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G. Bohnert, K. Weronek, and A. Hangleiter
4. Physikalisches Institut, Universitat Stuttgart, Pfa+entvaldring 57, D 7000 -Stuttgart 80, Germany

(Received 5 May 1993)

The decay kinetics of isoelectronic bound excitons at hole-attractive defects in silicon is studied by
means of time-resolved photoluminescence. From these measurements it is found that their radiative de-

cay generally follows a multiexponential relationship due to fully unthermalized excited singlet (S =0)
and triplet (S =1) states. In the case of the C(0.79 eV) line the intrinsic transient is described by two ex-

ponentials whereas in cases of the P(0.767 eV) and H(0.926 eV) lines a triexponential decay is found.
From the temperature dependence of the time constants and amplitudes the energetic splittings of the
singlet and triplet levels, the relevant singlet-to-triplet transfer times, as well as the radiative decay times
of the singlet levels are determined. In all cases consistent results are found only if nearly equal initial
excitation densities for the singlet state and for each of the three triplet substates are assumed. In the
case of the P line thermalization of the triplet substates around 14 K is observed. In the case of the C
line the intrinsic transition is superimposed by nonradiative, sample-dependent, excitation losses which
are explained in terms of excited electron tunneling to surrounding defects which also obscures the third
exponential.

I. INTRODUCTION

The concept of isoelectronic bound excitons (IBE's)
was introduced by Hopfield, Thomas, and Lynch' to ex-
plain the photoluminescence (PL) properties of substitu-
tional oxygen in ZnTe. From that time on many other
deep impurity related PL properties in semiconductors
could be successfully attributed to such defect excita-
tions, especially for the indirect materials GaP and Si.
In this model an isolectronic defect can act, depending on
the nature of the local defect potential, either as an elec-
tron trap or as a hole trap. Once the primary particle is
captured by the short-range defect potential the second
particle with opposite sign is attracted by the long-range
Coulomb potential in effective-mass (EMT) -like states, so
forming what is called an IBE. Photoluminescence then
results from the recombination of the EMT-like particle
with the tightly bound one.

In this paper detailed studies on the radiative decay of
IBE's at hole-attractive defects in Si are presented, name-
ly the C(0.79 eV) line, the P(0.767 eV) line, and the
H(0.926 eV) line. The first of it is, apart from the G(0.97
eV) line, the most prominent luminescent center in elec-
tron irradiated, Czochralski-grown Si and was studied in
great detail in the past. From electron paramagnetic res-
onance, infrared (IR) absorption, and isotope shifts
in PL measurements the microscopic structure of this
defect is believed now to consist of a C-Si pair on a sub-
stitutional lattice site trapped as a second-nearest neigh-
bor by the interstitial O atom. In the case of the P line
the experimental data are not quite as detailed, but based
on the close similarities in the PL spectrum, isotope
shifts, and from the growth kinetics a microscopic pic-
ture for this defect was suggested also, consisting of the
same C-Si core but now with two 0 atoms, sharing one Si
vacancy in the neighborhood. No microscopic picture

for the H line has been given up to now, but from PL
studies ' the presence of C and 0 in the defect has been
proved, too. Furthermore, as shown in the same studies,
the growth of the H defect takes place parallel to the
growth of the P defect.

The IBE-like electronic structure of these excitons
could directly be proved by PL excitation spectroscopy,
revealing the EMT series for the photoexcited electron as
was done in case of the C and P lines. The hole binding
energy E& could be determined from these measurements
to E& =341 meV (Ref. 10) (C line) and E& =36g meV
(Ref. 11) (P line). The same structure is assumed for the
H line in view of the characteristic PL spectra for this
kind of defect. The results of our time-resolved measure-
ments further support this interpretation and EI, is ex-
pected to be about 205 meV.

