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ABSTRACT 

Below 30•‹K the photoluminescent spectrum near the band 

edge of CdS can have some 30 or more sharp lines together 

with a series of broad bands. Investigation of the photolumi- 

nescence from CdS using a monochromator and a spectrometer 

together has extended the understanding of luminescent pro- 

cesses in the 11-VI semiconductors. 

Our excitation experiments show that an electron-phonon 

interaction is a common feature for all the luminescent trans- 

itions in CdS. This interaction can be understood in terms 

of a Franck-Condon model. Calculations for the value of the 

electron-phonon interaction parameter S for a bound carrier 

were extended to include the free exciton, the bound exciton, 

and the bound to bound transition. Experiments showed that 
A 

S for excitons varied inversely with the exciton size in 

agreement with theory. Calculations which showed that 5 for 

the bound to bound transitions varied with the donor-acceptor 

separation were verified by experiment. 

Our study of the luminescence has enabled the measurement 

of excited state energies of a neutral donor, of an exciton 

bound to a neutral donor, and of an exciton bound to a neutral 

acceptor. A radiative Auger decay process was discovered for 

the exciton bound to a neutral donor. It is also shown that 



the ionization energies of donors and acceptors can be accur- 

' ately measured using a combination of experimental techniques 

described in the thesis. 

Calculations on the energy and spectral line shape for 

bound to bound luminescence showed that saturation effects and 

also an electron-hole correlation effect were important. Both 

effects were G e m o n s t r a t e d  by experiment. 
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1. THESIS INTRODUCTION 

The optical properties of cadmium sulphide crystals, par- 

ticularly the luminescence, have been the subject of extensive 

experimental and theoretical investigation. The experimental 

techniques described in this thesis have improved the under- 

in a --l -- --"---- ctsnding of the electrm-phcncn intzrwtion ' pula~ ULCL LCL 

ial, in the evaluation of the role of excitons in luminescence, 

and in the precise measurement of donor and acceptor binding 

energies. 

The photoluminescence of CdS at low temperatures is known 

to consist of both sharp lines and broad bands. The intense 

sharp lines result from free and bound excitons; this identi- 

fication was first made by Thomas and Hopfield (1959, 1962) 

and Hopfield and Thomas (1961) and subsequently by many other 

workers. One of the most common broad bands, the "green 

emission", was shown by Thomas, Hopfield and Colbow (1964) and 

Colbow (1966) to result from the radiative recombination of a 

hole bound to an acceptor with either an electron bound to a 

donor (low temperatures) or a free electron (temperatures less 

than 150•‹~). However, the electronic transitions responsible 

for many of the weaker lines and broad bands are still under 

investigation (see, for instance, Henry and Nassau (1970), 

Gutsche and Goede (1970)). Some of the difficulties have 
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arisen because the ionization energies for the donors and 

acceptors are not known accurately. 

Techniques described in this thesis have proven useful in 

understanding the origin of many of the weaker luminescent 

transitions which are observed in CdS at low temperatures. In 

addition, results which have enabled an accurate determination 

of donor and accepter ionizatien znergies a r e  preseiiied. E v i -  

dence is also given which indicates the existence of a radia- 

tive Auger process for the bound exciton. 

The luminescence in CdS demonstrates a coupling between 

the localized charges of the luminescent centers and the 

phonons of the lattice. This was first recognized by Hopfield 

(1959) for the bound electron-bound hole transition. A strong 

coupling between excitons and the longitudinal-optical phonons 

was demonstrated in the photoconductivity spectra of Park and 

Langer (1964), and in the optical excitation of luminescence 

reported first by Conradi and Haering (1968), and later by Park 

and Schneider (19681, and Gross et al. (1970). 

Results in this thesis show that this electron-phonon 

coupling is a common feature of almost all luminescence in CdS. 

This coupling, which is expected for a polar lattice, can best 

be understood in terms of a Franck-Condon model. The coupling 

strength is determined by a coupling parameter S whose magni- 

tude depends on the size of the luminescent center in accord- 

ance with the theory of Toyozawa (1967). Toyozawa's theory 



is extended to allow calculation of S for free excitons, bound 

excitons,and bound to bound transitions. The theory is in 

quantitative agreement with experiment in all cases where the 

electronic wavefunctions are sufficiently well-known to permit 

an actual calculation. 

The broad-band green emission wavelength is known, from 

the w o r k  of Thomas and his colleagues, t c  depend cn the dcncr- 

acceptor separation. However, recent theories which attempt 

to explain the position, width and shape (Hagston 1970, Gutsche 

and Goede 1970) of this broad band luminescence have been only 

partially successful. A detailed analysis requires knowledge 

of all processes which can affect the luminescence. 

Results are presented which show that two previously un- 

reported effects must be considered. It is shown that there 

exists an electron-hole correlation effect due to excitons 

which enhances the bound to bound emission for donor-acceptor 

separations of the order of the exciton radius. The Franck- 

Condon effect for the bound to bound transitions mentioned 

earlier also causes a dependence of the luminescence on the 

spectrum of the exciting light. The well-known broadening 

due to emission of acoustical phonons is also considered. The 

results then, suggest that the shape and position of the broad 

band luminescence depends on many parameters. 



2. LUMINESCENCE IN CdS - A BRIEF REVIEW 

2.1 Introduction 

A brief review of the photoluminescence of single'crystal 

cdS is given below to provide a background for the present 

work. Since the literature on the luminescent properties of 

CdS is extensive and scmztimzs r e p e t i t i v e ,  o n l y  the m o r e  im- 

portant references are included. Review articles by Reynolds, 

Litton and Collins (1965a,b) and Shionoya (1970), a book edited 

by Aven and Prener (1967), and a book by Ray (1969) are an 

excellent source of information of 11-VI semiconductors, with 

emphasis on the properties of CdS. 

The progress in understanding the luminescence from CdS 

has largely been tied to the ability to produce single crystals 

of high quality and of high chemical purity. The difficulty 

in synthesis imposed by the additional degree of freedom in a 

two component semiconductor and the difficulty of obtaining 

highly pure components for growth of single crystals has been 

a considerable problem (Loren2 1967). The preparation of 

CdS crystals with known donor and acceptor impurities at low 

Concentrations has only recently been reported by Nassau, 

Henry and Shiever (1970). 

Study of the luminescence of CdS near the band edge 

requires the use of low temperatures (usually 4OK and 77OK) to 

make weakly bound states of holes and electrons observable. 
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The luminescence consists of a number of sharp lines from 2.43 

eV to the band edge at 2.58 eV, and a number of broad lines 

below 2.43 eV. 

2.2 Luminescence due to Excitons 

The exciton, first introduced by Frenkel (1931), is in CdS 

an electron and hole bound by their coulombic attraction with 
0 

a Bohr radius of about 30 A. This is the so-called Wannier 

exciton (Wannier 1937) . 

Excitons in CdS were first reported by Gross, Razbirin 

and Iakobson (1957) and by Gross and Razbirin (1957) . The 

most definitive studies of excitons in CdS were done by Thomas 

and Hopfield (1959) , Hopfield and Thomas (1960) , and by 

Hopfield ( 3 9 6 0 ) .  The effect of magnetic fieids on excitons 

was studied by Hopfield and Thomas (1961) and Wheeler and 

Dimmock (1962) . 

In CdS the conduction band is s like and almost isotropic, 

while the valence band is p like and split into 3 bands due to 

the spin-orbit interaction and the crystal field interaction 

which is non-zero in the wurtzite structure (Birman 1959a,b). 

The energy band deduced by Thomas and Hopfield (1959) is shown 

in Fig. 1. 

Excitons formed of an electron in the conduction band and 

of a hole in the valence band axe known as A excitons and are 



Conduction Band 

Valence Bands 

and Cic2field ( I S 5 S )  . A ,  B ,  and C r e f e r  t o  t h e  three 

hole hanzs and I' n r e f e r  to t h e  band symnetry. 7 9 



most a c t i v e  i n  absorpt ion  (emission) f o r  l i g h t  po la r i zed  w i t h  

g ~ < :  where i s  t h e  e l e c t r i c  v e c t o r  of t h e  i n c i d e n t  (emi t ted)  

l i g h t  and c  i s  t h e  hexagonal a x i s  of t h e  CdS c r y s t a l .  Exci tons 

of holes  from t h e  B and C bands a r e  a c t i v e  i n  both po la r i za -  

t i o n s .  Table I shows t h e  wavelength and energy of t h e  va r ious  

exc i ton  s t a t e s  toge the r  wi th  binding ene rg ies .  

111 group n o t a t i o n  used by Hopfield and Thomas ( 1 9 6 1 ) ,  t h e  

E = 0 A exci ton  s t a t e s  with a  p r i n c i p a l  quantum number n = 1 

formed from an e l e c t r o n  i n  t h e  r conduction band and a  hole  
7 

i n  t h e  rg va lence  band a r e  r5 (allowed) and T 6  ( fo rb idden) .  

The A ( r 5 )  exc i ton  with e l e c t r o n  and hole  s p i n s  a n t i p a r a l l e l ,  

i s  observed f o r  Elc  a s  a  t r a n s v e r s e  exc i ton  (exc i ton  p o l a r i -  

za t ion  F l c )  and f o r  Ellc a s  a  weaker I? l o n g i t u d i n a l  exc i ton .  5  

The T 6  exc i ton  with e l e c t r o n  and ho le  s p i n s  p a r a l l e l  i s  

observed because Z#O f o r  photons. 

Luminescence from exc i tons  i s  observed f o r  t h e  A ( r  ) and 
5T 

A ( r 6 )  exc i tons  and a t  one and two l o n g i t u d i n a l - o p t i c a l  phonon 

energies  below t h e s e  s t a t e s .  [Gross, Permogorov, and Razbi r in ,  

(1966a,b) and B l e i l  (1966) l .  The phonon r e p l i c a s  a r e  broadened 

according t o  a  Maxwellian d i s t r i b u t i o n  due t o  t h e  k i n e t i c  

energy of t h e  exci tons  be fo re  r a d i a t i v e  emission. 

Fig.  2 shows a  t y p i c a l  photo-luminescence spectrum from 

a  l i g h t l y  doped c r y s t a l  of CdS a t  5.3OK. Most of t h e  lumines- 
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xcitons bound to impurities in com- 

+ to H2 and H2 . The recombination of 

an electron and hole gives a photon, returning the center to 

its ground state. 

Lines labelled T1 refer to an A exciton bound to a neutral 

+ 
acceptor and may be represented schematically as @+- where B 

refers tc the fixed zcze@or impur i t y ;  i and - refer to a hole 
and to an electron respectively. Lines labelled I2 refer to 

an A exciton bound to a neutral donor and are represented as 

9 .  * I3 refers to an A exciton bound to an ionized donor and 

is represented as (dY+. 

Thomas and Hopfield (1962) first identified the above 

lines by analysing their Zeeman splitting using magnetic fields 

to 30 Kg. Later work by Nassau, Henry and Shiever ( 1 9 7 0 ) ,  and 

by Henry, Nassau and Shiever (1970) has enabled chemical ident- 

ification of many of the donor and acceptor impurities in CdS. 

The precise emission wavelength of the above lines depends on 

the impurity. 

In CdS where the effective hole mass is about 4 times the 

effective electron mass, Hopfield (1964) showed that an exci- 

ton is not bound to an ionized acceptor. Indeed no such line 

has been seen in absorption or luminescence. 

The previous results for polarization of photons from 

excitons are generally valid for .weakly bound states such as 
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bound excitons. The lines I 1 ' 12' and I3 are active only for 
E X  since the holes are from the A band. 

In absorption, Thomas and Hopfield (1962) also observed 

lines active for both polarizations and identified these lines 

as follows. 12B is from a B exciton bound to a neutral donor. 

IIB and IlB' are from a B exciton bound to a neutral acceptor. 

The distinction between IIB and IIB, is due to the spin of the 

two holes being parallel (IlB, ) and antiparallel (IlB) . 

Line positions and chemical impurities are listed in 

Table 11. Binding energies of excitons to the various impuri- 

ties are also given. 

Several sharp lines appear at energies of one or two LO 

phonon energies below I1 and 12. These are generally called 

LO phonon replicas. A few other sharp lines are probably from 

deep impurity centers and have been labelled Is and I7 by 

Reynolds and Litton (1963). 

2.3 Broad Band Luminescence 

Luminescence in CdS was first reported by   roger (1940) 
0 

who irradiated CdS at 93OK by the 3650 A line of Hg. He 
0 

observed a series of green luminescent bands starting at 5130 A 

and at intervals of 314 crn-I lower in energy. Klick (1951) 



Table 11 Bound Excitons in CdS 
Luminescence and Absorption 

Posit ion Chemical Binding Energy 
0 * 

Line A ev Impurity of A Exciton Polarization Reference 

Absorption Only 

Binding Energy 

of B Exciton 

It iii, ii 

iii 

iii 

-. 
Ellc 
Z 

Ellc 

both 

iii 

iv, v 

iii 

iii 

iii 

iv, v 

vi 

v i 

vi 

I ~ B  4863.7 2.54839 I 
19.8 meV 41 v 

4863.2 2.54865 Li or Na & c v 
2 

IIB1 4860.8 2.54991 18.3 Ell v 

'2~ 4837.7 2.56209 [Li dl' 6.2 both v 

* a - neutral acceptor; d - neutral donor; id - ionized donor. 
+ tentative assignment. 



Table  I1 (Cont Id. ) 

i Henry, Nassau and Shiever  (1970) 

ii Thomas, Dingle  and Cuthber t  (1967) 

iii Nassau, Henry and Shiever  (1970) 

i v  Henry (1971) 

v Thomas and Hopfie ld  (1962) 

v i  Reynolds and L i t t o n  (1963)  



observed the same luminescence at 

energy of 0.03 meV of each member 

77OK but noted a decrease in 

of the series in going to 

4 O K .  The spacing of each member of the series was recognized 

by ~rGger and Meyer (1954) to be that of the longitudinal opti- 

cal (LO) phonon in CdS. Hopfield (1959) showed that the intens- 

ity of these LO phonon replicas required one trapped carrier 

to provide sufficient coupling to the lattice, The origin of 

the decrease in energy in going to lower temperatures was 

suggested by Thomas and Hopfield (1959) and later shown by 

~edrotti and Reynolds (1960) to be due to a bound state of the 

electron existing near the bound hole. Later,Thomas, Hopfield 

and Colbow (1964) and Colbow (1966) confirmed these results in 

studies of the time resolved luminescence. 

Fig. 3a) shows the green luminescent spectra at two 

temperatures while Fig. 3b) shows the energy level scheme. At 

low temperatures both the electron and hole are trapped on 

donor and acceptor impurities respectively and the emission is 

at El (bound to bound emission). As the temperature increases 

the electron becomes free and the emission is at E2 (free to 

bound emission). At still higher temperatures the hole becomes 

free from the acceptor trap and the green luminescence is 

quenched (Naeda 1965) . 

The dependence of the emission energy E(R) from a donor- 

acceptor pair separated by a distance R is given by 



Energy in eV , 2 . :  .I 2 . 3 ,  I 0  

n LO * LO 

Free to Bound 1 I 

t 

T = 10.5OK 
t .- 

'- 

- 
I I I I I 

5000 5100 5 2 0 0  5300 
Luminescent Wavelength in Angstroms 

(a 1 

% Recombination + * + Centefs 

I70 meV 

(b) 
Fig. 3a The luminescence at 1 0 . 5 O K  is due to bound to bound 

transitions while the luminescence at 37OR is due to 

a free electron radiatively recombining with a bounZ 

hole. 

b Principal reconbination processes in a compensated 

crystal for 3 temperature ranges. 



where E is the band gap energy, EA and ED are the binding 
g 

energies of isolated acceptors and donorsrand K is the static 
S 

dielectric constant. The transition probability W is given in 

the Heitler-London approximation by the overlap of the wave- 

F i l n c i - i ~ f i s .  If +k- - - - - -J----  - ---- \ - L A =  c ; r L L ~ p ~ ~ ~  is much deeper than the donor, then 

where Wo is a constant and aD is the Bohr radius of the donor. 

