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ABSTRACT 

In this thesis, three examples of the application of the photo­

ltnninescence technique to indirect semiconductors at low temperatures 

are presented. 

Chapter 2 deals with the effect of increasing impurity concentra­

tions on the photoltnninescence spectrtnn. We present results for the 

Si:lB,In) system. As the In concentration is increased, we observe 

quenching of B ltnninescence. We propose a model based on exciton trans­

fer from B to In impurities , which agrees well with the experimental 

results when the exchange mechanism is asstnned for the transfer. This 

is the first observation of exciton transfer in Si. 

Chapter 3 deals with the properties of three sharp and relatively 

intense features in the photoltnninescence spectrtnn of Si:In. We observe 

these lines, which are labelled "P,Q,R", only in the ltnninescence 

of Si:In. We present measurements of the lifetimes of P,Q,R ltnninescence 

which show that these lines have extremely long lifetimes. These results 

suggest that the P,Q,R lines are associated with an isoelectronic com­

plex in Si. We present measurements of the temperature dependence of 

P,Q,R ltnninescence and P,Q,R lifetimes which support this conclusion. 

This is the first observation of ltnninescence associated with an 

isoelectronic complex in Si. In addition, we present results which show 

that the P,Q,R ltnninescence intensities are very sensitive to the 

sample surface preparation. This is the first observation of surface 
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sensitive photoluminescence. 

Chapter 4 deals with the photoluminescence properties of undoped 

and In doped Si-rich Si-Ge alloys. We identify the alloy luminescence 

features on the basis of the temperature dependence, time dependence and 

pump power dependence of the luminescence intensities. We present 

results for the band gap shift and free exciton binding energy for each 

sample examined. In addition, we present a model for the observed 

broadening of botmd exciton luminescence. Finally, we present obser­

vations which suggest that excitons bind to local fluctuations in alloy 

composition at low temperatures. 1his is the first investigation of the 

photoluminescence properties of Si-rich Si-Ge alloy semiconductors. 
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CHAPTER 1 

INVESTIGATION OF INDIRECT SFMICONDUCTORS AT LOW TEMPEAATURE 

USING THE PHOTOLUMINESCENCE TECHNIQUE 
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1.1 INTRODUCTION 

One of the fundamental techniques employed to detennine the prop­

erties of a system involves a study of its return to equilibriIBn 

after external excitation. In general, the mechanisms responsible for 

return to equilibriIBn may be varied and complex, and depend on the 

nature of the system as well as on the initial and final states. 

Indeed, a thorough study usually involves the systematic variation of 

the initial and final states, as well as some consideration of the 

effect of systematic alteration of the system being examined. 

1his technique has been applied with notable success to the 

study of semiconductor materials. In particular, the processes 

responsible for return to equilibriIBn from electronic excited states 

of the system have been examined in detail. For pure substances, these 

studies provide information regarding the composition and electronic 

structure of the bulk material. For materials in which there are 

impurities and/or defects, information can be obtained about the 

composition and concentration of the defects, as well as about the new 

electronic states they introduce. 

1.1.1 Olitline of Thesis 

In this thesis, a specific application of the general investigative 

technique described above is considered. 1he systems investigated 

are indirect semiconductors at low temperature. Electronic excita-

tion from equilibriIBn results from optical photon irradiation. 
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1hen return to equilibrium is investigated by examining the 

luminescence spectrum resulting from the various radiative recombina­

tion processes that occur. We refer to this procedure as the 

photoluminescence technique, and consider three examples of its 

application. 

In Chapter 2, an investigation of the effect of increasing impurity 

concentrations on the photoluminescence spectrum is presented. 1he 

particular system considered is Si doped with B and In impurities. 

At high In concentrations, quenching of B luminescence is observed. 

A model is proposed to explain this effect which considers exciton 

transfer from B to In impurities. Good agreement with the experimental 

results is obtained when the exchange mechanism is assumed to be 

responsible for the transfer. This is the first observation of 

exciton transfer effects in Si. 

In Chapter 3, an investigation of three sharp and relatively 

intense features in the photoluminescence spectrum of moderately doped 

Si: In is presented. 1hese lines have been labelled "P ,Q,R", and are 

only observed in Si:In. Measurements of the time dependence of 

P,Q,R luminescence show that these lines have extremely long lifetimes. 

1hese results suggest that they result from recombination of excitons 

bot.n1d to an isoelectronic complex which involves In, Measurements 

of the temperature dependence of P,Q,R luminescence intensities and 

lifetimes are consisten with this conclusion. 1his is the first 

observation of luminescence from an isoelectronic complex in Si. 
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Furthennore, we observe that the P,Q,R ltnninescence intensity is 

very sensitive to the sample surface preparation. 1his is the first 

observation of surface sensitive photoltnninescence. 

In Chapter 4, an investigation of the photoltnninescence pro­

perties of undoped and In doped Si-Rich Si-Ge alloys is presented. 

'Ihe ltnninescence features are identified on the basis of measurements 

of the temperature dependence, time dependence and pt.nnp power depen­

dence ,of the ltnninescence intensities. As a result of this identi­

fication, band gap shifts and free exciton binding energies are 

determined for the alloy samples studied. In addition, a model for 

the observed broadening of botmd exciton ltnninescence was proposed. 

At low temperatures, photoltnninescence features are observed which 

suggest the presence of excitons botmd to local fluctuations in alloy 

composition. 'Ihis is the first investigation of the photoltnninescence 

properties of Si-rich Si-Ge alloy semiconductors. 

1.2 TI-IE PHOTOLUMINESCENCE TECHNIQUE 

In this section~ we consider the general features of the photo­

ltnninescence technique, and the processes that occur as a result of 

its use. 

1.2.1 Optical Excitation of Semiconductors 

'!here are a number of procedures for inducing electronic excited 

states in semiconductor materials, One of the most widely studied 
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techniques and the one which is perhaps simplest to analyze is optical 

excitation. 'lb.is process is schematically illustrated in Fig. 1,1, As 

shown in the figure, the material is irradiated with photons which have 

greater energy than the band gap of the semiconductor. .Absorption 

of these photons results in excitation of electrons across the gap. 

'Ib.e photon energies involved are on the order of 1 eV. A photon with 

-3 0-1 
this energy has a wavevector of about 10 A . 'lb.is is negligible 

0-1 
with respect to a zone bmmdary wavevector of about 1 A , and so the 

transition depicted in Fig. 1.1 is effectively vertical. 

1.2.2 Return to Equilibrium in Indirect Semiconductors at Low 

Temperature 

As previously mentioned, the processes responsible for return to 

equilibrium depend on the system involved and on the initial and final 

states. Pankove (1) gives a general review of all the radiative and 

nonradiative recombination processes that can occur following an 

electronic excitation such as the one ,described in the previous section. 

For our purposes, how~ver, it will be sufficient to discuss only those 

processes which are important in indirect semiconductors at low 

temperature. 

1.2.2.1 Formation of Free Excitons 

To begin with, the highly excited electrons and holes 

which result from the photon absorption process relax to the band edges 

in a few nanoseconds (2), via optical and acoustic phonon emission. At 

low temperatures, further relaxation can occur when these free electrons 
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Figure 1.1. Schematic illustration of optical excitation of an indirect semiconductor, and the 
subsequent carrier relaxation via phonon emission, 
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and holes bind as a result of their mutual Coulomb attraction to form 

free excitons. If we asstune spherical and isotropic band edges and a 

potential -e2/£r, where £ is the dielectric constant of the material, 

the problem reduces to the hydrogen atom problem. 1hen the free 

exciton energy is given by 

where 

EFE(n) = E gap 
mn e4 ~zKz 
_r_,.....~-..--- + H=---
'lloc 2 2 2 2 mn 
a1 £ n ex 

E = the semiconductor band gap energy 
gap 

m; = [m~. + ~. r 

(1.1) 

K = the wavevector associated with free exciton centre of 

mass motion 

n * * m =me+m. ex n 

and where 

n 
me = the electron effective mass 

* ~ = the hole effective mass. 

From Eq. (1.1) we see that the free exciton behaves like a 

* free particle with effective mass m and centre of mass kinetic energy 
ex 

112K2/2 m:x. 1he internal states are hydrogenic, and are specified 
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by the principal quantum number n. The ground state binding energy is 

At low temperatures, where En » kBT, we expect 

that the majority of free electrons and holes produced by the optical 

excitation will bind to form free excitons. Also, at low temperatures 

EpE(Z) - EFE(l) rv f En >> kBT and so we expect that the majority of 

free excitons will be in the ground state. Of course, as indicated 

in Eq. (1.1), the hydrogenic energy levels are broadened by the 

Boltzmann distribution of free exciton centre of mass kinetic energies. 

However, this broadening is on the order of kBT, and is small compared 

to the hydrogenic energy level spacing at low temperatures. 

On the basis of the hydrogenic free exciton model, we can also 

associate a Bohr radius with this free exciton state, In this case, 

the free exciton Bohr radius will be 

(1.2) 

1.2.2.2 Recombination of Free Excitons 

In indirect semiconductors, the return to equilibrium 

is complicated by the fact that the conduction band minimum and valence 

band maximum do not occur at the same point ink-space. As a result, 

free exciton recombination in indirect semiconductors requires the 

assistance of a bulk phonon to conserve momentum. The situation 

is illustrated schematically in Fig. 1.2. As shown in the figure, 

the recombination process results in the emission of a photon of energy 
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Figure 1.2. Free exciton recorrbination in an indirect semiconductor. The exciton band gap 
energy is the semiconductor band gap energy minus the free exciton binding energy. Note that 
the photon transition is effectively vertical, as discussed in the text. 
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E = EFE(l) - Ephonon· Of course, at low temperatures only phonon 

emission is important and so the photon energy is reduced by the 

energy of the emitted phonon. 

1he effect of the Boltzmann distribution of free exciton centre 

of mass kinetic energies is included in EFE(l), 1his effect results in a 

predicted lineshape for free exciton luminescence which is C3) 

I(E) = ~+Eh - E 
1

exp (-p onon o 
~ -Eo) phonon (1.3) 

where E0 is the value of EFE(l) for a free exciton with zero kinetic 

energy. 

1.2.2.3 Formation of Bound Excitons 

At this point we consider the introduction of sub~ 

stitutional donor or acceptor impurities into the semiconductor 

material. In the vicinity of an ionized donor impurity, an electron 

with effective mass m* will move in a potential -e2/sr. Once again, e 

the solution of the hydrogen atom problem applies. 1he electron has 

states at energies given by 

EnCnJ = 
* 4 m e e 

_2 2 2 
a1 E n 

(1.4) 

measured with respect to the conduction band edge. Also, the donor 

Bohr radius will be 
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* a = 
D 

(1. 5) 

Of course, analogous expressions can be obtained for acceptor impurities. 

Free excitons can bind to neutral donor or acceptor impurities 

in semiconductors to form bound exciton complexes. 1here are primarily 

two contributions to the impurity potential which result in a bound 

state. 1he long range contribution to the potential is a result of the 

Van der Waals interaction between the neutral impurity and the exciton. 

In addition, there is a short range contribution which is a result of 

local lattice distortion around the impurity. 1his short range con-

tribution is impurity dependent, and so we expect to observe exciton 

binding energies which are impurity dependent also. 1he binding 

energies have been experimentally determined to be approximately 

E. (1)/10 C4), where i = D or A for donor or acceptor impurities. 
1 

Other impurities have also been observed to bind excitons C
5, 6) 

In particular, we consider isoelectronic impurities in semiconductors. 

An isoelectronic impurity is usually the result of the substitutional 

replacement of one of the semiconductor atoms with another atom of the 

same valence. However, more complex isoelectronic complexes have been 

observed. (6) Binding of excitons to isoelectronic impurities results 

from the short range part of the impurity potential. In particular, 

it is thought that on carrier is tightly bound by the short range 

potential, while the other carrier is bound by the resulting long range 

Coulomb potentia1.C7) 
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1.2.2.4 Recombination of Botmd Excitons 

1here are a number of qualitative differences between 

free exciton and botmd exciton radiative recombination in indirect 

semiconductors. 1hese differences result from the carrier localization 

which occurs when free excitons are bound. First, the botmd exciton 

has no centre of mass motion and so thermal broadening of the 

luminescence line is not observed as it is for free excitons, Second, 

spatial localization of the carriers results in k-space spreading 

of the carrier waveftmctions. As a result, there is some probability 

that recombination can occur without the assistance of a momentum 

conserving phonon. The strength of this no-phonon recombination process 

depends on the arnotmt of k-space spreading of the carrier wavefunctions, 

which in turn depends on the degree of carrier localization. Since 

the carrier localization is sensitive to the short range part of the 

impurity potential, we expect that the strength of the no-phonon recom­

bination process will be strongly impurity dependent (8). 

Of course, phonon assisted rad1ative recombination processes 

will also occur for bO'und excitons in a manner analogous to free 

exciton phonon assisted radiative recombination. When phonon assistance 
-+ is present, however, the recombination process does not depend on k-

space spreading of the carrier waveftmctions, As a result, the strength 

of the phonon assisted processes is nearly independent of impurity 

type C3J 

In addition to these radiative recombination processes, excitons 

botmd to neutral donor or acceptor impurities can recombine non-
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radiatively in a process which is not available to excitons bound to 

isoelectronic impurities. This is the Auger recombination process, 

which is schematically illustrated in Fig. 1.3. In this case, the 

recombination energy is transferred to the third carrier in the complex, 

which is ejected from the impurity deep into the appropriate band. 

Momenttnn conservation must also be satisfied by the ejected carrier, 

which must have a wavevector on the constant energy surface required for 

energy conservation. As a result, the strength of the Auger process 

depends on the k-space spreading of the carrier wavefunctions. 

1he dependence, in fact, is similar to that of the no-phonon radiative 

recombination process for bound excitons. Consequently, we expect that 

the strength of the Auger process will also depend sensitively on 

impurity type lB). 

In indirect gap semiconductors, the Auger recombination 

process can dominate radiative recombination processes by orders of 

magnitude. Of course, the Auger transition is not possible without the 

presence of a third Auger carrier in the complex. For this reason, 

Auger recombination is not possible for excitons bound to iso" 

electronic impurities, and as a result, the recombination is primarily 

radiative. For this reason, excitons bound to isoelectronic impurities 

can exhibit lifetimes which are orders of magnitude longer than those 

observed for donor or acceptor bound excitons. 

1.2.2.5 Formation and Recombination of Exciton Complexes 

1he relaxation processes described in the previous sections 
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Figure 1.3. Schematic illustration of Auger recombination for excitons bound to a neutral donor 
impurity. The exciton band gap energy is the semiconductor band gap energy minus the free exci­
ton binding energy. The level shown is a schematic representation of the donor bound exciton 
state. Note that the Auger electron conserves both energy and wavevector. 
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are the dominant mechanisms by which the optically excited indirect 

semiconductor returns to equilibrium at low temperatures. At high 

optical excitation intensities, however, further relaxation to other 

excitonic states may occur. We mention two examples here. 

As the free exciton density increases, it becomes possible for 

two free excitons to bind together, forming a free excitonic molecule 

or biexciton. In this case, two free electrons and two free holes are 

bolllld by their mutual Coulomb interaction. Two radiative recombination 

processes have been observed for this free exciton complex. In the 

first, one electron-hole pair recombines radiatively (with phonon as-

sistance), leaving behind a free exciton C9J This process is analogous 

to the recombination of a simple free exciton, which was discussed in 

Section 1.2.2.2. In the second, total radiative annihilation of the 

biexciton occurs (lO) It is interesting to note that this process 

does not require phonon assistance. The two electrons in the complex 

can recombine from opposite conduction band minima ink-space, thereby 

satisfying the momentum conservation requirement. 

At high free exciton densities, it is also possible for more than 

one free exciton to bind to a neutral donor or acceptor impurity, 

forming bolllld multiexciton complexes. These bolllld nrultiexciton com­

plexes can decay in a manner analogous to the recombination of a simple 

bound exciton, which was considered in Section 1.1.2.4, In this case, 

radiative or Auger recombination of one electron-hole pair can occur, 

leaving behind a complex with one less bound exciton. In addition, 

what appears to be the sinrultaneous radiative recombination of two 
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electrons with two holes has also been observed for bound multiexciton 

1 (lO) Th" mb" t" . b . 1 . comp exes . is reco ina ion process is o v1ous y not possible for 

simple bound excitons. 

1.3 PREVIOUS APPLICATION TO DOPED Si 

'Ih.e photoluminescence technique described in the previous section 

has been applied with considerable success to intrinsic and lightly 

doped extrinsic Si. In general, the technique has been applied to 

identify the various relaxation paths described in the previous sections, 

and to examine the different excitonic states that occur during 

this relaxation. In addition, the relaxation kinetics have been 

examined in an effort to determine which processes dominate the return 

to equilibritml. Finally, in some cases quantitative analysis of the 

photollmlinescence spectTtm1 has resulted in detailed information about 

the equilibrilml properties of the system. In this section we briefly 

consider these previous applications of the photollmlinescence technique. 

1.3.1 Investigation of the Free Exciton and Bound Exciton States 

In early experiments on undoped Si, the free exciton recombination 

processes described in Section 1.2.2.2 were observed, and as a general 

rule were correctly interpreted (ll). 'Ih.e first observation of the 

botmd exciton recombination processes described in Section 1.2.2.4 

occurred in 1960 C4). Since that time, photoluminescence from Si 

lightly doped with various donor and acceptor impurities has been 

studied experimentally in some detail. The llmlinescence associated with 



the different Group III acceptors and Group V donors has been iden-

t . f. d (12,13) . h 1 . . h 1 1e . H1g reso ut1on experllilents ave revealed fine struc-

ture in the luminescence features associated with transitions from 

excited bound exciton states Cl4-l9), Transitions to excited 

states of the neutral impurity atoms have also been observed(l2,l8, 20 , 21 ), 

At higher excitation intensities, luminescence from free biexcitons 

has been observed t9,lO). Bound multiexciton complexes have also 

been observed, and studied in great detail (lS,l 7- 2o, 21- 26). At 

this point, then, the various excitonic states and recombination 

processes which exist for donor and acceptor doped Si have been 

identified. 

1.3.2 Investigation of Relaxation Kinetics 

In conjunction with the investigations described above, observa-

tions of the time dependence of luminescence have indicated which 

relaxation processes dominate as the optically excited system returns 

to equilibrium. Time dependent measurements of bound exciton recom­

bination luminescence C27 , 28) has established the strong domination of 

h A b . . , h . . 8 . (8,29) t e uger recom 1nat1on mec anism 1n 1 . In addition, acceptor 

free exciton capture cross sections have been measured. Finally, 

certain properties of the electronic structure of bound multiexciton 

complexes have been established on the basis of exacting measurements of 

bound exciton luminescence decay. (26 , 32) 

1.3.3 Measurement of Impurity Concentrations 

In the studies described above, the details of the relaxation 
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processes which retuTil the optically excited semiconductor to equilibril.Ull 

have been examined. However, the photoll.Ullinescence technique has also 

been applied to investigate equilibritnn properties of the system itself. 

For instance, the photoltnninescence technique provides a measure of the 

semiconductor band gap energy. Also, qualitative examination of the 

photoluminescence spectrtnn provides infonnation conceTiling the presence 

of impurities in the material, and usually some indication of their 

identity. 

In addition, in some cases it has been possible to quantitatively 

analyze the photoltnninescence spectrtnn in -terms of impurity concentrations. 

1his analysis has been possible only in particularly simple systems in 

which the photoltnninescence spectrtnn is very well lIDderstood. In 

particular, Si lightly doped with B and P impurities has been consi-

d d (33 34) I th · .. 1 . . . f h" . 1 d" ere ' • n e 1nit1a investigations o t is type, mis ea ing 

results were obtained because the effect of saturation of impurity 

centres with bolild excitons was not properly accolfilted for C33). How­

ever, subsequent work has taken this effect into accolfilt C34). It now 

appears that the photoluminescence spectrtnn of lightly doped Si:(B,P) 

system is quantitatively as well as qualitatively well lilderstood. 

1.4 APPLICATIONS OF CURRENT INTEREST 

As the discussion in the previous section has indicated, the 

photoltnninescence technique has been applied very successfully to the 

study of the properties of Si doped with relatively low concentrations 

of simple substitutional donor and acceptor impurities. Currently, 
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however, there is considerable interest in extending this application 

to more complex systems which are frequently of very definite technologi­

cal interest. In this section we will consider briefly a few of these 

areas of current interest. 

1.4.1 Heavily Doped Semiconductors 

In technological applications, impurity doping levels are 

generally much higher than they are in the relatively lightly doped 

material we have considered so far, As a result, there is interest in 

using the photoltuninescence technique to examine the effects which 

result from increasing impurity concentrations. As indicated in the 

previous sections, our understanding of the photoltuninescence spectrtun 

of Si lightly doped with donor and acceptor impurities is relatively 

complete. As a natural extension of this work, the examination of the 

photoltuninescence from heavily doped Si:P has received recent atten­

tion C35-43). As the doping level increases, the bmmd exciton 

ltuninescence is observed to broaden and shift to lower energies C4o, 42 ) 

1hese lower energy features are thought to correlate with the formation 

of nearest-neighbour impurity clusters C42 , 43). Eventually, the 

effect of impurity band formation is observed C~ 7 , 39 ), However, 

detailed understanding of these high concentration effects will be 

obtained only after further investigation of Si:P and other systems. 
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1.4.2 Irradiated Semiconductors 

In the fabrication of Si based integrated circuits, various 

irradiation processes are connnonly employed. Doping as a result of 

ion implantation or neutron transmutation and electron beam lithography 

are examples of this type of treatment. Generally, these processes 

produce a wide variety of defects and defect clusters in the irradiated 

material, which can have complicated electronic characteristics 

and anneal behaviour. As a result, there is considerable interest 

in the use of the photollIDlinescence technique to ~xamine irradiated 

semiconductors. Since the llIDlinescence from lightly doped Si is so 

well characterized, Si is a logical material on which to base such 

investigations. Some work in this general area has been done (~4 - 471 

but there is room for considerable further investigation. 