From Zeeman measurements it is known that for both
the C and P lines the luminescence does not split for
magnetic fields up to 5.2 T, ' and it is therefore conclud-
ed to be a singlet-to-singlet transition. In this case the or-
bital momentum l& of the hole must be quenched, due to
the low symmetry of the defect, leaving a pure two parti-
cle spin singlet-triplet (ST) system. However, no lumines-
cence from the triplet states has been reported, so the
quenching of I& must be nearly perfect since only pure
triplet radiation is electric dipole forbidden. From quite
general arguments (first Hund's rule) it can be shown that
the triplet state is always lying lower in energy than the
singlet state (ST splitting about 1 meV), ignoring correla-
tion effects (order of peV) and this is what is observed ex-
perimentally for all ST bound excitons in Si or GaP.

In spite of their common occurrence, there are only
few experimental data about the intrinsic kinetic proper-
ties of IBE's in Si studied here in comparison to IBE's in
GaP. ' For near-band-edge-related IBE's, however, sin-
gle exponential decays are found and the radiative life-
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time of both the triplet state as well the singlet state is de-
duced from the temperature dependence of the decay
time constant. ' ' The occurrence of the triplet
luminescence indicates that the electronic levels are not
purely spinlike but instead have a finite amount of hole
angular momentum (lz =1), so generally the electronic
two-particle levels are determined in that case by jj cou-
pling. No results are reported, however, for the deeper
bound IBE's considered here, showing no triplet lumines-
cence. Qnly in case of the C line were time-resolved PL
measurements done, but without a detailed analysis of its
temperature dependence, leading to less verified or only
vague interpretations. ' '

W d, s+(1+f)WST
fWsT W-d, s

A2=
W„d S+(1+f)WST

(4)

The amplitudes ns &
and ns 2 of these two exponentials

will be determined by both the initial population densities
ns(0) and nT(0) of the singlet and triplet states and the
difFerent transition probabilities in the rate equations. In
cases where the experimentally observed time constants
~&

= 1/k& and ~2= 1/A, 2 are quite difFere~t, as found in the
experiments, the reciprocal time constants A, , and k2 in
the solution [Eq. (3)] can be approximated as follows:

II. THE RATE EQUATIONS FOR THE DECAY
KINETICS OF A SINGLET-TRIPLET PAIR

ns(t) =ns, e ' +ns 2e (3)

The time development of the excited density of states
ns and nT of the singlet-triplet pair after pulsed excita-
tion can be described by the following simple set of cou-
pled rate equations (indices S and T are used for the
singlet and triplet states, respectively):

dns /dt = —8'„d sns —8'sTns+ O'Tsn, ,

d Tn~d W d, T s+ WsT s WTsn

wherein ns and nT denote the density of excited singlet
and triplet states, 8'rad s and 8 rad T are the radiative de-

cay probabilities of these states, and 8'sT and O'Ts are
the phonon-induced electronic transition probabilities
from the singlet to the triplet state and vice versa. By
writing down only two equations it is assumed that the
triplet substates reach thermal equilibrium in times short-
er than the individual transition times in the rate equa-
tion. The relation between the ST transition probabilities
8'sT and 8 Ts, which are a measure of how fast thermal
equilibrium is reached for the ST pair, is given by the ar-
gument of detailed balance:

gs —AE~~ /k T
WTS = WSTe =fWST,

gT

wherein gs=1 and gT=3 are the degeneracy factors for
the singlet and triplet states, respectively, AEsT is the en-
ergetic splitting of the two states (the energetic separation
of the three triplet sublevels are assumed to be of order
peV, whereas b,EST is about 1 meV), and f is the
Boltzmann factor, as an apparent abbreviation. Since in
all cases no triplet luminescence is observed, 8'rad T, the
radiative transition probability of the triplet state, will be
neglected in the following.