\ 

Thomas et al. (1964) showed that the above expressions 

correctly described the broad band luminescence in both Gap 

and CdS. Sharp lines due to donors and acceptors being at 

discrete separations were observed by them in Gap and recently 

by Henry et al. (1969) and Reynolds et al. (1969) in CdS. 

Many crystals, hcwever, do not exhibit all the features 

expected in the free to bound and bound to bound models. 

Kingston (1968) has observed a dependence of luminescent energy 

on annealing conditions and Gutsche and Goede (1970) have 

raised some objections to the free to bound model. 

As will be shown later, the precise position and shape of 

the bound to bound luminescent band is complicated by mechan- 

isms for feeding the bound to bound luminescent band which 



have not been considered by other workers. 

2.4 Measurements of Other Parameters for CdS 

Other parameters characterizing CdS are listed in Table 

111. For a more complete list the 11-VI Semiconducting Com- 

pounds Data Tables compiled by Neuberger (1969) may be con- 

'2.5 Excitation Spectra 

In this technique a property of a crystal is studied as a 

function of energy of the incident radiation. The variation of 

electrical conductivity as a function of incident wavelength 

(photoconductivity) has been studied in most semiconductors and 

has an extensive literature !see Bube ( 1 9 6 0 1 ,  Pel1 (1971) j . 

The study of the luminescent intensity as a function of 

incident energy has a shorter history. Luminescent excitation 

spectra have been made for various deep centers in the alkali- 

halides  itchen en (1966), Stiles and Fitchen (1966)l , and for 

z few deep centers in the 11-VI semiconductors [Gross, 

Razbirin, and Shekhmamet'ev (1962) in CdStand by Deitz et al. 

(1962) in ZnTe]. Luminescent excitation spectra using resolu- 

tions from 10 - 30 have also been reported by Gross and 

Shekhmamet'ev (1962, 1963) for Hg12, PbIZ and the copper 

halides, 



TABLE 111 Measured Parameters of CdS 

Reference 

Effective mass in meL = 0.171 
terms of the free 
electron mass m =0.153 

ell 
Baer and Dexter (1964) 

me, = -190 i .002 H e m y  =nil P k s s ~ u  (1970~) 

m = .180 7 .010 
ell 

Dielectric constant 

- static K~ K~~ = 9.48 

( 7 7 O ~ )  

Refractive index 

Phonon energies 

(Raman Scattering) 

Density p 

Deformation 
potential Ed 

Thomas and Hopfield (1959) 

Berlincourt et al. (1963) 

1 - 
7 

ii = 2.24 = ( 5 . 2 4 )  Czyzak et al. (1957) 

LO(ll) 305 cm-' Tell, Damen and Porto (1965) 

LO(T5) 305 cr-' 

TO(rl) 235 cm-' 

TO(T5) 228 cm-' 

Rowe et al. (1967) 
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In CdS Gross, Razbirin and Shekhrnametlev (1962) found that 

the luminescent excitation spectra of the free to bound band at 

77OK was similar to the photoconductivity spectra and depended 

somewhat on surface treatment and annealing history. 

Excitation of luminescence from bound excitons in CdS us- 

ing better resolution was first reported by Conradi and Haering 

(1968, 1969) and by Park and Schneider (1968). These studies 

revealed that the I: complex (exciton on a neutral donor) could 2 

b e  created at energies of p LO above the I2 line (Conradi and 

Haering 1968) or above the A exciton (Park and Schneider 1968) . 
LO is the energy of the longitudinal optical phonon and p is 

an integer from 1 to 6. More recently Gross et al. (1970) have 

reported similar excitation spectra for free excitons. 

2.6 Franck-Condon Effects in Semiconductors 

A linear interaction between an electronic excitation and 

the lattice vibrations was first considered by Huang and Rhys 

(1950) and later by Lax (1952) and OIRourke (1953). As will 

be explained later, this model made use of the adiabatic 

approximation of the wavefunction of the excitation and the 

Franck-Condon approximation. The absorption bands of impuri- 

ties in semiconductors, particularly in the alkali-halides, 

were interpreted using a Franck-Condon model, using the 

strength of the interaction as an adjustable parameter 

(Pitchen 1968). ~ e i l  (1965) extended the model to consider 

interaction with both linear and quadratic modes. 
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Recently,Toyozawa (1967) proposed a  means of c a l c u l a t i n g  

t h e  s t r e n g t h  of t h e  i n t e r a c t i o n  between an e l e c t r o n i c  e x c i t a t i o n  

l o c a l i z e d  on an impuri ty  and t h e  l a t t i c e  v i b r a t i o n s .  This  was 

extended formally by Toyozawa (1970) t o  inc lude  t h e  i n t e r a c t i o n  

between t h e  exc i ton  and t h e  l a t t i c e .  
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3 .  THEORY 

3.1 The theory i s  divided i n t o  f i v e  p a r t s .  The f i r s t  p a r t  

desc r ibes  how a l o c a l i z e d  e l e c t r o n i c  e x c i t a t i o n  i n  a  deformable 

l a t t i c e  may be descr ibed  i n  terms of t h e  Franck-Condon p r i n c i -  

p l e .  The second s e c t i o n  d i scusses  t h e  a n a l y s i s  of e x c i t a t i o n  

spec t ra .  I n  t h e  t h i r d  s e c t i o n  s a t u r a t i o n  e f f e c t s  i n  t h e  bound 

t o  bound luminescence a r e  d iscussed  while  i n  t h e  f o u r t h  s e c t i o n  

the  in f luence  of exc i tons  on t h e  bound t o  bound luminescence i s  

considered i n  terms of an e lec t ron-hole  c o r r e l a t i o n  e f f e c t .  

The l a s t  s e c t i o n  con ta ins  a  b r i e f  d i scuss ion  of t h e  e x c i t e d  

s t a t e s  of a  bound exc i ton .  

3 .2  Franck-Condon E f f e c t s  

A l o c a l i z e d  e l e c t r o n i c  e x c i t a t i o n  such a s  a  ho le  bound t o  

an acceptor ,  an e l e c t r o n  t o  a  donor,  o r  an exci ton  causes a  

d i s t o r t i o n  i n  t h e  l a t t i c e  of a p o l a r  m a t e r i a l .  The o p t i c a l  

absorpt ion l i n e  shape o r  luminescent emission l i n e  shape de- 

pends then on t h e  i n t e r a c t i o n  of t h e  e l e c t r o n i c  s t a t e  with t h e  

v i b r a t i o n a l  modes of t h e  c r y s t a l .  The s t r o n g e s t  e l ec t ron-  

phonon i n t e r a c t i o n  occurs  between t h e  l o n g i t u d i n a l  o p t i c a l  

modes and t h e  e l e c t r o n s .  I n  t h e  o p t i c a l  modes t h e  p o s i t i v e  and 

negat ive i o n s  a r e  d i sp laced  i n  oppos i te  d i r e c t i o n s .  

I n  long wavelength a c o u s t i c  modes t h e  neighbouring ions  

move i n  phase, and i n  a non-piezoelec t r ic  c r y s t a l  t h e r e  i s  no 

s t rong e l e c t r o s t a t i c  coupling t o  a c o u s t i c a l  phonons. Then, a  
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localized electronic excitation may couple to acoustic phonons 

by virtue of the deformation potential. In a wurtzite crystal 

such as CdS the piezoelectric electron-phonon interaction can 

also be important. Qualitatively, one expects that the 

stronger the binding to the impurity, the stronger is the inter- 

action with acoustic modes. 

rnL.. :.-.t..-..-4-:-- L-4- 4-L- -L ----- 2 ----- 2 ---- --2 LL- 
A L L =  I L I  I-GLQL LLUII uc I-WCCII LIIC L l l a L  y cu L a L L  LCL b auu LIIG 

longitudinal-optical phonons in 11-VI semiconductors is suffic- 

'iently strong to exclude a perturbation treatment. The lumi- 

nescent transitions in CdS show sidebands with up to 6 longi- 

tudinal optical (LO) phonons whose relative intensity varies 

by less than an order of magnitude. (Conradi and Haering 1968). 

A non-perturbation treatment of the electron-LO phonon inter- 

action is essential. In the following section the inter- 

action is treated in the Franck-Condon and adiabatic approxi- 

mations following Huang and Fhys (1950) , Lax (1952) and Keil 

(1965). The theory for the strength of the electron-phonon 

coupling for a localized excitation is due to Toyozawa (1967, 

1970) and is extended here to include free excitons, bound 

excitons and the bound hole-bound electron system. 

The Hamiltonian of the electron-phonon system H + HL is 

the sum of the electronic energy in a deformable lattice H 

and the lattice vibrational energy HL. In the adiabatic 

approximation the wavefunction for the electronic state '4' may 

be written as (Keil 1965) 



where o r e f e r s  t o  t h e  e l e c t r o n i c  p a r t  of t h e  wavefunction i n  a 

s t a t e  a  and x r e f e r s  t o  t h e  dependence on t h e  normal coo rd i -  a a  

n a t e s  of t h e  l a t t i c e .  

S u b s t i t u t i n g  i n  t h e  Schroedinger  equa t ion  

Sepa ra t ing  t h e  equa t ion  g i v e s  

where E,(q)  i s  t h e  a d i a b a t i c  p o t e n t i a l  f o r  t h e  n u c l e i .  The 

o t h e r  equa t ion  i s  

For t h e  ground s t a t e  t h e  a d i a b a t i c  p o t e n t i a l  may be expanded 

i n  a  Taylor  s e r i e s  about  t h e  e q u i l i b r i u m  l a t t i c e  p o s i t i o n s .  

I n  terms of normal modes, t h e  ground s t a t e  p o t e n t i a l  i s  
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where q and a i l a r e  t h e  normal coordina te  and frequency of t h e  i 

i t h  mode. I n  terms of normal mode coordina tes  equat ion 3.204 

becomes 

For each mode i., t h e  s o l u t i o n  i s  x ( q ) ,  a  harmonic o s c i l l a t o r  l a i  

wavefunction. 

The p o t e n t i a l  of t h e  e x c i t e d  s t a t e  E2 can, t o  a  f a i r l y  

good approximation (Keil  1965) ,  be expanded i n  t h e  normal 

coordina tes  of t h e  ground s t a t e  

By completing t h e  square 

where 

and 



The potential for the 

by E, and horizontally by 

state. 

excited state is displaced vertically 

Ai from the potential for the ground 

For purposes of illustration the lattice coordinates are 

-t represented by a single configurational coordinate Q . Assum- 

ing the frequency is the same for the ground and excited states, 

the energy eigenvalues for the ground state are 

1 
E = h (m+T) u0 
gm 

and for the excited state are 

where wo is the frequency of the LO phonon. The energy diagram 

in terms of a single configurational coordinate is shown in 

Fig. 4. 

The probability of an optical transition is proportional 

I 
A single coordinate model is a reasonable approximation for 
the LO phonons since the LO phonon band is narrow and since the 
electron-LO phonon interaction strongly weights small g values. 



Luminescence 

Configurational Coordinate Q 
Fig. 4 Rdiabatic potentials in a one dimensional configura- 

tional coordinate model for a localized excitation. 

In our case, the spacing of vibrational levels in 

these parabolic potentials is the longitudinal 

optical (MI) phonon energy. Vertical arrows repre-. 

sent photon ahsorption or emission. 
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to the square of the dipole matrix element ( 1  IF~Y~~). Using eP 
expression 3.201 this can be factored into 

in the Franck-Condon approximation. The optical absorption (or 

nm;cc;nn\ c r \ n m t r l , m  4~ thnn - er\r:nrr r \F -1.\--- > : - A -  - C  ------- 
G a u A u u i v r r l  uybu L r  r u t ~  r a  LIILLI u DLLLGD VL a ~ ~ a . ~ p  - L - - L L L G ~  a ~ .  L.LIF;LYY 

intervals of f iw with relative intensities,given by 
0 

I (xep 1 Xgm) 1 ', the vibrational overlap integral squared between 
the ground and excited states. For two harmonic oscillators 

displaced by A the relative transition probability W is 
Pm 

given by 

where Lm p-m is an associated Laguerre polynomial. For T = 0 

when only the lowest vibrational state m = 0 is occupied, 

-s S P expression 3.212 becomes W = e - . The absorption 
PO P! 

spectrum consists of a series of lines starting at E and 
0 

spaced by f iw  with intensities proportional to 
0 



From t h e  above,  Malm and Haering (1971a) recognized  t h a t  

it was neces sa ry  t o  invoke t h e  Franck-Condon p r i n c i p 1 e . h  t h e  

i n t e r p r e t a t i o n  of r e s u l t s  o f  r e s o n a n t  Raman s c a t t e r i n g  i n  CdS 

r e p o r t e d  by L e i t e  and P o r t o  (1966);  L e i t e ,  S c o t t  and Damen 

(1969);  K le in  and P o r t o  (1969);  S c o t t ,  Damen, S i l f v a s t ,  L e i t e  

and Cheesman (1970);  S c o t t ,  L e i t e  and Damen (1969) .  These 

workers observed up t o  n i n e  "over tone"  Raman l i n e s  which 

d i f f e r e d  i n  f requency from t h e  i n c i d e n t  l i g h t  f requency by an 

i n t e g r a l  number of  LO phonon f r e q u e n c i e s .  The r e l a t i v e  i n t e n s i -  

t ies  v a r i e d  by less than  one o r d e r  o f  magnitude.  This  a g a i n  

s u g g e s t s  t h a t  t h e  i n t e r a c t i o n  i s  s u f f i c i e n t l y  s t r o n g  t o  ex- 

c l u d e  a  p e r t u r b a t i o n  t r ea tmen t .  I n  t h e  Franck-Condon model 

t h e  i n c i d z n t  energy i s  r e s o n a n t  with one of t h e  e x c i t e d  s t a t e  

energy l e v e l s .  For  t h e  c a s e  where t h e  p  = 0 l e v e l  i s  popu- 

l a t e d  by t h e  i n c i d e n t  photons ,  l i g h t  i s  Raman s c a t t e r e d  a t  

f r e q u e n c i e s  of E~ - mLO wi th  r e l a t i v e  i n t e n s i t i e s  g iven  by 

-s sm e - Fig .  5 shows a number of examples f o r  v a r i o u s  v a l u e s  m! ' 

of S. The most p robab le  number of phonons e m i t t e d  i s  about  

equa l  t o  S. I n  g e n e r a l ,  t h e  i n t e r a c t i o n  parameter  S  is  l a r g e  

f o r  s t r o n g l y  p o l a r  m a t e r i a l s .  

Gene ra l i z ing  t h e  s i n g l e  mode a n a l y s i s  g iven  above t o  a  

mul t id imens iona l  c o o r d i n a t e  system, t h e  c o n t r i b u t i o n  t o  S  

comes from a  number of f r e q u e n c i e s  (Toyozawa 1967) 



Fig. 5 Intensities of LO phonon replicas for various 

values 02 S .  
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Bohr Radius a in Angstroms 

Fig. 6 Plot of the parameter S for C d S  as a function of 

the Bohr radius of a localize2 excitation according 

to Toyozawa ( 1 9 6 7 ) .  
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to vo3, where Vo is the volume of the unit cell, the larger is 

S. For strongly localized charges such as F centers in the 

alkali-halides S - 20, whereas in 11-VI semiconductors S - 1-2. 
In Fig. 6 expression 3.221 is plotted for CdS. The longi- 

tudinal optical phonon energy was taken as 37.7 meV,while 

= 5.24 was taken from Czyzak et al. (1957), and K~ = 8.9 

fror, 
'llK33 at 7 7 %  from the data of Berlincourt 

et al. (1963). The coupling parameter given here would be 

.appropriate for radiative transitions involving a bound hole 

(electron) and a free electron (hole) . 

The interaction coefficient for acoustical phonons is 

expressed in terms of the deformation potential Ed, 
1 

M is the mass per unit cell and N is the number of unit cells 

in the crystal. Assuming the hydrogenic wavefunction in 

equation 3.219 gives 1 - 
2 

I 
The subscript "ac" is used to refer to acoustical phonon inter- 
actions. No subscript is used for the electron-LO phonon para- 
meters. 