1.4.3 Defect Clusters in Semiconductors 

The interest in heavily doped and irradiated semiconductors dis­

cussed in the previous sections has directed attention toward the 

general question of defect and defect/impurity complexes in semi-

conductors. Once again, Si is a material which is well understood 

and well characterized, and so forms a logical base from which to 

proceed with such investigations. At the present time, it is thought 
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that In-C complexes (a shallow acceptor called the ''X-level" in 

Si:In)L43 ,49), isolectronic complexes (~clusters in Si:C C50) and 

the "P ,Q,R" lines in Si: In) C5l), 0 donor complexes C52 -56) and 0-C 

complexes C56) all exist in relatively "routine" Si samples. 

The photoltuninescence spectrum is usually sensitive to the presence of 

these complexes. As a result, use of the photoltuninescence technique 

appears particularly promising in this application. 

1.4.4 Alloy Semiconductors 

The compositional disorder inherent in alloy semiconductors has 

been the subject of experimental and theoretical interest for some 

time. In addition, the fact that the band gap can be varied with 

alloy composition has resulted in considerable technological interest. 

These properties of alloy semiconductors are reflected in their photo­

ltuninescence spectra, which in general provide useful and relatively 

easily interpreted information. Current interest exists in applying 

the photoltuninescence,technique to the III-V and II-VI ternary 

alloys C57 -60~ A notable example is Hg1 Cd Te l 60), in which band-to­
-x x 

band, band-to-acceptor, donor-to-acceptor and bound exciton ltuninescence 

has been observed and identified. A second example is Si-rich 

Si1_xGex. In this case, the extensive understanding of Si ltuninescence 

properties which was described in the previous sections can be 

employed to permit a detailed interpretation of ltuninescence from the 

alloy. A more thorough discussion of this application of the photo-

ltuninescence technique can be folllld in Chapter 4, 
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1.5 GENERAL EXPERIMENTAL CONSIDERATIONS 

There are certain general features associated with the applica­

tion of the photoluminescence technique to the systems considered in 

this thesis. In this section, some of these general considerations 

are discussed. 

1.5.1 Material Properties 

In Chapters 2 and 3, the photoluminescence technique is applied 

to Si doped with various donor and acceptor impurities. As we have 

previously discussed, Si has been the subject of considerable 

investigation. The bulk material properties have been ex-

tensively examined and are well documented. Some of the more relevant 

properties are listed in Table 1.1. 

The electronic excitation and relaxation characteristics of 

Si are very dependent on its band structure. A calculation of the 

Si band structure is shown in Fig. 1. 4. As this figure illustrates, 

Si has an indirect band gap of approximately 1.166 eV at 0 K. 

The valence band maxinrum occurs at k = 0, while the conduction band 

mininrum occurs at k rv (0. 85 ,0 ,0) ;n, where a is the Si lattice con­

stant. As we have discussed, this implies that free exciton re­

combination in Si nrust be phonon assisted. The phonon dispersion 

curves for Si are shown in Fig. 1.5. We see that phonons with the 

appropriate wavevector are the 19 meV transverse acoustic (TA) 

phonon, the 41 meV longitudinal acoustic (LA) phonon, the 56 meV 
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l r x l r )( 

[111].-

MOMENTUM k 

Figure 1. 4. Si and Ge band structures. The energy gap is indicated by E . "+" signs indicate 
g 

holes in the valence band and "-" signs indicate,,..electrons in the conduction band. In both 
band struc!ures, the valence band maximum is at k = 0. For Ge, the conduction band mini~ 
occurs at k = (1,1,1) ~ . For Si, the conduction band minimum occurs at k = (0.85,0,0) an 

(S. M. Sze, Physics of Semiconductor Devices (Wiley-Interscience, New York, N.Y., 1969) p. 22) 
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Figure 1. 5. Si and Ge phonon dispersion curves. The transverse acoustic (TA) , longitudinal 
acoustic (LA), longitudinal optical (LO) and transverse optical (TO) branches are shown. 
Radiative reconbination in Si involves the assistance of q = (0.85,0,0) 2TI TA, LO or TO nhonons. 
The energies of these phonons are approximately 19 ireV, 56 iooV and 58 mef. respectively. 

(S. M. Sze, Physics of Semiconductor Devices (Wiley-Interscience, New York, N.Y., 1969), p.51) 
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longitudinal optical (LO) phonon and the 58 meV transverse optical 

(TO) phonon. 

The introduction of donor and acceptor impurities into the bulk 

Si introduces new levels in the band gap. These levels are shown 

in Fig. 1.6 for a wide variety of impurities. In the materials 

studied in Chapters 2 and 3, the primary impurities are P, B and In. 

These impurities have ionization energies of 45.5 meV, 44.5 meV 

and 155 meV, respectively, and are therefore relatively shallow. 

Many of the properties of the Si-rich Si-Ge alloy semicon­

ductors studied in Chapter 4 are qualitatively similar to those of 

Si. However, the presence of 10% Ge atoms mixes in some of the 

characteristics of Ge, and produces quantitative differences. 

One of the major differences between Si and Ge lies in the 

band structure. In Fig. 1. 4, we show the band structure of Ge as 

well as the band structure of Si. While both materials have in-

direct band gaps, Ge has a smaller gap energy. It is about 0.74 

eV at 0 K. In addition, the conduction band minimlIDl lies at 

o::r 2TI k = (1,1,1) ~ As a result of these differences, the Si-Ge alloy 
a 

band gap energy shows a variation with alloy composition, which is 

shown in Fig. 1.7. At low Ge concentrations, we see a variation 

with composition which is characteristic of the <100> conduction 

band min:i.mt.nn in Si. At high Ge concentrations, we see a variation 

with composition which is characteristic of the <111> conduction 

band miniTIU.lIIl in Ge. The two minima are at the same energy for a Ge 

concentration of approximately 15%. 
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Figure 1.6. Ionization energies for various impurities in Si and Ge. The levels below the gap 
centres are measured from the top of the valence band and are acceptor levels unless indicated 
by D for donor level. The levels above the gap centres are measured from the bottom of the con­
duction band level and are donor levels unless indicated by A for acceptor level. The band gaps 
at 0 Kare 1.166 eV and 0.74 eV for Si and Ge, respectively. 

(S. M. Sze, Physics of Semiconductor Devices, (Wiley-lnterscience, New York, N. Y., 1969), p.30) 



28 

> 
~ 0.90 
Cl. 
c:i 
C> 

>-
C> 
a: 0.80 w z 
LiJ 

MOL.% SILICON 

Figure 1. 7. Composition dependence of the band gap in Si.,Ge alloys at 296 K, 

(R. Braunstein, A. R. M:x>re and F. Hennan, Phys, Rev. 109, 695 (1958)) 
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1here are other differences between Si and Ge which also have 

an effect on the alloy. For example, the phonon dispersion curves 

for Ge are shown in Fig. 1.5 along with those for Si. We see that 

the phonon energies in Ge are typically lower. As a result, 

we expect that the phonon energies in the alloy will be somewhat 

lower than those in Si. Similarly, we see in Fig.1.6 that the 

impurity ionization energies for the shallow donors and acceptors 

are typically lower in Ge than they are in Si. We expect, 

therefore, that ionization energies in the alloy will be lower 

than those observed in Si. 1hese effects can all be observed in 

the photoluminescence spectrum of the alloy. 

1.5.2 EX:perimental .Apparatus 

1he applications of the photoluminescence technique described 

in Chapters 2, 3 and 4 were accomplished with the experimental 

apparatus schematically depicted in Fig. 1.8. 1he samples being 

examined were lapped and chemically .etched to ensure a smooth, 

damage-free surface.. 1hen the samples were placed in a Janis Super 

Varitemp dewar, in which the measurement temperature could be varied 

between 1.4 Kand room temperature. Sample temperatures were measured 

with a Lakeshore Cryotronics Ge resistor, mounted in the sample holder 

in close proximity to the sample. Temperature control was accomplished 

with a Lakeshore Cryotronics temperature controller, in conjunction 

with a Si diode temperature sensor and sample block heater. 
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Figure 1.8. Schematic illustration of the photoltmrinescence experiment, as described 
in the text. 
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The primary source of optical excitation was a Spectra Physics 

l\bdel 165 Ar+ laser operated in cw mode. The laser was equipped with 

a cavity dumper for pulsed mode operation, which enabled observation 

of the time dependence of the photoluminescence intensities. For the 

pump power and surface preparation experiments described in Chapter 3, 

a 5 mW HeNe laser was used. Also, for the time dependence measure-

ments discussed in Chapter 3, a pulsed GaAs laser mounted directly 

on the sample holder was used. 

We can examine the effect of these optical excitations by 

referring to Fig. 1.9. In this figure, the absorption coefficient 

as a function of photon energy is shown for Si and Ge. At energies 

which are less than the semiconductor band gap, the absorption co-

efficient is very small. However, for above-band-gap excitation the 

absorption coefficient is appreciable. + For Ar laser photons 
0 

(primarily 5145 A) the absorption length in Si is approximately 2 

µm. For HeNe laser photons (6328 ~) it is about 7 µm, and for GaAs 
0 

laser photons (8500 A) it is approxi}1lately 60 µm. 'Ihese absorption 

lengths indicate that the lasers produce optical excitation of the bulk 

material. 

The luminescence from the optically excited samples was wave-

length analyzed with a Spex Model 1269 single-pass spectrometer, and 

detected with an S-1 photoTIR.lltiplier (RCA 7102) cooled to liquid 

nitrogen temperature. The data was acquired in photon counting mode. 

Pulses from the photomultiplier were sent through a PAR amplifier/ 

discriminator circuit, and accumulated in an ND 60 multichannel 
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analyzer. From the JIIllltichannel analyzer, the data was sent to a 

PDP 11/34 computer for analysis and storage. 

1.5.3 Experimental Conditions 

The experimental apparatus described in the previous section 

allows us to apply the photoluminescence technique to the study of 

indirect semiconductors such as Si and Si-Ge at low temperatures. 

Fundamentally, of course, this apparatus allows us to obtain the photo­

luminescence spectnnn of the optically excited material for a given 

set of experimental conditions. This spectnnn can then be analyzed to 

determine luminescence lineshapes, integrated intensities, peak 

energie~ and so on. Systematic variation of the experimental condi­

tions enables us to obtain specific information about the equilibrium 

properties of the systems under study, as well as about their response 

to excitation and the mechanisms responsible for return to equilibrium. 

We consider the effect of variation of certain of these experimental 

parameters here. 

1.5.3.1 Excitation Intensity 

Measurement of the dependence of luminescence intensities on 

the optical excitation intensity can provide information about exciton 

complex formation, since luminescence from exciton complexes increases 

with excitation intensity relative to luminescence from solitary 



34 

excitons. 1he intensity 0£ ll.D'Ilinescence £rom solitary excitons is 

directly proportional to the excitation intensity, llltil high free 

exciton densities are obtained. 1hen saturation effects are observed. 

1he observation of intensity saturation can provide infonnation 

about impurity concentrations and the kinetics of the relaxation and 

recombination processes. 

1.5.3.2 Sample Temperature 

Measurement of the dependence of ll.D'Ilinescence intensities 

on temperature can provide information about the.presence of excited 

exciton states, which become populated as the temperature increases. 

As well, information can be obtained about the thermal binding energies 

of excitons bolilld to impurities. 

1.5.3.3 Time Delay 

Measurement of the dependence of luminescence intensities 

on time after optical excitation can'provide information about the 

kinetics of the relaxation and recombination processes which return 

the system to equilibrium, 1he parameters which govern these processes, 

such as thennal binding energies and exciton capture cross sections, 

can be measured and their relative importance for a given set of 

experimental conditions can be determined. 

1.5.3.4 Sample Characteristics 

Measurement of the dependence of luminescence intensities 

on sample characteristics can provide important information about the 
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PHOTOLUMINESCENCE SPECTRUM OF 
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Figure 1.10. Typical photoluminescence spectrum of Si:(B,P,In). Transverse optical (1D) and 
longitudinal optical (LO) phonon assisted free exciton recombination luminescence is observed. 
These lines are labelled FECI'O) and FE(LO), respectively. In addition, no~phonon (NP) boillld 
exciton recombination luminescence is observed for excitons bound to P, Band In impurities. 
These lines are labelled P(NP), B(NP) and In(NP), respectively. Various replicas of these 
lines are also observed. Transverse acoustic (TA) , and 1D and LO phonon assisted B boi.md 
exciton recombination luminescence is observed. These lines are labelled B(TA), B(1D) and 
B(LO), respectively. Finally, 1D phonon assisted P reconbination luminescence is observed. 
This line is labelle~ P(1D). 

(R. M. Feenstra and T. C • .t.t:Gill, Solid State Cmmn.m. 36, 1039 (1980).) 
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Table 1.2. Properties of free excitons in Si and Ge. 

BOOR 

RADIUS, (~) 

* ao 

cX) 

Si 43 

Ge 114 

2 
(a) Obtained using ~ = ~ 

2£oao 

DISSOCIATION 

ENERGY, 

~ 

(_meV) 

14.7 (b) 

4.lS(c) 

EFFECTIVE LIFETIME (9.) , 

MASS, (d) 
TFE 

* mex 

(µsec) 

0,6 m
0 

'V 2 

0.335 m
0 

'V 7 

(b) K. L. Shaklee and B. Nahory, Phys. Rev. Lett. 24, 942 (1970). 
(c) G. A. lhomas, A. Frova, J. C. Hensel, R. E. Miller and P. A. Lee, Phys. Rev. Bl3, 1692 (1976). 
(dJ S. A. Lyon, Ph. D. lhesis, California Institute of Technology 1979. 
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be seen on this intensity scale. 

In an optically excited semiconductor doped with donor and 

acceptor impurities, fonnation of bound excitons also occurs. Some 

of the properties of excitons bound to the Group III acceptor and 

Group V donor impurities in Si are listed in Table 1.3, The photo­

luminescence spectrum shown in Fig. 1.10 reflects the fonnation of 

these bound exci tons. No-phonon (NP) bound exciton recombination 

luminescence is observed for excitons bound to P, Band In impurities. 

These lines are labelled P(NP), B(NP) and In(NP), respectively. 

In addition, replicas of the NP B bound exciton luminescence are ob­

served which result from TA, TO and LO phonon assisted recombination. 

In principle, replicas resulting from TA, LA, TO and LO phonon assisted 

recombination should be observed for all the NP bound exciton lines. 

The absence of particular TA, LO or TO replicas is just the result of 

the measurement sensitivity and the intensity scale, However, LA 

phonon assisted recombination is neve~ observed in Si. The absence of 

this phonon replica is not understood. 

1. 6 SlNMARY OF RESULTS 

As a result of our application of the photoluminescence technique 

to the Si and Si-Ge alloy systems, we obtain the following results: 

1. 6.1 Chapter 2 

(i) A model for the photoluminescence spectrum of lightly doped 

semiconductors is developed. At low excitation intensities, where 

saturation effects can be neglected, quantitative analysis of the 
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photoluminescence spectrum in tenns of impurity concentrations is 

possible for these semiconductors. 

(iiJ The predictions of the model are tested by examining 

the Si:(B,In) system. In particular, the effect of increasing the 

In concentration is considered. Care is taken to ensure that 

saturation effects are not present during the measurements. For 

15 -3 In concentrations above 10 cm , we observe that quenching 

of B luminescence occurs, and the predictions of the simple model 
16 -3 become invalid. For In concentrations above ZxlO cm , B luminescence 

is not observed in any sample studied. 

(iii) A modification to the photoluminescence model is 

proposed, which includes the effect of exciton transfer from B 

to In impurities. When the exchange mechanism is assumed for exciton 

transfer in Si, agreement with the experimental results is quite 

good. We propose, therefore, that exciton transfer begins to occur 

above In concentrations of 1015cm- 3. This is the first observation 

of exciton transfer in Si. 

1.6.2 Chapter 3 

(iJ Detailed measurements of the photoluminescence spectrum of 

moderately doped Si:In are made. A large number of previously un-

observed features are observed and tabulated. Three of these 

features are labelled "P ,Q,R" and studied in detail. 

(ii) The P,Q,R lines are only observed in Si doped with In. 
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1his result suggests that the P,Q,R lines are the result of recombina­

tion of excitons bound to a complex which involves In. 

(iii) Measurements of the dependence of P,Q,R luminescence 

intensity on time after excitation are made, 1hese measurements 

revealed that the "P,Q,R" lines have extremely long lifetimes, orders 

of magnitude longer than the lifetimes observed for bound excitons in 

Si. Th.is suggests that lines P,Q,R are due to recombination of 

excitons bound to an isoelectronic complex in Si. 1his is the first 

observation of luminescence from an isoelectronic centre in Si. 

(iv) Measurements of the temperature dependence of P,Q,R 

luminescence intensity are made 1hese measurements reveal that 

the P/R luminescence intensity ratio is independent of temperature, 

which suggests that lines P and R are due to transitions from the 

same initial state of the complex, 1he width of line R suggests 

that line R is a local phonon mode replica of line P. Line Q appears 

only at high temperatures, which suggests that line Q is due to a 

transition from an excited state of the bound exciton complex, 

(v) 1he pl.Illlp power dependence of P,Q,R line luminescence 

intensities is measured, 1he P/R luminescence intensity ratio is 

independent of pl.Illlp power. 1his result supports the suggestion that 

line R is a local mode replica of line P. 

(vi) Detailed temperature dependent lifetime measurements are 

made. 1he same general temperature dependence is observed for the 

three lines, which is qualitatively explained on the basis of the 
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presence of a somewhat longer lifetime for the excited state of the 

bolllld exciton complex. A quantitative model was proposed for the 

observed behaviour. In the high temperature regime, where thennaliza­

tion dominates, application of the model produces values for the 

exciton thennal binding energies. These results support the suggestion 

that lines P,Q,R result from recombination of excitons bolllld to an 

isoelectronic complex. They also support the suggestion that line R 

is a local phonon mode replica of line P. 

(viiJ The P,Q,R luminescence intensities are observed to be 

extrerrely dependent on the details of the surface preparation of the 

sample. This is the first observation of surface sensitive photo­

luminescence. 

1.6.3 Chapter 4 

(i) The photoluminescence spectra of undoped Si1 Ge for -x x 

x = 0.11 and x = 0,067 were examined in detail for the first time, 

No-phonon free exciton recombination luminescence is identified, and 

the no-phonon free exciton luminescence threshold is obtained. 

(ii) Bolllld exciton luminescence associated with residual B 

impurities in the material is identified. A model was proposed 

to explain the observed broadening of the bolllld exciton line, based 

on the nearest-neighbour configuration of Ge atoms. 
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(iii) On the basis of this model, comparison with the Si 

luminescence spectrum is made. A determination of the band gap 

shift and the shift in free exciton binding energy for the x = 0.11 

and x = 0.067 alloys is made. 

(iv) At very low temperatures, a shifting and broadening of 

the free exciton line is observed. This feature is attributed 

to the filling of tail states which are formed in the free exciton 

density of states as a result of the alloy compositional disorder. 

(v) The photoluminescence spectrum of Si1 Ge In for x = 0,10 
-JC x 

is also examined for the first time. Free exciton recombination 

luminescence is observed and a free exciton threshold energy is 

obtained, 

(vi) Bound exciton luminescence associated with In and residual 

P impurities in the material is observed. Combinations of time and 

temperature resolution are employed to systematically isolate and 

identify these components. 

(vii) Measurement of the free exciton threshold results in a 

determination of the band gap shift for the x = 0,10 alloy. 
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CHAPTER 2 

EFFECT OF IMPURITY CONCENTRATION 

ON THE PHOTOLUMINESCENCE SPECTRUM­

A CASE STUDY OF THE Si : (B, In) SYSTEM 



so 

2.1 INTRODUCTION 

'Ibe development of photoluminescence as a method for evaluating 

semiconductor materials has been of interest for some time, mainly 

as a result of the convenience of the technique and its sensitivity 

to small impurity concentrations, Since the first observation of 

impurity-related photoluminescence in Si by Haynes (l) in 1960, 

much work has been directed towards the understanding and charac­

terization of the lt.nninescence spectra of various semiconductors (2). 

Only recently, however, have attempts been made to use photolumines-

cence as a quantitative tool for measuring impurity concentrations. 

At this point, only the Si:B, Si:P, and Si:(B,P) systems have been 

investigated, and only the low concentration regime has been con­

sidered. Tajima C3) attempted an empirical calibration but failed 

to account for saturation effects, and as a result achieved only 

limited success. Nakayama et al. C4) considered low-level saturation 

effects (that is, creation of bound multiexciton complexes), 
' 

and produced a set of rate equations which were successfully used 

to model these systeins in the low concentration regime. 

Often, however, it is necessary to determine concentrations 

of background impurities and defects at levels substantially 

below that of some majority dopant present at high concentration. 
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The Si;(B,In) system considered in this chapter is an example 

of this situation. For IR detector applications, it is necessary 

to measure small concentrations of shallow impurities such as B in 

the presence of large In concentrations, 

Our work reveals that while the low impurity concentration case 

is well understood, effects resulting from the presence of multiple 

impurities at high concentrations lead to luminescence spectra which 

are much more difficult to interpret quantitatively in terms of 

impurity concentrations. At impurity concentrations well below 

those that are of technological interest, we observe quenching of 

the shallow impurity luminescence. A model is proposed which includes 

the effect of exciton transfer from the shallow impurities to the 

deep impurity. Finally, by comparing the model prediction to the 

experimental results, a mechanism for the exciton transfer is 

established. 

