taken
on the relatively thick solution-grown samples.

Spectra on the solution-grown sample at exci-
tation intensities corresponding to the arrows in
Fig. 1 are depicted in Fig. 2. The spectra are
corrected for the system response and are nor-
malized to the peak of the red band. The relative
change in magnitude of the red and infrared bands
is in agreement with the data in Fig. 1. The
dashed line representing the tail of the red band
was obtained by taking the corrected oxygen-as-
sociated infrared spectrum from a carbon-doped
sample (where there is negligible interference
from neighboring bands), normalizing it to the
low-energy edge of the infrared band in the zinc-
doped sample, and subtracting it from the total
spectrum. This process was repeated on several
spectra with the same result in all cases. The
spectra have been described in some detail to em-
phasize that the weak saturation of the infrared
band is not an artifact due to overlap of the tail
of the red band. This latter effect is seento a
certain extent in annealed samples where the in-
frared luminescence is much lower than the red
luminescence and it is manifested during the col-
lection of infrared data by a change in the pulse
shape at the highest intensities.

Returning to the excitation-intensity data of Fig.
1, we observe the following:

(i) The infrared emission undergoes a sublinear
increase over a substantial range of excitation
intensity. The effect is weak compared to the
saturation exhibited by both bands at the highest
intensities.

(ii) The luminescence of the red band is nearly
linear with excitation intensity over most of the
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FIG. 2. Spectra on the solution-grown sample cor-
responding to excitation intensities over three decades in
Fig. 1. The spectra were taken with an S-1 response
photomultiplier and are corrected.

excitation range where curvature occurs in the
infrared band. This result eliminates the possi-
bility of explaining the above observation in terms
of instrumental effects. The two curves were ob-
tained sequentially under nearly identical condi-
tions, the only difference being the filter before the
photomultiplier. A narrow-band interference fil-
ter (100-A half-power bandwidth) was utilized for
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the red-band measurements to ensure that the
photomultiplier signal was similar in both cases.

(iii) A slight but definite superlinear variation
was observed in the red band.

These effects were, with very little variation,
observed in all (Zn, O)-doped samples measured.
Table I gives a summary of saturation and other
measurements performed on a number of (Zn, O)-
doped samples. These results will be discussed
in Sec. IV. For the samples of Fig. 1, the super-
linear variation in the red band is barely detectable
on the scale shown. We find the effect more pro-
nounced for high-efficiency material and plot data
from an efficient annealed LPE layer!” in Fig. 3.
Data are also presented for the same sample in
the unannealed state. Efficiency is plotted rather
than luminescence to allow the use of an expanded
ordinate scale. As the infrared band saturates,
the red luminescence increases superlinearly in
the annealed sample and finally at high excitation
levels both bands saturate sharply. In contrast
to the annealed state, the red band in the unan-
nealed state does not undergo a superlinear in-
crease. The measurements on the unannealed
sample were not carried to a high enough intensity
to reach the region of sharp saturation.

Measurements were also performed on a (Cd, O)-
and a carbon-doped crystal and these data are
given in Fig. 4. The behavior of the infrared band
is qualitatively different in both samples than that
observed in the zinc-doped crystals. In particular,
the cadmium-doped sample displays only a small
sublinear effect while the infrared band of the car-
bon-doped sample increases superlinearly before
saturating.

The room-temperature spectrum (un-normalized)
of the carbon-doped sample is given in Fig. 5.
This sample has a very weak red band which lies

TABLE I. Summary of experimentally derived parameters.
Excitation
T To T2 a I3 (red)® IFn® 020-0° o°
Sample (em™) (nsec) (usec) (nsec) (em™) photon/secem®  photon/secem?  (em?) (em?)
502 1.8x1017 5 72 160 1000 4x101° 1017 2.5x10°1 1x 10-17
NES-17P A2 2.5x10!7 7 60 160 300 7 x101° 1017 3 %101 3x10-17
(N4 —Np)

NES-17P C3 2,5x10Y7 4,5 50 160 300 1,5%x107 4x10-17
Unannealed (N4 —Np)
NES-17PC3 2.5x10"7 13 50 160 300 1.5x10% 2x1018 3x10°5%  10x1017
Annealed (Ng —Np)
7161 6.2x10!7 5 20 120 300 1020 5x1017 4x101%  2,5x1017
NES-11 6.8x1017 7 30 115 300 1,.5x102° 1017 2x10-15 5x10-17
5132 9,3x10!7 6 8 90 1000 1020 1017 1,3x10"15 8x 1017

a1 is defined by Eq. (3).

"For definition of I (red) and I} (ir) see Egs. (5) and
(10) and adjacent text,

°The cross-section values 0z,.o and oy were derived

from the saturation data.
9Based on calculated curves from sample parameters
rather than approximate solution of Eq. (5).
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FIG. 3. Red and infrared efficiencies versus excita-
tion intensity for a LPE (Zn,O)-doped p layer. The the-
oretical curves are discussed in Sec. IV. All experi-
mental data are arbitrarily placed on the ordinate scale
and the computed curves are normalized to the data.

The two-electron model of Ref. 5 was used to compute
the solid curve with n,/ny=3, T3,/7¢=0.5, and (oy/0;)

X (14 Ty /Tpn +Ton /Tog) =0.025, The dashed line indicates
the infrared response using a single-electron model.

For this curve n;/ny=300.

close to the energy of the Zn-O and Cd-O lumines-
cence. Its characteristics are similar to an un-
identified band previously reported by other
workers. !*'® The association of the infrared band
in this sample with the oxygen center is unequivo-
cably demonstrated by time-decay measurements
(Sec. M B). Corning 4-77 and 2-73 absorption
filters were used to observe the red luminescence
in the carbon sample; this broad-band combination
was necessitated by the low signal level available.