The electron-phonon interaction coefficient I. (r) for LO 
1 

phonons of frequency wo is taken from Frohlich (1954). 
7 

where K and K are the static and optical dielectric constants, 
S 0 

k is the phonon wavevector and V is the crystal volume. 

For the case in which an electron (hole) localized to an 

impurity recombines with a free hole (electron) one finds, 

assuming a hydrogenic wavefunction for the bound carrier, 
1 - 
2 - 

Assuming no dispersion for the optical ph~nons~equations 3.214 

and 3.215 give 

The smaller the Bohr orbit of the bound carrier in relation 



where D ( w )  i s  t h e  coupl ing  f u n c t i o n .  The ze ro  phonon l i n e  i s  

-S s h a r p  w i t h  i n t e n s i t y  g iven  by e wh i l e  t h e  one phonon l i n e  

shape i s  g iven  by e-' D ( w )  . The two phonon line shape is r ~ i v e n  

by t h e  convo lu t ion  ~ - ' J D  (w-u1 1 D ( o ' )  dwl and h i g h e r  o r d e r s  by 

f u r t h e r  convo lu t ions .  

Eva lua t ion  of S r e q u i r e s  knowledge of t h e  e l e c t r o n i c  wave- 

f u n c t i o n s  i n  t h e  ground and e x c i t e d  s t a t e s .  H ,  t h e  e l e c t r o n i c  

energy i n  a  deformable l a t t i c e ,  may be expanded i n  t e r m s  of t h e  

normal c o o r d i n a t e s  qi. Keeping t h e  l i n e a r  term on ly  

He i s  t h e  e l e c t r o n i c  energy wh i l e  HeL i s  t h e  e l e c t r o n - l a t t i c e  

i n t e r a c t i o n .  Eva lua t ing  ( p  J H , ~  I p ) and ( pe l~~~ 1 ") where 
g  g 

'e and p a r e  t h e  wavefunct ions  i n  t h e  e x c i t e d  s t a t e  and t h e  
g 

ground s t a t e ,  enab le s  one t o  e v a l u a t e  yi i n  equa t ion  3 . 2 0 9 .  

Then, 



. using w = ck where c  i s  the  sound v e l o c i t y  of t h e  l o n g i t u d i n a l  

branch g ives  

Curves p ropor t iona l  t o  expression 3.224 a r e  shown i n  Fig .  7 f o r  

c e n t e r s  of var ious  Bohr r a d i i .  The maximum of D a c ( w )  comes a t  

a frequency given by 

Calcula t ion  of t h e  s t r e n g t h  parameter S using equat ion 3 . 2 2 4  a c  

g ives  (Toyozawa 1967) 

A s  noted e a r l i e r  an e l ec t ron-acous t i ca l  phonon i n t e r a c t i o n  

through t h e  p i e z o e l e c t r i c  e f f e c t  i s  a l s o  p o s s i b l e  i n  CdS. The 

p i e z o e l e c t r i c  e f f e c t  i s  anisotropic,making d e t a i l e d  c a l c u l a t i o n s  

very d i f f i c u l t .  However, it i s  p o s s i b l e  t h a t  f o r  c e r t a i n  

bound s t a t e s  which a r e  a l s o  a n i s o t r o p i c  (e .g .  t h e  bound hole)  

the  p i e z o e l e c t r i c  coupling has a  r e l a t i v e l y  small  e f f e c t .  



1 
I 

0 1 .o 2.0 
o In Units of 10"sec-' 

Fig. 7 P l o t  of Dac(u) u s i n g  t h e  d e f o r m a t i o n  p o t e n t i a l  
0 0 

i n t e r a c t i o n  f o r  c e n t e r s  w i t h  Bohr r a d i i  5 A ,  1 0  P ,  

and 50 ;. P l o n g i t u d i n a l  s o u n ~  velocity (room temp. ) 
5 o f  4 . 4  x 1 0  cm/sec was used. 



Since Sac a 7, then  f o r  deep l o c a l i z e d  c e n t e r s  (such a s  
a  

deep acceptor  o r  i s o e l e c t r o n i c  t r a p s ) ,  t h e  s t rong  i n t e r a c t i o n  

with  a c o u s t i c a l  phonons tends  t o  wash o u t  t h e  LO phonon s t r u c -  

t u r e ,  r e s u l t i n g  i n  a  broad f e a t u r e l e s s  band of luminescence o r  

absorpt ion .  For i n s t a n c e ,  t h e  luminescence of CdS doped with 

t h e  i s o e l e c t r o n i c  impuri ty  Te ( > t e n  e t  a l .  1965, Cuthbert  and 

Thomas 1968) has  t h e  maximum of i t s  luminescence corresponding 

t o  t h e  emission of 8 LO phonons; however, s t rong  a c o u s t i c a l  

phonon i n t e r a c t i o n  has smoothed o u t  t h e  s t r u c t u r e .  

I n  express ion  3.221, S  was evalua ted  f o r  one of t h e  

c a r r i e r s  being l o c a l i z e d  t o  an impuri ty .  The corresponding 

c a l c u l a t i o n  of S  f o r  a  t r a n s i t i o n  involving an exci ton  p r e s e n t s  

a s l i g h t l y  more complex problem. Ignoring t h e  e f f e c t  of 

exc i ton  r e c o i l  energy (Toyozawa 1970) one o b t a i n s  

e  where Ai and nib a r e  c a l c u l a t e d  using equat ion 3.217 f o r  t h e  

e l e c t r o n  and hole .  

Toyozawa (1970) introduced a  f a c t o r  t o  al low f o r  t h e  

k i n e t i c  energy of t h e  exc i ton  a s  a  r e s u l t  of t h e  r e c o i l  

momentum from t h e  emission of a  phonon wi th  wave v e c t o r  E. 

Our r e s u l t s  f o r  exciton-LO phonon e f f e c t s  i n  CdS i n d i c a t e  t h a t  
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t h e  e f f e c t s  of r e c o i l  energy axe s m a l l  s o  t h a t  t h e  e x c i t o n  may 

be t r e a t e d  as a l o c a l i z e d  e x c i t a t i o n .  W e  t r ea t  t h e  e x c i t o n  

c e n t e r  of mass a s  f i x e d  and w r i t e  

- 
- - m r  + m F  

where r = r- - and R = e e h  'h 
rh = The excitcn Bchr 

G m + m  e h  

r a d i u s  a. i s  g iven  by a. - - ae + ah. The q u a n t i t i e s  a, and ah 

a r e  t h e  Bohr r a d i i  of  t h e  e l e c t r o n  and ho le .  I n t e g r a t i n g  ove r  
- 
re t o  g i v e  t h e  wavefunction f o r  t h e  h o l e  g i v e s  

and f o r  t h e  e l e c t r o n  ' Y  e 1 '  = (k) ex. (- 2) 3.22933 

0 

Eva lua t ion  of D ( w )  f o r  t h e  e x c i t o n  i n  equa t ion  3.227 r e s u l t s  
. . 

i n  t h e  fo l lowing  exp res s ion  f o r  S ,  t h e  s t r e n g t h  parameter  f o r  

an e x c i t o n .  

a 1 1 
e  where a = - 3- . A s  b e f o r e  ae > Vo and a  h  > voS. I n  t h e  

ah 



hydrogenic model a where m and m a r e  t h e  e f f e c t i v e  e h  

masses of t h e  t h e  h o l e  r e s p e c t i v e l y .  

F a c t o r i n g  o u t  ah, 

A 

For ah = a  S = 0 a s  expected.  When e x p r e s s i o n  3 . 2 2 1  i s  e' 

w r i t t e n  f o r  t h e  p a r t i c l e  wi th  t h e  s m a l l e r  Bohr o r b i t ,  i n  t h i s  

c a s e  t h e  h o l e ,  one o b t a i n s  

This  exp res s ion  i s  p l o t t e d  i n  F i g .  8 u s ing  t h e  convent ion t h a t  
A 

a r 1. Th i s  cu rve  shows how S v a r i e s  a s  a  f u n c t i o n  o f ' t h e  
A 

e l e c t r o n  and h o l e  r a d i i  i n  t h e  e x c i t o n .  For a > > l ,  t h e n  S 

approaches S, t h e  r e s u l t  f o r  a  l o c a l i z e d  h o l e  ( o r  e l e c t r o n ) .  

Thus t h e  s t r e n g t h  of t h e  i n t e r a c t i o n  between e x c i t o n s  and LO 

phonons i n  semiconductors  depends on t h e  r a t i o  of t h e  e f f e c t i v e  

masses o f  t h e  e l e c t r o n s  and h o l e s .  

The e x c i t o n  may be bound t o  a  n e u t r a l  a c c e p t o r ,  which i s  

4- - w r i t t e n  s c h e m a t i c a l l y  as e+ where + and - r e p r e s e n t  t h e  h o l e  

and t h e  e l e c t r o n  r e s p e c t i v e l y ,  o r  t h e  e x c i t o n  may be bound t o  
- 

a n e u t r a l  donor w r i t t e n  s chema t i ca l ly  as 1;".   hen t h e  - 



F i g .  ?lot of the ratio S for an exciton divized by S 

fcr a localized hole as a function of the ratio 

of the Bohr radii of the electron and the hole 

with the convention u > 1. 



expression for D for the exciton bound to a neutral donor may 

be written 

where 

\ I 

is the wavefunction for electron 1 on the 

'e2 is the wavefunction for electron 2 bound exciton 

'Ph is the wavefunction for the hole complex 

'k2 is the wavefunction for the electron remaining on the donor 

after the recombination of electron 1 and the hole. 

As discussed by I-ienry and Nassau (1970a) and and 

Haering (1971b) luminescence has been observed for cases where 

'L2 corresponds to the is, 2s, 2p, 3s, etc., states. Express- 

ion 3.233 then allows for a difference in the initial and 

final electron configuration of the residual electron. Ex- 

plicit forms of the wavefunctions for the exciton bound to a 

neutral donor or a neutral acceptor are required in order to 
A 

evaluate D in equation 3.233. These wavefunctions are present- 

ly unknown. If it is assumed that the exciton states are 



unaltered by the impurity, equation 3 . 2 3 0  may be used for the 

The coupling strength can also be evaluated for the bound 

to bound transition. The bound to bound luminescence consists 

of the radiative recombination of an electron bound to a donor 

and a hole bound to an acceptor. Consider a donor at r = 0 and 

- 2 
A,, - %&I - 1 'PA] 2 1  1m dF . 

W 
0 

~ydrogenic donor and acceptor wavefunctions are assumed. 

- 
with r1 = r - . 

Evaluating ADA and D ( w )  for this case gives the following 

result for 5,the strength parameter appropriate for a donor 

and acceptor separated by R. 



where 

Again using expression 3.221 for S evaluated for the particle 

with the smaller Eohr orbit (the hole),one obtains 

In this convention a 3 1. The above result has been plotted 

2F as a function of y = - for several different values of a in a e 
Fig. 9. For a zero donor-acceptor separation, the coupling 

strength 5 is equal to the free exciton result of equation 

3.231. The coupling strength varies most strongly with R 

when the electron and hole masses are equal, for in this case 
- 
S for the bound to bound transitions varies from 0 at R = 0 to 

2 S  as R + For mass ratios a > 1,the variation with donor- 

acceptor separation is pronounced. 

A 

Evaluation of the coupling strength S and S for the exci- 



y,2B 
08 

Fig. 9 Plot of the strength parameter for a bountl to 

bound transition normalized to S for a localized 

hole as a function of the donor-acceptor separa- 

tion F. in units of a the Bohr radius of the 
e 

bound electron. 



- 44 - 
ton and bound to bound transitions requires knowledge of the 

radii of the electron and the hole. Using the results of 

Henry and Nassau (1970a) for the electron effective mass, which 

is rn = 0.19 m and m = 0.18m in terms of the electron mass m, . 
el ell 

and the dielectric constants reported by Berlincourt et al. 

(1963),which are K = 8.48 and rg3 = 9.48 (770~)~gives a 
11 el 

2 O 2 "  = 23.5 n A and a_,, = 28 n A. The principal quantum number 
'=I/ 

is n. Thus the electron is approximately isotropic. However, 

the hole effective mass measured by Hopfield and Thomas (1961) 

is highly anisotropic. Their values of mhL = 0.7rn and m = 5m 
ell 

2 O 2 O give ahL = 6.4n A and a = 1 n A. This value of a is less 
hll 

1 hll 
I - 
3 \ than Vo. The correct value of a as seen by the long wavelength h 

, phonons is open to question and detailed calculations will be 

necessary to properly account for the effect of the mass ani- 
h 

sotropy. If effective values of ae and ah are assumed,S and 5 

may be evaluated from equations 3.231 and 3.237. These equa- 

tions may also be used to predict general trends. For example, 

excitons with principal quantum number n > 1, according to the 
A -2 above, have a value for S equal to n times the value for the 

n = 1 exciton. 

3.3 Analysis of Excitation Spectra 

The theory presented in the foregoing section is a theory 

applicable to absorption processes. The validity of the appli- 

cation of this theory to excitation spectra requires some 
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comment since an excitation spectrum E(hv) is the product of 

the absorption spectrum A(hv) and the probability P (hv) that 

the excited state decays to the observed luminescent state. 

The observed resonant effects in excitation spectra may, in 

general, arise from A(hv) , or from P (hv) or from a combination 

of both of these terms. 

The interpretation of our data is based on the assumption 

that the RELATIVE intensities of the LO phonon resonances are 

associated with A(hv). For each luminescent transition in a 

crystal,P(hv) is determined by the relative importance of ener- 

gy loss of the photoexcited complex (by the emission of LO pho- 

nons compared to energy loss by other relaxation phenomena 

(emission of acoustic phonons, impurity trapping of excitons, 

etc.). In general P(hv) is a complicated function depending on 

the type and concentration of impurities in the crystal. 

The following considerations are intended to make our 

interpretation plausible although they do not constitute a 

general proof. Consider a level structure similar to that 

shown in Fig. 4 which is optically pumped to the p th level 

while the luminescence associated with p = 0 level is monitored. 

Assuming that the dominant relaxation of the n th level is to 

the (n - 1) th level via the emission of an LO phonon, the 

appropriate rate equations are (Fischer et al. 1971) 



where t denotes  t h e  LO phonon r e l a x a t i o n  r a t e  (assumed t o  be 

independent of q ) ,  r denotes  t h e  r a d i a t i v e  r e l a x a t i o n  r a t e  
q 

from t h e  q t h  leve1,and g  denotes  t h e  genera t ion  r a t e  f o r  t h e  
P 

p t h  level. The quantity g i s  p rppor t iona l  t o  t h e  absorpt ion  
P  

A(hv) and con ta ins  t h e  resonant  LO s t r u c t u r e  a s soc ia ted  with 

a n t  energy 

= a' e-'sP 
g~ 

. The va lue  of I' i s  p ropor t iona l  t o  
9 

P! q 
L and a l s o  may be a f f e c t e d  by t h e  presence of reson- 

l e v e l s  such a s  bound e x c i t o n s , e t c .  

I n  t h e  s teady s t a t e  where t h e  time d e r i v a t i v e s  equal  zero,  

one f i n d s  t h a t  t h e  r e l a t i v e  p r o b a b i l i t i e s  of o p t i c a l  t r a n s i t i o n s  

from t h e  exc i t ed  t o  t h e  ground s t a t e  a r e  



for the p 

For a -+ I 
4 

from the p 

this model 
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th, (p - 1) th .,..., p = 0 levels respectively. 

(i.e. l? <<t) the most probable optical transition is 
q 

= 0 level of the excited state. The presence or 

luminescent transitions of energy E + phwo (p>O) in 
0 

gives a measure of the relative magnitudes of t and 

For the case when << t (q#O), which corresponds to the 
q 

rate of emission of LO phonons by the photoexcited complex being 
I 

g much larger than the radiative recombination rate, then Nozl. 
r 
0 

Hence the luminescent intensity which is proportional to No 

mirrors the absorption A ( h v )  and the relative intensities of 

the resonances are given by e However, the line widths of 
'1 P! 
excitation spectra may in general differ from the absorption 

lines due to the resonant nature of P ( h v ) .  A detailed dis- 

cussion requires a consideration of competing relaxation phe- 

nomena due to acoustic phonons and exciton trapping by impuri- 

ties. Differences in ~ ( h v )  between crystals are discussed in a 

later section on non-resonant processes. 