2.2 RATE MODEL OF POPED Si PHOTOLUMINESCENCE 

2.2.1 The Rate Equations 

To examine the effect of increasing impurity concen~ 

trations on the Si photoluminescence spectn.nn, we first develop 

a model for the system in the low impurity concentration limit, 

We assume that an above-band-gap optical pump produces free excitons 

lFEJ at a generation rate g. These FE can then decay or be captured 
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by impurity atoms to form bound excitons (BE). The BE can subse­

quently decay or be thermally released. Application of detailed 

balance leads to the following set of rate equations: 

where 

nFE = the free exciton (FE} density 

g = the FE generation rate 

vFE = the FE decay rate 

n. = the density of excitons bound to impurity type 
1 

(BE.) 
1 

v. = the BE. decay rate 
1 1 

y. = the rate of FE capture by impurity type i 
1 

p. = the rate of thermal release of BE. , 
1 1 

(_2,1) 

(2' 2} 

i 

The number of FE captured per unit time, yi nFE' is proportional to 

the FE flux,vthnFE' and the density of capturing centres, (Ni-ni);that 

is 
(2.3) 

where 
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a. = the impurity type i capture cross section for FE 
1 

vth = the FE thermal velocity 

N. = the density of impurity type i. 
1 

.Application of detailed balance and mass action yields the following 

result for the rate of thermal release of BE.: 
1 

where 

N = 2 ex B 
(

m k T )3/2 

FE 2TI 112 

= the thermally averaged FE density of states 

Ei = the BEi binding energy. 

2.2.2 1he Steady-State Solution 

(2.4) 

Eqs. (2.1) and (2,2) can be solved quite simply for a steady 

state solution if the ptunp power is low enough to justify the 

asstunption n. << N .. 1his implies, of course, the absence of 
l l 

saturation effects, such as multiple bound exciton or electron 

hole droplet formation. In this limit we obtain the equations 

(2. 5) 
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where we have defined, for convenience, 

s 
i \). + p. 

l l 

(2,6) 

(2. 7) 

'Ihis dimensionless ratio t;. will appear frequently in the rate 
l 

model. Physically, si is the ratio of the FE capture rate, yi' 

to the total BE. loss rate, (v. + p.). Note that the total loss 
l l l 

rate is the sum of the rates for whatever recombination paths may 

exist for the BE., v., plus the rate of thermal release of BE., p .• 
l l l l 

Also, note that t;. depends linearly on N. through its dependence 
l l 

on the capture rate. When the application of the steady state 

solution is discussed, we will frequently find it notationally more 

convenient to discuss variation in t;. rather than variation in 
l 

N. directly. 
l 

2.2.3 Application When Free Exciton Ltuninescence Is 

Observed 

When the impurity concentrations are very low and the plUTip power 

is sufficiently high, FE ltuninescence can be observed in the photo-

ltuninescence spectrtun. When this is the case, the impurity concen-

tration Ni can be obtained from the ratio of BEi to FE luminescence 

intensities. From Eq. (2.6) we see that 
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FE = the FE oscillator strength 

f. = the BE. oscillator strength 
1 1 

IFE = the FE luminescence intensity 

I. = the BE. luminescence intensity. 
1 1 

(2.8) 

(2.9) 

1his result demonstrates how it is possible to use photo-

lIBninescence to measure the concentration of impurities in the very low 

concentration regime, Since the ratio R. is independent of plUTip 
1 

power and concentration, a single calibration allows us to obtain 

the value of N. from a knowledge of R. and the ratio of BE. to FE 
1 '1 1 

lIBninescence intensities. Of course, application of this method 

requires that the absence of saturation effects assIBned in the 

solution of Eqs. (2.1) - (2,2) is maintained, Otherwise, the simple 

linear relationship Eq. (2,8) is not obtained, as reference to the 
(3) 

work of Tajima will verify. 

It is important to note that Eq. (2.8) simply gives the 

behaviour of the ratio Ii/IFE as Ni is varied, To determine indepen­

dently the behaviour of Ii and IFE, we must return to Eqs, (_2. 5) and 
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l~.6}. Consider the case of a single imJ?urity~ impurity i~ and con-

sider variation of the parameter £i. The behaviour of the rate theory 

in tis case is schematically illustrated in Fig. 2,1, Suppose that 

£i (.9r N1} is increased while the generation rate g (that is, 

the laser pump power) is held constant, Then Eq. (2.5) predicts 

a decrease in nFE and therefore in IFE' Of course, Eq. (_2,6) 

predicts an increase in ni and therefore in Ii, in such a way that 

Eq. (~.8) is maintained. 

As a result of this dependence of IFE on Ni, the rate theory 

predicts that it may be possible to quench completely the FE 

luminescence intensity simply by increasing N., Of course, 
1 

increasing the laser pump power increases g and therefore nFE' 

according to Eq. (2.5). So it may be possible to some extent to 

overcome this quenching effect by increasing the pump power. 

However, at higher pump powers, sample heating can become an 

important factor, and then R. will n9 longer be independent of 
1 

pump power. For rou~ine analysis, it becomes exceedingly desirable 

to operate in a pump power region in which sample heating effects 

are negligible, 

2.2.4 .Application When Free Exciton Luminescence Is Not 

Observed 

Practically speaking, in many cases of interest impurity 

concentrations are high enough that FE luminescence is not observed. 
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g 
nFE 

vFE 

g 

2vFE 

0 
g 

n. 
l 

\). 
l 

g 

2vi 

0 
n. 

l 

\) i 
0 ~~~~~ ..... ~~~~~~~~~~~~~~--

0 

\). 
l 

t;,. 
l 

Figure 2 .1. Schematic behaviour of the rate theory in the case of a single irnpuri ty. As the 
impurity concentration is increased at constant generation rate, g, the free exciton density, 
nFE, decreases. However, the bound exciton density, ni, increases in such a way that the ratio 
n/nFE remains proportional to t;,i. 
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In these situations, Eq. (2.6) can still be solved for relative 

impurity concentrations in terms of BE llUTiinescence intensity ratios 

as follows: 

where 

f. N. ~­

Rij = £~ i ~ 
J l J 

(2.10) 

(2' 11) 

Application of this result is similar to that of Eq. (2,8}, and 

similar considerations apply. Eq. (2.11) predicts that the ratio 

R .. is independent of plllnp power and impurity concentration, and 
lJ 

so the R. . can be determined from measurements on one calibrated 
lJ 

sample. '!hen, if one impurity concentration is known, for example 

that of the majority dopant, the concentration of other impurities 

in the material can be determined from the R .. and the observed 
lJ 

llllninescence intensi~y ratios, Once again, care must be taken to 

ensure that saturation effects are not present in order to apply 

Eq. (2.10) successfully. 

In this case as well it is important to note that Eq, Ci.10) 

simply gives the behaviour of the ratio I./I. as the impurity 
l J 

concentrations are varied. To determine independently 

the behaviour of I. and I., we must once again return to Eqs. 
l J 

(2.5) and l2.6). Consider the case of two impurities, impurity i 



59 

and :impurity j, and consider variation of the parameter ~-, The 
1 

behaviour of the rate theory in this case is schematically illustrated 

in Fig. 2.2. Suppose that s. (or N.) is increased while g and N. 
1 J 1 

are held constant. As Eq. (_2.5) indicates, this results in a 

decrease in nFE' According to Eq. l2.6), a decrease in IlpE in 

turn results in a decrease inn .• Since I. is proportional ton., 
1 1 1 

the final result is a decrease in I. . Of course, Eq. (2. 6) 
1 

predicts an increase in Ij in such a way that Eq. (2,10) is preserved, 

As a result of this coupling of N. and I. through the FE gas , 
J 1 

the rate theory of the system predicts that it may be possible to 

quench completely the BE. ltuninescence intensity simply by increasing 
1 

N .. Of course, as previously mentioned, increasing the laser pl.Ililp 
J 

power may overcome this effect to a certain extent, but sample 

heating effects must be avoided, 

There is one important point to· be made as a result of these 

considerations. We wish to determine at what point the simple 

rate theory presented in Eqs. (_2 .1) and (2, 2) becomes inapplicable 

as the impurity concentrations are increased, Total quenching of 

shallow ltuninescence will be observed in many samples, but because 

of the coupling effect between I. and N. described above, this obser-
1 J 

vation alone is not sufficient to conclude that the rate theory has 

become inapplicable. It is necessary, in fact, to show explicitly 

that Eq. (2,10) is no longer valid at high concentrations, 
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Figure 2. 2. Schematic behaviour of the rate theory in the case of two impurities. As the im­
purity concentration, sj' is increased at constant generation rate, g, the free exciton density, 

nFE, decreases . This in turn results in a decrease in the impurity i botmd exciton density, ni. 

However, the impurity j botmd exciton density, n. , increases in such a way that the ratio ~ t;. 
remains proportional to t;. • J n. 1 

J 1 
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2.3 .EXPERIMENfAL !lliSULTS FOR THE Si:(;B,In) SYSTEM 

2.3.1 The Si:(B,IIi) System 

To investigate systematically the effects of high impurity 

concentrations in a multiple impurity system, we undertook a careful 

study of one particularly interesting system: Si doped with B and 

In. Si:(B,In) was chosen as a model system for the study because 

heavily doped Si:In is a very important material for detector 

applications, and because the low concentration photollililinescence 

properties of the Si:B and Si:In subsystems are relatively well 

understood. First, both B and In bound exciton llililinescence has 

been studied extensively and the spectra are well characterized (S) 

Also the decay mechanisms for excitons on B and In have been 

identified (6) and the decay rates have been measured C7,s). 

Finally, the capture cross sections for excitons on B C9,lo) and 

In (lO,ll) h b d t . d f . ave een e eTIIllne as a unction of temperature, 

In addition, the Si:In and Si:(P,B,In) systems are of current in­

terest. Recently, very long-lived lines have been observed in the 

heavily doped Si:In spectn.nn (l2), which are discussed in detail in 

Chapter 3. Also, a series of low energy lines have been observed in 

the heavily doped Si:(P,In) spectn.nn, which are not present in the 

. l13 14) Si (B, In) spectn.nn ' . These lines were attributed to donor-to-

acceptor recombination llililinescence involving P and In. In these 

investigations, the anomalous absence of B llililinescence in the Si:(B,In) 

spectn.nn was also reported, and was attributed to interaction between 

dissimilar acceptor bolll1.d exciton states. 
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Technologically interesting material has high In concentrations, 
17 -3 around 10 cm or higher. In these materials, the presence of un-

intentional shallow impurities such as B or P is undesirable. We 

were interested, therefore, in investigating the use of photollll'Ilinescence 

as a technique for measuring the concentration of residual B impurities 

in heavily doped Si:In, based on the rate theory developed in Section 

2.2. In particular, we have systematically examined the B bound 

exciton luminescence intensity as a function of increasing In con-

centration, In this way we have been able to determine the range of 

In concentrations over which the theory, and hence the photoluminescence 

technique, is, applicable. Also, we have been able to examine in detail 

the way in which the theory breaks down as the In concentration is 

increased. 

2.3,2 The Si;l~,In) Samples and Typical Photoluminescence 

Spectra 

The measurements discussed in this chapter were made on crystals 

grown by the Czochralski and float-zone techniques. Impurity concen­

trations were determined from Hall effect measurements perfonned at 

Hughes Research Laboratories, where the samples were grown. The 

samples studied and their impurity concentrations are given in Table 

2.1. 

Typical photoll.ll'Ilinescence spectra are shown in Fig, 2,3, 
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Table 2.1. Samples of Si doped with In and B studied using photoh.mri.nescence. The numbers 
identifying the samples correspond to the ingot m.1rrber at Hughes Research Laboratories. All the 
concentrations were measured using the Hall experiment at Hughes Research Laboratories. The 
estimated accuracy is ±25%. 

SAMPLE NB Nin Na/Nin 
(cm-3) (cm-3) 

220601 5.2xl0
12 l.Oxl017 5.2x10- 5 

Cl1204.T 1.4x1014 l.3xl017 i.lxl0-3 

Cl1204.M 1.0x1014 3.4x1016 3.0xlO -3 

220601R 9.8x1013 4.3xrn16 2.3x10- 3 

2074 3.9x1013 1. 7xl016 2.3xl0- 3 

Cl17 7.8x1013 2.lx1016 3.7x10- 3 

Cl1204.S 6.3x1013 l.3x1016 4.8x10- 3 

Cl12.M 4.2x1015 2.4x1017 l.8xl0- 2 

220601A 1.9x1014 5.5x1015 3.5x10- 2 

2104011 2. 7x1013 2.0x1014 1.lxlO-l 

2163.T 3.9x1013 2.2xio13 1.8 

ClZOA 8.2x1016 2.oxio16 4.1 

2163.S 3.5x1013 6.8x1o12 5.1 
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TYPICAL Si :(B,In) SPECTRA 

T = 4.2K 

B(TO} 

(a) SAMPLE Z 163 S 

Ne = 3.5x1013 cni3 

Nin = 6.8xl013 cm-3 

pump power = 1 mW 

B(TA) 

ln(NP) 

-n-
1 n (To) b1(TO) 

~ "' 
B(LO) 

I FE(TO) b1(TA} 

?FE(LO) \ Ul~A 

P(NP) 
B(NP} 

/ 

xr-xs 
(b) SAMPLE C 120 A 

Ne= 8.2x1016 cm-3 

Nin= 2.0x1016 cm3 

pump power = I 00 mW 

In(TO) 

-u-
"P" 

- -.:.-X10 X1 

1060 '1080 1100 1120 

ENERGY (meV} 

In(NP) 

U1(NP) 

\ 

1140 1160 

Figure 2.3. Spectra of two Si:(B,In) samples included in this study. 
(a) Sample Zl63.S, the most lightly doped sample. 
(b) Sample cl20A, the most heavily doped sample from which B~ luminescence could still be 

observed. 
Refer to the text for an explanation of the line assignments. The scale factors (e.g., "XS") 
give the relative intensity magnification. 
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Fig. 2.3(a) is a spectrum of sample Zl63.S, the most lightly 

doped sample studied, and Fig, 2.3(b) is a spectrum of sample Cl20A, 

the most heavily doped sample from which B bound exciton luminescence 

could still be observed, Luminescence lines due to FE and B~, 

BEp and BEin recombination are visible in the no-phonon (NP), 

transverse acoustic phonon (TA), longitudinal optical phonon 

(LO) and/or transverse optical phonon (TO) replicas. In 

addition, the first B bol.Illd nrultiexciton complex (b
1

) is visible 

in the TA and TO replicas, Finally~ the previously reported CJ 2,l5l 

long-lived luminescence line "P" and the lower energy In lumines-

cence line Ul can be seen in the NP region, 

2.3.3 The Measurement of Luminescence Intensity Ratios 

As previously mentioned, successful application of the rate 

theory presented in Section 2.2 requires that luminescence intensities 

be measured in a pump power region for which saturation effects are 

not important. In this study, luminescence intensity ratios were 

obtained using a technique that guarantees this condition, First, 

the intensity of NP BEI and TO BEB luminescence (I NP and I TO' 
n fu B 

respectively) was measured as a function of pump power for each sample 

studied. In the low pump power region where saturation does not occur, 

the luminescence intensity varied linearly with pump power; that is, 

I. = a. P 
l l 

(2,121 
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where 

P = laser pump power, 

This is the behaviour predicted by Eq. (2. 6) • Second~ straight lines 

were least squares fit to the NP BEin and TO BEB pump power dependence 

data in the linear region, and the slopes, ai' were obtained, Finally, 

the I TO/I NP luminescence intensity ratio was calculated as the 
B In -

ratio of these slopes, since 

(2, 13) 

Typical results of a measurement of this type at 4~2 Kare 

shown in Figs. 2,4, 2,5 and 2,6 for sample 2104011, Fig. 2,4 shows 

the usual luminescence signal obtained at the low pump powers 

required to avoid saturation effects. Also shown on the figure 

are the Gaussian least squares fits used to detennine the integrated 

line intensities. For the NP BEin luminescence line 1 a single 
, 

Gaussian was satisfactol)' for this purpose. However, for the TO BER 

it was necessaIY to fit two Gaussians, one representing the TO BEB 

line and the second accolillting for the TO BEP line which is visible 

as a low energy shoulder on the TO B~ line, 

Measurements similar to these were carried out over a wide range 

of pump powers, The results are shown in Figs . 2. 5 and 2. 6. 
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BE1n (NP) AND BE 8(T0) LUMINESCENCE 
FROM Si:(B, In) 

sample Z 104011 
N8 = 2.7 x1o' 3 cm3 

14 -3 
N In = 2.0 x I 0 cm 

T both= 4.2K 
- luminescence 

pump power = 9.0mW 
-fit 

1139 1140 1141 1142 1143 

ENERGY (meV) 

1091 1092 1093 1094 

ENERGY (meV) 
1095 

Figure 2.4. Typical photoluminescence measurement of I NP and I TO in the unsaturated pt.m!p 
In B 

power regime for sample Zl04011. Gaussian least-squares fits to the observed luminescence are 
also shown. 
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PUMP POWER DEPENDENCE OF 
BE 8 (TO) INTEGRATED INTENSITY 

sample ZI04011 
13 -3 

N8 =2.7XIO cm 
14 -3 

N1n=2.0xl0 cm 

(a) LOW POWER 

linear least-squares fit 
to low power data 

2 4 6 

PUMP POWER 

(b) HIGH POWER 

• 

• 

linear least -squares 
to low power data 

T bath= 4.2K 

8 
(mW) 

• • 

fit 

10 

100 200 300 

PUMP POWER (mW) 

Figure 2.5. Pump power dependence of the TO BE,, ltmlinescence intensity in sample Zl04011. 
(a) The low pump power regime, where the ltmlin8scence intensity is proportional to pump power. 
(b) The high pump power regime, where saturation effects are observed. 
The same linear least-squares fit is shown in both cases. 
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-------- linear least - squares fit 
to low power data 

100 200 
PUMP POWER (mW) 

300 

Figure 2.6. Ptunp power dependence of the NP BE1n luminescence intensity in sample 2104011. 

(a) The low pump power regime, where the luminescence intensity is proportional to pump power. 
(b) The high pump power regime, where moderate saturation effects are observed. 
The same linear least-squares fit is shown in both cases, 
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Fig. 2.5 shows the pump power dependence of the TO B~ line for sample 

Zl04011. As this figure demonstrates, the intensity varies 

linearly with the pump power for pump powers ranging from 1 to 10 

mW and varies sub linearly for pump powers greater than 10 mW. This 

sublinear deviation is due to saturation of the B centers with 

excitons. Also shown in Fig. 2,5 is the straight line least 

squares fit to the low power points from which aB was obtained. 

Similar measurements for the BEin line are presented in Fig. 

2.6. In this case the intensity variation is only slightly sublinear 

at high pump powers. It is much more difficult to saturate the In line 

in these samples because of the higher concentration of In centers 

and the short 1 ifetime of the In bound exciton (T In ::::: 3ns (B} as 

compared to TB~ 1.0 µs (?)). Also shown is the straight line least 

squares fit to the low power data, from which ain was obtained. 

2.3.4 The Dependence of RBin on In Concentration 

The procedure described above was employed to determine 

luminescence intensity ratios for all samples in which B and 

In luminescence could be observed. The results of the low pump 

power straight line fits and the consequent intensity ratios are 

listed in Table 2.2. This information, together with the results 

of the Hall effect measurements summarized in Table 2.1, has 

enabled us to investigate the dependence of the ratio 
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R _ B In 
(
I TO ) (N ) 

Bin - IInNP NB (2.14) 

on the In concentration. As demonstrated by the rate theory presented 

in Section 2,2, the use of photaluminescence as a tool for semiconduc-

tor analysis depends on R .. being independent of N. and N.. The range 
lJ l J 

of concentrations for which this is the case has now been determined 

for the Si:(B,In) model system. The result of this analysis is 

summarized in Fig. 2.7, which is a plot of RBin versus Nin' As can 

be seen from Fig. 2.7 within experimental error RBin is independent 

12 -3 15 -3 
of Nin for Nin between 6xl0 cm and about 10 cm- . However, for 

Nin> l015cm- 3, we observe that RBin decreases with increasing Nin' 

16 -3 For Nin > 2xl0 cm , we were not able to observe BEB luminescence 

in any of our samples, and therefore no points are plotted in Fig. 

2.7. It appears, therefore, that the simple theory presented in 

Section 2.2 breaks down and RBin becomes dependent on Nin' for 

N > 1015 -3 
In cm · 

2.4 DISCUSSION OF 1HE EXPERIMENJ:AL RESULTS 

2.4.1 The Low Concentration Result 

The experimental results for the Si:(B,In) system presented 

in Section 2.3 show that the behaviour expected on the basis of the 

theory of Section 2.2 is obtained in the low concentration regime. 