In cases where the ST thermalization coefficients O'Ts
and 8'sT are large in comparison to the radiative

~rad s a d ~rad T, full thermalization is
maintained during the recombination and the decay of
the singlet level will be a single exponential. The general
solution, however, consists of a superposition of two ex-
ponentials, refiecting the two independent time constants
in the rate equations:

whereas the amplitudes ns, and ns 2 are given by

ns &=

ns 2=

( WST+ Wmd, S+~2) fWST T(

fWsT [ns (0)+ n T(0) ]

k]

Equation (4) gives the connection between the experimen-
tally observed time constants and the intrinsic kinetic
properties of the ST system, namely the ST transfer prob-
ability 8'sT, and the radiative transition probability of
the singlet level 8'„d s. The luminescence intensity I is
proportional to the excited singlet density ns(t) so the
relative amplitudes A

&
and 3 z found in the experiment

are proportional to ns, and ns2 of Eq. (3) too. Because
the Boltzmann factor f (f (0.1) is small in all cases con-
sidered, A, , can be taken to be constant in view of Eq. (4)
whereas A, 2 is thermally activated with energy AEsT, for
practical purposes. The same is true for the relative am-
plitudes 3, and A2 in view of Eq. (5). In temperature
dependent measurements Eq. (5) supplies an independent
test for the energy difFerence of the ST pair by consider-
ing A2(T), which is also obtainable according Eq. (4)
from A, z( T).

III. EXPERIMENT

The measurements were done on Czochralski-grown
partially C enriched Si samples (values of the concentra-
tions: [O]=6X10' cm, [C] up to =4X10' cm )

that were electron irradiated at room temperature (sam-
ples showing strong C line luminescence) or at 8 K (sam-
ples showing strong P and H line luminescence). The
values of the dose and energy of the irradiation are
1X10' cm and 2.25 MeV, respectively. In order to
get the maximum luminescence intensity the samples
were annealed afterwards at 200'C and for 2 h in case of
the C line and at 450'C and for several hours in case of
the P and H lines.

The excitation of luminescence was performed with a
Nd:YAG laser (where YAG denotes yttrium aluminum
garnet) operating at 1.064 pm in Q-switch operation
(pulse width ( 150 ns). The samples are mounted in a He
cryostat with the possibility of varying the temperature
from 2 K up to room temperature. The PL signal was
dispersed by a 3/4-rn Spex monochromator, detected
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with a fast Ge photodiode, and recorded with a real-time
transient averager. The time resolution of the whole set-
up was below 200 ns.

IV. EXPERIMENTAL RESULTS

In the following the results of our time-resolved PL
measurements are given with emphasis on the C and P
lines. For these lines detailed temperature-dependent
measurements are presented. In the case of the H line
only the decay at one temperature is given. Yet, for all
examples the intrinsic transition probabilities and the ST
energetic separations are deduced.

C(0.79 eU) line:
temperature dependence
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In Fig. 1 the decay of the C line at 3 K is shown. At
this low temperature only a single exponential decay is
observable. A fit yields a time constant of 2.3 ps. At
elevated temperature a second, much slower decay arises
which shows no exponential behavior in the first part but
has an exponential part for times large enough. The
thermally activated behavior of the second decay is
shown in Fig. 2 for the three temperatures 8, 16, and 24
K. Due to the activated second decay the first one can
only be fitted unambiguously below 12 K. From these fits
the conclusion is drawn that within the experimental er-
ror both the amplitude and the time constant of the first
decay remain constant, in contrast to the second decay.

In Figs. 3 and 4 the temperature dependence of time
constant ~2 and of the relative amplitude A2 of the
second decay are shown in an Arrhenius plot. The time
constant is taken from the exponential part whereas the
amplitude is taken as the onset of the nonexponential
part just at the end of the first decay. This procedure will
be justified in the section below. For temperatures below
20 K the temperature dependence is determined by the
intrinsic properties of the ST system, and a fit according
to Eqs. (4) and (5) for r2 and A2 is shown. Both are
thermally activated with an activation energy of about
3.2 meV. This value lies within the expected range for ST

FIG. 2. C line: Temperature dependence of the second part
of the decay kinetic. The origins of the time scale are shifted ar-
bitrarily. The first exponential decay is not fully resolved on
this larger time scale.

bound excitons in Si (about l meV), and according to
Eqs. (4) and (5) this energy is taken as the ST energetic
separation AE+T.

Above 20 K thermalization of the EMT-like electron
with the conduction band quenches the time constant 72
as well as the relative amplitude A2. The value for the
activation energy is expected to be about 38.8 meV ac-
cording to the EMT series of the excited electron. But
while for the second decay a time constant can be unam-
biguously determined for temperatures between 8 and 24
K, the data for ~2 are less reliable for temperatures out-
side this range because nonexponentialities, not linked to
the intrinsic properties, are dominating.

