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An analysis of the recombination kinetics of three differently annealed GaP samples of a crystal doped
with Zn and O is presented. The kinetics are described in terms of four parameters: a hole recombination
lifetime 7' |; an emission rate e, for electrons to be thermally excited from the Zn-O center back into the
conduction band; a shunt-path lifetime T'sy; and a rate ¢, for capture of electrons by the Zn-O centers.
Rate e, had been previously determined by Jayson, Bachrach, Dapkus, and Schumaker. Two other
parameters T, and (754 + c,) were directly measured. T’ and ¢, were separately determined by
evaluating the ratio Tg/(Tsi + c), which is the fraction of the carriers leaving the conduction band
through the shunt path. This ratio was deduced in two independent ways from analysis of the time
dependence of the red and green luminescence. In the most efficient sample, the parameters at 298 K were
er' =220+ 10 nsec, T, = 630 + 30 nsec, Ty = 60 + 10 nsec, and ¢ ' = 10 + 1 nsec. About
0.60 4 0.05 of the recombination in this sample was through the Zn-O centers. The measured radiative
efficiency was 0.29 4 0.03, indicating that about half the recombination was radiative. The radiative and
nonradiative hole recombination times were (T')),,4 = 1310 4 130 nsec and (T )ponraq = 1210 £ 90 nsec for
this sample with p =~ 2 X 10'7/cm® (¥, — N, = 2.5 X 10'/cm®). These lifetimes are in good agreement
with those deduced previously by Jayson, Bhargava, and Dixon. The effect of annealing is to change T'gy
from about 5 to 60 nsec and to increase the Zn-O center concentration by 5 or 6 times. These changes
increased the recombination through the Zn-O center by a factor of 25 4 5. Annealing also appeared to
decrease the majority carrier concentration by about 10%.

I. INTRODUCTION

Nonradiative recombination is one of the few sub-
jects in semiconductor physics that is still poorly
understood. It is quite likely that the primary
source of nonradiative recombination is recombina-
tion through deep traps. The nature of such traps
and the detailed physical mechanisms whereby the
nonradiative transitions take place have not yet
been identified. Recently a variety of junction-ca-
pacitance and junction-current measurements have
been developed by Sah and others which detect deep
traps in semiconductors. ! These techniques have
been intensively applied to Zn- and O-doped GaP
by Bjorklund and Grimmeiss, 2 Kukimoto et al.,*
Henry et al.,* and Lang.® These measurements
have revealed only two traps that exist in large
concentrations, the Zn-O center and the deep O
donor. Luminescence studies by Jayson et al. 8
have shown that the Zn-O center is an efficient re-
combination center which can have internal lumi-
nescence efficiencies as high as 17%. Lumines-
cence studies of the O donor by Jayson et al.® have
also indicated that this center is important in re-
~ombination. However, two recent detailed capac-
itance studies by Henry ef al.* and Lang® have shown
that the recombination through the O donor is no
more than a few percent of the recombination
through the Zn-O center and therefore that this re-
combination path can be neglected. It may be that
the residual recombination is due to other traps
present in much smaller concentrations than the
Zn-O center. Recently, Smith’ has revealed a

|

variety of traps in GaP, present in small concentra-
tions, by measurement of thermally stimulated
junction currents. The importance of these traps
in electron-hole recombination was not evaluated.
This paper is part of a continuing study of nonradi-
ative recombination in GaP. It is an attempt to
learn precisely what fraction of the minority car-
riers recombine through the Zn-O center, how
much of this recombination is radiative, and what
is the contribution of other paths of recombination
(the shunt path) to the minority carrier lifetime.
These results determine the extent that other traps,
as yet undetected, are contributing to electron-hole
recombination in Zn- and O-doped GaP.

The kinetics of electron-hole recombination in
Zn- and O-doped GaP has been under intensive
study since the paper by van der Does de Bye in
1966.° Many papers have been written®*® on this
subject since then, but the majority of these are
mathematically complex and utilize a large number
of parameters. In this paper, we analyze the re-
combination in a simple and accurate way that uses
as few parameters and makes as few assumptions
as possible. The first complete treatment of the
room-temperature recombination kinetics of this
center was given by Jayson, Bhargava and Dixon. ®
The model that we use is the same as they and oth-
ers®!%1 gince have used, but we start from the
following simplifications.