That is, for Nin < lo15cm- 3 we observe that R:sin is independent of 
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Rsrn VERSUS Nrn 

FOR Si: (B, In) 

Zl63.S Zl63.T 
ZI04011 

Z20601A 

CJ experimental results 

Cl20A 

1014 1015 

Nrn (cm-3) 

Figure 2. 7. The ratio "nin • (: B:) ( ::n) as a function of Nin. The '"'P"rllnental resul" are 

shown. The parameters for the vfrious samples are given in Table 2 .1. For Nln > 2xrn16an - 3, B 

lumilrescence was not observed, and hence, no points are plotted. The error regions for the ex­
perimental points are based on estimates of the error in!\• Nln' IB and IIn' 
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Nin' as predicted by Eq, l~.11), 

The experimental results also show that 1.0 < R:sin < 3,5 in the 

low concentration regime. We can show that this result is consistent 

with the theory presented in Section 2,2 by estimating RBin from Eq, 

-5 ll 7) -5 (18) l2 .11). We take fB = 2. 8xl0 · for the TO BEB and £In = 8. 5xl0 
6 -1 (10) for the NP BE In. Also, at 4. 2 K (\lB + PB}= 1. 2 7x10 sec · and 

8 -1 l8) (yin+ Prn}= 3.7x10 sec . The ratio of capture cross sections is 

only known approximately. We take 0,025 < crB/crin < 0.11 (lO) for 

this estimate. Finally, our detection system is approximately twice 

as sensitive at the NP BEin energy as it is at the TO BEB energy. 

On the basis of these estimates, Eq. (2.11) results in 1.2 < RBin < 5,3, 

which is consistent with the experimentally observed result, 

2,4,2 The Effect of Increasing In Concentration 

On the basis of the experimental results presented in 

Section 2.3, it is clear that the simple theory obtained in the 

low concentration limit becomes inapplicable at even moderately 

increased concentrations. In order to model the behaviour observed 

at higher concentrations, we propose that some direct interaction 

begins to occur between a B bound exciton and its nearest-neighbour 

neutral In atom, which results in a transfer of the exciton from 

the B atom to the In atom. 
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A quick estimate will show that it is not unreasonable to expect 

a process of this nature to begin occurring at In concentrations in 

16 ·3 the neighbourhood of 10 cm . First, we calculate the probability 

that the nearest-neighbour In atom is between r and r+dr from a 

given B atom, P(r)dr. We obtain 

2 4 3 
P(r)dr = 4nr dr Nin exp(_-~r Nin) (2' 15) 

where 

2 4nr dr Nin = the probability that an In atom is between r and 

r+dr of a given B atom 

and 

(. 4 3 h exp _~3nr Nin} = t e probability- that there is no In atom 

between the B atom and r (9btained from 

Note that 
00 

J P(:r) dr = 1 
0 

the Poisson distribution). 

as expected, Now we calculate the average value of r to be 

00 

<r> = J r P(r) dr 

0 

+wN;n r -) r3 ~ ·3 (2, 16) 
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16 -3 0 
For Nin = 10 cm we find <r> = 250 A. Considering that the Si 

FE Bohr radius is 43 j, the suggestion that direct interaction effects 

become important at these concentrations is reasonable, 

2.4.3 Rate Model Including .exciton Transfer 

The rate theory presented in Section 2.2 can be modified to 

include the effects of this exciton transfer process, We introduce 

a distance dependent transfer rate, Q(r), for the exciton transfer 

from a B atom to an In atom at a distance r. Then Eqs. (2.1) 

and (2. 2) are modified as follows: 

where 

00 

+ J Q Cr) nB Cr) dr 
0 

(2 .17) 

(2 .18) 

(2,19) 

nB(r)dr = the density of BEB with a nearest-neighbour In between 

r and r+dr 
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yB(.r) = the rate of FE capture by B atoms with a nearest­

neighbour In atom between r and r+dr. 

Then it follows from Eq. (2.3) that 

(2.20) 

where 

NB(r)dr = the density of B atoms with a nearest~neighbour In 

between rand r+dr. 

It also follows that 

NB(r)dr 
P(r)dr = ~N~­

B 

so that 
co 

J NB(r) dr = J
00

NB P(r) dr = NB 
0 0 

as expected. 

(2.21) 

(2. 22) 

In the absence of saturation? when nB(.rl << NB(.r)? we can 

write Eq. (2, 20) as 

= YB P(r) CZ, 24} 
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In this limit, we can obtain the steady state solution to Eqs. 

(2.17) - (2,19) as 

(2' 25) 

(2.26) 

(2. 27) 

where we have defined 

i:- -[ P(r) 
"'B(r) - 1 + w(r) (2.28) 

and 

w(r) (2. 29) 

From Eqs, (.2, 26) and C:Z, 271 we obtain an expression analogous to 

Eq. (2.10)' 

(2 ,30) 

but where RBin now includes the effects of exciton transfer; 
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r P(r) 
1 + w(r) dr 

0 

00 

l + 
0
B NB J w(r) P(r) dr 

crin Nin l+w(r) 
0 

0 

RB In (2.31) 

0 
In this expression, RBin is the value of RBin in the absence of 

exciton transfer, as expressed by Eq. (2.11). 'This expression 

for ~In must now be compared with the experimental results obtained 

in Section 2.3. 

2.4,4 'The Exciton Transfer Rate 

Before the solution of the modified rate theory can be com-

pared with the experimental results, we must determine an appropriate 

form for Q(r), the exciton transfer rate. 'The general topic of 

excitation transfer in solids has b~en considered extensively in the 

literature. 'The or~ginal work by Forster Cl9) and Dexter C20) con­

sidered excitation transfer in the context of ''host-sensitizationn 

or "impurity-sensitization" of material doped with specific "activator" 

impurities. In this case, the rate of energy transfer from an excited 

sensitizer to an activator in its grolil1d state is 

L2.32) 
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where ~I is the wavefunction of the initial state in which the 

sensitizer is excited and the activator is in its ground state, ~F 

is the wavefunction of the final state in which the activator is 

excited and the sensitizer is in its ground state, H. t is the in 

Coulomb interaction Hamiltonian, and Pp is the density of final states. 

Dexter l 20J expanded H. t in powers of r, the distance between the 1n 
sensitizer and activator, and examined the dipole-dipole and dipole-

quadrupole terms. The exchange integrals , which result when ~ 1 and 

~Fare properly antisynnnetrized, were also considered. In particular, 

the spatial dependences for these transfer rates were obtained. These 

spatial dependences reside in the matrix element in Eq. (2.32). 

Dexter fol.Illd that the transfer rates for the dipole-dipole, dipole­

quadrupole and exchange processes have the following spatial depen-

dences: 

-6 
ex: r 

-8 
wdq (r) ex: r 

(2. 33) 

(2 .34) 

(2.35) 

Of course, Eq. (2.32) refers to a resonant energy transfer process, 

in which the initial and final state energies are equal. Subsequent 

work by Orbach (2l) extended Dexter's theory to include non-resonant 
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energy transfer, in which phonon emission results in energy conser-

vation. These calculations show that the phonon assisted trans.,. 

fer rates can be written as the product of the resonant transfer 

rate and a factor which accounts for the effect of phonon assistance. 

In our application of the rate theory, we assume that phonon assistance 

introduces only a negligible change in the spatial dependence of the 

transfer rate. That is, we assume Dexter's results, Eqs, (2,33) 

to (2.35). 

In our comparison of theory and experiment, we have considered both 

the dipole-dipole and exchange interactions. For the dipole-dipole 

interaction, the transfer rate was assumed to be 

Q(r) = Qdd (
rdrd)6 (_2. 36) 

For the exchange interaction, the transfer rate was assumed to be 

Q(r) = Q exri (- .!:._ J ex rex 
C2. 37) 

2.4.5 Comparison of Modified Rate Model with Experimental Results 

The prediction of the rate model including exciton transfer, 
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Eq. (2.31), has been compared with the experimental results obtained 

in Section 2.3. The exciton transfer rates given by Eqs. (2,36) 

and (2.37) were considered. Also, at 4.2 K the capture cross section 

ratio was taken to be crB/crin = 0.1 (JO) and the total BEB decay 

rate was taken to be (:vB + pB) = l.27xl06sec-l (_lOJ Then Eq. (2.31) 

was fit to the experimental data shown in Fig. 2.7. 

The result of this procedure is shown in Fig, 2.8. As this 

figure demonstrates, the best fit is obtained when we assume the 

exchange mechanism. In this case, good agreement has been obtained 

f Ro 1 8 n = 1013sec-l and r = 27 A0 . 'M.. d' 1 d' 1 . or Bin = . , ~Gex ex u1e ipo e- ipo e inter-

action produces a fit which is not quite as good. The best results 
6 22 0 -1 

were obtained for R~In = 1.8 and Qddrdd = 2xl0 A sec On the basis 

of these results, then, it appears that the exchange mechanism 

dominates the transfer process. 

There are a number of features associated with this conclusion which 

should be mentioned, First, our result, which indicates that the 

dipole-dipole interaction is not particularly strong in Si, is reason-

able. The dipole-dipole transition rate is proportional to the BE 

oscillator strengths, which are very small in indirect gap materials 

like Si. Second, an effect which appears to be the result of exciton 

tunneling has been observed in GaP:N (22 ). In this work, a transfer 

rate with the form of Eq. (2.35) was found to be consistent with the 

data. However, a transition rate with the form of Eq. (_2.33) was not 
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Figure 2. 8. Comparison of exciton transfer model with experimental results. MJdel results for 
both exchange transfer and dipole-dipole transfer are presented. 'Ihe variation in the calculated 
experimental result for each sample is primarily a result of the tmcertainty in Nln' 
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consistent. Furthennore, the parameters obtained from the exchange 

interaction fit in the present study are consistent with those obtained 

in the GaP:N work. Third, the value of ~In obtained from the fits is 

consistent with our estimate of ~In in the absence of transfer based 

on Eq. (2.11), which was 1.2 < ~In < 5,3. Thes:e considerations 

all support the proposal that the exchange interaction is the dominant 

transfer mechanism for exciton transfer in Si. ' 

2.5 SUMMARY AND CONCLUSION 

In this chapter the use of photoluminescence as a technique for 

detennining impurity concentrations in semiconductors was investigated. 

The results obtained can be sunnnarized as follows: 

(i) A model for photoluminescence from doped Si was developed 

in the limit of low laser pump power and low impurity concentrations. 

A steady-state solution was obtained, and examined in various limits. 

Based on this model, a procedure was developed for interpreting the 

photoluminescence spectrum in terms of impurity concentrations. 

(ii) This procedure was tested on a particular system which is 

of technological interest, the Si;(~,In) system. A careful and systematic 

study of B bound exciton luminescence intensity as a ftmction of increasing 

In concentration was made, and limits on the applicability of the 

model were obtained. In particular, it was observed that B bound 

exciton luminescence was quenched for In concentrations greater than 



85 

lo15cm- 3. For In concentrations greater than approximately zx10
16

cm-
3

, 

B bol.llld exciton luminescence was not observed in any sample studied. 

Since technologically interesting material has In concentrations above 

17 -3 . 10 cm , it appears that the photollUilinescence technique will not be 

useful for determining the concentration of residual B impurities in 

technologically useful Si:In. 

(iii) 1he results of the systematic study enabled us to examine 

in detail the behaviour of the Si:(B,In) system as the In concen-

tration was increased. In particular, the model was modified to include 

a new process which we propose becomes active at high In concentrations. 

1his process is transfer of excitons from B to In impurities. Again, 

a steady-state solution was obtained and compared to the experimental 

results. Two transfer mechanisms were considered; the dipole-dipole 

interaction and the exchange interaction, When the exchange inter-

action was asslUiled, a good fit to the experimental results was ob-

tained, and it was concluded that exchange is the dominant transfer 

mechanism for excit9ns in Si, 
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3.1 INTRODUCTION 

The photoluminescence spectn.nn of Si:In has recently been the 

subject of a great deal of attention. This interest stems primarily 

from the fact that the Si:In is technologically useful as an IR 

detector material, and also from the fact that the photoluminescence 

technique is a powerful and relatively accessible method for examining 

the properties of such materials. In particular, the presence of 

certain impurities and impurity complexes in Si:In can affect the per­

formance of devices made from the material. An example of this type 

of complex is the ''X-level", a shallow acceptor which is thought to 

be an In-C pair. As another example, in this chapter we present the 

results of a study of luminescence which is atrributed to the presence 

of an isoelectronic complex in Si:In, 

The first examinations of the Si:In photoluminescence spectn.nn were 

made by Dean et al. (l) In this original study only the major spectral 

features were observeq. Specifically, luminescence due to no-phonon 

(NP) recombination of In bound excitons (BE1n) was observed, as well 

as a replica involving the assistance of transverse optical (TO) 

phonons. Only very weak luminescence was obtained in this study, 

which can be attributed to the high temperatures (30 K and 100 K) 

at which the spectra were recorded, The lack of detail was probably 

a result of the large slit widths therefore employed and the consequent 

poor spectral resolution. 
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More recently, the Si:In spectn.nn has been examined by Vouk and 

Lightowlers (Z, 3). In this study, transverse acoustic (TA) and 

longitudinal optical (LO) phonon assisted BEin luminescence was 

observed, as well as a splitting of the NP and TO assisted BEin 

lines. This splitting of the BEin luminescence was attributed to 

the presence of a low-lying excited state of the BEin complex. In 

addition, several lines of unknown origin were observed, which were 
. 

labelled Ul to US. The increased spectral detail revealed by this 

study is probably a result of the relatively intense low temperature 

llilllinescence observed and the small slit widths which were therefore 

employed. 

Since these original studies, BEin luminescence has been examined 

in great detail (~~6 ). In particular, the BEin doublet structure 

has been measured in very high resolution experiments, and the 

splitting has been accurately determined to be 3.1 meV C4). Also, 

the line labelled U1 by Vouk and Lightowlers has been examined in . 
detail, and is thought to be due to a BEin transition which leaves 

the neutral In acce~tor in a 4.1 meV excited state (S). 

Finally, certain properties of the BEin have been deduced as 

a result of detailed examination of the BEin luminescence. The 

decay mechanisms for BEin have been identified (6) and the decay 

rates have been measured (?,S). In addition, the In FE capture 

cross sections have been determined as a function of temperature C9,lO) 
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In this chapter, we present the measurement of very detailed, 

high-resolution spectra of Si:In. In addition to the lines pre­

(1-5) viously reported , many other spectral features have been 

observed. In particular, three intense luminescence lines in the 

Si: In spectrum, the "P ,Q,R'' lines, have been studied in detail. Time-

resolved measurements show that these lines have lifetimes which are 

orders of magnitude longer than those measured for the other features 

in the spectrum. For this reason they are of considerable interest. 

1he remainder of the chapter deals with a systematic study of the 

properties of these lines. 

3.2 1HE Si:In SAMPLES 

Measurements of the photoluminescence of Si:In were made on 

crystals grown by the float-zone and Czochralski techniques. 1he 

samples were grown and characterized at Hughes Research Laboratories 

in Malibu, California. Hall effect measurements performed there 

resulted in a determination of the impurity concentrations in these 

samples, and these results are surrnnarized in Table 3.1. 

3.3 EXPERIMENTAL RESuLTS AND DISCUSSION 

3.3.1 Typical Si:In Photoluminescence Spectrum 

A typical Si:In photoluminescence spectrum is shown in Fig. 3.1. 

As indicated, the measurement temperature was 20 K. 1he spectrum 

clearly shows luminescence features due to NP BEin recombination, as 

well as transverse acoustic (TA) phonon and TO+ LO phonon replicas. 

1he TO + LO phonon replica of FE recombination luminescence is also 
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Table 3.1. Si: In samples investigated in this study. The samples were grown and character­
ized at lbghes Research Laboratories. The In concentration (NT ) and concentration of tm­
compensated donors (Ni) - NB) were detennined by Hall effect mea~rements. The 0 concentra­
tion (N0) and C concentration CNc) were detennined by IR absorption measurements. 

SAMPLE Nln ND - I\ NO NC 

(cm-.3) (cm -3) (cm-3) (cm-.3) 

C117A 2,lxl016 -S.6x1013 

C20102 6.0x1016 9.0x1013 9,6x1017 3.4x1016 

C014.1 1.2x1017 4.6x10
13 1.4x1018 1.9x1016 

C014.3 l .Sx1017 S.4x1013 1. 3x1018 3.0x1017 

C025.Al 1.Sx1017 4.8x1013 l ,3x1018 3.6x1016 

COOB.T 2.6x1017 s. 7x1014 1.4x1018 6.0x1016 
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shown. In addition to these lines, many other features in the Si:In 

spectrum have been observed, These features are listed in Table 

3.2, where peak positions and some identifications are indicated. 

Three of the Si:In ll.Dilinescence lines have been labelled P,Q,R 

in Fig. 3.1 and Table 3.2. We now consider in detail the properties 

of these lines. 

3.3.2 General Systematics of P,Q,R Llililinescence 

To begin with, it should be mentioned that P,Q,R llililinescence has 

only been observed in Si: In. The only previous report of this llUilin­

escence was in the work of Vouk and Lightowlers, who observed lines 

P and R and labelled them U2 and U3. P ,Q,R ltnninescence has not 

been observed in tmdoped Si, or in Si doped with other impurities. 

As an illustration of this, Fig. 3,2 shows the ll.Dilinescence from tm­

doped Si at 20 K. Only intrinsic ll.Dilinescence features due to FE and 

electron-hole droplet (EHD) recombination are observed. The P,Q,R 

line positions are indicated, but the lines are not present, In 

addition, the P,Q,R lines are only observed together. It appears, 

therefore, that the P,Q,R lines are related and that P,Q,R ltnninescence 

is associated with the presence of In, 

3.3.3 Temperature Dependence of P,Q,R Llililinescence 

In this section, we consider the temperature dependence of the 

P,Q,R line luminescence intensities, 
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Table 3.2. The energy and assignment of some of the lines observed in this study of the 
photoluminescence spectn.un of Si:In. Energies are accurate to t0.2 meV. 

PEAK ENERGY IDENTIFICATION 

(meV) l 

1077.6 

1082.0 1D + LO phonon BEin (J = 0) 

1085.1 TO + LO phonon BEin (J =. 2) 

1093.3 

1098.4 1D + LO phonon FE 

1101.1 

1105.7 

1108.6 R 

1110. 7 

1114.4 

1115.9 Q 

1117.6 p 

1121. 5 TA phonon BEin (J = 0) 

1125.1 TA phonon BEin (J = 2) 

1129.2 

1136.5 

1140.3 BE In (J = 0) 

1143.7 BE In (,J = 2) 

1154.3 
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3.3.3.1 Temperature-Resolved Spectra 

In Fig. 3.3 spectra taken at various temperatures from 5 K 

to 25 K are shown, For purposes of comparison, in these spectra 

the BEin intensity has been set to 1. 1bese spectra show that line Q 

is present only at relatively high temperatures. Its intensity be­

comes appreciable at 15 K and increases with increasing temperature. 

'Ibis result suggests that line Q may be due to a transition from 

an excited state. 

3.3.3.2 Temperature Dependence of P,Q,R Luminescence 

Intensity Ratios 

From the spectra presented in Fig. 3.3, measurements of the 

P,Q,R line intensity ratios have been made as a function of temperature. 

The results are shown in Fig. 3.4. This figure shows that the Q/P 

intensity ratio increases with increasing temperature, as mentioned in 

the previous section. Fig. 3.4 also shows that the R/P intensity ratio 

remains constant, independent of temperature. This result suggests that 

lines P and R are related, and possibly due to transitions from 

the same initial state but to different final states. The difference 

in luminescence energy, 9.0 meV, is not equal to that of any bulk 

Si phonon with a wavevector which will conserve momentum, but may be 

due to the excitation of a local vibrational mode of the system 

responsible for the P luminescence. 'Ibis suggestion is supported 

by the observed width of the R line, and measurements of the pump 

power dependence of the R/P intensity ratio. These measurements show 
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TEMPERATURE-RESOLVED SPECTRA 
OF Si:In 

(INDIUM BOUND EXCITON INTENSITIES 
NORMALIZED TO 1) 

sample C20102 
pump power= I watt 

T= IOK 

x20 
rs 

T=l5K x5 

x20 

T=20K 

x2.5 

T= 25K 

-H--

xlO 

xlO 

xlO 

xi 

xi 

xi 

xlO xi 

1110 1120 1130 1140 

ENERGY (meV) 

Figure 3.3. Photoluninescence spectra of Si:In sample C20102, taken at temperatures from 
5 K to 25 K., In each spectn.un, the In bound exciton intensity has been nonnalized to 1. 
Note that line Q appears only at higher temperatures. The scale factors (e.g., ''X20") give 
the relative intensity magnification. 
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TEMPERATURE DEPENDENCE 
OF INTENSITY RATIOS 

OF P, 0, R LINES 
IN Si:In 

sample C20102 
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Figure 3.4. The temperature dependence of the intensity ratios of the P,Q,R lines in Si:In 
sample C20102. Note that the R/P intensity ratio is independent of temperature, while the 
Q/P intensity ratio increases with temperature. 
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that the R/P intensity ratio is independent of pump power, which is 

the behaviour expected for a local mode replica. 

3.3.4 Time Dependence of P,Q,R Luminescence 

In addition to these temperature dependence measurements, we have 

also examined the time dependence of P,Q,R luminescence. The pulsed 

GaAs laser diode was used as the excitation source, and the time 

resolution was accomplished by gating the output signal at the 

desired time after the end of the laser pulse. For measurement 

of the long decay times in question here, the gate width used was 

20 µsec. 

3.3.4.1 Time-Resolved Spectra 

Time-resolved spectra obtained in this manner at 20 K are 

shown in Fig, 3.5. As this figure illustrates, the P,Q,R lines have 

extremely long lifetimes, and we observe complete temporal isolation 

of P,Q,R luminescence. 

3.3.4.2 Lifetimes of P,Q,R Luminescence 

From the time-resolved spectra presented in the previous 

section, decay characteristics for the P,Q,R lines were obtained. 

Since entire time-resolved spectra were available, it was possible 

to subtract out the background contribution from each point to ob­

tain accurate decay curves. The result at 20 K is shown in Fig. 