In principle it should be possible with reference to Eq.
(4) to calculate from the known values of r, and rz the in-
trinsic transition probabilities for the C line. But due the
smallness of the Boltzmann factor f (f &0. l) in compar-
ison to unity the two transition probabilities 8'„d & and
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FIG-. 1. The low-temperature decay kinetic of the C line.
The decay can be fitted by only one exponential.

FIG. 3. C line: Temperature dependence of the second time
constant ~2.
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less than the one used in determining the defect concen-
tration from absorption measurements. Fairly good
agreement in the values for the C defect concentrations
were obtained by using either IR absorption of the C(3)
local mode at 865 cm ' or using the C(0.79 eV) absorp-
tion if ~„d s=100 ps is used. In the Dexter formula, '

giving the connection between defect concentration and
defect absorption, the so-called Lorentz correction for
the effective electric field E,~ at the defect was used:

C(0.79 eV) line:
temperature dependence of A~

n+2
4 (7)

10
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WsT in question enter nearly symmetrically in Eq. (4), so
one cannot really distinguish between them. This point
can be clarified only if one considers the amplitudes for
each decay, too. But to do this it is crucial to know the
initial occupation probabilities ns(0) and nT(0) of the
singlet and triplet levels. For ST bound excitons with
finite ST transition times and 6-like excitation it is
reasonable to assume that all levels are initially equally
populated. From the observation that the intensity ratio
of the two separate decays I, /I2 —-1/10 (with Iz =r2A2
and the amplitude A2 as defined above) and with the as-
sumption of equal population it is clear that the ST tran-
sition is faster than the radiative decay time of the singlet
level. For if the opposite is true the intensity ratio is ex-
pected to be nearly —,'. With this observation one can ex-
tract the radiative lifetime from Eq. (4), but only if the ra-
tio of degeneracy is other than 3, since for this value both
equations of Eq. (4) cannot be fulfilled simultaneously.
This means that the three triplet sublevels have to be as-
sumed to be nonthermalized!

As will be shown explicitly in the case of the P and H
lines, considered below, the ST interaction is dominated
indeed by only one of the triplet sublevels so the degen-
eracy factor should be set equal to unity. With these as-
sumptions the radiative lifetime ~„ds=8',,ds of the
singlet state will be found to be r„d s = 14(2) ps [graphi-
cally it can be obtained from Fig. 3 by extrapolating
rz(T) for T~~]. The ST transfer time rzT=8'sT' is
determined now from the relation

1 1

+STrad, S

from which the value ~sT=2. 8 ps is obtained. With this
time constant and assuming equal initial population for
both the singlet and the triplet sublevel the intensity ratio
I i /I2 is expected to be 1/1 2, in close agreement with the
experimentally observed one. This proves the self-
consistency of the assumptions made leading to the radia-
tive decay time, namely equal initial population and the
ratio of the degeneracy factors equal to one.

The value for the radiative decay time is considerably

FIG. 4. C 1ine: Temperature dependence of the amplitude of
the second decay.

with n =3.5 the Si refractive index. But this correction
should be generally applicable for localized states only.
In cases of delocalized EMT-like electrons, as it is true
for the C line, a value close to unity is expected. With
the data of Davies et al. and ~„d s =14 ps, the value for
E /e ff amounts to 1 .3, i.e., close to the one determined for
shallow donors in Si.' With the corrected values for
r„d s and E/e, ir the observed correlation is not affected
since the corrections nearly cancel out.