One may ask why the pronounced resonant effects observed 

in some excitation spectra are not seen with equal facility in 

the absorption spectrum. This is thought to be due to the 



competition of other absorption processes which are eliminated 

in the excitation spectrum because a single luminescent process 

is monitored in the latter case. 

3.4 Saturation Effects in Bound to Bound Luminescence 

In the following we use the term bound to bound for the 

low energy series (LES) and free to bound for the high energy 

series (HES). At low temperatures the energy of emission E from 

a bound hole and bound electron is given by 

where E is the direct band gap of CdS, 
g 

E is the acceptor binding energy, A 

E is the donor binding energy, and D 

e2 is the Coulomb energy between the electron and hole - 
K I? 

separated by a distance R in a dielectric medium of 

dielectric constant K. 

LO is the energy of the longitudinal optical (LO) phonon. 

m is the number of LO phonons emitted simultaneously with 

the photon emission. LO phonon absorption is negligible 

at low temperatures. 

m'E refers to absorption and emission of acoustical 
P 
phonons . 

The recombination rate for a bound electron and bound hole 
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i s  deduced from t h e  o v e r l a p  of t h e ' w a v e f u n c t i o n s .  I n  CdS where 
0 

t h e  a c c e p t o r  r a d i u s  (<10A) i s  much less t h a n  t h e  donor r a d i u s  
0 

( 30A), t h e  r a t e  W i s  g iven  by 

assuming a hydrogenic  donor where a i s  t h e  donor r a d i u s ,  D 

ob ta ined  from 

ED i s  t h e  donor b ind ing  energy.  

Assuming a  random d i s t r i b u t i o n  of donors  and acceptors ,  

one can w r i t e  down an exp res s ion  f o r  t h e  shape of t h e  bound t o  

bound emiss ion ,  n o t  i n c l u d i n g  phonon a b s o r p t i o n  o r  emiss ion .  

nD(R) and n  (0)  a r e  t h e  c o n c e n t r a t i o n s  of n e u t r a l  donors  and A 

a c c e p t o r s  s e p a r a t e d  by a  d i s t a n c e  R which have r e s p e c t i v e l y  

bound e l e c t r o n s  and bound h o l e s .  
' ! ' ~ f f e c t s  due t o  c l u s t e r i n g  of donors  and a c c e p t o r s  may be 
impor tan t  i n  c e r t a i n  s i t u a t i o n s .  However, t h e s e  e f f e c t s  are 
n o t  inc luded  i n  o u r  model. 



If all the acceptors and donors were neutral so nA = NA, the 

acceptor concentration, and nD = ND, the donor concentration, 

then 

- - 
K 

s a~ 4 e 2 
N (E) = 4nNAND - 2 Woe Ro; R = 

e 0 K (E - E + EA + ED) 
S g 

This treats the donor-acceptor pair as being isolated. 

Morgan et al. (1969) has added a nearest neighbour factor to 

equation 3.403. This factor is important only at high doping 

concentrations and is not included here. 

Under the assumption that all the donors and acceptors are 

neutral the bound to bound emission described by equation 3.403 

has a maximum at E = E - EA (at R = 2aD) This is observed 
g 

for the bound to bound luminescence of Gap under flash exci- 

tation [~homas et al. (1964)l. However, in CdS the maximum of 

the bound to bound luminescence occurs at an energy less than 

E - EA. This is a consequence of the much larger radiative 
g 

8 recombination rate in CdS (Wo = 4 x 10 sec-l) compared to 

5 Gap (Wo = 5 x 10 sec-l). 

One can readily understand that in CdS donors and accep- 



tors of small separations are mostly ionized. Consideration of 

carrier trapping rates in the following simplified model shows 

why this is so. In CdS, the acceptor trapping cross-section >> 

donor cross-section. Suppose that an acceptor has trapped a 

hole; the proportion of neutral acceptors then depends on the 

incident intensity. Neglecting other forms of recombination, 

the rate equation describing the density of neutral donors (n,) 
U 

nearby is given by r 

d n ~  - n(ND - nD) S'v - nD W exp(- -) 2R 
dt- a 

D 

where n is the density of free electrons in the region, S '  is 

a trapping cross-section and v is the electron velocity. The 

first term represents the donor trapping rate while the second 

term is the bound to bound recombination rate. Under steady 

state conditions 

exp' j' = 0. Solving; n = ND D 3.405 

2R For small donor-acceptor separations W exp(- -)>>nS1v and 
0 a~ 

n - N  W 2R 
D -' exp (-) nd 'v, while in the opposite extreme nD - ND. D o a D 

Then for small separations where the donors are mostly ionized, 

expression 3.402 upon integration becomes 



Dependence on the electron-hole creation rate is in n and n A '  
2R R is the separation at which Wo exp(- -) -/nStv. 

C a~ 

For some CdS crystals the shape of the bound to bound 

4 emission band follows the R dependence fairly closely for small 
C! 

donor-acceptor separations up to some characteristic R where 
C 

the bound to bound recombination rate is comparable to the 

electron trapping rate. 

The difference between CdS and Gap is in the values of Wo. 

5 -1 8 For Gap Wo -- 5 x 10 sec while for CdS Wo s 4 i 2 x 10 sec -1 

2R [~olbow (1966)l. Hence the inequality W e x  - (  > nS'v holds o a, 
U 

for pairs of larger R in CdS than in Gap under similar incident 

intensities. 

3.5 Correlation Effects in the Bound to Bound Luminescence 

As a result of exciton formation, there is (for a hole 

situated at or near an acceptor site) an increased probability 

of finding an electron a distance a away, where a is the 
0 0 

exciton radius. This additional effect in the bound to bound 

luminescence is proportional.to the probability density of finding 

an electron a distance from a hole. In the hydrogenic approxi- 
9 
L 

mation this is given by A(L) exp (- 3) where A is a perarreter 
a 
0 a. 

which measures the effect of electron-hole correlation due to 

excitons. With this additional effect equation 3.402 now becomes 



= N ( E )  + P N2 ( E )  1 - 

where N1(E) gives the line shape without electron-hole corre- 

lation effects and N 2 ( E )  is the new cortribution. The relative 

importance of this exciton effect can be expressed by 

Differentiation shows that this has a maximum atRo = a 
o 1  

the exciton Bohr radius. For excitons with principal quantum 

number n = 2,the maximum of this expression is expected at 4a . 
0 

The overall effect of the electron-hole correlation effect 

is to shift the position of maximum intensity of' the bound to 

bound luminescence to a higher energy than with the capture of 

uncorrelated electrons and holes by ionized donors and 

acceptors. 

3.6 Excited States of Bound Excitons 

An exciton may be bound to a neutral or charged impurity 

in a manner analogous to the bound state of the hydrogen mole- 
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cu le .  I n  a  t h e o r e t i c a l  paper (Hopfield 1964) showed t h a t  i n  

m h  CdS where > 1 . 4  t h e  exci ton  could be hound t o  a  n e u t r a l  
e  

donor and an ionized  donor, b u t  n o t  an ionized  acceptor .  This 

i s  i n  agreement with t h e  luminescent l i n e s  which were i d e n t i f i e d  

by Thomas and Hopfield ( 1 9 6 2 ) .  The e l e c t r o n  i s  n o t  bound t o  a  

n e u t r a l  acceptor  s i n c e  t h e  k i n e t i c  energy i n  l o c a l i z i n g  it i n  a  

bound s t a t e  i s  t o o  l a r g e .  

However,a d e t a i l e d  c a l c u l a t i o n  of t h e  wavefunction of t h e  

bound exc i ton  complex has  not  y e t  been done. Although t h e  

hydrogen molecule may be used a s  a  gu ide l ine ,  t h e  mass r a t i o  

mh - i n  CdS i s  about  4 ,  which i s  much l e s s  than i n  a  hydrogen 
me 
atom. I n  a d d i t i o n ,  t h e  magnitude of t h e  c e n t r a l  c e l l  c o r r e c t i o n  

which d e s c r i b e s  t h e  d i f f e r e n c e  i n  e l e c t r o n  a f f i n i t y  between t h e  

impuri ty  atom and t h e  h o s t  l a t t i c e  i s  no t  known. Both of t h e s e  

f a c t o r s  g ive  d i f f i c u l t i e s  i n  eva lua t ing  t h e  ground s t a t e  wave- 

func t ion  and hence t h e  exc i t ed  s t a t e  ene rg ies .  

4 .  OPTICAL EXCITATION - TECHNIQUE AND APPARATUS 

4 . 1  Op t i ca l  System 

I n  s t u d i e s  of photoluminescence of a  m a t e r i a l ,  it i s  usual  

t o  i l l u m i n a t e  t h e  m a t e r i a l  with a broad band of above band-gap 

r a d i a t i o n .  A high r e s o l u t i o n  spectrometer i s  used t o  analyze 

t h e  luminescent r a d i a t i o n .  



When a monochromator is used to define the incident photon 

energy band, two types of experiment become possible. 

MODE I: The incident wavelength from the monochromator 

is selected to coincide with a resonant absorption line of 

the crystal. A Spectrum of the luminescence at lower 

energies by the spectrometer then shows luminescent transi- 

tions associated with the excited line, This technique 

enables one to rapidly sort out a complicated spectrum by 

grouping lin6s which belong to the' same complex. 

MODE 11: The spectrometer is used to select a luminescent 

wavelength for study. Then the monochromator is used to 

vary the incident photon energy and a recording of intensi- 

ty of the luminescent transition selected by the spectro- 

meter vs. incident wavelength gives a luminescent exci- 

tation spectrum. Conradi and Haering (1969) used this 

mode in recording excitation spectra of bound excitons in 

CdS. A recording of current through the sample (at cons- 

tant voltage) vs. incident wavelength gives a photocon- 

ductivi ty excitation spectrum. 

The use of a monochromator to define the incident wave- 

length reduces the incident intensity considerably so that 

careful design of the optical system is required. There is a 

trade-off between observed intensity and resolution. 

For our experimentsthe lamp was focussed onto the incident 

slit of d Spex Industries Model 1700 monochromator which had 



0 

a linear dispersion in second order of 5 A/mm. The lamp was 

arranged to fully illuminate the grating (F-6.8). With lmm 
0 

slits, the power at the exit slit was 0.05 mW at 4800 A using 

a 100 W high pressure Hg lamp and 0.01 mW using a 100 W tungsten 

lamp. 

The intensity from the Hg lamp was fairly constant in the 
0 0 

Lanye 4450 A to 4900 A. The tungsten lamp was used to extend 

this range to lemger wavelengths. A correction technique used 

by Conradi (1968) for variations in incident intensity was 

found to be unnecessary for good lamps (lamps with little 

flicker). 

The incident light was focussed onto the crystal using a 

high quality camera lens having a focal length of 55 mm. Since 

the intensity of the Ssund zxziton lines varies  with incident 

intensity I as I 1.4 llilaeda (196511, a small focal length is 

advantageous. The average angle of incidence on the crystal 

was about 60'. 

The luminescent light from the crystal was gathered by a 

second camera lens (F-1.4) or a F-3.5 lens and focussed onto the 

slit of a Spex Industries Model 1702 spectrometer so as to 

fully illuminate the grating. The light was chopped at 80 Hz 

and detected with a high sensitivity photomultiplier (S-20 

response) connected to a lock-in amplifier. An x-y recording 

was made of luminescent intensity vs. wavelength. Fig. 10 
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shows a schematic of the experiment and the spectrum of the Hg 

lamp source. 

4.2 Crvostat 

The crystal was mounted onto a copper block with a dab of 

nail polish in a variable temperature cryostat (manufactured by 

Andonian Associates Inc.). The crystal ambient was flowing 

cold He gas during an experiment. Temperature was measured 
* 

using a Au + 0.03 at % Fe vs. Au-Ag thermocouple . Temperatures 

from 2OK to 100•‹K were used in the experiments. 

Care was taken to orient the crystal to minimize the re- 

flected light intensity on the slit of the spectrometer. 

4.3 Crystal Preparation 

CdS crystals were purchased from Eagle-Picher or were 

1- grown by a vapor transport method . Following the method of 

Handelman 

an n type 

anneal of 

converted 

present. 

and Thomas (1965) some crystals were converted from 

to a compensated type (high resistivity) by a vacuum 

4 to 24 hrs at 600•‹C. Compensated crystals were 

to n type by an anneal at 600•‹C with an excess of Cd 

Crystals that were n type always showed the I2 lumines- 

cence (exciton bound to a neutral donor) at low temperatures 
3 ., 
Kindly donated by Prof. D.J. Huntley, Simon Fraser University 

'TWO crystals were obtained from K. Yuen, Simon Fraser 
University 
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while compensated crystals (number of donors - number of 

' acceptors) showed a bound to bound luminescence together with 

weaker I (exciton bound to a neutral acceptor) and I2 lines. 1 

  and elm an and Thomas (19651 were the first to establish that 

the acceptor responsible for I1 was also responsible for the 

bound to bound luminescence. 
- 

did not show the bound to bound luminescence after a 600'~ 

vacuum anneal. After these crystals were annealed in the 

presence of NaN03 at 600•‹C for 24 hrs, the green bound to 

bound and I1 luminescence appeared. This suggests that Na is 

an acceptor in CdS (Henry, Nassau and Shiever 1970): Conse- 

quently, crystals that are originally deficient in Na (or Li) 

cannot be compensated by a simple vacuum anneal. 

Doping concentrations were estimated by measuring the 

room temperature conductivity of the n-type crystal and using 

the expression 0 = nep to evaluate the donor concentration n. 

The electronic charge is e and the electron mobility u was 
2 taken to be 300 cm /volt sec (Maeda 1965). Crystals were con- 

verted to n type by the Cd anneal described above. Donor con- 

centrations quoted have an estimated precision of 30%. 

Crystals were either cleaved or etched in HC1. Only 

cleaved crystals were used in experiments investigating polar- 
I 

ization effects as etching made + 1 for all lines. The 
I 11. 

usual etch was for 1 minute in coHcentrated HC1 followed by a 



thorough wash in distilled water. The etching rate is 36 per 

min. (Woodbury and Hall 1 9 6 7 )  so shorter etches were some- 

times used. An etch suggested by Conradi (1968) (1(Mn04 in 

conc. H2S04) was found to be good for compensated crystals, but 
0 

introduced a luminescent band centered at 4940 A in n type 

crystals. Prolonged exposure to air (a few hours) reduced the 

,crystals were maintained in a He atmosphere after mounting. 

The c axis of the crystal (the hexagonal axis) was in the plane 

of a freshly cleaved or etched surface. 

5. OPTICAL EXCITATION - RESULTS AND DISCUSSION 

5.1 Most of the luminescent transitions in CdS were studied 

by use of the Mode I and Mode I1 techniques discussed earlier 

and by observation of the luminescence as a function of temper- 

ature. This chapter is divided into six sections dealing with 

the identification of the luminescent transitions, evaluation 

of the acceptor energy, Franck-Condon effects in absorption 

and luminescence, non-radiative and radiative relaxation rates, 

and observation of electron-hole correlation effects in the 

bound to bound luminescence. 

5.2 Excited States of Neutral Donors and Bound Excitons in CdS 

5.2.1 Identification of Spectrum Lines # ,  



In compensated CdS crystals doped to levels >10l~cm-~ the 

luminescence is similar to that shown in Fig. 11. Most of the 

luminescence comes from the green bound to bound band and its 

phonon replicas, while the free and bound exciton lines are 

relatively weak. However, in a crystal doped at lower concen- 

trations 1 0  m 3  , the bound to bound emission intensity 

drops considerably and the luminescence from free and bound 

excitons increases. This is a consequence of the radiative 

transition rate for the separated donor-acceptor pair varying as 
2R - - 

e 
a~ . Increasing the mean value of R by decreasing the doping 

concentration decreases the relative probability of bound to 

bound luminescent transitions compared to bound exciton transi- 

tions. Fig. 12 shows the luminescence from such a CdS crystal 
0 

illuminated through a 4360 A monopass interference filter by an 

Hg lamp. Some 30 or more lines can be observed. 

