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Abstract 

The photoluminescence spectra of isoelectronic bound 

excitons in quenched In- and T1-doped Si are studied under 

uniaxial stress and magnetic fields. A tunable infrared laser 

. system consisting of a dye laser-pumped optical parametric 

oscillator has been constructed, and used in conjunction with 

stress and Zeeman measurements to explain the excited state 

spectrum of the In-related photoluminescence emission. These 

excitons show several unusual features, including a configur- 

ational bistability, and a complete quenching of the hole 

orbital angular momentum for the case of one of the configur- 

ations. The binding centre symmetries and the detailed nature 

of the electronic states of the excitons are revealed by these 

data. A tentative model is proposed for the origin of the 

bistable behaviour. 
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Cha~ter 1: Introduction 

1.1: Overview 

Isoelectronic impurities in semiconductors have been of 

. great interest from both a technological and purely physical 

point of view. On the technological side, such defects are 

responsible for the intense electroluminescent emission 

exploited in commercially available visible light emitting 

diodes. A simple example of an isoelectronic dopant, and one 

which is used in such devices is N substituting for P, denoted 

N ~ ,  in Gap or G ~ A S ~ - ~ P ~ .  Since N has the same outer valence 

electron structure as P, all bonds to the neighbouring Ga atoms 

are satisfied, and it does not introduce an electrically active 

level in the usual manner familiar from shallow donors or 

acceptors, e.g. P or B in Si. Nevertheless, N produces a large 

perturbation in the Gap lattice, due to its considerably smaller 

atomic radius and its different atomic core structure. At low 

temperatures, (T<100 K) N is capable of binding an electron- 

holeh pair, or exciton by virtue of the short-range non- 

Coulombie potential which it introduces. The resulting bound 

state is called an isoelectronic bound exciton (IBE). 

A convenient way to study the properties of IBE is the 

method of photoluminescence (PL) spectroscopy. In this tech- 

nique electron-hole pairs are generated by light of a fixed 

energy, usually greater than the bandgap, and are rapidly cap- 

tured onto the isoelectronic binding centres in a time scale of 



less than a nanosecond. The recombination of the IBE generates 

a photon spectrum which is characteristic of a given impurity 

centre, and is analyzed by a spectrometer-photodetector system. 

In addition to the single atom isoelectronic impurities 

such as GaP:N, and ZnTe:O, there exists .a much larger class of 

- defect ffcomplexesll consisting of two or more constituents, which 

do not introduce extra carriers in the sense of Si:P, but which 

are similarly capable of binding an exciton. In some cases, for 

example CdGa-Op pairs in Gap, the short range potential intro- 

duced by the defect is sufficiently strong to bind an isolated 

electron or hole, in-addition to the ability to bind an exciton. 

In other cases, the short range potential is too weak to bind a 

single particle, but the effects of electron-hole correlations 

and possible strain contributions to the binding energy, which 

are attractive to both particles, can result in the existence of 

a bound state for the exciton as a complete entity. 

It is of interest from a physical point of view to deter- 

mine the process whereby an isoelectronic defect binds free 

carriers without the benefit of the long-range Coulombic poten- 

tial typical of simple donors and acceptors. Such questions 

belong to the study of so-called "deepn defects, in which highly 

localized interactions with a range of the order of a lattice 

constant, are responsible for the binding process (see e.g. 

Jaros, 1982). This is in contrast to the case of so-called 

shallow levels in which the binding processes are predominantly 

Csulombic and long-ranged, and the bound states are delocalized 

over several tens of lattices constants. Examples include the 



sha l low s u b s t i t u t i o n a l  donors  and a c c e p t o r s  e. g, Si:P, Si:B, 

GaP:Cd, and GaP:Te. 

P r i o r  t o  1979, most o f  t h e  work on i s o e l e c t r o n i c  d e f e c t s  

involved t h e  h o s t  l a t t i c e  Gap (see Dean and Herber t ,  1979) .  No 

examples had been r e p o r t e d  i n  S i .  Indeed,  it was b e l i e v e d  from 

- s imple  t h e o r e t i c a l  arguments t h a t  t h e r e  cou ld  be no bound s t a t e s  

f o r  any o f  t h e  s imple  s ingle-a tom s u b s t i t u t i o n a l  d e f e c t s  such as 

Si:C o r  Si:Sn, i n  agreement wi th  exper iment .  S ince  1979, 

however, a m u l t i t u d e  of  PL l i n e s  i n  S i  have been shown t o  

o r i g i n a t e  from multi-atom i s o e l e c t r o n i c  complexes. I n  many 

cases t h e  e x a c t  n a t u r e  o f  t h e  c o n s t i t u e n t s  o f  t h e s e  d e f e c t s  

remains  u n c l e a r ,  

This  t h e s i s  d e t a i l s  t h e  s t u d y  o f  two c l o s e l y  r e l a t e d  

i s o e P e c t r o n i c  d e f e c t  complexes i n  S i  a s s o c i a t e d  wi th  t h e  deep 

a c c e p t o r s  I n  and T 1  and some o t h e r  as  y e t  undetermined c o n s t -  

i t u e n t ( ~ ) .  These two d e f e c t s  have been t h e  s u b j e c t  o f  cons id -  

e r a b l e  phenomenological s tudy  s i n c e  1981 and 1982 r e s p e c t i v e l y ,  

b u t  u n t i l  t h e  p r e s e n t  work no s p e c i f i c  model had been proposed 

f o r  t h e  n a t u r e  o f  t h e  e l e c t r o n i c  s t a t e s .  The work c o n s i s t s  of  

two main s e c t i o n s .  F i r s t  t h e  ground s t a t e  spectrum o f  bo th  t h e  

S i : I n  and Si:T1 d e f e c t s  is s t u d i e d  by means o f  conven t iona l  PL 

spec t roscopy  u s i n g  above bandgap o p t i c a l  e x c i t a t i o n  i n  conjunc-  

t i o n  wi th  u n i a x i a l  s t r e s s  and magnet ic  f i e l d  p e r t u r b a t i o n s .  

These d a t a  g i v e  t h e  symmetries o f  t h e  d e f e c t s  r e s p o n s i b l e  f o r  

t h e  e x e i t o n  b ind ing  i n  bo th  c a s e s .  The Si:T1 c e n t r e  is o f  

P a r t i c u l a r  i n t e r e s t  from a b a s i c  phys i c s  p o i n t  o f  view s i n c e  i t  

Posses ses  t h e  unique f e a t u r e  o f  e x i s t i n g  i n  e i t h e r  o f  two 



metastable configurations, each with a distinct spectral 

signature. The stress and Zeeman data show that these two con- 

figurations of the Si:Tl centre have completely different 

symmetries wwich give rise to the very different spectral pro- 

perties. These data are used to show that, contrary to prior 

- assertions (Sauer and Weber,1983), the exciton ground state 

splittings can be understood in terms of conventional models of 

isoelectronic bound excitons. An interesting feature of these 

excitons however is the effect of the low symmetry crystal 

defect field on the hole states, in particular the ltquenchingw 

of the hole orbital angular momentum in the case of the low 

energy configuration of the Si:Tl defect and the Si:In defect. 

In addition there is evidence for a weak Jahn-Teller effect in 

the high energy configuration of the Si:Tl defect, an unusual 

,result for a bound exciton in a material with such a small 

bandgap. 

The second main focus of the thesis concerns the cons- 

truction and application of a tunable laser source for reso- 

nantly exciting the higher lying electronic states of the In- 

related IBE. These excited states are inaccessible to conven- 

tional PL with fixed energy excitation due to thermalization 

effects. The excited state spectrum of the In-related IBE had 

been previously observed by other workers (Wagner and Sauer, 

1983) -but no model was proposed to explain the apparently 

anomalous spectrum. In this work, the additional application of 

Uniaxial stress and magnetic field perturbations in conjunction 

with tunable excitation are used to explain the excited state 
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spectrum. The d a t a  imply a n  impur i ty  p o t e n t i a l  which is 

a t t r a c t i v e  t o  bo th  e l e c t r o n s  and h o l e s ,  c o n s i s t e n t  wi th  a  cha rge  

independent  " s t r a i n  w e l l w  b ind ing  mechanism superimposed on a 

h i g h l y  l o c a l i z e d  h o l e - a t t r a c t i v e  impur i ty  p o t e n t i a l .  

F i n a l l y ,  a  s imple  model f o r  t h e  b i s t a b l e  behaviour  o f  t h e  

S i : I n  and Si:T1 i s o e l e c t r o n i c  d e f e c t s  is p re sen ted ,  based on t h e  

r e s u l t s  o f  t h e  Zeeman and s t r e s s  d a t a .  

1 . 2 :  I s o e l e c t r o n i c  b ind ina  mechanisms 

The p h y s i c a l  p roces s  whereby a n  e l e c t r i c a l l y  n e u t r a l  

d e f e c t  i n  a  semiconductor,  f o r  example Np i n  Gap, can  bind a n  

e l e c t r o n - h o l e  p a i r ,  t o  form a n  I B E ,  has  mot ivated a g r e a t  d e a l  

o f  s tudy  i n  p a s t  y e a r s .  The s i m p l e s t  model, due t o  Hopfie ld ,  

Thomas, and Lynch (1966)  (HTL), assumes t h a t  such d e f e c t s  

i n t roduce  a  shor t - range  p o t e n t i a l  which b i n d s  one o f  t h e  

p a r t i c l e s  i n  a h i g h l y  l o c a l i z e d  s t a t e ,  wi th  t h e  o t h e r  bound i n  

t u r n  by t h e  Coulombic p o t e n t i a l  i n t roduced  by t h e  primary 

p a r t i c l e ,  I n  t h i s  model t he  d e f e c t  was r e f e r r e d  t o  as a n  i s o -  

e l e c t r o n i c  donor o r  a c c e p t o r  depending on whether t h e  l o o s e l y  

bound secondary p a r t i c l e  was an  e l e c t r o n  o r  a h o l e .  This  

p i c t u r e  e s s e n t i a l l y  t r e a t s  t h e  l a s t  bound p a r t i c l e  a s  a s i n g l e  

p a r t i c l e  s t a t e . .  F i g .  1.1 shows a s imple  energy  l e v e l  r ep re sen -  

t a t i o n  of  t h e  HTL model. The ze ro  o f  energy Ec is t aken  t o  be 

t h e  b a r e  d e f e c t  wi th  no e x c i t o n ,  and is c a l l e d  t h e  c r y s t a l  

ground s t a t e ,  The energy o f  a  f r e e  e l e c t r o n  and h o l e  a t  i n f i -  

n i t e  s e p a r a t i o n  is g i v e n  by t h e  bandgap energy  E g o  
Eg-Eex 



free e-h pa i r  

%I C I 

EMISSION 

C 

PLE 

. 

P i g .  1.1: Energy l e v e l  r e p r e s e n t a t i o n  o f  a n  i s o e l e c t r o n i c  

a c c e p t o r  i n  t h e  HTL model. For a n  i s o e l e c t r o n i c  donor,  e  and h 

a r e  i n t e r changed .  Ec is t h e  c r y s t a l  ground s t a t e  energy i n  t h e  

absence o f  a n  e x c i t o n .  The energy  o f  a n  e l e c t r o n - h o l e  p a i r  a t  

i n f i n i t y  is g i v e n  by t h e  bandgap energy  E r e f e r r e d  t o  t h e  
9' 

c r y s t a l  ground s t a t e .  Eg-Eex r e p r e s e n t s  t h e  energy which t h e  

e-h p a i r  l o s e s  by be ing  c a p t u r e d  on t h e  i s o e l e c t r o n i c  impur i ty .  

Eex is t h e  energy  o f  t h e  photons  measured e x p e r i m e n t a l l y  i n  PL, 

AEe r e p r e s e n t s  t h e  b ind ing  energy o f  t h e  t i g h t l y  bound e l e c t r o n ,  

AEh is t h e  energy  o f  t h e  l o o s e l y  bound ho le ,  bound t o  t h e  

Coulomb f i e l d  o f  t h e  primary p a r t i c l e .  I n  photoluminescence 

e x c i t a t i o n  (PLE) spec t roscopy  t h e  PL emis s ion  is measured a t  Eex 

a s  t h e  e x c i t a t i o n  energy  is tuned a c r o s s  t h e  v a r i o u s  e x c i t e d  

s ta te  t r a n s i t i o n s  wi th  a  t u n a b l e  laser .  
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r e p r e s e n t s  t h e  b ind ing  energy o f  a n  e x c i t o n  a t  t h e  d e f e c t .  

a E h ( e )  
i s  t h e  b ind ing  energy o f  t h e  l o o s e l y  bound h o l e ( e 1 e c t r o n )  

t o  t h e  t i g h t l y  bound primary p a r t i c l e  which has  a s i n g l e  

p a r t i c l e  b ind ing  energy hE e ( h ) *  

I t  is n o t  t h e  c a s e  t h a t  eve ry  i s o e l e c t r o n i c  t r a p  can  bind 

a  s i n g l e  p a r t i c l e .  GaP:Np is a system which has  been t h e  

s u b j e c t  o f  c o n s i d e r a b l e  t h e o r e t i c a l  and exper imenta l  work. I t  

r e p r e s e n t s  i n  many ways t h e  epitome o f  t h e  lrdeep" d e f e c t .  I n  

t he  s i m p l e s t  approximat ion,  t h e  Np impur i ty  p o t e n t i a l  is g iven  

by t h e  d i f f e r e n c e  between t h e  unscreened c o r e  p o t e n t i a l s  f o r  

i s o l a t e d  N and P. Faulkner  (1968)  showed t h a t  t h i s  r e s u l t s  i n  

an  e l e c t r o n - a t t r a c t i v e  p o t e n t i a l  wi th  a  p r e d i c t e d  b ind ing  energy 

of -1 eV, i n  complete d i sagreement  w.ith exper iment .  Indeed,  

while i t  is well known t h a t  Np c an  b ind  a n  e x c i t o n ,  it is n o t  

clear whether a bound s t a t e  e x i s t s  f o r  a n  i s o l a t e d  e l e c t r o n .  

A more s o p h i s t i c a t e d  approach,  used by J a r o s  and Brand 

(1979) i n c l u d e s  t h e  e f f e c t s  o f  s c r een ing ,  by means o f  Green ' s  

f u n c t i o n  t echn iques .  This  has  t h e  e f f e c t  o f  g r e a t l y  r educ ing  

t h e  b ind ing  energy from t h a t  o f  Faulkner ,  a l t hough  t h e  e x a c t  

b ind ing  energy depends on t h e  s p e c i f i c  assumptions  about  t h e  

form o f  t h e  impur i ty  p o t e n t i a l .  The impur i ty  p o t e n t i a l  is 

l o c a l i z e d  t o  t h e  o r d e r  o f  0 . 1  nm, wi th  t h e  r e s u l t  t h a t  k - s t a t e s  

from a wide r e g i o n  o f  t h e  B r i l l o u i n  zone are admixed i n t o  t h e  

wavefunctfon.  I n  a d d i t i o n ,  t h e i r  c a l c u l a t i o n s  show t h a t  t h e  

b ind ing  energy is c o n s i d e r a b l y  reduced when c o n t r i b u t i o n s  from 

t h e  lower l y i n g  s - l i k e  va l ence  bands, and h i g h e r  o r d e r  conduc- 

t i o n  bands are inc luded .  



While e f f o r t s  t o  observe  t h e  b ind ing  o f  a n  i s o l a t e d  

e l e c t r o n  a t  GaP:Np have proved f r u i t l e s s ,  d i r e c t  ev idence  f o r  

such b ind ing  has  been g iven  i n  t h e  case o f  GaP:Bi P' From a 

s imple  comparison o f  t h e  unscreened c o r e  p o t e n t i a l s  o f  B i  and P  

one e x p e c t s  a  l a r g e  i s o l a t e d  ho le  b ind ing  energy o f  t h e  o r d e r  03 

- a n  eV, s i m i l a r  t o  t h e  magnitude o f  t h e  e l e c t r o n  b ind ing  energy 

expec ted  i n  t h e  c a s e  o f  N p ,  I n  t h i s  case however, i t  t u r n s  o u t  

t h a t  t h e  e f f e c t s  o f  s c r e e n i n g  and t h e  band s t r u c t u r e  e f f e c t s  

observed by J a r o s  and Brand f o r  t h e  c a s e  o f  N p  do n o t  comple te ly  

cance l  o u t  t h e  ve ry  l a r g e  c o r e  p o t e n t i a l ,  w i t h  t h e  r e s u l t  t h a t  a 

s i n g l e  h o l e  b ind ing  energy  o f  38 meV i s  observed (Dean e t  a l . ,  

19691, This  va lue  was deduced from t h e  o b s e r v a t i o n  o f  lumin- 

escence  due t o  t h e  recombina t ion  o f  i s o l a t e d  h o l e s  bound t o  t h e  

B i p  d e f e c t s  wi th  e l e c t r o n s  from d e l i b e r a t e l y  i n t roduced  Te P 

donors,  whose b ind ing  energy is a c c u r a t e l y  known. 

I n  a d d i t i o n ,  B i  c an  bind an  e x c i t o n  (Trumbore e t  81'. , 
1966) with a b ind ing  energy of  107 meV r e l a t i v e  t o  t h e  Gap 

bandgap a t  4 . 2  K .  The energy ga ined  i n  b ind ing  t h e  e x t r a  

e l e c t r o n  is t h u s  -69 m e V ,  Th is  is  o f  t h e  o r d e r  o f  t h e  t o t a l  

e x c i t o n  b ind ing  energy,  and e l e c t r o n - h o l e  c o r r e l a t i o n  e f f e c t s  

a r e  t h u s  expec ted  t o  be l a r g e .  I n  t h i s  case i t  is meaningless  t o  

t a l k  about  a  s i n g l e  p a r t i c l e  e l e c t r o n  b ind ing  energy  a s  envi -  

s ioned  i n  t h e  HTL model, 

I t  would appear  from t h e  above two examples t h a t  extreme 

d i f f e r e n c e s  between t h e  h o s t  la t t ice  and impur i ty  c o r e  poten- 

t i a l s  a r e  r e q u i r e d  i n  o r d e r  t o  produce s i n g l e  p a r t i c l e  bound 

s t a t e s  a t  s imple  s u b s t i t u t i o n a l  i m p u r i t i e s .  I n  p r a c t i c e  



however, by f a r  t h e  m a j o r i t y  of  i s o e l e c t r o n i c  d e f e c t s  observed 

t o  d a t e  i n  Gap. and a l l  of  t h e  c a s e s  i n  S i  belong t o  t h e  class 

o f  mult iatom lt i s o e l e c t r o n i c "  complexes such as GaP:CdGa-Op and 

GaP:ZnGa-Opb Such complexes are e l e c t r i c a l l y  n e u t r a l  and i n t r o -  

duce no f r e e  c a r r i e r s ,  and a r e  a l s o  r e f e r r e d  t o  a s  i s o e l e c t r o n i c  

d e f e c t s .  S u b s t i t u t i o n a l  Op is known t o  i n t r o d u c e  a ve ry  deep 

donor l e v e l  wi th  a n  e l e c t r o n  b ind ing  energy o f  895.5  m e V  (Dean 

e t  a l . .  1968). The presence  of  a neares t -ne ighbour  CdCa o r  

ZnGa, which a r e  sha l low accep to r s .  g r e a t l y  reduces  t h e  b ind ing  

energy o f  Op by a n  energy roughly g i v e n  by e / & a o  where & is a n  

e f f e c t i v e  d i e l e c t r i c  c o n s t a n t ,  and aO is t h e  e q u i l i b r i u m  bond 

l e n g t h  o f  t h e  Cd-0 o r  Zn-0 complex. The above energy can  be 

thought  o f  a s  t h e  Coulomb i n t e r a c t i o n  energy o f  t h e  n e a r e s t  

neighbour Cd-0 o r  Zn-0 p a i r ,  which a r e  e s s e n t i a l l y  i on i zed  

donor-acceptor p a i r s .  Consider a d i s t a n t  CdGa-Op donor-acceptor 

p a i r  wi th  no carriers bound a t  e i t h e r  impur i ty .  The e l e c t r o -  

s t a t i c  energy of  t h i s  c o n f i g u r a t i o n  d e c r e a s e s  wi th  d e c r e a s i n g  

p a i r  s e p a r a t i o n .  If a n  e l e c t r o n  is bound a t  t h e  Op, t h e  e l e c -  

t r o s t a t i c  i n t e r a c t i o n  is z e r o .  The d i f f e r e n c e  i n  t o t a l  energy 

between t h i s  case and t h e  case o f  t h e  b a r e  donor-acceptor p a i r  

is t h e  b ind ing  energy  o f  a n  e l e c t r o n  a t  a CdG,-Op p a i r  which 

can be s e e n  t o  be a minimum f o r  t h e  neares t -ne ighbour  c a s e .  

These two c e n t r e s  a r e  known t o  b ind  a n  i s o l a t e d  e l e c t r o n  

because o f  t h e  o b s e r v a t i o n ,  s i m i l a r  t o  t h e  case o f  GaP:Bi, o f  

luminescence due t o  t h e  recombinat ion o f  e l e c t r o n s  bound t o  t h e  

complexes, wi th  h o l e s  bound t o  i s o l a t e d  Cd o r  Zn a c c e p t o r s .  I n  

t h e  c a s e  of  Zn-0 t h e  e l e c t r o n  b ind ing  energy,  Ee i s  reduced from 
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t h e  895.5 m e V  va lue  f o r  0  t o  2 8 2  m e V .  I n  a d d i t i o n ,  Henry e t  P 

a l .  (1968) have shown t h a t  t h i s  c e n t r e  c a n  b ind  a n  e x c i t o n  wi th  

a d d i t i o n a l  g a i n  o f  35 m e V  i n  b ind ing  energy,  which is  very  c l o s e  

t o  t h e  40 meV b ind ing  energy o f  a sha l low a c c e p t o r  i n  Gap, 

I n  t h e  above c a s e  t h e  35 meV i n c r e a s e  i n  b ind ing  energy 

. a s s o c i a t e d  wi th  t h e  c a p t u r e  o f  t h e  h o l e  is e s s e n t i a l l y  t h e  

a c c e p t o r  b ind ing  energy,  Eh of  a  h o l e  bound t o  t h e  ' p o i n t  

cha rgew d i s t r i b u t i o n  gene ra t ed  by t h e  h i g h l y  l o c a l i z e d  e l e c t r o n .  

S ince  t h e  e l e c t r o n  i s  h i g h l y  l o c a l i z e d  by t h e  Cd-0 o r  Zn-0 

p o t e n t i a l ,  and t h e  ho le  is d i f f u s e l y  bound t o  t h i s  l o c a l i z e d  

charge d i s t r i b u t i o n ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  o v e r l a p  o f  t h e  

e l e c t r o n  and ho le  wavefunctions,  and c o r r e l a t i o n  e f f e c t s  a r e  

expec ted  t o  be small. The e x c i t e d  s t a t e  spectrum should  

resemble t h e  well known hydrogenic  s e r i e s  o f  nS- l ike  e x c i t e d  

s tates f o r  a s u b s t i t u t i o n a l  a c c e p t o r  (see e . g .  Ramdas,and- 

Rodriguez, 1981) .  This  is i n d i c a t e d  s c h e m a t i c a l l y  i n  F ig .  1.1 

by t h e  Rydberg-like series o f  e x c i t e d  s t a t e s  converging t o  a n  

energy dEh above t h e  e x c i t o n  ground s t a t e .  I n  p r a c t i c e .  t h i s  is 

no t  observed i n  t h e  case o f  Cd-0 o r  Zn-0 (Henry e t  a l . ,  19681, 

presumably because phonon a s s i s t e d  t r a n s i t i o n s  (Chapt.  1.1) have 

a  much h ighe r  p r o b a b i l i t y ,  due t o  t h e  s t r o n g  coup l ing  o f  t h e  

e x c i t o n  s t a t e s  t o  i n t e r n a l  modes o f  t h e  complex, and t o  low 

- energy t r a n s v e r s e  a c o u s t i c  modes o f  t h e  Gap l a t t i ce .  The 

a b s o r p t i o n  measurements o f  Henry e t  a l .  showed on ly  broad bands 

and an t i -S tokes  phonon r e p l i c a s  o f  t h e  e x c i t o n  ground s t a t e  

t r a n s i t i o n s  i n  t h e  r e g i o n  of  t h e  expec ted  e x c i t e d  s t a t e s .  

The e x c i t o n  e x e i t e d  s t a t e  spectrum h a s  been observed f o r  
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t h e  c a s e  o f  near-neighbour N -N p a i r s  i n  Gap. Thomas and P P 

Hopfie ld  (1966) showed t h a t  f o r  h igh  N c o n c e n t r a t i o n s ,  e x c i t o n  

b ind ing  c a n  occur  a t  near-neighbour p a i r s ,  denoted NNi  where i 

deno te s  t h e  i t h  n e a r e s t  neighbour p a i r .  I n  t h e i r  model t h e  

b ind ing  energy o f  t h e  e x c i t o n  i n c r e a s e s  wi th  d e c r e a s i n g  p a i r  

s e p a r a t i o n ,  due t o  t h e  i n c r e a s i n g  s t r e n g t h  o f  t h e  t o t a l  c e n t r a l  

cell  p o t e n t i a l .  I n  conven t iona l  PL measurements, a series o f  

s p e c t r a l  peaks cor responding  t o  t h e  ground s t a t e  e x c i t o n  

t r a n s i t i o n s  of  t h e  v a r i o u s  p a i r s  is observed,  converging t o  t h e  

i s o l a t e d  Np e x c i t o n  b ind ing  energy a s  i+ a. The e x c i t e d  s t a t e s  

a r e  no t  obse rvab le  i n  PL due t o  r a p i d  t h e r m a l i z a t i o n  by t h e  

emiss ion  o f  a c o u s t i c  phonons a t  4 . 2  K .  

Cohen and S t u r g e  ( 1977 1 used photoluminescence e x c i t a t i o n  

spec t roscopy  (PLE) t o  probe t h e  h ighe r - ly ing  e x c i t e d  s t a t e s  of  

t he  i n d i v i d u a l  p a i r s  s p e c i e s .  I n  t h i s  t echnique ,  t h e  e x c i t e d  

s t a t e  spectrum o f  t h e  NNi  p a i r s  wi th  1 ~ 1 ~ 1 0  was ob ta ined  by 

s e l e c t i v e l y  moni tor ing  t h e  ground s t a t e  PL emis s ion  from a  g iven  

p a i r  s p e c i e s ,  whi le  scanning  t o  h i g h e r  energy  with  a t u n a b l e  dye 

l a s e r  ( F i g .  1 . 1 1 ,  A t  l i q u i d  H e  t empera tures ,  e x c i t o n s  which a r e  

c r e a t e d  i n  an e x c i t e d  s t a t e  by t h i s  t echn ique  t h e r m a l i z e  t o  t h e  

ground s t a t e  i n  a  t i m e  t h a t  is s h o r t  compared t o  t h e  r a d i a t i v e  

l i f e t i m e ,  s o  t h a t  t h e  PL emiss ion  i n t e n s i t y  is d i r e c t l y  propor-  

^ t i o n a l  t o  t h e  a b s o r p t i o n  s t r e n g t h  o f  t h e  t r a n s i t i o n  be ing  

e x c i t e d .  Using t h e  PLE method, t h e  e x c i t e d  s ta te  spectrum f o r  a 

g iven  Np -N p a i r  cou ld  be unambiguously de te rmined .  Cohen and 

S turge  observed i n  each  c a s e  a  hydrogenic  s e r i e s  of  nS-l ike 

e x c i t e d  s t a t e s ,  wi th  n  up t o  8, converg ing  t o  a  l i m i t  o f  34-40 



m e V  above t h e  ground s t a t e  t r a n s i t i o n .  This  energy is c l o s e  t o  

t h e  -40 meV b ind ing  energy of  h o l e s  t o  sha l low a c c e p t o r s  i n  Gap, 

and was t aken  as  ev idence  f o r  t h e  HTL model, wi th  t h e  e l e c t r o n  

a s  t h e  t i g h t l y  bound p a r t i c l e .  The d i f f e r e n c e  between t h e  

i o n i z a t i o n  l i m i t  o f  t h e  ho le ,  as  de te rmined  from t h e  s e r i e s  

. l i m i t  o f  t h e  e x c i t e d  s t a t e s ,  and t h e  e x c i t o n  ground s t a t e  ( s e e  

F ig .  1.1) was found t o  vary from 120 meV f o r  t h e  NN1 c e n t r e s  t o  

5 m e V  f o r  t h e  NN7 c e n t r e s ,  and was l i k e l y  z e r o  f o r  i28 .  The 

above d i f f e r e n c e  i n  energy was i n t e r p r e t e d  by Cohen and S tu rge  

w i t h i n  t h e  HTL model a s  t h e  b ind ing  energy  o f  t h e  i s o l a t e d  

e l e c t r o n  a t  t h e  c e n t r e ,  I t  is impor tan t  t o  r e a l i z e  t h a t  i n  t h e  

c a s e  when Ee-0, e l e c t r o n - h o l e  c o r r e l a t i o n s  must r e p r e s e n t  a  

l a r g e  p o r t i o n  o f  t h e  e x c i t o n  bind'ing energy,  and t h e  e x c i t e d  

s t a t e  spectrum be ing  measured is  no longe r  due t o  s i n g l e  

p a r t i c l e  e x c i t a t i o n s ,  b u t  t o  e x c i t a t i o n s  o f  t h e  two p a r t i c l e  

system. I t  i s  t h e r e f o r e  remarkable t h a t  t h e r e  is  s o  l i t t l e  

change i n  t h e  " h o l e N  b ind ing  e n e r g i e s  deduced by Cohen and 

S turge  over  such a wide range o f  e x c i t o n  b ind ing  e n e r g i e s .  

