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ABSTRACT

Exciton iTuminescence due to impurities and thermally induced defects
has been investigated in this thesis work. As concerns shallow impu-
rities in silicon, the luminescence due to bound multiexciton complexes
reléted to phosphorus, boron and lithium impurities has been studied
with particular emphasis on their dynamical behaviors. We haQe pro-
posed a model for the exciton-capture and Auger-recombination processes
of bound multiexciton complexes in terms of the shell structufe for
these impurity species. Based on the coupled rate equations taking
into account the exciton-capture and Auger-recombination processes of
bound excitons and bound multiexciton complexes, the luminescence inten-
sity of bound multiexciton complexes has been theoretically analyzed as
a function of impurity concentration, photoexcitation intensity and time

in the transient decay phenomena. As a result, it has been found that



the excitation, impurity concentration and transient decay behaviors of
bound multiexciton luminescence observed for Si:P, Si:B and Si:Li are well
explained in the framework of the proposed coupled rate equations. Combining
the theoretical formula and the systematic experimental data of excitationé
level and impurity-content dependence of the bound multiexciton lumine;cence
intensity, the exciton-capture and Auger-recombination rates in phosphorusf,
lithium- and boron-bound multiexciton complexes have been obtained for theé
first time. It has been found that the values of exciton-capture and
Auger-recombination rates are closely related to the shell structure of
these impurity species.

For the purpose of developing a photoluminescence characterization
method for a small amount of impurities and heat~treatment induced defects
in crystalline silicon used in LS| technology, several material character-
}zation studies have been performed. - In this work, we héve succeeded in
developing é new'photoluminescence method to estimate a small amount of
impurity content;-and the dopant compensation ratio in high-purity silicon.
Thermally induced defects in silicon crystals annealed at low temperatures
around 400-600 °C have been also investigated. It haS béen found that
photoluminescence spectra of annealed silicon crystals strongly depend on
the contents of residual oxygen and carbon impurities involved in the
as-grown crystals. Many sharp Tuminescence lines having the nature of the
exciton luminescence due to an isoelectronic trap have been observed for
annealéd carbon-rich CZ-silicon, suggesting the existence of an isoelectronic
trap related to carbon-oxygen associates. Through this thesis work, it
has been found that phatoluminescence spectroscopy is very promising for
the characterization of impurities and defects in silicon crystals used

in LS| technology as well as for exciton physics.
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CHAPTER |
INTRODUCTION

Recent progress in the field of solid state spectroécopy has
brought about a great deal of developments in both fundamental solid
state physics and material characterization for semiconductor electro-
nics. A part of this progress in solid state spectroscopy has been
achieved by the appearance of various kinds of experimental techniques
using high-power lasers operating in cw or pulse modes, high-resolution
spectrometers, cdmputer-contro]]ed signal-processing systems and so on.
Another part of the progress has been performed cooperatively with the
advance in crystal-growth technology, which is closely related to recently
deve]opéd various types of opto-electronic and LS| devices.

In conﬁection with such circumstances, exciton physics in silicon
has been greatly advanced in this decade, resulting in several new
fields of exciton physics. The first topic is concerned with the high-

1)

density exciton system ’induced by an intense photoexcitation using
high-power lasers with a photon energy greater than the fundamental

energy gap. In the photoexcited states of a crystal, excited carriers
(electrons and holes) relax rapidiy to the band extrema, emitting phonons.
At low temperatures around quufd_helium temperature, a free . electron and

a free hole are mutually attracted~to form an exciton. Excitons in
indirect-gap semiconductors such assilicon and germanium have the relativel*
long lifetime, about a few micro-seconds, and form the insulating exciton-

gas phase in the photoexcited crystal. At more intense excitation

levels, excitons begin to interact each other, resulting in .the cther



completely new phase of high-density exciton through a characteristic
phase transition.
The idea of such a transition was proposed by Keldysh in 1968 at

2)

the Moscow conference on the physics of semiconductors™’. ' He proposea
that the insulating exciton gas condenses into a metalic electron-hole
liquid (EHL) sfate under extremely high photéexcitation levels. At
the intermediate excitation levels, the exciton gas and the spatially
distributed condensate EHL phase (namely, electron-hole drops (EHD))
coexist in the crystal. Since then, extensive theoretical and experimental
works have been achieved so as to verify the existence of the condensate
phase of electron-hole system3’h). ‘ These works on the high-density
exciton system are essentially concerned with a new type of many-body
problem in solid state physics associated with the condensate phase of
electrons and holes having finite lifetimes. Through these extensive
studies, the existence of the EHL phase is presently well established in
both elemental and compound semiconductors.

One of the recent controversial problems associated with such electron-
hole condensation is the identification and classification of two types
of phase transition involved in photoexcited semiconductors at low
temperatures when the metalic EHL condenses from the insulating exciton
gas3’h. One is the gas-to-liquid and the other ig the insulator-to-
metal (Mptt) transition. Recent works on the temperature versus exciton
density phase diagram of high-density exciton system by Thomas et al.6)
have shown that a separate Mott transition does not occur, but rather
there appears a substantial distortion of the phase diagram from that of

the simple gas-liquid phase transition near the top of the phase diagram,

which is referred to as Mott distortion by them. However, this problem



still remains to be resolved in future investigations.
Another topic studied extensively during this decade in the field
of exciton physics is the so-called bound multiexciton complexes (BMEC)

problem concerned with the origin of newly observed satellite line

7,8)

series of well-known bound-exciton luminescence lines , which is one

of the subjects of this thesis work. One of the controversial BMEC

problém'is concerned with the energetic stability of BMEC state having

9-11)

many excitons bound at an impurity center Another is associated

with the difficulty in the explanation of Zeeman and uniaxial stress

effect data of the satellite luminescence line series in the framework

12,13)

of BMEC model Namely, under either magnetic fields or uniaxial

. stress, such satellite luminescence lines split into several components

‘with the identical behavior as the principal bound excitons.
10,14)

on the basis

15)

The latter problem is presently well resolved

of the so-called shell model of BMEC proposed by Kirczenow to

describe the electronic structure of BMEC. As for the former problem,

several theoretical considerations on the exciton-binding energy of

16-19)

BMEC have been carried out, the results showing that correlation

effects in the many-particle BMEC system contribute essentially to the
energetic stability of BMEC and also the formation of such stable multi-
exciton complexes bound to impurities should be a general phenomenon in
semiconductors with degenerate band edgesl7). The calculated exciton-
binding energy of the m-th BMEC (m_is the numbef of lécalized excitons
in BMEC and referred to as the or&er) increases with m and tends towards

that of EHL for large m 17)

l).

, which is consistent with experimenta1
observations]

On the other hand, dynamical behaviors such as exciton-capture



(EC), Auger-recombination (AR), thermal dissociation processes associated
with the BMEC system, which is the system composed of many electrons and
holes localized around an impurity center with the high local density,
have remained so far unknown for the most part in the theoretical and

“experimental aspects. In this thesis work, we have concentrated on
20-22)

investigations of such dynamical behaviors of BMEC . Present works

on the subject are constructed as follows. First, we propose a model

for the EC and AR processes of bound exciton (BE) and BMEC considering

the shell structure model. Second, the densities of BMEC in the photoexcited
states of a crystal are theoretically analyzed as a function of photoexcitation
intensity (namely, exciton-generation rate), impurity concentration and

time (in the transient deca* behavior) based on the rate equations

taking into account EC and AR processes of the whole system consisting

of neutral impurity center, free exciton (FE), BE and BMEC. Third,

combining these theoretical considerations with systematic experimental

data on the excitation-level and impurity-content dependences of the

BMEC luminescence intensity, in phosphorus-, lithium- and boron-doped

silicon, we determine some recoﬁbination parameters involved in the

dynamical processes Qf BMEC. Finally, we discuss the dependence of

such parameters, EC and AR rates, on the order m of BMEC in terms of the

shell strﬁcture model for these iﬁpurity specieslS).

In this decade, a great progress has been accomplished in th¢ field
of silicon LS! technology using high purity and dislocation-free single-
crystal silicon wafers. To get further progress towards more advanced
VLS| devices, nearly perfect silicon crystal wafers with large diameter

are needed. For this purpose, the characterization and elimination of

crystal defects in silicon introduced during both crystal-growth and



23,24)

device fabrication processes are considered to be quite important
In such viewpoint, optical characterization techniques such as the
photoluminescence method are quite promissing because of the inherently
high sensitivity to a sma]i amount of impurities, especially electrically ;

25,26)

active shallow impurities and defects In this thesis work, we -

have performed several material characterization studies for dopant and

27)

- residual impurities contained in as-grown silicon crystals and also

28-30). In this study, as an appli-

for heat-treatment induced defects
cation of the analysis method for the exciton luminescence intensity
concerned with BMEC problems, we have succeeded in developing a new
photoiuminescence method to characterize the contents of a small amount
of impurities and dopant compensation ratio in high-purity silicon27).
This thesis is constructed as follows. In chapter Il we first
review the excitonic states in silicbn with emphasis on the BMEC states.
Basic experimental data of impurity-concentration and excitation-level
dependencebof FE, BE and BMEC luminescence are described in the next. In
theblow impurity concentration range below 1016 cm-3, the exciton-
luminescence spectrum is dominated by the sharp luminescence lines of
FE, BE and BMEC , and their impurity-content and excitation behaQiOrs _
are explained by the kinetics model proposed here. In contrast, at the
high doping levels beyond 1017 cm_3, such luminescence lines come to
disappear and anomalously broad new luminescence bands appear near the
photon-energy range of BMEC. Im such high doping range, an intef- o
impurity interaction seems to play an fmportant role in the excitonic
states. In chapter 111, we present a model for the formation and decay

kinetics of FE, BE and BMEC. Based on the model, we theoretically

calculate the FE, BE and BMEC densities, namely their luminescence



intensities, as a function of excitation level, impurity concentration
andbtime. Combining the theoretical results with systematic experimental
data on the excitation-level and impurity-content dependence of BMEC
luminescence intensities, the EC and AR rates of BMEC in phosphorus-,
lithium- and boron-doped silicon are determined. Theoretical calcu-
lations on the EC rate (EC cross section) at a neutral impurity center
as a function of temperature, taking into account an exciton-acoustic
phonon interaction, are also presented in the last part of this chapter.
In chapter IV, we describe a photoluminescence method of estimating
a small amount of impurity content and the compensation ratio in high-
purity silicon crystal as a somewhat application-side part of this thesis
work. This method is based on theoretical considerations on the excitation-
level dependence of the Iuminescgnte-intensity ratio of BE fo FE and
also on effects of dopant compensation on the luminescence intensity
ratio of BE of a majority dopant relative to FE. Experimental data on
the characterization of-impurity content and compensation ratio by the
presently developed method are compared with results from conventional
‘electrical measurements.
In chapter V, we demonstrate a photoluminescence characterization
of therma];annealing induced defects in silicon crystals used for LS|
technology. In the present study, so-called thermally induced oxygen
donor states generated by low-temperature annealing around 450 °C3]’32),
whose microscopic model is nof established at the present stage, have
been precisely studied by photoluminescence measurements combining
infrared absorption and Hall-effect meagurements. " In th}s annealing
study, we have also found new sharp luminescence lines having the nature

of exciton luminescence due to an isoelectronic trap in annealed carbon-



rich silicon. Effects of temperature and annealing temperature and
period on the new luminescence lines are presented in the last part of
this section.

Finally, some conclusions obtained in this thesis work on the
exciton luminescence of impurities and thermally induced defects are

summarized in the final chapter VI.



CHAPTER 11
BOUND MULTIEXCITON LUMINESCENCE IN SILICON

In this chapter, an exciton state in a covalent semiconductor such
as silicon is first briefly postulated, with emphasis on thé rec;nt
development of theoretical and experimental investigations on the interﬁal:
structure of an exciton state. Secondly, following the brief description
on the bound exciton (BE) states, the electronic structure of bound
multiexciton complexes (BMEC) is described in terms of the shell structure
model for the BMEC states. Then, the experimental apparatus used in
this work and results of impurity-content and excitation-level dependence
of free e*citon (FE), BE and BMEC luminescence in silicon doped with
phosphorus, lithium or boron are presented and discussed with a view

point of reaction kinetics of the FE, BE and BMEC system.
ti-1. free- and bound-exciton states in semiconductors

An exciton state in a covalent semiconductor such as sflicon is
well postulated as a composite particle of an electron and a hole both of
which are mutually attracted according to the screéned electron-hole
Coulomb interaction33—35) An exciton has two modes of motion, that is
internal and translational motion.— The internal motion of an exciton
is analogous to that of a hydrogen atom composed of a proton and an
electron. From this picture, the electron-hole binding enefgy, described

here as Ex’ of an exciton is written by using the hydrogen Rydberg

constant Ry as follows;



2 .
Ex = (p/k%) Ry , | o (2.1)

where p is a reduced effective mass in units of free electron mass given by u-]

=m;]+ m;j. kK is a phenomenologicaj dielectric constant of a semiconductror
medium.  The value of the constant « is in principle obtained from
many-body calculations of a screening effect on the electron-hole

Coulomb interaction and can be approximated by the static dielectric
constant of a semiconducting medium in the case of covalent semiconductros
such as silicon.

Concerning the translational mode; an exciton has the translational
momentum hK and the corresponding kinetic energy'ﬁsz/ZM, where K is a
translational wave vector of an ekciton and M=me+mh is a translational
mass of an exciton. Thus, these two modes of motion result in‘a energy
level , namely excitation energy of an exciton relative to the electronic

ground state of the host semiconductor, of an exciton state in the

fundamental energy gap of a semiconductor described as
£(n,R) = E - e/’ + 50 /M (2.2)

where Eg is the fundamental energy gap of a host semiconductor and n is
a hydrogenic principal quantum number of an exciton. The value of Ex
in silicon is estimated to be 14.7 meV36).

The hydrogenic picture of an exciton is indeed usuful but is not
enough to recognize the full body of excitoﬁ states in real semicon-
ductors. That is, an exciton itself possesses the other internal
degrees of freedom resulting in so-called internal structure of an

37)The

exciton. internal structure comes from a degeneracy of valence



and conduction bands concerned, anisotropy of electron and hole effective
mass (nonparabolicity of band edges), spin and orbital angular momenta
of electron and hole, and so on. In the recent few years, theoretical
and experimental works on the internal structure of an exciton and its
behaviorsbunder external perturbations such as magnetic field, uniaxial

37,38)

stress and electric field have been extensively performed

Especially, in the case of silicon, the so-called mass-anisotropy splitting

40-43)

of an exciton level has been found both experimentally and theore-

tica]lyhh’AS)

based on an effective-mass Hamiltonian taking into account
the degeneracy of j=3/2 valence band and the anisotropy of electron
effective mass.