First, because the hole bound to the Zn-O center
is in thermal equilibrium with the holes in the va-
lence band, as shown by Jayson and Bachrach,™
no equation has to be solved for the bound-hole
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FIG. 1. Schematic diagram showing the shunt path,
capture onto the Zn-O level, thermal emission and re-
combination from the Zn-O level, and generation of
carriers.

concentration. Since the holes are in thermal
equilibrium, all electron-hole recombination pro-
cesses involving the electron bond to the Zn-O
center contribute to a single rate which we will call
1/T, (see Fig. 1).

Second, no attempt is made to subdivide 1/Ty in-
to radiative and nonradiative (Auger) components.
This division is made later by comparing the frac-
tion of the recombination through the Zn-O center
with the measured internal radiative efficiency.

Third, the recombination through the deep O do-
nor is not explicitly treated. This and other recom-
bination mechanisms, apart from the Zn-O center,
are considered to contribute to a shunt path of re-
combination in parallel with the Zn-O center and
thus do not have to be considered explicitly. Stud-
ies of the time dependence of the minority-carrier
concentration in Sec. I C showthat the Zn-O center
is the only significant trap that slowly reemits elec-
trons to the conduction band after capture at room
temperature. Therefore reemission from the shunt-
path traps is not considered and this path may be
characterized by a single capture rate 1/Tgy.

The complete recombination kinetics are fixed by
four parameters, as shown in Fig. 1. The two pa-
rameters not yet mentioned are the capture rate
for electrons onto the Zn-O centers, ¢y, and the
rate of thermal emission of electrons back into the
conduction band, e;. The object of our study is to
establish these four parameters in a straightforward
and accurate manner. Several of these parameters
are readily determined.

The thermal-emission rate e, versus temperature
can be determined from the decay rate of the red
luminescence in a sample in which the Zn-O con-
centration and the hole concentration are both quite
low. In such a sample, the bound electron decays
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by thermal emission back into the conduction band
and multiple capture effects are negligible. Using
such a sample, the thermal-emission rate was
measured by Jayson et al.® who found ei' to be 220
nsec at 298 K. We will make use of their data,
since e; should not depend upon the sample.

The hole recombination rate 1/7; is also readily
determined since at low temperature e, is negligi-
ble. The red luminescence decays with rate 1/7},
which varies slowly with temperature in the
200-400 K temperature range. We can determine
1/T, over this range from an extrapolation of the
low-temperature decay rate of the red lumines-
cence, as shown in Fig. 2. This extrapolation is
an important simplification and is a major differ-
ence between this treatment and the earlier work. !

One other parameter can be evaluated in a straight-
forward manner. The sum of the capture rates,

1 1
_T_; =C1 +T—S; ’ (1)
is approximately equal to the time constant for the
rapid rise and fall of the minority-carrier concen-
tration. We call T the fast minority-carrier life-

time. We can accurately measure Ty from the
T(K)
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FIG. 2. Measured red-luminescence decay rate (points
labeled x), 1/T{’ (solid dots), (Ty/Tgy)e; (open circles),
ey (8olid curve), and 1/T, (solid curve).
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fast rise (or fall) of the green luminescence at
room temperature, as shown by Bachrach and Lor-
imor.'® This is illustrated in Fig. 3.

The kinetics of recombination are completely
established by one final parameter, Ty/7Tgsy, which
represents the fraction of minority carriers which
initially leave the conduction band through the shunt
path (see Fig. 1). This parameter is crucial in
determining how much recombination takes place
through the Zn-O center as was discussed previous-
ly by Jayson et al.'* We will determine this param-
eter in two independent ways: first, by analyzing
the red-luminescence decay rate versus tempera-
ture, and second, by studying the relative magni-
tudes of the rapid and slow increases of the green
luminescence in response to a long pulse of excita
tion.