Al len  (1970)  proposed a comple te ly  d i f f e r e n t  model of  t h e  

b ind ing  p roces s  f o r  GaP:NNi i n  which t h e  e x c i t o n  as a  whole is  

bound t o  a s , ing le  N,  and t h e  s t r a i n  f i e l d  g e n e r a t e d  by the  

second N lowers  t h e  b ind ing  energy by a n  amount p r o p o r t i o n a l  t o  

-1 - a s t r a i n  energy -pri  where r i  is t h e  p a i r  s e p a r a t i o n ,  and p is 

a  c o n s t a n t .  Th i s  s t r a i n  f i e l d  would be a t t r a c t i v e  t o  bo th  

P a r t i c l e s ,  s i n c e  i t  produces a  l o c a l  s p l i t t i n g  o f  both  t h e  

conduct ion and va l ence  band extrema. The s i g n i f i c a n t  mismatch 

, i n  s i z e  between N and P is expec ted  t o  g i v e  a l a r g e  s t r a i n  f i e l d  
I 
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i n  t h e  v i c i n i t y  o f  t h e  d e f e c t .  A l l e n ' s  model provided a  remar- 

kably  good f i t  t o  t h e  e x c i t o n  ground s t a t e  e n e r g i e s  f o r  i>l ,  

a l though  t h i s  may be regarded  as somewhat f o r t u i t o u s  c o n s i d e r i n g  

t h e  s i m p l i f i c a t i o n s  used i n  o b t a i n i n g  t h e  above form o f  t h e  

s t r a i n  p e r t u r b a t i o n .  J a r o s  and Brand (1979) have extended t h e  

methods o f  t h e i r  GaP:N c a l c u l a t i o n s  t o  t h e  c a s e  o f  t h e  p a i r s ,  

and f i n d  a  s i g n i f i c a n t  i n c r e a s e  o f  t h e  b ind ing  energy o f  
\ 

e l e c t r o n s  t o  p a i r s  wi th  d e c r e a s i n g  s e p a r a t i o n  based on t h e  

sc reened  c o r e  p o t e n t i a l  approach.  The t r u e  p h y s i c a l  p i c t u r e  is 

almost  c e r t a i n l y  a combinat ion of  t h e  above two models. 

C l e a r l y ,  g i v e n  t h e  tendency o f  s c r e e n i n g  and band s t r u c t u r e  

e f f e c t s  t o  reduce  t h e  b ind ing  energy  o f  i s o e l e c t r o n i c  systems,  

l a t t i c e  e f f e c t s  such as s t r a i n  f i e l d s  can  be expec ted  t o  

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  b ind ing  o f  I B E s .  Th is  has  been 

borne o u t  by r e c e n t  work on low symmetry Cu-re la ted  I B E  i n  Gap 

(Monemar e t  a l . ,  1982; G i s l a son  e t  a l . ,  19821, and w i l l  be shown 

t o  be t h e  case f o r  t h e  T1- and I n - r e l a t e d  I B E  i n  S i .  

Davies (1984)  h a s  r e c e n t l y  produced a model i n  which t h e  

b ind ing  p o t e n t i a l  o f  t h e  e x c i t o n  is s imu la t ed  by a n  a x i a l  

i n t e r n a l  s t r a i n  a s s o c i a t e d  wi th  t h e  a x i a l  deformat ion  produced 

by such low symmetry I B E  b ind ing  c e n t r e s .  F i n i t e  b ind ing  

e n e r g i e s  a r e  o b t a i n e d  r e g a r d l e s s  o f  t h e  s i g n  o f  t h e  s t r a i n  f i e l d  

gene ra t ed .  However, h i s  model comple te ly  i gno res  t h e  o t h e r  

Sources of b ind ing ,  and must be cons ide red  a  s t r i c t l y  phenomen- 

o l o g i c a l  d e s c r i p t i o n  which is u s e f u l  o n l y  f o r  p r e d i c t i n g  the  

gene ra l  form o f  t h e  e x c i t o n  ground s t a t e  s p l i t t i n g s .  



Enhancement o f  b i n d i n a  enerav  due t o  l a t t i c e  r e l a x a t i o n  

L a t t i c e  r e l a x a t i o n  r e f e r s  t o  t h e  rearrangement  o f  t h e  

h o s t  l a t t i ce  o r  d e f e c t  c o n s t i t u e n t s  accompanying c a p t u r e  o f  a 

carrier o r  e x c i t o n .  This  e f f e c t  is e s p e c i a l l y  l a r g e  f o r  deep 

. d e f e c t s ,  i n  which a h igh  degree  o f  l o c a l i z a t i o n  o f  t h e  bound 

c a r r i e r  charge  d e n s i t y  can  cause  s u b s t a n t i a l  deformat ion  a f t e r  

c a p t u r e .  I n  t h i s  case, the  wavefunction c o n t a i n s  bo th  v i b r a -  

t i o n a l  and e l e c t r o n i c ,  ( i . e .  " v i b r o n i c w )  c o n t r i b u t i o n s .  I n  t h e  

absence o f  degeneracy,  i n  t h e  Born-Oppenheimer approximat ion 

( s e e  Stoneham, 19951, t h e  t o t a l  wavefunct ion is w r i t t e n  a s  

where r is t h e  e l e c t r o n i c  c o o r d i n a t e ,  and Q is a  c o o r d i n a t e  f o r  

nuc lear  motions, a s s o c i a t e d  wi th  t h e  wave f u n c t i o n  ~ i Q 1 .  The 

form of  l 1 . 1 1  p e r m i t s  a s e p a r a t i o n  o f  t h e  wave e q u a t i o n  f o r  

P ( r , Q )  i n t o  a n  e l e c t r o n i c  equa t ion ,  which is e v a l u a t e d  a t  a  

- f i x e d  Q, and a  v i b r a t i o n a l  e q u a t i o n  which depends on ly  on Q.  

The p o t e n t i a l  energy term i n  t h e  wave e q u a t i o n  f o r  x ( Q )  can  be 

v i s u a l i z e d  i n  terms of  a c o n f i g u r a t i o n  c o o r d i n a t e  diagram ( F i g .  

1 . 2 ) .  T h i s  r e p r e s e n t s  t h e  sum o f  t h e  d e f e c t ' s  v i b r a t i o n a l  

P o t e n t i a l  energy,  and t h e  e l e c t r o n i c  energy  e v a l u a t e d  a t  a  f i x e d  

value o f  Q, p l o t t e d  a s  a f u n c t i o n  o f  Q .  

A s imple  example c a n  be g i v e n  t o  i l l u s t r a t e  a mechanism 

f o r  v i b r o n i c  r e l a x a t i o n  a t  i s o e l e c t r o n i c  d e f e c t s .  A s  d i s c u s s e d  

Prev ious ly ,  t h e  b ind ing  energy o f  t h e  Op donor i n  Gap i s  dram- 

a t i c a l l y  reduced by t h e  presence  o f  a  n e a r e s t  neighbour ZnGa 



CONFIGURATION COORDINATE 

Fig. 1.2: configuration coordinate diagram for a defect 
with strong vibronic coupling, In the case of exciton binding 
at an isoelectronic defect, the figure represents the electronic 
+ vibrational energy surface for (a), the bare defect, (b), the 
bound exciton, and (c) the bare deEect + free exciton. In the 
case where the isoelectronic defect can bind a single carrier, 
essentially the same curves apply, in which case (a), (b), and 
(c) are respectively the valence band, the trapping level, and 
the conduct ion band. 
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ion .  Thus one e x p e c t s  t h e  b ind ing  energy o f  t h e  e l e c t r o n  a t  a 

zn-0 complex t o  be ex t remely  s e n s i t i v e  t o  a x i a l  d i sp l acemen t s  o f  

t h e  p a i r  ( J a r o s  and Brand, 1976) .  I n  t h e  absence o f  a n  

e l e c t r o n ,  t h e  p a i r  s e p a r a t i o n  can  be d e s c r i b e d  by a  v i b r o n i c  

energy s u r f a c e  ( F i g .  1 . 2 a )  wi th  a n  e q u i l i b r i u m  c o o r d i n a t e  Q, 

which is determined by t h e  ba lance  o f  t h e  Coulomb a t t r a c t i o n  o f  

t h e  oppos i te ly -charged  p a i r  components, and t h e  r e s t o r i n g  f o r c e  

o f  t h e  l a t t i c e .  When a n  e l e c t r o n  is l o c a l i z e d  a t  t h e  d e f e c t ,  

t h e  Coulomb f o r c e s  a r e  c o n s i d e r a b l y  a l t e r e d .  The e l e c t r o n  

b ind ing  energy c a n  be inc reased  by a  d i l a t i o n  o f  t h e  p a i r  bond 

l eng th ,  b u t  a t  t h e  e v e n t u a l  c o s t  o f  i n c r e a s e d  v i b r a t i o n a l  

p o t e n t i a l  energy .  The new v i b r o n i c  energy  s u r f a c e  w i l l  i n  

g e n e r a l  be d i s p l a c e d  t o  some new c o o r d i n a t e ,  
QO 

l ( F i g .  1 . 2 b ) .  

I n  t h e  c a s e  o f  t h e  Zn-0 bound e x c i t o n ,  t h e  above d e s c r i p t i o n  is 

e s s e n t i a l l y  unchanged, s i n c e  t h e  h o l e  wavefunct ion is much more 

d i f f u s e ,  and should  n o t  couple  a p p r e c i a b l y  t o  t h e  p a i r  motions.  

For t h e  moment assume t h a t  t h e  energy s u r f a c e  l a b e l l e d  

(c )  i n  F ig .  1 . 2  r e p r e s e n t s  t he  v i b r o n i c  energy o f  t h e  f r e e  

e x c i t o n  + d e f e c t .  S ince  t h e  f r e e  e x c i t o n  s t a t e s  a r e  d e l o c a l -  

ized,  t h i s  is i d e n t i c a l  t o  t h e  curve  f o r  t h e  b a r e  b ind ing  c e n t r e  

( a )  b u t  s h i f t e d  u p  by t h e  f r e e  e x c i t o n  format ion  energy .  From 

Fig.  1 . 2  and t h e  above d i s c u s s i o n  i t  is clear t h a t  a c o n s i -  

d e r a b l e  p o r t i o n  o f  t h e  b ind ing  energy o f  a f r e e  e x c i t o n  a t  t h e  

d e f e c t  can  d e r i v e  from v i b r a t i o n a l  r e l a x a t i o n .  According t o  t h e  

Frank-Condon approximat ion  (see Stoneham, 19751, c a p t u r e  of  a  

free e x c i t o n  a t  p o i n t  1 i n  P ig .  1 . 2  o c c u r s  wi th  no change i n  t h e  

c o o r d i n a t e  Q=Qo. Subsequent t o  c a p t u r e ,  t h e  system r e l a x e s  t o  
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t he  new e q u i l i b r i u m  p o s i t i o n ,  Po' by e m i t t i n g  S phonons o f  

energy h a = (  EZ-Eg / S  where S is t h e  Huang-Rhys f a c t o r  ( s e e  

Stoneham, 1975 1 . 
I t  is impor t an t  t o  r e a l i z e  t h a t  t h e  energy Shw c a n  r e p r e -  

s e n t  a l a r g e  f r a c t i o n  o f  t h e  t o t a l  b ind ing  energy .  I n  some 

. cases t h e r e  can  be no b ind ing  i n  t h e  absence of  r e l a x a t i o n  and 

the  e x c i t o n  is e s s e n t i a l l y  u s e l f - t r a p p e d M  (Toyazawa, 1983) .  

S ince  t h e  c o n f i g u r a t i o n - c o o r d i n a t e  s u r f a c e s  f o r  ( c )  and 

( a )  are i d e n t i c a l ,  S  is a l s o  g iven  by t h e  energy ( E 4 - E 5 ) / h w  i n  

Fig .  1 . 2 .  S c a n  t h e r e f o r e  be determined from t h e  l i n e s h a p e  o f  

t h e  e x c i t o n  luminescence,  which cor responds  t o  o p t i c a l  t r a n s i -  

t i o n s  from ( b )  t o  ( c ) .  The h o r i z o n t a l  b a r s  i n  F ig .  1 . 2  r e p r e -  

s e n t  t h e  a l lowed phonon modes on a g i v e n  s u r f a c e .  A t  l i q u i d  H e  

t empera tures  a l l  t h e  e x c i t o n s  t h e r m a l i z e  t o  t h e  lowes t  ( m = O )  

v i b r o n i c  l e v e l  on cu rve  ( b ) .  The p r o b a b i l i t y  o f  decay o f  t h e  

e x c i t o n  t o  t h e  v i b r o n i c  s t a t e s  i n  ( a )  is p r o p o r t i o n a l  t o  a n  

e l e c t r o n i c  m a t r i x  e lement ,  m u l t i p l i e d  by a f a c t o r  which is 

p r o p o r t i o n a l  t o  t h e  o v e r l a p  o f  t h e  i n i t i a l  ( m = O )  and f i n a l  

v i b r a t i o n a l  wavefunct ions  ~ ~ ( ( 1 )  and x f ( Q )  . The t r a n s i t i o n  from 

the  m=O i n i t i a l  s t a t e  t o  t he  m=O f i n a l  s ta te  is c a l l e d  t h e  no- 

phonon t r a n s i t i o n ,  This  l i n e  is t y p i c a l l y  very  sha rp ,  wi th  a 

l i newid th  o f  0 , 2  m e V  o r  l e s s  a t  l i q u i d  He tempera tures ,  and 

permi t s  a ve ry  a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  e x c i t o n  ground 

s t a t e .  I n  a d d i t i o n ,  one obse rves  a series o f  b roader  S tokes  

phonon r e p l i c a s  o f  t h e  no-phonon t r a n s i t i o n  a t  lower energy .  

The exces s  v i b r a t i o n a l  energy o f  t h e  f i n a l  s tates i n  t h e s e  

t r a n s i t i o n s  is r a p i d l y  d i s s i p a t e d  by c o u p l i n g  t o  l a t t i c e  



phonons, r e s u l t i n g  i n  a n  a p p r e c i a b l e  broadening compared with  

t h e  no-phonon t r a n s i t i o n .  The s t r e n g t h  o f  t h e  S tokes  phonon 

s ideband  is a d i r e c t  measure o f  t h e  s t r e n g t h  o f  t h e  v i b r o n i c  

coup l ing  o f  t h e  e x c i t o n  t o  t h e  d e f e c t  c o o r d i n a t e s .  I n  t h e  l i m i t  

o f  s t r o n g  v i b r o n i c  coupl ing ,  t h e  r a t i o  o f  t h e  no-phonon l i n e  t o  

t h e  t o t a l  c o n t r i b u t i o n  from t r a n s i t i o n s  t o  t h e  m10 f i n a l  s t a t e s  

is g i v e n  by 

I n  t h i s  l i m i t  t h e  r a d i a t i v e  l i n e s h a p e  f u n c t i o n  r educes  t o  a  

Gaussian c e n t r e d  on t h e  energy (Eq-E5)-Shw ( F i g  1 . 2 b ) .  For t h e  

GaP:Zn-0 I B E ,  one o b t a i n s  Shw190 m e V  from t h e  p o s i t i o n  o f  t h e  

maximum of  t h e  phonon a s s i s t e d  s ideband  observed i n  PL r e l a t i v e  

t o  t h e  no-phonon l i n e  position !Henry et aL., 19681, Thus, af 

t h e  282 m e V  e x c i t o n  b ind ing  energy,  over  h a l f  is due t o  

v i b r a t i o n a l  r e l a x a t i o n .  

1.3: Breakdown o f  c r v s t a l  momentum c o n s e r v a t i o n  

I n  above a n a l y s i s ,  t h e  phonon c o u p l i n g  was ove r s imp l i . f i ed  

by assuming coup l ing  t o  l o c a l  i n t e r n a l  modes o f  t h e  d e f e c t  on ly .  

I n  a n  i n d i r e c t  gap semiconductor however, t h e r e  is a n  a d d i t i o n a l  

Complication due t o  t h e  f a c t  t h a t  t h e  conduc t ion  band minima and 

t h e  va lence  band maxima do no t  occur  a t  t h e  same va lue  o f  

c r y s t a l  momentum k. This  r educes  t h e  e f f e c t i v e  e l e c t r o n i c  

t r a n s i t i o n  p r o b a b i l i t y  i n  t h e  above a n a l y s i s ,  compared wi th  t h e  
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case of direct gap semiconductors. 

Si and Gap are both indirect gap semiconductors, with 

respective conduction band minima at 0.85 and -1-0 times the 

first Brillouin zone boundary wave vector, located along the 

< O O f >  direction. For Si there are six equivalent minima, 

whereas for Gap this is reduced to three because the minima are 

at or very close to the zone boundary. Recombination of an 

electron at the conduction band minimum with a hole at the k=O 

valence band maximum must be accompanied by the emission of a 

momentum-conserving phonon, with a subsequent reduction in the 

recombination energy of the order of 10 to 60 meV in Si, deter- 

mined by the particular branch to which the phonon belongs. At 

liquid He temperatures, the dominant radiative decay channel for 

carriers in crystalline Si with very low impurity concentrations 

((10'~ cme3) is the free exciton, which consists of an electron- 

hole pair weakly bound by virtue of their Coulomb interaction 

with a binding energy of 14 meV. In the free exciton the 

electron and hole are quite localized in k-space to the 

conduction and valence band extrema. The requirement that a 

momentum-conserving phonon be emitted upon recombination has the 

effect of greatly reducing the radiative transition probability 

of free excitons in indirect gap semiconductors compared with 

direct gap materials such as GaAs or InP. 

When an exciton is bound to an isoelectronic defect, the 

high degree of real space localization of one of the particles 

results in a breakdown of this crystal momentum conservation 

condition because the wavefunction is no longer made up solely 



of  k - s t a t e s  d e r i v e d  from t h e  band ex t rema.  The c a l c u l a t i o n s  o f  

J a r o s  and Brand (1979)  i n d i c a t e  t h a t  t h e  admixture  o f  k=O 

conduct ion band s ta tes  f o r  t h e  GaP:N e l e c t r o n  l e v e l  is a s  h igh  

a s  10% o f  t h e  va lue  a t  t h e  band minimum. The small b u t  s i g n i f -  

i c a n t  o v e r l a p  o f  t h e  k-space wavefunct ions  o f  t h e  e l e c t r o n  and 

. ho le  g r e a t l y  enhances  t h e  r a d i a t i v e  recombina t ion  rate compared 

with t h a t  o f  i n t r i n s i c  p roces ses  l i k e  t h e  f r e e  e x c i t o n ,  This  

e f f e c t  is  r e s p o n s i b l e  f o r  t h e  h igh  e f f i c i e n c i e s  o f  GaP:N 

e l e c t r o l u m i n e s c e n t  d i s p l a y s .  A c h a r a c t e r i s t i c  s i g n a t u r e  o f  I B E  

o p t i c a l  s p e c t r a  i s  t h e  presence  of  a s t r o n g  ze ro  phonon l i n e ,  

with negl  i g i b l e  coup1 i n g  t o  momentum conse rv ing  phonon modes, 

The dominant observed phonon modes a r e  t h e  l o c a l  i n t e r n a l  modes 

of  t h e  d e f e c t  d e s c r i b e d  above, and non-momentum conse rv ing  

l a t t i c e  phonons. The former a r e  s e e n  as f a i r l y  s h a r p  d i s c r e t e  

rep1  icas o f  t h e  zero-phonon t r a n s i t i o n s ,  whi le  t h e  l a t t e r  a r e  

observed a s  broad bands which g e n e r a l l y  r e f l e c t  t h e  l a t t i c e  

phonon d e n s i t y  o f  s t a t e s .  

The case o f  I B E  should  be c o n t r a s t e d  wi th  t h a t  o f  

e x c i t o n s  bound t o  n e u t r a l  donors  o r  a c c e p t o r s .  I n  t h i s  case t h e  

b ind ing  mechanism is l a r g e l y  Coulombic and t h e r e f o r e  long- 

ranged,  For example, t h e  P donor bound e x c i t o n  i n  Si:P c o n s i s t s  

of two e l e c t r o n s  and a h o l e  l o c a l i z e d  around t h e  long-ranged l / r  

. Coulomb p o t e n t i a l  o f  t h e  p o s i t i v e l y  charged  P ion .  The e x c i t o n  

s tates a r e  c o n s i d e r a b l y  more d e l o c a l i z e d  t h a n  t h e  pr imary 

P a r t i c l e  i n  a n  I B E ,  w i t h  t h e  r e s u l t  t h a t  t h e  k-space wave- 

f u n c t i o n s  are l a r g e l y  con f ined  t o  t h e  minima, A small ze ro  

phonon l i n e  is observed f o r  t h e s e  e x c i t o n s  due t o  t h e  small k=O 
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t a i l s  of  t h e  e l e c t r o n  s t a t e  wavefunct ions ,  b u t  i t  is o f t e n  

weaker t h a n  t h e  momentum-conserving phonon r e p l i c a s .  

1 . 4 :  E f f e c t s  o f  s t r e s s  and Masnetic f i e l d s  

S t r e s s  d e ~ e n d e n c e  

The e f f e c t  o f  s t r e s s  p e r t u r b a t i o n s  on t h e  f r e e  e l e c t r o n  

and ho le  s t a t e s  of S i  is wel l  known ( e . g .  Laude e t  a l . ,  1971) .  

For sha l low donors  and a c c e p t o r s  t h e  t r e a t m e n t  is very s i m i l a r  

( e , g ,  Ramdas and Rodriguez, 1981) s i n c e  t h e s e  s ta tes  a r e  r e l a -  

t i v e l y  l o c a l i z e d  i n  k-space near  t h e  band extrema,  The e f f e c t s  

of  s t r e s s  on deep s t a t e s  a r e  much more d i f f i c u l t  t o  c a l c u l a t e ,  

s i n c e  t h e  s t r e s s  dependence o f  d i f f e r e n t  p o i n t s  i n  k-space is 

not  wel l  known and a d e t a i l e d  knowledge o f  t h e  k-space d i s t r i -  

b u t i o n  o f  t h e  d e f e c t  wavefunction is r e q u i r e d .  The usua l  

approach with  i s o e l e c t r o n i c  d e f e c t s  has  been t o  t r e a t  t h e  

e l e c t r o n  and h o l e  s t a t e s  a s  i n  t h e  sha l low c a s e ,  and t o  a t t r i -  

bu te  d i f f e r e n c e s  i n  t h e  observed deformat ion  p o t e n t i a l s  t o  t h e  

deep n a t u r e  of  one o f  t h e  p a r t i c l e s .  

Pn c u b i c  c r y s t a l s ,  such as S i  o r  Gap, t h e  lowes t  va lence  

. band is p - l i ke  and would be s i x - f o l d  degene ra t e ,  i n c l u d i n g  

sp in ,  i n  t h e  absence o f  t h e  s p i n - o r b i t  i n t e r a c t i o n .  The s t r e s s  

P e r t u r b a t i o n  can  be w r i t t e n  q u i t e  g e n e r a l l y  i n  t h e  form 



where u i j  is t h e  s t r e s s  t e n s o r  and A i j  a r e  e x p e r i m e n t a l l y  d e t e r -  

mined c o n s t a n t s .  The e f f e c t  o f  t h e  above p e r t u r b a t i o n  on t h e  

t h r e e  p - s t a t e s  can  be expressed  by a 3x3 ma t r ix  ( s e e  e . g .  

Davies, 1984) which on symmetry grounds c a n  depend on on ly  t h r e e  

parameters  i n  a  c u b i c  c r y s t a l .  These a r e  t h e  a ,  b, and d  

deformat ion  p o t e n t i a l s  o f ,  f o r  example, Laude e t  a l .  ( 1 9 7 1 ) .  

I n  t h e  absence of  stress, t h e  h o l e  s t a t e s  are s p l i t  i n t o  

3 1 a fou r - fo ld  ( i n c l u d i n g  s p i n )  j=Z band and a two-fold j=- s p l i t -  2 

o f f  band, 44 m e V  h ighe r  i n  ho le  energy,  by t h e  s p i n - o r b i t  i n t e r -  

a c t i o n  ( F i g .  1 . 3 1 ,  The e i g e n f u n c t i o n s  o f  t h e  s p i n - o r b i t  

Hamiltonian,  eL.+ a r e  l i n e a r  combinat ions  o f  t h e  produc t  

states, p i t  e t e .  I n  t h i s  b a s i s  i t  is s t r a i g h t f o r w a r d  t o  

c a l c u l a t e  t h e  o f f -d i agona l  ma t r ix  e l emen t s  o f  t h e  above s t r e s s  

Hamiltonian.  For sma l l  s t r e s s e s  a long  each  of  t h e  t h r e e  

3  p r i n c i p a l  c r y s t a l  a x e s  t h e  j=z band s p l i t s  wi th  s h i f t  r a t e s  

de f ined  by t h e  fo l lowing  r e l a t i o n s  ( e . g .  Chandrasekhar and 

Ramdas, 1975):  

where  Sll ,  Slap and S44 are t h e  non-zero compliance c o n s t a n t s  o f  

Si .  and T is t h e  a p p l i e d  f o r c e  pe r  u n i t  a r e a  a long  t h e  d i r e c t i o n  

ind i ca t ed .  Note t h a t  t h e  response  t o  <110> s t r e s s  is determined 



hole enerpy 

Fig .  1 . 3 :  S p l i t t i n g  o f  t h e  h o l e  s t a t e s  under <001> 

stress i n  two l i m i t i n g  cases. On t h e  r i g h t  is  t h e  s p l i t t i n g  f o r  

t he  c a s e  i n  which t h e  s t r e s s  s p l i t t i n g  energy  AOQ1 is  much 

sma l l e r  t han  t h e  s p i n  o r b i t  coup l ing  energy,  f .  In t h i s  l i m i t  
1 3 

t h e  h o l e  s t a t e s  resemble  t h o s e  o f  t h e  f r e e  h o l e  j=Ls and I=+- 
3 

-2 
bands, b u t  wi th  t h e  j=- band s p l i t  by a n  amount A ~ ~ ~ .  On t h e  

2 
l e f t  is t h e  case o f  a stress which is l a r g e  compared t o  t h e  

s p i n - o r b i t  energy,  such t h a t  t h e  l owes t  h o l e  s t a t e  is a s i n g l e  

degenera te  o r b i t a l  p - s t a t e  wi th  a negl  i g i b l e  s p i n - o r b i t  

admixture o f  t h e  o t h e r  two g - s t a t e s .  
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by t h e  response  t o  t e t r a g o n a l  (<001>  and t r i g o n a l  (<lib> 1 

s t r e s s e s .  While t h e s e  s p l i t t i n g  r a t e s  are q u i t e  d i f f e r e n t  i n  

p r i n c i p a l ,  it t u r n s  o u t  t h a t  f o r  S i  and GaP t h e  small stress 

s p l i t t i n g s  a r e  w i t h i n  20% o f  each o t h e r  r e g a r d l e s s  o f  t h e  stress 

d i r e c t i o n .  I n  a d d i t i o n  t o  t h e  above s p l i t t i n g  terms,  t h e r e  are 

. a l s o  h y d r o s t a t i c  s h i f t s  o f  bo th  va l ence  bands which depend on 

t h e  parameter  a  (see Laude e t  a l , ) .  The above e x p r e s s i o n s  

remain v a l i d  o n l y  i n  t h e  l i m i t  e > > ~ ,  f o r  which case t h e r e  is  

1 3 n e g l i g i b l e  mixing between the  j=Z and j=- va lence  band s t a t e s .  2 

More g e n e r a l  e x p r e s s i o n s  have been d e r i v e d  by Chandrasekhar e t  

a l .  (1975) f o r  t h e  c a s e  of  l a r g e  s t r a i n s .  