On the other hand, an excitonrforms various types of complexes with
impurities and defects involved in semiconductor crystals. Such exciton
(e]ecfron-ho]e pair) states.spatially localized at an impurity and a
defect site are called bound exciton (BE). In contrast, the above-
mentioned exciton state having translational motion is called free
exciton (FE). Some types of stable BE states were proposed and classi-
fied in the early theoretical work by Lamperthé); In silicon, BE
states localized at a neutral donor or acceptor were considered to be
stable. The existence of BE related to various kinds of group-V and
group-111 impurities was verified in 1960s mainly by photoluminescence
spectroscopy 47-49) following the theoretical prediction by Lampert.
>Thebenergy level of BE, which means the excitation energy of an electron-

hole pair localized at an impurity center, lies below the free-exciton

energy level and given by

E = Eg- E." Epx , (2.3)

_]0_



where be is exciton-binding energy at an impurity center. The Va]ue

of be depends on impurity species and corresponds to different transition
energies in the photo]uminescencé spectrum of BE. This enables us to
identify impurity species involved in as-grown and impurity-diffused
semfconductors for the purpose of material characterization26). The
value of be in silicon is about 5 meV for common group;lll and V impu-
ritieshs). |

Figure 1 illustrates FE and BE states. We express here FE state
by the symbol ''X" and BE state associated>with a neutral impurity center
by “AOX“ and ”DOX” for acceptor and doﬁor, respectively. Ao and D0
denote a neutral acceptor and dénor center, respectively.‘

In irradiated states of a semiconductor by the interband photo-
excitation, generated free electron—ho}e‘pairs rapidly relax tovband
extrema, subsequently resulting in FE at low temperatures around liquid
helium temperature. Such FE recombines radiatively in a given lifetime
characteristic for the host material emitting a phonon to conserve the
crystal momentum in the case of indirect-gap semiconductors such as
silicon. The luminescence spectral shape qf FE is a Maxwe]] Boltzmann
type 50) reflecting the thermal distribution for the kinetic energy of
excitons, which is schematically shown in the insert of Fig. 1. A part
of generated excitons are captured by impurities involved in the crystal,
forming BE states. Since BE is spatially localized at an impurity
center and this results in the formation of extended states in k (wave
vector)-space as can be seen from a kind.of uncertainty principle.

This nature of BE states caQses a characteristic sharp lumfnescence line

with the Gaussian spectral line shape in the low-energy side of the

corresponding phonon replicas of the FE luminescence line. On the

-11-
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Fig. 1. A schematic representation of free- and bound-exciton

states. Energy diagram (right-hand insert) and lumi-
nescence spectrum due to free exciton, bound exciton and

bound multiexciton (left-hand insert) are also illust-
rated.
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other hand, the existence of such extended states in k-space relaxes the
momentum-conservation law, resulting in the occurance of so-called no-
phonon recombination lines of BE.

Another significant feature of BE luminescence is the existence of
satellite lines called two-electron (hole) recombination luminescence

48,51,52)

lines In this transition process, a BE radiatively recombines
leaving a final neutral donor (acceptor) state in the‘bound excited
states, in particular in the s-like even-parity excited states. The
observation of two-electron (hole) satellite lines enables us to deter-
mine the s-1ike excited states levels,‘which can not be determined by |
the usual infrared absorption_method because of the selection rule in
electric dipole transitions, and further to estimate the ionization
energy of the related impurity. Recehtly, several highly lying s-like
excited states of donors and acceptors in silicon and germanium have
been precisely investigated from the analysis of such twé—electron

53-56)

(hole) satellite recombination lines
11-2. bound multiexciton complexes in silicon

In lTow-temperature luminescence spectra from ligﬁt]y doped silicon,
a series of low-energy satellite lines of the principal BE recombination
lines was first reported by kaminskii and Pokrovskii 7.8) in their study
for the nucleation phenomenon of EHL. At low-excitation levels, FE
and BE luminescence lines are dominantiy observed, and a series of
satellite lines comes to appear as the excitation intensity increases.

At more intense excitation levels, such satellite line series grow to be

a broad luminescence band originated from EHL. These experimental

-13-



features led to an idea that the satellite line series are due to fhe
formation of BMEC containing several excitons localized at an impurity
center and such complexes play as a kind of nucleation center of EHD.
Since then, a great deal of works has been made to verify and clarify
the BMEC méde]. The first experimental verification of the existence

—~

of BMEC states as the origin of the satellite line series of principal BE -
57) 58) )

lines was presented by Sauer and Kosai and Gershenzon in their
detailed works on the satellite lines in phosphorus-, boron- and lithium-
doped silicon.

After these works in the early stége of 1970s, 9’]0’12"3’59)
Kirczenow proposed the shell model of BMEC to postulate the electronic
structure ]5). Through the extensive investigations 11,14,60-71) follo-
wing the proposal of the shell structure model by Kirczenow, the shell
model description of BMEC is presently well established to explain
sbectfoScopic observations including Zeeman and uniaxial-stress effect

15)

data. The essential concept of the shell model is that localised
excitons in BMEC states lose their excitonic nature and‘rather each
electron and hole individually occupy their one-particle impurity orbitals
similarly to the atomic shell structure appeared in well-established
atomic physics.

On the other hand, dynamical behaviors of BMEC having many electrons
and holes localized at an impurity center have remained so far unknown
for the most pért. We have been étﬁdying for this few years the dynamicalr
behaviors of BMEC system with particﬁlar emphasis on the exciton-capture

20-22) | the EC

(EC) and Auger-recombination (AR) processes of BMEC
process of BMEC, several modes of process appear, reflecting the

existence of several different electron and hole shells. Namely, two

“14-



types of processes can be considered; the first process in which an
exciton is captured into the inner ground shell of an electron a hole
leaving the resultant BMEC state in the ground stable state, and the
second process in which an exciton is captured jnto the outer egcited
shell leaving BMEC in the excited shell state and the BMEC subse-
quently relaxes to the ground shell state.

| As for the decay process of BMEC, the AR process is considered fo
be a quite probable and dominant recombination channel of BMEC in low tem-
peratures around liqud helium temperature, where thermal dissociation
process can be'neglected, since the'coﬁplexes possess many electrons and
holes localized around an impurify center at the high local density and
this situation is very suitable for the AR process. In the present
work on the dynamical processes concerned with BMEC, we have found that
the EC and AR rates strongly depend not only on the number of localized‘
electrons and holes but also on the impurity-specific she]l structure of
BMEC. The detailed results are presented in this chapter and the next
chapter.

Figure 2 illustrates the BMEC states associated with phogphorus,‘
Tithium and bdron impurities in silicon. These impurity species aré
typical impurities of substitutional donor, interstitial donor and
substitutional acceptor in silicon, respectively. In the shell model,
the wave function of BMEC is composed by antisymmetrized products of
one-electron and one-hole orbitalsl5’72). The impurity state wave function
classified according to the irreducible representation of the tetrahedral

symmetry group T, concerned with the impurity site are chosen for the

d
one-particle wave functions. In the case of substitutional phosphorus

donor, the one-electron states are classified by F‘, F3 and F5 corresponding
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to the familiar symbols for the irreducible representation of Td
group. In the phosphorus neutral donor state, these one-electron
states show a splitting due to so-called valley-orbit interaction,
resulting in the ground P] state and the excited F3 and FS states73).
Following this order of one-electron orbitals of the néutral donor
state, the one-electron wave functions of phosphorus BMEC are labelled
F] for the ground state orbital and P3’5 (this means approxiwately dege-
nerate F3 and FS states) for the lowest excited orbital. Considering
the spin degeneracy, the F) state has two-fold and P3,5 has ten-fold
degeneracy. One-hole orbital is also labelled P8 according to the
irreducible representation of the j=3/2 valence band and this state has
four-fold degeneracy. The lowest hole excited shell is usually referred
to as T_. The shell structure of BMEC DOX2 (AOXZ) and DOX3 (AOX3) are
illustrated in ng. 2. In the case of interstitial lithium donor, the

74)

order of one-electron orbitals is inverted from that of phosphorus

BMEC, and hence the ground state orbital is ten-fold degenerate F3 5
state. This difference in degeneracy of the ground state shell causes

quite different behaviors of the BMEC luminescence between phosphorus

and lithium, which will be shown in the following chapter.

11-3. experimental apparatus

Samples used in this work were commercially available silicon
single crystals doped with various kinds of common group-11! or V impu-
rities. In particular, phosphorus-, boron- and lithium-doped silicon are

extensively used for the present photoluminescence measurements. The
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doping levels of the samples are ranging from 10]] to 10~ cm ~. The
samples doped with lithium are prepared as follows. Painting lithium
dispersion in mineral oil, lithium impuritieé are diffgsed into a high-
purity float-zone silicon crystal with the residual boron concentration
of 6.5X]0]] cm3. Preheating was carried out to eliminate the oil for two
hours ét 200 °C and followed by diffusion 6f lithium for several diffe~
rent periods ranging from 10 minutes to several hours at 250-600 °C ina
furnace with Ar ambient. After removing the sample from the furnace and
cleaning the surface, the sample was heat-treated at 400-600 °C untill

both surfaces of the sample show the same resistivity. By these processes
we prepared lithfum-doped silicon crystal in the lithium concentration

13 18 -3 21)

ranging from 10 to 10~ cm ~.
The samples used for photoluminescence measurements were lapped and
'_soaked in hot trichloroethylene, hot aceton and hot methyl alcohol.
After these soaking treatments, the sample was rinsed in deionized water
and lightly etched in a solution of HNO3 and HF. Immediately after such
cérefu] surface treatments, the sample was placed in a liquid helium optical
dewar. The photoexcitation source of the present photoluminescence
study wés a cw mode Ar+ laser operating at 5145 K; The photoexcitation
power was changed by using ﬁeutra]—density filters as well as by controlling
the laser current. Using such procedures, the excitation-intensity
dependence of an exciton luminescence spectrum was measured in the
excitation intensity range of 0.1 to 4 w.cm_z.

The luminescence was taken from the irradiated surface, analyied by
a SPEX 1704 grating monochrometer and detected by a cooled photomultiplier

RCA 7102. The output of the photomultiplier was amplified by a lock-in

amplifier PAR HR-8 and processed with a computer-controlled signal-
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averaging system. The block diagram of the avéraging system is presented
in Fig. 3. The scanning wavelength interval and the scanning speed was
controlled by a mini-computer MELCOM 70/20 through the computer drive

units attached to the monochrometer. The commonly used scanning speed wéé
10 A/sec and the signal sampling interval was 0.1 sec. In such cohditioni,
the time hecessary for one scanning was 20 sec. for the scanning wavelengtﬁ
interval of 200 A commonly used for the measurement for a TO-phonon

replica of exciton luminescence of silicon. The analog output of the
lock-in amplifier was digitally converted and averaged for many times to
improve the signal to noise ratio through the analog interface of mini-
computer and memorized in the RAﬁ, and finally data of the obtained
spectrum with well improved signal to noise ratio were storaged in a

floppy disk memory. The obtained luminescence spectfum memorized in

the RAM was displayed on a CRT simultaneously in the photoluminescence
measurement‘through a digital to analog converter éttached to the micro-
processer NEC TK-80. The final spectrum storaged in the floppy disk
memory was recorded on a chart by using a X-Y plotter through the digital

to analog converter.
-4, impurity-concentration dependence

Figure 4 shows typical exciton-luminescence spectra of phosphorus,

14

boron and 1ithium-doped silicon in-the doping level of 101" ~ 10'° 3.

TA’ LO

BE luminescence lines (BENP’ BE,» BE and'BETO) associated with these

The spectra reveal the FE luminescence lines (FE FE, . and FETO) and

dopant impurities. The subscripts TA, LO and TO denote the correspon-

ding momentum-conserving phonon involved in the transition and NP indicates

..]9..
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no-phonon recombination lines. The two-electron satellite line

i;e) is also observed in the spectrum of Si:P. In addition to

(BE
these FE and BE luminescence lines, a series of satellite luminescence
lines labelled DOX™ (m=2,3,...) for Si:P and Si:Li and AOX™ (m=2,3,...)
for Si:B appear in the low-energy side of the principal BE luminescence
lines. These satellite lines are origiﬁated from BMEC related to
phosphorus, boron and lithium impurities. As can be seen in the figure,
many BMEC luminescence lines are strongly observed relafive to the
‘principal BE lines in Si:B and Si:Li, whereas thé intensity of BMEC
‘lines are rather weak compared with the BE lines in Si:P. We have measured
systematically these exciton-luminescence spectra of impurity-doped
silicon in the doping range of 10“ to 10!8 cm-3.
Figure 5 shows exciton-luminescence spectra in the TO-phdnon region

taken under the same excitation level for silicon containing boron with
four different concentrations. In the lightly doped samples with the

16 -3

dopant content less than 10 = cm °, BE and BMEC luminescence lines are
cléarly observed although the intensity of BMEC lines becomes gradually
weak compared with that of the principal BE luminescence line (BETO) as
the impurity content increases. The intensity reduction of the BMEC

" luminescence lines in this dopiﬁg region directly reflects the décrease
of the steady-state density of FE, which can be seen also in the spectra,
caused by the introduction of dopant impurity since BMEC contains several
localized excitons and so the densjity of BMEC strongly depends on the FE
density existing in fhe photoexcited crystal.

-3

At high doping levels around 10‘6 cm ~, the BMEC Iumjhescence comes

to be weaker, resulting in a low-energy tail of the principal BE line.

-3

-At higher doping levels beyond 10]7 cm “, the exciton-luminescence
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intensity greatly decreases and an anomalously broad luminescence band
appears. In the sample with the boron content of 1.0x1017 cm—3, the
weak BE luminescence line still remains and a broad luminescence band .
is accompanied by several weak luminescence components near the peak-
energy positions of BMEC lines denoted by arrows in the figure. For
the sample of 4.9x10]7 cm-3, there appears only a single non-structural
broad luminescence band, where the BE luminescgnce line compfete]y
disappears.

As can be seen in the figure, the peak¥energy position of the
broad luminescence band shifts to a low-energy side as the boron con-

75,76)

centration increases We have observed such impurity-concentration
behaviors of the broad luminescence band in ex;iton luminescence spectra
of highly doped silicon with several species of donor (phosphorus,
antimony, arsenic and lithium) and acceptor (boron and aluminum). it

has been also found that the anomalously broad luminescence band shifts

to a high~energy side and the principal BE luminescence line which is
.absent at liquid'helium temperature comes to appear with increasing

75)

temperature’”’. This suggests the existence of another stable state

of excitons different from the usual BE and BMEC as the origin of the
broad luminescence band observed in high-doping range. Considering the
above-mentioned impurity-concentration and temperature behaviors, we
have reached a conclusion that the anomalously broad luminescence band
is originated from radiative recombination of excitons localized at
impurity complexes (pair and clusters) formed by the inclusion of a
large amount of impurity around 10]7"10]8cm-3, 75-79) The presence of

such kinds of impurity complexes in this doping range below the so-

called insulator-metal (Mott) transition of the impurity system has been
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also verified in an infrared absorption study of impurity states in
silicongo).
The luminescence spectra of highly doped silicon with impurity

17

contents around 3x10 cm”3 for several species of donor and acceptor are
shown in Fig. 6-(a) and (b). A broad luminescence band in the low-
energy side of the principal BE line dominates over all the spéctra.