Using these values of Ty/Tsy, we calculate the
fraction of the recombination through the Zn-O
center, F. By comparing the measured internal
radiative efficiency n with F, we are able to learn
what fraction of the recombination through the Zn-
O center is radiative and thereby we can determine
the radiative and nonradiative (Auger) decay rates.

All experiments are carried out on three samples
obtained from the same Zn- and O-doped epitaxial
layer, but annealed in different ways as shown in
Table I. The layers were 20-u thick and had a net
acceptor concentration of 2.5x 10 cm™. Capaci-
tive analysis showed the substitutional-oxygen con-
centration was about (2-3)x10'® cm™. High-effi-
ciency p layers suchasthis were grownin a ground-
glass sealed-quartz vessel from 1020 to 980° C.
From analysis of this series of samples, we are
able to ascertain how the relative ZnO concentra-
tion and the shunt-path recombination rate change
during annealing and how much recombination
takes place through the Zn-O center in an effi-
cient sample.

In Sec. I we present the theory of the recombi-
nation kinetics. The kinetic parameters are deter-
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FIG. 3. Rise and fall of the green luminescence at
5500 A versus time at room temperature. The insert
shows an expanded view of the fast decay from which T¢u¢
was measured.

4763

mined from direct measurements in Sec. III A, from
the decay rate of the red luminescence in Sec. I B,
and from the time dependence of the green lumines-
cence in Sec. IIIC. Internal efficiency measure-
ments are reported in Sec. IV. Our results are
summarized in Sec. V and Tables I, I, and III

II. KINETIC EQUATIONS

The rate equations for the minority -carrier con-
centration » and the bound-electron concentration
ny may be readily written down with the aid of Fig.
1as

.1
n+=—n=G+emy , (2)
T

. 1
n1+(T—l+e1)n1=c1n. 3)

These equations neglect saturation of the Zn-O
center.

Any transient solution of these equations will in
general involve two exponentials in time. The two
rates will be the solution of the secular equation

1 1 1 1
2_ (> = - == 4
C (e m o o @
where
1 1
T, e (5)
and
1 1 Tr

(6)

=ty
1 1
7" Ty Tsu

We have made use of Eq. (1) in deriving Eq. (6).
The two solutions of Eq. (4) give the two rates
=1/Tier and A=1/75 ,:

el L) 1<_1+L)2__1_ IR
T2 \T, "T{)7|4a\T; " T{ T T{']"

In the limit that 1/Tz>1/Ty, e;, which is a good
approximation at room temperature and lower, Eq.
(7) can be found to reduce to

Trast  Ir
1 1 1 T,
S S R ()
Tslovl T1, T]_ 1 TSH

In this limit, the bound-state density builds up and
decays with rate 1/T{’. In response to a pulse of
excitation G, in this approximation, the minority-
carrier concentration rises with time constant T
to GTp, as the carriers are initially trapped on the
Zn-0O center, and then rises with time constant T{’
to the steady-state value. In the absence of suc-
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TABLE I. Directly measured parameters.
Annealing eq! Te Ty
Sample procedure (nsec) (nsec) (nsec) n
NES 17P UA None 220+10 4,6+1.0 540+ 40 0.014+0.001
NES 17P C3 220}103': 220+10 6.2+1.0 630+ 30 0.18+0.02
10 h at
600 °C
NES 17P D3 220+10 8.5+0.5 630+ 30 0.29+0.03
10 h at
500 °C

cessive capture of minority carriers by the Zn-O
centers, the lifetime of a bound electron on the
Zn-O center would be T{, given by (5). The result
of multiple capture is effectively to decrease the
net rate of thermal emission from e; to (Tz/ Ty
X e, and to change the lifetime of a bound electron
from T{to T{’. This can be shown by substituting
the approximate solution of Eq. (2) n=(G+eym)Ts,
into Eq. (3).

