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Photoinduced reactions in which pairs of Zno, and Op ions in GaP dissociate and sub-

sequently re-form are studied. The decay of nearest-neighbor {Zn,O) pair luminescence is

measured versus laser power and temperature. The dissociation rate of the pairs is de-

duced with the use of a model for the electron-hole recombination kinetics which includes

the effects of saturation and spatially dependent carrier generation. The activation energy

for the photoinduced dissociation is found to be 0.60+0.07 eV. Dissociation of the
nearest-neighbor pairs by purely thermal mechanisms is also observed, with an activation

energy of 2.6+0.6 eV. From these activation energies and the observed pre-exponential

factors, the photoinduced dissociation is determined to be a recombination-enhanced defect
reaction. The dissociated nearest-neighbor pairs tend to re-form as pairs with small

inter-ion separation.

I. INTRODUCTION

The properties of gallium phosphide doped with
zinc and oxygen have been extensively studied, pri-
marily because of the use of this material in light-
emitting diodes. These diodes are observed to de-

grade under forward-bias operation. ' ' In a previ-
ous paper, we have shown that this degradation is
due to the dissociation of nearest-neighbor
(Zn, O)~ i pairs. When the GaP is subjected to
laser excitation, we observe luminescence from radi-
ative electron-hole recombination at the (Zn, O)~
pairs, where m refers to an mth-nearest-neighbor
pair. At elevated temperatures, the nearest-
neighbor pair luminescence intensity decreases with
time due to the dissociation of the pairs. After the
nearest-neighbor pair dissociates, it re-forms as a
further separated pair. In this paper, we will ex-
amine the kinetics of this reaction. The word "ki-
netics" here has a twofold meaning: First, we will

discuss the electron-hole recombination kinetics in
order to relate the observed photoluminescence in-
tensities with the impurity concentrations. Second,
we will study some aspects of the kinetics of the
atomic diffusion process in which the (Zn, O)
pair dissociates and later re-forms as a further
separated pair (Zn, O)~ ) l.

The major result of this work is that the
(Zn, O) i dissociation is a "recombination-
enhanced" reaction in which energy available from
electron-hole recombination is transferred to local-
ized vibrational modes which leads to the dissocia-
tion. This type of reaction has not previously been

observed in a system which is as well characterized
as GaP:(Zn, O). Thus, this system provides a good
opportunity for studying the strong electron-
phonon interaction which is often present at
"deep-level" defects in semiconductors. The
understanding of this interaction is important since
it significantly affects the performance of semicon-
ductor devices. '

Photoluminescence (optical emission) data will

be presented throughout this paper, and some ex-
perimental details are summarized in Sec. II. In
Sec. III, equations are written describing the
electron-hole recombination kinetics. %e explicitly
include the effects of saturation of the (Zn, O)
electron occupation, and of spatially varying
electron-hole generation. Several limits of these
equations that are applicable to the experiments
described here will be discussed. Simple relations
between the observed photoluminescence intensities
and the defect concentrations are derived. Using
these relations, we present in Sec. IV of this work
an analysis of the decay rates of the (Zn, O)~
luminescence intensities. The observed decay rates
are shown to be proportional to the electron occu-
pation of the pairs. At high laser powers the de-
cay rates saturate and equal the dissociation rate of
the pairs. From the temperature dependence of the
dissociation rates, activation energies for the reac-
tions are deduced. We show that the (Zn, O)
pairs can dissociate by a recombination-enhanced
process, or by purely- thermal mechanisms. In
Sec. V, data are presented on the distribution of
m ) 1 pairs that are formed by the dissociation of
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the m =1 pairs. A brief discussion is given of the
process by which the Zn and 0 impurities diffuse
through the lattice to form the (Zn, O)~ & I pairs.
Thc obscrvcd dcgfadat1on fates afc shown to bc
dependent on the details of this diffusion process.
The conclusions which can be drawn from this
work are presented in Sec. VI.

formed in a furnace purged with He. Following
each anneal thc sample was quenched in water and

etched for 3 min in 3:1:1HISO~.HIOI.H20 at
60 C.