We have studied precisely the peak-energy shift of the broad lumines-
cence band towards a low-energy side as a function of impurity concent-
ration, the results showing that the peak-energy shift normalized by the
-exciton-binding energy of the principal BE of these impurity species‘
strongly depends on the ionization energy of these impurities. .It has
been also found that the shift is larger for shallow impurity such as
lithium compared with relatively deep impurity such as arsenic. This
is another evidence for the role of inter-impurity interaction on the
appearence of such an anomalously broad luminescence band and the

- characteristic peak-energy shift since overlapping of the impurity wave

function is larger for shallow impurity like lithium.

11-5. excitation-level dependence

In the low-impurity concentration region below 1016 <:m—3 where the
inter-impurity interaction mentioned above can be neglected, exciton
Juminescence spectra of silicon are;dominated by FE, BE and BMEC lumi-
nescence lines. In the photoexcited states of a ctystal, generated
excitons recombine.in some part and are captured by a neutral impurity
and a formed BE, resulting in BE and BMEC, respectively. The formed BE

and BMEC also decay in their given lifetimes. Thus the populations of
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FE, BE and BMEC are in principle determined by the formation and decay
kinetics of the system rather than by thermodynamics. In order to
investigate the recombination kinetics of the FE, BE and BMEC system, we
have measured precisely the excitation-level dependence of the lumines-
cence intensities of FE, BE and BMEC in impurity-doped silicon with the

n 15 cm-3. These experimental data are

content ranging from 10 to ]O
analyzed on the basis of a model for the recombination kinetics of the
system taking into account two physica} processes determining the popu-
lations among FE, BE and BMEC, namely EC and AR processes.

Figure 7 shows the luminescence spectra of Si:B taken at several
different excitation levels. Thg intensities of FE luminescence line

(FETO) and BE line (BE increase approximately linearly with exci-

TO)
. . 0,2 0,3y . .
tation level, while those of BMEC (A"X" and A“X’) increase more rapidly
with increasing excitation level than FE and BE. Figure 8 shows the
plots of the luminescence intensities of FE, BE and BMEC as a function
of excitation level for Si:B. At low-excitation levels, the slopes of

the plots in Fig. 8 are approximately 1, 2 and 3, in the double-loga-

rithmic scale, for BE, BMEC ACX? and BMEC OX3

, respectively. The slope
is 1 for the FE luminescence intensity in this whole excitation range.
These excitation behaviors of the luminescence intensities of FE,

BE and BMEC directly show the occurance of a successive reaction among

the exciton system as follows.
A0+ x = A%, A%+ 2x =a%%, A%+ 3x == a%3,... (2.

This successive reaction causes a kind of mass-action law in the steady

state given by
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W01 = K %10, 80T = K, 10T 117, 104 = K, AT (12, ..
(2.5)

where the brackets denote the density of the indicated center. The
reaction constants appeared iﬁ Eq. (2.5) are in principle determined
bybdynamical parameters such as EC and AR rates, which will be discussed
in detail in the following chapter. These excitation behaviors
approximately described by Eq. (2.5) offer a direct evidence for the
existence of BMEC cbntaining several excitons localized at an impurity
center as the origin of a series of satellite lines of principal BE
luminescence line. |

As can be seen in Fig. 8, the intensities of BE and BMEC graduafly
saturate at high excitation levels. This saturation behavior is
considered as due to the fact that the concentrafion of impurity centers
is finite and the densities of BE and BMEC localized at these impurity
centers saturate at high excitation levels. Similar excitation
behaviors are also observed for Si:P and Si:P, and the obtained results
of Si:Li are presented in Figs. 9 and 10. In thé spectrum of Si:Li, there

appear many BMEC luminescence lines labelled DOX, DOXZ,...,DOX7.

Plotted
in Fig. 10 are their luminescence intensities as a function of excitation
intensity. Higher-order BMEC luminescence lines of Si:Li shows stronger
dependence on excitation intensity, which is similar to the results of Si:B.
We have systematically measured such excitation-intensity dependence for
severaf Si:B, Si:P and Si:Li samplgs having the impurity content ranging
from lO]] 4y 10]5 cm_3. These data will be analyzed in detail on the base

of theoretical consideration on the formation and decay kinetics of FE, BE

and BMEC system.
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CHAPTER 111
ANALYSIS OF BOUND MULTIEXCITON LUMINESCENCE INTENSITY

In this chapter, we propose a model for the formation and‘decay
kinetics of the FE, BE and BMEC system and analyze experimental data
of the excitation-level dependence of the FE, BE and BMEC luminescence
intensities by making use of coupled rate equations taking into account the
EC and AR processes of BE and BMEC on the basis'bf the proposed model of
kinetics.. From a simple theoretical analysis of the experimental data, we
can estimate recombination parameters such as EC and AR rates concerned
with BMEC. The obtained values for Si:P, Si:B and Si:Li are discussed
in terms of the shell structure model of BMEC for these impurity species.
Finally, in the last of this chapter, theoretical considerations on the
EC rate (cross section) at a neutral impurity center in silicon is

presehted in comparison with available experimental data.
-1, a model for the formation and decay kinetics

In Fig. 11 we show the schematic diagram of the formation and decay

20) _

processes of the FE, BE and BMEC system The notations used here
are as follows: X and DOXm denote a FE and the m-th BMEC associated
with donor, where we consider donqr species here, however the essential
points described is identical to the case of acceptor. g and.wf are
the generation and recombination rate of FE, respectively. Cm is the

EC rate of the m-th BMEC. wm is the AR rate of the m-th BMEC. Here

we assume that photoexcited electron-hole pairs become FE within



Fig.

1.

Model of the formation and decay processes of the whole
system consisting of free exciton, bound exciton and

bound multiexciton complexes. In this model, exciton-
capture and Auger-recombination processes are taken

into consideration, where C, and W denote the exciton-
capture and the Auger-recombination rate concerned with the
m-th bound multiexciton complex. :
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infinitesimal lifetime and therefore the density of free electron-hole
pairs is negligible because all measurements have been performed at very
low temperatures. As shown in Fig. 11, a part of generated FE recom-
bines radiatively or nonradiétively. And the rest of the FE is captured
by neutral donor centers (Do) or BMEC centers with a help of phonon as

in the case of the carrier capture process at an ionized impurity center. ~

This prdcess, EC process, is described as follows:

DOXm + X — DOXm+] + phonon. (3.1)

The DOXm center formed by the successive capture of FE decays in

the finite 1ifetime through the following processes: (a) radiative
recombination of an exciton within the DOXm complex. (b) nonradiative
recombination of an exciton localized in the complex. (c) thermal

dissociatibn'of an.exciton from the complex. Amohg these decay processes,
the process (é) is considered to be negligible since the exciton-binding
energy to the complex is a few meV and sufficiently larger than the
thermal energy kBT in the liquid helium temperature region where all
measurements have been carried out in this work.

The nonradiative recombination process (b) is considered to be
dominant among these processes by the fact that many electrons and holes
are localized at high density around the impurity center in BMEC and
this makes the AR process caused by electron-electron (hole-hole)

~

Coulomb interaction quite probable. This type of AR process is called

81-83)

localized Auger-recombination process . kn this process, one

bound electron recombines with a bound hole while exciting a second

bound electron (hole) into the conduction (valence) band. In the case
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of BMEC, the Auger process is considered as follows: An exciton (electron-
hole pair) within BMEC pOx™ recombines while exciting a second bound
electron in the complex into the conduction band, leaving a ''charged"
complex described here as DOXm;zh, where h indecates a hole. This

charged complex is unstable since the residual hole in the complex is
subjected to repuisive potential from the positively charged impurity

core screened by electron-hole péirs included in the complex. There-

vfore; this process is subsequently followed by the release of the residual

hole from the charged complex, leaving the DOXm_Z complex and a released
free hole.. Hence, this Auger process is described as
%™ — = p%"? &+ e + h
—=~ p%™2 4 x , | - (3.2)

where we consider that an exciton is reproduced immediately by the

released electron and hole.

The kinetics of the BMEC system was briefly argued by Sauer 57)

58)

and Kosai and Gershenzon in their original works on the verification

of the BMEC model. Especially, Sauer formulated the simplified rate

equations for BMEC57).

However, the rate equations given by Sauer have
been found to be inadequate in interpreting quantitatively the expe-
rimental results obtained in this work as was shown in our previous

20)
paper . -

Here we consider the rate equations for BMEC, taking into account

the EC and AR processes. At the steady-state condition the rate equa-

tions are described as follows:
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where M is the density of DOXm complex (m=0 means the‘neutral impurity
centér)band N is the density of FE. In the rigHt hand of Eq. (3.3),
tﬁe first and second terms are due to the EC process, and the third and
fourth are due to the AR process. ~ The third term of Eq. (3.4) denotes
the reduction of the FE density by EC process to a neutral impurity, BE
and BMEC center. The fourth term of Eq. (3.4) indicates the FE density
reproduced from the AR process of BMEC, where we consider in the case of
the BE AR process that an excited carrier produced by AR is rapidly
captured by an ionized impurity center simultaneoﬂsly induced and there-
fore no FE is reproduced. In addition to Eqs. (3.3) and (3.4), n

satisfies the following normalization equation given by
Log =N, , | (3.5)

where Nl denotes the concentration of dopant impurity concerned.

To solve these infinitely coupled rate equations, we make the assump-
tion that under practical excitation levels as used in this experiments,
the densities of sufficiently higher ordered complexes becomes negli-
gibly small and therefore the infinitely coupled Eq. (3.3) can be cut off

at a certain value of m, namely

CmNnm =0, Wn =0 for m>k . (3.6)



where k is the critical value of m. Hence, the infinitely coupled Egs. (3-3)-
(3.5) reduces to a finite set of equations having k+2 unknown quantities
(no, Nyseenes N and N). Using these coupled equations, we can numeri-

cally calculate the densities of a neutral impurity, FE, BE and BMEC as

27)
I

if we can determine recombination parameters such as EC rate Cm and AR

a function of FE generation rate g and impurity concentration N

rate Wm involved in the kinetic equations.
As shown in Appendix, the solution of these equations is approxi=-

mately given by the following form of the density ratio in BMEC,

nm wm+] 1 + cm+]

nm+] Cm N Cm

for - m=1,2,..., k-1 ' (3.7)

N =" — ~ — , (3.8)
wf * z cmnm wf * Z Cmnm
m=0 m=0

‘where ) Wmnm in Eq. (3.4) is neglected in relative to the FE generation
rate g because it is the total density of FE reproduced from the AR

process of BMEC complexes. Then, we define the effective lifetime Toff

as N=gTeff, resulting in the following expression from Eq. (3.8),

Topp = 1/ M+ ) (3.9)

Cmnm]
m=0

The effective lifetime of FE is determined by both the intrinsic

recombination rate W_ and the total capture probability z Cmnm. Strictly

f

speaking, the latter term depends of the FE generation rate because the
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density n is in principle determined by FE generation rate as well as
dopant impurity content. However, it shoud be noted that the sum of
the density n is fixed from the normalization Eq. (3.5), even if the FE

generation rate highly increases. Hence it is roughly approximated
as ) Cn o~ Cofn =CHN,.
" Thus the total capture probability of a FE is considered to be hardlff
changed with the FE generation rate g, namely excitation intensity,
which also means that the effective lifetime of FE is nearly independent
of excitation inteﬁsity. Hence, the effective lifetime of FE is given by

Toee v 1/ W+ CoN ] . (3.10)

For comparison with experimental results, we consider the lumimes-
cence intensity ratio defined as R = I(DOXm) / I(DOXm+1). From Eq.
(3.7), R s written by

0,m. W W c
R = 1(D"x") - r,m m+l ] + m+1 . (3.11)

I(DOXm+]) wr,m+1 Cm N “n

Here I(DOXm) is the luminescence intensity of the m-th BMEC given by

I(DOXm) = W n_ by using the radiative recombination rate W . Eq.
r,m m r,m

(3.11) is rewritten as a function of excitation intensity Ie as follows,

e = e w1 S
m wr,m+l Cm TeffK +e _Cm

(3.12)

where K is a proportional constant in the form of g=Kle; Thus, the
theoretical formura of the luminescence intensity of BMEC, in the form

of the ratio, as a function of impurity concentration and excitation

- 40~



intensity is established here.

-2, a method of determining exciton-capture and Auger-recombi-
nation rates :

In this section we obtain recombination parameters involved in the
FE, BE and BMEC recombination processes on the basfs of the theoretical
forﬁulas obtained here. The experimental results of the luminescence-
intensity ratio Rm (m=1 and 2) of the m-th BMEC to the (m+1)-th BMEC as
a function of inverse excitation intensity ]/le for Si:B are presented
in Fig. 12. Essential features observed fof these plots are as follows:
(2) Data points of R (m=1,2) are well on straight lines for all the
samples. (b) The slope of the straight line becomes larger with increasing
impurity concentration. (c) A1l the straight lines have the same
intersection at I/Ie=0. These features are well consiétent with theo-
retical predictions from the formula of Rm, Eq. (3.12), introduced in the
previous section.

From Eq. (3.12), it is found that the luminescence intensity ratio

va'is a linear anction of inverse excitation intensity 1/Ie, for Toff
is nearly independent of Ie as mentioned above; see Eq. (3.10). The
slope of the linear function Rm(l/Ie) is written by substituting Eq.

(3.10) into Eq. (3.12) as a function of impurity concentration N, as

m' | W C K ’ . )
r,m+] m

where we define the slope in Rm(llle) as am(N'). Eq. (3.13) shows that

the slope in Rm~]/le plots increases with increasing impurity content

N 20)

| Another theoretical prediction from Eq. (3.12) is that the

-4} -
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value of R ~at 1/1 =0 is given by (W_ /W )/(Cm+]/Cm) and therefore

r,m r,mtl

independent of impurity content. And hence, these features observed in
the experimental data of Rﬁllle plots are completely explained by the
theoretical formula of Eq. (3.12). Similér results have been also

observed for Si:P and Si:LiZ]).

The typical results for Si:Li are
Shownﬂin Fig. 13.