Electron tunneling

In order to understand the origin of the nonexponen-
tialities which dominate the decay of the C line at low
temperatures (T ( 8 K) but also the absence of any
luminescence due to the remaining two triplet sublevels,
the following experimental observations are helpful:
With increasing temperature the decay gets closer to a
biexponential form expected from the ST model with an
unthermalized ST pair; at the same time the lumines-
cence intensity increases by a factor of 2 —4, depending on
the sample; and also at the same time, the amplitude and
time constant of the first decay remain constant, i.e., its
luminescence intensity remains unchanged. From these
observations it can be unambiguously concluded that the
nonexponential part has its origin in a deexcitation of the
defect and justifies us in taking the onset of the nonex-
ponential part as the true value for 32. The only way for
such a process is to allow for an interaction with defects
other than the C defect. With respect to the strong local-
ization of the hole it is assumed that this interaction con-
sists in electron hopping, well known from electron con-
duction in amorphous or compensated semiconductors at
low temperatures. A simple analytical approach is given
by the commonly used formula, describing hopping con-
duction in semiconductors,

—2R . . /a —
( AE /k T)ij B (8)oe

where the jump probability S;" is given as a function of
defect separation R, ., the term in AE accounts for a pos-
sible thermal activation of electron hopping, the constant
8'0 accounts for the strength of the transition, and a~ is
a measure for the extent of the more delocalized state in-
volved in the transition and should be of the order of the
Bohr radius of that state. In case of electron tunneling,
no thermal activation is expected, so the last term of the
exponent in Eq. (8) will be ignored.

In order to describe the time development in the pres-
ence of electron hopping the rate equations to be solved
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take on the form (index X is used for the surrounding de-
fects)

d7lg, T =F(ns, r Wsr Wrad, s) —Wsx(t)ns, T (9)

The correct expression for 8'zz is adopted from the
description of the kinetic of donor-acceptor pair lumines-
cence, going from the discrete defect distribution R;. to
the continuous one r: '

Wsx(t) =4m nx I W(r)exp[ —W(r)t]r dr

with

W(r) = Woe (12)

To describe the nonexponentiality only the first two
terms of a Taylor series in 8'0t need to be considered, so
an approximate analytical expression is obtained for
&sx:

in which F stands for the original rate equations [Eq. (1)]
and 8&& denotes the time-dependent hopping coefficient
(dimension cm s '). In writing Eq. (9) it was assumed
that the losses are independent of spin (W'sx= WTx).
The solution is now given by

~ltns(t)=(A, e ' + A, e ' )exp — Wsx(t')dt'
0

(10)

tained typically in the analysis of tunneling processes (or-
der 10' s ', see, e.g., Mariette et al. ). It is not clear up
to now if this is a failure of the model considered here (as
an alternative approach excitation transfer involving both
electron and hole of the excited C defect via a nearly res-
onant dipole-dipole interaction with surrounding defects
can be assumed, but this is not believed to be effective in
this case due to the triplet character of the initial states)
or if this is due to a Coulomb barrier originated by
charge separation during the tunneling process. The
value for p, can be used to estimate the concentration of
one species of the defects involved in the transition, if the
Bohr radius is known. Since the excited electron of the C
defect is known to be EMT-like az can be approximated
roughly by a~ =50 A, and from this nD can be deter-
mined to be about 4X 10' cm, a value which is some-
what greater than the one expected for the C defect it-
self. From electron spin echo excitation experiments it
is known that there exists an efficient excitation transfer
mechanism from the C defect to the so-called A center
[(V —0)s defect], which is known to have an acceptor
level at E 170 meV. A transfer process is also report-
ed for the shallow donor electron of phosphorus in the
presence of the A center. Though the 3 center is able
to cause nonexponentialities, the values for 8'0 and p&
have to be interpreted as effective ones, because in gen-
eral different kinds of defects can contribute to the tun-
neling probability.

Wsx(t) =mnxaa Wo. (1 ~ Wot) . (13) B. The P(0.767 eV) line

In Fig. 5 a fit based on this approximation is shown. As
can be seen, the time dependence of the kinetic is de-
scribed reasonably well by the model. It should be
stressed that the nonexponentiality is fitted by only two
parameters, namely 8'0 and p, =nDa~, where nD denotes
either the concentration of excited C defects itself or the
concentration of surrounding trapping levels depending
on which concentration dominates. The value of 8'0 is
about 0.4 s ' and considerably lower than the one ob-

In principle, for the P line, a kinetic similar to that of
the C line (studied before) is expected in view of the simi-
lar electronic structure. This is indeed the case, but with
some additional features. The decay at 12 K for the P
line is displayed in Fig. 6. It can be seen that the decay
can be fitted by a triexponential function. The first one
with a time constant of 1.9 ps is analogous to that one of
the C line (2.3 ps). But the subsequent decay can be fitted

10 = +

10'

I I I

C(0.79 eV) line:
decay with finite tunneling probability ..