III. ELECTRON-HOLE RECOMBINATION
KINETICS

II. EXPERIMENTAL

The samples used in this work were liquid-

phase-epitaxially grown p nju-nctions on n typ-e

GaP (single crystal}. The growth technique is

described by Saul, Armstrong, and Hackett. The
cxposcd 50-pm tliick laycl' of tlic lunct1on is p
type, doped with Zn and O. The (substitutional) 0
conccntfatlon 1s about 10 CIQ and thc Zn con-

centration is about 3 X 10' cm (based on

crystal-growth conditions). Other impurities in-,
clude N and S. The photoluminescencc spectra
werc obtamed us1ng a 11qu1d-N2-cooled S-1-type
photomultiplier and a SPEX 1269 spectrometer
with a 1200 lines/mm grating blazed at 1 pm. For
the low-temperature work (T & 100 K) reported

here the sample was mounted in a variable-

temperature cryostat and illuminated with the
0

4545-A line of an Ar+ laser. The sample was

moved vertically to permit observation of different

regions of the crystal and the change in photon

colle:tion efficiency between these runs was very

small. For the high-temperature work (300
K & T & 700 K) the sample was mounted on a
heating block and illuminated with the 4880-A line

of an Ar+ laser, focused to a beam diameter of 55

pm full width at half maximum (FWHM). The
maximum sample heating hT can be estimated

from

The kinetics of electron-hole recombination in

GRP:(Zn, O) have been extensivdy studied. ' ' lt
is not the purpose of this work to obtain a detailed

understanding of the recombination kinetics.

Rather, wc wish to arrive at approximate values

for some of the kinetic parameters. From these

values we will determine the regime of carrier con-

centrations in which our experiments lie, and this
will enable us to make a reasonable interpretation
of the data to be presented in Secs. IV and V.

%c use a simple but accurate model which is
similar to that used for nearest-neighbor pairs by
Henry, Bachrach, and Schumaker. ' Each (Zn,O)
center is considered to be a single-electron trap,
with an a,ssociated electron release rate R~, capture
rate C, and a total recombination rate 1/~ . For
m ~ ce, i.e., isolated oxygen, a second electron lev-

el has been observed. Herc we will be considering
centers with m & 50 for which this level has not
been observed and so we will ignore it. For the
present discussion, the hole occupation of the

(Zn, O)~ centers will be implicitly included in the

electron recombination rate 1/~ . Later, we will

consider the dependence of I/~ on the various

hole concentrations. The concentration n~ of
(Zn, O) centers which are occupied by electrons is

given by

~m
R~n +C—(N~ II )no,—

where P is the absorbed laser power, k is the ther-

mal conductivity [k =0.4 W/cm K at 473 K for
GaP (Ref. 9)], and o is the beam width [FWHM
equal to 2ITI/(2 ln2)]. This formula is derived by

solving the heat-diffusion equation in an infinite

slab of thickness I with one side at a constant tem-

perature and the other side exposed to a surface

hcRt solircc witli a GaussiRII profiilc iii 'tlic liIIlit

o'« I. For a typical power level of P=200 mW

we find hT =35 K. For the results reported here

the sample was in air, although similar results were

obtained when the sample was in a He environ-

ment. Annealing studies (T & 1000 K}were per-

In =1,2,3,... , (2)

where N is the total conclmtration of (Zn, O)
centers aIld go 1s thc free-electron concentration.
In steady state, the concentration of occupied

(Zn, O)~ centers is found by equating Eq. (2) to
xelo to y1eld

(3b)
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where 1/v ' is the radiative decay rate. Later in
this work we will discuss processes in which the
impurity concentrations N vary with time. How-
ever, these time variations are very slow compared
with those expressed in Eq. (2); therefore Eq. (3) is
still valid at each point in time.

Let us consider the minority-carrier (electron)
concentration no Th.e variables of interest in these
experiments are the laser power P, the temperature
T, and the impurity concentrations ¹,. The im-
purities labeled ¹,include the (Zn, O)m centers as
well as various intrinsic impurities that could be
undergoing photoinduced reactions. ' In steady
state no is in general a function of T, P, and N~.
Neglecting spatial diffusion of the carriers we

write

np ——Grp,

where G is the electron-hole generation rate and rp
is defined by this equation to be the steady-state
minority-carrier lifetime. We will assume that ro
has no spatial dependence. This neglects effects
such as surface recombination. The spatial depen-
dence of G is derived by considering the incident
laser beam that is perpendicular to the surface (x,y
plane) of the crystal The p. hoton density has a
Gaussian dependence on p=[(x +y )]' and
varies exponentially with z (the direction into the
crystal). Thus, the generation rate can be ex-

pressed

aP —p
2

G=
2 exp —az

v;2mr2 2o.2
(6)

where P is the absorbed laser power, 1/o. is the ab-

sorption depth, o. is the beam radius, and A, v; is
the incident photon energy. The minority-carrier
lifetime ro is determined by all of the various
recombination channels in the material. In our ex-
periments we observe quantities which are indepen-
dent of ~p, and so we do not need to know its pre-
cise value, The minority-carrier concentration can
be estimated by observing the luminescence intensi-

ty as a function of laser power. " For the nearest-
neighbor pairs at T=500 K we observe a signifi-
cant saturation effects (f~