Thus, we can estimate EC and AR rates, in the form of their ratio,
‘direct]y from Rm-I/Ie plots on the basis of Eq. (3.12) by using the follow-
23)

ing relations

W
m+l r,mtl — _
< = R (171> 0) for m=l,2,... - (3.14)
m r,m v
W - c a (N))
wm+] - r,m-1 r£m+l Cm am ;N : for m=2,3,... (3.15)
m (Wr m) m-1 m-1""1 :

Furthermore, the value of CO’ the EC rate at a neutral impurity center,
can be also determined from an analysis of excitation-intensity depen-
7)

dence data of the luminescence-intensity ratio of BE to FE2 , which is

presented in chapter 1V.

111-3. exciton-capture and Auger-recombination rates of phosphorus;
boron and Tithium BMEC

Using Eqs. (3.14) and (3.15), we have obtained EC and AR rates of
BMEC for Si:P, Si:B and Si:Li from the analysis of the systematic expe-
rimental data of excitation-level dependence of the luminescence-
intensity ratio Rm for these impurity species. In the analysis of the

15)

BMEC luminescence intensity, so-called a-line series in the no-phonon

spectral region are taken into.account for phosphorus. Principal BMEC

Lk



lines in the TO-phonon region, see Fig. 4, are used for boron and lfthium.
Here, the radiative recombination rate wr,m for the m~th BMEC is assumed
to be proportional to the product of the numbers of electron and hole in
the impurity-specific shéll concerned with‘transitions of these BMEC-
‘luminescence lines. The values of radiative recombination rate are
presented in Table I. Making use of the value of wr’m, we have obtained'x_'
EC and AR rates from the Rm—l/Ie,plots as shown in Figs. 12 and 13.

Figure 14 shows plots of the AR rates of BMEC normalized by
that of BE.v As well known, the AR process which involves three particles,
namely two electrons and one hole for the eeh-process or one electron
and two holes for the ehh-process, is characterizea by its carrier

82).

dependence of the recombination rate The eeh-process shows‘nzp

dependence and the ehh-process shows np2 dependence, where n and p are
the electron and hole density, respectively. We have calculated simply

2).

the AR rate of donor BMEC using the following formula2
W= A, )% (3.16)
m 1,m 1,m ’ : )

where A is a proportional constant, and n and Pl o 23Fe the local
b

I,m

density of electron and hole localized in the m-th BMEC, respectively.

These densities are defined here as

= 34-1 _ 31
I (m+l)[(lm/3)(a}’m) 1, Pim = m[(‘m/3)(b],m) 1 7.(3.17)
I and b] m is Bohr radius of electron and hole in the m-th BMEC, res-
pectively. The value a and b have been recently estimated by

1,m 1,m
Winsche et allez The calculated values of W by using Eq. (3.16) are
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20

4. Plots of Auger-recombination rates as a function of
the order m of bound multiexciton complex, where m=1]
means bound exciton. Dashed line shows the calculated
values using the formula; Wm = A(n1,m)2p],m, where
Pl,m and ny n are the '"local density' of an electron
and a hole focalized in m-th bound multiexciton comp-

lex.

Fig.
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plotted in Fig. 14. As is shown in this figure, the variation of AR

rates Qf phosphorus BMEC with the order m of BMEC is small as compared
with those of lithium and boron and also calculated values. For phospho-
rus BMEC, as is expected by the shell modeIISZ two electrons in the

first F] are highly localized in the central-cell region of an impurity
centéf compared with remaining electrons iﬁ the next F3,5 shell, and

hence two electrons in the P] shell effectively contribute to the AR
process of phosphorus BMEC. This makes the variation of the AR rate

with the order m éma]l, which is consistent with experimental observations.
On the other hand, in the casé of lithium all the electrons in the

ten-fold degenerate T inner shell contribute equally to the AR process

3,5
and therefore the rate depend_on the total numbers of electron and hole.
This makes the change of AR rate with the order m of BMEC large. The
difference between the experimental values of wm and calculated values
is considered to be as due to the fact that the shell Structure of BMEC
has not been taken into account in the calculation of a]’m and bl,m by

16).

Winsche et al As can be seen in Fig. 14, the behavior of AR rate
of boron BMECFhaving the highly degenerate inner shell like lithium is
similar to that of lithium BMEC.

EC rates of phosphorus, lithium and boron BMEC obtained by the
-method described above are plotted in Fig. 15. The clear difference in
the dependence of EC rate on the order m among these impurity species is
also observed. Contrary to behaviors of AR rates, the EC>rate of
phosphorus BMEC shows strong dependence on m compared with‘lithium and
boron. In the EC process of BMEC, it is considered that excited shells

of BMEC play an important role for EC process in contrast to AR process.

At least two types of EC process are considered and the details are

-48-
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Fig. 15. Plots of exciton-capture rates as a function of
the order m of bound multiexciton complex.

_1*9..



Fig.

16.

| 2 ______ig:::j {67y §73Tge 2l
0.5
( p°%° ) :
1 {er 74T o, 1T 1}
g i 3,57 4Tgr Ty
A, B,
3 [% (5T, 473Tg AT, )
2 {47y 5. 1T :4Tg) ;
p%x* ) - >
n 1 {5r3'5:4r8}
4 —
1]
Ay By By
2 r% (375 5,17 337} v,
0.3 LA -
%% ) 1 - fary 5237Tg)
n3 .
Ay By
: 2 r% 120, g1y a2rg
p’x% ) 1 £ (31, 27y -—
' I w
n2 3
1\1 Bl
3 (gi (20y gilr, )
2 (% 2 {1ry g.1T3:1Tg) W,
n’x ) 1 —i S FI LY =
ny !
*
Ao Bo B
2 () Wy
( 0% 1 e, o) -~
3,5
ng -

Schematic representation of exciton-capture and
Auger-recombination processes of lithium bound
multiexciton complexes. Two types of exciton-
capture processes, labelled Ay and By, are classi-
fied. In the Ay process, an exciton is captured
directly into ground state of bound multiexciton
complex, and in the By process an exciton is initially
captured at excited states and relaxes to the ground
state.
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schematicaliy shown in Fig. 16 in the case of lithium BMEC.
In the EC process labelled Am(m=0,l,2,..) in this figure, both of

electron and hole go into their ground shell T
0,5

and TS, respectively.

3,5

In the case of BMEC D , @ hole is captured into the lowest excited
shell labelled FX, On the other hand, in the Bm(m¥0,l,2,...) type

. process, either of electron or hole or both is initially captured into
the outer excited shell, the F] shell for electron and the r* shef! for
hole, and subsequently relaxes to the ground shell with emission of
phonon. The Bm process is consid;red to be more effective. than the

Am type process since in the Bm process momentum transferred from FE to
phonon is smaller than Am process. This is consistentbwith the so-
called cascade-capture process of a carrier at an ionized impurity

85)

center

Therefore, the energy level spacing and the degeneracy of

the excited shell of BMEC in the excited state determine the value of EC

rates. It should be noted that phosphorus BMEC has the highly degenerate
excited electfon shell P3 5 with ten-fold degeneracy, whereas lithium BMEC has
’ 15)

two-fold degenerate outer F] shell . Hence, the difference in the degene-
racy of excited shell between phosphorus and lithium is closely related to the
difference in the behavior of EC rate observed in Fig. 15. The obtained values

of EC and AR rates are summarized in Tables . i! and I(!1I.

IH-4, transient decay behaviors

Transient decay measurements on BMEC luminescence lines of silicon

63,68,84,86) the

have been made to examine the origin of BMEC lines
results leading to the identification of the shell structure of BMEC.

We have tried to generalize theoretical considerations on the kinetics

..53..



of BMEC from the steady-state to transient decay behaviors on the basis
of the rate equations of Eq. (3.3) and (3.4). There are two available
experimenﬁa] data for the time transient measurement of BMEC lines in
Si:Li58’8h). For comparison with these data, we have calculated transient
decay behaviors of BMEC, especially lithium BMEC, by solving numerically
Egs. (3.3) and (3.4) using the experimentally obtained values of EC and

21).

AR rates The theoretically calculated decay curves of BMEC (DOXm,
m=1,2,.;5) in Si:L1 for two Li concentrations ére presented in Fig. 17.
In the calculation, we assumed that the exciton generation rate g is
102] cm_3sec_] in the initial condition. The essential featﬁfe in the
décay curves does not change drastically with the value of g, but rather
strongly depends on the impurity concentrationZI).

‘Although a detailed fitting of the célculated decay curves to the
previously reported data cannot be done here because of having no know-
ledge to their detailed experimental conditions, it has been found that
the calculated decay curves of BMEC lines in Si:Li reveal some charac-
teristic features observed in the previously reported decay curve558’84).
As can be seen in the decay curves for thevlithium concentration of
10]5 cm_3, the rounding is seen in all the BMEC lines at early times and

86). At higher doping

their decay curves becom exponential for longer time
levels, the transient decay of BMEC lines becomés more rapid and shows
two decay times for higher order BMEC lines, as shown in Fig. 17-(b).
This behavior in the decay of BMEC_luminescence lines is well consistent

58)

with data reported by Kosai and Gershenzon for Si:Li with lithium
concentration of 3x10]6 cm—3. The appearance of the first and second
decay time presented in Fig. 17-(b) is considered to be as due to the

existence of reproduction phenomenon of FE induced by the AR process of

_5h_
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Fig.

DECAY TIME (usec)

18. .

Auger lifetime

: = calculated decay time
K\
- N o Kosai and Gershenzon
= w4 Schmid
1k
107

1 1 1 I 1

] 2 3 4 5
NUMBER OF EXCITONS

Plots of the calculated decay times and Auger lifetime
(1/Wn) experimentally obtained in this work. Decay times
obtained by photoluminescence decay measurements by

Schmid (ref. 84) and Kosai and Gershenzon (ref. 58) are
also plotted.

~
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BMEC as shown by Eq. (3.2). Actually, we have calculated the transient
density of FE, denoted by N in Eq. (3.4), and found that the fourth term
of Eq. (3.4) determines the decay characteristics of FE. Namely, a large
amount of FE is reproduced from BMEC already formed in the initial (t=0)
state and makes the decay constant observed in thg usual transient measure?
ment of FE large.‘ This also causes the first (small decay constant)
and second (long decay constant) decay times of BMEC luminescence lines
as can be seen in Fig. 17-(b) and the experimental data of Kosai and
Gershenzonss).

The cé]culatéd decay times, estimated from plots as presented in
Fig. 17, as a function of the order (numbef of localized excitons) m of
BMEC are shown in Fig. 18. It shouId be noted that the decay times
depend strongly on the impurity concentrations as mentioned above.
The decay times vary gradually with impﬁrity concentration and tend
toward those of the AR lifetime, l/wm, at higher impurity concentration.
It shoud be a]go noted here that the decrease in decay time with the
order m of BMEC agrees well with experimental data which are plotted
fn the figure.

Thus, it has been found that the kinetic Fas. (3.3)—(3.5) of the
FE, BE and BMEC system proposed in this work well explain both the .

steady-state photoexcitation behaviors, such as excitation-level and

impurity-concentration dependence, and the transient. decay behaviors.

1ti-5. exciton-capture cross section at a neutral impurity

As was shown in the previous sections, the EC process is the dominant
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formation process of BE and BMEC. However, little is known about the
EC process in both theoretical and experimental aspects. In the pre-
sent work, we have obtained for the first time the EC rates of BE and
BMEC as well as those of a neutral impurity center. There exist a few
experimental data available in the case of the EC cross section on a
neutral phosphorus, boron and indium impurities, which were obtained

87’88). Recently, Elliot et al.

from luminescence decay measurements
have obtained the temperature dependence of the EC cross section on a
neutral indium impurity from a study of photoluminescence decay of the
indium BE, showing that the EC cross section decreases with increasing
temperature. The temperature dependence is similar to that of the
free carrier capture cross section at an lionized impurity89).

In the case of free carrier capture process at an ionized impurity
center, such a temperature dependence is explained in terms of so-called

cascade capture process , in which a free carrier is initially
captured into excited impurity states and cascades down a ladder of
excited states with emitting phonons. The re-exciting process of a
free carrier from the ladder of excited states, whose energy levels are
quite close to the band edge, causes the decrease in EC cross section at
high temperatures.

On the other hand, to our knowledge, we have no theoretical work on
the EC process on a neutral impurity as well as that on BE and BMEC.
Hence, in the present study, we have carried out a simple calculation
for the phonon-assisted EC rate (cross section) at a neutral impurity in
silicon. Figure 19 schematically shows the phonon-assisted EC process at

. >
a neutral impurity. In this process, an exciton (1s,K), where we

neglect '"'inter-band transitions' of an exciton such as the 1s to 2s

-58-



L
K
lK

E4 |
L/
) n=1
s K>

QEQ-;)“ ------------- .

[
}
|
!
! Epx
|
1
1
!

BUK) LA~ phonon

ezl /////7/'//7//7/,/;////,1/7/117zp Lo _

K q
jbound e-~h pair)= ZB([K)‘Ils,IK) ‘
2,2 K

Schematic representation of a LA-phonon assisted
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transition, is captured into a neutral impurity to form BE with émission
of a phonon. Here, a longitudinal acoustic (LA) mode of phonon is
taken into account. In the EC process involving one phonon emission
to the ground BE state, the emitted phononhas the energy determined from the
energy-conservation law giQen by be+‘ﬁ2K2/2M. Simultaneously, in this
process, the (15,2) exciton is scattered by the emitted phonon to the .
(15,?-Ef) exciton virtual state. It should be noted that a localized
electron-hole pair state in BE, which is the final staté of the EC
brocess, can be composed of a superposition of free exciton states in
the 1s excitoﬁ band. ‘

Namely, the transition probability W(E,af) of the (Is,?) exciton to
a bound electron-hole pair state (BE state) with the emission of a
phonon having the wave vector af is prdportional to the superposition
amplitude [B(?—af)]z, where B(K) is defined later by Eq. (3.24). Then
we can get the EC cross section by averaging W(K,af) over K and EF’

taking into account the thermal distribution function on the transla-

tional kinetic energy of ‘an exciton and the phonon occupation number.
S
!

Here, we describe a FE creation (annihilation) operator N

K (ex,k*) as
v,k , (3.18)

where C; " (Cu z) is an electron creation (annihilation) operator of p-
b ’

band (¢ indicates the conduction band and v the valence band). FA is

~—

. > .

a Fourier transformation of the wave function of FE (A,K), where X is the
hydrogenic quantum number and K is the translational wave vector.