3.6. An exponential decay of intensity with time was assumed, and 

the indicated lifetimes were determined from an exponential least 
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TIME-RESOLVED LUMINESCENCE 
SPECTRA OF Si : In 

sample C20102 gate width = 20 µ.sec 

Tbath = 5 K 

0 µ.sec 
p 

~((X2 /20 

50 µ.sec rrx4 

~ 
100µ.sec {t-X4 

~ 
150µ.sec X4 

X20 rr--
~ 

1 XIO 

~~ 

1110 1120 1130 1140 

ENERGY (me V) 

X20 
+ 
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+ 

X20 
+ 
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+ 

Figi.rre 3.5. Time-resolved spectra of Si:In sample C20102 at S K. We observe complete 
t~oral isolation of the P,Q,R lines. The scale factors (e.g., ''X20") give the relative 
magnification. 



102 

DECAY OF PHOTOLUMINESCENCE 
OF P,Q,R LINES IN Si:In 

sample C20102 

T=20K 

8 
p 

4 

-I/) 
+-

c:: 2 ::> 

>- T = 196 ± 5 µ.sec 
:... 
c 
:... I +-

.0 
8 :... 

c -
>- Q 
I- 4 
rn 
z 
w 
I- 2 z 

T = 170 ± 14µ.sec 

I 

8 

R 
4 

2 
t" = 220 ± 29 µ.sec 

I 
0 100 200 300 

TIME {µ.sec) 

Figure 3. 6. T,ypical decay curves for the P ,Q,R lines in Si: In sample C20102 at 20 K. The 
intensities were nonnalized to the same initial value. The slopes are inversely proportional 
to the lifetimes, which are given on the figure. 
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squares fit to the measured data points, As shown in Fig. 3.6, 

the lifetimes obtained in this manner for the P,Q,R lines are 

196±5 µsec, 170±14 µsec, and 220±29 µsec, respectively, at 20 K. 

3.3.5 Isoelectronic Impurities 

The lifetimes measured for P,Q,R llllllinescence in the previous 

section are orders of magnitude greater than the lifetimes 

measured for donor or acceptor BE llUilinescence in Si, where the 

Auger recombination mechanism dominates (5) and results in decay 

times which range from 1006 nsec for B to 2.7 nsec for In C7,s). 

The measured P,Q,R lifetimes indicate that the dominant decay 

. f h l" . d. . mb. . (ll) h. h mechanism or t ese 1nes 1s ra 1at1ve reco 1nat1on , w 1c 

suggests that the lines result from recombination of excitons bound 

to isoelectronic centres (~EI) where the additional Auger carrier 

is not present. 

Isoelectronic centres in semiconductors have been the subject of 

considerable study since the first realization that isoelectronic 

impurities can produce discrete BE states (l2) The review article 

by Dean (l3) provides a discussion of the topic. It is sufficient 

to note that while simple substitutional impurities are the most 

corrnnon form of isoelectronic trap observed, more complex iso~ 

electronic centres can also produce BE states, although often their 

identity is difficult to establish Cl3) On the basis of these 
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previous observations, then, our proposal that P,Q,R ll.Illlinescence 

results from BEI recombination in Si:In is not unreasonable. Further­

more, it seems reasonable to suppose that the isoelectronic centres 

involved are impurity and/or defect complexes, which involve In as 

well as other impurities and/or defects. If this is the case, our 

work is the first observation of isoelectronic centres in Si, Sub-

sequent to this work, what appears to be isoelectronic llilllinescence 

from heavily C doped Si has been reported by Weber et al Cl4). 1he 

P,Q,R lines are not associated with this Si:C ll.Illlinescence, however. 

3.3.6 Te!11J?erature Dependence of P,Q,R Lifetimes 

The lifetime measurements described above were repeated at a 

number of different temperatures. 1he result of these measurements 

is shown in Fig. 3.7, in which the measured lifetimes are plotted 

as a function of temperature. Fig. 3.7 shows that the lifetimes 

of all three lines exhibit roughly the same dependence on tempera­

ture. At temperatu~es below about 5 K, the P,R lifetimes appear 

to remain relatively constant, independent of temperature, Of 

course, line Q is not observed at these low temperatures, As the 

temperature increases, the lifetimes of all three lines increase, 

reach a maxiffililll value, and then decrease as thermalization becomes 

important. 

The increase observed in the measured lifetimes suggests that 
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Figure 3.7. The P,Q,R l:ine lifet:illles as a function of temperature for Si:In sample C20102. 
The lines show the same general lifetime temperature dependence. 
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excited states are involved which have a somewhat longer lifetime 

than the ground state. As the temperature increases, these excited 

states will be thermally populated, which will increase the measured 

lifetimes. This feature of the observed P,Q,R lifetime temperature 

dependence will be discussed in detail below. 

3.4 MJDEL FOR P,Q,R LUMINESCENCE 

3.4.1 Qualitative Features of the Model 

The results which have been presented so far lead us to propose 

a model for P,Q,R luminescence, which has certain qualitative features. 

First, the observed very long lifetimes strongly suggest that P,Q,R 

luminescence is the result of recombination of excitons bound to 

isoelectronic centres (BE1) in Si. Second, the lines appear to be 

related, insofar as thay always appear together, and it is reasonable 

to suggest that the same centre is responsible for all three lines. 

Third, the lines only appear in Si:In, and so it appears that the 

centre is some complex which involves In. Fourth, line Q appears to 

be the result of a transition from an excited state of the BE1 complex, 

since it is only observed at high temperatures where an excited state 

is thermally populated. Fifth, the observed lifetime temperature 

dependence suggests that this excited state has a longer lifetime 

than the ground state. Finally, the observed width of the R line and 

the independence of the R/P intensity ratio on temperature and pump 

power suggests that lines P and Rare the result of transitions from 

the same state, and that line R is a local phonon mode replica of 
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line P. 

On this basis, we propose that P,Q,R llllllinescence is the 

result of recombination of excitons bound to a single isoelectronic 

centre (BE1), which has the level scheme schematically illustrated 

in Fig. 3.8. As shown in Fig. 3.8, we assllllle that line P is the 

result of the no-phonon recombination of an exciton bound to the 

isoelectronic complex, where the initial state of the transition 

is the ground state of the bound exciton and the final state is the 

ground state of the isoelectronic complex. Line R is a 9 meV 

local phonon mode replica of line P. Finally, line Q is the result 

of a transition from an excited state of the bound exciton to an 

excited state of the isoelectronic complex. 

3.4.2 The Rate Equations 

The qualitative features of the model described in the previous 

section can be incorporated in a set of rate equations. We assllllle 

that the long optical plllllping pulse'produces FE, which can decay or 

be captured to form BE1 or BErn· These BE can subsequently decay 

or be thermally released. We further assllllle that the BE1 have two 

states which are in thermal equilibrilllll and that BE1 decay or 

thermalization can occur from either state. Application of detailed 

balance leads to the following set of rate equations: 

(3.1) 
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dn. 
~ = yinFE - (vi + pi) ni (3.2) 

where the variables are defined as for Eqs. (2.1) and (2.2). We 

assume that the optical pumping pulse is long enough that steady-

state conditions are obtained. Then the boundary conditions at 

t = 0 are: 

g - (vFE + L:y.) nFEI 
i 

1 lt=O 

(3.3) 

ddntil = y. nFEI - (v. + p.) n. = 0 
!t=O 1 !t=O 1 1 1 t=O 

(3.4) 

Now, any tenn in Eqs. (3.1) to (3.4) for which i = I is to be 

interpreted as being the sum over ground state and excited state 

contributions. 1hat is 

n
1 

= n + n 
g x (3. 5) 

(3. 6) 

(3. 7) 
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(3.8) 

in an obvious notation. To proceed, we assume thennal equilibrium 

between the ground state and excited state populations. We let 

where 

and 

K(T) 

K(T) cr exp(- ~E ) 
kBT 

~E = the energy splitting between the ground state and 

the excited state. 

(3. 9) 

(3 .10) 

Since K(T) is independent of time, we can use this relation to 

eliminate n from Eqs. (3.5) to (3.8). The sums collapse, and we 
x 

can define the "effective rates" 

pg + p K(T) x 
PI = 1 + K(T) (3.11) 

v + v . K (T) 

\!I = g x 
1 + K(T) (3.12) 

We are then left with the problem of obtaining the time-dependent 

solution of Eqs. (3.2) to (3.5) for nFE' n1 and nin' 



111 

3.4.3 The Rate Estimates 

Now, Eqs. (3.2) and (3.3) are fairly completely coupled. 

An exact analytical solution is tedious to obtain 1 and not parti-

cularly enlightening. Considerable simplification results if we can 

make the assumption that 

(_3,13) 

We can estimate these quantities over the temperature range of interest 

by applying Eq. (2.3) for yi and Eq. (2.4) for pi. First, we have 
5 -1 

vFE ~ SxlO sec . The FE thermal velocity, vth' is calculated 

assuming a Boltzmann distribution for the FE kinetic energies to be 

(3, 14) 

We take m = 0.6 m C9) and obtain 
ex o 

5 !,: 
vth = (8xl0 )'T 2 an/sec (3,15) 

for T in K. The thermally averaged FE density of states is 

(3.16) 

which results in 



15 ..J. -3 
NFE = (2xl0 ) 1 cm 
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(3.17) 

. f T . K F . I t k (l.3xl0-9) T- 4cm2 (lO) again or in . or i = n' we a e cr1n = . . 

16 -3 
and Nin = 6x10 cm , Then we obtain 

(3.18) 

Also, we take Ein = 13.7 meV, which results in 

12 -2 [159] -1 Prn = (2.2xl0 ) T exp [--ir- sec (3.19) 

Since Auger decay is so effective for BEin' v1n is very large. We 

8 -1 (8) 
take v1n = 3.7xl0 sec 

The situation for i = I is less precise. To begin with, we 

asslillle that cr '\J cr -= cr
1 

(lO) N · 11 d d · t · 1 g x ow, cr 1 w1 epen sens1 ive yon 

what assumption we make regarding the highly excited state structure 

(15) 
For instance, BEin highly excited states have been observed 

and this is thought to lead to the rapid temperature dependence which 

is observed for cr
1
n (lO). On the other hand, highly excited states 

have not been observed for BEB (l- 4), and crB exhibits a relatively 

mild temperature dependence (lO). We have no reason to asslillle that 

-13 
BE1 highly excited states exist, and so we take cr1 '\J crB = (2.5xl0 ) 

T- 1cm2 (lO). Also, on the basis of Eqs. (2.10) and (2.11) we 

estimate N1 from 
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N _ In In I N 
(
a n . I ) 

I - OJ nr- I In In 

where the n are radiative efficiencies defined as 

f. 
l n. = ---

1 v. + p. 
l l 

(3.20) 

(3.21) 

We assume that f 1 = fin' and consider the low temperature region 

where v. + p. ru v.. Then 
l l l 

11 -3 
From our previous estimates, we finally obtain N1 ru 8x10 cm for 

r1 ru Irn· On the basis of these estimates, we have 

5 -k -1 
Yr = (1.6x10 ) T 2 sec (3. 23) 

To estimate p1, we assume that the BE1 ground state and excited state 

have equal degeneracies. Then Eqs. (2.4) and (3.11) combine to 

give 

Q,24) 
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where Eg is the thennalization energy of BE1 from the grolIDd state. 

To estimate we take 6E ~ 1 meV, which is typical of BE in Si C
4 ,l6) 

and E ~ 37.81 meV, which corresponds to the observed Pline position 
g 

in the Si:In spectrlDTI. We obtain 

(8xl08) T exp [- ~] 

1 +exp [- ¥] 
(3,25) 

Finally, we asslUile that v ~ v = Sx103 sec-l as observed for the 
g x 

P line. 
3 -1 

Then Eq. (3.12) results in v1 = SxlO sec . 

3.4.4 The Approximations 

The rate estimates obtained in the previous section have 

been plotted in Fig. 3.9 for the temperature range of interest. We 

see that, in general, the FE decay rate, vFE' and the isoelectronic 

complex capture rate, I' are orders of 1Ilagnitude smaller than the 

In capture rate, Yrn· This is basically a result of the large In 

concentration. So we can asslUile vFE + ~Yi ~ yln' and then Eq. 

(3.13) for i = I because Yrn >> Yr· 

In addition, the BEin Auger rate, vln' and the In capture rate, 

yin' are very large compared to the BEin thermalization rate, pln' 

over the temperature range of interest, Therefore, v1n + Prn ~ vin' 

So Eq. (3.13) also holds for i = In because Yrn >> Prn· We can there-
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DECAY RATES FOR 
BE In AND BE1 
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TEMPERATURE ( K) 
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Figure 3.9. Estimated decay rates for BE and BE in Si:In. The assumptions which yield 
these estirnat~s are discussed in detail ifilthe text. The symbol "!" refers to the isoelec­
tronic complex. "In" refers to the In impurity and "FE" refers to the free exciton. The 
v are the decay rates, the y are capture rates and the pare thermal release rates. 
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fore assume Eq. (3.13) and proceed with the solution of Eqs. (3.1) 

to (3.4). 

3.4.5 The .Approximate Solution 

In the limit of Eq. (3.13), the solutions to the model pre­

sented in Eqs. (3.2) to (3,5) are straightforward. We obtain: 

nFE = __ _.g..__ __ 

( vFE + l: 'Yi) 
exp 

1 

(v.+p.) 
1 1 

3.4.6 Comparison With The Experimental Results 

(3.26) 

(3. 27) 

To examine the proposed model for P,Q,R luminescence in more 

detail, we can compare the behaviour of the approximate solution 

obtained in the previous section with the observed behaviour of the 

P,Q,R system. 
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3.4.6.1 Lifetime Temperature Dependence 

In particular, the behaviour of the approximate solution 

can be compared with the observed lifetime temperature dependence data. 

The behaviour of the approximate solution is qite clear. In the pre-

sence of large In concentrations, vFE + E yi ~ yln' Further, 

y1 > fJ. + P·1 so the long-time decay rate is dominated by (:J. + p.) 
n -1 i , -1 1 

for both BE1 and BEin decay. 'Ihe measured lifetime, T, will therefore 

be given by 

1 
T = ----v. + p. 

l 1 

(3.28) 

In the low temperature regime where thermalization is not important, 

~i + p~~ vi. For i =I, v1 is given by Eq. (3.12). At very low 

temperatures, v1 ~ vg. As the temperature increases, vI takes on 

1 
a value between vg and 2 cvg + vx). So for v < v , we expect to see x g 

the lifetime increase as we observe in Fig. 3.7. In the high temperature 

region, where thermalization dominates, (vi+pi) ~pi. For i =I, Pr is 

given by Eq. (3.11), which reduces to Eq. (3.24) with the appropriate 

assumptions. Eq. (3.24) predicts a rapid decrease in the lifetime 

when thermalization dominates. 'Ihis effect is also observed in Fig. 

3.7. 

However, there is one characteristic of the approximate solution 

which is not consistent with the observed lifetime temperature dependence 
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data. The approximate solution predicts that, at a given temperature, 

the P,Q,R lines should all have the same lifetime. Nevertheless, the 

lifetime temperature dependence data presented in Fig. 3.7 shows that 

this is not observed at temperatures below 20 K. At these temperatures, 

the detailed shape of the lifetime temperature dependence curve is dif­

ferent for each line. The lifetime of line R appears to peak sharply at 

about 15 K, while the lifetime of line P exhibits a much lower, broader 

maximum centred at about 15 K. The lifetime of line Q also appears to 

peak sharply, but the lifetime reached is lower than for either line P 

or line R, and the peak does not occur until about 20 K. 

It is possible that this inconsistency is the result of certain 

assumptions on which the model is based. The model assumes that the 

bound exciton ground state and excited state are in thermal equilibrium. 

This leads to Eqs (3.9) and (3.10). We can check this assumption by 

noting that the luminescence intensity ratios are related to the 

ratio of bound exciton populations by oscillator strengths which are 

independent of temperature. Therefore, the model predicts that the 

Q/P luminescence intensity ratio should vary with temperature according 

to Eqs. (3.9) and (3.10). In Fig. 3.10, we present an Arrhenius plot 

of the Q/P intensity ratio, and we see that the expected straight line 

is not obtained. This suggests that Eqs. (3.9) and (3.10) are not 

strictly justified in this case. 

However, there is another possible source for the inconsistency 



119 

TEMPERATURE (K) 
25 20 15 10 B 7 

I I I I l 1 

TEMPERATURE DEPENDENCE 
OF INTENSITY RATIOS 

OF P, 0, R LINES 
IN Si:In 

sa~e C20102 

• QIP 

10-1 ... i. -

• 
0 
~ ,... 
<[ 
a:: 
>-
~ 
(/) 
z 
Li.J 
~ 
z 

eo-2 - -

' 

' 

' 

icr•L-~~·~~~·~~-L-'~-...l...-'~~·~~-L....-'~--1 o.s l.D 1.4 1.8 

l/kT (meV-1) 

Figure 3.10. Arrhenius plot of the Q/P intensity ratio for Si:In sample C20102. Note that the 
Q/P intnesity ratio does not produce a straight line on the Arrhenius plot. 
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between the behaviour of the approximate solutions and the observed 

experimental data. It is possible that this inconsistency is the 

result of a systematic error in the low temperature experimental data 

presented in Figs. 3.7 and 3.10. At the high laser pump powers used 

to obtain this data, both saturation and sample heating effects may 

be important. These effects are difficult to quantify, and have 

not been taken into account in our discussion. 

3.4.6.2 Therrnalization Behaviour 

Above 20 K, the P,Q,R line lifetimes decrease abruptly as 

thennalization becomes important. We can attempt to understand 

quantitatively the thennalization behaviour by applying the model 

presented in the previous sections in the high temperature regime. 

If we assume that ~E is small enough so that exp (-~E/kBT) "' 1 at high 

temperatures and assume that 01 is independent of temperature, then 

the high temperature decay rate given by Eq. (3.24) reduces to 

(3.28) 

Fig. 3.llis an Arrhenius plot of the measured P,Q,R lifetimes multi­

plied by T2 in the high temperature regime. We see that the linear 

variation predicted by Eq. (3.28) is indeed obtained. Linear least-

squares fits to the measured data result in values for E of 29.4±.8 
g 

meV, 28.3±.2 meV and 29.5±.4 meV for lines P,Q and R, respectively. 
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Figure 3.11. Arrhenius plot of the P,Q,R line lifetimes in the thennalization temperature 
region for Si:In sample C20102. Fran this plot, thennal bound exciton binding energies are 
obtained, which are ·the values for Eg shown in the figure. 
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1here are two features associated with this determination of 

E which should be mentioned. First, the model for P,Q,R llililinescence 
g 

predicts that the same value of E should be obtained for each of the 
g 

P,Q,R lines. 1he observed values are somewhat different, if the 

quoted error estimates are taken strictly. However, these estimates 

reflect only the scatter in the data presented in Fig. 3.11. Systematic 

errors, such as the sample heating effect described in the previous 

section, are not taken into account. In fact, an examination of 

this effect shows that only 1 K of sample heating will shift the 

values of E by approximately 2 meV. So a systematic error due 
g 

to sample heating could certainly be responsible for the small observed 

variation in the E values. g 

Second, we note that a value for the exciton binding energy 

can be determined from the llililinescence spectrlilil. As indicated in 

Fig. 3.8, we asslilile that line P is due to the NP recombination of 

a bound exciton which leaves the binding centre in its ground state. 

1hen the spectroscopic ground state binding energy can be determined 

as the difference between the NP FE threshold energy, 1154.6 meV, and 

the energy at which the line appears. 1he value for Eg obtained in 

this manner is 37.2 meV for line P. 

1his result is substantially higher than the thermal binding 

energy quoted above. A possible explanation for this effect has been 

proposed by TTlililbore et al. (l7) When an isoelectronic impurity binds an 

exciton, the binding is thought to occur in two steps. First, one of thE 
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carriers is tightly bound by the short range potential due to lattice 

distortion about the impurity. 1ben the second carrier is bound 

by its Coulomb attraction to the first carrier. When the temperature 

is increased, the second, weakly bound carrier is thermalized. So it 

may be the lower binding energy of this second carrier that we 

obtain with the thermal binding energy measurement. Of course, the 

spectroscopic measurement will still give the binding energy of the 

exciton to the centre. 

It is possible that this suggestion Jlla.Y explain our results, Of 

course, a munber of approximations were involved in obtaining Eq. 

(3.28), and it is also possible that these approximations may be 

affecting the analysis. For instance, the temperature variation 

of the capture cross section or the influence of excited states may 

be non-negligible in the temperature range of interest, However, 

at the present time insufficient information is available for a 

complete quantitative analysis of these effects. 
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3.5 ENHANCEMENT OF P,Q,R LUMINESCENCE 

3.5.1 Origin of P,Q,R Luminescence 

Up to this point, we have considered in detail the behaviour 

of P,Q,R luminescence in response to changes in the experimental 

conditions. Results for one sample have been presented, Si: In 

sample C20102. In addition, some general statements have been made 

regarding the origin of P,Q,R luminescence. Specifically, it appears 

that P,Q,R luminescence results from recombination of excitons bound 

to an isoelectronic complex (BE1), where the isoelectronic centre 

in question is probably a complex which undoubtedly involves In, 

However, no comment has been made regarding the precise nature of 

the complex and its constituents. 