B. Thermalization Data: Oxygen Center

Time-decay data are plotted in Fig. 6 for the
infrared band of the (Zn, O)-doped solution-grown
sample, for which intensity data were given in
Fig. 1. These data are taken through a narrow-
band interference filter (100-A half-power band-
width) centered at 9000 A. The initial fast compo-
nent at low temperatures (300-400 °K) represents
the decay of the tail of the red band. The red band
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is enhanced relative to the infrared band since only
relatively short, ~3 usec, excitation pulses are
generated by the acousto-optic modulator and the
slow-decaying infrared band does not achieve its
steady-state intensity. As the temperature in-
creases the red band rapidly attenuates because

of thermalization of electrons from its relatively
shallow electron level, and the initially fast-decay
component disappears. With further increase in
temperature the thermalization of electrons on

the deep oxygen site becomes relevant and the slow
exponential component becomes faster. Note the
initial fast decay that now occurs in the high-tem-
perature range. A possible interpretation of this
effect is given in terms of the recombination model
of two electrons on an oxygen site as discussed in
Sec. 1IV.

In Fig. 7 the 1/e decay time of the slow infrared
component is plotted versus reciprocal tempera-
ture for three samples including the carbon-doped
crystal. Measurements were taken on three addi-
tional (Zn, O)-doped samples and similar results
were obtained. The shift in absolute value of time
decay between the samples correlates inversely
with the free hole or net acceptor concentration.

C. Thermalization Data: Zn-O Complex

Figure 8 depicts 1/e time decay data in the Zn-
O red band for two samples with room-tempera-
ture hole concentrations of 4x10'7 and 1.5x 10
cm™, The motivation of these measurements was
to obtain thermalization data for the red band and
eliminate discrepancies that have arisen in earlier
work (discussed in Sec. IV). Samples were select-
ed which were not purposely doped with oxygen.
Hence, the concentration of Zn-O complexes is
low and the fraction of thermalized electrons that
is recaptured by the complexes is negligible. Such
samples enable an accurate determination of the
electron-thermalization time, *

D. Efficiency versus Temperature Data

To obtain information as to the nature of the
nonradiative center or centers competing with the
Zn-0O complex the relative radiative efficiency of
the red band was monitored on a number of sam-
ples as a function of temperature. The results
are shown in Fig. 9. Two types of behavior are
observed. In the low-doped samples the efficiency
goes through or approaches a minimum at about
150 °K before the steep falloff above 250 °K due to
thermalization of electrons from the Zn-O com-
plex. The minimum is most pronounced in the
sample not doped with oxygen. In the higher-
doped samples the efficiency decreases monotoni-
cally above ~ 70 °K with increasing temperature.
This latter variation has been described by pre-
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vious workers. 22! The increase in efficiency

with temperature at the lowest temperatures
results because of thermalization of electrons
from shallow donors and the quenching of the as-
sociated green pair band. 222

A functional variation similar to that observed
in the low-doped samples has been derived® on the
basis of a model in which the radiative center
competes with a deep neutral acceptor, which
binds an exciton. Rapid recombination occurs at

The data in Fig. 9 lend credence to the relevance
of this model, but further evidence is required.
Many more samples must be measured before the
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FIG. 5. Spectrum of the carbon-doped sample depict- FIG, 6, Luminescent time-decay data with tempera~

ing the oxygen infrared band, the unidentified red band,
and the green edge emission. The spectrum was taken
with an RCA 31000E photomultiplier and is uncorrected.
The apparent shift of the infrared band to higher energies
relative to the spectra of Fig, 2 is not real.

ture as a parameter. The initial fast component in the
temperature range 22—111°C is due to the tail of the red
band. The fast component at higher temperature may be
due to a two-electron process at the oxygen center as

is discussed in Section IV B2,
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curves found in H, C. Casey, Jr., F. Ermanis, and
K. B. Wolfstirn [J. Appl. Phys. 40, 2945 (1969)].

qualitative difference between the behavior of low-
and high-doped samples can be generalized.

E. Minority-Carrier Lifetime Measurements

The minority-carrier lifetime is required for
quantitative interpretation of the luminescent

EVALUATION OF THE Zn-O COMPLEX AND OXYGEN... 2363

saturation data. Three techniques were used—
measurement of the green-luminescence time de-
cay, 2® impulse excitation, ** and measurement of
the diffusion length through electron-beam scan-
ning of a p-z junction.? This latter technique is
suitable for measurements on the LPE layers
which are grown on n-type substrates.

The green-luminescent time decay gives a
direct measure of the minority-carrier lifetime
because the electrons involved in the near-band-
edge emission are in equilibrium with the conduc-
tion-band electrons during the time span of inter-
est.?®

Impulse excitation consists of exciting the sam-
ple with an extremely short pulse and monitoring
the rise time of the red luminescence. This rise
time is a direct measure of the minority-carrier
lifetime if the lifetime is much shorter than the
red-luminescence decay time.

Several samples were measured via two tech-
niques and the agreement was good. The values
are given in Table I.
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FIG. 8. 1/e¢ time of Zn~-O red luminescence vs re-
ciprocal temperature plotted for data from two zinc-only-
doped solution-grown crystals. The boxed-in data points
at low temperatures on the higher doped sample indicate
nonexponential data which may be due to another under-
lying red band. The error bars at higher temperatures
also indicate nonexponential data which are due to a
transition in the time-decay data from a measure of
rates out of the Zn-O center to a measure of the minor-
ity-carrier lifetime. The transition occurs when the
electron-thermalization time from the complex becomes
faster than the minority-carrier lifetime.
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FIG. 9. Relative efficiency of the Zn-O red lumines-
cence vs reciprocal temperature for several solution-
grown crystals of various doping levels. The data are
shifted for convenience of viewing, the lowest zinc level
at the top and the highest at the bottom, This order is
arbitrary and does not reflect the relative efficiency of
one sample with respect to another.