Here, we consider the ls exciton state having the hydrogenic 1s wave

function.  Then, F]s is written by
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. 8’“1/2 |
F (K’k 3‘}2 572 > > 2 2.2
(2)>/ %)% sk ) 1/a)]

Is h) = ] ‘ (3]9)

where a is the exciton Bohr radius and B is defined as B = mh/M
(M = m + Mys where m, and m are the effective mass of an electron and
a hole, respectively and we also define o as.a = 1-8) On the

other hand, we define a creation (annihilation) operator b+ (b) of a
electron-hole pair localized at a neutral impurity site, namely BE

creation (annihilation) operator, as follows:
Gk ,k) c »¢C » (3.20)
Ky LR GR . 3-

where G is a Fourier transformation of an appropriate wave function of a
localized‘e]ectron and a hole in the BE complex. In the definition
of Egs. (3.19) and (3.20), we consider the state composed of the filled
valence band, empty conducticn band and an additional neutral donor as
the electronic ground state. Both spin and many-valley effects on the
BE states are neglected here for simpiicity.

Using the variational wave function of a bound electron and hole in
the donor-BE state presented by Winsche et al.]6) for the calculation of

the exciton binding energy of BMEC, G is written by

> > 1 > >
Olkesky) =758, (k) 95 (k)
(2m)
1/2
> 8w 1
ap [k, + 1/3, ]
2 2
i) = By b (.22
3 bbx [kh * ]/bbx] ' '
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where A« and bbX is the Bohr radius of an electron and a hole in the BE

complex, respectively. The bound electron-hole pair creation operator

s o+

b’ can be expanded in terms of the exciton creation operator eis E as
. :
b' = B(K) e (3-23)

-+ >
G(K-kh,kh) . : (3.24)‘

Then, we introduce the transition probabiltity of the (IS,K) exciton to a
bound electron-hole pair (BE state) based on the exciton-acoustic phonon
interaction formula presented by Toyozawa90’9]). The exciton-phonon

interaction Hamiltonian Hex—ph can be expresses in the second quantization

formula as

VA,A' +

(@ (a2 - a12) el .0 >

q -q’ “A',K+q ALK . (3.25)
Here, ag (aa) is a creation (annihilation) operator of a phonon with the
wave vector 3. v is a mode of the interacting phonon. When the LA mode
of phonon is taken into account, the magnitude of the exciton=phonon
coupling V is formulated as, based on the deformation potential appro-

92)

ximation . ~
Ay 1/2 > >
Via~ () = (ha/2oc v ) 7D v, (q) - D v, (q)] , (3.26)

where D_and D is the deformation potential (dilatational) constant of
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the relating valence and conduction band, respectively. p is the mass
density and Cs'is the sound velocity. Vo and v is written, in the

90)

case of 'intra-band transition' of FE, namely A=A'=ls, as follows:
> 2,-2 > ' 2,-2
vola) = [1 + (Bqa /2)"1 =, vy (q) = 1 + (aqa /2)"] . (3.27)

Taking into account the exciton-LA phonon interaction, the transition
probability of the (ls,ﬁ) exciton to a localized electron-hole pair

state (BE state) is described as

1 2
l

TN 2T > > - (r _r -
w(®) MUCERIEE MR IICER AR (3.28)
D h is the phonon density of states given by Vc/(2ﬁ)3, where VC is the

. vz . . . - . .
volume of the crystal. M(K,qf) is the transition matrix element. Here,

assuming the parabolic exciton band, we obtain

~ _ 2.2 N S e a
Ec E, =4 K/2M + B ’ﬁwph(qf) . (3.29)

be is the exciton-binding energy of BE concerned and-ﬁmph(af) is the
energy of the emitted phonon with the wave vector af, which is appro-
ximated in the smaill wave vector limit (elastic approximation) aS‘ﬁCSqf.

The matrix element is calculated as

~

TN s o> 1s,1s, > - 1/2
MR = 4B 0] 3SR I @) v ] . 6.30)

where nj is the phonon” occupation number written, in the thermal



average, as

‘ (3.31)

ni (3g),, = lexp (i (@p)/kgT) - 117

Using the transition probability W(K), the change in the density of

FE by the EC process at a neutral impurity center in a time At is obtained as

N (K,t)

_ f [N (K t+at) = N (K,t)] in f:[ [ X — 1 at &K

AN (t) ot

{ MEN (KON, ] at dK . (3.32)

Here, Nx(ﬁ,t) is the occupied density of the (1s,K) exciton state at

time t and Nl is the density of the empty neutral impurity center.

Then,,Nx(K,t) is written in the conventional formula described as
N (K,t) = N(t) g expl-e, . (K)/k,T] (3.33)
x'? 0 kin B ’ : ‘

2 2 .
where skin(?) = H°K"/2M is the kinetic energy the of (]S,K) exciton.

N(t) is the total FE density given by
N(t) = [ N (K,t) dK : (3.34)

cO is described as

n’ (3.35)
Chn = . - (3.35
0 (ZHMkBT)3/2
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Here, we define the EC rate at a neutral impurity center which

93)

satisfies the following relation;

AN(t)

= T CN(ON, | (3.36)

as appeared in the kinetic equation of (3.4). Thus, substituting Egs.

(3.33) and (3.35) into Eq. (3.32), the EC rate at a neutral impurity C,

is given as a function of temperature T by

J W) expl-e,. (R/k,TI K . (3.37)

Furthermore, the average EC cross section CO(T) at a neutral impurity is

obtained as

3
_ _ h -> _ > >
GO(T) —_CO(T)/Vth(T) = —————————j-f W(K) expl ekin(K)/kBT] dK,
SWM(KBT)
(3.38)
where Vih(T) is the average thermal velocity of FE given by

)1/2

V.h(T) = (8kBT/wM (3.39)

¥

Typical results of the calculated values ofbthe square of the

superposition amplitude {B}Z of BE defined by Eq. (3.2L4) and the tran-
sition probability W of the (ls,?)”exciton to the bound electron-hole

pair (BE) state in Si:P as a function of K along the (100) direction are
shown in Fig. 20. Here, in these calculations, we consider the A0 type
process (See Fig. 16) in which an exciton is captured into a neutral

phosphorus impurity to form a BE in the ground state, namely ground
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(G-G) capture
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Fig. 20. Calculated results of transition (capture) probability
W(K) of (1s,K) exciton state to a bound exciton (localized
electron-hole pair) state. Calculated curve of [B(K)]Z2,

the square of an expansion coefficient in the form of Eq. (3.23)
is also shown (solid curve) .
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state (neutral impurity) to ground state (BE state) capture process

denoted as (G-G) captute. Although we have to take into account the

cascade type EC process shown by B0 in Fig. 16 to get the re]iéble value

of the EC cross section, it is found that the calculated EC cross section

of Si:P taking into account the AO type transition decreases with increasing
temperature, varying in about one order of magnitude from 4.2K to 30K, |

88)

which is consistent with the experimental observation .
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CHAPTER IV

PHOTOLUMINESCENCE METHOD OF ESTIMATING IMPURITY

CONTENTS AND DOPANT COMPENSATION RATIO

Characterization of semiconductor materials is particularly impor-

23,24)

tant in the development of semiconductor devices Various kinds

25,26) techniques of semiconductor material

of electrical 94) and optical
" characterization have been utilized so far. Especially, recent progress
in LS| technology demands nearly-perfect silicon single crystals and
therefore great improvement of analysis methods for a small amount of
impurities and defects involved in silicon'crystal is required. | For
this purpose, optical techniques such as photoiuminescence are promising
because of its inherently high sensitivity to impurities and defectsZS).
Photoluminescence has been previously uﬁed for the identification of
iﬁpurities involved but rarely used for the quantitative characterization
of the impurity concentration except that an attempt of determining the
dopant fmpurity concentration of relatively‘high-purity silicon has
recently been reported?S) This is due to the fact that photoluminescence
spectra of silicon change drastically with excitation level, dopant
concentration, compensation ratio and so on. Hence, in order to uti-
lize photoluminescence for the characterization of silicon crystal, é
through understanding for the relations between observed photolumines-
cence and such parameters as menti;ned above is neccessary.

In the previous chapter, we have proposed a model for the recom-

bination kinetics in the whole system including FE, BE and BMEC, and

found that the excitation-level and dopant-concentration dependence of
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these juminescence intensities can be consistently e*plained by the
results calculated from the rate equations based on the model. In the
limit of very low excitation level, some of FEs generated by the irra-
diation of the excitation light recombine radiatively, that is the FE
luminescence, and the rest of generated FEs is captured by donQr or
acceptor impurities involved, resulting in BE whose radiative recombi-
nation is the BE luminescence. In this simple case, the density of BE
is approximately proportional to the density of FE and impurity center.
Therefore, if we measure the luminescence-intensity ratio of BE to FE
taken at very low excitation levels, we can estimate the impurity content
involved in the sample from a simple analysis of the ratio.

However, this simple relation is not always valid over a wide
range éf excitation level. At High excitation levels, some of FEs
are captured by impurity centers and other FEs arealso captured by BE
formed already, leading to the formation of BMEC. Hence the problem
becomes more complicated in the case of such high excitation levels.
To clarify the details of the exciton luminescence of silicon and to
develop an analysis method of photoluminescence for the purpose of
characterization of silicon single crys;al, we have studied theore-
tically and experimentally the FE and BE luminescence as a function of
excitation intensity and dopant impurity content27z As a result, we
have found a method of ‘determining directly the dopaﬁt (boron and phos-
phorus) content and the compensation ratio in relatively high-purity

~

silicon singje crystals.

V-1, formulation of the luminescence-intensity ratio of BE to FE
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in this section, we express the luminescence-intensity ratio of BE
to FE in the analytical form on the basis of the model for the formation
and decay kinetics of FE, BE and BMEC, which was proposed in the previous
chapter for the interpretation of the excitation-intensity and dopant-
content dependence of the BMEC luminescence of silicon. The rate
equation at the steady-state condition for the density of BE is written

as follows:

0= — = CONnO-(C]N +Wn, Wang , (4.1)
where N is the density of the m-th BMEC (n0 denotes that of neutral

impurity and n, that of BE) and N is the density of FE. Cm is the EC

1
rate on the m~-th BMEC. wm is the AR rate of the m-th BMEC.

Here we define the luminescence-intensity ratio of BE to FE as
Rose(aa’) = 1CBELV/ICFEL) o .2)

I(BEq) and I(FEq,) indicate the luminescence intensity of BE with emission
of a momentum-conserving phonon q and that of FE with emission of a
phonon q', respectively. When we estimate the luminescence intensity

ratio from the peak heights of the luminescence lines for both BE and

FE, Rb/f is expressed as
n] -~ .
Rose = W Wpyelasa’) : | (4.3)

Here, wb/f denotes the ratio of the radiative recombination rate of BE

to FE, which can be written as
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2 1/2
|be(q)f ﬁwq m (kBT .

12 ho 1/2 ) ’
M (@) ]° ™q 2(2m) %0 (a) Sa(ﬁwa,cx)(h.h)

)3/2

where be(q) and Mx(q') are the momentum matrix element for BE recom-
bination with emission of phonon q and that for FE recdmbination with
emission of a phonon q', respectively. ﬁmq and ﬁmq, are the correspon-
ding transition energy at the peak position of the luminescence spéctra
of BE and FE. The factor (/?72)(kBT)3/2 is introduced by considering
the thermal distribution function on the kinetic energy of FE , the
details of which was discussed b? Witliams and Bebb96z and the factor
disappears if we consider the integrated luminescence intensity of FE
instead of the peak height of the luminescence line. %px is the Gaussian-
"broadening factor inherent to the BE-recombination line with emission
of a phonon q. Then, we define.a line-shape function of FE recombif

39,50)

nation line as

Flruio) = J (e-€,,) ' Pexpl-(E-€ ) kT G ha-E) dE . (4.5)

Eth

In this formula, we consider a Gaussian-broadening function written by

2 .
62(hw-E) = ! - exp - (hw-€) _ (4.6)

‘ (@0'% (@) 200, (a1

where ox(q') is the Gaussian-broadening factor inherent to the FE recom-

bination. Eth is the threshold energy of a FE luminescence line asso-

ciated with the momentum-conserving phonon q' described as

Eeh = Egx ~ Tw (") , (8.7)

-



where ng is the exciton energy gap and hmph(q') is the energy of the
momentum-conserving phonon q'. The calculated values of Wb/f(q,q') for
both boron and phosphorus are shown in Table IV. Parameters used in
the calculations are also listed in Table V.. Here remark should be
made for the slit width and resolution of the spectrometer employed.

It is not practical to measure luminescence spectra with extremely high .
resolution for the analysis of the weak exciton lum}nescence intensity
in the range of low excitation levels. Therefore the slits of the
spectrometer should be set to an appropriate width for measurements.

In this case, the intrinsic broadening factors, o, and O in W

bx b/f
defined by Eq. (4.4) should be replaced by those including spectrometer
broadening.

On the other hand, the density ratio of BE to FE, n]/N, can be
obtained by solving Eq. (4.1) and written as

1"_ 0! ]
N "] 1 + [(C +c])/w]] N ’ ' (4.8)

0

in the low-excitation condition, where one can approximate as no+nI ~

Nl and CONnO >> w3n3 in Eq. (4.1). From Eqs. (4.3) and (4.8), the

luminescence intensity ratio Rb/f is expressed as a function of impurity

content and excitation intensity le as follows:

C.N !

0l
R ,cla,q") = ——W,_,.(q,q")_ (4.9)
b/f W, Tb/f 1+ [(c0+c])/w]]meffle

As mentioned in the previous section, Toff is the effective lifetime of
FE and it depends on dopand content (See Eq. (3.10)). Here we define

0 o . . _
Rb/f , which is the value of Rb/f in the limit of Ie—O, as
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0 CoNy

Rosf = W

L uyplaat) (4.10)

Thus, we have obtained the theoretical formula of luminescence-intensity
ratio of BE»to FE, defined here as Rb/F’ as a function of excitation;
level Ie and dopant content N', and therefore we can characterize the.
dopant impurity content on the basis of the theofgtical'formula, which

will be shown in the following sections.

lv-2. determination of parameters involved in FE and BE recombination
' processes

To analyze the dopant impurity content based on Eq. (4.9), some
recombination parameters in EC and AR processes need to be determined.
Recently, the recombination rates of BE in silicon have been precisely

81)

studied by Schmid and Osbourn et 31.99,100) for various kinds of
common.group-il1l and V impurities. The results show that the recom-
bination rate of BE in silicon is essentially determined by a phononless

Auger recombination process and strongly depends on the ionization

energy of a donor and an acceptor.

On the other hand, we have no available data of such EC rates concerned
with common group-111 and V impurities in silicon. Hence, in this work,
we have determined the EC rates at neutra} impurities, boron and phos-
phorus, which are common dopants used for IC technology, from the analysis
of excitation-level dependence of Ihe BE and FE-luminescence intensity.

These measurements have been made for high-purity (standard) samples.

For this purpose, Eq. (4.9) is rewritten as

' C.+C
[Ry/ela,a]™ = R (@170 v =2t ke 1 1, ()

1
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This equation shows that the inverse luminescence-intensity ratio,

-1
b/f

experimental data of excitation-level dependence of [Rb/f(TA,TA)]—] for

R , is a linear function of the excitation intensity Ie. The

NP,TA)]-] for phosphorus taken at liquid helium tem-

-1
b/f

well on straight lines for both boron and phosphorus. This fact shows

boron and [Rb/f(

perature are shown in Fig. 21. Note that the data points of R are

that the excitation-level dependence of Rb/f is well described by Eq.