When t h e  s t r a i n  energy exceeds  t h e  s p i n - o r b i t  coup l ing  

energy 5 ,  it i s  more convenien t  t o  t h i n k  i n  terms o f  t h e  pi  

b a s i s ,  wi th  t h e  s p i n - o r b i t  i n t e r a c t i o n  added a s  a  p e r t u r b a t i o n .  

I f  f o r  example, a l a r g e  compressive s t r e s s  i s  a p p l i e d  a long  t h e  

< 0 0 l >  a x i s ,  t h e  pZ l e v e l  is  lowered wi th  r e s p e c t  t o  t h e  degen- 

e r a t e  px and p  l e v e l s .  For s u f f i c i e n t l y  l a r g e  s p l i t t i n g s  t h e  
Y 

s p i n - o r b i t  i n t e r a c t i o n  c a n  no longer  mix t h e  px and p s t a t e s  
Y 

with pZ, and t h e  s t a t e  o f  lowes t  energy is j u s t  t h e  pZ s t a t e  

m u l t i p l i e d  by a  s p i n  f u n c t i o n  ( F i g .  1 . 3 ) .  This  l i m i t  is n o t  

reached i n  p r a c t i c e  f o r  e x t e r n a l l y  a p p l i e d  s t r e s s e s ,  b u t  i t  

t u r n s  ~ u t  t h a t  t h e  i n t e r n a l  s t r a i n  f i e l d  in t roduced  by a d e f e c t ,  

. i n  c o n j u n c t i o n  wi th  a  p o s s i b l e  r e d u c t i o n  o f  t h e  s p i n - o r b i t  

Coupling energy a t  t h e  d e f e c t ,  c a n  produce t h e  above s i t u a t i o n .  

The i m p l i c a t i o n s  of  t h i s  r e s u l t  t o  I B E  w i l l  be shown i n  Chapts .  

4 and 5 .  

The conduc t ion  band minima o f  S i  a r e  s - l i k e  and l i e  a long  
' . , '  
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t h e  <001> a x i s ,  a t  0 . 8 5  times t h e  zone boundary wavevec to r .  On 

~ y m m e t r y  g rounds  (see e . g .  Ramdas and Rodr iguez ,  1 9 8 1 ) ,  t h e  

stress p e r t u r b a t i o n  o f  a g i v e n  band extremum depends  on  two 

~ a r a m e t e r s ,  t h e  d i l a t i o n a l  and s h e a r  d e f o r m a t i o n  p o t e n t i a l s ,  

l a b e l l e d  - and . 'La S u b t r a c t i n g  a h y d r o s t a t i c  s h i f t  term which 

depends upon Zde one  o b t a i n s  t h e  f o l l o w i n g  e x p r e s s i o n  ( e , g .  

Tekippe e t  a l . ,  1972)  : 

A A 

6 E j =  <T(Sll-S 12 ) ( k  i .x) L1.51 

A 

where k is a u n i t  v e c t o r  a l o n g  t h e  d i r e c t i o n  o f  t h e  band -9 
A 

minimum j, and is a u n i t  v e c t o r  i n  t h e  d i r e c t i o n  o f  t h e  

a p p l i e d  f o r c e ,  and  T is t h e  magni tude  o f  t h e  a p p l i e d  f o r c e  p e r  

u n i t  a r e a .  T is n e g a t i v e  f o r  c o m p r e s s i v e  stresses, Under a  

<001> stress, t h e  bands  s h i f t  by a n  amount 

where t h e  i n d i c e s  1 and 2 r e f e r  t o  t h e  bands  which l i e  a l o n g  t h e  

s t r e s s  a x i s .  

The above s h i f t  r a t e s  d e s c r i b e  t h e  b e h a v i o u r  o f  f r e e  

e l e c t r o n  s t a t e s .  The case f o r  bound e l e c t r o n s  is c o m p l i c a t e d  by 

t h e  v a l l e y - o r b i t  i n t e r a c t i o n .  A s h a l l o w  i m p u r i t y  such  as P w i t h  

a l o n g  ranged l / r  Coulomb p o t e n t i a l  c a n  b i n d  a n  e l e c t r o n  i n  a 

hydrogen ic  o r b i t  which e x t e n d s  o v e r  s e v e r a l  t e n s  o f  l a t t i c e  

c o n s t a n t s .  Because o f  t h e  d i f f u s e  n a t u r e  o f  s u c h  states,  t h e  
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wave function is relatively localized to the k-space minima. 

However, the electron is no longer confined to one band since 

the impurity potential removes the full translational symmetry 

of the lattice and can scatter electrons among the six equi- 

valent valleys. The six-fold degeneracy of the 1s-like donor 

state can be lifted by the T crystal field of a substitutional d 

impurity in Si, and the ground state can split into levels which 

transform as the representations rl, r3, and r5 in the notation 

of Koster et al. (19639, with degeneracies of 1, 2, and 3 

respectively (Kohn and Luttinger, 1955). Spin has been excluded 

from the above discussion. 

The ordering and energy splittings of the three valley- 

orbit states depend on the detailed nature of the binding 

potential, which is often poorly known, The details of the 

physical process'responsible for the valley-orbit splittings are 

generally lumped into two experimentally determined constants 

equal to the matrix elements of the impurity potential with 

respect to the various valleys (see e.g. Wilson and Feher, 

1961). For electron attractive central cell potentials, the 

totally symmetric rl state lies at lowest electron energy. The 

splitting of the r3 and r5 levels is usually small because these 

'states vanish at r=O where the impurity potential is strongest. 

In this case the splitting of the r1 and r3p5 states is given by 

where nc represents the matrix elements of the impurity 

Potential between any two of the conduction band valleys. 

The valley-orbit eigenstates consist of different linear 

combinations of the six conduction band minima. Since the 
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s t r e s s  dependence o f  t h e s e  s i x  bands is d e f i n e d  by l1 .61  i t  is 

s t r a i g h t f o r w a r d  t o  o b t a i n  t h e  s t r e s s  dependence o f  t h e  v a l l e y -  

o r b i t  s ta tes  (see Wilson and Feher, 1961) .  

For <I l l>  s t r e s s e s ,  a l l  s i x  bands a r e  e q u i v a l e n t  and 

t h e r e  is no i n t e r a c t i o n  between t h e  r 1' r3' and r5 s t a t e s ,  

r e s u l t i n g  i n  a  l i n e a r  s h i f t  rate.  Under compress ive  <001> 

s t r e s s  two o f  t h e  bands a r e  lowered wi th  r e s p e c t  t o  t h e  o t h e r  

f o u r .  T h i s  has  t h e  r e s u l t  o f  induc ing  mixing between t h e  r1 and 

r3 l e v e l s  r e s u l t i n g  i n  n o n l i n e a r  s h i f t  r a t e s  g i v e n  by 

where x== s/6Ac, and s is t h e  s t r a i n ,  g iven  by s=2(Sll-S12)T, -u 

and t h e  ze ro  stress r3 t o  r5 s p l i t t i n g  has  been assumed equa l  t o  

ze ro .  For <110> compress ive  stress fou r  o f  t h e  bands a r e  

lowered wi th  r e s p e c t  t o  t h e  o t h e r  two wi th  t h e  r e s u l t  t h a t  t h e  

s h i f t  r a t e s  a r e  g i v e n  by the  above e x p r e s s i o n  with  t h e  r e p l a c e -  

ment T+-T/2. 

Exci ton s t a t e s  

A s imple  approach t o  t h e  model l ing o f  a x i a l  I B E  under 

s t r e s s  was d e r i v e d  by Morgan and Morgan (1970)  f o r  t h e  case o f  

<111> o r i e n t e d  d e f e c t s  such a s  GaP:Cd-0. This  model assumes 

t h a t  t h e  e x c i t o n  is composed o f  weakly i n t e r a c t i n g  s i n g l e  

P a r t i c l e  e l e c t r o n  and h o l e  s t a t e s  t h a t  a r e  e s s e n t i a l l y  t h o s e  o f  
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sha l low donors  and a c c e p t o r s ,  i . e .  t h a t  they  are d e r i v e d  from 

t h e  conduc t ion  and va lence  band minima. The a x i a l  n a t u r e  o f  

t h e  e x c i t o n s  was a t t r i b u t e d  t o  a small i n t e r n a l  s t r a i n  which was 

3 presumed t o  s p l i t  t h e  j-- band i n t o  two bands a t  e n e r g i e s  +& -2 

from t h e  ze ro  s t r a i n  v a l u e ,  The e l e c t r o n  s t a t e s  were assumed t o  

belong t o  t h e  nondegenerate  r l  v a l l e y - o r b i t  s t a t e ,  and any 

mixing e f f e c t s  wi th  h ighe r  e l e c t r o n  s t a t e s  was n e g l e c t e d .  

The f i n e  s t r u c t u r e  of  t h e  e x c i t o n  ground s t a t e  was 

modelled by Morgan and Morgan i n  a  phenomenological way wi thout  

r e g a r d  f o r  t h e  d e t a i l e d  mechanisms o f  e x c i t o n  binding,  o r  o f  t h e  

p e r t u r b a t i o n s  which r e s u l t  i n  t h e  s p l i t t i n g s .  The model t h u s  

makes no p r e d i c t i o n s  about  a b s o l u t e  energy  p o s i t i o n s ,  b u t  on ly  

about  ze ro  f i e l d  and s t r e s s - i n d u c e d  s p l i t t i n g s  o f  t h e  ground 

s t a t e .  Res idua l  d ipo le -d ipo le  i n t e r a c t i o n s ,  a s  w e l l  a s  t h e  

e f f e c t s  o f  c o r r e l a t i o n  and exchange, between the  t h e  bound 

e l e c t r o n  and h o l e  were accounted f o r  by a  j - j  coup l ing  term of  

t h e  form -A+,.% where +, and a r e  t h e  h o l e  and e l e c t r o n  t o t a l  

angu la r  momentum o p e r a t o r s  r e s p e c t i v e l y .  This  term is o f t e n  

l o o s e l y  r e f e r r e d  t o  a s  t h e  "exchange i n t e r a c t i o n w  term. I f  w e  

n e g l e c t  t h e  d e f e c t  s t r a i n  f i e l d  s p l i t t i n g  & then,  assuming 

s p h e r i c a l  symmetry, t h e  e x c i t o n  e i g e n s t a t e s  produced by t h e  

above term a r e  j u s t  t h e  e i g e n s t a t e s  wi th  t o t a l  angu la r  momentum 

J=1 and 2 .  j-j coup l ing  causes  t h e  J=l and J=2 s t a t e s  t o  s h i f t  

3 5 by +$A and --A r e s p e c t i v e l y  r e l a t i v e  t o  t h e  unper turbed  e x c i t o n  8 

energy ( F i g .  1 . 4 ) .  Dipole  s e l e c t i o n  r u l e s  imply t h a t  t r a n s -  

i t i o n s  from t h e  J = 2  l e v e l  t o  t h e  c r y s t a l  ground s t a t e  a r e  d i p o l e  

forbidden,  w h i l e  t r a n s i t i o n s  from t h e  J=1 l e v e l  a r e  d i p o l e  



a l lowed,  

I n  t h e  b a s i s  o f  t h e  produc t  s ta tes  I m e , m h > ,  where me and 

mh 
a r e  t h e  magnetic s u b s t a t e s  o f  t h e  t o t a l  o r b i t a l .  angu la r  

momentum f o r  t h e  e l e c t r o n  and h o l e  s t a t e s  r e s p e c t i v e l y ,  

complete z e r o - s t r e s s  Hamiltonian i s  o f  t h e  form (Morgan 

. Morgan, 1970; G i l  e t  al., 1982) : 

Since a t  most two s t a t e s  a r e  

d i a g o n a l i z a t i o n  is t r i v i a l  . 

t h e  

and 

1 3 '51 -2) 

0 .  

0  

0  

0  

0  

0  

0  

3 
-gA-& 

coupled i n  t h e  above mat r ix ,  

For a t e n s i l e  d e f e c t  s t r a i n  f i e l d ,  
1 - 

i . e .  f o r  & ) O ,  t h e  l owes t  l y i n g  e x c i t o n  s t a t e  is t h e  I;,&:> 

s t a t e .  The o t h e r  s t a t e s  a r e  mix tures  o f  t h e  b a s i s  s t a t e s  used 

i n  t h e  above ma t r ix .  The e x a c t  e i g e n v a l u e s  a r e  g iven  i n  F i g .  

1 . 4  t o g e t h e r  wi th  t h e  l e v e l s  t o  which they  cor respond .  I n  t h e  

IJ.mJ> b a s i s ,  mJ remains  a  good quantum number, as shown i n  F ig .  

1 * 4 .  I n  t h i s  r e p r e s e n t a t i o n ,  t h e  ground s t a t e  is the  12&2> 

s u b s t a t e  from which t r a n s i t i o n s  t o  t h e  c r y s t a l  ground s t a t e  

remain d i p o l e  f o r b i d d e n *  T r a n s i t i o n s  from t h e  n e x t  l owes t  



Exciton s t a t e  Enersv 

F i g .  1 . 4 :  Zero f i e l d  energy s p l i t t i n g s  f o r  an e x c i t o n  
bound t o  a x i a l  d e f e c t  with an in t erna l  s t r a i n  s p l i t t i n g  o f  the  
h o l e  s t a t e s ,  E and an e l e c t r o n  h o l e  j-j coup l ing  energy A ,  The 
energy e i g e n v a l u e s  a r e  from Morgan and Morgan ( 1970 1 and r e f e r  
t o  the  1J,mJ> basis where J and m r e f e r  t o  the  t o t a l  e x c i t o n  
angular momentum. J 



state,  t h e  12,s) s u b s t a t e  become p a r t i a l l y  a l lowed due t o  

s t r a in - induced  admixture  of  t h e  d i p o l e  a l lowed ~ l , t l >  s u b s t a t e .  

These remarks a p p l y  i n  t h e  case where v i b r o n i c  c o u p l i n g  e f f e c t s  

can  be neg lec t ed ,  a n  assumption which is n o t  always v a l i d .  

G i l  e t  a l .  (1981)  used t h e  above technique  t o  f i t  t h e  

ze ro  f i e l d  s p l i t t i n g s  o f  s e v e r a l  o f  t h e  N N i  p a i r s  i n  Gap. They 

g e n e r a l  i zed  t h e  zero-appl i e d - s t r e s s  r e s u l t s  of  Morgan and Morgan 

t o  i n c l u d e  t h e  e f f e c t s  o f  a  more g e n e r a l  b i a x i a l  c r y s t a l  f i e l d  

p e r t u r b a t i o n ,  such a s  e x i s t s  i n  t h e  c a s e  o f  c e n t r e s  w i th  C2, 

symmetry f o r  example N N  f o r  which c a s e  t h e  s t r a i n  component o f  1' 

t h e  above ma t r ix  is no longer  d i a g o n a l .  Another d e f e c t  t o  which 

t h e  above approach has  been a p p l i e d  is t h e  a x i a l  i s o e l e c t r o n i c  

d e f e c t  GaP:Li-Li-0 (Dean, l 9 7 l ) ,  

The above ma t r ix  is u s e f u l  i n  t h e  c a s e  i n  which t h e  

i n t e r n a l  s t r a i n  energy  & is small compared with  t h e  s p i n - o r b i t  

i n t e r a c t i o n  energy,  E . When t h i s  is  no longe r  t r u e ,  t h e  

1 approximat ion t h a t  t h e  h ighe r - ly ing  j-- s p l i t - o f f  v a l e n c e  band -2 

s t a t e s  can  be neg lec t ed  is no longe r  v a l i d  ( F i g .  1 .3 ,  r i g h t  

s i d e ) ,  Bavies  (1984)  h a s  g e n e r a l i z e d  t h e  above t r e a t m e n t  t o  

i nc lude  t h e s e  s t a t e s .  The i n c l u s i o n  o f  t h e  s p l i t - o f f  h o l e  

s t a t e s  i n v o l v e s  t h e  a d d i t i o n  o f  4  e x t r a  b a s i s  s t a t e s ,  and 

n e c e s s i t a t e s  t h e  s o l u t i o n  o f  a 12x12 m a t r i x .  

S ince  t h e  behaviour  o f  t h e  h o l e  s ta tes  under e x t e r n a l l y  

a p p l i e d  stress is determined by 11.31 i t  is s t r a i g h t f o r w a r d  t o  

g e n e r a l i z e  t h e  above ma t r ix  and Davies '  expanded v e r s i o n  (1984) 

t o  t h e  c a s e  o f  e x t e r n a l  s t r e s s .  I n  a l l  o f  t h e s e  a n a l y s e s ,  t h e  

i n t e r n a l  and e x t e r n a l l y  a p p l i e d  s t r e s s e s  a r e  assumed t o  be 
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uniform and l i n e a r l y  a d d i t i v e ,  The deformat ion  p o t e n t i a l s  a r e  

e n t e r e d  a s  a d j u s t a b l e  parameters ,  b u t  must c l e a r l y  n o t  d i f f e r  

much from t h e  sha l low donor and a c c e p t o r  v a l u e s  f o r  t h e  assump- 

t i o n s  o f  t h e  model t o  remain v a l i d .  

I t  is worth p o i n t i n g  o u t  t h a t  t h e  above formalism is 

r a t h e r  incompat ib le  wi th  t h e  s t a n d a r d  HTL d e s c r i p t i o n  of  

i s o e l e c t r o n i c  b ind ing  i n  which one o f  t h e  p a r t i c l e s  has  l a r g e  

ampl i tudes  a t  p o i n t s  i n  k-space away from t h e  band extrema, and 

is more i n  l i n e  wi th  a longer-ranged p r o c e s s  such as A l l e n f  s 

s t r a i n  f i e l d  model (1972) .  

I n  cases where t h e r e  is  a d e f i n i t e  breakdown i n  t h e  k- 

space  l o c a l i z a t i o n  assumption f o r  one o r  bo th  p a r t i c l e s ,  t h e  

form o f  t h e  stress dependence o f  t h e  e x c i t o n  a s  a  s i n g l e  e n t i t y  

can  be argued on  symmetry grounds.  The fo l lowing  example i l l u s -  

t r a t e s  t h i s  t echn ique  and w i l l  be u s e f u l  f o r  d i s c u s s i n g  t h e  

l a t e r  stress d a t a .  Take t h e  case o f  a nondegenerate  rl e x c i t o n  

ground s ta te  d e r i v e d  from a t o t a l l y  symmetric rl e l e c t r o n  and 

hole ,  n e g l e c t i n g  s p i n .  I n  t h i s  case t h e  stress dependence o f  

t h e  f u l l  e x c i t o n  s t a t e  can  be w r i t t e n  i n  t h e  form E1.31. 

Suppose t h e  d e f e c t  symmetry is CZv,  cor responding  say  t o  a  

second-nearest-neighbour s u b s t i t u t i o n a l  impur i ty  p a i r  a l i g n e d  

a long  a <110> a x i s .  The symmetry o p e r a t i o n s  of  such a  d e f e c t  

c o n s i s t  o f  a two-fold a x i s  2 a long  a <001> o r  e q u i v a l e n t  

d i r e c t i o n ,  and two r e f l e c t i o n  p l a n e s  whose normals,  l a b e l l e d  X 

and Y,  are pe rpend icu la r  t o  t h a t  a x i s  and l i e  a long  t h e  <110> 

and < l r 0 >  o r  e q u i v a l e n t  axes .  There a r e  s i x  e q u i v a l e n t  o r i e n -  

t a t i o n s  o f  such a d e f e c t  i n  a n  u n s t r a i n e d  c u b i c  h o s t  l a t t i c e .  



Under e x t e r n a l  stress some o f  t h e s e  o r i e n t a t i o n s  become inequi -  

v a l e n t .  The s t r e s s  is t h e n  s a i d  t o  have removed t h e  s i x - f o l d  

o r i e n t a t i o n a l  degeneracy of  t h e  d e f e c t ,  For <Ill>, < l l O > ,  and 

<001> s t r e s s e s  t h e r e  a r e  r e s p e c t i v e l y  two, t h r e e ,  and two 

i n e q u i v a l e n t  c l a s s e s  o f  d e f e c t s .  

The stress p o t e n t i a l  i n  11.31 c a n  be r e w r i t t e n  i n  t h e  

form 

where t h e  a is t h e  s t r e s s  t e n s o r  component which t r ans fo rms  as  rr 
t h e  b a s i s  f u n c t i o n  r ,  o f  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n  r, o f  

C Z v .  The fou r  r e p r e s e n t a t i o n s  o f  C 2 v  a r e  one dimensional ,  and 
2  2 2 t rans form as t h e  p r o d u c t s  (X + Y  +Z 1,  X Y ,  YZ, and XZ,  where t h e  

c o o r d i n a t e  axes  a r e  r e f e r r e d  t o  t h e  d e f e c t  C2  a x i s .  E l .  91 can 

t h e r e f o r e  be w r i t t e n  as 

The stress p e r t u r b a t i o n s  t o  t h e  rl  ground s t a t e  a r e  g iven  by t h e  

m a t r i x  e lements  <rllVlrl>, and hence on ly  t h e  f i r s t  t h r e e  terms, 

which t r ans fo rm as rl, w i l l  c o n t r i b u t e  a nonzero ma t r ix  e lement .  

Thus t h e  stress s p l i t t i n g s  w i l l  depend on o n l y  t h r e e  parameters .  

Transforming from t h e  X, Y,  Z c o o r d i n a t e s  o f  t h e  d e f e c t  t o  t h e  

x8 y, z c r y s t a l  c o o r d i n a t e s ,  i t  is s t r a i g h t f o r w a r d  t o  show t h a t  

t h e  l i n e a r  s h i f t  rates o f  t h e  r1 s ta te  under s t r e s s e s  a long  t h e  

t h r e e  p r i n c i p a l  c r y s t a l  axes  a r e  g i v e n  by t h e  v a l u e s  l i s t e d  i n  
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Table 4.1,  i n  which t h e  parameters  A i  a r e  l i n e a r  combinat ions  o f  

t he  f i r s t  t h r e e  c o e f f i c i e n t s  i n  [ 1.10 1 .  Kaplyanski  ( 1964) has  

compiled t a b l e s  o f  such s p l i t t i n g  rates f o r  nondegenerate  

e l e c t r o n i c  s ta tes  a t  low symmetry d e f e c t s  imbedded i n  c u b i c  

c r y s t a l s .  The above procedure  is r e a d i l y  extended t o  cases wi th  

e l e c t r o n i c  degeneracy (Hughes and Runciman, 1967 1. The number 

of  s t r e s s - s p l i t  components t o g e t h e r  w i th  t h e  observed s h i f t  

r a t e s  p rov ide  a u s e f u l  way of  unambiguously de te rmin ing  t h e  

d e f e c t  symmetry. 

F f f e c t s  o f  maqnet ic  f i e l d s  

The t r e a t m e n t  o f  t h e  magnet ic  f i e l d  p e r t u r b a t i o n s  on t h e  

e x c i t o n  states is qua1 i t a t i v e l y  similar t o  t h e  above 

For a s i n g l e  e l e c t r o n  t h e  l e a d i n g  term i n  t h e  Zeeman 

is t h e  l i n e a r  term 

procedures .  

Hamil t o n i a n  

For t h e  1s donor s t a t e s  which w i l l  be o f  i n t e r e s t  here ,  t h e  

o r b i t a l  p a r t  does  n o t  c o n t r i b u t e .  For a  many-valleyed i n d i r e c t  

gap semiconductor l i k e  S i ,  t h e  e l e c t r o n  g - f ac to r  f o r  a f r e e  

e l e c t r o n  o r  sha l low donor is somewhat altered by band s t r u c t u r e  

e f f e c t s  ( e d g e  Stoneham, 1975) .  For e l e c t r o n s  i n  a  s i n g l e  v a l l e y  

one o b t a i n s  d i f f e r e n t  g - f a c t o r s  g, ,  and gl f o r  magnet ic  f i e l d s  

P a r a l l e l  and pe rpend icu la r  t o  t h e  d i r e c t i o n  of  t h e  v a l l e y ,  

r e s u l t i n g  i n  a  s l i g h t  a n i s o t r o p y  o f  t h e  s p l i t t i n g s .  A 1s 
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v a l l e y - o r b i t  s t a t e  c o n s i s t s  o f  a n  average  over  t he  s i x  band edge 

s t a t e s ,  wi th  t h e  r e s u l t  t h a t  t h e  g-value is g iven  by t h e  
* 

i s o t r o p i c  va lue  g  =(g1,+2g1)/3. I n  p r a c t i c e  smal l  d e v i a t i o n s  

from t h e  v a l u e s  o b t a i n e d  from t h e  f r e e  e l e c t r o n  d a t a  a r e  

observed i n  S i  and Gap and have been a t t r i b u t e d  t o  t h e  l o c a l -  

. i z a t i o n  s f  t h e  donor wavefunction.  

The g e n e r a l  t r e a t m e n t  o f  t h e  magnet ic  f i e l d  p e r t u r b a t i o n s  

on t h e  band-edge h o l e  s t a t e s  is very compl ica ted  due t o  t h e  

e f f e c t s  of  t h e  d e g e n e r a t e  k=O band extremum ( L u t t i n g e r ,  1955; 

Ba lde r sch i  and L i p a r i ,  1971) .  For t h e  purposes  o f  model l ing t h e  

exper imenta l  d a t a  one can  w r i t e  down a s imple  l i n e a r  Zeeman 

Hamiltonian similar t o  [1.111 of  t h e  form 

where t h e  f a c t o r  i s  an  o r b i t a l  a n g u l a r  momentum r e d u c t i o n  

f a c t o r ,  and gh is t h e  p u r e l y  s p i n  p a r t ,  which should  remain 

c l o s e  t o  2.0.  The h o l e  Bloch f u n c t i o n s  are d e r i v e d  from p - l i ke  

o r b i t a l s ,  and hence even though t h e  h o l e  envelope f u n c t i o n  w i l l  

i n  g e n e r a l  be s - l i k e ,  t h e  & . H  term w i l l  i n  g e n e r a l  be non-zero 

f o r  bound h o l e s .  

The f a c t o r  8 can  be reduced from u n i t y  i n  systems wi th  

s t r o n g  v i b r o n i c  c o u p l i n g  o f  t h e  ho le  s t a t e s .  I n  such a case ,  

t h e  e l e c t r o n i c  s t a t e s  must be r e p l a c e d  by produc t  s t a t e s  i nvo l -  

v ing the  v i b r a t i o n a l  f u n c t i o n s .  H a m  (1965)  h a s  shown t h a t  t he  

e x p e c t a t i o n  va lue  o f  e l e c t r o n i c  o p e r a t o r s  l i k e  L amongst t h e  

f u l l  v i b r o n i c  b a s i s  f u n c t i o n s  c a n  be s i g n i f i c a n t l y  reduced i n  



t h e  c a s e  o f  s t r o n g  v i b r o n i c  coup l ing  t o  a degene ra t e  mode, This  

e f f e c t  is  inc luded  i n  11.121 a s  t h e  r e d u c t i o n  f a c t o r  r .  
. I n  a d d i t i o n  t o  t h e  r e d u c t i o n  i n  j, t h e  o r b i t a l  p a r t  o f  

[1.121 can  van i sh  i f  t h e  low symmetry d e f e c t  f i e l d  i s  o f  s u f f -  

i c i e n t  s t r e n g t h  and o f  t h e  a p p r o p r i a t e  s i g n  t o  ensu re  t h a t  t h e  

. lowes t  h o l e  s t a t e  is a s i n g l e  p - s t a t e  coupled wi th  s p i n  as d i s -  

cussed  e a r l i e r  (Fig. 1 .3 ,  l e f t  s i d e ) .  I n  t h i s  ca se ,  t h e  expec- 

t a t i o n  va lue  o f  H.8 i s  ze ro  and t h e  Zeeman s p l i t t i n g s  a r e  t h o s e  

1 o f  a  pure  s p i n  2 p a r t i c l e .  This  case w i l l  be d i s c u s s e d  f u r t h e r  

i n  Chapte rs  4 and 5 .  



