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Henry et a/. have shown that the low-temperature red luminescence in both GaP (Zn, O) and GaP (Cd, O)
is composed of a bound-exciton band overlapped at lower energies by a new type of long-lived pair band.
This paper describes a study of the temperature dependence of the spectral positions and time-decay charac-
teristics of these red bands. The samples were excited with electrons from a pulsed accelerator, and the
bands were studied by time-resolved spectroscopy in the range 1.7-300'K. At low temperatures the intensity
ratio of the pair and bound-exciton bands is dependent upon sample preparation and excitation intensity.
Regardless of the initial value of the ratio, the exciton emission becomes dominant in a transitional tem-
perature range between 60 and 120'K. At room temperature the emission is almost entirely excitonic. The
accompanying large changes in the spectral and time-decay characteristics are semiquantitatively explained
by a theory based on the assumption of thermal equilibrium of holes amongst the exciton-hole, acceptor,
and valence-band states. Luminescence excitation measurements in GaP(Zn, O) were used to estimate the
concentrations of Zn-0 complexes which were correlated with relative luminescence efEciencies and melt
compositions.

I. INTRODUCTION

ZCENT studies' ' of the low-temperature red
luminescence in gallium phosphide doped with

Zn and 0 or Cd and 0 [GaP(Zn, O) and GaP(Cd, O),
respectively] revealed that, in both cases, the emission
is composed of two overlapping bands. Previous in-
vestigators were unaware of this major complication. ~'
The recent experiments established that the red bands
arise from the formation of nearest-neighbor Zn-0 or
Cd-0 donor-acceptor pair complexes. The concentra-
tion of these nearest-neighbor substitutional complexes
is much greater than anticipated for a random dis-
tribution of donors and acceptors and indicates that
preferential pairing occurs on the nearest-neighbor
sites. ' The Cd-0 and Zn-0 complexes act as deep
electron traps. After trapping an electron at low tem-
peratures, the complex becomes negatively charged
and can trap a hole by Coulomb attraction. The electron
and hole then decay as a bound exciton and produce
the "bound-exciton band. " If a hole is not trapped,
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the electron will eventually recombine with a hole on
a distant acceptor. This recombination results in the
"pair band" lying somewhat lower in energy than the
bound-exciton band. The energy levels and transitions
are indicated in Fig. i.

In contrast with the bound-exciton luminescence, the
pair luminescence persists for long times after pulse
excitation and, in this respect, resembles the well-
known "green" donor-acceptor pair recombination in
GaP. ' In the red pair bands, however, there is no
electrostatic energy contribution e'/er to the photon
energy, so that the distinctive series of sharp lines
normally present in donor-acceptor pair spectra is
mlsslng.

The pair band and the bound-exciton band are broad-
ened primarily by the phonon coupling of the deeply
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FIG. 1. Energy-level diagram showing the transitions that give
rise to the bound exciton and pair luminescence bands in GaP-
(Cd,O) or GaP(Zn, O). Electrons are trapped at Cd-0 or Zn-0
complexes. Holes are trapped either at free Cd or Zn atoms (level
Eg) or at negatively charged Cd-0 or Zn-0 complexes (exciton-
hole level E „).

' D. G. Thomas, M. Gershenzon, and F. A. Trumbore, Phys.
Rev. 133, A269 (1964).
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trapped electron, so that both bands have approxi-
mately the same shape and. half-width of about 135
meV. They are separated by the diBerence in thc binding
energies of a hole trapped on an exciton or on an ac-
ceptor. The small energy separations, 25 meV for
GaP(Zn, O) and 60 meV for GaP(Cd, O), result in
extensive overlap of the bands.

This paper describes a detailed study of the tem-
perature dependence of the spectral position and, time-
decay characteristics of the red luminescence. At low
temperatures, the intensity spectrum is quite sample-
depend. ent. Whether the red luminescence is dominated

by the pair band. or bound-exciton band depends upon
the number of neutral acceptors available for pair
decay. In general, low acceptor concentrations favor
thc bound-cxclton band and high concentrations, the
pair band. Because the density of exciton-hole states
is proportional to the excitation intensity, the intensity
spectrum at any acceptor concentration depends on the
excitation intensity. Therefore, intense excitation
favors the bound-exciton band and weak excitation,
the pair band. In heavily p-type GaP(Zn, O) it is
believed that hole-tunneling cBects cause the bound-
exciton decay to dominate the luminescence even for
weak excitation.