The steady -state solutions of Eqs. (2) and (3) are

n,=c(1 --IE)T{' (10)
Tsu
and
n=GT, , (11)
where
1 1 C1 (12)

T_,=E+1+e1T1 ’

We will refer to T, as the steady-state minority-
carrier lifetime. This lifetime is longer than T
because thermal reemission of electrons from ZnO
has reduced c,; in the steady state to a net capture
rate ¢,/(1 +e,Ty). The formula for the net capture
rate can be derived using the steady-state solutions
of Eqs. (2) and (3).

IIIl. DETERMINATION OF THE KINETIC PARAMETERS

A. Directly Measured Parameters

Three of the four kinetic parameters e¢;, 7;, and
Ty are readily measured. Their measurement has
already been discussed in Sec. I. These parameter
are listed in Table I for the three samples measurec
in this paper. The samples are from the same epi-
taxial layer, which was quenched to room tempera-
ture after growth. Two of the samples then under-
went annealing treatments that are specified in the
table.

The three samples differ greatly in radiative ef-
ficiency, yet the three parameters listed in Table
I are very similar. The differences between the
three samples are primarily reflected in the fourth
kinetic parameter, T/ Ty, which is determined by

two different methods in Secs. IIIB and IIIC.

B. Analysis of the Decay Rate of the Red Luminescence

The red luminescence decays with rate 'r;},,,. By

measuring 7,,,, as a function of temperature we are
able to determine T'{’ and thereby T/ Tsy. The re-
lation between T{’ and 7y, is given by Eq. (4) with
A= I/Elow:

R Cas)
Tll' Tslow F T!.I Tslow . (13)
1

The measured rate 75, for the most efficient sam-
ple is shown in Fig. 2. At low temperature, 7.,
=T,. T, was determined as a function of tempera-
ture by a linear extrapolation of the low-tempera-
ture data, as shown in Fig. 2. 1/T} was found
from the sum of 1/7, and e, (also shown in Fig. 2).
Tr was measured at room temperature from the
fast rise of the green luminescence. T, was as-
sumed to be independent of temperature. With
these parameters fixed, T;’"! was then calculated.
1/T,' is plotted as solid dots in Fig. 2. Below
room temperature 1/T;’ is approximately equal to
1/Taow, Whereas at 400K, 1/7T;’ is almost three
times as great as 1/7,.,,. Subtracting 1/T,

from 1/T;’ leaves (Ty/Tgy)e;. These data, shown
by the open circles in Fig. 2, have almost the same
slope as e¢,. From these data we deduce that Tp/Tgy
is roughly constant and equal to 0.12 +0. 02 for this
sample.

The fraction of recombination F that takes place
through the Zn-O center is given by dividing the
recombination rate for bound carriers, n,/T,, by
the carrier generation rate G.

=M
F TG - (14)
F can also be derived by dividing the net rate of
capture of carriers onto the Zn-O center, c,n/

(1+e,T,), by the carrier generation rate G:

po_Can
(1+elT1)G

We will use this equation to evaluate F in Sec. IIIC.

(15)



8

Substituting the steady-state value of n,, given by
Eq. (10), into Eq. (14), we find

!

F=(1—TE/Tm)T1’ ) (16)

T,
The values of F for the two annealed samples are
listed in Table II. For the unannealed sample
analysis of 1/TY’ versus temperature showed that
Tr/Tg was slightly less than unity, but 1- T5/Tg
could not be evaluated accurately. Thus, no value
of F is listed in Table II for this sample.

C. Analysis of the Time Dependence of the Green Luminescence
at 5500 A

The fourth kinetic parameter Ty/Tg can be as-
certained from the time dependence of the green
luminescence. The green luminescence is propor-
tional to the minority-carrier concentration. In
response to a long pulse of excitation G, the mi-
nority-carrier concentration rises to approximately
GTp and then to the steady-state value GT,, as
shown in Fig. 3. From analysis of this data T,/Tp
can be determined. Combining Eqs. (1) and (12)

we find that
)(1+e 1+e, Ty )

¢y Tp=1- i‘ff =(1 -
From this equation Ty/Tg; may be calculated.
The fraction of recombination through the Zn-O
center is given by Eq. (15). Evaluating n in this
equation with Eq. (11) and using Eqs. (12) and (17),
we find