3.5.2 Determination of Origin by Systematic Sample Comparison 

One of the most useful techniques for determining the detailed 

composition of a particular luminescence centre involves the cor­

relation of luminescence intensity with known impurity concentrations 

for well-characterized samples. In principle, this technique could 

be applied to P,Q,R luminescence in Si;In. As Table 3,1 indicates, 

many well-characterized Si:In samples were available for investiga­

tion, and an effort to correlate P,Q,R luminescence intensities with 

the known impurity concentrations could, in principle, be made. How­

ever, we have discovered an unusual characteristic of the P,Q,R 

luminescence which makes it impossible to proceed on such a course. 
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Application of the technique described above involves the quanti­

tative comparison of l1..ID1inescence from various samples with different 

impurity concentrations . .As a necessary prerequisite for this compari -

son, we must ensure that reproducible results can be obtained from 

a single sample. Of course, the absolute 11..ID1inescence intensities 

will depend sensitively on the optical alignments and instrl..ID1ental 

responses inherent in the experimental measurement, as well as on 

the condition of the sample surface. Nevertheless, the relative 

l1..ID1inescence intensities should be independent of such influences. 

This is a central condition necessary for the successful applica­

tion of the technique. 

3.5.3 Reproducibility of P,Q,R Luminescence 

In Fig. 3.12 we present various measurements of the photo-

11..ID1inescence spectrl..ID1 of sample Cll7A. The experimental conditions 

were identical for each measurement. The.only difference between 

the spectra is that the sample was removed from and reinserted into 

the dewar between each spectrum. It is abundantly clear from Fig, 

3.12 that the spectra are not reproducible under these conditions. 

The ratio of P line to BEin 11..ID1inescence varies by approximately 

a factor of 2 in Fig. 3.12. 
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Figure 3 .12. Various measurements of the luminescence spectrum of Si: In sample Cll 7 A. The 
spectra are nonnalized to the BET intensity, and the scale factora (e.g., ''Xl.21") give the 
relative intensity magnificationsnrequired to acheive the nonnalization. Note that the P/BE1 intensity ratio varies by over a factor of 2. n 
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3.5.4 Measurement of Sample Homogeneity 

One of the most obvious causes of such a lack of reproducibility 

is sample inhomogeneity. Accordingly, the homogeneity of sample Cll7A 

was investigated, and the results are presented in Fig. 3.13. As 

Fig. 3.13 demonstrates, Cll7A does not appear to be particularly 

homogeneous with respect to P line luminescence since the P line 

to BEin luminescence intensity ratio varies by approximately a 

factor of 8, 

However, such an effect can be accounted for. In the experiments 

described here, four regions were scribed on the surface of sample 

Cll7A. Each region was approximately 4 J!Ilil
2 A particular scribed 

region could be selected for excitation by observing the laser spot 

with the aid of a small microscope. When spectra of luminescence 

from the same region were compared, reproducible results could be 

obtained independent of changes in laser position, sample position 

or optical alignment between measurements, providing the sample 

remained in the dewqr at low temperatures, However, reproducible 

results could not be obtained if the sample was removed from the 

dewar between measurements even though the spectra were all obtained 

from the same region. In fact, the spectra shown in Fig. 3.13 are 

an example of this effect. 1hese results indicate that sample 

inhomogeneity is not responsible for our inability to obtain repro­

ducible results if care is taken to compare only those spectra which 

result from excitation of the same scribed region on the sample 

surface. 
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LUMINESCENCE MEASUREMENT 
OF SAMPLE HOMOGENEITY 

(SPECTRA NORMALIZED TO BE 10 INTENSITY) 

-II-
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T both= 4.2K 
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Figure 3.13. Ll.uninescence measurement of the spatial homogeneity of Si: In sample Cll7A. The 
spectra are nonnalized to the BE intensity, and the scale factors (e.g. , ''XB. S") give the 
~elati~e inte~ity ~gnificati;;Jilyequired to acheive this nonnalization. Note that the P/BE1n 
llltens1ty ratio varies by over a factor of 8. 



129 

3.5.5 Measurement of Luminescence Saturation 

A second effect which may cause a lack of reproducibility in rela­

tive luminescence intensities is saturation of the centres responsible 

for the luminescence features. Saturation results in a spatial profile 

of bound exciton densities, which leads to a dependence of the lumines­

cence intensity on the optical aligrnnent, Of course, as we have already 

discussed, spectra from the same region were reproducible provided the 

sample remained in the dewar at low temperatures between measurements. 

This observation is an indirect indication that saturation effects are 

not contributing to the observed lack of reproducibility. Neverthe­

less, measurements of the pump power dependence of Pline and BEin 

luminescence were made explicitly to examine the saturation charac-

teristics of P luminescence, The results are presented in Figs. 

3.14 and 3.15. Fig. 3.14 shows the pump power dependence of P line 

luminescence. As expected on the basis of our estimate for N1 

c~1011cm- 3), we observe p line luminescence saturation at very 

low pump powers. Fig. 3.lSpresents the pump power dependence of 

BEin luminescence, and shows that BEin luminescence saturation does 

not occur even at the highest PlllUP powers considered here, On 

the basis of these results, care was taken to ensure that subsequent 

measurements were made at pump powers for which P line luminescence 

saturation was not occurring. In spite of this precaution, repro­

ducible results still could not be obtained when the sample was 

removed from and reinserted into the dewar between measurements. 
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PUMP POWER DEPENDENCE OF 

P LINE INTEGRATED INTENSITY 

sample Cl 17A 

Tbath = 4.2 K 

LOW POWER 

I inear least-squares fit 
to low power data 
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Figure 3.14. Pump power dependence of P line luminescence from Si:In sample Cll7A. 
(a) Low power region, where saturation effects are not important. 
(b) High power region, where P line saturation is clearly observed. 
The same linear least-squares fit to the low power data is shown in each case. 
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PUMP POWER DEPENDENCE OF 

BE1n INTEGRATED INTENSITY 

sample CI 17A 

T both = 4.2 K 
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Figure 3.15. Pump power dependence of BE1 luminescence fran Si:In sample Cll7A. 
(a) Low power region. n 
(b) High power region. 
The same linear least-squares fit to the low power data is shown in each case. Note that BEin 
saturation is not observed even at the highest pump powers examined here. 
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3.5.6 Effect of Surface Preparation and the Enhancement 

of P,Q,R Luminescence 

We are led, therefore, to consider our treatment of the sample 

between luminescence measurements as the source of this lack of 

reproducibility. As we have mentioned, it is only when the sample 

is removed from the dewar between measurements that reproducible 

results cannot be obtained, so we have some reason to suppose that 

this procedure has some effect on the sample which alters its lumines-

cence characteristics. In particular, we are led to consider the 

effect of such an operation on the surface characteristics of the 

sample. Until the present work, the assumption that relative 

luminescence intensities are insensitive to sample surface conditions 

has been unquestioned in luminescence measurements. For example, 

as we discussed in Oiapter 2 there is considerable current interest 

in applying the photoluminescence technique to the characterization 

of doped Si, and work has been proceeding quite well in this area. 

1he assumption that,relative luminescence intensities are independent 

of sample surface conditions is essential in that work. The successful 

application of the technique has been indirect confirmation of the 

validity of the assumption, Indeed, the assumption is quite reason-

able if we examine bulk impurities in Si using Ar+ laser excitation. 

As indicated in Fig, 1,9 + , photons at the A laser energy of 2.5 

eV penetrate approximately 2 }1Ill into Si, This is much deeper than 

surface effects are thought to extend, 
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In spite of these considerations, the sensitivity of Pline 

luminescence to sample surface preparation procedures was investigated. 

As a result, we have detennined that P line luminescence is very depen­

dent on the Si surface treatment. In particular, a two-step procedure 

has been developed which produces extreme P line enhancement. 

The results of this procedure are illustrated in Fig. 3.16. Fig. 

3.16 (a) shows "typical" luminescence from Si:In sample C117A, 

before the enhancement procedure is applied. In the first step of 

the procedure, the sample is subjected to a 2-hour anneal at 1000 C 

in a dry He atmosphere. This step quenches P line luminescence, as 

shown in Fig. 3.16 (b), but also apparantly ''primes" the sample for 

the second step. The second step of the procedure involves lapping 

the sample with a fine grit lapping compound, 0,03 ]..lill aluminum oxide 

powder for example. The result of this step is shown in Fig. 3.16 (c), 

in which we see that the P line luminescence has become almost two 

orders of magnitude more intense than BEI luminescence, . n 

3.5.7 Characteristics of the Enhancement Procedure 

Before we speculate on the nature of the process which produces 

such unusual behaviour, there are a number of features associated with 

the enhancement procedure which should be mentioned. First, of course, 

is the fact that it is a room temperature, surface-specific process which 

produces the P line luminescence enhancement. Second, this process 

appears to be quite unique. Other surface-specific processes such 

as Si or Si oxide etches do not produce the effect. Third, the pre-
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P LUMINESCENCE ENHANCEMENT 

(SPECTRA NORMALIZED TO BE1n INTENSITY) 
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Figure 3.16. P line 11..Dninescence enhancement in response to room temperature treatment of the 
surface of Si:In sample Cl17A. The spectra are nonnalized to the BE intensity, and the scale 
factors (e.g., "Xl2.3") give the relative intensity magnifications rM/uired to acheive this 
nonnalization. We observe P line enhancanent by a factor of 50. 
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sence of the high temperature anneal in an inert atmosphere is crucial, 

Lapping alone does not produce the effect, and the same is true of the 

Si or Si oxide etches. Fourth, the enhanced P line llilllinescence de­

grades with time spent at room temperature, Quantitative measurements 

of this effect are not available, but the general time scale is days, 

rather than hours or weeks. Finally, throughout all these procedures 

the BEin llilllinescence intensity remains relatively constant, within 

approximately a factor of 2. 

3.5.8 Models for the Enhancement 

There are basically two models which we can construct to explain 

the observations described above. In the first model, we suppose that 

P line luminescence is the result of BEI recombination in the bulk semi­

conductor material and is associated with an impurity complex involving 

In. 'Iben the variations we observe in P line llllilinescence intensity 

must be due to some surface effect which selectively absorbs or does 

not absorb P line luminescence as the surface preparation is altered. 

Furthermore, this effect must be quite specific to P line llllilinescence. 

As we have mentioned, the intensity of BEin ll.llilinescence and its 

phonon assisted replicas remains relatively constant while the P line 

luminescence intensity varies by a factor of 50, 'Ibe high temperature 

anneal must enhance this surface absorption effect, as well as in-

crease the concentration of bulk centres responsible for P line 

luminescence. Subsequent lapping must then interfere with the surface 

absorption effect, producing P line enhancement, 
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1he second model involves the suggestion that P line luminescence 

results from recombination which occurs at the surface of the semi-

conductor and which is, once again, associated with an impurity com-

plex involving In. In this case, the high temperature anneal TIIllSt 

produce a high concentration of these surface complexes, but in such 

a way that the radiative transition responsible for P line luminescence 
l 

is not active. 1he subsequent lapping must then activate the radiative 

transition. 

Unfortunately, the experimental results obtained so far do not 

allow us to determine if P line luminescence originates from the sur-

face or from the bulk. 1here are difficulties wi'th each interpretation. 

If the P line luminescence originates from the bulk we are forced to 

propose a very specific surface absorber, which affects only P line 

luminescence but not the neighbouring BEin ll.Ililinescence. If P line 

luminescence originates from the surface, we have difficulty in 

reconciling a shallow, highly radiative centre which produces a sharp, 

well-defined luminescence feature with any type of surface related 

defect. Such defects are usually deep, non-radiative recombination 

centres, Even if a highly radiative surface defect did exist, one 

would expect to observe a broad, poorly-defined llllilinescence feature 

as a result of the highly damaged and disordered nature of the surface 

region. 
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In spite of these considerations, we can definitely say that sample 

treatment has a profound effect on the P,Q,R line intensities relative 

to the BE1n luminescence intensity. Just as it stands, this is a 

significant result, It marks the first observation of surface­

dependent photoluminescence, and calls into question the standard 

assumptions which are applied in the analysis of photoluminescence spec­

tra. Quantitative experimentation under conditions in which control­

led surface treatments can be obtained is certainly called for. 

3.6 SUMMARY AND CONCLUSION 

In this chapter, certain aspects of the photoluminescence spec­

trum of Si:In were extensively studied. 1he results that were obtained 

can be summarized as follows: 

(i) High resolution, low temperature spectra of Si:In were 

obtained. Many new features in the luminescence spectrum were ob­

served for the first time. 1hese fe,atures and some identifications 

are presented in Table 3,1, 1hree of the most intense features were 

labelled "P,Q,R" and isolated for further study, 

(ji) P,Q,R luminescence only occurs together and has only been ob­

served in Si:In. Examination of undoped Si or Si doped with other 

shallow impurities does not reveal P,Q,R luminescence, 
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(iii) Temperature-dependent measurements of P,Q,R luminescence 

were obtained. 1hese measurements show that line Q appears at high 

temperatures, greater than approximately 15 K. 1his result suggests 

that line Q may be the result of a transition from an excited state. 

An Arrhenius plot of the P,Q,R line intensity ratios reveals that 

P,Q,R luminescence is not due to recombination of different BE states 

of the same centre. However, it does reveal that the P/R llUilinescence 

intensity ratio is independent of temperature, 1his observation 

suggests that lines P and R are the result of transitions from the 

same state. Possibly, line R is a local mode replica of line P. 

1his interpretation is supported by the observed width of line R, 

(iv) 1he pump power dependence of P,R llUilinescence was 

measured. 1hese results reveal that the P/R luminescence intensity 

ratio is independent of pump power. This observation supports the 

interpretation that line R is a local phonon mode replica of line P. 

Of course, it is also consistent with the interpretation that lines 

P and Rare the result of BE recombination at independent centres, 

but the temperature dependence measurements effectively rule out this 

possibility. 

(y) 1he time dependence of P~Q,R luminescence was e.xamined, 

Decay curves obtained from time-resolved spectra reveal that P,Q,R 

llUilinescence has an exceptionally long lifetime, 1his result indicates 

that P,Q,R luminescence is the result of recombination of excitons 

botmd to isoelectronic centres where the much faster Auger decay 

mechanism is not operative. 
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(yiJ Detailed temperature~dependent lifetime measurements were 

made for the P,Q,R luminescence. 'Ihe lifetimes exhibit the same 

general temperature dependence, which can be qualitatively understood 

if the presence of an excited state with a somewhat longer lifetime 

is proposed. 

(vii) A model for P,Q,R luminescence was proposed which accounts 

for the bulk of the experimental data. It was suggested that lines 
l 

P,Q and R originate from the same isoelectronic complex, Line Q 

is then a transition from an excited state of the complex. Line R 

is a local phonon mode replica of line P, Rate equations based on 

this model were solved, and applied in the high temperature regime 

where thermalization is the dominant decay mechanism. 1he thermal 

binding energies obtained in this manner support the interpretation 

that the P,Q,R lines are the result of isoelectronic bolilld exciton 

recombination. In addition, they also support the interpretation 

that line R is a local mode replica of line P. 

(viii) It was determined that the intensity of P,Q,R luminescence 

is sensitively dependent on the sample surface treatment, 1his is the 

first observation of surface~dependent photoluminescence, 
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CHAPTER 4 

PHOTOLUMINESCENCE PROPERTIES 

OF Si-RICH Si-Ge ALLOYS 
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4 .1 INTRODUCTION 

1be properties of alloy semiconductors have been of general 

interest for some time, Such alloys provide a convenient system 

with which to study experimentally and theoretically the effects of 

disorder, which can be varied with alloy composition, 1be band gap 

can also be varied with alloy composition, and for this reason 

considerable effort has been directed towards the development of 

of intrinsic and extrinsic alloy photodetectors, 1be study of the 

luminescence properties of alloy semiconductors can provide useful 

and relatively easily interpreted information regarding the properties 

of the alloys and the consequences of their disordered nature, Most 

attention has been directed towards the III ..,_v ternary alloys, where 

luminescence processes have been studied extensively C-1- 31, Lt.nnines­

cence of II-VI ternary alloys has also been studied~ most notably 

Hg1 Cd Te C4) where IR detector applications are particularly -x x 

important. 

Another material which has been proposed as a useful IR detector 

is the binary alloy Sil~xGex. 1be luminescence properties of 

Si1_xGex are not particularly well known, although free and bound 

exciton (S), donor-acceptor (6) and electron-hole droplet (?) re-

combination has been observed in Ge rich alloys, In this chapter 

we report the first detailed measurements of luminescence from Si 

rich alloys, in particular alloys for which x ~ 0.1. Intrinsic and 
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impurity related llllTlinescence is discussed, as well as certain 

properties of the llllTlinescence which arise as a result of the 

compositional disorder of the alloy. 

4.2 THE Si-Ge ALLOY SAMPLES 

In this chapter, the photoluminescence technique was applied to 

three Si1 Ge samples, two of which were not intentionally doped -x x 

and the third of which was doped with In. The crystals were grown 

by the Czochralski technique. Impurity concentrations and alloy 

compositions were determined at Hughes Research Laboratories, where 

the crystals were grown. Impurity concentrations were established 

on the basis of Hall effect measurements. These measurements show 

that residual concentrations of B and P impurities are present in 

all the samples. Alloy compositions were obtained from a variety of 

techniques; results of the electron microprobe, density, and X-ray 

diffraction measurements were in excellent agreement. The samples 

studied, their impurity concentrations and their alloy compositions 

are given in Table 4.1. 

4.3 EXPERIMENTAL RESULTS AND DISCTJSSION FOR UNDOPED Si1 Ge -x JC 

In this section, the results of the application of the photo-

luminescence technique to the undoped samples are reported. Two 

undoped samples are reported. Two undoped Si1 Ge samples were -x x 

available, C077 (x=0.11) and C021-3 (x=0.067). As indicated in 

Table 4.1, these samples have low residual concentrations of B and P 
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impurities, in spite of not being intentionally doped. 

4.3.1 Typical Photoluminescence Spectrum and Identification of 

Phonon Replicas 

A typical low temperature photoluminescence spectrum of sample 

C077 is shown in Fig. 4.1. Two broad features are visible at the 

high energy end of the spectrum and are labelled "FE" and "BEp"· 

Replicas of these lines, labelled "FE(TO)" and "BEp(TO)", are ob­

served approximately 58 meV lower in energy. Since this is the 

transverse-optical (TO) phonon energy in Si, the low energy lines are 

interpreted as being due to TO phonon replicas of the higher energy 

lines. 

4.3.2 Identification of Free Exciton Luminescence 

In this section we consider the effect of increasing the sample 

temperature on the photoluminescence spectrum of sample C077. In 

Fig. 4.2 we see that as the temperature is increased the BEP line 

thermalizes with respect to the FE line. Above 10 K (Fig. 4.3), 

the BEP line is no longer visible, and the FE line assumes a shape 

characteristic of free exciton (FE) recombination in Si. In 

intrinsic Si, FE recombination luminescence has been fit very 

accurately with a lineshape C
3) 

I (E) ex: JE-E:.. exp 
0 

(4, l) 



(/) -

..0 ..... 
0 

>­
f-
(f) 

z 
w 
f­
z 

147 

PHOTOLUMINESCENCE SPECTRUM OF 

UNDOPED Si i-x Gex 

sample C077 

x ~ 0.11 

T bath= 4.2K 
pump power = 1 OmW 

FE 

1040 1060 1080 1100 1120 

ENERGY , (meV) 

Figure 4.1. Typical photoltmrinescence spectrum of lDldoped Si1_xGex sample C077. Refer to the 
text for an explanation of the line assignments. 
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TEMPERATURE-RESOLVED SPECTRA 

OF UNDOPED Si 1_x Gex 

sample C077 

x ~ 0.11 

pump power = I mW 

T bath =4.2K 

Tbath=5.4K 

T bath= 6.3K 

T bath=7.3K 

Tbath= 8.9K 
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Figure 4.2. Temperature-resolved spectra of undoped Si1=-XGe sample C077 from 4.2 K to 8.9 K. 
The scale factors (e.g., ''X2") give the relative intensI"Ly ~gnification. Note that BEr 
thennalization is observed. In addition, the BE,, peak position shifts to l<Mer energy 
as the temperature is increased. At high ternperAtures, the free exciton (FE) luminescence 
assumes a shape characteristic of free exciton luminescence in Si. 
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TEMPERATURE - RESOLVED SPECTRA 

OF UNDOPED Si1 -xGex 

sample C077 
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Figtrre 4.3. Temperature-resolved spectra of tmdoped Si1 Ge sample C077 from 10 K to ZS K. -x x 
The scale factors (e.g., "XZ") give the relative intensity magnification. Note that, at 
these temperatures, the FE ltmrinescence assumes a shape characteristic of free exciton 
ltmrinescence in Si . · 
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where 

I(E) = the luminescence intensity at photon energy E 

E
0 

= the FE threshold energy 

T = the temperature 

In this expression we assume parabolic FE bands and a Boltzmann distribu­

tion of FE centre of mass kinetic energies. 1he high temperature 

luminescence from sample C077 can also be fit very well with the lineshape 

described by Eq. (4.1). An example of this fit is shown in Fig. 