IV. EVALUATION OF Zn-O COMPLEX AND
OXYGEN-DONOR ELECTRON-CAPTURE CROSS
SECTION

This section is divided into two subsections.
In Sec. IV A the Zn-O-complex electron-capture
cross section is evaluated. Section IV B continues
with the evaluation of the oxygen electron-capture
cross section. In Sec. V, the consequence of these
two values is discussed with regard to the effect
of oxygen as a limiting factor on the quantum effi-
ciency of the red-emitting Zn-O system.

A. Evaluation of the Zn-O Complex Electron-Capture
Cross Section

1. Thermalization Data

The Zn-O complex electron-capture cross sec-
tion is first calculated utilizing the data in Fig. 8.
The sharp drop in red-luminescence time decay at
250 °K results from thermalization of electrons
out of the complex into the conduction band. Inef-
ficient samples which were not purposely doped
with oxygen were selected to minimize the Zn-O-
complex concentration and minimize retrapping of

=)

thermalized electrons. The room-temperature
free hole concentrations of the upper and lower
samples in Fig. 8 are, respectively, 4x10'" and
1.5%10' cm™; the time-decay difference at low
temperatures results from larger Auger and radi-
ative rates in the higher-doped sample. At higher
temperatures where the thermalization process
dominates, the decay times of the two samples
approach the same value. The break at elevated
temperatures from an exponentially decreasing
variation with reciprocal temperature represents
the point at which the thermalization time is
comparable to the minority-carrier lifetime. The
luminescent decay is nonexponential with time in
this transition region. Above this temperature the
red center is in rapid communication with the con-
duction band and the red-luminescent decay time
measures the minority-carrier lifetimes. Other
workers® have also reported the utilization of this
high-temperature plateau for evaluating the minor-
ity-carrier lifetime in GaP(Zn, O). The room-
temperature minority-carrier lifetime on the
lower-doped sample measured by means of the im-
pulse-excitation technique® is ~ 20 nsec, in good
agreement with the high-temperature value in Fig.
8. The increase of minority-carrier lifetime in
the temperature region 500-600 °K correlates
with the thermalization of electrons from the oxy-
gen center (see Fig. 7).

From the principle of detailed balance the elec-
tron-capture cross section o, is related to the
thermalization time 7,, through the expression

Ten = geEt/kt/ot Nevy 1

where g is the degeneracy factor of the center,
E, the energy level with respect to the conduction
band, and N, the conduction-band density of states
equal to 1.6%10**(7/300)%/2 cm™. We place g=2;
the degeneracy due to the multiplicity of conduc-
tion-band minima is split by the Zn-O complex
local field.?” The thermal velocity vy, =2%10" cm/
sec and the conduction-band density of states are
computed using an effective electron mass of
0.37m,. %8

The slope of the line through the data points in
Fig. 8 represents an activation energy of 340 meV.
Using Eq. (1) and assuming the complex capture
cross section o, —~ 04,0 to be temperature indepen-
dent (a reasonable assumption for a neutral center),
we obtain a value of 285 meV for the Zn-O electron
energy level E, at room temperature. This value
is slightly higher below room temperature and
lower above room temperature. The difference
between the activation energy and the value for E;
arises from the 7'% dependence of the product
N4, . The value for E; is in good agreement with
the low-temperature value of 300 meV deduced
from optical measurements, *' and values deduced
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from photocurrent measurements.® The complex
energy level was also previously deduced from the
thermalization time, the previous values of the
capture cross section, "®and Eq. (1) to be 0. 24
+0.02 eV at room temperature. }*'* The higher
capture cross section determined here by two
techniques eliminates the previous inconsistency
between the low-temperature optical result and the
deduced room-temperature energy depth.

The capture cross section 04,5 as calculated
from Eq. (1) equals 2X10™° cm?. In previous
work capture cross sections in the range (1.5 to
6.7)%107'® cm? had been derived from saturation
measurements”® and in Ref. 9 a capture cross
section of 6%X107¢ cm? was derived from photo-
current measurements. The discrepancy in the
latter case stems from the assumption of six con-
duction-band minima rather than three, and the
deduction of a longer thermalization time, appar-
ently because of the neglect of retrapping effects.
The difference in the former case is a result of
several factors which we discuss in more detail
as a means of introducing the concepts necessary
to interpret both the red and infrared excitation-
intensity data.

2. Excitation-Intensity Data

The equation describing the steady-state filling
of a single-electron center in terms of the minor-
ity-carrier concentration z is

nowu Ny (L =N§/N) =N /7y +N{/ 10, (2)

where N, is the concentration of the centers, N§
is the concentration of centers with captured elec-
trons, and 7, is the parallel combination of radi-
ative and nonradiative recombination times. The
thermalization time 7., into the conduction band
was defined earlier. Thus the left-hand side of
the equation is the rate of capture into the center
and the right-hand side is the rate of loss from
the center. The equation can be rearranged to
give the expression

Ni_ _w/ny (3)

N, l+n/n,’
where
ny=1/07 v , 1/7i=1/7,+1/7,.

When the minority-carrier concentration equals

n,, the centers are half filled and the luminescence
output increases sublinearly with increasing ex-
citation. Specification of the competitive centers
and solution of a set of simultaneous equations
leads to the description of the minority-carrier
concentration as a function of generation rate.