C h a ~ t e r  2 : Exaer imental  Methods 

2.1. Photoluminescence and d a t a  a c a u i s i t i o n  svstem 

Much o f  t h e  PL d a t a  acqu i s i - t i on  a p p a r a t u s  has  been 

d e s c r i b e d  i n  some d e t a i l  p r e v i o u s l y  (Watkins,  1983; S t e i n e r ,  

1986) .  The luminescence was u s u a l l y  d e t e c t e d  wi th  a Varian 

VPM159A p h o t o m u l t i p l i e r  tube  cooled  t o  -lOO•‹C. I n  a d d i t i o n ,  a 

l i q u i d  n i t rogen-cooled  i n t r i n s i c  Ge d e t e c t o r  (Nor th  Coast ,  

E0817L) was a v a i l a b l e  f o r  t h e s e  measurements. This  d e t e c t o r  

does  no t  s u f f e r  from t h e  r a p i d  d rop  i n  quantum e f f i c i e n c y  o f  t h e  

p h o t o m u l t i p l i e r  beyond 1.2pm, b u t  f o r  s h o r t e r  wavelengths i t  is 

c o n s i d e r a b l y  less s e n s i t i v e  t han  t h a t  d e v i c e .  Luminescence was 

d i s p e r s e d  by a 3 / 4  m Spex Czerny-Turner double  spec t rome te r  wi th  

600 lines/mm g r a t i n g s ,  b lazed  f o r  1 pm. The minimum energy  

r e s o l u t i o n  of t h i s  spec t rome te r  was approximate ly  0 . 1  meV. I n  

p r a c t i c e  t h e  u s e f u l  r e s o l u t i o n  o f  t h e  system was somewhat l a r g e r  

t han  t h i s ,  due t o  a c e r t a i n  amount o f  j i t t e r  i n  t h e  t r a c k i n g  o f  

t he  g r a t i n g  mechanism. The p h o t o m u l t i p l i e r  s i g n a l  was d i g i t a l l y  

p rocessed  i n  photon coun t ing  mode by means o f  t h e  p r e v i o u s l y  

desc r ibed  exper imenta l  system (Watkins, 1983) .  The Ge d e t e c t o r  

s i g n a l  was processed  wi th  s t a n d a r d  lock- in  a m p l i f i c a t i o n  

- t e chn iques .  

The e x c i t a t i o n  sou rce  f o r  t h e  above gap PL measurements 

was a S p e c t r a  Phys i c s  171 A r  i on  laser.  The 514.5  nm l i n e  was 

used for t h e s e  measurements a t  a t o t a l  power o f  no g r e a t e r  t h a n  

200 mW. For PLE measurements i n  the  1 .0-1.2  pm r e g i o n  o f  Si, a 
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t unab le  o p t i c a l  p a r a m e t r i c  o s c i l l a t o r  (OPO) system was 

c o n s t r u c t e d  a s  a p a r t  o f  t h i s  s tudy ,  t h e  d e t a i l s  o f  which w i l l  

be g iven  i n  Chapt.  2 .4 .  

A custom-bui l t  computer system (see S t e i n e r ,  1986) 

provided t h e  c a p a b i l i t y  t o  do PL s p e c t r a l  s cans ,  i n  which t h e  

. wavelength o f  t h e  spec t rome te r  was advanced by a  computer- 

c o n t r o l l e d  s t e p p i n g  motor. The system provided t h e  a b i l i t y  t o  

average  s u c c e s s i v e  s p e c t r a ,  i n  o r d e r  t o  minimize e r r o r s  due t o  

d r i f t  i n  e i t h e r  t h e  response  of  t he  d e t e c t i o n  a p p a r a t u s  o r  t h e  

i n t e n s i t y  o f  t h e  laser .  By making m o d i f i c a t i o n s  t o  t h e  c o n t r o l  

program, i t  was p o s s i b l e  t o  use  t h e  same program t o  c o n t r o l  t h e  

energy o f  t h e  t u n a b l e  OPO f o r  PLE measurements, i n  which t h e  

emiss ion  i n t e n s i t y  o f  a g iven  PL l i n e  was monitored a s  t h e  OPO 

e x c i t a t i o n  wavelength was v a r i e d  up through t h e  e x c i t e d  s t a t e s ,  

A block  diagram o f '  @he complete  exper imenta l  a p p a r a t u s  

used i n  t h i s  s t u d y  is shown i n  F ig .  2.1.  

2 . 2 .  C r v o s t a t s  and s t r e s s  and Zeeman a m a r a t u s  

Three d i f f e r e n t  l i q u i d  H e  c r y o s t a t s  were a v a i l a b l e  f o r  

t h i s  work. A s t a n d a r d  J a n i s  immersion dewar wi th  a n  approximate  

o p t i c a l  a p e r t u r e  o f  - f / 3  was employed f o r  stress measurements 

from 1 . 4  K t o  4 .2  K .  For stress measurements above 4 .2  K ,  a n  

Andonian v a r i a b l e  t empera ture  dewar was employed. I n  t h i s  

Cryoa ta t ,  a flow o f  H e  g a s  from a r e s e r v o i r  is used t o  coo l  t h e  

sample, which is mounted i n  t h e  jaws o f  t h e  s t r e s s  r i g  ( F i g .  

2 .2  1 .  The tempera ture  was sensed by a S i  d iode  s e n s o r  
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(Lakeshore DT-500-CU-36) mounted i n  c l o s e  prox imi ty  t o  t h e  

sample. The d iode  s i g n a l  was monitored by a Eakeshore DRC-80C 

tempera ture  c o n t r o l l e r .  Temperature c o n t r o l  was provided by a 

h e a t e r  c o n s i s t i n g  o f  nichrome wire  wrapped around t h e  s t r e s s  r i g  

jaws. 

S t r e s s  was a p p l i e d  t o  t h e  samples by t h e  vacuum diaphragm 

a c t i v a t e d  arrangement shown s c h e m a t i c a l l y  i n  F ig .  2 , 2 .  I n  t h i s  

arrangement a t e n s i l e  f o r c e  is a p p l i e d  t o  t h e  b r a s s  s t r e s s  r i g  

jaws, which are such t h a t  t hey  t r a n s m i t  a compress ive  f o r c e  t o  

t h e  sample,  The f o r c e  is a p p l i e d  by a low volume vacuum 

chamber, and was v a r i e d  manually by a need le  va lve .  The t e n s i l e  

f o r c e  was monitored by a 250 kg l o a d  c e l l  connected d i r e c t l y  t o  

t h e  s t r e s s  r i g  p u l l  r o d .  The load  c e l l  o u t p u t  was monitored on 

a d i g i t a l  o u t p u t  c a l i b r a t e d  i n  kg. The maximum a p p l i e d  " f o r c e "  

was l i m i t e d  by t h e  d iameter  o f  t h e  diaphragm t o  100 kg. From a 

knowledge of  t h e  sample c r o s s - s e c t i o n ,  t h e  t r u e  s t r e s s  a t  t h e  

sample was c a l c u l a t e d .  The on ly  s o u r c e s  o f  f r i c t i o n  between t h e  

load  c e l l  and t h e  sample were an  O-ring a t  t h e  t o p  o f  t h e  o u t e r  

ca s ing ,  and t h e  jaws mechanism i t s e l f ,  The s l i d i n g  s u r f a c e s  o f  

t h e  stress r i g  jaws were l u b r i c a t e d  wi th  g r a p h i t e  powder. 

Judging by t h e  l a c k  o f  h y s t e r i s i s  i n  t h e  s p e c t r a l  l i n e  p o s i t i o n s  

any f r i c t i o n  e f f e c t s  were n e g l i g i b l e .  

Sample mounting was somewhat o f  a h i t  and m i s s  p roces s  a t  

t i m e s .  Double s i d e d  t a p e  was a t t a c h e d  t o  t h e  stress b e a r i n g  

ends  o f  t h e  sample i n  o r d e r  t o  assist i n  sample placement w i t h i n  

t h e  jaws. Occas iona l ly ,  improper sample a l ignment  r e s u l t e d  i n  



f a c e s .  These were immediately r e c o g n i z a b l e  by v i r t u e  o f  t h e i r  

very  broad l i n e w i d t h s  and, i n  some c a s e s  by t h e  p re sence  of  

a d d i t i o n a l  s p u r i o u s  s t r u c t u r e .  The s p e c t r a l  1 inewid ths  o f  . 

p r o p e r l y  mounted samples remained c l o s e  t o  t h e  spec t rome te r  

r e s o l u t i o n  o f  0 . 1  m e V  r i g h t  up t o  maximum s t r e s s ,  conf i rming  a 

h igh  deg ree  o f  stress homogeneity. 

Zeeman measurements were c a r r i e d  o u t  i n  a  cus tom-bui l t  

s p l i t - p a i r  10 T superconduc t ing  magnet c r y o s t a t  des igned  by D r .  

M .  T h e w a l t .  The o p t i c a l  throughput  o f  - f / 6  was c o n s i d e r a b l y  

reduced from t h a t  o f  t h e  o t h e r  two dewars.  Luminescence was 

observed a long  a d i r e c t  ion  pe rpend icu la r  t o  t h e  magnet ic  f i e l d  

i n  a l l  cases. I n  t h i s  p a r t i c u l a r  c r y o s t a t ,  t h e  sample chamber 

was comple te ly  s e p a r a t e  from t h e  magnet He r e s e r v o i r .  For . 

Ts4.2 K, t h e  sample chamber was f i l l e d  wi th  l i q u i d  He. For 

t empera tures  above 10 K, a c rude  b u t  e f f e c t i v e  system was used 

whereby 'He g a s  was t r a n s f e r r e d  i n t o  t h e  sample chamber u s ing  a  

t r a n s f e r  s iphon .  The flow r a t e  was a d j u s t e d  t o  ba lance  the  

200 mW o r  s o  thermal  i n p u t  from t h e  A r  l a s e r .  S ince  t h e  S i  

s e n s o r s  employed i n  t h i s  s tudy  were u s e l e s s  i n  magnetic f i e l d s ,  

t h e  tempera ture  w a s  e s t i m a t e d  from t h e  r a t i o s  o f  t h e  v a r i o u s  

l i n e s  whose z e r o  f i e l d  thermal  behaviour  was known. 

For t h e  angu la r  Zeeman measurements, samples were mounted 

on a r o t a t i n g  ho lde r  which cou ld  be r o t a t e d  from o u t s i d e  by a 

s imple  g e a r  arrangement .  The samples were mounted wi th  a < 1 1 0 >  

a x i s  p a r a l l e l  t o  t h e  r o t a t i o n  a x i s  and t o  t h e  o b s e r v a t i o n  a x i s .  

This geometry a s s u r e d  t h a t  t h e  p r i n c i p a l  c r y s t a l  axes ,  <001>,  

< I l l > ,  <110>, and < I 1 2 >  could  a l l  be a l i g n e d  p a r a l l e l  t o  t h e  



f i e l d .  

For t h e  S i : I n  Zeeman e x c i t a t i o n  spec t roscopy  measure- 

6 ments, i t  was found t h a t  very h igh  coun t  r a t e s  (-10 / s )  cou ld  be 

o b t a i n e d  by mounting <110> stress samples end-on a long  t h e  

r o t a t i o n  a x i s  i n  o r d e r  t o  t a k e  advantage  o f  t h e  long  p e n e t r a t i o n -  

. dep th  o f  t h e  near  i n f r a r e d  e x c i t a t i o n ,  I n  t h i s  arrangement,  

samples were e x c i t e d  through one f ace ,  and t h e  luminescence 

o u t p u t  was observed  from the  o t h e r  f ace ,  1 c m  d i s t a n t .  Above- 

bandgap e x c i t a t i o n  i n  t h i s  geometry t y p i c a l l y  y i e l d e d  count  

r a t e s  two o r d e r s  o f  magnitude lower t han  with  r e sonan t  e x c i -  

t a t i o n ,  wi th  i t s  much l a r g e r  a b s o r p t i o n  l e n g t h ,  

P o l a r i z a t i o n  measurements were o n l y  under taken  f o r  t h e  

PLE s t r e s s  and Zeeman measurements. Such measurements are 

n o t o r i o u s l y  d i f f i c u l t  f o r  o r d i n a r y  PL measurements due t o  t h e  

many i n t e r n a l  r e f l e c t i o n s  which t h e  luminescence can  undergo 

p r i o r  t o  escape  from t h e  c r y s t a l .  This  is a n  e s p e c i a l l y  s e v e r e  

problem i n  S i  wi th  its r e f r a c t i v e  index  o f  -3.5 a t  1.1 pm. I n  

a d d i t i o n ,  i n  PL t h e  p o l a r i z a t i o n  d a t a  are compl ica ted  by t h e  

f a c t  t h a t  t h e  i n i t i a l  s t a t e  o f  t h e  t r a n s i t i o n  ( i . e .  t h e  e x c i t o n )  

is g e n e r a l l y  a t  l o c a l  thermal e q u i l i b r i u m ,  wi th  t h e  r e s u l t  t h a t  

t h e  s p l i t t i n g  p a t t e r n s  t end  t o  t he rma l i ze ,  a t  l e a s t  i f  t h e  de- 

generacy is p u r e l y  e l e c t r o n i c .  I n  PLE, t h e  e x c i t o n  is t h e  f i n a l  

s t a t e ,  and t h e r e  a r e  no t h e r m a l i z a t i o n  e f f e c t s ,  s i n c e  PLE is  

e s s e n t i a l l y  a n  a b s o r p t i o n  technique .  The problems o f  i n t e r n a l  

r e f l e c t i o n  now app ly  t o  t h e  e x c i t a t i o n  r a d i a t i o n ,  whose geometry 

is b e t t e r  d e f i n e d  and less s u s c e p t i b l e  t o  such r e f l e c t i o n s .  

For t h e  PLE measurements t h e  p o l a r i z a t i o n  o f  t h e  OPO 



o u t p u t  was r o t a t e d  by a q u a r t z  half-wave p l a t e .  The e x c i t a t i o n  

r a d i a t i o n  was t h e n  f u r t h e r  ana lyzed  u s i n g  a  Glan-Thompson p o l a r -  

i z i n g  pr ism.  By p a s s i n g  a  l a s e r  beam o f  known p o l a r i z a t i o n  

through t h e  a x i s  o f  t h e  magnet dewar, i t  was v e r i f i e d  t h a t  t h e  

dewar windows d i d  n o t  a l t e r  t he  p o l a r i z a t i o n  s t a t e  o f  t h e  

. i n c i d e n t  beam. 

2 . 3 .  Material and o r e ~ a r a t i o n  

The In-doped S i  w a s  o b t a i n e d  from a boule  o f  commercial 

3 bulk-doped Czochralski-grown m a t e r i a l  ( - 2 x 1 0 ' ~  In/cm 1 .  The 

s t a r t i n g  material f o r  most o f  t h e  Si:T1 samples was Czochra l sk i -  

3 3 grown P- o r  B-doped S i  (-1x1015 P /cn  and 1 x 1 0 1 4  B / c m  r e spec -  

t i v e l y ) .  The s t r e s s  samples were X-ray o r i e n t e d  t o  w i t h i n  21' 

and c u t  wi th  a diamond saw i n t o  p a r a l l e l o p i p e d s  o f  d imensions  

3 -1Oxlx2.5 mm . Most of  t h e  T 1  samples were prepared  by 

d i f f u s i o n  o f  t h e  above m a t e r i a l  i n  a n  evacua ted  q u a r t z  ampoule 

i n t o  which a s m a l l  p i e c e  o f  T 1  metal had been p l a c e d ,  

D i f f u s i o n s  were c a r r i e d  o u t  a t  l l O O • ‹ C  f o r  two weeks, Even wi th  

such l a r g e  d i f f u s i o n  times, i t  is u n l i k e l y  t h a t  t he  T 1  

p e n e t r a t e d  more t h a n  a  few t e n s  o f  microns i n t o  t h e  bu lk .  For 

t h e  purposes  o f  PL measurements u t i l i z i n g  above bandgap 

- e x c i t a t i o n ,  wi th  its s h o r t  p e n e t r a t i o n  dep th ,  t h i s  was n o t  a 

problem. I n  a d d i t i o n ,  samples t h a t  had been ion-implanted with  

bo th  I n  and T 1  i n  t h e  same wafer were a v a i l a b l e  f o r  t h i s  s tudy ,  

a l t hough  t h e  s i g n a l  l e v e l s  were much lower t han  i n  t h e  b e s t  



ethanol:H20 s o l u t i o n  from --llOO•‹C i n  o r d e r  t o  g r e a t l y  i n c r e a s e  

t h e  I B E  luminescence i n t e n s i t y .  The S i : I n  samples were e t ched  

i n  a s t a n d a r d  HF:HN03 s o l u t i o n  p r i o r  t o  h e a t i n g  and quenching.  

The S i :T l  samples were e t ched  i n  pure  HF p r i o r  t o  r e h e a t i n g  and 

quenching, i n  o r d e r  t o  remove t h e  s u r f a c e  ox ides  i n t roduced  by 

. t h e  long furnace  t r ea tmen t ,  b u t  n o t  t h e  d i f f u s e d  S i  l a y e r .  

I n  a d d i t i o n  some small samples of  commercial Czochra l sk i -  

grown bulk-doped Si:T1 were a v a i l a b l e  f o r  t h i s  s tudy ,  w i t h  

3  r e s i s t i v i t i e s  o f  6 . 7  acm ( 2 x 1 0 ' ~  T l / c m  1 and 3.6 ncm ( 3 . 6 ~ 1 0  15 

3 T l / c m  1 .  These showed PL i n t e n s i t i e s  a t  l e a s t  a s  good a s  t hose  

o f  t h e  d i f fus ion-doped  m a t e r i a l ,  and i t  was hoped t h a t  t h e  bulk  

doping might enhance t h e  chances  o f  o b t a i n i n g  e x c i t a t i o n  s p e c t r a  

from t h i s  m a t e r i a l .  Unfor tuna te ly  t h i s  was n o t  t h e  c a s e .  

2 . 4 .  Tunable o ~ t i c a l  ~ a r a m e t r i c  o s c i l l a t o r  svstem 

A c o n s i d e r a b l e  p o r t i o n  o f  t h i s  r e s e a r c h  involved t h e  

d e s i g n  and c o n s t r u c t i o n  o f  a  t u n a b l e  o p t i c a l  p a r a m e t r i c  osc-  

i l l a t o r  system f o r  PLE measurements on t h e  S i : I n  i s o e l e c t r o n i c  

system. Before  d e s c r i b i n g  t h e  d e t a i l s  involved  i n  t h e  d e s i g n  

and o p e r a t i o n  o f  t h i s  system it  is u s e f u l  t o  review some o f  t h e  

t heo ry  behind o p t i c a l  p a r a m e t r i c  o s c i l l a t o r s  i n  g e n e r a l .  

O u t l i n e  o f  OPO theo rv  

The t h e o r y  and d e s i g n  o f  OPO systems has  been reviewed i n  

d e t a i l  by Byer ( 1 9 7 5 ) .  O p t i c a l  p a r a m e t r i c  amp1 i f  i c a t i o n  and 



oscillation is a result of the second order nonlinearity of the 

induced polarization of materials under high optical excitation. 

In a crystalline solid under high excitation conditions, the 

i'th component of the induced polarization contains a nonlinear 

term 

where dijk is the second order nonlinear susceptibility, and E 
j 

is the electric field at a frequency w. Substitution of r2.11 

into Maxwell's equations results in the addition'of a driving 

term to the usual wave equation for the electric field, of the 

form 

where pYL will in general contain extra frequency components due 

to the fact that Ei appears in r2.11 to second order. 

Consider .the nonlinear. interaction of three coll inear 

beams of frequencies wl, w2, and wg. such that each is described 

by a plane wave propagating along the z axis: 

1 EZ(w2)7 [ EZ(z,w2)e i(k2z-w2t) +c.c ] etc. 

The induced nonlinear polarization contains product terms of the 

form 



where t h e  n o n l i n e a r  s u s c e p t i b i l i t y  t e n s o r  d i j k  has  been reduced 

t o  a scalar, d  f o r  t h e  case when z is a h igh  symmetry a x i s  o f  

t h e  c r y s t a l .  I f  =o +a t h e n  t h e  n o n l i n e a r  p o l a r i z a t i o n  terms 3 1 2' 

w i l l  d r i v e  each  o t h e r ,  r e s u l t i n g  i n  a n  exchange o f  energy  

between t h e  t h r e e  beams. By means o f  some a l g e b r a i c  manipu- 

l a t i o n s  i t  c a n  be shown (Byer, 19759 t h a t  t h e  t h r e e  waves can  be 

d e s c r i b e d  by a  se t  o f  coupled e q u a t i o n s ,  

where Ak=k3-k2-kl, and K=wid/(nic) .  I n  g e n e r a l  L\k is nonzero 

f o r  t h r e e  a r b i t r a r y  waves due t o  t h e  n o n l i n e a r  d i s p e r s i o n  

r e l a t i o n s  (k vs  a) i n  s o l i d s .  These e q u a t i o n s  l e a d  d i r e c t l y  t o  

t h e  "photon c o n s e r v a t i o n  r e l a t i o n s M  (Byer,  1975; Yariv, 1985 : 

* 
where Ii  is p r o p o r t i o n a l  t o  E Z ( w i ) E z ( w i )  Th is  r e l a t i o n  imp l i e s  

t h a t  growth o f  t h e  f i e l d s  a t  f r e q u e n c i e s  9 and w2. l a b e l l e d  t h e  

s i g n a l  and i d l e r  i n  t h e  language o f  p a r a m e t r i c  i n t e r a c t i o n s ,  is 

a t  t h e  expense o f  t h e  f i e l d  a t  w3. 

I t  t u r n s  o u t  t h a t  t h e  presence  o f  a s t r o n g  pump f i e l d  a t  



W3 r e s u l t s  i n  a m p l i f i c a t i o n  o f  a weak f i e l d  a t  wl i f  t h e r e  

e x i s t s  a t h i r d  f requency o =c> -a such t h a t  t h e  phase mismatch 2 '  3 1 

f a c t o r  Ak i n  12.21 is c l o s e  t o  o r  equa l  t o  ze ro .  I n  t h e  case o f  

n e g l i g i b l e  d e p l e t i o n  o f  t h e  pump beam, i n  t h e  low g a i n  l i m i t ,  

t h e  s i n g l e  pas s  ga in ,  G, f o r  such a wave o f  f requency wl is 

. g i v e n  by  (Byer, 1975) 

2  ~ ( ~ ) = r I g ~  s i n  (Akg12) 
9 

where 1 is t h e  l e n g t h  o f  t h e  m a t e r i a l  ove r  which t h e  i n t e r a c t i o n  

2  2 2 t a k e s  p l a c e  and r1=wlw2d IE31 / (nln2c 1 .  Equat ion l2 .41 

p e r t a i n s  i n  t h e  case where t h e  i n c i d e n t  i d l e r  i n t e n s i t y  I 2  is 

z e r o .  P d e s c r i b e s  t h e  dependence o f  t h e  g a i n  on t h e  n o n l i n e a r  

c o e f f i c i e n t  o f  t h e  c r y s t a l ,  whi le  t h e  f a c t o r  i n v o l v i n g  bk r e p r e -  

s e n t s  t h e  p e n a l t y  f o r  o p e r a t i n g  away from t h e  phase matched 

c o n d i t i o n ,  &=O.  I n  t h i s  low g a i n  l i m i t ,  t h e  g a i n  bandwidth 'is 

g iven  s imply by t h e  c o n d i t i o n  AkR/2-r. I n  t h i s  s t udy  a 5 c m  

c r y s t a l  was used, implying a g a i n  bandwidth o f  t h e  o r d e r  o f  

-1 1-2 c m  . This  p l a c e s  a r a t h e r  s e v e r e  r e s t r i c t i o n  on t h e  l i n e -  

width o f  t h e  pump Laser, 

When a m a t e r i a l  wi th  s u f f i c i e n t  p a r a m e t r i c  g a i n  is p l aced  

i n s i d e  a Fabry-Perot  r e s o n a t o r ,  p a r a m e t r i c  o s c i l l a t i o n  c a n  occur  

i f  t h e  mi r ro r  c o a t i n g s  a r e  r e f l e c t i n g  f o r  wl, o r  w2, o r  bo th .  

S ince  t h e r e  a r e  always n o i s e  photons  p r e s e n t ,  no e x t e r n a l  f i e l d  

a p a r t  from t h e  pump frequency need be s u p p l i e d  p rov id ing  t h a t  

t h e  c r y s t a l  p r o p e r t i e s  a r e  such t h a t  t h e  energy c o n s e r v a t i o n  and 

phase matching c o n d i t i o n s  a r e  s a t i s f i e d  f o r  t h e  t h r e e  f requen-  



cies wl, w2, and w3. The s imp leg t  c o n f i g u r a t i o n  is t h e  s i n g l y  

r e s o n a n t  o s c i l l a t o r ,  i n  which one o f  t h e  beams, a r b i t r a r i l y  

c a l l e d  t h e  id le r . ,  is made t o  r e s o n a t e ,  whi le  t h e  o t h e r ,  t h e  

s i g n a l ,  is e x t r a c t e d .  The doubly r e s o n a n t  o s c i l l a t o r ,  i n  which 

t h e  c o a t i n g s  a r e  made r e f l e c t i n g  t o  bo th  beams o f f e r s  a  much 

. reduced t h r e s h o l d  pumping power, b u t  s u f f e r s  from a s e v e r e  

f requency s t a b i l i t y *  problem due t o  t h e  e x t r a  r e s t r i c t i o n  t h a t  

bo th  wl and w2 c a n  o n l y  have d i s c r e t e  f r e q u e n c i e s  determined by 

t h e  l o n g i t u d i n a l  mode spac ing  (Smith, 1973) .  Provided enough 

g a i n  can  be ach ieved ,  t h e  h ighe r  t h r e s h o l d  o f  t h e  s i n g l y  r e s o -  

nan t  c a v i t y  is n o t  a s e v e r e  drawback i n  p r a c t i c e .  Conversion 

e f f i c i e n c i e s  of  up t o  70% have been r e p o r t e d  from s i n g l y  r e so -  

nan t  o s c i l l a t o r s  . a t  very  high e x c i t a t i o n  l e v e l s .  

phase matchina and t u n a b i l i t v  

The i d l e r  and s i g n a l  f r e q u e n c i e s  are un ique ly  determined 

by t h e  energy and phase matching r e s t r i c t i o n s ,  which f o r  a 

c o l l i n e a r  geometry can  be summarized as 

I n  c r y s t a l s  wi thout  b i r e f r i n g e n c e  one g e n e r a l l y  has  n3>n2>n1' i f  

cl >a >a and hence t h e  above c o n d i t i o n s  canno t  be s a t i s f i e d  f o r  3 2 1  

such m a t e r i a l s .  Now c o n s i d e r  a u n i a x i a l  b i r e f r i n g e n t  c r y s t a l  

such as LiNb03 ( F i g .  2 . 3 ) .  For a n  a r b i t r a r y  wave v e c t o r  t one 



z axis 
A 

axis 

Fig .  2 , 3 :  (b) shows the  index s u r f a c e  f o r  a nega t ive -  
u n i a x i a l ,  b i r e f r i n g e n t  c r y s t a l  such as LiNbO . The o r d i n a r y  
s u r f a c e  co r r e sponds  t o  t he  E v e c t o r  o u t  o f  t i e  page, whi le  t h e  
e x t r a o r d i n a r y  s u r f a c e  h a s  E i n  t h e  page.  ( a )  shows how phase 
matching is p o s s i b l e  i n  such a c r y s t a l  i f  t h e  pump beam is t h e  
e x t r a o r d i n a r y  r a y  and t h e  s i g n a l  and i d l e r  a r e  t h e  o r d i n a r y  
r a y s ,  
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can  d e f i n e  two index e l l i p s o i d s  (see Yariv, 1985) depending on 

whether t h e  e l e c t r i c  v e c t o r  is i n  t h e  p l a n e  d e f i n e d  by h and t h e  

o p t i c  a x i s ,  2 ( o r d i n a r y  r a y ) ,  o r  p e r p e n d i c u l a r  t o  i t  ( e x t r a -  

o r d i n a r y  r a y ) .  A t  a wavelength o f  532 nm t h e  o r d i n a r y  and 

e x t r a o r d i n a r y  i n d i c e s  no and ne f o r  LiNbOj a r e  r e s p e c t i v e l y  2.24 

and 2 .16.  The o r d i n a r y  index e l l i p s o i d  is a sphe re  wi th  a 

c o n s t a n t  va lue  no(k)=2 .24 .  For t h e  e x t r a o r d i n a r y  r a y  one has  a n  

e l l i p s o i d  wi th  a minor a x i s  g i v e n  by ne (k )=2 .  16 f o r  k - perpen- 

d i c u l a r  t o  t h e  o p t i c  a x i s ,  and a major a x i s  which is i d e n t i c a l  

t o  no. For a n  a r b i t r a r y  d i r e c t i o n  o f  p ropaga t ion ,  t h e  e x t r a -  

o r d i n a r y  r a y  c a n  have any va lue  between t h e  above.  Thus f o r  

some ang le ,  one should  i n  p r i n c i p l e  be a b l e  t o  s a t i s f y  t2 .51 by 

making t h e  pump beam t h e  e x t r a o r d i n a r y  r ay ,  and t h e  s i g n a l  and 

i d l e r  t h e  o r d i n a r y  r a y s  ( F i g .  2 . 3 a ) .  Whether o r  n o t  t h i s  is 

p o s s i b l e  depends on t h e  d e t a i l e d  n a t u r e  o f  t h e  wavelength depen- 

dence o f  t h e  two index  s u r f a c e s .  I n  a d d i t i o n  it is h i g h l y  

d e s i r a b l e  t o  ach ieve  t h i s  phase matching c o n d i t i o n  f o r  I 2, 

s i n c e  on ly  f o r  t h i s  c a s e  w i l l  t h e  Poynt ing  v e c t o r s  o f  t h e  t h r e e  

waves remain c o l l i n e a r ,  due t o  t h e  f a c t  t h a t  t h e  group v e l o c i t y ,  

and hence, t h e  Poynt ing  vec to r ,  p o i n t  i n  t h e  d i r e c t i o n  o f  t h e  

g r a d i e n t  o f  t h e  index s u r f a c e .  This  s i t u a t i o n  is r e f e r r e d  t o  as  

90• ‹  phase matching.  Th i s  e x p l a i n s  why it is  p o s s i b l e  t o  e x p l o i t  

LiNb03 c r y s t a l  l e n g t h s  o f  up t o  5 c m ,  a s  opposed t o  many o t h e r  

non l inea r  materials, where such matching is n o t  p o s s i b l e .  