F_(I—TE/T,)
B e,T, )

(17)

(18)

T,/Ty is approximately given by the ratio of
the steady-state amplitude and the initial fast-
rising amplitude of the green luminescence. Ac-
curate determination of T,/Ty requires a more
accurate analysis of the time dependence of the
minority-carrier concentration. In response to
a long pulse of excitation G, the minority-carrier
concentration increases from zero to the steady-
state value GT; as

n(t)=A(1—e"/Ttast)+ (GT;— A)(1-e/Tsiow). (19)

Constant A is set by the initial condition imposed
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by Eq. (2) that
#(0)== -2 ,GTazd (20)
Ttast Tslow
The solution of this equation is
A= GTIISt(l - Tg/Tsl.on) (21)

(1- Ttut/Tslow)

The ratio of the steady-state minority-carrier
concentration n, to the fast-rising minority-car-
rier concentration n; is

ng GTy _ T, (1= Trast/Torow) (22)
ny A T tast (1 T,g/Tslow) ’

The carrier concentrations will drop from the
bulk value to zero at the surfaces of the epitaxial
layer owing to surface recombination. The green-
luminescence intensity is proportional to the av-
erage value of the minority-carrier concentration
¢). This value will be reduced from the bulk
value by surface recombination according to

@y~ npn(l-2L/t), (23)

where L is the diffusion length and ¢ is the thick-
ness of the layer, which is 20 p in these experi-

ments. L is given by (DT.s)/2 for 7, and by
(DT,)V2 for n,. Combining Eqs. (22) and (23), we
have
= Ts (_LMLM
(nl> Ttast (1-7 /Tslow)

U‘ — Z(DTs)llz/t]
(1= 2(DT g0e) 7%/1]

(24)

We estimate D=2 cma/sec, which corresponds to

a mobility of 80 at room temperature. Consider
the most efficient sample. At room temperature
Teast™® Tp. An exact relation between these two
quantities is given by Eq. (7), which can be approx-
imated in the limit of T¢,;~ Ty as

TF
14 Traqe(1/T{ = 1/TY)

Ttast ~ (25)
For this sample 7,,4;=8. 5 nsec, T{=174 nsec,
and 7Y =487 nsec. Then Eq. (25) gives Ty
=1.0374,5:. We use this relation to evaluate the

TABLE II. Properties deduced from analysis of the red luminescence.
Ty Teu ot
Sample (nsec) Tp/Tey F 1/F (nsec) (nsec)
NES 17P UA 1718 1.0 2 4.6
NES 17P C3  435+25 0.15+0.03 0.59+0.04 0.31+0.04 45+10 8.0+1.3
NES 17P D3 465+ 22 0.12+0.02 0.65+0.05 0.45+0.06 71+13 9.7+0.6
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first term in Eq. (24). The data in Fig. 3 show
(s)/{n;)=2.50+0. 12, The other correction factors
in Eq. (24) are evaluated with the approximations
To/Tgast= 2.5 and T4 = TY'. Then Eq. (24) re-
duces to

@) _ Te (4 g3)(0:982) (0.794)
() T " ’(0.956) (0.869)

=0.97T,/Tg=2.50+0.12

or
T,/Tp=2.58+0.12 .

The corrections for A not equal to GTf and for the
effect of surface recombination tend to cancel each
other. As a result T,/Tp is almost equal to the
ratio of the steady-state and initial amplitudes of
the green luminescence. The values of Tgy, F,
and T, and the steady-state diffusion length

L,=(DT,)? (26)

are tabulated in Table II for the three samples.
The ratio of the concentration of the Zn-O center
after annealing to the concentration before an-
nealing, N/Ny,, is found from the ratio of the mea
sured capture rates, ¢,. This ratio is also in-
cluded in the Table III.