This problem was solved in Refs. 7 and 8 under
the assumption that the competing centers did not
saturate before the red-luminescent center. There

is, however, experimental evidence®? that most
of the competitive centers do saturate before or
simultaneous with the Zn-O complex. Further
evidence is provided by the superlinear behavior
of the red band observed in Figs. 1 and 3. Under
these conditions the appropriate solution for the
onset of saturation is similar to a solution assum-
ing no competitive centers®:

G*ry=n, , G*=alf(1-R) (4)

where 7, is the low-level minority-carrier life-
time. The minority-carrier generation rate G in
this instance is specified by the product of the ab-
sorption coefficient o ang the incident intensity at
the onset of saturation I ; of the excitation beam.
The factor 1 - R represents a reduction of inten-
sity because of reflection R=0.3. From the def-
inition of n, and Eq. (4) we have

1
h OtIo*T;TLUth(l -R)

(5)

O

The value of : is determined from the intersec-
tion of the slopes of the linear and sublinear por-
tions of the experimental data. The value of 7, is
computed from known parameter values* and is
given in Table I. The computed value of the Zn-O
complex electron-capture cross section is also
tabulated and falls in the range (1 to 4)X10™* c¢m?,
in agreement with the value deduced from the
thermalization data.

The discrepancy between the present results and
earlier saturation measurements™® arises from
three problem areas: (i) The importance of ther-
malization was not appreciated in the previous
work and, particularly for the high-doped material
utilized in that work (p~8X10'" cm™), the value
of r; was approximately 50% too high. (ii) The
value of the minority-carrier lifetime 7, is de-
termined more accurately in the present work.

In Ref. 7 a range of values was assumed while in
Ref. 8 the values were determined through an in-
direct excitation spectral technique. ®%° (iii) In
Ref. 8, a range of capture cross sections was
given which depended upon the nature of the com-
petitive centers. From the above discussion the
upper end of the range is the appropriate choice.
In addition to these considerations, the aperturing
of the excitation beam, the measurement in some
cases of thin layers, and the use of larger excita-
tion-beam diameters leads to a sharper definition
of the saturation region and reduces the experi-
mental scatter.

B. Evaluation of the Oxygen-Center Electron-Capture

Cross Section
1. Thermalization Data

The electron-capture cross section of the sub-

stitutional oxygen donor has been evaluated as with
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the Zn-O complex, through both thermalization
and excitation-intensity measurements.

Referring to Fig. 7 where the thermalization
data of the oxygen center are presented for three
samples, and comparing these data with that of
Fig. 8, we observe that the oxygen decay times
do not approach the same value at high tempera-
ture as is the case with the Zn-O complex. One
finds from the six samples measured that the
thermalization time is faster for the higher-doped
sample and is inversely proportional to the hole or
acceptor concentration. Equation (1) then implies
a capture cross section o, - 0, proportional to the
hole or acceptor concentration. This observation
is in agreement with an Auger capture mechanism
suggested by Dean and Henry.*® These authors
established that the first excited state of the oxygen
donor is ~ 50 meV below the conduction band com-
pared to the ground-state value of 895 meV at low
temperatures.® The large energy loss of a cap-
tured electron is assumed to be imparted to a hole
which is ejected deep into the valence band, and
thus the dependence of capture cross section on
free hole or acceptor concentration.

A quantitative dependence of the capture cross
section on temperature is obtained by considering
the expression which describes the measured in-
frared time decay, >

11 1
Ton(L+7,/Tno)

Tmeas _:0-
(6)

T,= Tl 7, /T40)

In the above, 7, and 7, are the decay times from
the oxygen and competitive centers, respectively,
to the valence band. The corresponding thermal-
ization times into the conduction band are 74, and
T:» While the capture times are given as 7,y and

7.t - If samples can be selected such that 7,/7,
-0, then thermalized electrons are not recaptured
and the observed time decay approaches the ther-
malization time 7, at elevated temperatures. This
was the situation attained for the red-band mea-
surements given in Fig. 8. However, in the case
of the infrared data, the competitive centers are
shallow compared to the oxygen center and become
less effective with increasing temperature. Under
these circumstances retrapping onto the oxygen
center is important and the observed activation
energy is effectively the difference between the
energy of the oxygen center and the competitive
center. The activation energy in Fig. 7 is of the
order of 400 meV and this is close to the differ-
ence in energies of the oxygen center and Zn-O
complex at these temperatures (450-600 °K). The
carbon-doped sample behaves in a similar manner
and the competitive centers in this case may be
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related to the unidentified red band (Fig. 5).

As a result of the retrapping problem the energy
of the oxygen center cannot be determined from
the thermalization data and must be obtained from
other sources.

The band-gap variation in GaP is given by the
relationship®

.2%10™ 78
E,=2. 338—6—T—+406—(')I— eV. (7)

Spectral measurements by Bhargava®® up to 440 °K
indicate that the oxygen-donor level varies little
with respect to the valence band and thus its abso-
lute variation with respect to the conduction band
is close to the change in the band gap. In this
situation the value of E, is 822 meV at 300 °K and
685 meV at 600 °K. These energies represent an
electron on an isolated oxygen site. In fact, Cou-
lomb repulsion from neighboring ionized Zn accep-
tors results in a considerable shift of E, to lower
values. ! If we perform our calculations with a val-
ue of E, that is 100 meV lower than the above values
the resulting capture cross section represents a
lower bound if the oxygen level is pinned to the
valence band. The degeneracy of the center g lies
between 2 and 6, depending upon the degree it has
been split by local fields of neighboring impurities.
We arbitrarily assume g =2 in line with obtaining
a lower bound to the capture cross section. The
curves in Fig., 7 were computed using these values
and Eqs. (1) and (6). A competitive center energy
level of 300 meV was utilized. The resulting cap-
ture cross section is 0y~ 107%(p/10'") cm?.
Despite the choice of parameter values aimed at
obtaining a lower bound for the capture cross sec-
tion, the excitation-intensity data discussed in Sec.
IV B2 yield a value an order of magnitude lower
than that deduced here and we conclude that in the
temperature range 450-600 °K the oxygen level
is ~ 100 meV closer to the conduction band than was
assumed above.