At high temperatures, up to 300'K, the time-decay
characteristics and spectral position of the red lumines-
cence show that the bound-exciton band dominates the
emission of both GaP(Cd, O) and GaP(Zn, O) crystals
regardless of acceptor concentration and excitation
intensity. This is explained by the much larger transi-
tion probability for exciton over pair decay and by the
assumption of a thermal equilibrium distribution of
holes among the hole states at elevated temperatures.

Also discussed are absorption spectra of the bound-
exciton transitions obtained by luminescence excita-
tion and measurements of the red-luminescence C8I1-

ciency. These measurements have provided information
on the densities of Cd.-o and Zn-0 complexes and insight
into the doping conditions for optimal luminescence
cKcicncy.

II. EXPERIMENTAL TECHNIQUES

Time-resolved spectra and luminescence decay times
1n thc llquld-hydrogen and he11uIIl 1angcs werc 1ccordcd
in the following manner'. The samples werc repetitively
excited in the refrigerants by 100-nsec electron pulscs
from a Van de Graa6 accelerator operating at 300 keV.
The maximum current density at the sample was about
0.1 A/cm~. The luminescence pulses were dispersed by
a Spex f/6. 8 scanning spectrometer and detected at the
output slit by an RCA 7102 photomultiplier. The S-1
photocathode and blaze of the grating provided a
spectral response constant to within 10% over the
red. -wavelength range. The photomultiplier output was

9 J. D. Cuthbert and D. G. Thomas, J. Appl. Phys. 39, 1573
{1968).

displayed on a Tetronix 564 sampling oscilloscope
triggered coincidentally with the arrival of the electron
pulses at the sample. For time-resolved spectra, the
analog output of the oscilloscope, proportional to the
luminescence intensity I(t) at a time t deaned by the
setting of the sampling window, provided the I"
deflection; the wavelength analog voltage from the
spectrometer provided the X axis deQection of an X-I'
recorder. Luminescence-decay curves for a given spec-
trometer wavelength setting were obtained by using
the same arrangement but with the time analog voltage
from the sampling oscilloscope applied. to the X axis
of the recorder.

Although thc ovcI'-all luIQ1ncsccnce cKclency of thc
samples was usually high, the large breadth of the red
bands compared, with the 7 A resolution used for re-
cord. ing the spectra resulted in relatively weak photo-
multiplier signals. The necessity of using a photo-
multiplier detector with an S-l photocathode having a
quantum efliciency of less than 1'Po accentuated this
problem. It was therefore found d.esirable to sometimes
reduce the bandwidth of the system to provide more
sensitivity by using a cathode follower and. variable
load resistors at the photomultiplier output. Care was
exercised not to distort the pulse shape in the time
interval of interest.

The study of samples at temperatures in the range
between 20 and. 300'K was facilitated by a specially
constructed variable temperature Dewar. The samples
werc again excited by energetic electrons which passed
into the Dewar through a stainless-steel window. The
samples werc maintained at a given temperature by
forced. convection of helium gas at the appropriate
temperature. Pilot experiments showed. that this scheme
enabled the heat dissipated in the sample to be cftec-
tively removed.

HI. CRYSTAL DATA

The crystals of GaP(Cd, O) and, GaP(Zn, O) were

grown by cooling Ga-rich solutions in sealed evacuated
vitreous sihca tubes. '0 The acceptor concentration was
varied by changing the percentage of acceptor added
to the melt. The oxygen content was varied by adding
Ga~03 to the melt. Invariably oxygen is also present as a
natural impurity in the starting materials, so that the
total oxygen concentration is incompletely controlled.
Although the distribution coeKcient for Cd between Ga
and GaP is unknown, the solubility of Cd is much
smaller than Zn in GaP. Barrier capacitance measure-
ments show that the amount of Cd was not greatly in

excess of the d.onor contaminants; sulphur is the major
inadvcrtant d.onor impurity.

