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The formation and decay processes of bound multi-
exciton complexes in Si have been investigated with
systematic measurements for the excitation-level and
impurity-content dependences of their luminescence
intensity. From the analysis of data the exciton-
capture and Auger-recombination rates of P, B and
Li bound multiexciton complexes have been obtained
for the first time, the results indicating a close
relation to the "shell structure".

I. Introduction

In the recent few years extensive investigations have been
concentrated so as to clarify the origin of satellite line series
at the low-energy side of the bound-exciton (BE) luminescence line in
lightly-doped Si [1,2]. These lines are presently attributed to the
radiative recombination of an electron-hole pair localized in bound
multiexciton complexes (BMEC). Especially, the shell model (SM) [3]
which postulates the electronic structure of BMEC well explain expe
rimental data including Zeeman and uniaxial-stress effect data [2] .
On the other hand, dynamical behaviors of the BMEC system, which are
closely related to the nucleation problem of electron-hole droplets
[4], have remained so far unknown for the most part in both experi
mental and theoretical aspects. Recently, we have found that the
exciton-capture (EC) and Auger-recombination (AR) rates of BMEC can
be determined by the analysis of BMEC-luminescence intensity based on
kinetic equations describing the formation and decay processes of the
whole system including free exciton (FE), BE and BMEC. In this paper
we present the data for EC and AR rates of BMEC in Si:P, Si:Li and
Si:B, with emphasis on the relation to the shell structure of BMEC
for these impurity species.

II. A method of determining the EC and AR rates of BMEC

Kinetic equations which describe dynamical behaviors of the whole
system including FE, BE and BMEC are written as follows [5];
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where nm is the density of the m-th BMEC and N is that of FE. Cm
and Wm are the EC and AR rates of the m-th BMEC, respectively, g and
Wf are the FE-generation rate and the recombination rate. In this
formula, we consider EC and AR processes as principal ones which
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determine the density of FE, BE and BMEC, and other dynamical pro
cesses such as thermal dissociation process of BE and BMEC are neg
lected. This approximation is verified in the temperature range
around 4.2 K where the AR process is the dominant decay channel of
these BMEC states [6]. We define a luminescence-intensity ratio,
described as Rm, of the m-th BMEC relative to the (m+l)-th BMEC.
From the solution in the steady-state condition [5] of the above men
tioned coupled eqs. (1) and (2), Rm is given as a function of the
excitation intensity I© by
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where Wj- m is the radiative-recombination rate of the m-th BMEC and
K is a proportional constant in the form of g = Kle. Tgff is the
effective recombination lifetime of FE. In the analysis of BMEC-
luminescence intensity, so-called a line-series in the no-phonon spe
ctral region are taken into account for P. And principal BMEC lines
in the TO-phonon region are used for B and Li. Here, the radiative-
recombination rate Wj- jj, is assumed to be proportional to the product
of the niimbers of electron and hole in the specific shell involved in
the transition [3]. From eq. (3) it is found that the luminescence-
intensity ratio Rj„ is a linear function of the inverse excitation in
tensity 1/Ie/ for Teff is nearly independent of le [5]• And hence,
the EC and AR rates in the form of their ratio can be obtained from

Rm vs 1/Ie plots by using the following relations;
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where is the slope of Rm vs l/Ig plots
for a sample with the impurity concentration
of Nj. Furthermore, the value of Cq, which
is the EC rate at a neutral impurity center,
can be also determined from an analysis of
the excitation-level dependence data of BE
and FE [7].