2. Excitation-Intensity Data

The luminescence emission data of the infrared
band in zinc-doped samples, as given in Figs, 1
and 3, show a characteristic weak saturation over
approximately three decades before the onset of a
sharper sublinear decrease. Observation of the
behavior of the red band over the same interval
rules out the possibility that the minority-carrier
concentration is increasing in an anomalous fashion
with increasing excitation over this range. The
oxygen saturation data therefore cannot be -
explained in terms of the filling of a single-electron
center as expressed by Eq. (3).

Plausibility arguments have been put forth®
concerning the stability of excitons bound to neu-
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tral donors and acceptors and a number of shallow
donor sites in GaP have been experimentally
found®3¢ to satisfy this prediction. Dean and
Henry® observed saturation behavior of the oxygen
internal luminescent band which was consistent
with a model allowing a bound exciton on the neu-
tral oxygen site. An analysis of the recombination
kinetics at a center which captures two electrons is
given in an accompanying paper. 5

We briefly review the features of this model
relevant to the present discussion. The second
electron retards saturation of the center by de-
creasing the effective recombination time with
increasing intensity. At low intensities all recom-
bination takes place through the deep electron. As
the excitation increases the population of the sec-
ond electron increases quadratically and an in-
creasing fraction of the recombination current is
shunted through the two-electron processes. The

n/ny
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superlinear increase of this recombination mani-
fests itself as a sublinear increase in the lumines-
cence associated with recombination of the deep
electron. It is to this mechanism we attribute the
excitation-intensity behavior of the infrared band.
Two parameters describe the functional variation
of the luminescence with increased generation.
The first is the ratio of the deep-electron decay
time 7, to a time 1,, which describes processes

in which the initial state consists of two electrons
and the final state consists of one electron in the
conduction band. The second parameter involves
the ratio of the shallow-electron-capture cross.sec-
tion to the deep-electron-capture cross section
0,/0q.

From Ref. 5 we write an expression, analogous
to Eq. (3), which describes the deep-electron con-
centration in terms of the minority-carrier con-
centration,

NG
N

The capture cross-section parameter is modified by
a factor which includes a thermalization time 7,, of
the shallow electron and a time 75, which describes
processes with two initial electrons and a final state
in which the deep-electron level is occupied. In
Ref. 5 families of curves are given in which the two
parameters are varied. The parameters affect the
functional variation in a near independent manner
and values of 7,,/7,=20.5 and

00/0% (L + T,/ Thn+ Tan/Top) =2 0. 025

are obtained which are accurate to within a factor
of 2. Using these parameter values we calculate
the onset of sublinear behavior to occur when

G*r;~0.005n, . (9)

A comparison with Eq. (4) indicates the extent to
which the saturation characteristic is perturbed
by recombination involving the second electron.
The expression for the deep-electron-capture
cross section is

o 0. 005
O ar¥rotom(l - R)

. (10)

Values of o, are given in Table I for several
zinc-doped samples. There is much scatter in the
results, but not an unreasonable amount consider-
ing the nebulous nature of the onset of saturation.
A value of 5~ 10™(p/10") cm? is extracted from
a combination of these results and the linear de-
pendence of capture cross section upon hole con-
centration, deduced from the thermalization data.

L+n/n, L + (1 /Tan— 1) [0/1g + (14 /720 (00 /0R) X + Top /Ton + Ton/ Tao) | o

no=1/v 00T (8)

f

The thermalization measurements yielded an ap-
parent lower bound for the deep-electron-capture
cross section of 6y~ 107%(»/10'") cm? when the
oxygen level was assumed pinned to the valence
band. The discrepancy between this value and the
value given above possibly originates with the
deep-electron oxygen level being shallower than
was assumed.

The excitation-intensity data also yield informa-
tion on the energy level of the second electron.
If we assume 7,,/7,, > 1, the product of the two
parameters in Eq. (8) is

UDTO/Okan% 0.05 .

The values of o, and 7y are known and using the
principle of detailed balance [Eq. (1)], the value
of the product 0,7,,, and accounting for the possi-
ble failure of the above inequality, the second-
electron energy level is computed to be = 400 meV.
Although the system is dissimilar from the two
other identified neutral oxygen centers in GaP,
the Zn-0O and Cd-O complexes, we note that the
binding energy of an electron in these systems is,
respectively, ~300 and 400 meV.

The initial fast infrared component observed at
high temperatures (Fig. 6) is also consistent with
the two-electron model. Under moderate or high
excitation conditions where a substantial concen-
tration of deep electrons is found, thermalized
electrons can be captured by the shallow second-
electron state. This electron pair in combination
with a hole recombines through the two-electron
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processes accounting for an initial rapid depletion
of deep electrons which is monitored through ob-
servation of the infrared radiation. As the deep
electrons decay, the capture of shallow electrons
becomes less probable and the time decay reverts
to the slow mode.

The carbon- and cadmium-doped crystal data in
Fig. 4 remain to be explained. The infrared band
in these crystals does not exhibit the characteris-
tic behavior observed in the zinc-doped crystals.
Two possible explanations are a perturbation in
the minority-carrier concentration due to the fill-
ing of another major center, or a perturbation of
the system parameter values, in particular the
ratio 7o /7,,, due to a dependence upon the specific
acceptor. The first explanation suffices to explain
the cadmium data in view of the large superlinear
effect in the red band which extends over three
orders of magnitude of excitation intensity. The
same reasoning is apparently not applicable to the
carbon-doped sample. An increase of a factor of
2 or 3 in the time 7, relative to the infrared decay
time would explain these data, but a definitive
answer awaits measurements on a series of car-
bon-doped samples. The red band on the carbon-
doped sample was monitored for an additional two
orders of magnitude lower in intensity than indi-
cated in Fig. 4. A quadratic dependence would
indicate a possible tie-in with two-electron recom-
bination at the oxygen site, but a linear dependence
was observed at these lower levels.