The strongest emission line is I which is associated with 
2 

an exciton bound to a neutral donor. Although this crystal was 

not intentionally doped, the donor is likely C1, since the 
0 

observed wavelength (4869.1 A) agrees with that from another 

crystal which was intentionally doped with C1, and also agrees 

with the results of Henry and Nassau (1970a). Longitudinal 

optical (LO) phonon replicas of the I2 line can be seen at 
0 0 0 

4942.9 A and 5018.7 A (and 5017.8 A). A second strong emission 

line is a doublet, Ila and Ilb due to Li and Na acceptors re- 

spectively (Henry, Nassau and Shiever 1970). LO phonon 
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0 0 

replicas of this line appear at 4962.4 A and 5039.1 A. The 
0 0 

A ( T 6 )  exciton comes at 4857.1 A with phonon replicas at 4928.5 A 
0 

and 5005 A. Gross et al. (1966) first showed that these repli- 

cas are broadened as a consequence of the kinetic energy of 

free excitons at the moment of radiative decay. The I3 line at 
0 

4866.5 A, due to an exciton bound to an ionized donor (Henry and 

Nassau 1970a), is much less intense than I, in this crystal. 
L 

0 0 

Lines at 4915.2 A and 4916.2 A are labelled according to 

Henry and Nassau (1970a) as 120 + 2px, *py* I20 refers to the 

ground state of the I2 complex while 2s and 2 p 
XI  2py refer to 

the excited states of the donor after emission of a photon from 

the I2 complex. Henry and Nassau (1970a) deduced from energy 
0 0 0 

differences that the lines at 4912.4 A, 4908.7 A and 4907.3 A 

were associated with excited states of the I2 complex. Not 
0 

shown in Fig. 12 are the broad bands centered at 5130 A and 
0 

5162 A which are due to free to bound and bound to bound trans- 

itions respectively (Colbow 1966) . 

A considerable simplification in the photoluminescent 

spectrum is possible when a spectrum is taken in Mode I. In 

Fig. 13 the crystal was illuminated at the energy of I and a 
2 

spectrum of the luminescence at lower energies was recorded. 

Note particularly that the intensity of lines associated with 

the I1 complex or free A excitons has dropped relative to I2 

replicas by a factor of 15 to 20. The absence of a spectrum 
0 1 line at 5005 A (A - 2L0 + 2 kT) in Fig. 13 indicates that the 
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crystal temperature is too low to allow the A excitons to be- 

come unbound from the I2 complex. 

With this simplification in the spectrum one can now 

observe luminescent transitions from the I2 complex where an 

electron and hole recombine to emit a photon while the remaining 

electron is left in states of the neutral donor with principal 

0 

(4931.6 A) as well as in the n = 2 state discussed earlier. In 

addition there is a broad band corresponding to the donor elec- 

tron being ejected into the conduction band - a radiative Auger 
0 

process. The peak at 4941.3 A is likely a combination of this 

Auger process and the one LO phonon replica of I 
2 ' 

0 

This spectrum also demonstrates that the lines at 4986.9 A 
0 

and 4989.4 A are excited by the I, complex. Consideration of 
L. 

energy differences using an LO phonon energy of 37.7 meV shows 
0 

that they are LO phonon replicas of the 4912.4 A line and the 
0 

4915.2 A line (I20 + 2s). 

The strength of the electron-phonon interaction parameter 

S for emission from an exciton bound to a donor may be esti- 

mated from the ratio of the intensities of the zero and one 

phonon replicas. From Fig. 12, the transition 120 + Is 
0 

(4869.1 A) has S p .  0.01 while from Fig. 13 the transition 

I20 -+ 2s has S 0.11. This difference is easily understood 

from expression 3.324. In the hydrogenic approximation the 

probability function for an electron bound in an s state is 



where n is the principal quantum number. For the 120 + Is 

transition n = 1, while for the 120 + 2s transition n = 2. The 

larger value of D ( w )  in equation 3.233 for n = 2 is a conse- 

quence of the larger spatial extent of the bound electron in 

the 2s state compared to the Is state. This results in a 

larger S for the 120 -+ 2s transition. 

0 

A spectrum taken in Mode I for the I transition at 4888.5 A 
1 

is shown in Fig. 14. As expected, LO phonon replicas may be 

observed. In addition, less intense replicas of I1 appear at 
0 0 

4955.9 A and 5032.3 A and may be due to a binding of the LO 

phonon to the exciton as discussed by Reynolds, Litton and 

Collins (1971) and Toyozawa and Hermanson (1968). Lines which 
0 0 

appear between 5065 A and 5086 A are thought to be the I6 and 

I lines which originate from other deep impurities. 
7 

When the crystal is illuminated at an energy appropriate 

to the free A exciton, the luminescence spectrum at lower 

energies shown in Fig. 15 resembles the complicated spectrum 

observed under broad band illumination. However, illumination 

at the A exciton energy instead of broad band illumination 

increases the relative intensity of the LO phonon replicas of 

the A exciton, With illumination at the exciton energy only 

free excitons are formed, while broad band illumination creates 







- 78 - 

excitons resonantly (via a Franck-Condon process) or creates 

free electrons and holes, some of which may subsequently com- 

bine into excitons. Separate experiments have shown that the 

resonant processes make only a small contribution to creating 

excitons in this crystal. Comparison of the relative intensi- 

ties of the A-LO and 11-LO lines in Figs. 15 and 12 shows that 

a substantial proportion of the free electrons and holes created 
0 

by illumination at 4360 A form excitons. 

One of the uses of luminescence excitation spectra (Mode 

11) is in the investigation of excited states of bound exciton 
0 

complexes. In Fig. 16a the luminescent intensity at 4871 A 

(the shaded portion P in Fig. 12), the acoustic phonon wing of 

12, was monitored as a function of exciting photon energy. The 

band width of the exciting radiation from the monochromator was 
0 

0.15 A (full width at half maximum intensity). The peaks in 

the excitation spectrun of I are due to the bound exciton 
2 

complex being created in excited states. The free A(T6) exci- 

ton has a well resolved peak while the broader A(T5)T exciton 

does not shop7 up as a distinct line. 

To enable a clearer observation of low energy excited 

states of 12, the luminescent intensity of the IZ0 +- 2p , 
X 2PY 

and 120 + 2s transitions (shaded portion R in Fig. 12) was 

monitored. In Fig. 16b these results are shown. An energy 
0 

scale with a zero at the energy of I (4869.1 A) is given to 2 

show the energy levels of these excited states. 
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F i g .  16 I n  p a r t  a )  the '  luminescent  i n t e n s i t y  of t h e  phonon wing 
0 

of I2 a t  a wavelength hLUTI = 4871 i? was moni tored a s  a f u n c t i o n  
0 

of t h e  i n c i d e n t  photon energy;T -- 5 O K .  I n  p a r t  b) hLUH = 4 9 1 6  P., 

a t r e r i s i t i o n  which i s  f e d  by t h e  Ii complex; was monitored; '? = 4.5OK- 

The peaks i n  t h e s e  e x c i t a t i o n  s p e c t r a  a r e  due t o  e x c i t e d  s t a t e s  of  

t h e  bound e x c i t o n - n e u t r a l  donor complex. Bracke ts  i n d i c a t e  t e n t a -  

t i v e  vravelength ass ignments .  Other exper iments  have shown t h a t  
0 

t h e  l i n e  a t  0864.4 P i s  n o t  a s s o c i a t e d  w i t h  t h e  I complex. 
2 



A series of e x c i t a t i o n  exper iments  f o r  t h e  l i n e s  a t  
0 0 0 

' 4907.3 A, 4908.7 A and 4912.4 A showed t h a t  t h e s e  luminescent  

l i n e s  o r i g i n a t e  from t h e  r a d i a t i v e  decay of t h e  I2 complex i n  

one of i t s  e x c i t e d  s tates t o  a n e u t r a l  donor i n  a  2p s ta te .  

For i n s t a n c e ,  a t  a  t empera ture  below 6OK,the luminescent  l i n e  
0 0 

a t  4908.7 A i s  n o t  e x c i t e d  a t  an  i n c i d e n t  wavelength of  4869.1 A, 
0 

t h e  I2 t r a n s i t i o n ,  b u t  i s  e x c i t e d  a t  wavelengths of 4861.9 A 
0 

and 4860.4 A,  two of t h e  e x c i t e d  s t a t e s  of Ip. C a r e f u l  a n a l y s i s  

of a  series of e x c i t a t i o n  s p e c t r a  h a s  enabled u s  t o  e s t a b l i s h  

t h e  most p robable  decay p a t h s  f o r  t h e  e x c i t e d  s t a t e s  t o  t h e  

unexc i t ed  s ta te  of t h e  e x c i t o n  bound t o  a  n e u t r a l  donor.  This  

i n fo rma t ion  i s  d i s p l a y e d  by t h e  s l a n t e d  l i n e s  i n  t h e  energy 

l e v e l  diagram of F i g .  17 .  

Exc i t ed  s t a t e s  of Ill  an e x c i t o n  bound t o  a  n e u t r a l  ac-  
I 

ceptox ((G - ) ,  were observed by moni tor ing  band Q i n  F i g .  12.  

Two e x c i t e d  s t a t e  energy l e v e l s  were observed cor responding  t o  

one of t h e  h o l e s  o r i g i n a t i n g  from t h e  B band. The r e s u l t s ,  

shown i n  Table  I V ,  a g r e e  g e n e r a l l y  w i t h  t h e  f i n d i n g s  of Thomas 

and Hopfie ld  (1962) a l though  some s i g n i f i c a n t  d i f f e r e n c e s  a r e  

observed between c r y s t a l s .  

An e x c i t e d  s t a t e  of 12, namely I 
2B'  where t h e  h o l e  i s  from 

t h e  B band has  a l s o  been observed a t  15 .3  meV above t h e  energy 

of  I2 (2.54555eV). Th i s  s t a t e  was a l s o  o r i g i n a l l y  r e p o r t e d  by 

Thomas and Hopf i e l d  (1962) . 



Energy 
in meV 

length 

States of a 
Neutral Donor 

Fig. 17 Energy level diagran showing excited. states of the 

neutral donor and excited states of the exciton on the neutral 

donor. Wavelengths of zero phonon luminescent transitions 

are shown. The dotted lines represent transitions which 

were not ohserved in the present experiments but were 

observed by Henry and P!assau (1970). Slanted lines re2re- 

sent observed routes for the decay of excited states to the 

unexcited state of this complex. 



TABLE IV 

Energy L e v e l s  of Excited S t a t e s  of Bound E x c i t o n  Conlplexcs 

P r e s e n t  K e s u l t s  Henry and I P r e s e n t  R e s u l t s  Thomas and 

Nassau ( 1 9 7 0 a )  I Hopi i e l d  (1962) 

(a)  a more heavi ly  doped, compensated 

c r y s t a l .  AE = 1.8 meV 
- 
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In addition to investigating excited states, the excitation 

spectra of Mode I1 have generally confirmed identification of 

lines made from Mode I spectra. Mode I1 spectra have been 

particularly useful for certain difficult regions of the lumi- 

nescent spectrum. For example, excitation spectra have shown 
0 

that a line at 5013.5 A (see Fig. 12) is not excited at I1 or 
0 

I2 but is excited at 4864.4 A,a luminescent transition in Fig. 

12. The energy interval is 2 LO phonons. 

5.2.2 Exciton Bound to a Neutral Donor (I2 Complex) 

The information derived from the two Modes is displayed in 

an energy leveldiagram shown in Fig. 17, The vertical arrows show 

the wavelengths of the luminescent transitions which are assoc- 

iated with an exciton bound to a neutral donor. The energy 

levels of the neutral donor were obtained fro3 Mode I spectra 

(e.g., Fig. 13) while the energy levels of the exciton bound to 

a neutral donor were obtained from Mode I1 spectra. The first 

four energy levels of the bound exciton were not observed 

explicitly in luminescence due to resolution limitations and 

so are not shown as luminescent transitions in Fig. 17. The 

slanted arrows represent the most probable transitions between 

the states of the I2 complex deduced from excitation spectra of 
0 0 

each of the lines between 4907.3 A and 4916.2 A. Undoubtedly, 

selection rules are important in predicting the allowed transi- 

tions. 



In Table IV the present results are shown to agree with 

the three excited states deduced by Henry and Nassau ( 1 9 7 ~ )  

The zero of energy is the unexcited I complex. The first four 2 

or five energy levels have approximately equal energy intervals 

b0.43 meV). The observed excited states do not yet have any 

theoretical explanation. However, two observations are in 

order. The relative separations of the energy levels above 

1-67 meT7 are not unlike those found! for the electronic states of 

molecular H (~erzberg 1965). 2 However, a simple analogy 

cannot be made because the excited state energies are less than 

the binding energy for the exciton, while in H2 the excited 

state energies are greater than the binding energy of the two 

hydrogen atoms. This difficulty may possibly be resolved by 

making a second observation from the work by Henry, Nassau and 

Shiever f 7 Q 7 n ) ,  \ r /  r .-J where they measure the binding energy- of an 
- 

exciton to a neutral donor ( ( :  - +) and the binding energy of an 
- 

exciton to an ionized donor ( ( i -  + ) .  They find that a consider- 

ation of the electronegativity difference between the donor 

atom and the host lattice is important in determining binding 

energies. This suggests to us that an inclusion of both a 

central cell correction and electronegativity factor will be 

important in a calculation of excited state energy levels. 

5.2.3 Neutral Donor 

The experimental values of the energy levels of a neutral 

donor are shown together with the results of Henry and Nassau 



(1970a)in Table V. The ionization limit was determined by the 

energy separation between the leading edge of the broad band 

emission, labelled I2 - E in Fig. 13, and the I2 emission. D 

Using E = 33.0 t 0.2 meV for C1 in CdS, the hydrogenic energy D 

levels of the neutral donor were calculated, with no central 

cell or anisotropy correction or correction due to acoustic 

phonons. These factors are most important for small principal 

quantum numbers. As can be seen from Table V, the calculated 

values agree fairly well with the observed values. The donor 

energy measured in our experiments is consistent with the 

results calculated by Henry and Nassau (1970a) of 32.7 2 0.4 

meV for C1 in CdS and with the Hall studies of Piper and 

Halstead (1961) which gave a binding energy of 32 + 2 meV for 
donors in CdS. 

The broad band luminescence beginning at I - E in Fig. 2 D 

13 and extending to lower energies is probably due to a radia- 

tive transition where an electron and hole recombine and the 

second electron is ejected into the conduction band taking with 

it some kinetic energy. The shape of this radiative Auger 

transition is clear from Fig. 13; however, there is not yet any 

theory for the radiative Auger transition from a bound exciton 

complex. 

The existence of this radiative 2uger process has impor- 

tant consequences in the explanation of the photoconductivity 

spectra of CdS. Many low temperature photoconductivity spectra 



TABLE V -  Energy l e v e l s  of a C 1  donor i n  CdS , 

P r i n c i p a l  P r c s e n t  Henry and Hydrogenic Model 

Quantum No. R e s u l t s  Nassau (1970) (no c o r r e c t i o n s )  

29.3 

31.0 

32.1 

33.0 (from experimnt)  
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of CdS have maxima at the wavelengths corresponding to excitons 

and bound excitons Isee,for example,Park and Reynolds 19631, 

The Auger process is one mechanism by which the electron 

(or hole) from the exciton is released into the conduction 

(valence) band thereby contributing to the photoconductivity. 

In principle, the exciton need only be in the vicinity of the 

impurity for the Auger process to give a free electron or hole. 

5.2.4 Exciton Bound to a Neutral Acceptor (I Complex) 
1 

Excitation spectra of the luminescence from the I1 complex 

have shown the two excited states given in Table IV. These 

correspond to the absorption lines observed by Thomas and 

Hopfield (1962) which they concluded were due to one of the 

holes on the I1 complex originating from the B band. The 

energy difference between the states in which the hole spins 

are parallel (IlB,) and the states in which they are anti- 

parallel (IlB) accounts for the separation of the two observed 

lines. 