-0.5} to begin at

Here, f represents the fractional electron occupa-
tion of the centers. The intensity of luminescence
emitted from an mth-nearest-neighbor pair is given

by

1 1
d nm =

~d Nmfm,+8 QC

P=100 mW (FWHM=55 pm). At this tempera-
ture 1/r&-10 s ' (Ref. 16)«R&-10 s ' (Ref.
14}. The maximum minority-carrier concentration
is then given by no n-,

~
-R

~ /C~ =5 X 10' cm
This also equals the concentration of majority car-
riers (holes) introduced by the laser. From Eqs. (5)
and (6) this value of no corresponds to a lifetime of
rp-1 ns, which seems quite reasonable.

Much of the complicated electron-hole recom-
bination kinetics has been hidden in the rates 1/ro,
1/rm, and 1/rm . The rate of 1/wm is the sum of
nonradiative and radiative rates. There are two
nonradiative decay channels: Auger decay' and
multiphonon-emission (MPE) recombination. s

There are also two radiative decay channels: The
bound electron can recombine with a hole bound
onto the same (Zn, O) center, or with a hole
bound onto a distant impurity, namely, a Zn accep-
tor. ' ' The rates 1/rm and 1/r'm are therefore
functions of the temperature and various hole con-
centrations. The concentration of holes introduced

by the laser is small compared with the free-hole
concentration of p =10' cm for T) 300 K.
Furthermore, at these temperatures the shallowly
bound holes are in equilibrium with the free
holes. ' ' Thus, 1/rm and 1/rm will be functions
only of temperature and will have very little spatial
or time dependence.

Now let us specialize to the experiments
described here. For ease of discussion we separate
these into two cases. First we consider the high-
temperature results which will be presented in Sec.
IV. In these experiments the sample is exposed to
the laser at some temperature 300 K ~ T g 700 K
and some laser power P. The intensity of
(Zn, O) &

luminescence is observed to decrease
with time, presumably due to some changing im-

purity concentration E;. The luminescence intensi-

ty is given by

I&(r)=,d dVN, (p,z, r)f, (p,z, r),1

where the spatial dependence of f&
is given by Eqs.

(3a), (5}and (6). At low power levels the electron
occupation f~

is proportional to the minority-
carrier concentration np. In general, np changes
with N; and results in changes in the (Zn, O)
luminescence intensity. We have observed these ef-
fects. At low powers a change in np will cause the
entire luminescence spectrum to change uniformly.
However, at high powers the luminescence band
saturates; f&

~1 for most of the centers contribut-
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ing to the band. In that case the luminescence in-
tensity is independent of np. The observed de-
creasing intensity is due to a decreasing concentra-
tion of (Zn, O) ~ pairs, and the intensity is directly
proportional to the pair concentration. The data
presented in Sec. IV is in this high-power regime.

The second case to discuss are the low-
temperature results presented in Sec. V. Here we
observe luminescence from different regions of a
sample which have different pair concentrations
Em. Care was taken to keep the temperature, laser
power, and photon collection efficiency constant
between the different regions. The luminescence
intensity from various shallow impurities is ob-
served to be identical in the regions, so that the
electron and hole concentrations are probably con-
stant. This implies that f~ and 1 lr~ are con-
stant. Therefore, from Eq. (4), the ratio of
luminescence intensities equals the ratio of pair
concentrations in the different regions.