V. OXYGEN CENTER AS LIMITING FACTOR ON RED-
LUMINESCENT QUANTUM EFFICIENCY IN GaP(Zn,0)

The consequences of the measured capture cross
sections on the ultimate red quantum efficiency in
the GaP(Zn, O) system are presented in Sec. VA,
Several experimental consistency arguments are
examined in Sec. V B, while in Sec. V C several
problems and inconsistencies are discussed which
must be resolved before the role of the oxygen
donor in GaP is completely understood.

A. Thermodynamic Limit on Internal Red-
Luminescent Quantum Efficiency

The measurement of the minority-carrier elec-
tron-capture cross sections for the O and Zn-O
centers allows some definitive statements to be
made about the maximum attainable efficiency in
GaP(Zn,0). These results follow from thermo-
dynamic limitations on the maximum concentration
ratio of Zn-O to O centers at a given Zn level and
a given annealing temperature.

In the considerations below, we assume an im-
purity system in the GaP matrix containing only
Zn and O with the oxygen donor providing the only
competitive center to the Zn-O complex. We are

not suggesting that these conditions are realized in
most present crystals, but rather emphasizing

that this is an ideal that has in fact been approached
in the best available material.

The kinetic model of the Zn-O red-luminescent
quantum efficiency was parametrized in Ref. 14 in
terms of the capture time of the nonradiative cen-
ters to the capture time of the Zn-O complex. On
the basis of this model, Fig. 10 similarly depicts
the conduction-band internal quantum efficiency
versus free-hole concentration for various ratios
of Ny,.0/No (solid curves). A Zn-O complex elec-
tron-capture cross section of 2X10™*® ¢m? and an
oxygen deep-electron-capture cross section of
107Y"(p/10'") cm? were used in these computations.
Some error is expected because of the uncertainty
of the latter value, but the value is considered to
be a lower bound, which in turn leads to an upper
bound on the efficiency. The dashed curves repre-
sent limits on the N, /N, ratio at different
annealing temperatures based on the pairing cal-
culations of Wiley.* These latter calculations were
performed in terms of total zinc concentration. To
translate the results into the Hall-determined
hole concentration p requires consideration of

1l
108
FREE-HOLE CONCENTRATION - p (cm3)

FIG. 10. Red-luminescence quantum efficiency of
conduction-band electrons 7., as a function of free hole
concentration. The solid contours represent constant
values of the ratio of the Zn-O complex concentration
Nzu.0 to the oxygen-donor concentration No. These
curves were plotted using Zn-O complex and oxygen-
donor electron-capture cross sections of 2x10°1% em?
and 1017(p/101) em?, respectively, and the relationship
between 7.y, p, and the ratio of a competitive center
capture time to the Zn-O capture time given in Ref. 14.
The dashed lines represent the maximum attainable red-
luminescence efficiencies assuming equilibrium pairing
conditions. They are obtained from pairing calculations
(Ref. 4) of the maximum values of Ny, o/No as a function
of zinc concentration.
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compensation as well as the fraction of ionized
acceptors. For the purposes of this calculation
p was set equal to 0. TN 4, .

A maximum internal quantum efficiency of 35%
is calculated for samples annealed at 600 °C. A
value in the 40% range is predicted if equilibrium
pairing is achieved at 500 °C. Deliberate com-
pensation of the material could lead to higher Zn-
O complex concentration for given hole and oxygen
concentrations; this approach has been attempted
with some measure of success® and would poten-
tially increase the maximum achievable quantum
efficiency.

B. Consistency Experiments

A number of measurements have been performed
on the annealed sample in Fig. 3 to test the con-
sistency of our results. This sample has an ex-
ternal photoluminescent quantum efficiency close
to the reported maximum.*® In the following para-
graphs we review: (i) the predicted and measured
photoluminescent quantum efficiencies; (ii) the
measured Zn-O complex concentration, the oxygen
concentration deduced from pairing theory, and
earlier determinations of both values; and (iii)
the red and infrared saturation results.

The internal quantum efficiency of red-emitting
GaP(Zn, O) material can be computed from a mea-
surement of the hole concentration and the Zn-O-
complex luminescent time decay.!* This calcula-
tion is possible because of the functional depen-
dency of the red-luminescence decay time at a
given hole concentration on the retrapping of ther-
malized electrons. The sample in Fig. 3 has a
red decay time of 440 nsec and a hole concentra-
tion of 2X10" cm™, and from these values an
internal quantum efficiency of 18% is calculated. *
Measurements of the external photoluminescent
efficiency on this sample yield ~ 6% when the sam-
ple is in air and ~ 10% when the sample is placed
in immersion oil to couple more light out. Be-
cause of the measurement change with the encap-
sulating index, one has to use an optical coupling
correction to determine the internal efficiency. *
When this is done, an internal efficiency of 17%
is obtained. A small die from the same wafer was
separately annealed and a peak efficiency of 17%
was obtained in both air and oil; just about all the
internally generated light was coupled out. This
value is close to that of the maximum observed
efficiency. ®®

The reciprocal of the measured minority-carrier
lifetime is related to the system parameters by

1 N, .o0 v 1
- Zn=00zn=-0 Uth
. NoOgUsn + Tt /Ty, + o (11)

where 7, is the contribution of unidentified centers
to the minority-carrier lifetime and the ratio 7,/

T:, represents the decreased effectiveness of re-
combination through the Zn-O complex as mea-
sured by the decay time of radiative and Auger
processes T1,, compared to the thermalization
time 7,,. The value of 7, /7,, at 2X10'7 cm™® is?
~5. The fraction of recombination current that
flows through the Zn-O complexes at low excitation
levels is found to be 0. 33 from the time decay data
and a set of curves as in Ref. 14 (a value of 7,,=200
nsec is used as obtained from the data of Fig. 8 in-
stead of the 160 nsec value in Ref. 14). Auger pro-
cesses account for approximately 50% of the recom-
bination,'* thus resulting in the measured internal
quantum efficiency of 17%. Using this fraction of
0.33, the measured minority-carrier lifetime,

and the value for the Zn-O complex capture cross
section we estimate the complex concentration,
Ngaeo =4%10"% cm™. This value is lower than

those obtained previously from absorption mea-
surements?2” with samples which had higher Zn
concentrations. A dependence upon Zn concen-
tration is consistent with both absorption
studies®”*! and pairing theory.*