E a r l y  work on LiNb03 demonstra ted t h e  f e a s i b i l i t y  of  9 0 • ‹  

phase matching. An i n i t i a l  problem was t h e  format ion  o f  o p t i c -  

a l l y  induced inhomogene i t i es  i n  t h e  r e f r a c t i v e  index,  b u t  t h e s e  



were found t o  be s e l f - a n n e a l i n g  a t  t empera tu re s  above f8O OC 

(Byer, 1975) .  LiNb03 is  f e r r o e l e c t r i c  and e x h i b i t s  a l a r g e  

v a r i a t i o n  o f  t h e  r e f r a c t i v e  i n d i c e s  wi th  tempera ture .  This  is 

e x p l o i t e d  i n  p r a c t i c a l  d e v i c e s  as a slow b u t  s imple  t u n i n g  

mechanism. A much more r a p i d  t u n i n g  method is t o  vary t h e  

f requency o f  t h e  pump beam wi th  t h e  r e s u l t  t h a t  t h e  s i g n a l  and 

i d l e r  must i n  t u r n  vary  t o  s a t i s f y  ( 2 . 5 1 .  F i g .  2 . 4  shows t h e  

form o f  t h e  t u n i n g  c u r v e s  t h a t  r e s u l t  f o r  9 0 • ‹  phase-matched 

LiNbOg a t  v a r i o u s  t empera tu re s .  I n  p r a c t i c e  t h e  c r y s t a l  must be 

mounted i n  a very s t a b l e  oven. I n  a d d i t i o n ,  a small flow o j  O2 

g a s  must be main ta ined  i n  o r d e r  t o  p reven t  oxygen d e p l e t i o n  o f  

t h e  c r y s t a l ,  With d i f f e r e n t  c h o i c e s  o f  t h e  oven temperature ,  a 

wide range o f  s i g n a l  wavelengths c a n  be r a p i d l y  tuned by va ry ing  

t h e  pump wavelength.  

I n s p e c t i o n  o f  t h e  t un ing  c u r v e s  i n  F ig .  2.4 shows a draw- 

back o f  o p e r a t i n g  t h e  OPO wi th  wi%. The c o n d i t i o n  wi=ws is 

r e f e r r e d  t o  as degeneracy,  and i t  is clear from F ig .  2 . 4  t h a t  a 

small change i n  t h e  pump frequency nea r  degeneracy w i l l  r e s u l t  

i n  a  l a r g e  change i n  t h e  s i g n a l  and i d l e r  f r e q u e n c i e s .  I f  l i n e -  

width is an  impor tan t  c o n s i d e r a t i o n  it  is t h e r e f o r e  exped ien t  t o  

o p e r a t e  t h e  d e v i c e  somewhat away from t h e  degene ra t e  c o n d i t i o n .  

There is .a t r ade -o f f  however due t o  t h e  f a c t  t h a t  t h e  p a r a m e t r i c  

g a i n  is reduced i n  go ing  away from degeneracy by a f a c t o r  

2 2 (1-6 1 where 6  is d e f i n e d  by wi=wo( 1-6)- and ws=w,( l+d) ,  and 

ao=ap/2 (Boyd, 1968). I f  a  narrow % h e w i d t h  is r e q u i r e d  c l o s e  

t o  degeneracy i t  is clear t h a t  t h e  l i n e w i d t h  o f  t h e  pump laser 

is t h e  l i m i t i n g  f a c t o r .  
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Fig. 2 , 4 :  Phase matching curves for LiNbO for various 
operating temperatures in degrees C, as g i v e n  in $he Chromatir 
CMX-4/IR reference manual. 



Desiun and construction of the OPO DumD laser 

The optical parametric oscillator used in this study was 

a commercially produced device (Chromatix CMX-4iIR). This unit 

was designed to be pumped by a commercial flashlamp-pumped dye 

. laser (Chromatix CMX-4). The dye laser was limited to a repet- 

ition rate of 30 Hz and produced an average power output of a 

few tens of mW, with the result that the OPO power was the order 

of a mW or less, which was found to be inadequate for the study 

of many isoelectronic defects. In addition, the dye laser 

output was subject to unacceptable fading after -30 minutes, 

The original work on dye laser pumping of an OPO was done 

by R. Wallace'(1972). In a brief note Wallace described a 

pumping scheme which employed a continuously-pumped, frequency- 

doubled, Q-switched Nd:YAG laser to pump a tunable dye laser 

which in turn permitted rapid tuning of a 5 cm LiNb03 OPO. In 

order to achieve the required OPO acceptance 1 inewidth of 

-1 -1 cm , four high dispersion Brewster prisms were employed in 

the dye laser, The laser cavity also employed a telescopic 

resonator in order to fill as large a portion of the prisms as 

possible, and thus decrease the spectral linewidth. Such reso- 

nators are notoriously difficult to align, and it is remarkable 

that Wallace was able to achieve a 5% total conversion effic- 

iency (OF0 power/Nd:YAG power) from a relatively low Nd:YAG 

power of 500 mW. Not surprisingly, this arrangement was deemed 

unsuitable for commercial production, and so the much simpler 

flashlamp-pumped dye laser arrangement was subsequently 



developed by Wallace at Chromatix. There have been no reports 

in the published literature of other attempts to utilize the 

Nd:YAG pumping arrangement subsequent to Wallacesls note. 

In the intervening years since Wallace demonstrated the 

Nd:YAG pumping scheme there have been some important develop- 

ments in both Nd:YAG frequency doubling crystals and in dye 

laser resonators. Diffraction gratings have been used for 

several years as frequency selective devices in dye laser 

cavities, but they have generally been used in conjunction with 

telescopic resonators. The idea is to use an internal telescope 

to expand the beam in order to fill the grating and increase the 

frequency selectivity. The grating is mounted in the  row 
configuration, in which the angle of the grating is adjusted so 

that the grating acts like a mirror, diffracting the desired 

order back onto the incident beam, In addition to the diffi- 

culties in alignihg such a resonator, they suffer from poor beam 

qua1 i ty and very stringent tolerances on the rotation mechanism, B 

as well as the need for frequent focussing adjustments. 

A much simpler method for filling the grating was first 

demonstrated by Shoshan et al, (19771, In their arrangement the 

grating was filled by placing it at grazing incidence with res- 

pect to the laser beam, as in Fig 2.5. In addition to the dye 

. cell and the grating the only other components were two highly 

reflecting mirrors. Rather than using the Littrow mounting, the 

feedback was provided by positioning one of the mirrors such 

that the strongest diffraction order was reflected back onto the 

grating. The output was provided by the zero order diffraction 
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Fig. 2.5: Schematic diagram of the layout of the aff- 
axis, longitudinally-pumped, grazing incidence dye laser con- 
structed as a part of this study in order to excite the optical 
parametric oscillator (OPO). The laser cavity is formed by 
mirrors M 1  and M 2 .  The holographic diffraction grating provides 
feedback by diffracting t h e  first order beam onto M2 a t  normal 
incidence, The output is taken from the strong zero order beam. 



beam. Only a small f r a c t i o n  of  t h e  i n t e r n a l  c a v i t y  r a d i a t i o n  is 

f ed  back i n t o  t h e  laser ( < l o % )  because o f  t h e  i n e f f i c i e n c y  o f  

t h e  g r a t i n g s  a t  such  a n g l e s ,  b u t  t h i s  is adequa te  f o r  ex t remely  

h igh  g a i n  media such  a s  dyes .  S ince  t h e  beam is d i f f r a c t e d  

- twice per  round t r i p ,  t h e  angu la r  d i s p e r s i o n  is twice  a s  l a r g e  

. a s  i n  t h e  L i t t r o w  case. I n  a d d i t i o n ,  it is p o s s i b l e  t o  ach ieve  

ve ry  s h o r t  c a v i t y  l e n g t h s ,  a f e a t u r e  which has  made i t  p o s s i b l e  

f o r  subsequent  workers t o  ach ieve  s i n g l e  l o n g i t u d i n a l  mode 

o s c i l l a t i o n  wi th  no a d d i t i o n a l  1 ine-narrowing components 

(Li t tman,  1984) .  

With t h i s  sys tem Shoshan e t  a l .  o b t a i n e d  l i n e w i d t h s  o f  

-1 -0 ,1  c m  a t  570 nm wi th  n i t r o g e n  laser pumping. Subsequent 

workers (see e , g .  Hung, 1985) have improved on the  above s p e c i f -  

i c a t i o n s  by means o f  a  number o f  r e f inemen t s .  Holographic  

g r a t i n g s  wi th  very  narrow r u l i n g  s p a c i n g s  ( 1800-2500 l ines/mm) 

a l low one t o  o b t a i n  ve ry  h igh  angu la r  d i s p e r s i o n ,  wi th  remark- 

a b l y  high e f f i c i e n c y .  Other workers r e p o r t e d  f u r t h e r  l i n e w i d t h  

narrowing by r e p l a c i n g  t h e  feedback m i r r o r  (M2) wi th  a L i t t row 

mounted g r a t i n g  (Shoshan, 1978; Lit tman,  1978) .  Linewidths  o f  

0.04-0.1 c m - I  have been r e p o r t e d ,  b u t  wi th  r a t h e r  low conve r s ion  

e f f i c i e n c i e s  o f  3-10%. These r e s u l t s  were o b t a i n e d  wi th  very  

h igh  peak power. low r e p e t i t i o n  rate pump s o u r c e s  such a s  N2 o r  

flashlamp-pumped Nd:YAG l a s e r s  wi th  peak powers o f  50-100 kW o r  

g r e a t e r ,  For such  a p p l i c a t i o n s ,  a t r a n s v e r s e  pumping geometry 

is g e n e r a l l y  d e s i r a b l e  i n  o r d e r  t o  avo id  damaging t h e  dye cel l  

windows. I n  t h i s  geometry, t h e  l a s e r  r a d i a t i o n  is focussed  i n t o  

a l i n e  on to  one o f  t h e  dye cel l  windows by means o f  a c y l i n -  



d r i c a l  l e n s ,  Easing then  occu r s  a l o n g  t h e  l e n g t h  o f  t h e  l i n e  o f  

o p t i c a l l y  e x c i t e d  dye which t h i s  g e n e r a t e s .  

The l i n e w i d t h s  r e q u i r e d  t o  pump a LiNb03 OPO a r e  less 

than  t h e  r e s u l t s  quoted above, b u t  i t  was n o t  c l e a r  whether t h e  

r e q u i r e d  1-2 cm-' l i n e w i d t h  could  be ach ieved  wi th  s u i t a b l e  

. conve r s ion  e f f i c i e n c y  from t h e  dye laser i n  o r d e r  t o  ach ieve  

p a r a m e t r i c  o s c i l l a t i o n .  The dye laser pump sou rce  w a s  a 

modif ied Cont ro l  Laser model 514QT Q-switched Nd:YAG laser.  

This  dev ice  is c o n t i n u o u s l y  pumped by means o f  a 5 .2  kW K r  a r c  

lamp. The laser was o r i g i n a l l y  s u p p l i e d  wi th  a L i I03  f requency 

doubl ing  c r y s t a l ,  c u t  f o r  phase matching a t  t h e  532 nm second 

harmonic o f  t h e  fundamental 1.064 pm t r a n s i t i o n  o f  Nd:YAG, The 

maximum g r e e n  o u t p u t  o b t a i n e d  with  t h i s  c r y s t a l  was approxi -  

mately 1 .5  W a t  5  kHz. I n  o r d e r  t o  ach ieve  h i g h e r  dye laser 

powers f o r  pumping t h e  OPO, t h i s  c r y s t a l  was r e p l a c e d  by a  

r e c e n t l y  developed KTP (KTiOP04) doubl ing  c r y s t a l  ( A i r t r o n ,  

1984; B e l t  e t  a l . ,  1985) .  This  c r y s t a l  immediately r e s u l t e d  i n  

a g r e a t e r  t h a n  two-fold i n c r e a s e  i n  g r e e n  o u t p u t  from es sen -  

t i a l l y  t h e  same laser c a v i t y .  F u r t h e r  m o d i f i c a t i o n s  were made 

t o  t h e  c a v i t y  i n  o r d e r  t o  e x t r a c t  t h e  backwards p ropaga t ing  

532 nm beam, which is normally l o s t  i n  conven t iona l  Nd:YAG 

d e s i g n s .  These m o d i f i c a t i o n s  a r e  summarized i n  F ig .  2.6. With 

- t h e s e  m o d i f i c a t i o n s  t h e  laser produced a t o t a l  power from both  

beams o f  2.5-3.0 W a t  a reduced r e p e t i t i o n  r a t e  o f  2  kHz. Lower 

r e p e t i t i o n  r a t e s  t end  t o  s h o r t e n  t h e  l a s e r  p u l s e s  by i n c r e a s i n g  

t h e  g a i n  s t o r a g e  o f  t h e  Nd:YAG c r y s t a l ,  wi th  t h e  r e s u l t  t h a t  t h e  

Peak power i n c r e a s e s ,  and with  i t  t h e  chances  f o r  r each ing  OPO 
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M2: HR @ 1.06 pm, HT @ 0.53 pm, @ 

H3: HR @ 1.06 pm, @ 90•‹ 

HR= high reflecting, HT= high tra nsmitting 

Fig. 2.6: Modified Nd:YAG pump laser. The L i I O  
frequency doubling crystal was replaced by a KTP crysta?. The 
folded cavity configuration allows output coupling of the back- 
ward propagating 532 nm wave through the 45' folding mirror. 
This beam was previously absorbed in the Nd:YAC crystal in the 
earlier linear cavity configurations. 



t h r e s h o l d .  The laser p u l s e  width was measured by a  Sf photo- 

d iode  t o  be roughly  100 ns .  A t  a t o t a l  power o f  2 W and a 

r e p e t i t i o n  rate o f  2 kHz t h i s  would imply a peak power o f  10 kW. 

A s imple  schemat ic  o f  t h e  dye laser used i n  t h i s  work is 

shown i n  F ig .  2 . 5 .  Th i s  p a r t i c u l a r  c a v i t y  c o n f i g u r a t i o n  was 

. a r r i v e d  a t  a f t e r  c o n s i d e r a b l e  expe r imen ta t ion  wi th  a  v a r i e t y  o f  

o t h e r  p o s s i b l e  o p t i o n s .  The c a v i t y  is similar t o  t h a t  o f  

Shoshan e t  a l .  (1977)  i n  i ts  s i m p l i c i t y .  The major d i f f e r e n c e  

invo lves  t h e  c h o i c e  o f  a n  o f f  - ax i s  l o n g i t u d i n a l  pumping a r r ange -  

ment r a t h e r  t h a n  t h e  more conven t iona l  t r a n s v e r s e  pumping scheme 

commonly employed i n  o t h e r  systems.  The t r a n s v e r s e  geometry was 

b r i e f l y  a t tempted ,  b u t  t h e  beam q u a l i t y  and d ivergence  proper-  

t ies were i n f e r i o r  t o  t hose  o f  t h e  l o n g i t u d i n a l  s e t u p .  The 

o p t i c a l l y  e x c i t e d  a r e a  o v e r l a p s  t h e  l a s i n g  volume much more 

c l o s a l y  > i n  a l o n g i t u d i n a l  s e t u p ,  and t h i s  is expec ted  t o  become 

more impor t an t  a t  t h e  r e l a t i v e l y  low peak powers produced by t h e  

continuously-pumped Nd:YAG laser. The o f f - a x i s  pumping geometry 

has  t h e  advantage t h a t  no r e s t r i c t i v e  c o a t i n g s  a r e  r e q u i r e d  t o  

coup le  t h e  pump r a d i a t i o n  i n t o  t h e  c a v i t y  as is t h e  case f o r  a 

t r u l y  c o l l i n e a r  l o n g i t u d i n a l  geometry. The dye laser power was 

s u r p r i s i n g l y  i n s e n s i t i v e  t o  t h e  o f f - a x i s  a n g l e .  The two 

coun te rp ropaga t ing  Nd:YAG beams, each  wi th  a power o f  -1.5 W 

were coupled i n  from o p p o s i t e  dye cell  windows. 

Both t h e  end m i r r o r  and t h e  feedback m i r r o r s  were p l a n a r  

broadband d i e l e c t r  ic c o a t e d  m i r r o r s .  Expes iments wi th  concave 

m i r r o r s  y i e l d e d  h igh  o u t p u t  powers b u t  ve ry  poor beam d i v e r -  

gence,  u n s u i t a b l e  f o r  e f f i c i e n t  coup l ing  i n t o  t h e  OPO. A 5 c m  



long holographic grating (American Holographic) with a ruling 

spacing of 2400 lines/mm was used, The angle of the first order 

diffraction maximum is given by the grating equation, 

d(sina+sinp)=x, where a-87' is the angle of incidence, and p the 

diffraction angle, with the convention that both angles are 

measured with respect to the grating normal. A t  this ruling 

spacing one has p=30•‹. A t  an incidence angle of a-87O (Fig. 

2.5) most of the grating was filled albeit rather nonuniformly. 

The dye cell was machined out of brass and provided a 

2 cm optical path length with the dye flow perpendicular to the 

lasing axis. It was found that a shorter path length of 2 mm 

caused severe fading problems due to the buildup of deposits on 

the inside surface of the dye cell windows. This correlated 

with the higher dye concentration required in this case. The 

dye cell windows were made of quartz and were antireflection 

coated. Rhodamine 640 and sulforhodamine 640 (Exciton Chemical 

Company) were the dyes used in this work. These have nominal 

tuning ranges extending as far as 620 and 640 nm respectively 

under flashlamp-pumped Nd:YAG excitation. Under the conditions 

of this study however a usable long wavelength limit of -625- 

630 nm was observed for both dyes. Methanol was initially tried 

as a solvent but caused severe dye fading problems. In 

. addition, the dye radiation became depolarized with respect to 

the pump beam, possibly because sf the relatively low viscosity 

of ethanol, The use of ethylene glycol circumvented both of 

these problems, Typical dye concentrat ions of approximately 

0.07 g/1000 ml were employed. By increasing the concentration 



somewhat t h e  t un ing  range could  be ex tended  a few nm i n t o  t h e  

r e d .  

Dve l a s e r  ~ e r  formance 

Bower l e v e l s  o f  400-450 mW a t  625 nm and 2  kHz were 

r e a d i l y  o b t a i n e d  wi th  t h i s  c a v i t y  c o n f i g u r a t i o n .  The l a s e r  is 

i n i t i a l l y  a l i g n e d  wi th  a s i n g l e  pump beam o f  -1.5-2.2 W .  

Coupling o f  t h e  second beam t y p i c a l l y  produced a 5-fold  o r  

g r e a t e r  i n c r e a s e  i n  t h e  o u t p u t  power. Accurate  measurement o f  

t h e  dye laser l i n e w i d t h  was n o t  p o s s i b l e  wi th  t h e  g r a t i n g  

spec t rome te r  used i n  t h i s  s tudy .  A t  a  dye l a s e r  wavelength o f  

625 nm a n  upper l i m i t  s f  -0.1 m e V  was measured with  t he  g r a t i n g  

spec t rome te r ,  which is  c l o s e  t o  t h e  i n s t r u m e n t a l  r e s o l u t i o n .  

The p o l a r i z a t i o n  o f  t h e  dye laser o u t p u t  was i n  t h e  

h o r i z o n t a l  p l ane .  No i n t e r n a l  components were r e q u i r e d  t o  

ach ieve  t h e  r e q u i r e d  well d e f i n e d  p o l a r i z a t i o n ,  which was t h e  

same a s  t h a t  o f  t h e  Nd:YAG pump laser .  

B e a m  q u a l i t y  is a c r u c i a l  f a c t o r  f o r  e f f i c i e n t  pumping o f  

t h e  OPO, and is u s u a l l y  d e f i n e d  i n  terms o f  d e v i a t i o n s  from t h e  

d i f f r a c t i o n  l i m i t .  The dye l a s e r  o u t p u t  was f a i r l y  c l o s e  t o  

d i f f r a c t i o n  l i m i t e d  judging by t h e  f a c t  t h a t  it was p o s s i b l e  t o  

- c o l l i m a t e  t h e  beam t o  a d iameter  o f  approximate ly  2 mm over  a 

10 m pa th  l e n g t h .  



OPO ~ u m ~ i n a  and OPO ~ e r f o r m a n c e  

A s imple  b lock  diagram of t h e  0PO.system is shown i n  F i g .  

2 .7a .  A schema t i c  o f  t h e  Chromatix LiNbU3 OPO is  g iven  i n  P i g .  

2 .7b.  The 450 mw dye laser o u t p u t  was f i r s t  c o l l i m a t e d  by a 

s i n g l e  l e n s  and t h e n  passed through a n  o p t i c a l  d e l a y  l i n e  

c o n s i s t i n g  o f  t h r e e  m i r r o r s ,  which in t roduced  a n  o p t i c a l  pa th  

l e n g t h  o f  9 .4  m. The d e l a y  l i n e  was a  neces sa ry  f e a t u r e  i n  

o r d e r  t o  ensu re  t h a t  back r e f l e c t i o n s  from t h e  f r o n t  mi r ro r  o f  

t h e  OPO were n o t  r e f l e c t e d  back i n t o  t h e  dye l a s e r  whi le  it  was 

s t i l l  l a s i n g .  The feedback provided by t h e  g r a z i n g  inc idence  

g r a t i n g  is s o  low t h a t  such back r e f l e c t i o n s ,  which a r e  n o t  

f requency s e l e c t i v e ,  would a l l ow t h e  laser t o  o s c i l l a t e  indepen- 

d e n t l y  o f  t h e  g r a t i n g .  This  is  overcome by d e l a y i n g  t h e  a r r i v a l  

o f  t h e s e  back r e f l e c t i o n s  u n t i l  t h e  Nd:YAG e x c i t a t i o n  p u l s e  is 

ove r .  The 9.4 m d e l a y  l i n e  gave a  60 n s  d e l a y  o f  t h e  a r r i v a l  of  

t h e  back - re f l ec t ed  p u l s e  a t  t h e  dye l a s e r .  

The dye l a se r  r a d i a t i o n  was coupled  i n t o  t h e  LiNb03 

c r y s t a l  by a 35 c m  f o c a l  l e n g t h  l e n s .  Given a beam d iameter  o f  

d-2 mm a t  t h i s  l e n s  t h e  pump beam d iame te r  a t  t h e  focus  is 

approximate ly  g i v e n  by t h e  d i f f r a c t i o n  l i m i t  o f  f ~ / d - 1 0 0  pm. A t  

a pump power o f  10 kW peak power t h i s  i m p l i e s  a  power f l u x  o f  

2 - 8 H W / c m  which is c o n s i d e r a b l y  lower t h a n  t h e  LiNb03 damage 

2 t h r e s h o l d  o f  80 H W / c m  (Byer,  1975) .  

The Chromatix OPO c o n s i s t s  o f  a 5 c m  LiNb03 c r y s t a l  

mounted i n  a tempera ture  c o n t r o l l e d  oven.  The o p t i c  a x i s  o f  t h e  

c r y s t a l ,  which is normal t o  t h e  long  a x i s ,  was o r i e n t e d  i n  t h e  
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F i g .  2 . 7 :  ( a ) :  Schematic o f  t h e  p r i n c i p l e  subcomponents 
o f  t h e  e n t i r e  OPO system.  The purpose o f  t h e  d e l a y  l i n e  is t o  
ensu re  t h a t  back r e f l e c t i o n s  do n o t  r each  t h e  dye l a s e r  u n t i l  
a f t e r  t h e  Nd:YAG p u l s e  is over ,  t h u s  e n s u r i n g  t h a t  o s c i l l a t i o n  
does  n o t  occur  a t  a wavelength o t h e r  t han  t h a t  determined by t h e  
g r a t i n g .  (b1:Schematic o f  t h e  main components o f  t h e  CMX-4/IR 
OPO. E x c i t a t i o n  from t h e  dye l a s e r  is focussed i n t o  t h e  LiNb03 
c r y s t a l  by l e n s  L1. Mir ro r s  M1 and M2 a r e  r e f l e c t i n g  a t  the  
i d l e r  wavelength, b u t  t r a n s m i t t i n g  a t  t h e  s i g n a l  wavelength.  
The o u t p u t  emerges from M2. 



v e r t i c a l  p l ane  i . e .  pe rpend icu la r  t o  t h e  p l ane  o f  t h e  dye l a s e r  

p o l a r i z a t i o n .  The c a v i t y  is a s t a b l e  nonconfocal  r e s o n a t o r  wi th  

i n p u t  and o u t p u t  m i r r o r s  o f  i d e n t i c a l  25 c m  r a d i i  o f  c u r v a t u r e .  

The c o a t i n g s  on bo th  m i r r o r s  were des igned  t o  be h i g h l y  r e f l e c -  

t i n g  a t  t h e  i d l e r  wavelength, and h i g h l y  t r a n s m i t t i n g  a t  t h e  

s i g n a l  wavelength.  I n  a d d i t i o n  t h e  pump m i r r o r  must t r a n s m i t  

t h e  pump beam wi th  h igh  e f f i c i e n c y .  These a r e  f a i r l y  s t r i n g e n t  

r e s t r i c t i o n s  and are s a t i s f i e d  t o  a  g r e a t e r  o r  l e s s e r  deg ree  

depending on t h e  exact o p e r a t i n g  wavelengths .  I n  p r a c t i c e ,  near  

degeneracy,  t h e r e  was a p p r e c i a b l e  r e f l e c t i o n  a t  bo th  t h e  s i g n a l  

and i d l e r  wavelengths .  

With pump l e v e l s  o f  450 mW t h e  OPO produced power l e v e l s  

o f  between 30 and 70 mW f o r  a conve r s ion  e f f i c i e n c y  (OF0 power/ 

dye laser power) o f  between 7  and 16%.-  450 mW o f  dye power a t  

2 kHz imp l i e s  approximate ly  2.3 kW of  peak dye power, which is 

w e l l  above t h e  t y p i c a l  300-600 W t h r e s h o l d  f o r  o s c i l l a t i o n  

r e p o r t e d  by o t h e r  workers (Byer, 1975) .  O s c i l l a t i o n  was 

ach ieved  over  t h e  range  1.0 t o  1.180 pm with  a  s i n g l e  s e t  of  

m i r r o r s  and a t  a s i n g l e  oven tempera ture .  The pu lse - to -pu lse  

s t a b i l i t y  o f  t h e  OPO was e x c e l l e n t ,  and f a r  b e t t e r  t h a n  t h a t  o f  

t he  f  lashbamp-pumped dye l a s e r  arrangement .  Angular f l u c t u -  

a t i o n s  i n  t h e  beam a x i s  o f  t h e  Nd:YAG laser were t h e  b i g g e s t  

s i n g l e  f a c t o r  i n  de t e rmin ing  t h e  s t a b i l i t y  o f  t h e  OPO o u t p u t ,  

These f l u c t u a t i o n s  were passed on t o  t h e  dye laser and were 

magnified somewhat by t h e  long d e l a y  l i n e .  