(4.11). Hence, from the intersections on the vertical scale in the figure,

0
b/f’

rate CO at a neutral boron and phosphorus impurity can be determined on

the basis of Eq. (4.10). The obtained values of C0 are shown in Table

we can estimate the value of Rg/f. Using the value of R the EC

Il of the previous chapter.

Iv-3. excitation-level dependence of the Iuminescente—intensity
ratio of BE to FE

In this section, the excitation-level dependence of the lumines-
cence intensity ratio of BE to FE is analyzed in detéil on‘the basis of
the theoreticél formula shown in the previous sections. Figure 22
shows the plots of the measured luminescence intensity of BE and FE as a
function of excitation intensity in a Si:B sample having the relatively
large amount of compensating phosphorus impurity. It should be noted
that there is a clear difference in the excitation-intensity dependence
between the BE and FE luminescence™lines. The Tuminescence intensity
of FE varies linearly with excitation intensity in this range of exci-
tation levels, while that of BE increases linearly only at low exci-
tation levels and gradually saturates with increasing excitation

intensity for both phosphorus and boron BE. This difference in the
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(a) Si:P 12
(b) Si:B115

5 (a)

{ Ry ¢#(NP,TA) y!

(b)

{ Ry, ¢(TA,TA) |

LUMINESCENCE -INTENSITY RATIO v(d.‘u.)

a a 1 A . " 1

50 100
EXCITATION INTENSITY (%)

Fig. 21. Plots of the luminescence-intensity ratio [Rp/f(q,q')]"1
as a function of ex€éitation intensity. Straight lines
are drawn by a least-square fitting to the data points.
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Fig. 22. Plots of the luminescence intensity of bound exciton,
free exciton and their ratio for Si:B as a function of
excitation level. Straight lines with the slope of 1
are shown to demonstrate the difference in the excita-
tion-level dependence between free exciton and bound
exciton luminescence.
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excitation-level dependence between the BE and FE luminescence lines
causes their ratio Rb/f to decrease with increasing excitation ihtensity.

The density of FE is deécfibed as N = KTefer = K(WF+CONI)—]Ie
under the range of low excitation levels employed here, as discussed in
the previous chapter. Therefore the FE luminescence intensity increases
linearly with excitation level ie in the excitation range under con-
sideration. However, it is not the case at sufficiently high excitation
levels where luminescence bands due to EHD are observed, probably two
orders of magnitude higher excitation levels than the 100 % excitation
levei (1.5 w.cm—z) in this work. Under such high excitation levels,
the FE-luminescence intensity ‘also saturates while the EHD luminescence
grows rapidlya).

The saturation behavior of BE luminescence at high excitation
]evels‘as observed in Fig. 22 is due to the fact that the most.ba;f of
impﬁrity centers contained in the crystal become saturated by the formed
BE and BMEC at high excitation levels.. We have theofetically calculated

the luminescence intensity ratio R /f of BE to FE as a function of excitation

b
fntensity in tﬁe wide range of excitation intensity, which is shown in
Fig. 23. The calculated curves jn Fig. 23 are obtained by numerically
solving the rate equations (3.3)-(3.5), taking into account BMEC AOX2
and AOX3 as well as FE and BE, for Si:B with two different boron contents.

Strictly speaking, the present rate equations do not consider effects
of EHD formation and therefore are not applicable to the high excitation
regime where the EHD luminescence ;bpeares. However, the caluculated
curves shown in Flg. 23 is still useful for the explanation of the

excitation behavior of the luminescence-intensity ratio of BE to FE in

this excitation range. As can be seen in this figure, the value of
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Rb/f is nearly constant at low excitation levels ranging from 0.015 to

0.15 w.cm—2 and rapidly decreases with increasing excitation intensity
from this low excitation range. Excellent agreement between theore-
tically calculated curves of Rb/f and the experimental data is obtained
at the excitation levels below 1.5 w.cm-z, showing that the luminescence

intensity ratio R is well described by the present rate equations or

b/f
the derived formu]a (4.9). Therefore, we can estimate dopant contents
by analyzing such plots of Rb/f in the excitation range below 1.5 W.cm_:Z
on the basis of the theoretical formula Eq. (4.9) for the luminescence

of BE to FE.
95)

intensity ratio Rb/f

Recently, Tajima has studied the dopant-concentration dependence -
of the luminescence~intensity ratio of BE to FE at felatively high
excitation levels, 100 - 200 w.cm—z, for boron- or phosphorus-doped
sf]icon. He found that plots of the luminescence*intensity'ratio of BE
to FE versus the net dopant concentration are well on certain specific
lines in double-logarithmic scale for both boron- and phosphorus-doped
silicon, and proposed that such plots can be used as calibration curves
for determining the dopant concentration of silicon. However, at high
excitation levels around 100 w.cm—2 the EHD luminescence components are
generally observed. In such a high excitation region 'where EHD is
formed in the crystal, the luminescence intensities of FE and BE are
strongly influenced by the density of EHDbas previously reported by

8)

Pokrovskii™’, and hence the luminescence-intensity ratio of BE to FE
becomes a complicated function of excitation intensity and impurity
concentration. The theoretical analysis is unfortunately impossible

because a through understanding for the influence of EHD formation to

the luminescence of FE and BE or their ratio is not established at the
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present stage. Therefore, it is impossible to examine theoretically
the calibration curves proposed by Tajima95). Furthermore, as he
pointed in his paper, such éaTibration cﬁrves cannot be used for sémples
with large dopant compensation ratio.

On the other hand, the theoretical background‘for the excitation-
‘intensityvand dopant-content dependence of the luminescence-intensity
ratio of BE to FE measured at low excitation levels is wél! estabiished
in ferms of the rate equatfons proposed in thfs work27). Therefore,
data of the luminescence intensity ratio of BE td FE can be analyzed for
the purpose of.characterization of the content of impurity involved in

high-purity silicon single crystals even if those contain a large amount

of compensating impurities, which is shown in the following sections.

V-4, photoluminescence characterization of dopant impurity contents
in silicon :

As mehtioned in the previous sections, tHe luminescence-intensity
ratio of BE to FE is described by Eq. (4.9) in the range of low-exci-
tation levels below 1.5 w.cm-z. From plots of Rb/f—] versus le’ we
can estimate precisely the value of Rg/f from the intersection on the
vertical scale of the plots (See Fig. 21). It should be noted here
thaf the value of Rg/f is essehtialjy determined by dopant concentration
N' and independent of the compenséZing impurities as can be seen from

Eq. (4.9). Hence, using the value of’Rg/f , the dopént content can be

easily estimated by using Eq. (4.10) as

Wi

! Wb/f(h,Q'7CO

R/ (a,a') : (4.12)
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The numerical factors in Eq. (4.12) are calculated from the data in

Table Il, Il and 1V, Here, we obtain the calibration relations for

dopant phosphorus and boron contents in silicon as follows:

12 .0 3

Nboron = 1.368 x 10 Rb/f(TA,TA) cm R ‘ (4.13)
o 10 .0 -3 -
Nphos. = 8.171 x 10 Rb/f(NP,TA) cm . (4.14)

For simplicity, Rg/f values can be also approximately obtained directly
by the measured luminescence-intensity ratio taken at sufficiently low
excitation levels below 0.15 W.c:m”2 without using plots shown in Fig.

21. As is shown in Figs. 22 and 23, the luminescence intensity ratio

R remains nearly constant in the excitation range below 0.15 W.cm_z.

b/ f
If we use the value of Rb/f at the 10 % excitation level (0.15 W.cm—z)
in place of Rg/f, it causes the error of about 15 % for the dopant
contents ( underestimation ) in silicon crystals. The data of the

dopant content of silicon measured by the above-mentioned calibration

relations are listed in Table VI.
Iv-5. . effects of dopant compensation

The existence of compensating impurities primarily induces an addi-
tional decay channel of FE and consequently causes the reduction of the
steady-state FE density. In this case, the FE recombination rate wf

should be replaced by wf' described as

+ C.'N ! , < (4.15)

- 1 ! |
We = We+ ] Co'n 'MW+ ColN

Fof
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where Cm' and nm' are the EC rate and the density of the m-th BMEC

| isthe content

concerned with a compensating impurity, respectively. N
of the compensating impurity.

Effects of the inclusion of compensating impurities on the exci-
tation*intensity dependence of the luminescence-intensity ratio of BE to
FE ;oncerned with majority impurity (boron) are shown in Fig. 24. Solid
curves in the figure were:theoretically calculated by the rate equations
(3.3)-(3.5) taking into account the densities of BMEC AOX2 and a%x3 as
well as those of FE and BE. Phosphorus impurity is considéred to be a
compensatiné impurity here. Calculations were done for several values
of compensation ratio. it has been found that experimental points are
well fitted to a calculated curve with the compensation ratio ND/NA =
0.32],_where NA and ND denote the dopant boron content and tHe compen-
sating phosphorus content, respectively - The data of Fig. 24 show
several sfgnificant facts; (]), The luminescence-intensity ratio Rb/f
remains nearly constant at low excitation levels below 0.15 W.cm-2 and
further it is nearly independent of the dopant compensatfon ratio in
this excitation range. (2) The Ry /¢ value decreases with increasing
excitation intensity beyond this excitation rahge and the decrease rate
strongly depends on the compensation ratio.

Agreement between the calculated curve of Rb/f and the experimental
data obtained in this figure shows that we can estimate the compensation
ratio of the sample from this fitting procedure tovthe Rb/f versus Ie
plots although this technique is somewhat complicated. Therefore we
consider mdre simple method of estimating the dopant compensation ratio

directly by the BE luminescence intensity ratio of majority dopant

to compensating impurity.
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Fig. 24, Plots of the luminescence-intensity ratio of bound exciton
to free exciton as a function of excitation intensity.
Solid curves are theoretically calculated for several values
of dopant comensation ratio. '

~
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Here we consider a compensated Si:B crystal with the inclusion of
phosphorus impurity since phosphorus is one of the most probable com-
pensating impurity in Si:B crystals. Then we define the luminescence-

intensity ratio of phosphorus and boron BE luminescence lines given by
' = .
Fpsglatsa) = 1CBE,(P) )/1(BE (8) ) . (4.16)

The ratio rP/B is written similarly to the ratio Rb/f as follows:

1 + [(C.+C,)/W, 1Kt I
rP/B(Q',Q) = rg/B(Q',Q) 0 1 ] eff e ’ (4-]7)

P [Cy +C ) uy ke et

where rg/B(q',q) is defined as

NOCoWW (g, M)
ro/glat,a) = e — 2 . (4.18)
A LWy "Wy elayq™) |

As already shown in Fig. 22, the luminescence-intensity ratio rP/B is
nearly .independent of the excitation intensity in the low excitation
range below 0.15 \d.t::m—2 though it sltightly chénges at higher excitation
levels, which is also consistent with the theoretical prediction from
Eq. (4.17). Therefore the value of rg/B can be easily estimated from
the Fpsg versus I plots. Using Eq. (h.l?), the compensation ratio

ND/NA can be obtained as follows.

~—

] 1
Np o CWy Wy elanat)

- 1 Ty I
N, Co WWp ¢ (at,a™) 'P/B

(Q',Q) - (4'19)

The numerical factors in Eq. (4.19) are calculated by using the data in

Tables 11, 111 and 1V, and Eq. (4.19) is rewritten as
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_ -2 0
W = 5.975 x 1077 1, L (NP.TA) ) (4.20)

Form this simple relation for the BE-luminescence‘ratio, we can easily
estimate the compensation ratio of phosphorus to boron or vice versa fn
silicon.

Figure 25 shows high-resolution luminescence spectra of Si:B with
extremely low compensation ratio in the no-phonon spectral région. Weak
BE luminescence lines of the compensating phosphorus impurity (BE(P))
are clearly resolved for these samples. Henée, the compensation rafio
of these samples can be determined from the luminescence-intensity ratio
of phosphorus BE to majority boron BE on the basis of the calibration
relation of Eq. (4.20). The obtained values of the compensation ratio
in Si:B used in this characterization study are presented in Table VI.

As is well known, the accurate dopant compensatioh ratio in a semi-
conductor can be determined only by a detailed anal?sis of the tem-
perature dependence of free carrier concentration or mobility obtained
from Hall-effect measurements by using parameter-fitting techniques‘OI).
However this method is very complicated and rather difficult for the
high-burity crystals partially because of difficulty in obtaining good
ohmic contacts to such samples at low temperatures afound'liquid hel ium
temperature. On the contrary, the present photoluminescence method
is essentially nondestructive (contactless) and highly sensitive to the
small amount of compensating impu(jties. Therefore, this photolumi-
nescence method of estimating directly the dopant compensation ratio

from the BE-luminescence spectrum is considered to be very useful and

simple compared with the conventional electrical measurements.
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CHAPTER V

CHARACTERIZATION OF THERMALLY iINDUCED

DEFECTS IN SILICON

Oxygen and carbon, which are principal residual impurities in
silicon crystals used for LS| technology, play a significant role for
the formation of grow-in and IC-process induced crystal defects.

Especially, various types of microdefects are introduced in silicon

crystal during high-temperature heat treatments performed for many times

23’2h). These microdefects, which are

in silicon-device processing
generally detrimental to the device propérties, are presently considered
to be closely reléted to precipitation phenomena of excess oxygen impu-
rity contained beYond the solid solubility in the case of Czochralski-
grown (CZ) silicon crystals. Recent works by Kishino et a].102—104)
using transmission electron miéroscopy and infrared (IR} absorption
méthods on the heat treatment behaviors of thermally induced micro-
defects have also shown that carbon impurity participates in the for-
mation of the microdefects and acts as a kind of nucleation center of
oxygen precipitates. This suggests the existence of cooperative intéraction
between oxygen and carbon impurities in heat-treatment process of silicon
ctsytals. However, little is known about the physical mechanism of the
formation of these microdefects.

In the viewpoint of physics on impurity states in silicon, the
elctronic structures of first-row impuritiés such as group-1V carbon and

group-Vl oxygen in silicon have remained so far unknown, compared with

common group-111 and V impurities having the shallow impurity levels in
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silicon. As for the oxygen in silicon, it has been predicted by

105)

Pantelides in his theoretical calculation of deep impurity levels
concerned with these first row impurities, based on a pseudo impurity
theory, that the electron binding energy of oxygen in silicon is about
3.0 eV and it can bind two (neutral oxygen state) or even three (negative-
ly charged oxygen state) electrons.