Using the Zn-O complex concentration of sam-
ple 3 and the annealing conditions (16 h at 600 °C)
we derive an oxygen concentration of 7x10'® cm™
from Fig. 10. Values in the low 10-cm™ range
were found in Ref. 10 from saturation measure-
ments and concentrations of 7x10% and 2.7 %107
cm™, respectively, in Refs. 11 and 12 from solu-
bility measurements. Utilizing the value of
7%10' cm™ and Eq. (11), the relative fraction of
low-level recombination currents through the Zn-
O complex, oxygen donor, and unidentified centers
are 0.33, 0.37, and 0.3, respectively. The latter
two values are subject to the same uncertainties
as the oxygen-donor capture cross section and
concentration.

Returning to Fig. 3 and Table I we note two
other pieces of information; the unannealed sample
does not display an increase in red efficiency with
excitation, and its minority-carrier lifetime in-
creases by a factor of 3 upon annealing. Both ob-
servations support the contention that annealing not
only increases the Zn-O complex concentration, but
also decreases the contribution of some unidentified
center or centers.

A few remarks are made on the saturation data
with regard to functional agreement between theory
and experiment. In Fig. 3, a theoretical curve
is plotted (solid line) for the infrared band using
the two-electron oxygen model. The dashed line
in Fig. 3 represents saturation behavior assuming
the oxygen center is a single-electron center.

The functional behavior is similar to that of the
red band. The curve can be shifted about by
choosing different values for the capture cross
section, but under no circumstances does it ap-

4
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proximate the experimental behavior.

A visual comparison of the infrared and red data
suggests a correlation between the red efficiency
increase and infrared decrease, but sharp satura-
tion of the infrared band at approximately the same
intensity as the red band is not consistent with this
picture in either the one- or two-electron model of
the oxygen center. The data can be better fit if the
red superlinearity is assumed associated with sat-
uration of a third center.

C. Unresolved Problems: Radiative Efficiency
of Electron on Deep-Electron Oxygen Level

In the previous paragraphs the Zn-O oxygen
system has been described along with measure-
ments on a sample which closely approximates
this system. A general consistency was observed.
However, several problems remain, in particu-
lar, with regard to a detailed description of the
oxygen donor. The specific problem of the nature
and magnitude of nonradiative recombination at
the deep level of the oxygen center is an area
which we have not previously discussed in this
paper. We first cover this topic in some detail,
touching upon other unresolved issues in the pro-
cess, and conclude this section with an enumera-
tion of problems raised in this work.

Bhargava®? and Dishman®® have attributed the
infrared radiation from the oxygen center above
~100 °K to a bound-to-free transition involving a
bound electron on the oxygen site and a free hole.
This transition contrasts with the donor-acceptor
pair band observed at low temperatures. ¥ In the
work by Dishman et al.'®* evidence is presented
of a nonradiative component through measurements
of both the absolute efficiency at the center!® and
changes in the relative efficiency*® with tempera-
ture. If the nonradiative recombination occurs
through an Auger process then its rate is expected
to be proportional to some quadratic combination
of the free hole and/or neutral acceptor concentra-
tions. Bhargava*® monitored the time decay 7,
over a range of free hole concentrations extending
over an order of magnitude, observed a linear
dependence, and concluded that the nonradiative
recombination is not important. We observe a
similar dependence (see Table I), although there
is some deviation.

Our observations of the excitation-intensity data
do not clarify the situation because of the compli-
cation of nonradiative processes involving the
second bound electron. Furthermore, it is not
clear to what extent these processes influenced the
conclusions of the earlier workers; there is a
finite probability that the below band gap excita-
tion of'®*3 §328-A excited the second bound-elec-
tron state as well as the first.

Some knowledge of the nonradiative strength can
be obtained by monitoring the low-excitation-in-
tensity ratio of the infrared-to-red luminescence.
An expression is derived for this ratio from the
low-~level limits of Eqs. (3) and (8):

_I_;l:;= Ng/TOR - 0oNg 11’1&__ (12)
Liea Nageo/7Tr Ozn-0Nzn-0 Tt Tor

The parameters 1y and 7y represent the radiative
times of the oxygen and Zn-O centers, respective-
ly. The ratio 7 /7; is known'* and to a good ap-
proximation equals 10 over the carrier concen-
tration range of interest. Since the quantity

09Ny /0 gn-0 Nzn-o) is derived with reasonable ac-
curacy (the product of the capture cross section
and concentration is subject to less error than the
evaluation of these quantities individually), the
spectral evaluation of L,,/L,.4 leads to an esti-
mate of the quantity 7/7r, and hence the non-
radiative component. Spectral measurements on
the sample in Fig. 3 give L. /L.~ 0.3 which
indicates a value for 7,/7,r~0.1, in agreement
with Dishman’s conclusions. The oxygen concen-
tration of 7x10% cm™® used in this calculation was
obtained from pairing theory.? Oxygen concentra-
tions have been reported ranging from 10*6-3x10%
cm™, (The fact that this range of concentrations
was assembled over many different samples is

not as significant as it appears at first sight, since
it is believed®® that the solubility limit was reached
in all cases.)