10

10
~ W

'I 0

P(0.767eV) line

aj

10

Q

& 10

'I 0
0

0.&(1) s '

6(1)x10
1.1(1) ms

500 1000
Time [ps]

'I 500

FICx. 5. C line: Fit for the decay kinetic with a finite tunnel-
ing probability of the excited electron.
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FICx. 6. P line: Decay kinetic of the P line at 12 K. The first
faster decay is shown as an inset for the first 30 ps after excita-
tion.
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over the whole time domain by a biexponential decay law
(Fig. 6). In contrast, in the case of the C line the simul-
taneously present A center causes nonexponentialities
and the second slower decay reveals only one exponen-
tial. In the case of the P line, however, and also for the H
line, considered in the following, the A center is already
annealed out [annealing of the 3 center takes place
around 300'C (Ref. 26) whereas the growth temperature
for the P line is about 450'C], or if still present to some
degree, it is already occupied by an electron, since the
Fermi level has moved toward the conduction band due
to formation of thermal donors at these annealing tem-
peratures (indeed, for some samples the decay of the P
line is lowered and strongly nonexponential for tempera-
tures above 20 K, indicating that there is some delayed
excitation due to electron capture from surrounding de-
fects, such as the thermal donors). Therefore nonex-
ponential decays due to excited electron hopping are not
expected to be effective in case of the P line.

The occurrence of three exponentials in the decay ex-
plicitly shows that there are at least three different un-
thermalized excited states involved in the transition.
Therefore the kinetic of the P line should be described by
at least three coupled rate equations, one for the singlet
state and two for the triplet state. Due to the quite
different time regimes in which each transition takes
place, they can be viewed as nearly decoupled, leaving ac-
tually only two coupled rate equations of the usual form
[Eq. (1)]. In this spirit the first and second decays are as-
cribed to the dominating ST interaction in analogy to the
C line, with one triplet level only, whereas the third ex-
ponential is ascribed to the remaining two triplet levels
(to be definite, To is assumed to the first case, T+ and T
in the second case). All three triplet substates are as-
sumed to be interacting only via the singlet level as long
as three exponentials are present. By considering the am-
plitudes and time constants the approximate relation
I).I2.I3 =1:3.5:7 is found. So most of the total lumines-
cence is actually due to the third decay.

In Figs. 7 and 8 the temperature dependence of the
time constants and the amplitudes of the second and
third exponentials are displayed. As already observed for
the C line, the slower decay, consisting of two exponen-
tials, is thermally activated. The activation energy, indi-
cating the ST pair separation, is determined from the
temperature dependence of r2( T) of Fig. 7 to b,EsT =2. 7
meV. Again, by comparing the intensity ratio I& /Iz it is
evident that the ST transfer rate dominates the radiative
decay rate and the radiative decay time of the singlet lev-
el is found from extrapolation of r~(T) for T~ 00 to be
~„d &

=5 ps, assuming that the ratio of degeneracy is uni-

ty again. The ST transfer time &AT amounts according to
Eq. (6) to rsT = 3 ps. With these transition rates, deduced
from the time constants only, the ratio I&/I2, with the
other two triplet states neglected, is expected to be 1:4.3,
i.e., close to the experimental one (1:3.5). Again, equal
initial population densities of the states are assumed.

As can also be seen from Figs. 7 and 8, the third decay
has the same activated character as the second decay,
ensuring that this transition is an intrinsic one. But this
third transition is only present for temperatures below 14
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FIG. 7. P line: Temperature dependence of the time con-
stants ~2 and ~3 of the second and third exponential. Due to
thermalization ~3 drops rapidly above 14 K.