On fhe other hand, in CZ-silicon crystals, it is well knowh that‘
oxygen-related donors (0D) having rather shallow donor levels around 0.1
eV are induced by heat treatments in the temperature range between 300

and 500 °C3]’32). !.32)

Kaiser et a observed that the formation rate
of 0D depends on the fourth power of the interstitial oxygen concent-

ration [Oi] and the maximum concentration depends on the third power of

[Oi]' These experimental observations led to the so-called SiOh model
of 0D. Indeed, this SiOb model explains well the reaction kinetics of
0D. However, little is known for the formation mechanism of such

shallow donor states from the isolated oxygen impurity having rather deeb
impurity levels as shown by Pantelides. Recently, some new experimental
results have been reported and it has been pointed out that the electrical
activity cannof be explained by the SiOh model, suggesting an association
of lattice vacancies with the 0D formation]06’]07). In the present

work, we have studied in detail thermally induced defect states, espe-
cially the correlation with oxygen and carbon impurities, by photolumi-

28,30)

nescence, Hall-effect and IR absorption methods

V-1. procedures of thermal annealing and Hall-effect measurements
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Samples used in this annealing study were various kinds of commer-
cial CZ and float-zone (FZ) silicon crystal doped with boron or phos-
~phorus. The interstitial oxygen content [Oi] and the substitutional
carbon content [Cs] involved in the samples were determined from thg IR
absorption method using the well known calibration relations;" [Oi] =

2.73x10]7a cm-3 and [C_ ] = 1.]0)(]0]7 cm-3, where o is the
m s max

o
ax max

maximum absorption coefficient of the absorption line at 9 um for

08) 109)

oxygen] and 16.5 uym for carbon These values of [Oi] and [CS]

are listed in Table VIi. Heat treatment for the samples was carried

out at temperatures ranging from 430 and 600 °C in Ar ambient.
Hall;effect measurements have been made by using the conQentfonal

110) under the magnetic field with the strength of

van-der Pauw method
4 . .
10" Gauss. The values of free-carrier concentration n were calculated

by using the well-known relation given by n = l/th, where R and q are

h
Hall coefficient and electron charge, respectively. Therefore, the

present data of n estimated by the above-mentioned formula generally

include small errors introduced by the neglection of scattering factor.
V-2. Hall-effect analysis of thermally induced oxygen donors

Hall-effect measurements have been precisely made for CZ-Si:B samples.
The typical results are shown in Fig. 26. Figure 26 shows plots of
resistivity (a) and thermally induced donor density (b) as a function of
annealing period at 450 and 500 °C. As is shown in this figure, the
conduction type of the sample CZ-Si:B is converted from p to n-type
conduction within a few hours. Commercially available silicon crystals

are, in general, subjected to heat treatment around 650 °C before shipping
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Fig. 26, Plots of resistivity p as a function of annealing time
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Figure (b) shows plots of

thermally-induced oxygen donor density and intersti-
tial oxygen content as a function of annealing time.
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of silicon crystals so as to eliminate thermally induced donors generated
during the crystal growth process. However, as can be seen in this
figure, a large amount of donors are reproduced by subsequent heat treatments
even in silicon crystals already subjected to such a donor-elimination
process, which is one of the serious problems in silicon crystal growth
téchnology.

The difference in the generation rate of thermally induced donors,
here we call 0D, between 450 °C annealing and 500 °C annealing shows the
existence of a chemical reaction in the crystal, and actually the formation
and migration energy involved in the reaction have been obtained by the

32)

analysis of these plots The density of interstitial oxygen impurity
obtained by IR measurements for these annealed samples as a function of
the annealing period is also presented in Fig. 26(b). The interstitial
oxygen content decreases with incresing anﬁealing period, the result
suggesting that supersaturated oxygen impurities precipitate'even.at Tow
temperatures emp\qyed here. Hence, it is straightforward to consider

oﬁ the basis of above-mentioned results that oxygen precipi;ation pheno-
menon is closely related to the formation of thermally induced donors
(0D) generated at such low temperatures.

Figure 27 shows the temperature dependence of the electron density
obtained by Hall-effect measurements fdr'CZ—Si:B crystals type-converted
by heat treatment at 430 °C. As can be seen in the figure, several
carrier-saturations are observed for each sample. For samples annealed
for short periods less than 20 h, st least four distinct donor levels,
which are described here as 0Dj (j=1,2,...) in order from the shallowest

donor level ODI1. When the annealing time ta is longer than 40 h, the

third and fourth saturations around 300 K come to converge. Earlier
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work revealed the existence of two donor states induced by heat treatment

107’]]]). We think that some of

at about 450 °C in CZ-silicon crystals
the donor levels were obscured in earlier data, as observed in the data
of Fig. 27. The ionization energies and densities of 0D were obtained
from the analysis of the data of Fig. 27, using the method recently

112) This method is very powerful for

pfoposed by Partain et al.
analyzing Hall-effect data of a sample containing several species of
donor or acceptor, compared with the conventional method. In the
analysis, the degeneracy of all the 0D states are assumed to be 2.

The shallowest donor 0Dl shows the ionization energy of 25-40 meV,
which is shallower than usual group-l11 and V impurities in silicon.

The density of 0Dl is around 1.20 x 10]5 c

m_3 for all the samples and
the change with t_ is small. For the donor states 0Dj (j=2,3, and &)
the variation of the ionization energies as a function of the corres-
ponding donor density is shown in Fig. 28. The ionization energies of
0D decrease with increasing the donor density forvallvthe doﬁor states.
Especially, the ionization energy of 0D2 varies approximately as AEOD2 4y

]-O.]h

[N . This result is similar to the decrease in ionization

0D2 _
energy of group-l11 or V impurities in silicon and germanium, which was

5,113)

observed near the so-called intermediate-doping region These
behaviors were explained as due to an inter-impurity interaction caused
by the formation of impurity comp]exes. Such sihilarity suggests the
presence of oxygen complexes whiﬁh‘would form electrically active
shallow impurity levels. It should be noted that the energy-level
spacings and densities of 0D2 and 0D4 for all the samples annealed for

longer periods than 40 h show characteristic features of those in a

divalent donor in silicon. The divalent nature of 0D has recently been
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Fig. 28
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114)

observed by IR measurements for 450 °C annealed CZ-silicon We
have also observed the relations of AEOD3 nvo2.6 x AEOD2 and NOD3 ~ 0.75
* Nopz-

V-3. - photoluminescence observation of oxygen donor states

Figure 29 shows a low-temperature photoluminescence spectrum
for the CZ-silicon sample annealed at 430 °C for 100 h. The lumines-
cence spectrum of the sample before annealing is also shown for compa-
rison. The intensity in both the luminescence spectra is normalized at
the BE luminescence lines. In the spectrum of as-received wafer, FE
luminescence lines (FEq, where g denotes a momentum-conserving phonon
involved in the transition), boron-related BE lines (BEq(B)) and theirv
BMEC Tines (AOXZ, m=2,3,..) are clearly observed. ~ Upon heat treatment,
new broad luminescence bands described as 0q come to appear in the low-
energy Sides of the BE and BMEC luminescence lines. Similar Iuminés-
cence bands have recently been observed for Cz-silicon crystal heat
treated at 450 °C for 64 h, which has been assigned as due to 00116).
We have found in this work some new features of those 0q luminescence
bands. As can be seen in Fig. 29, the 0q luminescence bands accompany
several additional luminescence lines denoted by arrows a, b and c in
the TO-phonon region, which locate at 1086.7, 1085.6 and 1084.3 meV,
respectively. These structures are also observed for the 0TA lumines-
cence band, whereas they are not clearly reéolved in the 0NP band.

It has been found that the 0q bands still remain without large
intensity reduction when temperature increases from 4.2 K to 15 K, while

BE and BMEC luminescence lines nearly disappear. This fact shows that
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Low-temperature luminescence spectrum of CZ-Si:B heat-treated at

430°C for 100h. Luminescence spectrum of the sample before annealing

(as-received wafer) is also shown for comparison.
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the Oq luminescence bands are due to radiative recombination of localized

excitons whose localization energy is greater than that of the boron BE.

The localizaffon energy is spectroscopically estimated to be 10.6 meV

from the energy shifts of the 0q bands from the corresponding FE thresh

olds. This value is about two times larger than those of BE associated
48)

with common group-11l and V impurities in silicon ‘. The intensity

ratio of fhe Oyp band to the 0 A band in the spectrum of Fig. 29 is

T
about 1.5, which is rather small compared with group-lIl and V impurities
in silicon, considering that the localization energy obtained for the 0q

bands is about two-times larger than those of group-t1l and V impurities.
For example, the corresponding in;ensity ratio is 16 for the BE lumines-
cence associated with an arsenic donor whose exciton-localization enefgy

48)

‘is 5.4 meVv Such behavior seems to be characteristic of the lumi-

nescence from excitons localized at an impurity complex formed in heavily
doped silicon75—79).

Figure 30 shows the annealihg time dependence of exciton.lumines-
cence spectra in the TA- and no-phonon regions for anﬂealed CZ-Si:B
samples. Heat freatment causes the decrease in BE and BMEC luminescence
intensities, inducing new broad 0q luminescence bands. The Oq bands
grow largér with increasing annealing time. The peak-energy positions
of the 0q luminescence bands shift slightly with increase of annealing
time.

To compare Hall-effect data with photoluminescence data related to
0D, we plot in Fig. 31 the annealing time dependences of 0D densities
obtained from the analysis of Héll-effect data and the luminescence

intensities of ONP band normalized by that of the BENP(B) line. The -

densities of 0D2 and 0D3, and the sum z NODj increase rapidly by initial
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annealing, t, < 20 h, and in the long-time annealing they gradUally
increase and saturate. As can be seen in the figure, the intensity of
the ONP luminescence band increases.with increase of annealing time,
similarly to the behavior of the density of 0D. However, the density
of 0D1 does not show such an annealing-time dependence as of 0D2 and
0D3, and also OD4 states disappear in long-time annealing where the 0q
luminescence bands come to appear. Therefdre, we conclude that(ODZ and
0D3, which show characteristic behaviors similar to divalent donors in

silicon, are closely related to the 0q luminescence bands.

V-4, ° thermally induced luminescent centers

In this section we present a luminescence characterization study
for thermally induced defects related to carbon and/or oxygen impurities
in silicon crystals annealed at relatively low temperatures around 500
°C. Defects generated at these low temperatures, which are considered to
be an embryo of microdefects induced by high-temperature annealing
around 1000 °C, cannot be observed by the conventional methodé such as
electron microscopy and optical microscopy combining a chemical etching,
but they are observed by luminescence spectroscopy30’116).

Figure 32 shows the exciton luminescence of four kinds of phos-
phorus-doped silicon crystals annealed at 500 °C for 100 hours. Ciear
difference in the spectra among the samples can be seen in the figure.
The sample FZ-3 with low oxygén and carbon contents indicates the FE and

BE luminescence lines related to dopant phosphorus. Their BMEC lines

are also observed. The spectral shape and the intensity are same as
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Fig. 32
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those of FZ-silicon crystal before annealing. The luminescence spect-
rum of CZ-9 containing a very high carbon content and a moderate oxygen
content is essentially same as that of FZ-3 except for the large lumi-
nescence intensity reduction. The reduction in luminescence intensity
‘suggests the introduction of nonradiatve recombination centers by Heat
treatment at 500 °C. The sample CZ-7 having a high 6xygen conteﬁt and a
low carbon content shows broad luminescence bands in the low-energy
sides of phosphorus BE fuminescence lines. As was shown in the previous
section these broad Tuminescence bands well correlate with thermally
induced oxyggn donors. In addition to the 0q bands the luminescence
spectrum of CZ-7 contains several sharp luminescence lines, described
hereafter as Sj-lines, are more strongly observed for the samble Ccz-6
containing high oxygen and carbon contents. We can also find the
increase of background luminescence component from 1.15 to 1.25 um.

In the luminescence spectrum of CZ-6, there exist at least nineteen new
luminescence lines as inﬂicated in the figure as Sj (j=1,2,...), whose
.peak—energy positions and/or temperature dependence are quite different
from those of the usual BE and BMEC luminescence lines associated with
group-111 or V impurities.

To analyze the densities of luminescent centers related to the 0q
luminescence bands or Sj lines observed for annealed siiicon crystals, we
bconsider the intensity ratio of these thermally induced lTuminescence
lines relative to the dopant BE luiiinescence lines. Then, we have to
take into account the difference in the values of recombination para-
meters between boron-and phosphorus-related BE as well as the dif%erence
in the dopant concentrations. Using the recombination parameters

obtained in the present work, which are shown in Tables |1-V, we define
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provisional densities of the luminescent centers for 0q bands, Nox’

and for Sj lines, N These values are given by

Sj-°

=2
|

ox = YqMi [ 105 /1(BE ) ] . (5.1)

AN EICVITCN N N (5.2)
where the factor Yq is a correction factor taking into account the
difference in recombination parameters. The Y1A value for phosphorus-

doped silicon and YNP value for boron-doped silicon were estimated to be

2.46 and 1.03, respectively! |

is the dopant impurity content. B A
denotes the luminescence intensity of the indicated luminescence compo-

n, . .
net. It is considered that Nox and N are approximately proportional

Sj
to the real densities of the corresponding luminescent centers. The
obtained values of Nsx and NS9 of the samples anneéled at 500 °C for 100
h are presented in Table VII. From the data shown in Table VI, we
have obtained the following results. (a) The density Nox is high‘for
si]iéon crystals having a high content of oxygen and strongly reduced
for cafgon-riﬁh samples. This is consistent with results of IR and
electrical measurements by Bean and Newman, shbwing that the presence of
a high content of carbon strongly inhibits the formation of thermally

induced oxygen donors. (b) The density N is high for samplies having

S9

a high content of carbon and increased by the presence of a high content

of oxygen.

V-5. sharp luminescence lines of carbon-rich CZ-silicon
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In this section, the properties and thevorigin of sharp lumines-
cence lines observed for annealed carbon-rich CZ-silicon are studied in
detail. Figure 33 shows the low-temperature luminescence spectra of Cz-6
sample isochronally annealed for 100 h at several annealing temperatures.
As can be seen in the figure, Sj lines are most strongly observed in the
sampleaénnealed at 500 °C. | The S1 and S3 luminescence lines remain
strongly algo in the sample of 550 °C annealing, showfng that the origin
of St and S3 lines is different from other Sj lines. The peak-energy
position of S1 line is very close to the R line observed previously by
Michard et al. for indium-doped CZ silicon'la). It shoﬁld be also noted
that the intensities of the lines SS, S6 and S7 located at the low-

_energy sidevof the BETO

those of phosphorus-related BMEC lines, increase with heat treatment at

line, whose energy positions are very close to

500 and 550 °C compared with the intensities of the BMEC lines for the
sample before annea]inga Therefore, it seems that these Sj lines are
superposed on the BMEC lines.