IV. MEASUREMENT OF INTERNAL RADIATIVE
EFFICIENCIES

The internal radiative efficiencies of the three
samples were measured by a substitution technique
utilizing an integrating sphere and a reference-
light-emitting diode which has been calibrated with
respect to a standard lamp. ® Detection was
through a spectrometer at 1.86 eV, thus eliminating
the need to correct for the infrared spectral com-
ponent. Efficiencies were measured before and
after epoxy encapsulation to determine the optical
coupling efficiency. 1 Excitation was provided by
the 4880- A argon-ion-laser line, which has a pen-
etration depth 1/a of 10.3 u at 300 K. The exci-
tation was kept low enough so that the centers
were unsaturated.

The highest efficiency was measured in NES
17P D3. The efficiency measured in air was
6.4% and the increase on encapsulation was 1. 88
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to 12.1%. This converts to an optical-coupling ef-
ficiency of 0. 53 and therefore the internal effi-
ciency is (22.9+ 1. 5)%. The measured efficiencies
were corrected for losses due to surface recom-
bination by multiplying the measured efficiencies
by (1- L, a)!, where L, is the diffusion length
given in Table III and a is the absorption coeffi-
cient of the laser. This correction increased the
internal radiative efficiency of sample NES 17P D3
to (29 +3)%. The bulk radiative efficiencies of the
three samples are listed in Table I. The fraction
of the recombination through the Zn-O center that
is radiative is n/F. This fraction is given in
Tables II and III for the corresponding values of

F. The average value of 1/F for the most efficient
sample was 0.48 +0.04. The radiative and non-
radiative lifetimes are given by

(T saa= /F) T, (27)
(Tl-l)nonrad: (1 - TI/F) Tl-l . (28)

For the most efficient sample, these lifetimes are
(Ty)raq=1310+ 130 nsec and (T;),onraa= 1210+ 90 nsec.
The sample had a minority-carrier concentration
of p=2x10"" cm™, which was deduced from a ca-
pacitance profile that gave N, — N, =2,5x 10"
cm™,

These results are in remarkably good agree-
ment with those of Jayson, Bhargava, and Dixon. 1
According to Eq. (8) of their paper, for a carrier
concentration of p =2x10'7 em™, (T),,4=1720
nsec and (7})ponras = 1050 nsec.

V. SUMMARY AND DISCUSSION'

The parameters that describe kinetics of re-
combination are listed in Tables I, II, and III.
Parameters such as T, which could be measured
in a direct manner are listed in Table I. The re-
maining parameters such as Tgy and F were estab-
lished in two independent ways by analyzing the
time dependence of the red and green luminescence.
These parameters are listed in Tables II and III.
In general there was good agreement between these
two methods. Averaging the results of Tables II
and ITI, we find that about 60% of the recombination
was through the Zn-O center in the most efficient
sample. About 48% of this recombination was
radiative, resulting in an internal radiative effi-
ciency of 29%. The most efficient sample had a

TABLE III. Properties deduced from analysis of the green luminescence.

T, T, L, Ten cit

Sample Tr (nsec) (1) Tr/Tsn F n/F (nsec) (nsec) N/Nya
NES 17P UA 1.06+0.01 4.9+1.0 0.99+0.10 0.92+0.01 0.024 +£0.005 0.60+0.13 4.9+1.0 56+14 1.0
NES 17P C3 2.06+0.10 12.8+2.0 1.6+0.12 0.31+£0.03 0.37+0.05 0.49+0.08 305 9.0£1.0 6.2+1.5
NES 17P D3 2,58+0.12 21.9x1.6 2.09+0.08 0.17+0.03 0.55+0,06 0.52+£0,08 50+9 10.2+1.0 5.5+£1.5
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shunt-path lifetime of about 60 nsec and a capture
rate onto the Zn-O center of about 1/(10 nsec). In
contrast to this sample, the unannealed sample had
a shunt-path lifetime of about 5 nsec and a capture
rate of about 1/(56 nsec). Thus annealing not only
increased the Zn-O center concentration five or
sixfold, but it decreased the shunt-path recombina-

tion rate by an order of magnitude. These two
effects increased the efficiency of the annealed
sample about 25 times over the efficiency of the
unannealed sample. Increases in efficiency of this
magnitude were observed by Toyama and Kasami, 2
who attributed them solely to changes in the Zn-O
complex concentration.
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