C. The H(0.926 eV) line

The third example for a radiative transition arising
from the recombination of an IBE at a hole-attractive de-
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FIG. 8. P line: Temperature dependence of the relative am-
plitudes Az and A3 of the second and third exponential. For
temperatures above 14 K the amplitude A3 diminishes.

K. The reason for its disappearance follows from Figs. 7
and 8 too. At the same temperature (around 14 K) where
the decay time ~3 drops rapidly, indicating a reduction of
I3 the amplitude 2 2 of the second decay rises up. This
behavior is expected if one assumes that the triplet sub-
levels thermalize at this temperature, leaving a biex-
ponential decay kinetic. The ST transition time for each
of the two remaining triplet sublevels can be extracted
again from Fig. 7 if ~3 is extrapolated for T~~ and
amounts to about 30 ps or if the two are taken together
to one degenerate triplet sublevel to 15 ps.
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feet in Si considered here is the case of the H line. As-
suming the EMT-like electron bound with about 35 meV
the hole binding energy for this defect is at about 205
meV and therefore only about one-half of that for the C
and P lines. The decay kinetic of the H line is displayed
in Fig. 9.

As already observed in case of the P line, the kinetic is
triexponential again. Applying the model from the P line
with unthermalized triplet sublevels, the following transi-
tion probabilities and also the ST energy can be deduced
from this single measurement. In the case of the H line
the first decay with time constant 2.0 ps is totally deter-
mined by the dominating ST transition time. This can be
seen either by considering the intensity ratio Ij/I2, as
was done in for the C and P line, or from the nearly equal
intensities of the second and third decay (see Fig. 9). If
equal population is assumed again, this equality is just
what is expected, because in this case the occupation den-
sity of the To state gets twice of each of the remaining
two. The radiative lifetime can again be estimated from
the relation for the intensity ratio

6
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I I I I
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I I I I

i
I I I I
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I I I I
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assuming again equal initial excitation densities and with
W„d s « WsT. For I, /I2 ——1/8 and with r, = WsT'
=2.0 ps the radiative decay time is obtained to be

rad, s ~rad, s —18 Ps. Given the radiative decay time—AEsT/kTand with the value for r2= W„d se [according to
Eq. (4) and gs =gT =1] at 10 K, the ST energetic separa-
tion can be determined to be KEsT = 1.2 meV. This value
is quite close to that one found for the Li-related ST
bound excitons at 1.04S eV and 1.082 eV—the so-called
Q and S systems' (b,EsT=1.07 meV and 1.0 meV, re-
spectively).

V. DISCUSSION

The decay kinetics of the isoelectronic bound excitons
at hole-attractive defects in Si exhibits, in general, as was
shown for the C, P, and H lines, a multiexponential
behavior. Each single exponential is determined by the
intrinsic kinetic properties of the excited electron-hole
system. From the experiments three different transition
probabilities can be identified: (i) the dominating ST
transition (S~To), (ii) the radiative lifetime r„d of the
singlet state, and (iii) the less effective ST transitions
S—+T and S—+T+. Within the experimental resolu-
tion the last two levels can be summarized in one doubly
degenerate triplet sublevel.

In the time-resolved PL studies presented, the decay is
found to be biexponential in the case of the C line and
triexponential in the case of the P and H lines. The in-
trinsic time constants deduced thereof are summarized
for convenience in Table I. In principle the decay for the
C line should also be triexponential since the ST transi-
tion is dominated by only one triplet substate too. The
absence of the third exponential is probably due to the
electron tunneling mechanism as it was found to be
effective in that case, so obscuring the radiative decay due
to the second and third triplet sublevels. Slower decays
are found, however, for temperatures above 24 K; an
unambiguous identification, however, is not possible due
to its sample dependence.