%hen the Cd-doped crystals were slowly cooled to
room temperature after growth, bound-exciton decay

I See, for example, J. F. Miller, in ComPONNd 8emjco&ectors,
edited by R. K. %illardson and H. L. Goering (Reinhold Publish-
ing Corp. , New Vora', 1962), Vol. 1, Chap. 23.



j70 RECOM B I NATION M ECHAN ISMS IN GaP(Zn, O) AN D GaP(Cd, O) 741

dominated the low-temperature red luminescence. On
the other hand, when the Cd-doped samples were
rapidly cooled after growth from 800'C to room tem-
perature, the pair recombination dominated the red
luminescence. It is believed that slow cooling reduces
the number of isolated Cd acceptors. At present the
fate of these acceptors is uncertain. It might be theorized
that this reduction in the acceptor concentration results
from an increased pairing with 0 donors, but absorption
measurements did not confirm this. Decreasing the
number of Cd acceptors decreases the pair luminescence
relative to the bound-exciton luminescence. Although
observable, these effects are less prominent in Zn-
doped samples, especially at high acceptor concentra-
tion, probably because Zn is much more soluble in the
GaP lattice than Cd.
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IV. RESULTS

A. Bound-Exciton Decay Times in GaP(Cd, 0)
and GaP(Zn, 0)

The decay time of the bound exciton was studied
in several slow-cooled crystals of GaP(Cd, O). Slow
cooling emphasizes the bound-exciton band relative to
the pair band. Further discrimination against the pair
band was obtained by choosing a spectrometer wave-
length setting corresponding to the prominent zero-
phonon line or first-phonon replica. Figure 2 shows that
the decays are exponential and have values of 560 and
330 nsec at 1.7 and 20'K, respectively. Many of the
crystals showed a small post-excitation increase in
luminescence lasting about 15 nsec. The luminescence
eKciency remains constant in this temperature interval,
so it is concluded that the change in decay time results
from thermalization between the bound-exciton A and
8 states' which are separated by an energy of 2.1 meV.
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Fro. 2. Fluorescence time-decay characteristics for two slow-
cooled crystals of GaP(Cd, O) and GaP(Zn, O). For GaP(Cd, O)
the zero of time is taken 15 nsec after the end of the exciting
electron pulse. For GaP(Zn, O) the zero of time is at the end of the
exciting pulse.
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1'IG. 3. Normalized time-resolved spectra as a function of the
temperature of a fast-cooled crystal of GaP(Cd, O). The exciting
electron beam current density was about 0.05 A/cm'. At 16'K
the arrows show the energies of the peaks of the clearly resolved
pair and bound-exciton bands. The arrows at higher temperatures
show the expected energy position of these peaks after the varia-
tion in band-gap energy is allowed for.

A straightforward calculation based on these experi-
mental values and Eq. (1) in Ref. 11 yields the decay
time values vg ——0.1 @sec and v ~=0.6 p,sec.

For GaP(Zn, O) it is not possible to discriminate
spectrally against the pair decay because of the overlap
of the pair and bound-exciton bands and because of the
absence of sharp lines in the latter. Slow-cooled, rather
strongly excited crystals afford the best chance of
observing the true excitonic decay time. Under such
conditions the density of exciton-hole states is high,
thereby enhancing the bound-exciton band.

Figure 2 shows that the decays at 1.7 and 20'K are
similar and reasonably exponential. No post-excitation
increase in luminescence occurred in these crystals.
Assuming that the j-j splitting of the A and 8 states
is roughly equal to that in GaP(Cd, O), the lack of any
temperature dependence due to thermalization between
the A and 8 states implies a large degree of mixing
between these states. The data indicate a value for
~~ of about 100 nsec.

For both GaP(Cd, O) and GaP(Zn, O) the slight
sample dependence of the time-decay characteristics is

' J. D. Cuthbert and D. G. Thomas, Phys. Rev. 154, 763
(~967).
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FIG. 4. Normalized spectra obtained by integrating the photo-
multiplier response to the light from the same pulse-excited
crystal of GaP(Cd, O) used for Fig. 3. The excitation conditions
were identical with those in Fig. 3. The arrows show the expected
energy positions of the bound-exciton and pair-band peaks at the
various temperatures. Up to about 60'K the pair band is dominant.
Above the transitional temperature range (approximately 70-
100'K), the bound-exciton band dominates.
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attributed to the variable contribution of the long-
lived pair luminescence.