Ill. Results and Discussion

Figure 1 shows the excitation-level de
pendence of the luminescence spectra of Si:Li
It should be noted in the figure that the
intensity of higher-order BMEC decreases more
rapidly than lower-order BMEC when the exci
tation power decreases as is expected from
eq. (3). We have measured systematically
the excitation-level dependence for P-, Li-
and B-doped Si with the doping range of 10l2
V 10l5 cm~3. Figure 2 shows typical results
for the luminescence-intensity ratio Rm (m—1,
2 and 3) as a function of l/Ig for Si:Li.
Essential features observed for these plots
are as follows; (1) Data points of Rm are
well on straight lines for all the samples.
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Fig.2 Plots of the luminescence-intensity ratio Rm (m=l, 2 and 3)
of the m-th BMEC relative to the (m4-l)-th BMEC as a function of In
verse excitation Intensity 1/Xe

(2) The slopes of the lines become larger with increasing impurity
concentration. (3) All the straight lines have the same intersection
at 1/Ie=0. These behaviors have been also observed for Si:P and Si:B,
which are consistent with the theoretical prediction from eq. (3).
From these data we obtain AR and EC rates of BMEC by the use of eqs.
(4) and (5). Figure 3 shows the plots of the AR rates of BMEC norma
lized by that of BE. As is well known that the AR process which in
volves three particles, that is two electrons and one hole (eeh-pro-
cess) or one electron and two holes (ehh-process), is characterized
by its carrier-density dependence of the rate; n^p-dependence for
eeh-process and np2-dependence for ehh-process, where n and p are the
electron and hole density. We have also calculated the AR rates of
donor-BMEC using Wjn = A(ni^m)^P]^ jj,, where A is a proportional constant
and ni u, and pi^m the "local density" of electrons and holes in
the m-th BMEC defined as ni^m = (m+1) [ (4tt/3) (re,ni) 1"^ Pl,m =
m[ (417/3) (rh,in) 1 ~ ' where rg^^ and rh,m are Bohr radius of electron
and hole in the m-th BMEC. The values of rg^m and rh,m have been re
cently estimated by Wiinsche et al. [8]. The calculated results of AR
rates are plotted in Fig. 3. As is shown in the figure, the vari
ation of AR rates of P-BMEC with the order m of BMEC is small as com

pared with those of Li- and B-BMEC and cal
culated values. For P-BMEC, as is expec
ted by SM, two electrons in the first
shell are highly localized in the central-
cell region of an impurity center compared
with remaining electrons in the next Fg 5
shell, and hence two electrons in the rf
shell effectively contribute to the AR pro
cess. This makes the variation of the AR

rate with the order m of BMEC to be small.
On the contrary, in the case of Li all the
electrons in the ten-fold F3,5 inner shell
contribute equally to the AR process and
therefore the rates strongly depend on the
total numbers of electron and hole. The

difference between the obtained AR rates

for Li and calculated values is probably
due to the fact that the change of the re,m
and rh,m with the order m is smaller for
Li than those from calculations by Wiinsche
et al., where shell structures have not
been considered. As can be seen in Fig.
3, the behaviors of AR rates of B-BMEC
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Fig.3 Plots of Auger-re
combination rates as a func

tion of the order m of BMEC,
where nF=l means BEt Dotted

line shows calculated data
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having the highly degenerate inner shell
like Li are similar to those of Li-BMEC.

The EC rates of P-, Li- and B-BMEC
obtained from the method described above

are shown in Fig.4. The clear difference
in the dependence of the EC rates on the
order m among these impurity species is
also observed. Contrary to the behaviors
of AR rates, the EC rates of P-BMEC show
a strong dependence on the order m com
pared with B- and Li-BMEC. In the EC
process of BMEC two types of processes
can be considered; the first process in
which an exciton is captured into the
inner shell of the (m-l)-th BMEC leaving
the m-th BMEC in the ground state and the
second process in which an exciton is cap
tured into the outer shell of the (m-1)-
th BMEC leaving the m-th BMEC in the ex
cited state. The latter process is simi
lar to the cascade capture process of
charge carriers at an ionized impurity
center. Our results of theoretical cal

culation for a phonon-assisted EC rate
show that the latter process is more effe
ctive than the former one because in the

latter process momentum tranferred from
FE to phonon is smaller. The detailed
results will be reported elsewhere.
It shoud be also noted that P-BMEC has
the highly degenerate (ten-fold) outer

electron 13 5 shell and Li-BMEC has the doubly degenerate outer ele
ctron Fi shell. This difference of the degeneracy of excited shell
between P and Li is considered to be closely related to the difference
in the behaviors of EC rates observed in Fig.4.
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