The OPO l i n e w i d t h  v a r i e d  c o n s i d e r a b l y ,  and t h e  e x a c t  

I c ause  o f  t h i s  was n o t  de te rmined ,  Under optimum c o n d i t i o n s  



l i n e w i d t h s  o f  -0.3 m e V  were o b t a i n e d  f o r  a s i g n a l  wavelengths 

nea r  1000 nm. By changing t o  a d i f f e r e n t  s e t  o f  m i r r o r s ,  

o s c i l l a t i o n  was o b t a i n e d  a t  a wavelength o f  1 .6  pm, a l t hough  a t  

a  much reduced power l e v e l  o f  -5 mW. A s  expec ted ,  t h e  l i n e w i d t h  

became c o n s i d e r a b l y  g r e a t e r  as degeneracy was approached 

( w ~ ~ J , ) .  For t h i s  r e a s o n  it was g e n e r a l l y  p r e f e r a b l e  t o  work as 

f a r  from degeneracy as p o s s i b l e  by s h i f t i n g  t h e  pump frequency 

as f a r  i n t o  t h e  r e d  as p o s s i b l e .  A p u z z l i n g  f e a t u r e  o f  t h e  

broadening o f  t h e  OPO p u l s e s  was t h a t  t h e  broadening appeared t o  

be t h e  r e s u l t  o f  a s u p e r p o s i t i o n  o f  r e g u l a r l y  spaced l i n e s  wi th  

a spac ing  o f  -0,2 m e V .  Th is  spac ing  is approximate ly  100 times 

t h e  expec ted  l o n g i t u d i n a l  c a v i t y  mode s p a c i n g  o f  e i t h e r  t h e  dye 

l a s e r  o r  t h e  OPO, which is g iven  by c/n2g-0.002 meV where 2 is 

o f  t h e  o r d e r  o f  20 c m  i n  both  c a s e s .  The o r i g i n  o f  t h i s  

broadening is n o t  clear a t  t h e  moment. 

C o m ~ u t e r  c o n t r o l  o f  t h e  OPO 

The t u n i n g  m i r r o r  ad jus tment  micrometer o f  t h e  dye l a s e r  

was d r i v e n  by a s t e p p i n g  motor (Ai rpax  K82331-P2) i n  o r d e r  t o  

a l l ow computer c o n t r o l  o f  t h e  OPO wavelength f o r  t h e  purpose o f  

c o l l e c t i n g  s p e c t r a  ( F i g .  2 . 1 1 ,  Since  t h e  OPO o u t p u t  wavelength 

. is i n  g e n e r a l  a n o n l i n e a r  f u n c t i o n  o f  t h e  pump frequency,  t h e r e  

does  n o t  e x i s t  a l i n e a r  r e l a t i o n s h i p  between t h e  micrometer 

s e t t i n g  and t h e  OPO wavelength.  I n  a d d i t i o n  t h e  wavelength 

, c a l i b r a t i o n  was comple te ly  d i f f e r e n t  f o r  d i f f e r e n t  o p e r a t i n g  



modif ied t o  c a l c u l a t e  a l e a s t  s q u a r e s  
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f i t  t o  t h e  OBO wavelength 

v e r s u s  micrometer p o s i t i o n  based on a s e r i e s  o f  known c a l i -  

b r a t i o n  p o i n t s  which were ob ta ined  p r i o r  t o  s t a r t u p  us ing  t h e  

spec t rome te r .  Th i s  i n t e r n a l  c a l i b r a t i o n  was subsequen t ly  used 

t o  advance t h e  dye laser s t e p p i n g  motor t o  p rov ide  c o n s t a n t  

increments  o f  wavelength f o r  t h e  s p e c t r a l  s cans .  A l e a s t  

s q u a r e s  f i t  t o  a s imple  q u a d r a t i c  was found t o  g i v e  a very good 

f i t  t o  t h e  c a l i b r a t i o n  p o i n t s .  The program was capab le  o f  

a l t e r n a t i n g  between OPO and spec t rome te r  c o n t r o l .  

An a d d i t i o n a l  f e a t u r e  t h a t  was o c c a s i o n a l l y  u s e f u l  was a n  

o p t i o n  which normal ized t h e  photomul t i p 1  ier s i g n a l  a g a i n s t  t h e  

o u t p u t  o f  S i  photodiode which monitored t h e  OPO i n t e n s i t y .  

Usual ly  however, f l u c t u a t i o n s  i n  t h e  OPO power were small enough 

t h a t  t h i s  f e a t u r e  w a s  n o t  r e q u i r e d .  



C h a ~ t e r  3: Review o f  t h e  S i : I n  and S i :T l  c e n t r e s  

A g r e a t  d e a l  o f  phenomenological d a t a  has  been a q u i r e d  

r e g a r d i n g  t h e  In-  and TI - r e l a t ed  i s o e l e c t r o n i c  bound e x c i t o n s  i n  

S i .  The work con ta ined  i n  t h i s  t h e s i s  has  determined t h e  

d e t a i l e d  n a t u r e  o f  t h e  e l e c t r o n i c  s ta tes  and symmetries o f  t h e s e  

p a r t i c u l a r  d e f e c t s ,  which had been somewhat of  a  mystery.  I t  is 

u s e f u l  a t  t h i s  p o i n t  t o  review some o f  t h e  p rev ious  work t h a t  

has  been done i n  t h e  a r e a  o f  IBE i n  S i .  Much o f  t h e  l i t e r a t u r e  

on t h e s e  d e f e c t  sys tems has been summarized p r e v i o u s l y  ( ~ a t k i n s ,  

1983; Watkins e t  a l .  1984) .  For t h e  s ake  o f  b r e v i t y ,  t h e  d i s -  

c u s s i o n  w i l l  be l i m i t e d  t o  t hose  cases f o r  which the .  e x c i t e d  

s ta te  s t r u c t u r e  h a s  been observed by means o f  PLE. 

The f i r s t  o b s e r v a t i o n  o f  a n  i s o e l e c t r o n i c  d e f e c t  i n  S i  

was made by Weber e t  a l .  (1979). These a u t h o r s  performed l i f e -  

t i m e  and Zeeman measurements which showed t h a t  t h e  l e v e l  s t r u c -  

t u r e  was similar t o  t h a t  observed i n  s e v e r a l  p r e v i o u s l y  r e p o r t e d  

a x i a l  I B E  i n  Gap. The d e f e c t  symmetry was C3v and e x h i b i t e d  

r e l a t i v e l y  small ground s t a t e  s p l i t t i n g s  o f  t h e  type  d e s c r i b e d  

by t h e  model o f  Morgan and Morgan (1970) .  The d e f e c t  was l a t e r  

found t o  i n c o r p o r a t e  N i n  a d d i t i o n  t o  ano the r  as y e t  uniden- 

t i f i e d  c o n s t i t u e n t ,  By us ing  t h e  r e c e n t l y  developed t u n a b l e  

. F:* c o l o u r  c e n t r e  l a s e r  (Mollenauer,  1980). Wagner and Sauer 

(1982)  were a b l e  t o  perform e x c i t a t i o n  spec t roscopy  on t h i s  

c e n t r e .  A t u n a b l e  laser was r e q u i r e d  because o f  t h e  ex t remely  

low c o n c e n t r a t i o n  of  b ind ing  c e n t r e s  which prec luded  t h e  p o s s i -  

h b i l i t y  o f  a b s o r p t i o n  measurements. A s e r i e s  o f  a c c e p t o r - l i k e  
b 
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hydrogenic  e x c i t e d  s t a t e s  was observed  t o  converge t o  a l i m i t  

36.7 m e V  above t h e  ground s t a t e ,  s i m i l a r  t o  t h e  r e s u l t s  o f  Cohen 
l 

and S t u r g e  (19771,  From t h i s ,  and t h e  s p e c t r o s c o p i c  b ind ing  

energy,  a n  e l e c t r o n  b ind ing  energy o f  9 . 2  m e V  was deduced. 

Henry e t  a l .  (1981)  r e p o r t e d  t h e  o b s e r v a t i o n  o f  a similar 

a x i a l  d e f e c t  i n  Be-doped S i .  I n  t h i s  c a s e  t h e  d e f e c t  is 

b e l i e v e d  t o  be a Be-Be i n t e r s t i c i a l c y ,  i . e .  two B e  atoms cova- 

l e n t l y  bonded a t  a s u b s t i t u t i o n a l  l a t t i c e  s i t e .  S t r e s s  measure- 

ments performed by Co l l ey  i n d i c a t e d  a C3v symmetry f o r  t h e  

d e f e c t  ( s e e  Davies, 1984 1.  Earlier Zeeman measurements by 

K i l l o r a n  e t  a l .  (1982)  i n d i c a t e d  a  D Z h  symmetry, b u t  t h e r e  is  

some q u e s t i o n  as t o  t h e  meaningfulness  o f  t h e  group t h e o r e t i c a l  

p rocedures  used i n  t h e i r  a n a l y s i s .  

The PLE s p e c t r a  o f  t h e s e  e x c i t o n s  was r e c e n t l y  o b t a i n e d  

by Thewalt e t  a l .  (1982a)  u s ing  a  whi te  l i g h t  sou rce  f i l t e r e d  

through a monochromator. I n  t h i s  c a s e  a  t u n a b l e  laser was n o t  

r e q u i r e d  because o f  t h e  h igh  c o n c e n t r a t i o n  o f  b ind ing  c e n t r e s  

1 0  c m 3  1. Thi s  e x c i t e d  s t a t e  spectrum was subsequen t ly  

i n t e r p r e t e d  by t h e  f a r - i n f r a r e d  s t u d i e s  o f  Lab r i e  e t  a l .  (1983) 

i n  which t h e  s tates were a l s o  shown t o  cor respond  t o  t h o s e  o f  a 

ho le  bound i n  a Coulombic p o t e n t i a l  wi th  a b ind ing  energy o f  43 

m e V .  Th is  impl ied  a b ind ing  energy f o r  t h e  i s o l a t e d  e l e c t r o n  o f  

. 50 m e V .  

Recent ly  Thonke e t  a l .  (1985)  have i n t e r p r e t e d  PLE t r a n -  

s i t i o n s  observed from t h e  790 m e V  d e f e c t  i n  i r r a d i a t e d  S i  as 

being due t o  sha l low donor - l ike  e x c i t e d  s ta tes  of  a n  I B E .  This  

: case is i n t e r e s t i n g  because o f  t h e  very  deep n a t u r e  o f  t h e  ho le  
r 



s t a t e  which is bound by a n  energy o f  t h e  o r d e r  o f  a t h i r d  o f  t h e  

bandgap, whi le  t h e  e l e c t r o n  is bound by o n l y  38.3 m e V .  A 

thermal ly- induced d e f e c t  observed by Wagner e t  a l .  (1985)  i n  O- 

r i c h  S i  showed ve ry  s i m i l a r  behaviour .  A l l  o f  t h e  above cases 

were c o n s i s t e n t  wi th  t h e  HTL model o f  I B E .  

The I n - r e l a t e d  "P,Q,RN photoluminescence emis s ion  nea r  

1118 m e V  was one o f  t h e  f i r s t  o f  a growing l i s t  o f  emis s ion  

l i n e s  t o  be i d e n t i f i e d  a s  due t o  t h e  recombina t ion  o f  IBE i n  S i  

(Mitchard e t  a l . ,  19791, p r i n c i p a l l y  on t h e  b a s i s  o f  t h e  long 

230 ps luminescence decay t i m e s  a t  4.2 K. The s p e c t r o s c o p i c  

b ind ing  energy o f  a n  e x c i t o n  t o  t h i s  d e f e c t  is j u s t  22 m e V  

l a r g e r  t h a n  t h e  r e l a t i v e l y  sha l low I n  a c c e p t o r  bound e x c i t o n  

b ind ing  energy .  The luminescence i n t e n s i t y  o f  t h e  d e f e c t  was 

found t o  be g r e a t l y  enhanced by r a p i d l y  quenching t h e  samples 

from l l O O • ‹ C  t o  room tempera ture  (Thewalt  e t  a l . ,  1981a ) .  A 

t y p i c a l  PL spectrum, o b t a i n e d  a t  20 K wi th  above gap e x c i t a t i o n  

is shown i n  F ig .  3 . 1  from Thewalt e t  a l .  (1982b) .  The 20 K PL 

emiss ion  c o n s i s t s  o f  a n  i n t e n s e ,  narrow no-phonon l i n e  a t  1118 

m e V ,  t h e  P l i n e ,  and a  s t r o n g  band o f  non-momentum-conserving 

phonon r e p l i c a s ,  i n d i c a t i v e  o f  a h i g h l y  l o c a l i z e d  e l e c t r o n i c  

s t a t e .  Unlike t h e  I n  a c c e p t o r  bound e x c i t o n  t h e  spectrum shows 

no ev idence  o f  any coup l ing  t o  momentum conse rv ing  phonons. 

D i s t i n c t i v e  s p e c t r a l  f e a t u r e s  a r e  t h e  broad l o c a l  mode r e p l i c a  

R, which has  t h e  same i n i t i a l  s t a t e  as  P, and t h e  e x c i t e d  s ta te  

t r a n s i t i o n  Q, which, a s  determined from thermal  a c t i v a t i o n  

measurements, o r i g i n a t e s  on an  i n i t i a l  s t a t e  3 . 8  meV above t h a t  

Of P, The 4 . 2  K spectrum is i d e n t i c a l  e x c e p t  f o r  t h e  absence o f  
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F i g .  3 , % :  PL s p e c t r a  o f  the  S i : I n  and S i :T l  i s o e l e c -  
t r o n i c  c e n t r e s  recorded a t  20 K, The S i :Pn  spectrum has been 
s h i f t e d  down i n  energy by 6 7 . 4  m e V  i n  order t o  a l i g n  the  
pr inc ipa l  no- phonon P l i n e s  and thus  emphasize the  s p e c t r a l  
s i m i l a r i t i e s .  From Thewalt et a l .  (198ba), 



t h e  e x c i t e d  s t a t e  t r a n s i t i o n  Q, The t r a n s i t i o n  Q has  a n  energy  

j u s t  below t h a t  o f  P, which can  on ly  be exp la ined  i f  i t  te rmi-  

n a t e s  on a n  e x c i t e d  f i n a l  s t a t e ,  most l i k e l y  a l o c a l  mode o f  t h e  

b a r e  c e n t r e  (Thewalt  e t  a l . ,  1981a) .  I t  is a n  unusual  and d i s t -  

i n c t i v e  f e a t u r e  t h a t  a no-phonon t r a n s i t i o n  is no t  observed 

between t h e  i n i t i a l  s ta te  o f  Q and t h e  f i n a l  s t a t e  of  P. 

Presumably t h i s  is t h e  r e s u l t  o f  some s e l e c t i o n  r u l e .  The PL 

p r o p e r t i e s  o f  t h i s  c e n t r e  have have been thoroughly  i n v e s t i g a t e d  

by a  v a r i e t y  o f  t echn iques  i n c l u d i n g  t r a n s i e n t  e x c i t a t i o n ,  

thermal  a c t i v a t i o n ,  u n i a x i a l  stress, and Zeeman measurements 

(Thewalt  e t  aP,, 1982b; Watkins e t  a l . ,  1984; Watkins and 

Thewalt, 1985) .  

The r o l e  o f  t h e  c e n t r a l  c e l l  o f  t h e  I n  a c c e p t o r  was 

e s t a b l i s h e d  by Thewalt e t  a l .  (1981b) who a p p l i e d  t h e  same sample 

quenching procedure  t o  samples doped wi th  t h e  deeper  a c c e p t o r  

T 1 .  Th is  was observed  t o  produce a ve ry  similar set o f  l i n e s  a t  

20 K ,  d i s p l a c e d  down i n  energy by 67 m e V ,  which is  a  l a r g e  

f r a c t i o n  o f  t h e  91 m e V  d i f f e r e n c e  i n  b ind ing  energy  between t h e  

I n  and T 1  a c c e p t o r s .  The s t r i k i n g  s i m i l a r i t y  o f  t h e  20 K S i : I n  

and Si:T1 s p e c t r a  is shown i n  F ig .  3 . 1  i n  which t h e  energy 

scales o f  t h e  two s p e c t r a  were s h i f t e d  s o  as  t o  b r i n g  t h e  no- 

phonon P l i n e s  i n t o  co inc idence .  The s i m i l a r i t y  o f  t h e  s p e c t r a l  

f e a t u r e s  l e d  t o  t h e  u se  o f  t h e  same l a b e l l i n g  conven t ions .  The 

unusual  Q l i n e  f e a t u r e  is a l s o  observed i n  t h e  20 K S i :T l  

spectrum, a s  w e l l  as t h e  broad l o c a l  mode r e p l i c a  R .  The 

s i m i l a r i t y  o f  t h e s e  s p e c t r a  l e d  t o  t h e  use  o f  t h e  term P-centre  

t o  d e s c r i b e  t h e  d e f e c t  r e s p o n s i b l e  f o r  bo th  sets o f  PL l i n e s .  



Whereas t h e  S i : I n  P , Q , R .  . , luminescence system does  n o t  

change s i g n i f i c a n t l y  over  t h e  1.6-25 K range ,  t h e  Si :Tl  P,Q,R 

luminescence van i shes  comple te ly  below 12 K and is r e p l a c e d  by a 

new set  o f  l i n e s  denoted A,B,C . . .  f o r  which t h e  ground s t a t e  t o  

ground s t a t e  t r a n s i t i o n  ( A  l i n e )  l i e s  36.8 m e V  above t h e  S i  : T 1  P 

l i n e .  The tempera ture  dependence o f  t h i s  novel  changeover is 

shown i n  F ig .  3 .2 .  The long l i f e t i m e s  ( 5 3  ps  a t  4 .2  K) of  t h e s e  

new l i n e s  was a l s o  s u g g e s t i v e  of  IBE recombina t ion .  A t  4 .2 K a n  

i n t r i c a t e  set  o f  l o c a l  mode phonon r e p l i c a s  B,C,D,E . .  . o f  t h e  

dominant no-phonon t r a n s i t i o n  A a r e  observed,  n o t  a l l  of  which 

are w e l l  r e s o l v e d  i n  F ig .  3 .2 .  A l l  o f  t h e s e  have i d e n t i c a l  

thermal  behaviour  showing t h a t  t hey  s h a r e  t h e  same i n i t i a l  

s t a t e .  A series o f  monotonical ly  d e c r e a s i n g  r e p l i c a s  o f  t h e  A 

l i n e ,  o f  which t h e  l i n e  l a b e l l e d  B is t h e  f i r s t ,  a r e  gene ra t ed  

by coup l ing  t o  a ' 5 ; 3  m e V  f i n a l  s t a t e  mode. The C l i n e  a l s o  

g e n e r a t e s  a s e r i e s  o f  monotonical ly  d e c r e a s i n g  set  of  r e p l i c a s ,  

o f  which D is t h e  f i r s t ,  wi th  t h e  same 5 . 3  m e V  spac ing .  The C 

l i n e  is i t s e l f  a r e p l i c a  of  t h e  A l i n e ,  gene ra t ed  by a 6 . 5  m e V  

f i n a l  s ta te  l o c a l  mode. 

The 15 K spectrum i n  F i g .  3 .2  r e v e a l s  a n  e x c i t e d  s t a t e  

t r a n s i t i o n  l a b e l l e d  X a t  a n  energy 2 . 9  m e V  above A .  Th is  t r a n -  

' s i t i o n  has  a n  e x c i t e d  i n i t i a l  ( e x c i t o n )  s t a t e ,  b u t  t h e  same 

. f i n a l  s t a t e  as A as conf i rmed by t h e  e x i s t e n c e  of  r e p l i c a s  

Y,Z ,Z  '... g e n e r a t e d  by coup l ing  t o  t h e  same l o c a l  phonon modes 

which coup le  t o  A ,  

The t o t a l  broad-band 

momentum conse rv ing  phonons 

phonon coup l ing  gene ra t ed  by non- 

is much g r e a t e r  f o r  t h e  A , B , C . .  . 
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Fig. 3.2: PL spectra of the SI:T% isoelectronic centre 
recorded at various temperatures, showing the changeover in the 
spectral features. From Thewalt et al. (1982b). 



75 

luminescence system than  f o r  e i t h e r  t h e  S i : f n  o r  Si:TP P,Q,R . . .  
systems,  as summarized i n  F i g .  3 .3  from Thewalt e t  a l .  (1982bI.. 

These d a t a  were o b t a i n e d  with  a n  i n t r i n s i c  Ge d e t e c t o r ,  which 

has  a f a i r l y  f l a t  response  over  t h i s  wavelength r e g i o n .  The 

magnitude o f  t h e  s idebands  i n  F ig .  3 . 3  is no t  e v i d e n t  i n  F i g s .  

3 .1  and 3.2 s i n c e  t h o s e  d a t a  were obta ined '  wi th  t h e  photomul- 

t i p l  ier d e t e c t o r ,  which has a r a p i d l y  f a l l i n g  response  below 

1 eV. 

The o b s e r v a t i o n  t h a t  t h e  i n t e g r a t e d  luminescence i n t e n -  

s i t y  o f  a l l  Si:TP l i n e s  does  n o t  change a p p r e c i a b l y  i n  pas s ing  

through t h e  changeover t empera ture ,  and t h a t  no sample depen- 

dence of t h e  r e l a t i v e  l i n e  i n t e n s i t i e s  is observed,  sugges ted  

t h a t  t h e  P,Q,R.. . and A,B,C ... luminescence systems are due t o  

t h e  recombinat ion o f  e x c i t o n s  a t  d i f f e r e n t  c o n f i g u r a t i o n s  o f  t h e  

same b ind ing  c e n t r e ,  which can  undergo some form o f  t he rma l ly  

induced r e o r i e n t a t i o n  (Thewal t ,  l 9 8 2 b ) .  The k i n e t i c s  of  t h i s  

rearrangement  p r o c e s s  was i n v e s t i g a t e d  by Watkins e t  a l .  (1984)  

and Watkins (1983)  by means o f  t r a n s i e n t  PL spec t roscopy .  I n  

t h e i r  model, e x c i t o n s  a r e  i n i t i a l l y  c a p t u r e d  i n  a h igh  energy 

e x c i t o n  c o n f i g u r a t i o n  l a b e l l e d  t h e  A-centre which is r e s p o n s i b l e  

f o r  t h e  A,B,C. ,  . l i n e s ,  b u t  can  r e o r i e n t  t o  a lower energy con- 

f i g u r a t i o n  a t  T>14 K, t h e  P-centre,  by the rma l ly  overcoming a 

small energy b a r r i e r .  

The changeover r a t e  1 / ~ ,  w a s  found t o  obey a s imple  

e x p o n e n t i a l  behaviour  o f  t h e  form - 
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F i g .  3 .3:  S i : I n  and S i :T l  I B E  s p e c t r a  o b t a i n e d  with  a n  
i n t r i n s i c  Ge photodiode d e t e c t o r ,  showing t h e  s t r o n g  coup l ing  t o  
phonons o f  t h e  t h r e e  p r i n c i p a l  luminescence emis s ions .  Note 
t h a t  t h e  r a t i o  o f  t h e  no-phonon o s c i l l a t o r  s t r e n g t h  t o  t h a t  o f  
t h e  v i b r o n i c  s idebands  is much l a r g e r  f o r  t h e  A,B,C . . .  system 
t h a n  for e i t h e r  o f  t h e  P,Q,R,., systems.  From Thewalt e t  aP. 
(%98Zb) .  



with a b a r r i e r  energy  EB=20.5 meV and b = l x l O  
-12 s. The 

ex t remely  s h o r t  va lue  o f  To was c o n s i s t e n t  wi th  a phonon- 

mediated rearrangement  p roces s .  Such a p r o c e s s  is comple te ly  

unprecedented among IBE i n  any semiconductor .  Q u a l i t a t i v e l y  

similar b i s t a b l e  e f f e c t s  have been observed  f o r  deep l e v e l s  i n  

. S i  ( e , g .  Bains  and Banbury, 19851, G a A s  ( e . g .  Levinson, 1983) 

and InP ( e . 9 .  S t a v o l a  e t  a l . ,  1984) by deep  l e v e l  t r a n s i e n t  

spec t roscopy  , b u t  a l l  o f  t h e s e  c a s e s  involved  very  l a r g e  

b a r r i e r  e n e r g i e s  o f  a barge f r a c t i o n  o f  t h e  gap energy,  i n  and 

it  is n o t  clear whether t h e  unde r ly ing  mechanism is t h e  same. 

I n  a d d i t i o n ,  ev idence  from t h e  t r a n s i e n t  PL s t u d i e s  o f  

t h e  S i : I n  system was p re sen ted  (Watkins e t  a l . ,  1984) t h a t  a  

s i m i l a r  b i s t a b i l i t y  e x i s t s  f o r  t h i s  system, wi th  t h e  d i f f e r e n c e  

t h a t  one o f  t h e  d e f e c t  c o n f i g u r a t i o n s  i s  non- rad i a t i ve ,  and is 

i n f e r r e d  from t h e  double  e x p o n e n t i a l  behaviour  o f  t h e  t r a n s i e n t  

luminescence (Watkins,  1984) .  These t r a n s i e n t  d a t a  were 

exp la ined  by a model similar t o  t h a t  used f o r  t h e  Si:T1 d a t a .  

S i m i l a r  v a l u e s  o f  T~ and EB were d e r i v e d .  I n  t h i s  c a s e  however 

it was assumed t h a t  t h e  r e l a x e d  e x c i t o n  e n e r g i e s  o f  t h e  A- and 

P-centre c o n f i g u r a t i o n s  were equa l ,  and t h a t  changeover could  

t h e r e f o r e  proceed i n  bo th  d i r e c t i o n s  a t  t empera tu re s  above 10 K .  

An impor tan t  p i e c e  o f  i n fo rma t ion  which has  been provided  

by t h e  work i n  t h i s  t h e s i s  is t h e  d e t e r m i n a t i o n  o f  t he  symm- 

e t r i e s  o f  t h e  two Si:T1 d e f e c t  c o n f i g u r a t i o n s  by means o f  s t r e s s  

and Zeeman measurements. These a r e  found t o  be q u i t e  d i f f e r e n t ,  

a s  would be expec ted  f o r  a c o n f i g u r a t i o n a l  rearrangement  

Process .  I n  a d d i t i o n  t h e s e  d a t a  g i v e  d e t a i l e d  in fo rma t ion  about  



t h e  n a t u r e  o f  e l e c t r o n  and ho le  s t a t e s  r e s p o n s i b l e  f o r  t h e  

ground s t a t e  f i n e  s t r u c t u r e .  P r i o r  t o  t h e  r e s u l t s  of  t h i s  

t h e s i s ,  t h e  n a t u r e  o f  t h e s e  states w a s  n o t  known. The d e f e c t s  

were a t t r i b u t e d  t o  i s o e l e c t r o n i c  b ind ing  c e n t r e s  c h i e f l y  on t h e  

ev idence  of. t h e  long  luminescence decay times, which a r e  a w e l l  

known f e a t u r e  o f  IBE i n  i n d i r e c t  gap semiconductors  l i k e  S i  and 

Gap and d i s t i n g u i s h  them from e x c i t o n s  bound t o  n e u t r a l  donors  

o r  a c c e p t o r s ,  i n  which t h e  recombinat ion energy o f  t h e  e x c i t o n  

can  be t r a n s f e r r e d  n o n r a d i a t  i v e l y  t o  t h e  remaining p a r t i c l e  wi th  

h igh  p r o b a b i l i t y .  I n  a d d i t i o n ,  t h e  l owes t  l y i n g  e x c i t o n  s t a t e  

is o f t e n  d i p o l e  forb idden ,  r e s u l t i n g  i n  very  long  luminescence 

decay times (Chapt .  1 . 4 ) .  

P r i o r  t o  t h i s  s tudy  it was b e l i e v e d  t h a t  t h e  energy l e v e l  

s t r u c t u r e  o f  t h e  Si:T1 and S i : I n  c e n t r e s  d i d  not- f a l l  i n t o  t h e  

u sua l  s y s t e m a t i c s  f o r  i s o e l e c t r o n i c  b ind ing  o f  e x c i t o n s  a t  low 

symmetry d e f e c t s .  From the  stress and Zeeman measurements i t  

was concluded t h a t  t h e  symmetry o f  t h e  low energy S i :T l  con- 

f i g u r a t i o n  was C3", and t h a t  t h e  ground s t a t e  spectrum was q u i t e  

well  exp la ined  by t h e  a x i a l  I B E  model o f  Morgan and Morgan 

(19701, c o n t r a r y  t o  t h e  c l a i m s  o f  Sauer and Weber (1982) .  