As already mentioned in the beginning, the hole orbital
momentum l& has to be assumed to be quenched totally
in order to explain the pure singlet-to-singlet-character of
the zero phonon lines and also the total absence of any
triplet luminescence. As a consequence the spin-lattice
relaxation time, which is mediated by the spin-orbit cou-
pling, is also quenched. Therefore much greater ST tran-
sition times result in comparison with excitons which
have retained some admixture of the hole orbital momen-
tum or to that one with total angular momentum J =1
and J=2, i.e., with no orbital quenching at all. In the
last case ST transition times about 15 ps are reported for
the IBE in GaP:N (Ref. 27) whereas in the opposite ex-
treme the spin-lattice relaxation time at low temperatures
for shallow donors is of the order of minutes. It is
difficult to observe any trends from three data in Table I,
but the following is quite reasonable: with higher zero
phonon transition energy, i.e., lower hole binding energy,
the ST transition time is reduced. This is reasonable due
to the fact that the degree of orbital momentum quench-
ing is dependent on the strength of the local defect poten-
tial.
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FIG. 9. H line: Decay kinetic of the H line at 10 K. The first
faster decay is shown as an inset for the first 30 ps after excita-
tion.

bEsT (meV)

+rad, s {ps)
i(S~ TQ ) (ps)

~(S~T+,T ) (ps)

2.7(3)
5(2)
3(1)

30{5)

3.2(2)
14(2)

2.8(5)

1.2(5)
18(4)

2.0(2)

TABLE I. ST energy splittings and intrinsic transition times
for the IBE considered, as deduced from the time constants
found in experiment (estimated errors in the last digit are given
in parentheses). Blank spaces denote undetermined values.

P(0.767 eV) C{0.79 eV) H(0.926)
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The already mentioned IBE's of the Q and S systems at
1.045 and 1.082 eV decay monoexponentially, ' indicat-
ing full thermalization of the levels during the recom-
bination. The same is true for the Be-correlated IBE's at
1.117 and 1.078 eV. ' Unthermalized triplet states are
observed, however, in PL for the 1.911 eV IBE-like
bound exciton in GaP, ' where it is found that the triplet
state decays nearly biexponentially, confirming that there
are two different kinds of triplet substates with respect to
singlet admixture. For the same system nearly equal pop-
ulation rates are found in microwave-induced delayed
phosphorescence experiments but different radiative de-
cay rates, also confirming the experimental findings for
the C, P, and H lines. In general, however, the IBE's in
GaP are found to decay single exponentially for the
S—+ T transition, and T~S transition times are much
smaller than the radiative transition times of both the
singlet and triplet state. The mixing of the singlet and
triplet states by spin-orbit coupling seems to be more
effective in these cases than in case of Si, as is also obvi-
ous from the fact that for IBE's in GaP the triplet
luminescence is always present.

VI. SUMMARY

Time-resolved PL measurements on the radiative decay
of IBE's at hole-attractive defects in Si are presented. It
is found in all cases that the intrinsic radiative decay fol-
lows, generally, a multiexponential decay law. This is in
marked contrast to the known single decay of the shal-
lower, band-edge-related bound excitons in Si, whose de-
cay consists of a single exponential. The reason for this

more complex kinetic is shown to have its origin in fully
unthermalized excited singlet and triplet states. From
the fact that the orbital angular momentum of the hole is
totally quenched, the electronic states have to be con-
sidered to be purely spinlike. As a consequence the spin-
lattice coupling for these IBE's is reduced too.

Especially a biexponential kinetic is observed in the
case of the C line and a triexponential kinetic in the case
of the P and H lines. The time constants are found to be
linked first to the dominating ST transition (about 2 ps)
with only one of the three triplet substates, second to the
radiative decay (14, 5, and 18 ps for the C, P, and H lines,
respectively), and third to the less eff'ective ST transitions
of the two remaining triplet sublevels, which can be con-
sidered within the experimental resolution as one doubly
degenerate state. In order to get consistent results, nearly
equal initial excitation densities of each state, indepen-
dent of its spin, have to be assumed. From the tempera-
ture dependence of the decay kinetic the ST splitting is
deduced for the C and P lines. Thermalization of the
triplet substates is observed for the P line at about 14 K.
In the case of the C line strong nonexponential decays are
observed, which are interpreted in terms of excitation
losses due to excited electron tunneling, which process
also obscures the third exponential in this case.
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