IV. REACTION RATES

In Fig. 1 we show several high-temperature pho-
toluminescence spectra. As discussed in our previ-
ous publication these spectra consist of a band
centered at 1.7 eV due to nearest-neighbor
(Zn, O}~ ~ pairs, and a band centered at 1.5 eV
due to further separated pairs (Zn, O)~ & ~. There is
also luminescence at 2.1 eV due to various shallow

impurities and possibly free-exciton or band-to-
band recombination. In Fig. 1 the time between
successive scans is about 30 min. We see that the
intensity of the (Zn, O} ~ luminescence is decreas-

ing and the intensity of the (Zn, O)» lumines-

cence is increasing. For the high laser power used
in Fig. 1 the m =1 and m g 1 bands are saturated
(at least initially, see below}, and so their changing
interisities are due to changing pair concentrations.
Clearly the nearest-neighbor pairs are dissociating
at some rate, and further-separated pairs are form-

ing at the same rate. We refer to this reaction as
an "aging" process. This reaction was first studied
in luminescence by Dapkus and Henry and was
identified in our previous paper.

The (Zn, O) ~ dissociation reaction is not a
thermal one, since the temperature in Fig. 1 is only
470 K (sample heating due to the laser is about 20
K), and the (Zn, O)~ ~ pairs are thermally stable

up to 800 K. Rather, the reaction is photoin-
duced. The incident light creates electron-hole

pairs in the material, and the electrons and holes

may be captured and may recombine at the (Zn, O)
centers. The energy to dissociate the (Zn, O)
pairs comes from some electron (or hole) capture
or recombination event at the defect. In our previ-

ous work we identified this event to be electron-
hole recombination. Here, we will give a detailed

GaP:(Z~, O)

T=47Q K
P= l20mW

w
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FIG. 1. High-temperature photoluminescence spectra
from (Zn, O) donor-acceptor pairs. The labels m denote
luminescence from an mth-nearest-neighbor pair.
Several successive scans are shown. The luminescence
intensities are changing with time, indicating defect re-
actions in progress.

I I

0,5 I.O
TIME '(Ios s)

l,5

FIG. 2. Decay of the nearest-neighbor (Zn, O)
luminescence at various temperatures T. The data were
fitted to a theoretical form corresponding to the

f(0,0)~0 curve shown in Fig. 3.
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account of how we arrived at this identification.
The decay (intensity versus time) of the

(Zn, O)~ i luminescence is nonexponential. Figure
2 shows several decay curves. Typically, the
luminescence intensity initially changes relatively
fast, then it slows down to a long-lived tail. We
attribute this nonexponential behavior to a nonuni-
form minority-carrier (electron} density in the ma-
terial. This nonuniformity is due to the Gaussian
profile of the incident laser beam and the exponen-
tial dropoff of its intensity into the sample. A
nonuniform electron density results in a nonuni-
form electron occupation of the (Zn, O)i centers.
Those centers with high occupation (fi ~1) disso-
ciate at some rate, and those centers with low oc-
cupation (fi

—+0) dissociate at a much slower rate.
The observed decay curves are integrals over the
sample of all the individual exponential decays.
The result is a nonexponential decay. For high
laser powers the observed luminescence is initially
due almost entirely to the saturated centers. In
that case the luminescence intensity is proportional
to the pair concentration and independent of no, as
discussed in Sec. III. At later times we observe
those centers whose occupation is lower. Then, the
luminescence intensity may depend on no. We can
monitor no by observing the intensity of lumines-

cence from the shallow impurity levels. As shown
in Fig. 1, the variation in no occurs over a much
shorter time period than the (Zn, O) i decay time.
We observe that this is true for P ) 100 mW at all
of the temperatures discussed here. Thus, the final
part of the decay curves are not affected by no be-
cause it is a constant. Therefore, we need not fur-
ther concern ourselves with the time dependence of
np or fi.

The degradation observed by Henry and
Dapkus is also reported to be nonexponential. In
their case the degradation was accomplished using
forward biased p-n junctions in which the
minority-carrier concentration varies exponentially
with distance from the junction. This produces
nonexponential degradation characteristics similar

to those reported here. Another example of nonex-
ponential behavior is seen in carrier capture or
emission rates as observed in deep-level transient
spectroscopy (DLTS).' ' The carrier capture rate
is proportional to the free-carrier density. This
density is spatially varying at the edge of the de-

pletion region. The resulting capture curves are
nonexponential with a long-lived tail on them. '

However, with a large enough reverse bias, the size
of the depletion region is large compared with the
edge region, and these effects can be minimized.
In our experiments the laser power is never large
enough to produce an essentially uniform excita-
tion region, and so the nonexponential effects are
always significant.