B. Temyerature Beyendence of Luminescence Decay
Curves and Time-Resolved Syectra for GaP(Cd, 0)

Figure 3 shows the temperature dependence of the
time-resolved spectra from a fast-cooled sample of
GaP(Cd, O). It may be assumed that the bands have
the same change in energy with temperature as the
indirect band gap. According to this assumption, the
arrows in the 6gure indicate where the peaks of the
bound-exciton band and pair band would be expected
to lie at high temperatures. As explained in the pIC-
vious section, fast-cooled crystals have a larger fraction
of pair luminescence which was desirable here. At
temperatures up to 46'K the pair and bound-exciton
bands are clearly resolved. At 60'K the bound-exciton
band appears almost unchanged in energy although the
sharp phonon sidebands have become thermally
broadened to the extent that they are almost unresolved.
Thc pair peak howcvcr has shifted distinctly to highcl
energy, Between 60 and 80'K the two bands have
merged into a single spectrum located at an intermediate
energy. Between 80 and 148 K the spectrum moves to
higher energy relative to the band gap until it coincides
with the position predicted for the bound-exciton band
alone.

The relative contributions of the bound-exciton and
pair bands to the total luminescence can be inferred
from Fig. 4, which shows the spectra formed by in-
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FxG. 6.Total time-decay characteristics of the long-lived lumines
cence from the same GaP (Cd,O} crystal and with the same excita-
tion conditions used for Fig. 3. At temperatures up to 63'K the
long-lived luminescence obeys a power-law characteristic of pair
decay. At 83'K and above, the decay rate of the long-lived
luminescence increases rapidly.
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FIG. 5. Total luminescence time-decay characteristics of the
red band from the same GaP(Cd, O} crystal and with the same
excitations used for Fig. 3. At low temperatures the decays show
the fast exciton decay followed by the long pair decay. Between
80 and 100 K the bound-exciton decay lengthens and merges
with the long-lived component. Above 100'K the decay rate
increases and becomes more nearly exponential.
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FIG. 7. Plots of the 1/e decay times (kg,) taken from Figs. 5
and 10. For GaP (Cd, O) the initial decrease in r&~, is caused by the
thermal redistribution of the bound-exciton population between
the A and 8 exciton states. The changes in v-1g, at temperatures
above 60'K are due to the onset of thermal equilibrium of holes
among the hole states. A similar situation holds for GaP(Zn, O)
although, for reasons discussed in the text, no initial decrease in
71~, is observed. 1.650
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FxG. 9. Normalized spectra obtained by integrating the photo-
multiplier response to the light from the same pulse-excited
crystal of GaP(Cd, O) and with the same excitation conditions
used for Fig. 8. The arrows show the expected energy positions
of the bound-exciton and pair-band peaks at the various
temperatures.
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Fn. 8. Normalized time-resolved spectra as a function of the
temperature of a fast-cooled crystal of GaP {Zn,O). The exciting
electron beam current density was about 0.05 A/cm'. At 1.7'K
the arrows show the peaks of the resolved pair and bound-exciton
bands. The arrows at higher temperatures show the expected
energy position of these peaks after allowing for the variation in
band-gap energy.

tegrating the single pulses from the photomultiplier. A
careful comparison of the normalized spectra in Figs. 3
and 4 shows that up to approximately 80'K, where the
time-resolved spectra coalesce, the integrated and pair
bands are identical. Above 80'K the spectra in the two

figures must be, and are, identical, and correspond
mainly to bound-exciton recombination. The total red-
luminescence efFiciency was found to change with
temperature in much the same way as previously
reported for GaP(Zn, O).s

The time-decay characteristics of the total red
emission as a function of temperature for the same
crystal are presented in Figs. 5 and 6 for the time ranges
0—2.8 @sec and 0.1—100 psec, respectively. At all tem-
peratures it was noticed that the buildup time of the
luminescence was equal to the length (100 nsec) of the
exciting pulse (cf. Ref. 6). It is seen in Fig. 5 that up to
about 70'K there is an initial fast decaying lumines-
cence followed by a very long-lived component, which,
considering the results in Fig. 3, must be associated
with the bound-exciton and pair luminescence bands,
respectively. The 1/e decay times rt~, taken from Fig. 5
are plotted in Fig. 7. Thermalization of excitons from
the 8 into the A state causes the temporary decline in
Tg~. as the temperature is raised. from 1.7'K (See Sec.
IV A). Figure 5 shows that between 70 and 90'K the
pure bound-exciton component becomes much less
noticeable; Fig. 6 shows that in this same temperature
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F/G, 12, luminescence excitation spectrum for a slower-cooled
crystal of GaP (Zn, O),

decay due to the bound-exciton is not as easily dis-

tinguished from the slow decay of the pairs in this
crystal. However, other crystals were examined in

which the bound exciton was very dominant at the
lowest temperatures, and in such cases the faster decay-

ing bound exciton was readily distinguished. Neverthe-

less, it is easily seen from Figs. 7 and 10 that as the
temperature is raised to about 60'K the initial ex-

citonic decay becomes increasingly long, after which

it decreases. Note that in agreement with the results

of Sec. IV A an initial decrease in ~j~„due to excitons
thermalizing from the 8 state into the A state as the
temperature is raised above 1.7'K, is not observed for
GaP (Zn, O).