4.4. In all cases, the fit temperature obtained in this manner was 

within 1 K of the measured bath temperature. Also, the threshold 

energy remained constant within 0.05 meV, On the basis of this 

analysis, the line labelled FE is identified as resulting from 

no-phonon (NP) FE recombination, Note that this intrinsic NP 

luminescence is greatly enhanced in .the alloy, since the Ge atoms 

can act as momentum conserving scattering centres, C5) 

4.3.3 Identification of Bound Exciton Llililinescertce 

1he identification of the FE line obtained in the previous sec-

tion, splitting between the FE threshold and BEP line peak positions, 

and the thermal behavior shown in Fig. 4,2 suggest that the line 

labelled BEP is due to the NP recombination of excitons bol.IDd by 

about 4 meV to a shallow level. 1he pump power dependence at low 

power shown in Fig. 4.5 supports this proposal. As this figure 



(f) --c 
'.:} 

>. .._ 
0 .._ --

.!::J .._ -I 
0 

>-
I-
Cf) 

z 
w 
I-
z 

1110 

151 

FREE EXCITON LUMINESCENCE 

FROM UNDOPED Si1_xGex 

sample C077 
x ~ 0.11 

pump power =Im W 

luminescence 

fit 

1-

1115 
ENERGY 

Tbath = 10.0 K 

Tm = 10.2 K 

1120 
(meV) 

1125 

Figure 4.4. Free exciton ltmrinescence fran l.Illdoped Si1 Ge sample C077 and least-squares -x x 
fit of the theoretical lineshape (Eq. (4.1)). The sample temperature obtained as a result of 
the fit, Tfit' is shown with the measured bath temperature, Tbath" 
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PUMP-POWER DEPENDENCE OF 
UNDOPED Si1_xGex LUMINESCENCE 

lmW 

3mW 

sample C077 
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Figure 4.5. Pl.ml> power dependence of the luminescence from undoped Si1_ Gex sanq>le C077 
at low pump pawers. The scale factors (e.g., "X6") give the relative intensity magnification. 
Note that the BEp/FE.intensity ratio is independent of pump power at these power levels. 
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demonstrates, the FE to BE luminescence intensity ratio is indepen-

dent of pump power. Candidates for such a level are clearly B and 

P, which have binding energies in the neighborhood of 4 meV in Si 

(3.9 meV and 4.7 meV, respectively l 9)J, and which are the most 

connnon shallow impurities in the undoped material. In Fig. 4.6, 

the NP B bound exciton (B~) and P bound exciton (BEp) luminescence 

from Si containing approximately equal background concentrations of 

B and P is presented. 1his figure shows that BEP luminescence is 

more intense than B~ luminescence in the NP region by at least an 

order of magnitude. It seems reasonable to conclude, therefore, that 

the line labelled BE in the luminescence from sample C077 is primarily 

due to NP BEP recombination. 

1be high-power pump power dependence presented in Fig, 4,7 

supports this conclusion, In undoped Si, low energy lines due to 

bound multiexciton complexes (BMEC) appear as the pump power is 

increased. 1be splitting between t~e BEP line and the first BMEC 

line is 2.2 meV for Band 3,6 meV for P (8). As shown in Fig, 4,7, 

in the luminescence spectrum of sample C077 the BEP line develops a low 

energy shoulder as the pump power is increased, which resolves into a 

separate line at high pump powers. 1he separation between this line and 

the BEp line is about 3.8 meV, which is consistent with the splitting 

between the P BE and first BMEC in Si. Since no line is observed which 

would correspond to B BMEC luminescence, our conclusion regarding the 

origin of the BEP line in the alloy seems justified. 
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Figure 4.6. Luminescence from tmdoped Si sample C20204.A in the no-phonon region, showing 
B~ and BEp luminescence. We see that, for the impurity concentrations specified in the 

figure, the BEp line is approximately an order of magnitude more intense than the ~ line. 
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PUMP-POWER DEPENDENCE OF 
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Figure 4.7. Ptunp power dependence of luminescence from undoped Si1_xGex sample C077 at high 
PUllJl powers. The scale factors (e.g., "X:7") give the relative intensity magnification. Note 
the new feature which appears on the low energy side of the BEp line at high Pl..UllP powers. 
This feature is discussed in the text. 
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4.3.4 Comparison of Photoltnninescence Spectn..nn of Sample C077 

and Sample C021-3 

1he interpretation of the photoltnninescence spectn..nn of sample 

C077 developed in the previous sections is consistent with our in­

vestigation of the x = 0.067 sample, C021-3. In Fig. 4.8, the ltnnines­

cence spectra of samples C077 and C021-3 are compared. We see that 

the ratio of BEP to FE ltnninescence is considerably greater for 

sample C021-3. 1his is consistent with Table 4.1, which indicates 

that impurity concentrations in sample C021-3 are approximately an 

order of magnitude higher. In addition, we see that the luminescence 

spectrtnn of sample C021-3 is shifted to higher energy. 1his feature 

is discussed in detail below. 

4.3.5 Models for Bound Exciton Ltnninescence 

Now that the origin of the Si-rich Si1 Ge ltnninescence lines -x x 

has been detennined, we can consider the effect of alloy compositional 

disorder on the ltnninescence features. To begin with, we see that the 

BE line is considerably broadened in the alloy. In fact, the BE 

line in the alloy is approximately ten times broader (~ 3 meV) than 

its counterpart in Si (~ 0.4 meV). We consider two models for the 

origin of this broadening. 

4.3.5.1 Bulk Fluctuation Model 

In this model, the BE line broadening is accounted for on 

the basis of relatively large scale fluctuations in the alloy compo-



~ 

157 
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Figure 4.8. C.omparison of the luminescence spectra of samples C077 and COZl-3. The scale 

factors (e.g., "Xl.5") give the relative intensity magnification. Note that BEn luminescence 

is nruch rore from sample COZl-3 than from sample C077. Also, note that the lunfuescence from 

sample C021-3 is at ;higher energy than luminescence from sample C077. lhese features are 

discussed in the text. 
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sition, x. '!his idea was first discussed by Alferov et al. (lO) 

In this theory, it is the variation in band gap energy produced by 

these bulk fluctuations in x which results in the BE line broadening. 

We can roughly estimate this effect on the basis of the following 

argument. In a voh.nne a3, there will be :xNa3 atoms, where N is the 

density of lattice sites in the alloy. If the Ge atoms are distri­

buted randomly, the typical fluctuation in the number of Ge atoms 

3 !,,; 
in the volume will be (:x:Na ) 2

• 1herefore, the typical fluctuation 

in the composition parameter x will be 

(:xNa3)~ - l 
(}x rv (~)rz 

Na3 - Na3 ( 4. 2) 

If (}E = ab.x., where /}E is the change in gap energy produced by a change 

in composition b.x, then Eq. 4.2 becomes 

(4.3) 

N can be estimated for the alloy from the lattice constant measurements 

of Dismukes et al (ll), For x = 0 .1, we find N rv 6x1021on- 3, 

From the absorption measurements of Braunstein et al (l2) (Fig. 1.7), 

we can estimate a rv600 meV. Assuming that a is approximately an ex-
o 

citon Bohr radius in Si, i.e.? about 40 A
1 

we obtain /}Erv 10 meV, which 

is reasonable agreement for a crude calculation. 
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4.3.5.2 Nearest-Neighbour Configtiratiort Model 

'!here is another possible mechanism for the observed broaden­

ing of the BEP line, however. NP donor BE recombination in indirect 

materials like Si and Ge involve the recombination of a loosely 

bolllld hole with one of the two electrons which are tightly bolllld to 

the positive donor core, As a result, it is reasonable to suppose 

that the nearest-neighbour configuration of atoms arolllld an impurity 

center will have a profound effect on the BEP binding energy. 

It is possible, therefore, that the BEP line is composed of several 

overlapping ltuninescence lines from BEp's with slightly different 

binding energies, which are the result of different nearest-neighbour 

configurations of Si and Ge atoms. We let the nearest-neighbour 

configuration be specified by an index k, where k is the number of 

nearest-neighbour Ge atoms which varies between k=O and k=4. AP 

impurity atom or a BEP with a particular nearest~neighbour con-

figuration k is indicated as P(k) or BEp(k), respectively, A 

BEp(O) will be most like its counterpart in Si, and we expect it 

to have the highest binding energy, Ask increases, the nearest­

neighbour configuration becomes more Ge-like. 1herefore we expect 

the binding energy to decrease, producing the broad ltuninescence 

feature which is observed, 

4.3.6 Experimental Results Which Support the Nearest""Neighb.our 

Configuration Model 

There is a considerable amount of evidence which supports the 

nearest-neighbour configuration model for BE line broadening in the 
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alloy. 1his line broadening mechanism is consistent with the photo-

luminescence measurements reported here, and also with the results 

of other experiments. In this section, we discuss this evidence. 

4.3.6.1 Hopping Conduction and Hall Effect Experiments 

To begin with, evidence is available which indicates 

that the nearest-neighbour configuration plays an important role in 

determining the fluctuation of impurity ionization energies in alloy 

materials Cl3J. For example, studies of hopping conduction in Ga 

doped Ge-rich Si1_xGex alloys have shown that the activation energy 

for hopping conduction varies linearly with x for x > .94, not with 

v'x as the bulk fluctuation theory would suggest. 1he linear varia-

tion with x can be obtained by assuming that fluctuations in the 

impurity ionization energy are determined predominantly by the nearest­

neighbour configuration, and that only k = 3 and k = 4 configurations 

are important for x "' 1 Cl3) . 

In addition, Hall effect measurements have been performed on un-

doped Si-rich Si1_xGex alloys which show two distinct B impurity levels 

in the gap. Analysis of the Hall experiment results yields the relative 

concentration of these levels, which agrees very well with the prediction 

of a simple model based on the relative probability of k=O and k=l 

nf
. . (14) co igurat1ons. 

These results indicate that the nearest-neighbour configuration 

of alloy atoms plays a crucial role in determining the ionization 

energies of impurities in the alloy. It is reasonable to suppose, 
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therefore, that the nearest-neighbour configuration will play a 

similar role in determining the BE binding energies, as the nearest­

neighbour configuration model suggests. 

4.3.6.2 Temperature Dependence of Bound Exciton Luminescence 

Peak Position 

The temperature dependence of the BEp line peak position also 

supports the nearest-neighbour configuration model. Fig. 4.2 shows 

that the BEP line peak position moves to lower energy as the tempera­

ture increases. Measurements in Si show that the band gap variation 

with temperature over the range considered here is utterly negligible. 

However, the shift in the BEp line peak position with temperature is 

expected on the basis of the nearest-neighbour configuration model, 

since the higher energy lines will therrnalize at lower temperatures. 

At low temperatures, we will see luminescence from all BEp's. As the 

temperature increases, though, we expect that luminescence from 

BEp(O) will dominate, shifting the peak towards the lower energy 

BEp(O) position. A theory of BE broadening based on bulk fluctuations 

in x will not produce this type of thermal behaviour since it does 

not depend on changes in the BE binding energy. 

4,3.6,3 Bound Exciton Luminescence Lineshape 

We can reconcile the observed BEP ltnninescence lineshape 

with the nearest-neighbour configuration model as follows. Fig. 4.2 

shows that the BEP luminescence line is reasonably synnnetrical, As 
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previously mentioned, at high temperatures the BEp(O) luminescence 

dominates, so a syrrnnetrical line is expected. At low temperatures, 

however, contributions from all BEp(k) must be considered. For a 

given value of k, the BEp(k) luminescence intensity is given by 

( 4 .4) 

where 

Ip(k) = the BEp(k) luminescence intensity 

fp(k) = the BEP(k) oscillator strength 

np(k) =the BEp(k) density. 

Now, the probability of a particular nearest-neighbour configuration 

k is given by the Binomial distribution 

41 4-k k 
B(4,k) = (4-k)l kl (1-x) X ( 4. 5) 

Then we have 

where 

4 
n = ~ n (k) 
p k = 0 p 

is the total BEP density. 

(4 ,6) 

( 4. 7) 

Evaluation of Eq. (4, 5) shows that n (k) 
p 

decreases rapidly as k increases. These considerations suggest that 

I (k) should be a maximum fork= 0 and decrease ask increases, 
p 
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resulting in a BEP llUilinescence line which peaks at the low energy 

BEp(O) position and has a high energy shoulder. 

In spite of this, the temperature-resolved spectra in Fig. 4.2 

show that the low temperature BEP line is reasonably synnnetrical and 

peaks at a somewhat higher energy than the BEpCO) position. We can 

explain this discrepancy by noting that I (k) also depends on the p 

oscillator strength, f (k). Now, in an indirect semiconductor like p 

Si the no-phonon radiative recombination process requires some 

mechanism for momentlUil conservation. Nearest-neighbour Ge atoms 

provide such a mechanism, since they can act as momentlUil conserving 

scattering centres during exciton recombination. As a result, we 

expect that the presence of nearest-neighbour Ge atoms will increase 

f (k) as k increases. 'Ibis effect could cause I (k) to reach a p p 

maximlUil for some intermediate value of k, and thereby produce the 

observed BEP llilllinescence lineshape. 

4.3.6.4 Time-Resolved Spectra 

As a final consideration, we note that the time-resolved 

spectra shown in Fig. 4.9 can also be explained on the basis of the 

nearest-neighbour confiuration model. Fig. 4.9 shows that all com-

ponents of the BEP line decay with the same total rate - the line­

shape does not change and the peak position remains fixed, To 

account for this observation, we consider a simple model for the decay 

of BEp(k) llUilinescence following a long optical pl.Ililping pulse, in 



-(/) -·c: 
:::> 

>-..... 
0 ..... -:.0 ..... 
0 

>-
I-
Cf) 

z 
w 
I-
z 

164 

TIME - RESOLVED SPECTRA OF 
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Figure 4.9. Time-resolved spectra of undoped Si1-xGex sample COZl-3 at L!ieT. The scale fac­
tors (e.g., "X4") give the relative intensity magnification. Note that the~ lineshape does 
not change appreciably with time. This feature is discussed in the text. 
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which the capture of FE by P(k) impurity atoms and their subsequent 

decay are related by detailed balance. If we assume that thennali-

zation effects are not important, the result is the following set 

of rate equations: 

where 

nFE = the FE density 

VEE = the FE decay rate 

YpCk) = the rate of FE capture by P(J<) impurity atoms 

vp(k) = the BEp(k) decay rate 

and where we have defined 

4 
y = L: YpCk) 

p k = 0 

(4' 8) 

(4. 9) 

(4, 10) 

We assume that the optical pumping pulse is long enough that steady-

state conditions are obtained, Then the boundary conditions at 

t = 0 are 

( 4 .11) 
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= 0 (4.12) 

where 

g = the FE generation rate. 

The solution of Eqs. (4.8), (4.9), (4,11) and (4.12) is easily 

determined to be 

(4.13) 

( 4 .14) 

The time evolution of np(k) expressed by Eq. (4.14) is governed by the 

relationship between vp(k) and (vFE+yp). If vp(k) < (vFE+yp), then the 

long-time decay rate is dominated by vp(k) and we would expect to see 

some variation in the BEP lineshape during the decay. On the other hand, 

if (vFE-iy p) < vp(k) for all k? then the long-time decay is governed 

by (vFE+yp), which is independent of k. In this "capture-limited" 

case, we would expect to see all components of the BEP line decay 

with the same rate, 

We can make an estimate of (vFE+yp) as follows. From Eq, (2,3), 

in the absence of saturation effects we can write 
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(4.15) 

where 

op(k) = the P(k) capture cross section for FE 

Np(k) = the P(k) density. 

If we assume that all the op(k) are equal, op(k) = op, then we note 

that 

(4 .16) 

where 

(4 .17) 

is the total P density. 
-13 2 (l6) 

use oB=lO cm • 

To estimate Yp, we assume op ~ oB Cl 5) and 

The FE thennal velocity, vth, is calculated as-

suming a Boltzmann distribution for the FE kinetic energies to be 

(4.18) 

We take m = 0,6 m (l7) and T=4 K to obtain vth = 2xl06 cm/sec, ex o 
13 -3 . . . 6 ~ 1 For Np = 10 cm , we finally obtain Yp = 2xl0 sec , Since 

5 -1 vFE ~ SxlO sec , we can assume (vFE+yp) ~ Yp· 

To estimate vp(k), we note that in Si the BE decay rate is 

dominated by the Auger decay process (l 3,l9) This results in an 
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6 -1 (19) observed decay rate for BEP of 4xl0 sec . In the Si0 .9Ge0.1 

alloy, we expect that the presence of nearest-neighbour Ge atoms 

will contribute to enhanced k-space spreading of the wavefunctions 
6 -1 and therefore increase the decay rates. So we take 4xl0 sec 

as a lower limit for the BEP decay rate in Si0 .9Ge0 .1 . 

On the basis of these estimates, it seems reasonable to con-

elude that the BEp(k) decay is capture-limited. 1he BEP luminescence 

decay characteristic shown in Fig. 4.10 supports this conclusion. 

Although the initial decay is somewhat non-exponential, the long-

6 -1 time decay rate is measured to be l.SxlO sec , in reasonable agree-

ment with our estimate of Yp· 

'Ib.e conclusion that BEp(k) decay is capture-limited explains our 

observation that all components of the BEP line decay with the same 

rate. In the capture-limited case, the decay rate of all components 

is (vFE + Yp), which is independent of k. 

4.3.7 Compari~on of Si and Undoped Si1--xGex Luminescence Energies 

If we asst.Une that the nearest-neighbour configuration model cor-

rectly describes BE luminescence from the Si-rich Si1 Ge alloy, then -x x . 

a procedure for directly comparing Si and Si1_xGex lt.Uninescence 

energies presents itself. Since nearest-neighbour effects are the 

same for a BEp(O) in the alloy and a BEP in Si, we propose that the 

difference in recombination energy in these two cases is just due 
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Figure 4.10. Decay characteristic of BEp, measured at the BEp 4.2 K peak position of 1110.3 

meV. The backgrmmd, which was measured 8 iJSec after the end of the laser pulse, has been sub­
tracted. 
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to the shift in band gap of the alloy. 1he consequences of this 

proposal are discussed in the following sections. 

4.3.7.1 Band Gap Decrease for Sample C077 lx=0.11) 

On the basis of the proposal described above, the Si and 

Si1 Ge sample C077 luminescence energies can be compared, Fig. -x x 

4.11 schematically illustrates the comparison. 'Ihe BEp(O) lumin-

escence line position, 1108.71 meV, was obtained from the 8.0 K spec­

trum. 'Ihis was the highest temperature at which BEP luminescence could 

be reliably observed, and it was assumed that the luminescence was 

dominated by BEp(O). 'Ihe P luminescence line position in Si, 

1150.11 meV, was obtained from direct measurement of lightly doped 

Si:P. If this change in line position is attributed solely to a 

change in gap energy, these measurements imply a band gap decrease 

of 41.4 meV for x = 0,11. 'Ihis value fluctuated by about 0.6 meV 

due to large scale inhomogeneities ~n the crystals being examined. 

If a rough graphical extrapolation of the absorption data published 

by Braunstein et al (l2) is attempted, we obtain an alloy band 

gap shift of approximately 60 meV for x = 0.11, which is in reason­

able agreement with the luminescence data. 

4.3.7.2 Free Exciton Binding Energy for Sample C077 (x=0.11) 

In addition to the Si1_xGex BEp(O) and the Si BEP line 

positions, Fig. 4.11 also shows the FE threshold and E positions gap 
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SCHEMATIC COMPARISON OF 
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LUMINESCENCE ENERGIES 
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Figure 4 .11. Schematic line position comparison between Si and Si 1-xGex sanqJle C077. This 
comparison is based on the assi.mq:>tion that the difference between the energy of ~(O) lumin­
escence from Sj is equal to the difference in band gap energies for Si and Si1-xGex sanqJle 
C077. This fixes the alloy gap energy. The spectra are then compared by linmg up the Si 
and Si1_xGex gap energies. 
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for Si and the x=0.11 alloy. The FE threshold position in the alloy, 

1114.64 meV, was obtained by fitting Eq. (4.1) to the high temperature 

FE luminescence spectra (Fig. 4.3), as illustrated in Fig. 4.4. The 

NP FE threshold position in Si~ 1154,68 meV 1 was obtained by fit-

ting Eq. (!l. l) directly to NP FE luminescence from pure Si, An 

example of this fit is shown in Fig. 4.12, The Si gap energy, 1169,38 

meV, was detennined from the NP FE threshold energy by subtracting 

the FE binding energy, which is given in Table 1.2 as 14.7 meV. Then 

the alloy gap energy, 1127.98 meV, was obtained by subtracting the 

band gap shift, 41.4 meV, from the Si gap energy. 

As indicated in Fig. 4,11, this method implies that the FE 

dissociation energy in the x=0.11 alloy has decreased by 1.36 meV 

from its value in Si, to 13,34 meV. This compares favourably with a 

rough estimate based on a linear interpolation between the FE dis­

sociation energies in Si and Ge, which are given in Table 1.2 as 14.7 

meV and 4.15 meV, respectively. The linear interpolation results in 

an estimate of 13.54 ~eV for the FE dissociation energy in the x=0.11 

alloy. 

4.3.7.3 Band Gap Decrease for Sample C021-3 (x=0.067) 

A similar analysis has been applied to the x = 0.067 sample. 

C021-3. As shown in Fig, 4.8, compared to sample C077 the luminescence 

from sample C021-3 is shifted to higher energy by 15.5 meV. This 

implies a band gap decrease of 25.9 meV for the x=0,067 alloy. This 
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Figure 4.12. Si no-phonon free exciton luminescence and least-squares fit of the theoretical 
lineshape (Eq. (4.1)). 'Tiie sample temperature obtained from the fit, Tf.t' is shown with the 
measured bath temperature, Tbath. 1 
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result and the result previously obtained for sample C077 are con­

sistent with the alloy composition measurements presented in Table 

4.1 if a linear relationship between the alloy composition and change 

in band gap is assl.D'Iled. The composition ratio between the two samples 

is 0.609 while the ratio of the measured band gap shifts is 0,626, 

4.3.8 Excitons Bound to Composition Fluctuations 

4.3.8.1 Low Temperature Free Exciton LlD'Ilinescence 

One feature in the llD'Ilinescence spectTl.D'Il of sample C077 remains 

to be discussed. At high temperatures (Fig. 4,3), the FE line assl.D'Iles 

a shape characteristic of FE recombination in Si and is well described 

by Eq. 4.1, as previously discussed, The FE threshold energy obtained 

by fitting Eq. (4.1) is independent of temperature, as expected, 

However, at low temperatures this is no longer the case. Spectra taken 

at various temperatures below 6 K are shown in Fig, 4,13, We see 

that as the temperature decreases, the line shifts to lower energy 

and assl.D'Iles a shape which is no longer characteristic of FE recombina­

tion. 