Let us now derive a functional form for the ob-
served decay curves. From Eqs. (2)—(6) we find
that the electron occupation of the (Zn, O), centers
is given by

f(p,z) =
f(0,0)exp —azP

20

2

1+f(0,0) exp —az —1
20

where we have dropped the subscript 1. We as-
sume that the dissociation rate of a given center is
proportional to its occupation. This assumption is
justified below. Thus, the concentration of (Zn, O)i
centers at (p,z) varies with time according to

N (p,z, t) =N (0)exp[ f(p,z)rt]j, — (9)

where r is the reaction rate and N(0) is the spatial-
ly uniform impurity concentration at t =0. We are
now ready to derive the main theoretical result of
this paper: the time dependence of the (Zn, O) i

luminescence intensity in a model where the pairs
are dissociating at a rate proportional to their spa-
tially dependent electron occupation. From Eqs.
(7)—(9) the total intensity of (Zn, O) i luminescence
is evaluated to be

—f(0,0)urt

N(0}f(0 0} 2 i I 1+f(0,0)(u —1)
I(t}=

d
' du ln

u 1+f(O, O)(u —1)
(10)

Figure 3 shows several examples of Eq. (10) for
various values of f(0,0). For f(0,0)—+1 the decay
is purely exponential. This corresponds to an in-
finitely large excitation region with uniform occu-

l

pation of all the centers. For f(0,0)—+0 the decay
follows an exponential integral form. In our exper-
iments f(0,0) &0.9. From Fig. 3 we see that Eq.
(10) is quite well approximated by its f(0,0)~0
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I(t)= [y+ln(rot)+Et(rot) 3+6,
rof

where a is a constant, y is Euler's constant,
ro ——f(0,0)r is the observed decay rate, and Ei is
an exponential integral of the first kind. To this
form we have added another constant b to account
for the background intensity due to (Zn, O)
Equation (11) provides a good fit to all of the ob-
served decay curves. This is the real justification
for using it.

The data shown in Fig. 2 were fitted to the
functional form Eq. (11). The decay curves shown
in the figure have had a background intensity b
(determined from the fit) subtracted from them.
The decay rates determined from the fits are plot-
ted in Fig. 4 vexsus the incident laser power. At
low powers the rates increase linearly with power;
at high powers the rates approach some hmit: the
saturated decay rate. The decay rates saturate
when the electron occupation saturates. This justi-
fies the above assumption that the dissociation rate
is prOportional to tbc electron occupation. Tbc sa-
turation power level increases with temperature as
expected from Eq. (3b). The fact that the decay
rates do indeed saturate provides evidence that
sample heating and large hole concentrations due
to the laser excitation are not significantly affect-

l00

0 I00 200 500 400 500
LasER PowE~ (mw)

PIG. 4. Decay rates of the (Zn, O) ~ luminescence
vs ihe laser power. For high powers the decay rates sat-
urate due to saturation of the electron occupation of the
centers. The solid lines are drawn as a guide to the eye.

ing our results.
T1M saturated decay rates arc plQtted vcrsUs tem-

perature in Fig. 5. We find an activation energy of
0.60+0.07 eV with a preexponential factor of ap-
proximately 3y 10' s-'. Similar activation ener-
gies have bow observed in other GaP:(Zn, O) degra-
dation studies. " For the data in Fig. 5 we have

T(K)
i500 l000 800 700 600 500

[ . I i I

4J

~~G—
Q

CL

'tTHERMAL
~DE=2,6 ~ 0.68V~ ~

l l l I

IG l I i i 1 I l

FIG. 3. Theoretical curves for the decay of the
(Zn, o)~ &.luminescence. f(0,0) is the maximum elec-

tron occupation of the centers. f(0,0)-+1 for very large
laser powers and f(0,0)~0 for small laser powers. For
the experiments described here, f(0,0) ~ 0.9.

FIG. 5. Dissociation rates of (Zn, O) ~ pairs. The
rates 18beled "recoinbination-enhanced" are for photoin-
duced dissociation of the pairs, in the limit of high laser
poorer. The rates labeled "thermal" are for pair dissoci-
ation by purely thermal means.
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not included any corrections to the temperature
due to sample heating since these corrections pro-
duce a negligible change to the activation energy
within the quoted uncertainties. In addition to
measuring the activation energy for the photoin-
duced reaction, we have also measured the barrier
for the nearest-neighbor dissociation to proceed by
purely thermal means. The procedure consisted of
observing the absolute intensity of luminescence (at
1.77 eV) from a sample, putting it in a furnace for
some amount of time, removing, quenching, and
etching the sample, and finally observing again the
luminescence intensity. The annealing tempera-
tures were greater than 600'C (the initial state of
the crystal ) and so the luminescence intensity de-

creased with annealing time due to dissociation of
the nearest-neighbor pairs. The resulting exponen-
tial decay rates are shown in Fig. 5. The activa-
tion energy is 2.6+0.6 eV with a preexponential
factor of approximately 10'0 s '. This activation
energy represents the barrier for dissociation of
(Zn, O) i without a bound electron on the center (let
us call this the ground state of the complex).