No low energy excited states similar to those reported for 

I were observed. Possibly they were obscured by the acousti- 2 

cal phonon wing which is much more important on I 1 ' 

It was noted that the precise energy of the excited states 

of 1,- varied from crystal to crystal. The figures in brackets 

in Table IV are from a more heavily doped and more accurately 

compensated crystal. Thomas and Hopfield (1962) noted that 
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the energy splitting (AE) for these two excited states is given 

by AE = 0.4 P ( 0 )  eV where 0 . 4  eV is the estimated size of the 

j - j  coupling for holes from the two top valence bands in the 

same unit cell, and P(02  is the probability that the two holes 

of the bound state Lie in the same unit cell. P ( 0 )  is deter- 

mined by the spatial extent of the wavefunction for the bound 

exciton. 

In this context, the variation in AE from crystal to 

crystal is due to the local environment of a bound exciton vary- 

ing as a function of doping concentration. The larger AE was 

observed for a crystal with the heavier doping and more complete 

compensation, suggesting that localized electric fields or dop- 

ing levels can affect the spatial extent of the bound exciton 

and theref ore increase P ( 0 )  . 

Further investigation of the excited states of the I1 

complex as a function of crystal doping is warranted. 

5.3 Neutral Acceptor Transiticns 

The radiative transitions involving the acceptor in CdS 

are due to: 

a) an exciton bound to a neutral acceptor (I ) 1 

b) a free electron recombining with the hole bound to the 

acceptor - the free to bound band. 

c) a bound electron recombining with a bound hole - the 

bound to bound band. 



- 81 - 
In certain lightly doped crystals it is thought that the 

free to bound and bound to bound luminescent transitions may 

both occur at low temperatures. An excitation spectrum (Mode 

11) of the free to bound band or bound to bound band at large 

donor-acceptor separations 

enables one to measure the 

luminescence from the band 

together with a portion of 

temperature is low, phonon 

together with a luminescence spectrum 

acceptor energy. In Fig. 18a the 
0 

at 5130 A (from Fig. 2) is shown 

the excitation spectrum. Since the 

absorption in luminescence and exci- 

tation is expected to be small. This agrees with the obser- 
0 

vation that the 5130 A band is assymmetric only at low temper- 

atures. The acceptor energy estimated from the cross-over 

points of the two curves in Fig. 18 is EA = 163 + 2 meV which 
is in agreement with the value 165 meV from Henry et al. (1970)r 

but smaller than the value of 170 meV from the results of 

Colbow (1966). 

The average energy of acoustical phonons emitted in the 

free to bound transition is 5 meV. In Fig. 18b expression 

3.224 for the acoustical phonon interaction with a localized 

charge is plotted. The position of the maximum in Fig. 18a 
0 

is, from equation 3.225, consistent with a Bohr radius of 6 A 

when a longitudinal sound velocity of 4.4 x l o 5  cm/sec is used. 

The shape calculated for the emission of one acoustical 

phonon using the deformation potential interaction agrees 

reasonably well with the observed luminescence of the band at 
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Emission T = 5.3"~ 

Fig. 18a) P portion of the luminescence together with an 

excitation spectrum of the luminescence- An estimate of 

Ep is made. 

b) P plot proportional to expression 3.224 for the 
0 

emission of one acoustical phonon. F Bohr radius of 6 P 

was used to match the position of the peak in the luminesence 

spectrum. 
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5130 A. In addition, the low energy portion of the bound to 

bound band is similar to that given in Fig. 18b. 

However, since the electron-phonon coupling due to the 

piezoelectric effect has not been considered in detail, no 

definite conclusion can be made on the nature of the inter- 

action of acoustical phonons with localized charges. 

5.4 Franck-Condon Effects in Excitation 

5.4.1 Crystal Doping 

The luminescence of a compensated crystal of CdS (NA, the 

number of acceptors c ND, the number of donors) is shown in 

Fig. 11. There is a weak emission at the energy of free exci- 

tons [~.(n = 1) ; B (n = 1) ; ~ ( n  = 2) 1 and emission from the 
0 

bound excitons. I1 (4888.2 A) is due to an exciton bound to a 
0 

neutral acceptor (Na) while I (4869.1 A) is due to an exciton 2 

bound to a neutral donor (Cl). Other donor impurities give I2 
0 

transitions in the range 4867-4871 A according to Henry, Nassau 

and Shiever (1970) and Henry (1971). 

As discussed previously, the intensity of the bound to 

bound emission relative to the bound exciton emission depends 

on the doping concentration of the crystal. In a lightly 

doped crystal the intensity of the bound and free excitons in 

luminescence i'ncreases compared to Fig. 11. Uncompensated 

crystals that are n type (no acceptors) do not have lurnines- 

cence at I1 or in the bound to bound band. Consequently, the 



intensity of the I2 lines and the free excitons is much in- 

creased. 

Excitation spectra of the luminescence from crystals with 

a luminescence similar to Fig. 11 or n type crystals which are 

inefficient in luminescence have the most pronounced LO phonon 

structure, and will be shown first. 

5.4.2 Excitons 

In Fig. 19 an excitation spectrum is shown for the free 
0 

A(n = 1) exciton which emits at 4854.5 A (Hopfield and Thomas 

1961). As expected, the A exciton can be created from a B, 

an A (n = 2) and a C exciton. For the B and C excitons (so 

designated because the hole originates from the B or C band) a 

rapid transition to A excitons is indicated by the widths of 

these L i n e  !see also Hopfieid and Thomas 1961). 

The efficiency for creating free A excitons has sharp maxi- 

ma at incident photon energies of E [ A ( n  = l)] + pLO where LO 

i s  used to designate the LO phonon energy at k = 0. That is, 

a free A exciton is created vith the emission of one to five or 

more longitudinal optical (LO) phonons. As noted in a previous 

section, the integrated intensity is required for comparison 

with theory. This was estimated in a high resolution experiment 

and the values are recorded in Table VI, ncrmalized to the 

intensity for the A + 2L0 peak and also the incident number of 

photons from Fig. 10. The intensities for p = 2 to 6 were 
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. TABLE VI - Energies and Intensities of LO Phonon Replicas 
in Excitation of the A Exciton 

Energy of  

Peak (eV) 

of LO 

honons 

P ' O  

1  

2 

3  

4 

5  

6  

0  

1 

2 

3 

4  

5 

bE Between 

Peaks (meV) 

37 .6  f 0 . 2  

37.8 

37 .9  

37.7 

38 .1  

37 .5  2 0 . 4  

39 .1  * 1 . 0  

3 8 . 1  

36.5  , 

3 8 . 8  

ntegrated I n t e n s i t i e s  
ross c t  a l .  

(1970) 

+ 10% 

- 
o ,7 ;a j  . 

1 . 0  

0 . 6  

0 . 3  

- 

1 . 0  

36 

.19 

Present 
Results -- 
?: 5% 

- 

0 . 4 9 3 2 )  

1.0 

0 . 8 3  

0 . 5 l  

0 . 1 7  

. 0 7  

- 

1 . 0  

.28 

50 

.4 5 

.48 

a) Incident intensity spectrum and 

polarization unknown. 
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found to be about equal for both incident polarizations while 

the p = 1 Line was most active only for ELC. The A exciton 

state consists of a hole from the A valence band and is active 

mainly for Elc. However, the A + pLO exciton states for 0 z 2 

consist of an admixture of B valence band states and A valence 

band states, and so are active for both incident polarizations. 

The A + 1 LO state falls just above the A band edge and so is 

active mainly for E I C ,  Tl?_erefxe, fcr c ~ z i p a r i s o ~ ~  with theory 

it is suggested that the integrated intensity of the A + 1 LO 

line be multiplied by a factor between 1 and 2 depending on 

the incident polarization. 

Unfortunately, the broad C(n = 1) exciton line comes under 

the A + 2 LO line. An estimate of the C exciton line was made 

from another experiment and is shown as the dashed line in 

Fig. 19. 

The value of S was estimated from the data and values of 

-S sp  the integrated intensity calculated from e - -  and normalized 
P! - 

A 

to p = 2 are shown. Agreement between calculation with S = 2.5 

and experiment is satisfactory. The sharp, nearly symmetric 

LO phonon replicas of the A exciton in Fig. 19 are in agreement 

with the observations of Gross et al. (1970) and suggest that 

the effects of the exciton kinetic energy are small in these 

experiments (Toyozawa 1970). 

The results of an excitation spectrum for the much weaker 

A(n = 2) luminescence are shown in Table VI together with an 
A 

estimated value for S = 0.6. Agreement is reasonable for 
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.F p  = 1 and p = 2 b u t  i s  poor f o r  p 2 3 i n  our  d a t a  . The d a t a  

of Gross e t  a l .  (1970) a r e  i n  b e t t e r  agreement w i t h  t h e  ca l cu -  

l a t i o n s .  An e x c i t a t i o n  spectrum f o r  t h e  B (n = .1) e x c i t o n  
A 

luminescence gave a v a l u e  f o r  S of  2 .8 .  

From t h e  h igh  r e s o l u t i o n  exper iments  t h e  spac ing  of suc- 

c e s s i v e  peaks i n  t h e  e x c i t a t i o n  s p e c t r a  f o r  A(n = 1) cou ld  be 

eva lua t ed  w i t h  p r e c i s i o n .  The average  v a l u e  f o r  t h e  l o n g i t u d i -  

n a l  o p t i c a l  phonon a s s o c i a t e d  w i t h  t h e  A(n = 1) e x c i t o n  i s  

37.8 a 0 .1  meV. 

5.4.3 Bound Exc i tons  

The e x c i t a t i o n  spectrum f o r  t h e  I2 luminescent  t r a n s i t i o n  

i s  shown i n  F i g .  20. The o u t s t a n d i n g  f e a t u r e  i s  a g a i n  t h e  

appearance of LO phonon r e p l i c a s  based on t h e  I2 l i n e .  A s  

no ted  by Conradi  and Haering (1968, 1969) t h e s e  r e p l i c a s  co r -  

respond t o  t h e  c r e a t i o n  of an e x c i t o n  bound t o  a  n e u t r a l  donor.  

High r e s o l u t i o n  i n s e r t s  (bandwidth = 0.50 A )  i n d i c a t e  t h a t  i n  

a d d i t i o n  t o  a  s e r i e s  of l i n e s  a t  E ( 1 2 )  + pLO, t h e r e  i s  a  s e r i e s  

of  l i n e s  a t  E ( 1 2 )  + pLO + AEZ. I n  Table  VI1 ,va lues  f o r  LO and 

AE2 have been c a l c u l a t e d  from wavelengths of peaks i n  t h e  exc i -  

t a t i o n  spectrum of I 2 ' From Table  V I I  t h e  average  v a l u e  f o r  

t h e  l o n g i t u d i n a l  o p t i c a l  phonon a s s o c i a t e d  w i t h  an e x c i t o n  on a  

4- The sma l l  i n t e n s i t y  of t h e  A(n = 2) e x c i t o n  i n  luminescence 
r e s u l t s  i n  exper imenta l  d i f f i c u l t i e s  i n  s e l e c t i n g  on ly  t h e  
A(n = 2 )  l i n e  f o r  e x c i t a t i o n  exper iments .  
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TABLE VII - Energies of LO Phonon Replicas for 

Wavelength in 

I Excitation 2 

Energy Difference 

E x c i t a t i o n  Spectrum Energy (eV) Assignment p 
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neutral donor is LO = 38.0 0.1 meV. 

In section 5.2 the excited state energies of an exciton 

bound to a neutral C1 donor were measured. In,Table VIII the 

values of AE2 obtained from the p = 1, 2 and 3 phonon replicas 

of I2 are shown to agree within experimental error with the 

excited state energies of an exciton bound to a neutral C1 

Dn-1 :--.-. -C  LL- -L..-- n I F  \ ----- L-- denor from Table V.  ..,, ,,,,, ,, ,,,, ,,,,,, fi i L  6, ~ Z A C ~ L V I I  

appear in the excitation spectrum of I while replicas of the 2 

broader A(I'5)T exciton are not distinguishable as peaks. 

The excitation spectrum also shows that the I2 complex 

(exciton bound to a neutral donor) can be created by free 

A(n = 2) and B excitons migrating to a neutral donor. The 

peak denoted by 12B ,first identified by Thomas and Hopfield 

(1962), is due to a B exciton being created at a neutral donor 

site. 

The high resolution inserts for p = 4 and p = 5 in Fig. 

20 show a broadening of the many lines. As noted earlier, 

each LO phonon replica consists of a convolution integral 

involving D(w). For the approximation w(k) = w all the phonon 
0 

replicas are of equal width. When a dispersion for optical 

phonons is taken into account the peaks will widen for p 2 1 

according to the convolution integral for the line-shape. 

For the monochromator resolution used the widening first be- 

comes apparent at p = 4. Also, since each phonon replica 

consists of a p-1 fold convolution integral, the spacing 



TABLE VIII - Energies of Excited States of the I 'Complex 
2 

(a) Energy d i f f e r e n c e  between I and A ( r  ) e x c i t o n  2 6 

(b) Energy d i f f e r e n c e  between I and A ( T  ) e x c i t o n  2 5 T 

Energ ies  of Exc i t ed  
S t a t e s  of  I Complex 

2 AE2 

naim h Haering Henry h Nassau p = 2  p = 3  

(1971F ) meV (1970) meV meV m e V  
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between successive peaks would be expected to change as p 

increases, a consequence of LO phonons with k > 0 participat- 

ing in the relaxation to the lowest vibrational state. The 

resolution of our experiments is insufficient to detect such 

small changes in the spacing of successive LO replicas; how- 

ever, this has been observed by Collins et al. (1969) in the 

photoconductivity of semiconducting diamond. No exciton ki- 

netic energy effects are expected since the donor impurity 

takes up the recoil momentum of the LO phonons. 

The intensities of the LO phonon replicas of I 'are simi- 2 

lar to that for the A(n = 1) exciton. With an adjustment in 

the intensity of the p = 1 peak since it is active for only 
A 

ELC, a value of S = 2.3 f 0.2 gives a reasonable fit. 

0 0 

The luminescence in the range 4859 A to 4867 A is due to 

excitons bound to ionized donors (Ij) and excited states of 

excitons on neutral donors ( ~ e n r ~  and Nassau 1970a) . Exci- 

tation spectra for these luminescent transitions also show 

resonant LO phonon structure similar to Fig. 20. 

In Fig. 21 an excitation spectrum for the luminescence 

from the I1 complex (exciton bound to a neutral acceptor) is 

shown. There is a series of peaks corresponding to I1 + pLO. 

There is also a series of peaks which correspond to A + pLO, 

B + pLO and IIB + pLO. Again IIB and IIB, correspond to the 

B exciton created on a neutral acceptor according to Thomas 
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and Hopfield (1962). In each series of LO phonon replicas 

the p = 2 peak is the largest, suggesting that S -- 2 for each 

of the excitations. Unfortunately, a line that would corres- 

pond to a bound LO phonon suggested by Toyozawa and Hermanson 

(1968) and observed in emission by Reynolds et al. (1971) coin- 

cides with the strong free B(n = 1) exciton line. It is noted 

that free excitons make a much larger contribution to the I1 

luminescence than to the I2 luminescence. This suggests that 

the trapping cross-section for excitons is much larger for the 

neutral acceptor than the neutral donor. 

For a crystal in which the I1 + pLO peaks were more promi- 

r.ent than in Fig. 21 a value of S was estimated from the inte- 

grated intensities again with the adjustment for the p = 1 

peak to allow for polarization effects. It was found that 

S = 2.5, similar to the value for the A exciton and I2 bound 

exciton complexes. 