4.3.8.2 Fluctuation Bound Excitons 

These measurements of low temperature FE llD'Ilinescence 

suggest that a low energy shoulder appears on the FE llD'Ilinescence at 

low temperatures. This shoulder may be due to the recombination of 

excitons bound by only about 0.1 meV to a very shallow level. This 

interpretation is supported by the temperature-resolved spectra, which 
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Figi.rre 4.13. Temperature-resolved spectra of undoped Si1-xGex sample C077 at low tempera­
tures. The scale factors (e.g., ''XZ") give the relative intensity magnification. Note 
that the free exciton line shifts and broadens as the te~erature is decreased. For refer­
ence, the free exciton threshold energy meastrred at high te~erattrre is shown. 
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show that the shoulder has completely themalized by 6 K. Above 

6 K, bq. l4.l) correctly describes the lineshape, and the threshold 

energy is independent of temperature. This behaviour is consistent 

with a binding energy of tenths of meV. Also, the pump power 

dependence at 1.6 K (Fig. 4.14) shows that the FE to BEP intensity 

ratio is independent of pump power, as expected for independent 

exciton binding centers in the absence of saturation. 

These features, and the fact that there is no known defect or 

impurity in Si which binds an exciton by only 0, l meV, leads us to 

suggest that the new feature may be due to the recombination of 

excitons weakly bolllld to local fluctuations in the alloy composition 

(BEp). The possibility of such a state was first pointed out by 

Baranovskii and Efros (ZO), who extended the bulk fluctuation theory 

of Alferov e~ al C9
) to include exci tons . A line which may be due 

to fluctuation bound excitons has just recently been reported in 

GaAs
1 

P (Zl), and has characteristics which are similar to those 
-x x 

of the line reported here. 

4.3.8.3 Low Temperature Time~resolved Spectra 

One of the most important features of this model is the pre-

diction that BEF luminescence should have a very long lifetime. As 

indicated during the discussion of BEp decay, the dominant decay 

mechanism for donor or acceptor BE 1s in Si is the Auger process. 

This results in observed decay rates which can be orders of magnitude 
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larger than the radiative rates obtained from measured oscillator 

strengths Cl3,l9). For instance, the BEP radiative decay rate is 

2 -1 estimated to be SxlO sec , whereas the observed Auger decay rate 

is 3.7xl06sec-l (l9) When an exciton is bolilld to a local com-

position fluctuation, however, the Auger process is not possible 

and long lifetime luminescence is expected. Indeed, this was the 

case for the luminescence feature observed in GaAs1 P C2l), -x x 

Fig. 4.15 presents the best low-temperature time-resolved 

spectra available for the Si0.9Ge0.1 alloy. Although the spectra 

are somewhat noisy, we see that the BEF luminescence does not appear 

to have a particularly long lifetime compared to the BEp 

luminescence line. To explain this apparant discrepancy, we return 

to the rate theory presented in Eqs. (4. 8), (4. 9), (4, 11) and (4, 12), 

but we include a second centre which can bind excitons by tenths of 

meV. Since this bound state is so shallow~ we must include the 

effects of thermalization between this centre and the FE gas, 1he 

resulting set of rate equations are: 

dnFE 
---err-= -(vFE+yF+yp} nFE + Pp nF (4,19) 

( 4. 20) 

( 4. 21) 
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where 

nF = the BEF density 

Yp = the rate of FE capture by local composition fluctuation 

Pp = the rate of thermal release by BEF. 

As before, the boundary conditions at t = 0 are 

(4.22) 

c 4. 23) 

(4. 24) 

The solution to Eqs, (4, 19) ~ (_4, 24 J· is complicated s01newhat by the 

new coupling between, Eqs, (4 .19) and (4, 20) . Nevertheless ,. we can 

still obtain the solution, which is; 

(4.25) 



g Yp(k) 
+ _\)_p_Ck~)-
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( 4. 26) 

(4,27) 

We can simplify considerably if we assume Yp + Yp >> Yp· 1his is 

' 
reasonable since we expect that the concentration of these centres, 

NF, will be quite low. 1hen Eq. (4.28) reduces to 

( 4. 29) 
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and the solution becomes 

( 4. 30) 

( 4. 31) 

IlpO<l = (vFE•~p=~~;l vp(J(J { vpb<r exp [- vpO<Jt] 

(vFE;F.yP} exp [-cvFE+yp•Yplt]} (4. 32) 

1he structure of this solution ~s quite similar to Eqs. (4,13) 

and (4,14), and simi~ar considerations apply, On the strength of 

our previous argwnents, we can assume vPE+yp+Yp rv Yp and 

Yp < vp(k). So the np(k) decay is capture-limited. 1he np decay de-­

pends on the relationship between Cvp + Pp) and Yp· If (vp+Pp) < Yp, 
"· 

the long-time decay rate of np is dominated by Cvp +pp) and we would 

expect to see the BEP luminescence have a long lifetime. Conversely, 

if Yp < (vp+Pp) the long-time decay of np is determined by Yp~ and 

the BEP and BEP luminescence will decay together. As already 
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3 -1 
established, we expect vF to be small, about lxlO sec . However, 

Yp < Cvp+Pp) can be satisfied if significant BEF thermalization is 

occurring. We can estimate the BEF thermalization rate at 1.6 K 

by taking Eq. (2.4) for pF: 

Pp = Op vth NFE exp (-~T) (4.33) 

where 

t kT r2 
NFE = 2 ex B 

2nh2 (4. 34} 

and vth is given by Eq. (4.18). 

To estimate, we take mex = 0.6 m
0 

(l?) T = 1.6 Kand EF = O.l 

meV. W lo
-13an2 (16) 

e assume oF ."-' oB and take oB = Then we 

b . 15 -3 
o ta1n NFE = 4xl0 cm , vth = lxl06 cm/sec and finally 

8 -1 6 
Pp "-' 2xl0 sec However, Eq. (_4 .16) yields Yp = lxlO cm/ sec 

at 1.6 K. So we are clearly in a regime where Yp < Cvp +Pp)· The 

nF decay is therefore capture-limited, and the time resolved spectra 

are explained. 

It should be mentioned that the observation of long lifetimes 

for the GaAs1_xPx BEF is expected on the basis of the above analysis. 

First, the impurity concentrations in that case were between 

lo16cm- 3 and l017cm- 3 (2l), which increased the capture rate by a 
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3 4 
factor of about 10 to 10 . Second, the feature was bolIDd by about 

10 meV (2l), which decreased the 1.6 K thermalization rate by a 

s 
factor of about 10 . As a result, the BEF decay was not capture· 

limited, but governed by the radiative decay rate vF. 

Also, it should be mentioned that the assumption of large BEF 

thennalization rates does not necessarily imply a large FE luminescence 

line in the low temperature spectrum. To demonstrate this, we return 

to the original equations' Eqs f c::i' 251 ~- l4, 271~ and solve for the 

steady-state (t = 0) solution, We obtain 

nFE = ( 4. 35) 
y 

(vF1/Yp+Yp) -
F 

( V- ' i+.-1:.i 
Pp j 

Yp 
( 4. 36) nF = nFE VF + Pp 

np(k) 
YpCk) 

(4.37) = \)p (k) 'nFE 

In the limit of no BEF thennalization, these results reduce to 

g (4. 38) 
vFE + Yp + Yp 

( 4. 39) 
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yp(k) 

= vp(k) nFE 
(4.40) 

In the limit of infinitely fast BEF thennalization, we obtain 

n = g 
FE vFE + Yp 

(4,41) 

(_4 .42) 

YpCk) 
= vpQ() nFE (_4. 43) 

If we asslllile yF << Yp as previously proposed, then comparison of 

Eqs, (4,38) and (4.41} show that, even in these extreme limits, 

the FE density remains essentially constant. The FE density is 

governed primarily by the generation rate, g, and the P capture 

rate, Yp· 

4.4 EXPERIMENTAL RESULTS AND DISCUSSION FOR In DOPED Si1 Ge 
-x x 

The subject of the investigations reported in this section was 

the In doped Si1_xGex sample C093, for which x=0,10. 

4.4.1 Typical Photollllilinescence Spectra 

Typical llllninescence spectra obtained from Si1 Ge :In sample -x x 

C093 are shown in Fig. 4,16. Spectra measured at various temperatures 



U1 -·c 
::;:! 

>-.... 
0 .... -:.c .... 
0 -
>-r-
(/) 

z 
w 
r-
z 

186 

TEMPERATURE - RESOLVED SPECTRA 

OF Si 1_xGex:ln 

sample C093 

x~o.10 

pump power = I OOmW 

-H-
L 

T bath=4.2K 

Tbath=IOK 

Tfit = 31K 

T bath= 20K 

Tfit=35K 

1040 1060 1080 1100 

ENERGY (meV) 

1120 

X2 

XI 

X2 

1140 

Figure 4.16. Temperature-resolved spectra of Si1_xGex:In sample C093 from 4.2 K to 30 K. 
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are shown. Two features are prominent in the spectra. 1he higher 

energy luminescence, labelled "FE", becomes visible only at high 

temperatures. At somewhat lower energies a broad feature labelled 

"L" is visible, which moves to lower energy as the temperature is 

increased. 1he L ltnninescence develops a low energy shoulder at 

high temperatures, which has been labelled "FE(TO)". 

4.4.2 Identification of Free Exciton Ltnninescence 

To begin with, we note that the ltnninescence labelled FE has 

a lineshape and temperature dependence characteristic of NP FE 

recombination in Si~ as described in detail in the Section 4.3. 

Eq. (4.1), which describes the NP FE lineshape, can be fit to the 

FE luminescence from sample C093 very accurately, 1he FE threshold 

energy obtained from such fits, 1115,8 meV, remained constant within 

about 0,3 meV. However, the fit temperaturesr Tfit' were systematically 

higher than the measured bath temperatures, Tbath. 1hese tempera~ 

tures are indicated ~n Fig. 4.16. It seems, therefore, that either 

the FE ltnninescence is subject to some broadening as a result of the 

disordered nature of the alloy, or the sample is being locally 

heated by the laser pump. Of these two possibilities, the second 

seems most likely. First, one would expect some broadening mechanism 

to affect the FE threshold behaviour as well as generally broaden 

the line. 1hat is, we would expect to see the FE threshold "smear 

out" and become less abrupt. However, this behaviour is not observed. 
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As previously mentioned, the lineshape is described by Eq. (4.1) very 

well. Second, as indicated in Table 4.1 sample C093 has impurity 

concentrations which are about three orders of magnitude higher 

than those in sample CO 77. As a result, much higher pump powers 

are needed to observe FE luminescence at all in sample C093, At 

these laser intensities, sample heating must be considered a very 

likely cause of the observed FE broadening, 

If this explanation is accepted 1 the luminescence labelled FE 

can be interpreted as resulting from NP FE recombination in the 

Si1 Ge ;In alloy, Since the feature labelled "FE(TO)'' is sep, arated 
-x x . 

from the FE peak by approximately the Si TO phonon energy, we 

interpret this shoulder on L as being due to TO phonon assisted FE 

recombination. 

4.4.3 ldentification of Bound Exciton Luminescence 

Our interpretation of the luminescence labelled L is necessarily 

considerably more complicated than that of the FE luminescence. There 

are a number of processes which are undoubtedly contributing to the L line. 

Primarily, B~, BBp and BEin luminescence must be considered. In, of 

course, is the majority dopant, and will dominate the NP BE 

luminescence. The B concentration is about an order of magnitude 

greater than the P concentration, It follows from our discussion of 

BE luminescence from undoped Si1--xGex that B and P will probably 

contribute equally to the NP BE luminescence. In addition, the L 

luminescence is sufficiently broad that transverse-acoustic (TA) 
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phonon replicas of the FE and BE lines may contribute as well, It 

is unlikely that NP BMEC or electron-hole droplet (_EH])) luminescence 

will have any significant influence on the spectra presented here, 

The impurity concentrations in sample C093 preclude the observation 

of such effects at the pump powers utilized in this study. 

4.4.3.1 Time-Resolved Spectra and Isolation of B Bound 

Exciton Component 

In an effort to separate the BE components which produce the 

L luminescence, the time evolution of the luminescence from sample 

C093 was measured at low pump power. The time-resolved spectra are 

shown in Fig. 4.17 for low power laser excitation, As this figure 

demonstrates, the L luminescence is composed of a relatively sharp 

high energy component with a long li£etime, and a broad low energy 

component with a short lifetime, Consideration of the BEB? BEP and 

BEin decay times in Si (1055 nsec, 272 nsec and 2, 7 nsec, respective­

ly Cl9)) leads to the suggestion that the sharp, long lifetime 

component is primarily a result of BEB recombination, The broad
1 

short lifetime low energy shoulder is therefore probably due to 

BEin recombination. 



>-
1-
Cf) 
z 
w 
1-z 

1080 

190 

TIME - RESOLVED SPECTRA 
OF Si1_xGex :In 

sample C093 

x~0.10 

T both=4.2K 

-l I-

O.Oµsec 

O.lµsec 

1090 

overage pump power ~ 50mW 
gate = 0.1 µsec 

L 

1100 

ENERGY (meV) 
1110 1120 

Figi.rre 4.17. Tine-resolved spectra of Si1-xGex:In sample C093. The scale factors (e.g., 
"XS") give the relative intensity magnification. At long times, a sharp, long lifetime 
con;ionent of L 11..Dllinescence is isolated. 



191 

4.4.3.2 Temperature-Resolved Spectra and Isolation of 

In Bound Exciton Component 

A further separation of the BE components which produce the 

L llilTlinescence can be accomplished by measuring the temperature 

dependence of the photollilTlinescence spectrlilTl, This measurement is 

shown in Fig. 4.16. We see that the high energy side of the L 

llilTlinescence thermalizes as the temperature is increased. This 

observation is consistent with the interpretation of L llilTlinescence 

presented in the previous section. At high temperatures, only the 

lower energy BEin component is observed, The higher energy BEB 

component has thermalized, 

This effect is seen clearly in Fig. 4,18, which shows the 

temperature dependence of L ll.Dllinescence which is gated in time. 

At low temperatures, the BEB peak is reasonably well isolated. At 

the high ptun:p powers used for this measurement, however, a low 

energy shoulder is clearly observed. We interpret this shoulder 

as being due to a BEin component which has not been eliminated by 

the time resolution. As the temperature is increased? we see the 

B~ component thermalize with respect to the BEin component. Above 

10 K, only the BEin component remains. 

There is one difficulty with this interpretation which should 

be mentioned. As the temperature is raised above 10 K, the BEin 

component peak position moves to lower temperature, as expected from 

the behaviour of BEP llilTlinescence in undoped Si1 Ge . This effect -x x 
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is observed in Fig, 4.16 and Fig. 4,18. However~ the BEin peak 

moves too far; by 30 K, it is already approximately 25 meV below the 

FE threshold, while the BEin binding energy in Si is only 13.7 meV(ZZ). 

In spite of this, the bulk of the experimental evidence supports 

the interpretation that this high temperature 1U!1rinescence is due 

to BEin recombination in the alloy. It may be that contributions 

from FE and BE TA assisted luminescence combine to produce the 

anomalously low high temperature BEin peak position, However, this 

seems unlikely when the relative intensities of TA and NP luminescence 

in Si are considered. It is also possible that the BE1n(O) binding 

energy in the alloy is increased as a result of some complicated 

effect which may involve the unusually large radii of the Ge and 

In atoms relative to the Si-Si bond length. Of course, this mechanism 

is also unlikely, practically by definition. Unfortunately, all we 

can conclude at this point is that the anomalous temperature depen­

dence of the BEin luminescence remains unexplained. 

4.4.4 Comparison of Si and Sil~xGex:In Luminescence Energies 

The separation of the L luminescence components discussed in 

the previous section leads to the possibility of comparing Si1 Ge :In -x x 

and Si:In spectra by analyzing the Si1_xGex:In BEB line in a manner 

similar to that employed for BEP luminescence in the undoped Si1_xGex 

case. 1he Si1 Ge :In luminescence is gated in time to isolate the 
~ x 

BEB component. Then, as shown in Fig. 4.19, the temperature 
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dependence of the .8113 luminescence is measured at very low pump powers. 

Comparison of Fig. 4,19 with Fig. 4.2 shows that the behaviour of the 

BEB component is almost identical to that of the B~ luminescence 

from undoped Si1 Ge • We are tempted, therefore, to apply the -x x 

reasoning used in the analysis of undoped Si1 Ge luminescence. and -x x ' 

propose that the high temperature BEB luminescence is dominated by the 

B113(0) component. Then the BEB(O) peak position obtained from 

the 7.0 K spectrum is 1107.80 meV. However, the FE threshold energy 

for sample C093 is 1115.8 meV, which implies that the BEB(O) binding 

energy is 8 meV, which is IlRlch too large. 

1his discrepancy is probably due to an incomplete separation of 

the L luminescence, At low temperatures~ we observe primarily the 

BEB lrnninescence, However, as the temperature increases the BEB 

components therrnalize faster than whatever BEin components have 

not been eliminated by the time resolution. 1he presence of these 

BEin components is clearly demonstrated by Fig. 4.18. At high 

temperatures, therefqre, we again see the combined BE luminescence, 

which will effectively lower the energy measured for the BE(O) peak. 

In spite of these difficulties? a method can be developed 

for comparing the Si1_xGex:In and Si:In spectra. Since samples 

C077 and C093 differ in composition by only about 1%, we assume that 

the FE binding energies in the two samples are the same. 1his leads 

to the comparison schematically illustrated in Fig. 4.20. 1he 

gap energy for sample C093, 1129.14 meV, was detennined by adding 
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the assumed FE binding energy, 13.34 meV, to the FE threshold energy, 

1115.8 meV. 1his results in a measured band gap shift of 40.2 meV 

for the x =0.104 alloy. 1he band gap shifts and alloy composition 

measurements are reasonably consistent, assuming a linear relationship 

between the alloy composition and change in band gap. 1he composition 

ratio between samples C077 and C093 is ,920 while the ratio of 

measured band gap shifts is .971. Samples C021-3 and C093 agree 

exactly - the composition ratio and the ratio of measured band gap 

shifts are both 0.644. 

4.5 SUMMARY AND CONCLUSION 

In this chapter, the photoluminescence spectra of undoped Si­

rich Si1_xGex were extensively studied for the first time, Samples 

for which x = 0.11 and x = 0,067 were considered. 1he following 

results were obtained; 

(i) Free exciton (FE} luminescence was observed and identified. 

1he FE luminescence is described very accurately by the Si NP FE 

lineshape, Eq. l 4 .1}. As a result, a NP FE threshold energy was 

obtained. 

(ii) BolIDd exciton (BE) luminescence was also observed. 1he 

BE luminescence is predominantly a result of recombination of excitons 

bolIDd to P impurities (BEpl· A model has been proposed to explain 

the observed behaviour of the BEP luminescence line, which is con­

sistent with previous studies of hopping conduction (JZ) and Hall 

effect (l 3) in these alloys. According to this model BEP luminescence 
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is a result of several overlapping components labelled BEP(k), 

where 0 < k < 4 is the number of nearest-neighbour Ge atoms. At 

high temperatures, only BEp(O) luminescence is observed. The BEp(O) 

luminescence is observed. The BEp(O) peak position was measured. 

(iii) Measurement of the line positions described above 

resulted in a determination of the decrease in band gap for the 

x = 0.067 and x = 0.11 alloys. In addition, a determination of the 

decrease in FE binding energy for the x = 0.11 alloy was possible. 

These results are summarized in Table 4,2. 

(iv) At low temperatures, a feature ascribed to the recom­

bination of excitons bound to fluctuations in alloy composition is 

observed. 

The photoluminescence spectra of Si1_,xGex; In were also extensive-

ly investigated, One sample for which x = 0, 10 was available, The 

following results were obtained; 

(i) Free exciton (fE) luminescence was observed, The FE lumin~ 

escence is described'very accurately by Eq, (4.1), and a FE threshold 

energy was obtained. However, the sample temperatures determined on the 

basis of the above fits are systematically high. This effect was 

ascribed to laser induced sample heating. 

Cii) Bound exciton (~E) luminescence was also observed. The 

BE luminescence is composed of overlapping components due to re­

combination of excitons bolllld to B and In impurities (BEB and BEin, 

respectively). These components were systematically isolated using 



199 

Table 4.2. Results of the :investigation of photoluminescence properties of undoped Si
1 

Ge 
. -x x 

and Si1_xGex:In. 

LINE POSITIONS BAND GAP FE BINDING 
(j) SHIFT ENERGY 

SAMPLE x (rneV) (rneV) 

FE BEp(O) 

C077 0.11 1114.64 1108.69 41.4 13.34 

C021-3 0.067 1124.19 25.9 

C093 0.10 1115.8 40.2 
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a combination of time and temperature resolution, While the Bl13 

component behaves as expected, the BEin peak position moves to lower 

energy than anticipated as the temperature is increased, We were 

not able to explain this effect. 

(iii) Measurement of the FE threshold energy resulted in a 

determination of the decrease in band gap for the x = 0,10 alloy, 

1his result is consistent with those previously obtained for the un-

doped Si
1 

Ge material, and is sl.Illlillarized in Table 4.2. 
-x x 
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