The hypo thes i s  t h a t  t h e  S i : I n  I B E  and t h e  h igh  energy  

c o n f i g u r a t i o n  o f  t h e  Si :Tl  IBE cor respond  t o  t h e  same d e f e c t  

. c o n f i g u r a t i o n ,  b u t  d i f f e r  on ly  i n  t h e  presence  o f  T 1  o r  I n  

(Thewalt  e t  a l . ,  1982b; Watkins e t  a l . ,  19841, i s  s t r o n g l y  

Supported by t h e  u n i a x i a l  stress and Zeeman d a t a  o b t a i n e d  i n  

t h i s  s tudy .  The s t r e s s  d a t a  showed t h a t  t h e  d e f e c t  symmetry was 

i n  bo th  c a s e s  CZv.  The ground s t a t e  l i n e  o f  bo th  c e n t r e s  was 



observed t o  be s p l i t  by a magnet ic  f i e l d  i n t o  a n  i s o t r o p i c  

t r i p l e t ,  wi th  t h e  g - f ac to r  of  a  pure  s p i n  t r i p l e t .  This  is 

unusual ,  i n  t h a t  i t  imp l i e s  a  complete  quenching o f  t h e  ho le  

o r b i t a l  angu la r  momentum. This  i s  a r e c e n t l y  recognized  phenom- 

enon i n  low symmetry ho le  a t t r a c t i v e  i s o e l e c t r o n i c  c e n t r e s  i n  

GaP (Monemar e t  a l . ,  1982; G i s l a son  e t  a l . ,  19821, b u t  has  been 

observed i n  on ly  one o t h e r  I B E  i n  S i ,  t h e  fou r  L i  d e f e c t  i n  

e l e c t r o n - i r r a d i a t e d  S i  (L igh towle r s  e t  a l . ,  1984) .  

A major p o r t i o n  o f  t h e  t h e s i s  involved t h e  d e s i g n  and 

c o n s t r u c t i o n  o f  a t u n a b l e  l a s e r  sys tem i n  o r d e r  t o  probe t h e  

e x c i t e d  s tate s t r u c t u r e  o f  bo th  t h e  S i : I n  and S i :T l  d e f e c t s .  

The c o n c e n t r a t i o n  o f  b ind ing  c e n t r e s  is s o  low f o r  t h e s e  systems 

t h a t  a b s o r p t i o n  measurements have n o t  been p o s s i b l e .  Wagner and 

Sauer (1983)  have r e p o r t e d  t h e  PLE spectrum o f  t h e  I n - r e l a t e d  

i s o e l e c t r o n i c  d e f e c t  i n  t h e  absence o f  e x t e r n a l  p e r t u r b a t i o n s  

u s ing  a  c o l o u r  c e n t r e  l a s e r .  They r e p o r t e d  a  se t  o f  t h r e e  

* and P i w i t  h a  s t r o n g ,  widely spaced a b s o r p t i o n  l i n e s ,  Po, P2, 

markedly non-hydrogenic energy spac ing .  The i r  P: t r a n s i t i o n  

cor responds  t o  t h e  p r e v i o u s l y  d i s c u s s e d  S i : I n  P l i n e  t r a n s i t i o n  

( e x c i t o n  ground s ta te  t o  c r y s t a l  ground s t a t e  t r a n s i t i o n )  

0 observed i n  PL. The P2 t r a n s i t i o n  co r r e sponds  t o  t h e  ve ry  weak 

PL e x c i t e d  s t a t e  t r a n s i t i o n  l a b e l l e d  S i n  F i g .  3 . 1 ,  P r i o r  t o  

t h e  work d e s c r i b e d  i n  t h i s  t h e s i s  no model had been provided a s  

t o  t h e  anomalous c h a r a c t e r  o f  t h i s  PLE spectrum, which does  n o t  

f i t  i n t o  t h e  expec t ed  s y s t e m a t i c s  f o r  a  hydrogenic  e x c i t e d  

s e r i e s  of  s t a t e s .  

I n  t h i s  s t u d y  t h e  p r e v i o u s l y  d i s c u s s e d  t u n a b l e  OPO system 



was used i n  c o n j u n c t i o n  with  u n i a x i a l  stress p e r t u r b a t i o n s  t o  

e x p l a i n  t h e  e l e c t r o n i c  e x c i t e d  s ta tes  s e e n  i n  PLE. I t  was shown 

by s e l e c t i v e  e x c i t a t i o n  t h a t  t h e  - s t r e s s  s p l i t t i n g s  o f  t h e  two 

lowes t  l y i n g  s ta tes  a r e  pu re ly  o r i e n t a t i o n a l  and c o n s i s t e n t  wi th  

t h e  C2v d e s i g n a t i o n  ob ta ined  from t h e  PL measurements. Zeeman 

. measurements were used t o  show t h a t  t h e  e x c i t o n  ground s ta te  is 

s p l i t  by j-j c o u p l i n g  i n t o  a ground s t a t e  t r i p l e t  (P: l i n e )  and 

a s i n g l e t  (P: l i n e ) ,  from which a n  unusua l ly  l a r g e  i-i coup l ing  

s p l i t t i n g  energy  o f  1 1 . 4  meV was deduced. This  s p l i t t i n g  is 

much l a r g e r  t h a n  p r e v i o u s l y  r e p o r t e d  v a l u e s  i n  S i ,  which were o f  

t h e  o r d e r  o f  2-3 meV, and i n d i c a t e s  c o n s i d e r a b l e  e l e c t r o n - h o l e  

o v e r l a p  a r i s i n g  from a n  e l e c t r o n  t h a t  is more deep ly  bound than  

i n  t h e  u sua l  HTL c a s e .  I n  t h i s  r e s p e c t ,  t h e  e x c i t e d  s t a t e  

spectrum resembles  t h a t  o f  t h e  r e c e n t l y  r e p o r t e d  IBE i n  GaP:Cu 

(Monemar e t  a l . ,  1982; G i s l a son  e t  a l . ,  1982) .  The p o l a r i z a t i o n  

dependence o f  t h e  magnet ic  f i e l d  r e s u l t s  f o r  t h e  two lowes t -  

l y i n g  e x c i t o n  s ta tes  is exp la ined  by  making s imple  assumptions  

about  t h e  symmetries o f  t h e  e l e c t r o n  and h o l e  wavefunct ions .  

An i n t e r e s t i n g  f e a t u r e  r e v e a l e d  by t h e  stress d a t a  is t h e  

presence  o f  e x t r a  degeneracy i n  t h e  h i g h e s t - l y i n g  e x c i t o n  t r a n -  

s i t i o n ,  P:. I t  is proposed t h a t  t h i s  l e v e l  i s  due t o  a n  e x c i t e d  

s t a t e  o f  t h e  e l e c t r o n ,  which is i n  a Is r3 ( T d )  v a l l e y - o r b i t  

s t a t e ,  The unper turbed  e l e c t r o n  s t a t e s  o f  t h e  two lowes t  l y i n g  

e x c i t o n  l e v e l s  are assumed t o  d e r i v e  from t h e  Is rl ( T d )  v a l l e y -  

o r b i t  s t a t e s .  The observed n o n l i n e a r i t y  o f  t h e  <001> s t r e s s  

s p l i t t i n g s  o f  t h e  l owes t  l y i n g  e x c i t o n  l e v e l s  i s  t h u s  modelled 

: by a  s t r e s s - induced  mixing of  t h e  r1 and r3 1s e l e c t r o n  s t a t e s  
I 



assuming a somewhat reduced value of the electron deformation 

potential, G.  The large value of the 1s rl-to-rg splitting is 

also consistent with the conclusion that the short-range 

potential of this defect is attractive for electrons as well as 

for holes. 

No sharp-line excitation spectrum was observed for the 

Si:T1 defects, despite the availability of bulk-doped Si:Tl 

material with relative high T1 concentration. Nevertheless, 

from the similarity of the stress and Zeeman behaviour of the 

Si:In and Si:Tl P,Q,R ... luminescence systems, it is clear that 
many of the conclusions arrived at for the former apply to the 

latter, 



C h a ~ t e r  4 . :  Ground s t a t e  s t r e s s  and Zeeman s ~ l i t t i n a s :  
S i : I n  and S i :T l  c e n t r e s  

4 .1:  Zeeman r e s u l t s :  S i  : T I  A-centres 

The magnet ic  f i e l d  s p l i t t i n g s  o f  t h e  S i :T l  A l i n e  were 

b r i e f l y  r e p o r t e d  by Sauer and Weber ( 1 9 8 3 ) .  I n  F ig .  4 . 1  t h e  

s t r o n g l y  a n i s o t r o p i c  s p l i t t i n g  o f  t h e  A-line is shown a t  a 

r e p r e s e n t a t i v e  f i e l d  o f  3 .3  T .  These c u r v e s  a g r e e  wi th  t hose  

o b t a i n e d  by Sauer  and Weber. The X l i n e  showed no s p l i t t i n g  

w i t h i n  t he  r e s o l u t i o n  o f  t he  exper imenta l  a p p a r a t u s ,  a l t hough  

t h e r e  is a s u g g e s t i o n  o f  a small s p l i t t i n g  f o r  &11<001>. These 
* 

d a t a  were o b t a i n e d  by r o t a t i n g  a <110> o r i e n t e d  slice about  a 

<110> a x i s  normal t o  t h e  magnetic f i e l d .  Luminescence was 

observed a long  t h e  r o t a t i o n  a x i s .  A s  a s u p p o r t  f o r  t h e i r  model 

t h a t  t h e  Si :Tl  i s o e l e c t r o n i c  d e f e c t  c o n s i s t s  o f  an  i n t e r s t i t i a l  

F e - s u b s t i t u t i o n a l  T 1  p a i r  (Fei-Tls 1 ,  Sauer  and Weber proposed 

-3 t h a t  t h e s e  l i n e s  r e s u l t e d  from t r a n s i t i o n s  from a n  m J = + ~  upper 

-1 t o  a n  mJ =+% lower s t a t e ,  wi th  t h e  Fei supp ly ing  t h e  a d d i t i o n a l  

h a l f - i n t e g e r  j ,  Dipole  s e l e c t i o n  r u l e s  would a l l ow on ly  two 

t r a n s i t i o n s  f o r  c e n t r e s  o f  a g i v e n  o r i e n t a t i o n .  They s t a t e d  

t h a t  t h e  s p l i t t i n g  p a t t e r n  was c o n s i s t e n t  wi th  a  < I l l >  o r i e n t e d  

C2v d e f e c t .  Unpublished t h e r m a l i z a t i o n  r e s u l t s  were c i t e d  as  

. f u r t h e r  ev idence  f o r  t h e  above energy l e v e l  d e s i g n a t i o n s .  

I t  is shown i n  t h i s  work t h a t  t h e  angu la r  dependence o f  

t he  Zeeman d a t a  shown i n  F ig .  4. I, t ~ g e t h e r  wi th  t h e r m a l i z a t i o n  

measurements i n  F i g .  4.2,  and t h e  u n i a x i a l  stress r e s u l t s  which 

fol low t h i s  s e c t i o n ,  c l e a r l y  demons t ra te  t h a t  t h e  A and X l i n e s  



ANGLE ( d e g r e e s )  

F i g .  4 . 1 :  The s p l i t t i n g  o f  the  S i : T l  no-phonon A l i n e  
transition as a function o f  angle measured relative t o  a <001> 
a x i s ,  as the  sample is r o t a t e d  about a < l f O >  a x i s  normal t o  a. 
The solid lines represent a fit using f4.41 with 

= ( a + g  +gh)=2.  2 .  The bar represents the full width at half 
k h u m  OF resol~ea component. 
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F i g .  4 . 2 :  The s p l i t t i n g  o f  t h e  S i :T l  no-phonon A l i n e  
t r a n s i t i o n  i n  a  3 .3  T magnet ic  f i e l d  f o r  & a l i g n e d  a long  t h e  
t h r e e  p r i n c i p a l  c r y s t a l  axes .  The s p l i t t i n g  is s i m p l e s t  f o r  
&11<00f>, a s  expec ted  f o r  a  < I l l >  o r i e n t e d  a x i a l  d e f e c t .  Note 
t h e  ther rnab iza t ion  o f  t h e  d i f f e r e n t  subcomponents. Each f e t t e r  
l a b e l s  a  d i s t i n c t  s u b c l a s s  of 6 d e f e c t s  wi th  a  common 
o r i e n t a t i o n  wi th  r e s p e c t  t o  the3yi .e ld .  Therrnal izat ion o f  t he  
subcomponents o n l y  o c c u r s  w i t h i n  a  g i v e n  s u b c l a s s  o f  d e f e c t s  a s  
expec ted .  



are c o n s i s t e n t  wi th  I B E  t r a n s i t i o n s  a t  a n  a x i a l  d e f e c t  which 

induces  a n  i n t e r n a l  t e n s i l e  s t r a i n ,  and is a l i g n e d  a long  a  < I l l >  

a x i s .  This  is a n  agreement wi th  t h e  o b s e r v a t i o n  o f  long lumin- 

escence  l i f e t i m e s  f o r  t h e s e  c e n t r e s  (Thewalt  e t  a l . ,  19821 which 

a r e  o f t e n  observed i n  a x i a l  I B E  wi th  a d i p o l e  fo rb idden  ground 

. s t a t e  as d e s c r i b e d  i n  Chapt. 1 .4 .  

I t  is proposed he re  t h a t  t h e  A and X l i n e s  cor respond  

t o  t r a n s i t i o n s  from t h e  mJ=+2 and mJ=+l l e v e l s  i n  F ig .  1 .4 ,  t o  

t he  c r y s t a l  ground s t a t e .  I n  t h e  absence o f  any obse rvab le  

h igher - ly ing  e x c i t e d  s t a t e s  above t h e  X t r a n s i t i o n ,  it w i l l  be 

assumed t h a t  t h e  i n t e r n a l  s t r a i n  s p l i t t i n g  & i s  l a r g e  compared 

t o  t h e  exchange s p l i t t i n g  parameter A, and t h a t  t h e  A and X l i n e  

i n i t i a l  s t a t e s  t h e r e f o r e  c o n t a i n  a n e g l i g i b l e  admixture  o f  t h e  

3 j =- 1 .m =+- h o l e  s ta tes .  This  assumption is  somewhat o f  a n  2' j - 2  

approximat ion,  as w i l l  be s een  l a t e r  i n  t h e  s e c t i o n  on Si:T1 

stress r e s u l t s ,  b u t  i t  g r e a t l y  s i m p l i f i e s  t h e  c a l c u l a t i o n  of  t h e  

Zeeman s p l i t t i n g s  o f  t h e  two lowest  e x c i t o n  s t a t e s .  I n  t h e  

l o c a l  d e f e c t  c o o r d i n a t e s ,  t h e  ho le  s ta tes  are d e r i v e d  s o l e l y  

from px- and p - l i k e  o r b i t a l  s tates,  where t h e  z a x i s  i s  t aken  
Y 

as t h e  < I l l >  d e f e c t  a x i s .  I n  t h e  l i m i t  €>>A, t h e  s tates 1 and 2 

i n  [1 .41  a r e  g iven  by ( e . g .  Davies, 1984) 

lpx+ip  ) t 7  
A l i n e  (mJ=i22): Y 

- I 

X l i n e  ( m J = + 1 9 :  



where t h e  f i k s t  and second s p i n o r s  deno te  t h e  ho le  and e l e c t r o n  

s p i n s  r e s p e c t i v e l y .  I n  t h i s  b a s i s ,  t h e  exchange t e r m ,  -A+,.& 

is d i agona l ,  and t h e  e x c i t o n  ground s t a t e  is s p l i t  by a n  energy  

3 
of  *A, t o  which t h e  A t o  X l i n e  s p l i t t i n g  is a t t r i b u t e d .  Note 

t h a t  t h i s  va lue  cor responds  t o  t h e  e x a c t  e x p r e s s i o n s  g iven  i n  

. Fig .  1.4 i n  t h e  l i m i t  &>>A. From t h e  s p e c t r a l  d a t a  w e  have 

3 3 A  = 2.9 m e V ,  and hence, A=4.0 m e V .  Th is  va lue  is  somewhat 

l a r g e r  t h a n  o t h e r  v a l u e s  o b t a i n e d  i n  S i  and Gap, which were on 

t h e  o r d e r  o f  1-2 m e V  (Dean and Herber t ,  1979) .  A small 

c o r r e c t i o n  t o  t h i s  va lue  w i l l  be g i v e n  by t h e  s t r e s s  r e s u l t s .  

The l i n e a r  Zeeman Hamil tonian is o f  t h e  form 

where g i s , a n  o r b i t a l  angu la r  momentum r e d u c t i o n  f a c t o r  which is 

g e n e r a l l y  reduced from a va lue  o f  u n i t y  i n  t h e  v i c i n i t y  o f  

d e f e c t s  wi th  s t r o n g  v i b r o n i c  coup l ing  ( e . g .  Stoneham, 1975) and 

gh and ge a r e  t h e  s p i n  g - f a c t o r s  f o r  t h e  e l e c t r o n  and h o l e  

r e s p e c t i v e l y ,  which should  be c l o s e  t o  t h e  f r e e  e l e c t r o n  va lue  

o f  2.0. I n  p r i n c i p l e  t h e r e  can  be c o u p l i n g  from t h e  b a s i s  

3 s t a t e s  cons ide red  he re  t o  t h e  j=Z, m =+- I s t r e s s - s p l i t  h o l e  
j -2 

1 s t a t e s ,  as well a s  t o  t h e  j = ~  s p l i t - o f f  h o l e  s t a t e s ,  b u t  s i n c e  

t h e s e  s tates a r e  assumed t o  l i e  a t  h i g h e r  energy than  t h e  

exchange and Zeeman p e r t u r b a t i o n  e n e r g i e s ,  t hey  a r e  n e g l e c t e d .  

- I n  t h i s  reduced r e p r e s e n t a t i o n ,  t h e  Hamil tonian ma t r ix  is o f  t h e  

form 



1 where G=p g, H=-p g  1 t 
B 2 B h' I=spBge, and B- =B + i B  . Note t h a t  on ly  

x- Y 
~ ~ = - i h ( ~  -P 1 h a s  non-zero ma t r ix  e lements :  Lx and L bo th  ay ax Y 

p r o j e c t  t h e  o r b i t a l  s ta tes  on to  p  which is or thogona l  t o  t h e s e  z' 

b a s i s  s ta tes .  The f u l l  e igenva lues  a r e  g i v e n  by 

where B = I & I ,  

FOP t h e  f i e l d s  a t  which t h e s e  measurements were t aken  

( 3 . 3  T), ( p  g B) is c o n s i d e r a b l y  s m a l l e r  t h a n  &2, and hence B e 

t o  a good approximat ion  t h e  of f -d iagona l  e lements  o f  t h e  above 

ma t r ix  can  be n e g l e c t e d .  I n  t h i s  c a s e ,  t h e  approximate  e n e r g i e s  

a r e  g i v e n  by 

The dependence on  BZ i m p l i e s  a h i g h l y  a n i s o t r o p i c  dependence of 



t h e  Zeeman s p l i t t i n g  and arises from t h e  f a c t  t h a t  o n l y  t h e  LZ 

component o f  t h e  o r b i t a l  angu la r  momentum o p e r a t e s  on t h e  b a s i s  

s ta tes  because o f  t h e  s t r o n g  a x i a l  c r y s t a l  f i e l d .  I t  is  n o t  

clear how t h e  model o f  Sauer and Weber would p r e d i c t  such a n  

a n i s o t r o p y .  The s p l i t t i n g  is s e e n  t o  be a maximum when B is 

p a r a l l e l  t o  a g i v e n  d e f e c t  a x i s ,  and z e r o  when p e r p e n d i c u l a r .  

The i n c l u s i o n  o f  t h e  of f -d iagona l  term i n  t h e  above m a t r i x  does  

n o t  a l t e r  t h e  f a c t  t h a t  t h e  s p l i t t i n g  is z e r o  f o r  t h e  l a t t e r  

case; it merely s h i f t s  t h e  e n e r g i e s  o f  bo th  components by t h e  

same small amount, roughly  l o % ,  which is s m a l l e r  t han  t h e  e r r o r  

b a r s  . 
The a p p a r e n t  complexi ty  o f  t h e  Zeeman p a t t e r n  arises from 

the  ' f ac t  t h a t  t h e r e  are four  e q u i v a l e n t  o r i e n t a t i o n s  o f  a < I l l >  

o r i e n t e d  Cgv  d e f e c t  i n  a  c u b i c  l a t t i ce .  For a n  a r b i t r a r y  

f i e l d  d i r e c t i o n  i n  t h e  <1%0> plane,  t h e r e  are up t o  t h r e e  ine-  

q u i v a l e n t  o r i e n t a t i o n s  o f  t h e  < I l l >  d e f e c t  a x e s  w i th  r e s p e c t  t o  

t h e  f i e l d  a x i s ,  r e s u l t i n g  i n  up t o  t h r e e  p a i r s  o f  l i n e  s p l i t t -  

ings ,  t h e  magnitude o f  which is determined by t h e  component o f  

a long  t h e  d e f e c t  a x i s .  The f i e l d  s p l i t t i n g  observed i n  F ig .  4 . 1  

is s i m p l e s t  f o r  &11<001>, s i n c e  f o r  t h i s  f i e l d  d i r e c t i o n ,  a l l  

< I l l >  axes  a r e  e q u i v a l e n t ,  r e s u l t i n g  i n  a s i n g l e  d o u b l e t .  F ig .  

4 . 1  a l s o  shows t h a t  f o r  Bl1<110> t h e r e  is one d o u b l e t  r e s u l t i n g  

from c e n t r e s  o r i e n t e d  a long  t h e  e q u i v a l e n t  < I l l >  and <lli> axes 

and a n  u n s p l i t  component due t o  c e n t r e s  o r i e n t e d  a l o n g  t h e  <1i1> 

and <r l l>  axes ,  which are or thogona l  t o  <110>.  

These d e s i g n a t i o n s  a r e  confirmed by t h e  t h e r m a l i z a t i o n  

behaviour  s f  t h e  Zeeman s p i t t i n g s  a t  v a r i o u s  t empera tu re s .  F i g .  



4.2 is a summary of the intensities of the magnetic field-split 

components of the A line at three representative temperatures, 

and with a field of 3.3 T aligned with each of the three prin- 

cipal crystal axes in turn. In the conventional IBE model, all 

splittings occur in the initial state. The relative intensities 

of the two components of a given pair of Zeeman lines origi- 

nating from a set of equivalent centres should therefore show 

thermalization, whereas this should not be the case for lines 

originating from inequivalent centres. In Fig. 4.2 one can see 

a clear thermalization of the two subcomponents for &11<001>, for 

which all defect axes are equivalent. For &ll<l11> there are two 

sets of inequivalent orientations corresponding to the inner and 

outer pairs of lines in Pig. 4.2, which thermalize within each 

pair. Similarly for &ll<110>, there are two sets of inequivalent 

orientations, one of which is perpendicular to & and hence shows 

no splitting. The outer pair thermalizes within itself. 

The solid lines in Fig. 4.1 were obtained using the simp- 

lified energy eigenvalues of 14.4al.   he best fit was obtained 

with geff=2.2+0.1. where 

1 1  
ge f f "8+5gh+~ge * 

l4.51 

It is reasonable to assume that the electron and hole 

pure spin g-values will be close to 2.0. It is the orbital 

factor g which can in principle be greatly reduced due to 

vibronic coupling. If we assume that gh=ge, then the orbital g- 

factor, 8 is still underdetermined by l4.51. According to the 

above simple model, the X line should also split in a magnetic 



f i e l d ,  but  with a reduced g t e f f  given by 

f 1 
9  ' 

f f = x + p h - p e  * 

Within t h e  r e s o l u t i o n  of the  measuring system no well-resolved 

s p l i t t i n g  o f  the  X l i n e  could be d e t e c t e d  f o r  f i e l d  s t r e n g t h s  of  

up t o  7 .6  T, a s  i n d i c a t e d  i n  Fig.  4 . 3 .  The small  s p l i t t i n g  

apparent  i n  Fig.  4 .3  is of  the  o rde r  of  the  ins t rumenta l  

r e s o l u t i o n  and t h e r e f o r e  is no t  completely convincing. I t  i s  

poss ib le  however t o  p lace  an upper l i m i t  of  ~ E @ = p g ~ ~ ~ ~ B < 0 . 2  meV 

given t h a t  t h e  ins t rumenta l  r e s o l u t i o n  of  t h e  s p e c t r a l  l i n e s  was 

-0.4 meV a t  t h e  obse rva t ion  temperature of 15 K .  For a  7 .6  T 

f i e l d ,  t h i s  would r e q u i r e  t h a t  g t e f f s 0 . 4 5 .  Combining l4 .51 and 

14 .61  with the  assumption t h a t  gh=ge y i e l d s  t h e  l i m i t s  

ge=ghr1.?5 and rs0.45, The e l e c t r o n  and hole  s p i n  g-values a r e  

c o n s i s t e n t  with those  der ived  f o r  o t h e r  a x i a l  I B E s  i n  Gap (Henry 

e t  a l . ,  1968; Dean, 1971) and S i  (Weber e t  a l . ,  1979) .  I n  t h e s e  

r e fe rences  s i m i l a r  h ighly  a n i s o t r o p i c  Zeeman s p l i t t i n g s  were 

a l s o  a t t r i b u t e d  t o  a  s t r o n g  <I l l>  o r i e n t e d  i n t e r n a l  d e f e c t  

s t r a i n  f i e l d .  I n  these  cases  however, the  Zeeman s p l i t t i n g  of  

t h e  mJ=+l  t r a n s i t i o n  was c l e a r l y  resolved  a t  lower f i e l d s  than  

were employed i n  t h i s  s tudy.  

The small  value of  J implied by t h e  above a n a l y s i s  is an 

unusual r e s u l t  f o r  a  c e n t r e  with such a  small binding energy, 

but  is c o n s i s t e n t  with t h e  well  known reduc t ion  of o r b i t a l  

angular  momentum expec ta t ion  va lues  i n  d e f e c t  systems with e l e c -  

t r o n i c  degeneracy i n  t h e  presence of s t r o n g  v i b r o n i c  coupl ing 
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Fig. 4.3: The Si:TP A and X line at a magnetic field of 
7.6 % for the three principal stress directions. Note the 
absence of splitting of the X line. The slight doublet struc- 
ture observed for all<OOl> is expechd according to the model 
described in the text, but may be a spurious result due to 
noise. 



( e , g .  Stoneham, 29751, Such e f f e c t s  are w e l l  known from t h e  

s tudy  o f  a l k a l i  h a l i d e s  and t r a n s i t i o n  metal i m p u r i t i e s  i n  wide 

gap m a t e r i a l s ,  b u t  are v i r t u a l l y  unknown from t h e  s tudy  o f  bound 

e x c i t o n  p r o c e s s e s .  