5.4.4 Bound to Bound Transitions 

As is well known, the broad band of luminescence which 
0 

has a maximum at about 5175 A is due to a bound electron radi- 

atively recombining with a bound hole. A series of excitation 

spectra of portions of the bound to bound luminescence selected 

by the spectrometer are shown in Fig. 22. Broad lines cor- 

responding to LO phonon replicas may be distinguished. The 

lowest curve is an excitation spectrum for luminescence at 
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Excitation Spectra for the Bound to Bounc! Luminescence 
T = 4 . 5 O ~  Crystal CdS - A2 I= lmpurit 

8 -  
LO = 37.7meV 

6 - 
5 - 

- 
- -  

- 
- 

- 
- 

Slit Width 

4700 4800 4900 5000 51 00 52( 
Incident Wavelength in Angstroms 

Fig, 22 Excitation spectra for the bound to bound lumi- 
0 0 0 0 

nescence at 5180 A, 5140 F ,  5100 A., and 5070 s .  Donor- 
0 0 

acceptor separations for these wavelengths are 150 P, 55 A, 
0 0 

33 A ,  and 26 A, respectively. Peaks marked I are thought 

to be due to other deep impurity states. The Hg lamp was 

replaced by a tungsten filament for this experiment. 



0 

5180 A, corresponding to distant donor-acceptor pairs. The 

luminescence is excited by creating a bound hole and a free 

electron; this 

donor-acceptor 

A donor energy 

is denoted by E - EA. The spacing of the 
'3 

pair is obtained from 

of 33 meV is used. The energy shift due to 

acoustical phonons, estimated in section 5 . 3  as about 5  meV, 

is.added to 163 meV to give an effective value EA = 168 meV. 

Excitation spectra of the luminescence from pairs of 

smaller separations (shorter wavelengths) show the presence of 

up to 3 LO phonon replicas. Higher order LO replicas are 

suppressed at energies above the P- (n = i j exciton where the 

absorption coefficient increases by some three orders of magni- 
0 0 

tude. The value of S for luminescence at 5140 A(R = 60 A) is 

estimated as < 3 since the p = 2 and p = 3  peaks are about 
0 

equal. The excitation spectrum for the luminescence at 5070 A 
0 

which is from pairs separated by R = 25 A shows that 5~ 1.8'. 

Thus 3 increases with donor-acceptor separation. This is in 

qualitative agreement with the curves shown in Fig. 9. How- 

ever, the data shown in Fig. 22 is not sufficiently good to 

allow a quantitative fit. 

The bound to bound luminescence is also excited by free 
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excitons. This is a consequence of an electron-hole correla- 

tion effect and will be discussed in section 5.6. 

5.4.5 Temperature Dependence 

Excitation spectra of the luminescence from free and 

bound excitons were recorded up to $he temperature at which 

the exciton or exciton complex thermally dissociated. The 

change in energy of the luminescence as a function of tempera- 

ture was measured and found to agree with the results of 

Colbow (1966) and Thomas, Hopfield and Power (1960). When the 

spectrometer was adjusted to allow for the change in wavelength 

of the luminescence with a change in temperature, it was found 

that the excitation spectra for the A exciton and the I1 lumi- 

nescence were unchanged except for an overall reduction in 

the intensities of the peaks in the excitation spectra with an 

increase in temperature. This reduction was a result of the 

thermal dissociation of the exciton or exciton complex as the 

temperature T was increased. LO phonon replicas in the exci- 

tation spectra of the A(n = 1) exciton were observed up to 

100 OK. 

The excitation spectra of the I2 luminescence in conpen- 

sated crystals changed with temperature only with respect to 

the relative intensities of the LO phonon replicas of unex- 

cited I2 complex compared with the intensities of the LO 

phonon replicas of excited states of the I2 complex.   he 
E(I,) + 2L0 + AE, 

ratio of R '  = . A -  L 
E(12) + 2LO where AE2 -- 5 meV was given 



by R 1  = exp (. g)with AE 0.6 me17 between 5OK to 45OK. This 

behaviour is plaukible when one considers that at low tempera- 

tures the excited states will tend to decay to.the unexcited 

I2 complex before radiative decay, while at higher temperatures 

the I2 complex is more likely to decay radiatively from one of 

its excited states. In an excitation spectrum of the I lumi- 2 

nescence, the relative magnitude of the ~ ( 1 ~ )  + pLO + AE2 peak 

therefore decreases as the temperature increases. 

In contrast to the results of Conradi (1968), ultraviolet 

irradiation of the crystals during the period of cooling in 

the dark made no observable difference in the excitation 

spectra of the luminescence at low temperatures. Similarly, a 

temperature cycle from T < 10•‹K to T > 1 0 0 ~ ~  and back to T < 

1O0K, with or without irradiation of the crystal by above band 

gap photons, made no significant changes to the excitation 

spectra for our crystals. 

5.4.6 Longitudinal Optical Phonon Energy 

R comparison of the energies found for the LO phonons 

associated with excitons (37.8 + 0.1 meV) and for those assoc- 
iated with an exciton bound to a donor (38.0 f 0.1 meV) shows 

a small difference. A comparison of the energy difference 

between the A + pLO and the I2 + pLO peaks for a given p from 

Table VI and Table VII shows that the energy difference de- 

creases as p increases. The binding energy for the A exciton 



t o  t h e  n e u t r a l  donor (p = 0)  i s  7.50 meV. However, t h e  energy 

d i f f e r e n c e  f o r  p = 4 i s  6 .8  5 0.2 meV. When a l l  energy d i f f e r -  

enceswere  cons ide red ,  it was concluded t h a t  LO phonons a s s o c i -  

a t e d  w i t h  e x c i t o n s  on n e u t r a l  C 1  donors  have an  energy 0.15 5 

0 . 1  meV g r e a t e r  t han  t h e  phonons a s s o c i a t e d  w i t h  f r e e  e x c i t o n s .  

The energy of t h e  LO phonon a s s o c i a t e d  w i t h  t h e  I1 com- 

I1 and I - LO emiss ion l i n e s .  The LO phonon energy a s s o c i -  1 

a t e d  w i t h  t h e  e x c i t o n  on a n e u t r a l  a c c e p t o r  i s  37.7 4 0.1 meV. 

Th i s  a g r e e s  w i t h  t h e  T5 LO phonon energy of Reynolds e t  a l .  

(1970) .  I n  bo th  ou r  e x c i t a t i o n  and emiss ion  s p e c t r a  w e  have 

n o t  observed t h e  T1 LO phonon energy of  37.45 i: .05 eV r e p o r t e d  

by Reynolds e t  a l .  (1970) .  

The energy of t h e  LO phonon a s s o c i a t e d  w i t h  t h e  bound t o  

bound t r a n s i t i o n  was r e p o r t e d  t o  be  36.8 meV by Colbow (1966) .  

From t h e s e  d a t a  it i s  c l e a r  t h a t  t h e  LO phonon a s s o c i a t e d  w i t h  

a s m a l l  c e n t e r  ( t h e  n e u t r a l  a c c e p t o r  i n  t h e  bound t o  bound 

t r a n s i t i o n )  has  a s m a l l e r  average  energy than  t h e  LO phonon 

a s s o c i a t e d  w i t h  t h e  l a r g e s t  c e n t e r  ( t h e  e x c i t o n  bound t o  a , 

n e u t r a l  d o n o r ) .  

5.4.7 Non-Resonant P roces ses  

The luminescence due t o  e x c i t o n s ,  bound e x c i t o n s  and bound 

electron-bound h o l e  p a i r s  can be f e d  by non-resonant p roces ses  

a s  w e l l  a s  by t h e  r e sonan t  p roces ses  d e s c r i b e d .  I n  t h e  non- 



resonant processes the incident photon may create a free elec- 

tron and free hole, or an exciton, which emits a number of 

acoustical phonons in losing its energy. 

A crystal which is n type (NA << ND)  has only a strong I2 

luminescence and a weaker luminescence from the free excitons. 

An excitation spectrum of the I luminescence from such a 2 

crystal in Fig. 2 3 :  shows that the non-resonant processes have 

a considerable importance. In fact, the excitation spectrum 

of a less heavily doped n type crystal is almost featureless 

except for the exciton peaks. The spectrum in Fig. 23, which 

is similar to one reported by Park and Schneider (1968), has 

peaks corresponding to A. + pLO as well as the I2 + pLO and I2 

+ pLO + AE peaks reported earlier. Since the principal lumi- 2 

nescent center is I electrons and holes and excitons created 2'  

nonresonantly contribute to the continutm in Fig. 23, while the 

resonant processes make only a small contribution. In addi- 

tion, since no acceptors are present, the neutral donors are 

more likely to capture free excitons; hence, peaks occur at 

A + pLO. 

In compensated crystals the ionized donors and acceptors 

are efficient in capturing the free electrons and holes which 

then radiatively recombine for the bound to bound emission. 

Consequently, in these crystals the resonant processes show up 

much more clearly in excitation spectra of free and bound 

excitons. Non-radiative recombination centers have the same 
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Excitation Spectrum of I2 (4870.0%) At+ A( n 
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Fig. 23 Excitation spectrum of the I2 luminescence from 

an n type CdS crystal. The sharp peaks from resonant 

processes axe superimposed on a continuous background due 

to non-resonant processes. 



effect as the bound to bound recombination processes. As a 

rule, the weaker the I2 luminescence in emission, the stronger 

is the resonant I2 + pLO and A + pLO structure in the lumi- 

nescent excitation spectra. 

The differences in excitation spectra between crystals 

with different concentrations and types of impurities are con- 

*. - # tained in the functim Pchv)  discussed in sec t ion  3 .3 .  L v u L e  

however, that all excitation spectra show the same relative 

intensities at the resonant energies associated with the LO 

phonon emission. 

Clearly a myriad of different excitation spectra may be 

observed, depending on the number and efficiency of trapping 

centers in the crystal. This qualitatively accounts for the 

many different excitation spectra for I2 reported by Conradi 

and Haering (1968, 1969), Park and Schneider (1968), and Wei 

et al. (1969). 

5.4.8 Discussion of the Franck-Condon Results 

The resonant LO phonon processes in absorption associated 

with the creation of bound electrons and holes, bound excitons, 

or free excitons in CdS are in qualitative agreement with the 

theory due to Toyozawa (1970). The experimental value of the 
A 

coupling parameter for the A(n = 1) exciton was S = 2.5 while 
A 

the value for the A(n = 2) exciton was S = 0.6. These results 
A 

are in accord with the dependence of S as the inverse of the 
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A 

size. Excitons of higher order should have values of S in- 

2 versely proportional to n a where n is the principal quantum 

number. As noted earlier, the anisotropic hole makes an accur- 

ate comparison with the theoretical curves difficult. The 

effective Bohr radius of the hole in the A(n = 1) exciton 
A 0 

inferred from the above mentioned value of S is 3.0 A using an 
0 

average electron radius of 26 A .  This value lies between the 
0 0 

limits tor the hole radii ahL = 6.4 A and a = 1 A calculated 
h II 

earlier from effective mass values. 

The excitation spectrum for the I2 transition is similar 

to that for the ?,(n = 1) exciton suggesting that an incident 

photon at a resonant energy creates an exciton-like excitation 

at the neutral donor. A similar comment applies to the Il + 

pLO transitions. 

Resonant phonon processes may also be observed in emission. 

In general, the value of the strength parameter S inferred 

from such studies is different from the value inferred from 

absorption (excitation) studies, indicating a relaxation of 

the electronic wavefunctions between absorption and emission 

events. This is most clearly shown by the LO phonon replicas 

of the bound exciton lines in emission (Fig. 12). A value of 

S = 0.10 for the exciton bound to the neutral acceptor and S A 

0.01 for the exciton bound to the neutral donor is observed. 

In the model proposed earlier, this suggests the wavefunctions 

of the individual holes and electrons on the bound exciton 
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complex are spread over a larger region than in the free exci- 

ton. 

The bound to bound transition has a value of S which 

varies as the donor-acceptor separation R. The observed vari- 
0 0 - 

ation, in absorption, [-5(25~)-jl. 8 ; S (55A) c d  2 or 31 is in good 

qualitative agreement with theory. 

In emission the value of for the free to bound emission 

is 0.95 (Gutsche and Goede 1970) giving, according to equation 
0 

3.221,an effective Bohr radius of about 10 A. This is reason- 
0 

ably close to the Bohr radius of 6 A calculated on the basis 

of acoustical phonon interaction. 

The critical parameter for determining the value of S is 

the size of the localized charge distribution responsible for 

the absorption or emission process. In general, deep impuri- 

ties tend to strongly localize the carrier causing strong 

electron-phonon coupling. 

Our results indicate that the LO phonon energy is slight- 

ly dependent on the electronic complex with which the phonon 

is associated. This is again to be expected from the theory 

of Toyozawa if the dispersion of the LO phonon band is taken 

into account. The various k values in this branch are weighted 

differently for systems of different spatial extent. In gen- 

eral, one may expect a lower mean LO phonon energy for the 

more localized systems. The k = 0 value of the LO phonon 
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energy should be observed for very large systems. Slight vari- 

ations in mean LO phonon energy have been observed by many 

workers and are probably associated with this effect derived 

from phonon dispersion. 

A comparison of excitation spectra for the various lumi- 

nescent complexes as a function of crystal doping gives some 

inf~rmation on the re id t ive  trapping efficiencies for excitons 

and free electrons and holes by the various impurity complexes. 

For instance, a quick comparison of Fig. 20 and Fig. 21 shows 

that in a compensated crystal where ND - NA ,the neutral 
acceptor is the more efficient exciton trap. A careful analy- 

sis of excitation spectra for various doping concentrations 

should give a better understanding of the motion of excitons, 

electrons, and holes in a crystal with impurities. 

5.4.9 Evaluation of Results from other Workers 

The luminescence excitation spectrum for a bound exciton 

in ZnSe observed by Wei et al. (1971) is similar to the lumi- 

nescence excitation spectra for CdS. Using a configuration 

coordinate model to fit the first three LO phonon replicas in 

their results gives a value of S = 1.8. Since the effective 

masses reported for ZnSe by various authors are inconsistent, 

we will estimate the effective hole Bohr radius by comparing 

the acceptor energy E = 120 meV for ZnSe (Dean and Merz 1969) 
A 

with the acceptor energy in C d S  of 163 meV. Since the static 
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dielectric constants of ZnSe and CdS are nearly equal, one 

expects that the hole radius in ZnSe is about 163 meV/120 meV 

= 1.4 times larger than in CdS. When the values of K = 5.6 
0 

and K~ = 8.7 3 0.1 at low temperatures (Hite et al. 1967) 

and n u  = 31 meV (Wei et al. 1971) are used and when the 
0 

effective value of ah determined from our experiments is multi- 

plied by the factor 1.4, one obtains S = 1.8 for the exciton 

in ZnSe. This is in remarkable agreement with the observations 

of Wei et al. (1971). 

The luminescence in CdS doped with the isoelectronic 

impurity Te observed by Aten et al. (1965) corresponds to the 

emission of an average of 8 LO phonons. Even though the esti- 

mated binding energy of the hole (0.20 eV) is not much larger 

than for the singly charged acceptor, the bound hole must be 

mailer in extent to produce such strong electron-phonon 

coupling. 

In the broad band emission, Gutsche and Goede (1970) note 

that the value of for the bound to bound band (LES or low 

energy series) varies with excitation intensity while for the 

free to bound band (HES or high energy series) no such varia- 

tion is observed. As has been pointed out by numerous workers, 

the maximum of the bound to bound band goes to higher energies 

(shorter donor-acceptor separations) as the incident intensity 

increases. From Fig. 7 in Gutsche and Goede (1970) and using 

equation 3.401 to evaluate R with EA = 163 meV, and ED = 33 meV 



for binding energies and an average value for m 'ED = 5  me^, 
I- 

one finds that s (R = 77 i) = 0.95 while 5 (R = 125 A) = 1.02. 

Gutsche and Goede (1970) observed that S = 0.95 for the 

free to bound (HES) series. Using an average donor radius of 
0 

26 A gives a value of y = = 5.9 for R = 77 and y = 9.6 
0 ae 

for R = 125 A. Referring to our Fig. 9 and using a ratio for - 
S 0 

the Bohr radii of cv. = 6 S ~ Q V S  t h a t  - s \A\ = 17 1 1  A )  = 0.99,  in - 
S 0 

agreement with observations. From Fig. 9, 5 (R = 125 A) = 1.07 
0 

which is again in agreement with S (R = 125 A) = 1.02 observed 

by Gutsche and Goede (1970) at low excitation intensities where 

the LES has a maximum at 2.395 eV. 