The decay rate of the luminescence at longer times

due to the pairs (Fig. 11) exhibits little change with

temperature up to 50'K. Between 60 and 100'K the
decay rate of the long-lived component increases very
rapidly and at still higher temperatures continues to
increase but more slowly. This behavior is consistent
with the data in Figs. 8 and 9, which show a sizable

contribution from pair emission up to about 60'K and

an increasingly dominant bound-exciton emission above
the transitional temperature range 50—70'K.

Some evidence of low-temperature tunneling between
hole states was obtained from a series of experiments
in which an argon ion laser was used to excite GaP-
(Zn, O) crystals containing Zn concentrations in the
range from 2&&10" to 5)&10" atoms/cm' at 1.7'K.
%hen the argon ion laser was focused, the bound-
exciton band dominated the emission for all crystals.
In the unfocused condition (pumping intensity down by
a factor of 10 4), the pair band was dominant at Zn
concentrations in the range from 2 to 5&(10"atoms/'cm',
while for higher concentrations the bound-exciton-band
intensity increased with concentration. This result is
attributed to an increased probability of tunneling
between hole states at high acceptor concentrations.
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D. Exciton Absorption Spectra of Cd-0 and Zn-0
Complexes

The exact shapes of the absorption bands due to the
creation of excitons bound to nearest-neighbor donor-

acceptor pair complexes were difBcult to determine by
direct means, since the bands are very broad and the
absorption is weak. The absorption spectra were more
conveniently obtained from measurements of the in-

tensity of the bound-exciton luminescence as the energy
of the exciting radiation, corrected to constant excita-
tion intensity, was scanned through the absorption
bands. These spectra will be called LE (luminescence
excitation) absorption spectra.

The low temperature Cd-0 LE absorption spectrum
obtained in this way is considerably broader than the
bound-exciton luminescence spectrum, and the phonon
structure is much weaker. "The Zn-0 exciton lumines-

cence spectrum is almost devoid of structure, so it is
not surprising that the corresponding LK absorption
spectrum shown in Fig. 12 is broad and quite feature-
less. The no-phonon transition energy of excitons de-

caying at Zn-0 complexes is located near the arrow
labeled E„& at 2.0i eV, a point midway between the
low-energy half-maximum of the LK absorption spec-

"C.H. Henry, P. J. Dean, D. G. Thomas, and J. J. Hopaeld,
in Proceedings of the International Conference on Localized
Excitations in Solids, Irvine, California, 1967 (to be published).
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trum and the high-energy half-maximum of the lumines-
cence spectrum. "

The absorption scale in Fig. 12 is relevant only to the
Zn-0 absorption band below 2.30 eV. The structure
above this energy is due to the photocreation of excitons
at isoelectronic nitrogen impurities (lines 2 and A, '4)

and to intrinsic absorption processes (indirect absorp-
tion threshold TA~ and LA~"). These absorption
processes contribute relatively weakly to the Zn-0
exciton luminescence and are therefore lightly weighted
in the LE absorption spectrum. The peak absorption of
the Zn-0 exciton band is ~5 cm ' in GaP crystals
optimally doped for the red luminescence measured at
80 or 300'K, shown in this paper to be due mainly to
Zn-0 exciton recombinations. When we use the oscil-
lator strength f 0 07 of .the Zn-0 exciton transition
derived from the decay-time measurements of the
luminescence, the absorption coeKcient corresponds to
a Zn-0 concentration of ~5X10"atoms/cm'.

It has previously been reported that maximum red
luminescence is obtained in solution-grown crystals
from Ga containing 0.1 at.