Now let us consider what mechanisms may be
responsible for the photoinduced dissociation reac-
tion. From the literature ' we identify two
mechanisms which have been observed in other
systems. First, the (Zn, O) i dissociation could be a
"recombination-enhanced" defect reaction (REDR)
in which energy available from electron-hole
recombination is transferred to localized vibration-
al modes which leads to a reaction. This is the
mechanism we believe to cause the reactions ob-
served here. The activation energy of 0.60 eV we
identify roughly as the difference between the ther-
mal barrier (2.6+0.6 eV) and the recombination en-

ergy (-1.9 eV). Since all of the recombination en-

ergy is used in surmounting the barrier, the reac-
tion is the result of nonradiative recombination by
multiphonon emission (MPE). Although MPE
recombination has not been reported for (Zn, O) i it
has been reported for isolated 0 and it seems like-

ly that it also occurs for (Zn, O)i. The fraction of
MPE recombination events which lead to a pair
dissociation is estimated to be 10 (roughly, this
is the value of i) as defined in Ref. 6).

The second mechanism that must be considered
is a "charge-state" reaction in which the (Zn, O},
dissociation would occur thermally from the excit-
ed state of the complex in which the bound elec-
tron is present. At high laser powers the pairs are
almost always in this state. The observed 0.60 eV
would be identified as the thermal reaction barrier

for this excited state. This is rather different than
the ground-state barrier of 2.6 eV. A nearest-
neighbor Coulomb attraction of 0.55 eV cannot
completely account for this difference. Further-
more, the observed 3 X 10" s ' is about 9 orders of
magnitude less than a phonon frequency. This im-
plies a multijump process in which the (Zn, O} pair
dissociates and recombines 10 times before per-
manently dissociating, or in which a third particle
is needed for the reaction and must diffuse to the
site. Although we cannot prove that these process-
es are not occurring, we consider them to be un-

likely and we prefer the simpler explanation of the
recombination-enhanced reaction.

V. KINETICS OF ATOMIC DIFFUSION

In this section we will consider some aspects of
the (Zn, O} pair dissociation and subsequent re-
formation. The strong electron-phonon coupling
required for a REDR is clearly evident in the
(Zn, O}i photoluminescence spectra. This strong
coupling suggests that the reaction may proceed
without the presence of any additional defects.
Thus, it seems quite likely that the oxygen (or zinc)
simply jumps from its substitutional site to an in;
terstitial site and migrates away. The mobile ion is
subsequently captured by a vacancy to form a
(Zn, O) pair with the nearest zinc (or oxygen) ion.
The observed activation energy of 0.60 eV will in
general contain contributions from each of the pro-
cesses: dissociation, diffusion, and re-formation.
From Fig. 5 it is clear that the observed reaction is
a first-order kinetic process. Also, as shown in
Fig. 1 the (Zn,O)» pairs form at exactly the
same rate as the (Zn,O), pairs dissociate. Thus,
the rate limiting process is the dissociation, and the
observed rates are indeed the rates for dissociation.
We emphasize that it is the dissociation of the
pairs which we believe to be a photoinduced reac-
tion. The subsequent diffusion and re-formation
can probably occur thermally at the temperatures
considered here.

We have studied the pair re-formation process
by measuring the number of pairs of a given shell
number m which are produced by the aging pro-
cess. Figure 6 shows low-temperature spectra in
an unaged and an aged sample. The discrete lines
in the spectra are (Zn, O)~ donor-acceptor (DA)
luminescence. The broad background is due to ra-
diative processes involving mainly recombination
of electrons bound to m =1 and 2 pairs with holes
bound to distant acceptors. The pairs responsible
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FIG. 6. Low-temperature donor-acceptor luminescence from an aged {solid line) and an unaged (dashed line) sample.
The lines are labeled by m for mth-nearest-neighbor pairs with a superscript indicating the type of phonon involved in

the transition (0 is optical, LOC is local, NP is no-phonon). Those labels with no superscripts refer to no-phonon tran-

sitions. Note the intensity and energy scale change at 1.57 eV. The data on the left had a flat background subtracted
from it.