Recently, Kukimoto et al.** have measured a
substitutional oxygen concentration of 3. 0x10¢
cm™ in a GaP: Zn, O-doped diode using photoca-
pacitive techniques. If their value is substituted
into Eq. (12), a value of 7o/7oz~ 1 is found, in
agreement with Bhargava’s conclusions. ¥ The
differences are yet to be reconciled.

We conclude this section with a statement of
several problems raised in this paper which re-
quire additional work.

(i) An evaluation of the depth of the oxygen cen-
ter at elevated temperatures (450-600 °K) would
clarify the apparent discrepancy between the oxy-
gen-donor deep-electron-capture cross section
as determined through excitation-intensity mea-
surements and thermalization measurements.

(ii) Strong confirmation of the validity of two-
electron recombination at the oxygen site would
be obtained through observation of a radiative band
associated with two-electron recombination. One
such band would be in the red portion of the spec-
trum and would be difficult to observe because of
interference from competing bands. A second
band is expected at energies <0.9 eV, the result
of recombination of a deep electron and the simul-
taneous ejection of the second electron into the
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conduction band. This radiation increases qua-
dratically with excitation intensity at low levels.
(iii) The different behavior of annealed and un-
annealed samples provides clues to the existence
of nonradiative centers which can be annealed out.

VI. CONCLUSION

Luminescent-intensity versus excitation-inten-
sity measurements have been performed on the
oxygen-related infrared band in a series of (Zn,
O)-doped GaP crystals and in a (Cd, O) and a car-
bon-doped GaP crystal. We attribute the charac-
teristic sublinear increase of the infrared band
over several decades of excitation to recombina-
tion involving two electrons at the oxygen site.
The energy level of the second electron is deduced
from measured quantities to be > 400 meV below
the conduction band. The capture cross section
of the deep electron is derived from these experi-
ments and from luminescent time-decay measure-
ments on the infrared band in the range 300-600
°K. From these measurements a value of ¢4~ 10"
X (p/10') em? is assigned.

Similar measurements were performed on the
Zn-0 red band with a resultant value of 04,
=2X10™" cm®. On the basis of these two capture
cross sections and previous work, * contours were
given for the internal Zn-O red-band quantum

efficiency as a function of Ny.o/No. A maximum
internal quantum efficiency of ~ 35% is calculated
for samples annealed at 600 °C. This upper limit
was obtained by setting the maximum value of
Ngun-0/No according to pairing calculations. 1A
value in the 40% range is predicted if equilibrium
pairing is achieved at 500 °C.

The derived model is consistent with measure~
ments on samples that approach the conditions
of Zn-O and oxygen as the major recombination
centers. The results are also consistent with
the long minority-carrier lifetimes, ~ 150 nsec,
observed in p-type green-emitting material in
which efforts were taken to suppress the oxygen
concentration, %2

Several problem areas were reviewed. We con-
clude by noting the corroboration of the two-elec-
tron oxygen model by recent photocapacitance
measurements of Kukimoto et al. *
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On the basis of the plausibility arguments and experimental results of previous workers on
shallow-donor and -acceptor levels, the recombination of bound excitons at deep-neutral-
donor and -acceptor sites via an Auger process appears to be a likely candidate for a non-
radiative or “killer” mechanism in luminescent material. We analytically investigate the ef-
fects of this center in a p-type semiconductor (the results can be extended in a straightforward
manner to n-type material) with the goal of uncovering experimentally verifiable properties.
The analysis specializes in several specific examples. The first case is that in which the
competing nonradiative-recombination mechanism is a shallow exciton bound to an acceptor.
For this case the strength of the nonradiative recombination goes through a maximum as a
function of temperature, and this effect would be experimentally observed as a minimum in the
radiative efficiency of the semiconductor. Such an effect is reported in GaP(Zn, O) in an ac-
companying paper. Furthermore, on the basis of numerical calculations presented in this
paper we consider it unlikely that the silicon acceptor, which has been suggested as a possible
nonradiative center in GaP, is a strong recombination site. The second example considered
is that of an exciton bound to a neutral donor. Since this situation involves capture of two
minority carriers by the donor, the concentrations of the captured electrons are expected to
depend nonlinearly on excitation intensity. These effects are easily observed if electrons in
either state give rise to a detectable radiative band. In the accompanying paper the intensity
variation of the oxygen-donor infrared band in GaP(Zn, O) with excitation level is interpreted
in terms of the above model. An approximate time-dependent solution is obtained for the
deep-level population which yields an initial fast decay at high-excitation levels. This fast
component, which is due to two-electron-recombination processes, has also been observed
in the GaP oxygen-donor infrared band.

the Auger process would render deep donors or
acceptors particularly effective as nonradiative

1. INTRODUCTION

There is abundant theoretical® and experimental?~’
evidence demonstrating the existence and stability
of hole and electron pairs bound as excitons to
neutral donors and acceptors. Because there are
three bound particles present in this configuration,
nonradiative recombination through an Auger pro-
cess is highly probable and, in fact, is observed to
be orders of magnitude greater than the accompany-
ing radiative recombination.*®" (The low radia-
tive efficiency of these centers contrasts with the
high efficiencies obtained from excitons bound to
isoelectronic centers, for example, nitrogen® and
the zinc-oxygen nearest-neighbor complex®!? in
GaP, where only two particles are bound, thus
precluding the possibility of an intrinsic Auger
process. ) It has furthermore been suggested that

centers because of the large overlap of the bound-
particle wave functions. " In this paper we analyze
the recombination kinetics associated with suchdeep
sites and attempt to identify experimentally veri-
fiable clues which can be utilized to uncover these
usually unwanted centers. Some experimental evi-
dence of these effects has recently been observed
for the oxygen donor in GaP, and these results are
presented in an accompanying paper. 1

II. ANALYSIS

For clarity the analysis will be specialized to
p-type material, but the results can be carried
over to n-type material in a straightforward man-
ner. Deep centers are expected to be of most in-
terest, but the activation energy of the first bound