%%uoZnan d0.01at.%oGasOs. '
Figure 13 shows that for the series pf crystals examined
in the present work, the red-fluorescence intensity was
a maximum for Ga solutions containing close to 0.01
at.% Zn. The concentrations of free Zn acceptors in
crystals grown from Ga solution containing, respec-
tively, 0.01, 0.1, and 1 at.%Zn are 0.5, 1.5, and 5X 10"
atoms/cm'. It is interesting to note that the Zn-0
exciton absorption of these crystals continues to in-
crease up to 1 at.% Zn-doped Ga solution although
the luminescence efFiciency falls rapidly in this region.
It has been shown recently" that Auger recombination
causes a rapid decrease in the low-temperature lumines-
cence efficiency of the relatively tightly bound bismuth-
exciton transition in GaP above a neutral donor con-
centration of 10"/cm'. Impurity banding sets in at
this donor concentration and promotes the interaction
of a third electronic particle with the bound exciton.
It is very likely that a similar eBect is responsible for
the quenching of the Zn-0 bound-exciton luminescence
at the higher Zn concentrations, shown in Fig. 13.
According to this model the onset of concentration
quenching is expected to be insensitive to temperature
changes in the range where isolated Zn acceptors be-
come thermally unstable, in agreement with experiment.

Figure 13 also shows that the Zn-0 exciton absorp-
tion increases with the amount of Ga203 in the Ga
solution. While there is no background of Zn, there is a
significant background concentration of 0 in these

"The exact relationship between E„~ and the no-phonon
transition energy of the Zn-0 exciton is unknown, but the latter
probably lies a little below the former since the half-bandwidths
of the two spectra suggest that the Huang-Phys factor is larger
in the absorption spectrum.

'4 D. G. Thomas and J.J. Hopfield, Phys. Rev. 150, 680 (1966).
"P.J. Dean and D. G. Thomas, Phys. Rev. 150, 690 (1966)."J. C. Tsang, P. J. Dean, and P. 7. I,andgberg (to b|:

published).

crystals. Recent experiments' using the 0" isotope
shift of the Cd-0 bound-exciton no-phonon line as an
indicator have shown that it is very diKcult to obtain
an increase in the concentration of these complexes
greater than a factor of 4 or 5. The residual concentra-
tion of Cd-0 sites is about 0.5X10+"/cm' in slow-cooled
crystals grown in sealed-oG quartz tubes from Ga
solution containing 10 at.% Cd, even when rigorous
measures are taken to exclude 0. Possible sources of
this 0 are the quartz tubes and the GaP source material.

V. DISCUSSIOH

The time-resolved spectra and luminescence time-
decay characteristics of the red luminescence exhibit
the following principle features.

(a) At low temperatures there is a rapid bound-
exciton decay followed by a slow pair decay and two
distinct spectra are recorded in time-resolved spectros-
copy corresponding to the pair and bound-exciton
bands. The crystals chosen for the study had prominent
pair bands at low temperatures at the excitation levels
used.

(b) As the temperature is raised above about 60'K
for GaP(Zn, O) and about 80'K for GaP(Cd, O) the
initial fast excitonic component in the total time decay
lengthens to become substantially longer than the
bound-exciton lifetime. Also, the long pair decay
shortens, so that the combined time-decay character-
istics eventually approximate a single exponential. At
the same time, the intensity spectra alter and show that
the bound-exciton band begins to dominate the total
emission.

(c) As the temperature is raised still further, the
time-decay characteristics of the total luminescence
get significantly more rapid. Apart from broadening
and a shift due to the band-gap variation with tem-
perature, no further changes in the intensity spectra
are seen.

These eGects can be accounted for semiquantita-
tively by assuming that the holes in acceptor states,
in bound-exciton hole states, and in the valence band
are in thermal equilibrium at the higher temperatures.
It is also assumed that in the temperature range 1.7-
300'K the electron remains trapped at the acceptor
oxygen complex. Let p~ and p. be the occupation prob-
abilities for a hole to be in an acceptor state and in a
bound-exciton hole state. If the holes are in thermal
equilibrium, the occupation probabilities are given by
Fermi-Dirac statistics as "

ps=[1+De, 'exp((EF —Es)/kT)g ', (1)

p,„=t1+D, ' exp((Ep E,„)/kT)] ', (2)—
where E&, E+, and E, are the energies of the quasi-

"See, for example, J. S. Blakemore, Semicoldgctor Sfutjstjcg
(Pergarnen Press, Inc. , pew Perk, 1962),
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r '= W. p. +Q W(r) pa, (3)

where W, is the exciton decay rate and W(r) is the
decay rate for the electron to recombine with a hole
located on an acceptor a distance r from the trapped
electron. The transition rate W(r) is taken to be"