for the discrete DA lines are labeled in accordance
with previous identifications. 23 As discussed in
Sec. III; the ratio of line intensities is equal to the
ratio of pair concentrations in the samples. In the

aged material, the line intensity is the sum of that
from the new centers produced by the aging and

that from the centers which existed prior to the

aging. Thus, the concentration of centers produced

by the aging is given by

bution can be extended to include m =1. This ex-
tension is reasonable since we cannot think of any

physical process which would allow the formation
of m & 1 pairs while prohibiting the formation of
m =1 pairs. Thus, we conclude that a significant
number of the dissociated m =1 pairs re-form as

&' =&m
Im —1 (12) IQ

where I and I' are the luminescence intensities

in the unaged and aged sample, respectively, and

Xm is the pair concentration in the unaged materi-

al. X~ can be computed by considering equilibri-

um between oppositely charged ions at the growth

temperature of the crystal. For small m this is a

very crude model, but it has been shown to give

reasonable results.
The concentration of new m & 1 centers pro-

duced by the aging process is dependent on the

sample conditions prior to aging. Figure 7 shows

typical results, based on the integrated DA line in-

tensities of Figure 6. We see that the dissociated

nearest-neighbor pairs tend to re-form as pairs

with low m. The distribution of new centers con-

tains some information about the pair re-formation

process. At present we do not have a theory which

allows us to uniquely identify the re-formation

mechanism. In general, it appears that the mobile

ion and/or the vacancy tend to stay in the vicinity

of a dissociated center (i.e., an isolated Zn or 0).
In any case, we always observe that for 1 & m & 10

the distribution of new centers increases sharply

with decreasing m. In fact, we feel that this distri-
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FIG. 7. The distribution of new pairs formed by the
aging process. X' is the concentration of the mth-
nearest-neighbor pairs, normalized to the total concen-
tration of pairs {estimated) in the sample. z is the
number of equivalent mth-nearest-neighbor sites.
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other m =1 pairs. These pairs are subsequently
dissociated and the entire aging process stops when
all of the dissociated m = 1 pairs re-form as m & 1

pairs.
Clearly the observed aging rates will be propor-

tional to the probability of not re-forming as a
m =1 pair. In order to minimize the device degra-
dation rate, the probability for m =1 re-formation
should be maximized. This probability is depen-
dent on the sample conditions. For example,
Bergh' found that the presence of Cu in
GaP:(Zn, O) produces an increase in the observed
degradation rates. We would interpret this as be-
ing due to the formation of complexes between the
dissociated, mobile ion(s) and the Cu impurity,
thereby eliminating the chance of producing anoth-
er m =1 pair. The net dissociation rate can be af-
fected by many other similar processes. The rates
of these processes must be controlled in order to
produce devices with the longest lifetime.

VI. CONCLUSIONS

curves are analyzed by a model of the electron-hole
recombination kinetics which includes the effects
of saturation and a spatially dependent generation
rate. From the resulting dissociation rates, in the
limit of high laser power, the activation energy for
the photoinduced dissociation is found to be
0.60+0.07 eV. We also report observations of the
purely thermal dissociation of the pairs, with an
activation energy of 2.6+0.6 eV. From these ac-
tivation energies along with the observed preex-
ponential factors, we conclude that the dissociation
is a recombination-enhanced defect reaction. A
nonradiative electron-hole recombination event

puts the (Zn, O) ~
center into a highly excited vi-

bronic state, resulting in the dissociation. The
atomic motion in the dissociation and re-formation
is not mell understood. However, we propose that
in the dissociation the oxygen (or zinc) ion jumps
to an interstitial site. This interstitial ion then dif-
fuses thermally some short distance and is cap-
tured by a vacancy to form a pair with the nearest
zinc (or oxygen) ion.

In this paper we have given a detailed descrip-
tion of photoinduced reactions between nearest-
neighbor zinc and oxygen impurities in gallium
phosphide. These reactions were first observed by
Henry and Dapkus. ' In a previous work" we
demonstrated that the (Zn, O)& pairs were dissociat-
ing and subsequently re-forming as further separat-
ed pairs. Here, we report measurements of the dis-
sociation rates. The observed luminescence decay
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