Luminescence spectra related to Sj lines have been measured at
temperatures ranging from 4.2 to 50 K. The typical data of the tem-
peréturé behéviors of Sj lines are presented in Fig. 34. As can be
seen in this figure, the luminescence intensities of Sj lines initially
increase with increasing the sample temperature from 4.2 K and subse-
quently are quenched at higher temperatures, while phosphorus-BE tumi-
nescence lines monotonously decrease with increasing temperature. Most
Sj lines disapper around 50 K. The temperature Tmax at which the
intensities of Sj lines become maximum is shown in Table VIII. From an
analysis of the temperature behaviors shown in Fig. 34 we have obtained

the thermal-activation energies (AE]) and the quenching-activation
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Table. VIIl Properties of Sj-luminescence line observed for carbon-
rich CZ-silicon.

line hw (meV) be(mev) Tmax(K) AEl(meV) AEz(meV)

s1 1108.4 46.1 7

S2 1104.7 49.8 n15

S3 1100.5 54.0 8

s4 1091.2 63.3 19 1.06 10.50
S5 1088.1 66.4 7 0.44 11.69
S6 1085.5 69.0 10 0.39 4.79
s7 1083.3 71.2 6

S8 1075.5 79.0 18

S9 1070.5 84.0 11 0.94 8.08
S10 1067.3 87.2 —

s11 1064.4 90.1 18 1.39 —_
s12 1060.6 93.9 7 1.05 4.70
S13 1058.4 96.1 11 1.69 4.48
S14 1037.5 117.0 25 '

S15 1034.2 120.3 8

S16 1029.5  125.0° 25

S17 1023.3 131.2 9

S18 1017.9 136.6 11

519 1014.5 140.0 7
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energies (AEZ) for Sj lines. The quenching-activation energies are
ranging from 5 to 12 meV and are much smaller than the exciton-binding

energy (E of these lines obtained spectroscopically by assuming that

bx)
all of the Sj lines are due to no-phonon recombination of localized
excitons. The exciton-binding energies are distributed in the
range of L46-140 meV. Detailed data of transition energies, Eb , T .,
: x’ ‘max

AE] and AE2 are presented in Table VII{.

It should be noted here that these temperature behaviors are chara-
cteristic of localized excitons bound to an isoelectronic trap in semi-
conductors]]9). That is, the fact that luminescence intensity of the
Sj lines initially increase with increasing sample temperature from 4.2
to 10-20 K suggests the existence of a thermal activation process from a
dipole-forbidden ground state of the localized excitons to the dipole-
allowed excited state which is the origin of Sj line. The possibility
of the presence‘of such a dipole-forbidden localized exciton state comes
from a total angular momentum J=2 state composed from a j-j coupling_of
a j=1/2 electron and a j=3/2 hole 1ocalized at the isoelectroﬁic centerlzo).
Secondly, the fact that the quenching activation energy is smaller than
fhe spectroscopically obtained exciton—binding energy also suggests that
a weakly trapped carrier, probably hole since the isoelectronic carbon
impurity possesses larger electron negativity than the host silicon, is
initially released by the small dissociation energy from the localized
exciton complex through the thermaquuencﬁing process presented in Fig.
34. Another tightly trapped cafrier, probably electron, is left behind
at the isoelectronic center. Therefore the latter fact is well con-

sistent with the exciton-binding mechanism of an iselectronic trap,

where a hole (electron) is captured weakly by a Coulombic attractive
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potential around the negatively:(positfvely) charged pseudo-acceptor
(donor) center composed of a tiéhtly bound electron (hole) at the center
through the characteristic short-range potentia]121—123).

These isoelectronic~trap like states observed here might be ori-
ginated from impurity complexes, consisting of carbon and‘oxygen, formed
during heat treatment around 500 °C. The existence of such kinds of
carbon—oxygen complexes formed by annealing at low temperatures has
been already identified in IR absorption spectra by Bean and Newmanlzq).

Based on the results of a thermal quenching study on the Sj lines
observed for carbon-rich silicon, we‘show the energy diagram and the
transition scheme for S9 line, which is one of the strongest Sj line
observed; assuming that the S9 line is originated from excitons bonnd to

an Isoelectronic electron trap, in Fig. 35. in this figure, IOXg and

IOXe are the ground (forbidden) state and the excited (allowed) BE

state, respectively. IO denotes the isoelectronic trap center. IOe
indicates the pseudo-acceptor state composed of a highly localized
electron and a IO center. From this picture, we can easily estimate

the electron dissociation (binding) energy Ebe of the loe complex concerned
with the S9 line, which is estimated to be 90.6 meV. This value is

given by the relation; Ebe = be + Ex - AEZ' The value of Ebe is about

two times larger than those of common group-V donors in silicon.

\-6. evidence for an isoelectroric luminescence center
in silicon

Luminescence from an isoelectronic center in silicon has recently

125,126) .

been reported by Weber et al. in FZ-silicon crystals having high
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carbon and low oxygen contents, with one exception of the weak lumines-
cence from antimony-doped CZ silicon. Their Zeeman measurements showed
that the isoelectronic trap has the axial symmetry in the (111) crystalographic
axis, suggesting the association of at least two constituents located
along the (111) axis. They also considered that one of the constituents
is probably éarson impurity.
Another observation of such an isoelectronic trap by luminescence

8) in indium-doped CZ-

measurements has been reported by Michard ef al.l]
silicon. They considered that the isoelectronic trap involves indium
impurity and also may involve carbon or oxygen as an additiona} partner.
In both cases, the observed isoelectronic center is not an isolated
impurity such as the substitutional carbon, but rather it is an impurity
complex probably consisting of carbon and other impurity such as indium
or oxygen.

We have been trying to observe luminescence lines associated with
the isoelectronic center for several kinds of as—grbwn crystals having
the high carbon content. However, we have not been able to observe
such luminescence lines as reported by the above-mentioned authors for
as-grown crystals. In the present work, we have succeeded in finding
strong luminescence lines, which are probably related to isoelectronic
traps in éilicon, for annealed CZ-silicon cryéta]s with high contents
of oxygen and carbén. This result suggests that the thermal history
of silicon crystal during the crysEal growth or thermal annealing
process plays an important role for the formation of isoelectronic
traps. Namely, we consider that an impurity complex consisting of
carbon and other chemical impurity éuch as oxygen formed by the chemical

reaction during the heat-treatment process can act effectively as an
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isoelectronic trap. Therefore, as-grown crystals, even if they contain

the high content of carbon, do not always show luminescence lines asso-

ciated with isoelectronic traps. This problem is still open for future

investigations.
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CHAPTER VI
CONCLUSIONS

The conclusions obtained by this thesis work on the exciton lumi-
nescence of impurities and thermally induced defects are summarized as

follows:

(1) We have systematically studied excitation-level and impﬁrity—'
concentration dependence of the exciton luminescence for phosphbrus—,
boron- and lithium-doped crystalline silicon, with particular emphasis
on the BMEC luminescence related to theée impurity species. In the low

16 -3

impurity concentration range below 10 ~ cm °, sharp luminescence lines
of FE, BE and BMEC dominate over the exciton luminescence spectra of

“silicon, and their impurity-content and excitation behaviors have been
interpreted by the formation and decay kinetics of the FE, BE and BMEC
17 cm-3

b4

system. On the other hand, at high doping levels beyond 10
such sharp luminescence lines associated with isolated shallow‘ihpufities
come to disappear, and instead anomalously broad luminescence bands
appear in the low-energy side of the principal BE luminescence lines.

The peak-energy position of the broad luminescence bands shift toward

the low-energy side with increasing impurity concentration. It has

been also found from the temperature dependence measurements that the
broad Juminescence bands shift toward the high-energy side and the
principal BE luminescence lines come to appear as temperature increases.
These impurity-content and temperature behaviors led to the conclusion

that such broad luminescence bands are originated from radiative
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~recombination of excitons localized at impurity complexes formed by the
inclusion of a large amount of dopant impurities near the so-called
intermediate-doping range. These broad luminescence bands have been
observed for highly doped silicon with several species of donor (phos-

phorus, antimony, arsenic and lithium) and acceptor (boron and aluminum)

(2) Dynamical processes of BMEC have been investigated in detail for
the first time, with particular emphasis on the exciton-capture and
Auger-recombination processes. In the exciton-capture process of BMEC,
several modes of processes appear, reflecting the existence ofbthe shell
structure characteristic of BMEC. Two types of exciton-capture processés
have been.considered. First, an exciton is c;ptured into the inner
ground shells of electron and hole leaving the resultant BMEC in the
ground state. Second, an exciton fs captured into the excited shellé
leaving BMEC in the excited states and the resultant BMEC subsequently
relaxes to thé ground state. As for the decay process, the Auger-
recombination process has»been considered to be the dominant recombi-
nation channelbof BMEC at low temperatures around liquid helium tempe?
rature. fhis is due to the fact that BMEC pdssesses many electrons and
holes localized around an impurity center at the high local density and
this makes the Auger-recombination process quite probable, which is
essentially nonradiative recombination accompanied by an inter-band
carrier scattering induced by cartier-carrier Coulomb interaction.

In the Auger-recombination processrof BMEC, an electron-hole pair localized
in BMEC recombines with exciting a second bound carrier into the conduc-
tion or valence band, leaving a charged and unstable complex having the

residual carrier. This charged and unstable state relaxes rapidly,
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releasing the residual carrier. Hence, a two-orders lower complex

is formed by the Auger-recombination process of BMEC.

(3) Based on considerations on the exciton-capture and Auger-recom-
bination processes of BMEC, coupled rate equations in the FE, BE and
BMEC system have been proposed. ’.Using the rate equations, we have
derived a theoretical formula of the BMEC luminescence intensity as a

| function of excitation intensity and impurity concentration. From a
simple analysis of the excitation-level and impurity-content dependence
data of the BE and BMEC luminescence by using the theoretical formulé,
we have determined for the first time the exciton-capture and Auge}-
recémbination rates of BE and BMEC for Si:P, Si:B and Si:Li. It has been
" found that the obtained values of exciton-capture and Auger-recombi-
nation rates,'especially their dependences on the order of BMEC, are

closely related to the shell structure of these impurity species.

(L) The exciton-capture rate (cross section) on a neutral impurity
center in silicon has been formulated. In the formulation, the exciton
LA-phonon interaction is taken into account on the basis of the deforf
mation potential approximation. The calculated results show that the
exciton-capture cross section decreasés with increasing temperature,
which is consistent with the experimental observation.

~

(5) We have investigated photoluminescence characterization methods
to estimate a small amount of impurity contents and the compensation
ratio in high-purity silicon as an application of results obtained from

the study on the recombination kinetics of the FE, BE and BMEC system.
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As a result, we have succeeded in deVeloping a new method to charac-
terize a small amount of impurities and the compensation ratio. | This
method is based on theoretical considerations on the excitation-level
and dopant-content dependence of the luminescence intensity ratio of BE
to FE. Using the values of the exciton-capture rate at a neutral
impurity and the Auger-recombination rate of BE, the dopant content in
the sample can be directly determined in this characterization method
from the observed luminescence-intensity ratio of BE to FE. We have
also developed a photoluminescence method to characterize the dopant
compensation ratio of the sample from a simple analysis of the BE-
luminescence intensity ratio of compensating impurity to majority dopant
impurity. These photoluminescence characterizat}on mehtods are essen-
tially nondestructive and highly sensitive to a small amount of dopant

and compensating impurities.

(6) - We have also performed a photoluminescence characferization
study for thermally induced defects in silicon single crystals used in
LSI technology. In this study, so-called thermally induced oxygen dohors.
generated by low-temperature annealing around 400-500 °C have been
investigated in detail by the photoluminescence technique combining IR
absorption and Hall-effect measurements. IWe have observed a charac-
teristic change in the ionization energy of the oxygen donors with
annealing period, this suggesting the formation of several species of
oxygen clusters distributed in the crystals. Photoluminescence spectra
related to these oxygen donors reveal some new features characteristic

of the luminescence from excitons localized at such oxygen clusters.
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(7) In the annealing study for various kinds of silicon crystals
having several different oxygen and carbon contents, we have found many
sharp luminescence lines for the first time, whose transition energies
and teﬁperature behaviors are quite different from those of the usual
BE, for carbonfrich CZ silicon annealed around 500 °C. Temperature
énd annealing effects on these sharp luminescence lines have been
measured in detail; the results showing that the sharp luminescence
lines are due to the recombination of an exciton localized at an

isoelectronic center possibly composed of carbon and oxygen.
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Appendix. Derivation of Eq. (3.7)

(3.3) and (3.4), the full description of the rate equations is

Using Egs.
given by
' anm \
0= at = Cm-l N nm-l B Cm N nm m+2  m+2 m nm
for 1 < m< k-2,
ank_]
= - - ! -
0 =3¢ Cp-2 Ny Cr1 N M Wil M1,
3n, > (A.1)
O =757 =CgNmey G N = W
. k- k
— aN = - -
0=5-=9g We N ZcmNn + )W n_
m=0 =2 J
If we define a matrix P as
- ~
dO e] O w3 0 0
0 d] e2 0 wu .
P = X 0 , (A.2)
dk-3 ek_2 0 Wk
dhe-2 &1 O
0 0 dk—] e,
do d1 d2-W2 . dk-wk
\ J
Eq. (A.1) is reduced to
n 0
P ’ = - , (a.3)
nk-l 0
nk G
= = e + —_—r- . . -
where dm CmN, e (dm Wm) and G=g WfN. From Eq. (A.3), n, is given as a function

of N by
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- &
= = | {dd,..... d ), (d+4,) }

m 'PI ol - m+l  “m+l
-ldd..... dm—l(dm+1+wm+l)"“’_ ..... (dk—3+wk-3)dk—2dk—lwk }
“hdgdye.s S R COAL R L L PL R C R
“Ldgdy... In1 it W) -+ (g s¥¥y_g)dypdysMyp (¥ y) () )
e ; ] for m< k-2 (A.4)
and also we have
G
= & gd ... (A.
- _G '
n, = N dod] ......... dk-l s _ (A.6)

where |[P| indicates the determinant of the matrix P.
Here, 'in the case of dm = CN > W the first term { dod] ..... dm-l(dm+l+wm+l)

..... (ak+wk) } in the square bracket of eq.{(A.4) dominates over the other terms
because the firét term is the order of k in N while other terms the order of k-1
in N. On the other hand, if Wm >> dm , the first term is sufficiently large
compared with the remaining terms since the first term is the oder of k-m in W,

two orders larger than the remaining terms. Therefore N is generally apporoxi-

mated by

W
m - m+1 m+1 - m+1 _]__“+ .__r_n;H_ for 1 <m=< k-1, (A.8)
n d c N c
m+1 m m m

which is identical to Eq. (3.7).
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