Fermi level governing the hole distribution, the ac-
ceptor level, and the level corresponding to a hole in
a bound-exciton hole state. These energies are measured
relative to the valence-band maximum. D~ and D
are the degeneracies of the hole on the acceptor and in
the bound exciton. The acceptor ground state is four-
fold degenerate, while the hole in the bound exciton
is twofold degenerate. " Let v be the lifetime of an
electron trapped on the acceptor-oxygen complex. The
trapped electron decay rate v ' is given by
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Fn. 14. Comparison of the calculated decay times with the
experimentally determined decay times of the red emission. A
comparison is only meaningful at temperatures where thermal
equilibrium conditions approximate, namely, above ~80'K
for GaP(Cd, O) and ~60'I for GaP(Zn, O).

W(r) =W exp( —2r/a), (4)

where u is the Bohr radius of the hole on the shallow
acceptor. This formula is only valid when either the
hole or the electron is tightly bound. It is applicable in
our situation because the electron is very tightly bound
compared to the hole. 8' is the transition rate for
r=0 (that is, when the electron and hole wave functions
have maximum overlap). W is estimated to be equal
to H/', multiplied by the ratio of the maximum hole
density on the acceptor to the maximum hole density
in the bound exciton. These densities are inversely
proportional to the cube of the ratio of the Bohr radii
of the holes on the acceptor (a) and in the bound exciton
(a„) so that

Wmax Wex(aex/a)

The total rate of pair decay is given by

Q W(r) = (Xa—Xn)W, (a, /a)' 4rrr'
0

Xexp( —2r/a) dr = (Xa—Ez&) W,„a, 's, (6)

where X~ is the acceptor density, ÃD is the donor
density, and (Xa—1V&) is the density of neutral ac-
ceptors. The ratio of the bound-exciton intensity to the
pair-band intensity is given by

~ex/I pair Wexpex/2 W(&)pa

=p. /pa(Na XD)a. 8s. (7)—
"The zone center valence band hole states are fourfold de-

generate, These states are split into two Kramers doublets by the
crystal held of the acceptor-oxygen site. (See Refs. 1 and 12.)
In calculating p, we should take into account both doublets; this
is done by changing D, in Kq. (2) from 2 to 2+2 exp (—bEjkT),
where /t.E is the splitting between the states and is taken to be
10 meV. We cannot justify this choice, but other reasonable
values of bE would not substantially alter the results of the
calculation."D. G. Thomas, J.J. Hop6eld, and %'. M. Augustyniak, Phys.
Rev. 14Q, 202 (1965).

The Boltzmann factors appearing in Eqs. (1) and (2)
may be calculated using standard semiconductor
statistics. " They depend upon E&, ED, the binding
energy of the acceptor Eg, and the density of states
effective mass of the hole, which is taken to be 0.37
times the free electron mass. '0

For the case of Gap(Zn, O), we take Pa=10'a
atoms/cm' and En= 2X10' atoms/crn'. The binding
energy of the Zn acceptor is known to be 62 meV."
These estimates of S~ and SD for the Zn-doped samples
are based on the solubility measurements of Trumbore
et al.22 The Cd-doped samples are less heavily doped
and more highly compensated than the Zn-doped
samples, and we estimate that Na 10'r atoms/——cm'
and En= 4X 10"atoms/cm'. We are much less certain
of the latter parameters than of the parameters for the
Zn-doped samples. The binding energy of the Cd
acceptor is known to be 95 meV."For both Zn and Cd
we take W, to be 10"sec ' (see Sec. IV A), the binding
energy of the hole in the bound exciton to be 36 meV,
and the Bohr radius of the hole in the bound. exciton
to be 16.9 A. The predicted lifetime 7 and ratio I,„/I„;,
are plotted versus temperature in Fig. 14.

If true thermal equilibrium were achieved, the red
luminescence would decay exponentially, giving straight
lines in Figs. 5 and 10. The deviation from an ex-
ponential decay gives some indication of the deviation
from thermal equilibrium. Clearly, at low temperatures
there is very little thermalization. Because thermal
equilibrium is only approximately achieved even at the
higher temperatures, only qualitative agreement is
expected between theory and experiment.

ae R. A. Faulkner (private communication)."P.J. Dean, J. P. Cuthbert, D. G. Thomas, and R. T. Lynch,
Phys. Rev. Letters 18, 122 (1967)."F.A. Trumbore, H. G. White, M. Kowalchik, R. A. Logan,
and C. Ir. Mce, J. Electrochem. Soc. 11/, 782 (1965).
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The ratio I, /I~„, is predicted to be unity at 65'K
for the Zn-doped sample and at 100'K for the Cd-
doped sample and to increase rapidly with temperature.
Experimentally, it is found that the bound exciton
becomes dominant above 60'K in Zn-doped samples
and above 80'K in Cd-doped samples in good agree-
ment with theory. It is predicted that the ratios of
I~/I~„, are 19 for Zn-doped samples and 57 for Cd-
doped samples at 300'K.