In resonant Raman scattering work Scott et al. (1969) have 
0 

observed up to nine LO phonon replicas from the 4880 A laser 

line incident on a CdS crystal. Using a configurational cmrd- 

inate model to understand their results gives S r J  2.   his is 

the same as the value obtained from our excitation spectrum 

for the A(n = 1) exciton. 

5.5 Non-radiative and Radiative Relaxation Rates 

As mentioned in section 3.3 the observation of photons of 

energy E + phwo gives an estimate of radiative and non-radia- 
0 

tive decay rates. Measurements at these energies have shown no 

detectable luminescence. This implies that the rate of emission 

of LO phonons by an exciton or bound exciton complex with p > 1 

is at least an order of magnitude less than the radiative decay 
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rates and confirms the inequality t << r used in section 3.3. 

q 
This agrees with the measured radiative decay time for a bound 

exciton, lo-' sec (Henry and Nassau 1970b), and the rate of 

LO phonon emission, 10 -13 sec, calculated for k > 0 from the 

expression derived by Stocker and Kaplan (1966). 

5.6 Electron-Hole Correlation Effects 

5.6.1 Experimental Observations 

The bound to bound luminescence is observed in compensated 

crystals at low temperatures and has been shown in Fig. 3 and 

Fig. 11. It was found that the shape and position of the 

bound to bound band depended somewhat on the wavelength of the 

exciting photons. The shape of the free to bound band on the 

other hand was independent of the exciting wavelength. 

Gross et al. (1962) originally reported that excitons 

contributed in some way to exciting the luminescence a't 77OK. 

We have observed that excitons contribute to the broad band 

luminescence both above and below 30•‹K. By selecting portions 

of the bound to bound luminescence our experiments show the 

nature of the exciton contribution. 

The influence of excitons is demonstrated in Fig. 24 by 
0 

a series of excitation spectra taken with ' 
" LUM 

= 5150 A at 

several different temperatures. At the lowest temperature 

strong lines show for the (n = 1) A and B excitons. The n = 2 
0 0 

lines come at 4813 A (A, n = 2) and 4785 A (B, n = 2) while 
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Fig. 24 Effect of temperature on the excitation s2ectrum 
0 

of luminescence at 5150 F. The contribution of excitons 

with principal quantum number n > 1 is largest at the 

low temperatures. 



0 0 

an A(n = 3) line shows at 4 8 0 5  A. The dip at 4 8 6 9  A is due to 
0 

absorption by the I2 complex. A small minimum at 4 8 8 8  A is 

from the I1 complex. 

A s  the temperature is raised the peaks from excitons with 

principal quantum numbers n > 1 disappear. The n = 3 excitons 

thermalize at about 10•‹K while the n = 2 excitons thermalize 

Excitation spectra at all wavelengths of the bound to 

bound luminescence show structure at energies corresponding to 
0 0 0 

the ~ ( 4 8 5 4  A), the B ( 4 8 2 5  A), and the C(4710 A) excitons (see 

Fig. 22). At the shorter luminescent wavelengths (ALUM) a 

maximum appears in the excitation spectra at all three excitons 

while larger ALUM (corresponding to large donor-acceptor separ- 

ations) the anomaly changes to a minimum but now at different 
0 0 

wavelengths - 4 8 5 8  A and 4 8 2 9  A for A and B excitons respective- 

At 'LUN corresponding to large pair separations where 

most of the donors and acceptors are neutral, excitons are not 

very effective in exciting the luminescence. In this case the 

observed luminescent intensity follows 1 - R(hv) where R ( h v )  

is the reflection spectrum shown in the inset of Fig. 22. Only 

at A ~ ~ h n  
corresponding to short pair separations, where the 

donors and acceptors are ionized, are excitons effective in 

exciting the luminescence. 



A,,- Luminescent Wavelength in a 

3.0 
e - 

II 
C 
Y 

2.5 

i! 
6 .= 2.0 
% 
W 
* 

o 8 1.5 .- 
V) 

4, > .- 
C 

1.0 
a 
I - 

Gz 
0.5 

Fig. 25 Relative efficiencies of excitons in exciting 

50 40 50 60 7OfDWlOO I50200 m 
I  I  I 1 I I l l  I  I I  

Donor- Acceptor Seperation in 1( 

- Crystal CdS 70- A 3  

Vx\ x A( n = I Exciton 

i B ( n = I )  Exciton - A(no2) Exciton 

/x - 

- /;/.//-a x 

.+' 
- 

,..-- 0-- B--l--m -g - D--u 

! I  I 
5050 51 00 5150 5200 

the bound. to bound luminescence. The excitons with 

principal quantum number n = 1 are most efficient for 
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a donor-acceptor pair separation of 30-35 F. 



To measure the effectiveness of excitons in exciting the 

bound to bound luminescence, excitation spectra were taken at 

a series of positions on the bound to bound luminescence spec- 

trum. From each spectrum ratios R and R were evaluated for 1 2 

exciton states with principal quantum numbers n = 1 and n = 2 

respectively. For both A and B excitons R1 and R2 give the 

ratio of the height of the exciton line to the background. 

This is a measure of the expression derived earlier 
N1 (E)  

in equation 3.502. These results are plotted as a function of 

luminescent wavelength in Fig. 25. The results were substanti- 

ally the same for the A and B excitons. 

For convenience the wavelength 

donor-acceptor separation using the 

From the results in section 5.3 the 

tical phonons, < m l ~ p > a v e  ,was taken 

has been scaled to the 

expression 

average shift due to acous- 

as 5 meV while the accep- 

tor energy, EA = 163 meV,and the donor energy, ED = 33 meV. 

For the highest energy peak m = 0. An average value of 

K = J K ~ ~ K ~ ~  was evaluated from the values listed in Table 111. 
S 

The data shows that excitons in the n = 1 state were most 

efficient in populating donor-acceptor pairs separated by 30 
0 

to 35 A. From estimates in section 3.2 the Bohr radius, 



0 
a = a + a of the A exciton is about 30 A. Excitons in the 
o e h' 

0 

n = 2 state with a. = 120 A are most effective in populating 
0 

donor-acceptor pairs separated up to 80 A. The cut-off at 

large R results from these donor-acceptor pairs being mostly 

neutral and therefore insensitive to population by excitons. 

Since excitons in the n = 1 state preferentially populate 
0 

donors and acceptors of separations - 30 A, the net effect on 
the bound to bound luminescence is to shift the position of 

maximum intensity to shorter wavelengths (i.e. higher energies). 

To indicate the effect of excitons in shifting the maximum of 

the bound to bound luminescence, hmax results from a number of 

different crystals are shown in Table IX. From excitation 

spectra of the luminescence a value of R for the B exciton 1 

was evaluated for each crystal at the luminescent wavelength 
0 

of 5150 A. The B exciton was chosen since it is formed with 

both incident polarizations. The values of hmax given are for 

illumination with photons of energy > En at intensities in the 
1 

2 range lo1' to 1016 photons/cm sec. variations in R1 from 

differences in crystal surface conditions, and precise align- 

ment of crystal axis of 20 to 30% are estimated. As has been 

reported by Gutsche and Coede (1970) a change of incident 
0 

intensity by 10 times changes hmax by no more than 6 A. 

Examination of the data in Table IX shows that hmax in 

crystals showing small effects from electron-hole correlation 

(small R ) corresponds to large pair separations, while 1 



TABLE IX 
0 

Cor re l a t i on  e f f e c t  observed f o r  luminesccncc a t  5150 A 

h 
R, f o r  B (n = 1) Crys t a 1  - 

max Notes 
Exci ton 

S t rong  I l i n e  which is  
ef f i c i e n g  i n  exc i t on  c a p t u r e  

Na-1 5184 0.30 Low e f f i c i e n c y  f o r  
luminescence 

a )  This  peak is thought t o  r e s u l t  from the  e lec t ron-hole  
c o r r e l a t i o n .  



crystals with a large value of R1 show a shift of some 3 5  

to shorter wavelengths. Undoped crystals such as CdS 7 0  ~ % 3  

and CdS 7 0  A3 show a larger effect from excitons than doped 

crystals such as CdS 7 0  C1-1 and CdS 7 0  Na-1. 

As a final note it is observed that the luminescence 

spectrum from Fig. 2 is from a crystal displaying a consider- 

able correlation effect, The shape of the spectrum for the 

leading edge (i.e. small r) is more closely represented by a 

6 2r 0 4 2r curve proportional to r exp(- --) than by r or r exp(- a) ; a 
0 D 

that is,by a curve taking into account exciton population of 

donors and acceptors. 

5.6.2 Discussion of Electron-Hole Correlation Results 

The experiments have shown clearly that the correlation 

of electrons and holes in excitons has an effect on the bound 

to bound emission band. In most crystals the n = 1 excitons 

contribute the principal effect. 

On the assumption that the principal impurities are the 

donors and acceptors which participate in the green emission. 

one can consider five possibilities for excitons interacting 

with impurities. 

a) attraction to an ionized acceptor 

b) attraction to a neutral acceptor 

c) attraction to an ionized donor 
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d) attraction to a neutral donor 

e) attraction to an ionized donor-ionized acceptor pair. 

Processes b) and d) result in bound excitons which radi- 

ate in times of about 1 n sec (ijenry and Nassau 1970b). 

Process c)  is not significant in populating a donor-acceptor 

pair as evidenced by the absence of a peak in the excitation 

spectra at the energy of an exciton bound to an ionized donor 
0 m h (Ij = 4866 A). In CdS where 4, Hopfield (1964) has shown 

e 
that the exciton is not bound to an ionized acceptor. In pro- 

cess a) it is therefore possible for the hole of the exciton 

to become trapped at the acceptor, producing a free electron 

which is then trapped. at a nearby donor, thereby enhancing the 

b-b emission at donor-acceptor separations of a . Process a) 
0 

has been considered by Lashkarev et al. (1971) who deduced that 

process a) was partly responsible for the dissociation of exci- 

tons to give free photocarriers. 

The last possibility e) is included since the electric 

field from an ionized donor-acceptor pair of separation a is 
0 

large enough to field ionize the exciton, resulting in a neu- 

tral donor-acceptor pair. 

There have been many reports in the literature of lumi- 

nescent CdS crystals which have spectra different from that 

shown in Fig. 11. Examples are the low temperature spectra 

of Gross et al. (l965), Kingston et al. (l968), Maeda (1965) 

and Handelman and Thomas (1965) to mention a few. Variations 



- 118 - 

of X between different CdS crystals have usually been ex- 
max 

plained invoking a new defect level with the appropriate 

energy. 

Excitons preferentially populate the closely spaced donor- 

acceptor pairs and consequently cause a shift in X . In max 

high purity crystals this electron-hole correlation effect can 

in principle result in a luminescent band of the same energy 

as the free to bound emission. While the possibility of free 

to bound emission at low temperatures cannot be precluded, 

existing data should be re-examined in the light of this new 

model. 

In agreement with Gross (1962) we have observed that exci- 

tons can also excite the luminescence at T > 30•‹K. In the 

free te bcund model excitons probably interact with ionized 

acceptors to give a bound hole and a free electron. 

The photoconductivity of CdS at low temperatures has also 

been a subject of considerable discussion. In particular one 

point involves the reason for minima or maxima at exciton 

energies in the photoconductivity spectra. Certain effects 

have resulted from crystal surface conditions (Schubert and 

B6er 1970). However, the data shows that excitons are in- 

volved in both the bound to bound luminescence and the bound 

to bound exciton luminescence. 

These interactions suggest important effects on photo- 
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conductivity spectra. Consequently, the role of excitons in 

photoconductivity spectra should not be interpreted without 

knowledge of the role of excitons in the luminescence. 

6. CONCLUSIONS AND SUYMRY 

Our work on the luminescence of CdS gives an improved 

understanding of the luminescent processes in the 11-VI semi- 

conductors in three areas 

(i 1 

(ii) 

(iii) 

It was shown that the interaction of a localized elec- 

tronic excitation with a polar lattice could be under- 

stood in terms of a strength parameter S in a model based 

on the Franck-Condon principle with the magnitude of S 

calculated from first principles. 

A method for accurately measuring ionization energies of 

donors and acceptors from the luminescence was demon- 

strated. 

An electron-hole correlation effect was shown to affect 

the energy of the bound to bound luminescence. 

Investigation of the luminescence in CdS using a mono- 

chromator and a spectrometer has resulted in the simplification 

of a complicated luminescence spectrum. The technique has 

enabled the accurate measurement of the ionization energies 

and some of the energy levels of donor and acceptor impurities. 

The binding energy for a C1 donor was found to be 33.0 2 0.2 
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meV and the Na acceptor was 163 ' 2 meV, A radiative Auger 

process was discovered in CdS and its importance in explaining 

many aspects of the photodonductivity spectra was recognized. 

In addition,the energies of the excited states of the exciton 

bound to a neutral donor were measured. However,there is not 

yet any theory for the energy levels of this hydrogen molecule- 

like complex. 

Excitation spectra of the luminescence revealed an 

electron-LO phonon interaction. This interaction is best ex- 

plained, not by a perturbation calculation, but by a config- 

uration coordinate model based on the Franck-Condon principle. 

This model gives an intensity profile for the pLO replicas 

-s S P proportional to e - p! where the strength parameter 

function of the lattice adjustment to the electronic 

tion. 

S is a 

transi- 

Calculations for the value of the electron-LO phonon 

interaction parameter S done by Toyozawa (1967) for a bound 

carrier were extended to include .the free exciton, the bound 

exciton and the bound to bound transition. Experiments showed 
A 

that S for excitons varied inversely with exciton size, in 

agreement with theory. Calculations which showed that for 

the bound to bound transitions varied with the donor-acceptor 

separation were verified by experiment. 

The LO phonon energy was accurately measured for several 
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electronic transitions. The LO energy depends on the spatial 

extent of the absorbing or emitting center because of the dis- 

persion of the LO phonon branch. 

Experiments and calculations showed that excitons can 

contribute to the bound to bound luminescence. The excitons 

favor ionized donor-acceptor pairs separated by a distance 

given by thc  exziton radius. As a result the bound to bound 

luminescence in certain crystals can be shifted to energies 

higher than without any electron-hole correlation. It is con- 

cluded that at low temperatures there can be up to three lumi- 

nescent bands superimposed on each other depending on crystal 

doping, excitation intensity, temperature, etc. The bands are 

due to radiative recombination of a free electron and a bound 

hole, radiative recombination of a bound hole and a bound 

electron (random capture) and radiative recombination of a 

bound hole and a bound electron (correlated electron and hole 

capture). 

7 .  FUTURE STUDIES 

Study of the luminescence from a semiconductor using mono- 

chromatic tunable incident radiation has given an improved 

understanding of the physical processes involved in lumines- 

cence. CdS is the first semiconductor to be studied in detail 

this way and it is clear that similar studies on other semi- 

conductors can certainly be done. The techniques discussed 
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open a rich field for experimental investigation, 

Specific to CdS there are several avenues open for study: 

(i) a precise measurement of ionization energies of other 

chemical species of donors and acceptors 

(ii) a measurement of excited state energies of excitons 

bound to donors other than C1. This may assist in evalu- 

ating the central cell correction and so may assist in 

constructing wavefunctions to describe the bound exciton 

complexes. 

(iii) a more complete study of the nature of the interaction 

between localized charges and acoustical phonons 

(iv) exciton kinetics; that is, a consideration of the motion 

of excitons in a crystal with impurities and imperfections. 

One major problem has been the lack of sufficient incident 

intensity. While this may be partly overcome by using photon 

counting techniques in the detection equipment and improving 

the light gathering power, the most promising development is 

the tunable laser. Two tunable sources which have been devel- 

oped to date are the dye laser and the tunable parametric 

oscillator. As one might expect, multiplying the incident 

intensity by lo6 or even by lo3 will enable a whole new series 

of experiments. For instance, intense tunable light sources 

would permit the study of saturation conditions and observa- 

tion of excitons at high concentrations (Blatt et al. 1962). 
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