At room temperature the densities of free holes in
the valence band and holes in the acceptor states are
of the same order of magnitude, so that the intensity
of the recombination luminescence due to free holes
annihilating the trapped electrons is expected to be of
the same order of magnitude as the pair-luminescence
intensity. Therefore, the bound-exciton luminescence
is predicted to dominate both the pair luminescence
and the free-to-bound luminescence at room tempera-
ture, in agreement with experiment.

The calculated and measured lifetimes are compared
in Fig. 14. The experimental lifetimes peak at 65'K in
Zn-doped crystals and at 95'K in Cd-doped crystals.
Theory and experiment can only be compared at these
temperatures and at higher temperatures. Below these
temperatures little thermalization of the holes has
taken place. The agreement between theory and experi-
ment is fairly good for the case of GaP(Zn, O). The
maximum experimental lifetime rq~. (measured at the
e ' intensity point) is 1.5 @sec at 65'K. The predicted
value at this temperature is 2.3 psec. At higher tem-

peratures both the predicted and the experimental
lifetimes decrease. The experimental lifetime decreases
faster, however, presumably because nonradiative proc-
esses shorten the experimental lifetime and. these
processes become increasingly important at higher
temperatures.

For the Cd-doped crystals, the agreement is much
worse. While the experimental lifetime at 100'K of
1.7 psec is long compared with the exciton lifetime (0.1
@sec), in agreement with our ideas, this lifetime is
small compared. with the predicted lifetime of 45 psec.
The agreement remains poor at higher temperatures. At
present the reason for this disagreement is not under-

stood. It may result because thermalization is less

likely in Cd-doped samples because of the large Cd
binding energy (95 meV) and because the assumed

concentration of Cd acceptors is rather low. It is also
possible that nonradiative processes, which shorten the
measured lifetime, are more important in the Cd-doped
material.

VI. CONCLUSIONS

It was previously established. by Henry, Dean, and
Cuthbert' that the low-temperature red luminescence
in GaP(Zn, O) and GaP (Cd,O) is due to the near super-

position of a pair band and a bound-exriton band. In
this paper, the red. luminescence has been studied by
electron beam excitation in the temperature range 1.2-
300'K. Above about 50'K the bound holes in the ac-
ceptor and exciton-hole states tend to come into thermal
equilibrium. The thermalization appears to be only
partially achieved, becoming more eftective at higher
temperatures. The result of this thermalization is to
cause the red luminescence to be d.ominated by bound-
exciton decay above 60'K in Zn-doped. crystals and
above 80'K in Cd-doped crystals. As thermalization
is achieved, the time-decay characteristic of the red
luminescence becomes more nearly exponential. Al-

though the red luminescence is dominated by bound-
exciton decay above 80'K, the decay time of the
luminescence is much longer than the bound-exciton
decay time between 80 and 150'K, because the processes
promoting thermal equilibrium cause holes to be con-
tinuously transferred from the acceptor into the bound-
exciton hole states. The decay time becomes shorter
with increasing temperature as the bound. -exciton decay
becomes increasingly dominant. Bound-exciton decay
is the principal source of red luminescence at room tem-

perature. These results can be explained semiquantita-
tively by the theory of thermal equilibrium among the
hole states presented in this paper. The agreement
between theory and experiment is much better for
Zn than for Cd. Measurement of the luminescence
excitation spectra in GaP(Zn, O) shows that although
the concentration of Zn-0 complexes continues to rise

as the Zn acceptor concentration is increased above that
corresponding to maximum luminescence efficiency, the
onset of concentration quenching of the luminescence,
probably by nonradiative Auger processes, oGests any
possible increase in luminescence efBciency. The ab-

solute concentrations of the Zn-0 and Cd-0 complexes
have been estimated from measurements of the exciton
absorptions and luminescence decay times.
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