I n  t h e  case o f  t h e  A-centres, t h e  e l e c t r o n i c  degeneracy 

is t h e  px , P~ 
degeneracy o f  t h e  Cgv h o l e  s ta tes .  The Jahn-Tel le r  

theorem s ta tes  t h a t  f o r  any s ta te  wi th  degeneracy o t h e r  than  

s p i n  degeneracy t h e r e  e x i s t s  a t  l eas t  one degene ra t e  phonon mode 

such t h a t  t h e  t o t a l  v i b r o n i c  energy is lowered by coup l ing  t o  

t h i s  mode. For t h e  A-centre t h e  d e f e c t  symmetry is C which 3v 

admi ts  two-fold degene ra t e  r3 phonon modes. I n  t h i s  c a s e  t h e  

c o n f i g u r a t i o n  c o o r d i n a t e  diagram o f  F i g ,  1 . 2  is no longer  

a p p l i c a b l e .  The v i b r o n i c  s u r f a c e  now has  two minima. Coupling 

t o  t h e  degene ra t e  mode causes  t h e  system t o  r e l a x  t o  e i t h e r  one 

o f  t h e s e  minima. For s t r o n g  coupl ing ,  t h e  system r e l a x e s  t o  a 

s i n g l e  minimum wi th  a consequent  r e d u c t i o n  i n  symmetry, t h e  

s ta t ic  Jahn-Tel le r  l i m i t .  I n  t h e  more usua l  case o f  a  so -ca l l ed  

dynamic Jahn-Tel le r  i n t e r a c t i o n ,  t h e  ze'ro p o i n t  motions o f  t h e  

d e f e c t  a l l ow r e o r i e n t a t i o n  between t h e  d i f f e r e n t  minima wi th  t h e  

r e s u l t  t h a t  t h e  symmetry is no t  reduced.  The e x p e c t a t i o n  

v a l u e s  o f  o f f -d i agona l  o p e r a t o r s  however, such as t h e  o r b i t a l  

angu la r  momentum are reduced by a  f a c t o r  p r o p o r t i o n a l  t o  t he  

. o v e r l a p  o f  t h e  v i b r a t i o n a l  wavefunct ions  i n  t h e  d i f f e r e n t  minima 

(see Ham,  1967). The e x p e c t a t i o n  va lue  o f  such a n  o p e r a t o r  

among t h e  f u l l  v i b r o n i c  s t a t e s  can  be w r i t t e n  a s  t h e  p u r e l y  

e l e c t r o n i c  e x p e c t a t i o n  va lue  m u l t i p l i e d  by a r e d u c t i o n  f a c t o r  

which accounts  f o r  t h e  degree  of  o v e r l a p  o f  t h e  v i b r a t i o n a l  



s t a t e s .  This  is t h e  f a c t o r  g which a p p e a r s  i n  t h e  Zeeman 

Hamil tonian o f  [ 1 ,123 ,  The r e d u c t i o n  f a c t o r  is  o f  t h e  form 

( H a m ,  1965) 

where h a  is t h e  phonon energy , and EJT is  t h e  Jahn-Tel le r  

energy,  which d e s c r i b e s  t h e  s t r e n g t h  o f  t h e  coup l ing  t o  t h e  

degene ra t e  phonon mode. The Zeeman d a t a  imply a n  upper l i m i t  o f  

g=0.4  which i n  t u r n  g i v e s  E J T / h ~ 0 . 6 1 .  A f u l l  d e t e r m i n a t i o n  of  

E~~ and h a  would r e q u i r e  a d e t a i l e d  model f o r  t h e  v i b r a t i o n a l  

modes o f  t h e  d e f e c t  which is beyond t h e  scope o f  t h i s  work. 

The Jahn-Tel le r  mechanism accoun t s  f o r  t h e  observed 

s i m i l a r i t y  i n  t h e  o s c i l l a t o r  s t r e n g t h s  o f  t h e  A and X t r a n -  

s i t i o n s .  I n  t h e  absence o f  v i b r o n i c  e f f e c t s ,  t h e  mJ=+2 A t r a n -  

s i t i o n  is s t r i c t l y  d i p o l e  forb idden ,  whereas t he  m J = + l  t r a n -  

s i t i o n  X  is p a r t l y  a l lowed by mixing wi th  t h e  J=1 manifold  o f  

s t a t e s  (Chapt.  1) .  The o b s e r v a t i o n  t h a t  t h e  A  l i n e  is t h e  

dominant t r a n s i t i o n  a t  a l l  a c c e s s i b l e  t empera tu re s  is c o n t r a r y  

t o  t h e  e x p e c t a t i o n  t h a t  t h i s  is t h e  d i p o l e  fo rb idden  t r a n s i t i o n .  

When t h e  A / X  i n t e n s i t y  r a t i o  is c o r r e c t e d  f o r  t h e  a p p r o p r i a t e  

Boltzmann t h e r m a l i z a t i o n  r a t i o ,  one o b t a i n s  t h e  r e s u l t  t h a t  t h e  

o s c i l l a t o r  s t r e n g t h  o f  A is on ly  a f a c t o r  o f  a t  most t e n  lower 

t h a n  t h a t  o f  X .  The o s c i l l a t o r  s t r e n g t h  o f  A is most l i k e l y  

i nc reased  by mixing wi th  X due t o  t h e  s t r o n g  v i b r o n i c  coup l ing  

r e s p o n s i b l e  f o r  t h e  Jahn-Tel le r  i n t e r a c t i o n .  



4 . 2 :  Zeeman r e s u l t s :  S i : f n  and Si:TJ. P-cen t res  

F ig .  4 . 4  shows t h e  remarkable  s i m i l a r i t y  o f  t h e  Zeeman 

s p l i t t i n g s  o f  bo th  t h e  T1-  and In-  r e l a t e d  P - l i nes  as observed 

i n  PL. Both were observed t o  s p l i t  i n t o  h i g h l y  i s o t r o p i c  

t r i p l e t  p a t t e r n s  wi th  geff=ZaOL0. 1, i n  agreement wi th  t h e  d a t a  

o f  Sauer and Weber (1983) .  Although t h e  d a t a  p re sen ted  a r e  f o r  

& r l < l l l > ,  t h e  d a t a  f o r  t h e  o t h e r  p r i n c i p a l  c r y s t a l  a x e s  were 

i d e n t i c a l  w i t h i n  t h e  r e s o l u t i o n  o f  t h i s  s tudy .  Such a n  

i s o t r o p i c  s p l i t t i n g  i n d i c a t e s  a  t o t a l  quenching o f  t h e  o r b i t a l  

angu la r  momentum o f  t h e  ho le .  Th i s  cou ld  arise, f o r  example, i f  

t h e  i n t e r n a l  s t r a i n  o f  t h e  d e f e c t  i n  t h e  above a n a l y s i s  had a  

l a r g e  n e g a t i v e  ( i . e ,  compress ive)  va lue ,  s o  t h a t ,  t h e  ho le  ' s ta te  

o f  l owes t  energy was d e r i v e d  from t h e  non-degenerate p  o r b i t a l  z 
s ta te .  S ince  <pZILIpz>=O, t h e r e  can  be no o r b i t a l  c o n t r i b u t i o n  

t o  t h e  Zeeman Hamil tonian 1 4 . 1 1  and t h e  h o l e  behaves l i k e  a pure  

1 s p i n  - p a r t i c l e .  The t o t a l  l i n e a r  Zeeman Hamil tonian is t h e n  2  

reduced t o  

=JJ B n (  g  s +g s 
H~~ B- h - h  e-e 

This  l i m i t  can  o n l y  be reached i f  t h e  h o l e  s p i n - o r b i t  coup l ing  

energy,  6 which t e n d s  t o  admix t h e  v a r i o u s  pi s t a t e s ,  is small 

compared with  t h e  i n t e r n a l  s t r a i n  energy,  & ( F i g ,  1 .3 ,  l e f t  

s i d e ) .  I f  t h e  h o l e  s t a t e  c o n t a i n s  a n  admixture  o f  more t h a n  one 

pi s t a t e ,  t h e  e x p e c t a t i o n  va lue  o f  t h e  o r b i t a l  angu la r  momentum 

is no longer  z e r o .  Unfor tuna te ly ,  t h e  i s o t r o p y  o f  t h e  Zeeman 



Pig. 4.4: The magnetic field splittings of the P Pine 
transition in Sf:Pn, (b-el, and the P line transition in Si:Tl, 
(a), for 811<111>. Splitting patterns were identical for all 
other crystal orientations. Note the thermalizatfon of the 
Si:Pn P line subcomponents (b-dl, (a9 and (el show the Si:Pn 
and Si:T1 P line splittings in the limit A < k T ,  



s p l i t t i n g s  f o r  such a c e n t r e  p r e c l u d e s  t h e  d e t e r m i n a t i o n  o f  t h e  

d e f e c t  symmetry from t h e s e  d a t a .  I n  p r i n c i p l e  t h e r e  should  

s t i l l  e x i s t  small a n i s o t r o p i e s  i n  t h e  gh and ge f a c t o r s  which 

a r e  o u t s i d e  t h e  r e s o l u t i o n  o f  PL measurements, b u t  which have 

been observed u s i n g  o p t i c a l l y - d e t e c t e d  magnet ic  resonance 

(ODMR), i n  a v a r i e t y  o f  o t h e r  d e f e c t  sys tems ( e . 9 .  Cavene t t ,  

1981). F o r t u n a t e l y ,  u n i a x i a l  stress can  provide  d e t a i l e d  

in format ion  about  t h e  d e f e c t  symmetry i n  such cases. I t  w i l l  be 

shown t h a t  t h e  d e f e c t  symmetry o f  t h e  S i : I n  and S i :T l  P-cen t res  

is C p v .  

The t h e r m a l i z a t i o n  among a l l  t h r e e  subcomponents i n  

F i g s +  4.4b-d is well accounted f o r  by assuming t h a t  a l l  o f  t h e  

s p l i t t i n g  o c c u r s  . i n  a  s p i n  t r i p l e t  I B E  i n i t i a l  s t a t e .  These 

d a t a  a r e  n o t  c o n s i s t e n t  wi th  t h e  d e s i g n a t i o n s  of  Sauer and Weber 

P i i n  terms o f  an  ( I m  I=- i n i t i a l  s t a t e l - t o - (  lrnJ\=3 f i n a l  s ta te )  J 2  

t r a n s i t i o n ,  nor are they  c o n s i s t e n t  wi th  t h e i r  s t a t e m e n t  t h a t  

on ly  t h e  two o u t e r  components t h e r m a l i z e .  I n  t h e i r  model, t h e  

c e n t r a l  component should n o t  f r e e z e  o u t  a t  low tempera ture  s i n c e  

it is due t o  two superimposed t r a n s i t i o n s ,  one o f  which o r i g i n -  

a tes from t h e  lowes t  i n i t i a l  s t a t e  l e v e l ,  i n  c l e a r  d i sagreement  

wi th  t h e  d a t a  o f  F i g s .  4.4b-d. 

I t  is i n t e r e s t i n g  t o  compare t h e  4 .2  K S i : I n  spectrum i n  

F ig .  4.4b o b t a i n e d  wi th  above-bandgap e x c i t a t i o n ,  wi th  t h e  

spectrum d i s p l a y e d  i n  t h e  i n s e t  o f  F ig .  5.3a, us ing  bu lk  

r e sonan t  e x c i t a t i o n  wi th  a  much lower energy i n p u t  p e r  u n i t  

volume, and o p e r a t i n g  a t  a s i m i l a r  f i e l d  s t r e n g t h .  This  

i n d i c a t e s  t h a t  t h e r e  may have been a  s m a l l  amount o f  sample 



h e a t i n g  i n  t h e  d a t a  o f  F i g ,  4 .4 ,  

The rma l i za t ion  measurements were n o t  p o s s i b l e  f o r  t h e  

Si:T1 P- l ine ,  g i v e n  the  r e s t r i c t e d  range  o f  t empera tures  over  

which t h e  luminescence is  obse rvab le  (14-25 K). F i g s .  4.4a and 

4 .4e  show t h e  s p l i t t i n g s  o f  t h e  S i : T l  and S i : I n  P l i n e s  i n  t h e  

l i m i t  E<kT. The d i f f e r e n c e  i n  peak h e i g h t  between t h e  c e n t r a l  

and s i d e  peaks is probably due t o  t h e  p o l a r i z a t i o n  dependence o f  

t h e  spec t rome te r  which was n o t  c o r r e c t e d  f o r .  

The magnet ic  f i e l d  d a t a  f o r  t h e  S i :  I n  c e n t r e  have been 

g r e a t l y  augmented by t h e  e x c i t e d  s t a t e  measurements d i s c u s s e d  i n  

Chapt.  5, which were o b t a i n e d  with  t h e  t unab le  l a s e r  system. 

4.3: S t r e s s  r e s u l t s :  Ground s t a t e  s ~ l i t t i n s s  o f  t h e  A-centres 

S t r e s s  measurements under taken  on t h e  S i : T l  A l i n e  

luminescence system conf i rm t h e  Cgv d e s i g n a t i o n  f o r  t h e  A-centre 

symmetry a r r i v e d  a t  from the  Zeeman d a t a .  A s  expected,  t he  A 

l i n e  shows no s p l i t t i n g  f o r  <001> s t r e s s  ( F i g ,  4 . 5 1 ,  under which 

a l l  < I l l >  a x e s  a r e  e q u i v a l e n t .  The twofold  s p l i t t i n g  observed 

f o r  < I l l >  and <110> s t r e s s e s  ( F i g s .  4 . 6  and 4 . 7 )  is a s c r i b e d  t o  

t h e  removal o f  t h e  o r i e n t a t i o n a l  degeneracy o f  t h e  a x i a l  c e n t r e s  

. as i n  t h e  case of t h e  Zeeman d a t a .  These d o u b l e t s  show no 

ev idence  o f  thermal  i z a t i o n  over  t h e  tempera ture  range  1.5-10 K, 

y e t  f o r  a g iven  t empera tu re  t h e  i n t e n s i t y  o f  t h e  upper com- 

ponents  d e c r e a s e s  r a p i d l y  t o  z e r o  f o r  bo th  s t r e s s  d i r e c t i o n s  

. '  above 100 MPa, Th i s  e f f e c t  may be due t o  a s t r e s s - induced  
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Pig, 4.5: (a) shows a zero stress Si:T1 spectrum at 
14.4 K indicating the coexistence of both configurations of the 
binding centre. (b) shows a spectrum of the same sample with a 
68 HPa stress directed along the <001)  axis. Note the doublet 
splitting of both the no-phonon P line and the phonon replica I?, 
and the absence of splitting of the A line. Also note the 
broadening of X and its replica Y. (c) shows the doublet 
splitting of.the Si:In P line and the similarity in the beha- 
visur of R and Q. The energy scales of (b) and (c) have been 
offset to emphasize the similarities between the Si:In and Si:Tl 
P-centres, No correction for the rapidly fall ing detector 
response has been made. 



r e o r i e n t a t i o n  o f  t h e  v a r i o u s  i n e q u i v a l e n t  o r i e n t a t i o n s  o f  t he  

< I l l >  o r i e n t e d  d e f e c t s ,  The l a c k  o f  t h e r m a l i z a t i o n  i s  i n d i c a t e d  

i n  F ig .  4 .6  by t h e  l a c k  o f  change i n  t h e  r e l a t i v e  i n t e n s i t i e s  o f  

t h e  two A l i n e  components between 4.2 and 1 4 . 5  K. I n  a l l  ca ses ,  

t h e  behaviour  o f  t h e  phonon r e p l i c a s  C, D, etc. was i d e n t i c a l  t o  

t h a t  o f  t h e  A l i n e .  

The behaviour  o f  t h e  e x c i t e d  s t a t e  luminescence l i n e  X 

and its phonon r e p l i c a  Y is more complex and is summarized i n  

F ig .  4.7. For < I l l>  and <110> stresses, X c l e a r l y  s p l i t s  i n t o  a 

t r i p l e t  whi le  f o r  <001> stress i t  s p l i t s  i n t o  a poor ly  r e so lved  

doub le t ,  s een  a s  a weak low energy shou lde r  on X and a s  a 

d e f i n i t e  broadening o f  t h e  phonon r e p l i c a  Y ( F i g .  4 . 5 ) .  For 

each  o f  t h e  t h r e e  stress d i r e c t i o n s  t h e  s h i f t  rates a r e  ve ry  

similar t o  t h o s e  o f  t he  A l i n e .  However, t h e  lowes t  energy X 

l i n e  component shows a  small e x t r a ,  s p l i t t i n g  which is cons ide r -  

a b l y  reduced f r o n  t h e  main s p l i t t i n g  o f  t h e  l i n e .  A clear 

example o f  t h e  t r i p l e t  s p l i t t i n g  o f  X under < I l l >  stress is 

g i v e n  i n  F ig .  4 . 6 ~ .  Th i s  e x t r a  s p l i t t i n g  w i l l  be shown t o  be 

due t o  t h e  removal o f  some o f  t h e  e l e c t r o n i c  degeneracy o f  t h e  

X - l  i n e  . 
The e x t r a  s p l i t t i n g  o f  t h e  X l i n e  components under a l l  

t h r e e  stress d i r e c t i o n s  p rov ides  ev idence  t h a t  t h e  simp1 i f y i h g  

assumptions  i n  t h e  above Zeeman a n a l y s i s  are n o t  s t r i c t l y  

a c c u r a t e .  I f  t h e  ho le  s t a t e s  o f  t h e  two- e x c i t o n  t r a n s i t i o n s  

3 3 were d e r i v e d  on ly  from t h e  J = Z , m j = q  h o l e  subband, t hen  t h e  

s t r e s s  s p l i t t i n g s  o f  t h e  m =+2 and m =+1 e x c i t o n  l e v e l s  ( A  and 
j - j - 

X) would be i d e n t i c a l ,  assuming t h a t  t h e  e l e c t r o n  s t a t e s  a r e  
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P i g ,  4 . 6 :  ( a )  shows a n  expanded z e r o - s t r e s s  spectrum o f  
t h e  Si :Tl  A, B, C s e r i e s .  (b) and ( c )  show a spectrum o f  t h e  
same sample a t  4 . 2  K and 1 4 . 5  K r e s p e c t i v e l y ,  under a n  a p p l i e d  
< I l l >  s t r e s s  o f  2 1 0  MPa. There i s  no t h e r m a l f z a t i o n  of  t h e  

" s t r e s s - s p l i t  A l i n e  components, The e x c i t e d  s t a t e  X and its 
phonon r e p l i c a s  a r e  s e e n  t o  s p l i t  i n t o  a wel l - reso lved  t r i p l e t  
( c ) .  
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Fig .  4 . 7 :  A summary o f  t he  S i :T l  A and X t r a n s i t i o n  
stress s p l i t t i n g s .  For <Ill> stresses t h e  s p l i t t i n g s  are h igh ly  
l i n e a r ,  whereas the  d a t a  show pronounced n o n l i n e a r i t y  f o r  <110> 
and e s p e c i a l l y  f o r  <001> stresses. T h i s  n o n l i n e a r i t y  is a t t r i -  
bu ted  s o l e l y  t o  t h e  e l e c t r o n  s t a t e s .  The s o l i d  l i n e s  r e p r e s e n t  
f i t s  u s ing  [ 4 , 8 1  i n  t h e  t e x t .  The e x t r a  s p l i t t i n g  of  t h e  lower 
X component is p r e d i c t e d  by t h e  model o f  Morgan and Morgan 
(1970). The roman numerals d i s t i n g u i s h  c e n t r e s  which belong t o  
d i f f e r e n t  o r i e n t a t i o n s  wi th  r e s p e c t  t o  t h e  s t r e s s  a x i s .  



i d e n t i c a l  i n  bo th  cases. I t  t u r n s  o u t  t h a t  t h e  small s p l i t t i n g  

o f  t h e  low energy  stress component o f  t h e  X l i n e  g i v e s  a measure 

3 1 o f  t h e  deg ree  t o  which t h e  j =z, m =+- h o l e  s u b s t a t e s  a r e  mixed 
j -2 

3 s ta tes  which were used i n  t h e  s i m p l i f i e d  i n  wi th  t h e  j=- m =+- 2' j -2 

Zeeman a n a l y s i s .  

Morgan and Morgan (1970)  have d e r i v e d  a n a l y t i c a l  exp- 

r e s s i o n s  f o r  t h e  s p l i t t i n g s  o f  I B E  bound t o  a x i a l  d e f e c t s  i n  t h e  

l i m i t  o f  low s t r a i n s ,  where t h e  s h i f t  r a t e s  a r e  l i n e a r .  This  

case is b e l i e v e d  t o  app ly  t o  t h e s e  d a t a  f o r  two reasons :  f i r s t ,  

t h e  h igh  deg ree  o f  l i n e a r i t y  of  t h e  < I l l>  d a t a ,  and secondly,  

because o f  t h e  low s t r a i n s  1 which cor respond  t o  t h e  

maximum stresses a p p l i e d  i n  t h i s  s t u d y  (300 MPa). I t  w i l l  be 

argued t h a t  t h e  n o n l i n e a r  stress s p l i t t i n g s ' s e e n  under <001> and 

<110> are due t o  t h e  i nequ iva l ence  o f  t h e  conduc t ion  band 

v a l l e y s  o f  S i  under such stresses. The r e s u l t s  o f  Morgan and 

Morgan depend o n l y  on  t h r e e  parameters :  t h e  exchange s p l i t t i n g  

parameter  A, 

and a s i n g l e  

3 t h e  j=s h o l e  

3 t h e  a x i a l  s t r a i n  s p l i t t i n g  & o f  t h e  j=% ho le  band, 

parameter  which d e s c r i b e s  t h e  s p l i t t i n g  r a t e  o f  

band, and which is assumed t o  be i s o t r o p i c .  For 

t h e  purpose o f  t h i s  a n a l y s i s  t h i s  i s o t r o p i c  s p l i t t i n g  w i l l  be 

d e s c r i b e d  by a t e r m  o f  t h e  form KT where K is a n  expe r imen ta l ly  

determined c o n s t a n t ,  and T is t h e  a p p l i e d  s t r e s s .  For f r e e  

e x c i t o n s  i n  S i  it is w e l l  known (Laude e t  a l . ,  1971) t h a t  t h e  

va lence  band s p l i t t i n g  r a t e s  a r e  similar i n  magnitude f o r  each  

o f  t h e  t h r e e  s t r e s s  d i r e c t i o n s .  From t h e  d a t a  o f  Laude e t  a l .  

one c a n  i n f e r  K v a l u e s  o f  45.2,  35.0 ,  and 37.5  meV/GPa f o r  

s t r e s s e s  i n  t h e  <001>,  < I l l ) ,  and <110> d i r e c t i o n s  r e s p e c t i v e l y ,  



I n  t h e  model o f  Morgan and Morgan, t h e  h o l e  band s p l i t t i n g  r a t e  

K is  e n t e r e d  as a s i n g l e  phenomenological parameter ,  t o  be 

determined by exper iment .  

The s p l i t t i n g  rates f o r  t h e  mJ=+2 and m =+1 e x c i t o n  
j - 

l e v e l s  o f  a d e f e c t  o r i e n t e d  wi th  a n  a n g l e  a between t h e  d i r e c -  

t i o n  o f  t h e  e x t e r n a l  s t r e s s  a x i s  and t h e  i n t e r n a l  < I l l >  o r  

e q u i v a l e n t  s t r a i n  a x i s ,  were g i v e n  by Morgan and Morgan a s  

1 1 
where y=A/2&, p=z(  1+3cos2a) ,  and k = * ~ (  1-cos2a) .  The 

s u p e r s c r i p t s  A and S r e f e r  t o  an t i symmet r i c  and symmetric 

e x c i t o n  s ta tes  which arise o u t  o f  t h e i r  model. A s  a n  example o f  

t h e  a p p l i c a t i o n  o f  t h e s e  e x p r e s s i o n s  c o n s i d e r  t h e  case o f  a 

< I l l >  e x t e r n a l  stress. One q u a r t e r  o f  t h e  d e f e c t s  have t h e i r  

i n t e r n a l  s t r a i n  a x e s  p a r a l l e l  t o  t h e  stress a x i s  and hence a=O, 

No a d d i t i o n a l  s p l i t t i n g  is expec ted  f o r  t h i s  s i t u a t i o n  s i n c e  it 

can  be thought  o f  as  merely modifying t h e  magnitude o f  t h e  

i n t e r n a l  s t r a i n .  This  is t h e  case f o r  t h e  upper l i n e  i n  F ig .  

4 .7 ,  l a b e l l e d  I .  For t h e  remaining d e f e c t s ,  o r i e n t e d  a long  t h e  

< 1 T 1 >  and e q u i v a l e n t  axes ,  cosa=1/3.  For t h i s  ca se ,  a s p l i t t i n g  

o f  t h e  m J = + l  s t a t e  is p r e d i c t e d  by [4.7b'l and 1 4 . 7 ~ 1 ,  t h e  

magnitude o f  which c a n  be s e e n  t o  depend i n v e r s e l y  on t h e  r a t i o  



o f  exchange t o  s t r a i n  s p l i t t i n g ,  y = ~ / 2 & .  This  s p l i t t i n g  is 

assumed r e s p o n s i b l e  f o r  t h e  two lowes t  l y i n g  X l i n e  components, 

l a b e l l e d  I f ,  s e e n  i n  F i g *  4.7, The s m a l l  magnitude o f  t h i s  

s p l i t t i n g  conf i rms  t h e  assumption made i n  t h e  Zeeman a n a l y s i s  

3 1 t h a t  A>)E  and t h a t  t h e r e f o r e  t h e  admixture  o f  jzZ,  m =+- h o l e  j -2 

band s u b s t a t e s  is r e l a t i v e l y  small. By comparing t h e  magnitude 

o f  t h i s  s p l i t t i n g  t o  t h e  dominant s p l i t t i n g  between t h e  I and II 

components o f  t h e  A l i n e ,  i t  is p o s s i b l e  t o  o b t a i n  a n  estimate 

o f  t h e  va lue  o f  E .  The d i f f e r e n c e  i n  s h i f t  rates between t h e  I 

and I1 components o f  t h e  A l i n e  is g iven  by !KT while  t h e  

s p l i t t i n g  o f  t h e  I1 component o f  t h e  X l i n e  is 

The expe r imen ta l ly  observed r a t i o  o f  t h e s e  s p l i t t i n g s  o f  

22.1:6.3 (Tab le  4 . 1 )  g i v e s  t h e  va lue  ~ / ~ = 0 . 5 1 .  Combining t h i s  

r e s u l t  wi th  t h e  e x a c t  e x p r e s s i o n  f o r  t h e  t h e o r e t i c a l  z e r o - f i e l d  

=+2 and mJ=+l  l e v e l s  ( F i g .  1 . 4 )  g i v e s  t h e  s p l i t t i n g  o f  t h e  mJ - 
v a l u e s  A=4.0 and &=7.9 m e V .  Th is  va lue  o f  A should  be compared 

wi th  t h e  va lue  of &=3.7  meV which was d e r i v e d  i n  t h e  Zeeman 

s e c t i o n  wi th  t h e  approximat ion  t h a t  E>>&. I n  t h e  above 

a n a l y s i s ,  s p e c i f i c  knowledge o f  t h e  h o l e  band s p l i t t i n g  r a t e  K 

was no t  r e q u i r e d ,  s i n c e  i t  c a n c e l l e d  o u t  i n  t h e  above r a t i o .  

From t h e s e  v a l u e s  o f  & and A one can  work backwards from t h e  

t h e o r e t i c a l  A l i n e  s p l i t t i n g  t o  o b t a i n  K from t h e  p r e d i c t e d  

4 A l i n e  s p l i t t i n g  o f  5KT. Th is  g i v e s  a va lue  of K=16.6 meV/GPa 

which should  be compared wi th  t h e  va lue  o b t a i n e d  by Laude e t  a l ,  



(1971) f o r  f r e e  exchtons ,  namely 35.0 meV/GPa. 

Under a <110> s t r e s s ,  one h a l f  o f  t h e  d e f e c t s  a r e  

o r i e n t e d  wi th  cosa=$(2 /3) ,  and t h e  rest with  cosa=Q.  These two 

c l a s s e s  a r e  l a b e l l e d  I11 and I V  r e s p e c t i v e l y  i n  F ig .  4 . 7 .  The 

I I I  and I V  components o f  t h e  A l i n e  should  s p l i t  wi th  a r a t e  

g iven  by KT. The I V  component o f  t h e  X l i n e  should  s p l i t  wi th  a 

rate oE 

while  t h e  I11 component should  s p l i t  w i th  a va lue  equa l  t o  one 

t h i r d  o f  t h e  above.  I n  t h e s e  exper iments ,  on ly  t h e  s p l i t t i n g  o f  

t h e  I V  component was observed.  I t  is p o s s i b l e  t h a t  t h e  smal l  

magnitude o f  t h e  s p l i t t i n g  o f  t h e  upper component ( ( 2  meV/GPa), 

combined w i t h  the lower i n t e n s i t y  o f  t h e  upper component, have 

obscured d e t e c t i o n  o f  t h i s  e x t r a  s p l i t t i n g .  When t h e  above 

a n a l y s i s  is a p p l i e d  t o  t h e  <110> d a t a ,  one o b t a i n s  ~ / & = 0 . 5 0 ,  i n  

e x c e l l e n t  agreement wi th  t h e  va lue  d e r i v e d  f o r  t h e  < I l l >  d a t a .  

A va lue  o f  K= 19.4 meV/GPa was o b t a i n e d  from t h e  s h i f t  r a t e  o f  

t he  I11 and I V  components o f  t h e  A l i n e ,  which is a l s o  g r e a t l y  

reduced from t h e  f r e e  e x c i t o n  va lue  o f  37.5 meV/GPa. 

For t h e  case o f  a <001> e x t e r n a l  s t r e s s ,  t h e  s i t u a t i o n  is 

s impler ,  i n  t h a t  a l l  d e f e c t s  a r e  e q u i v a l e n t ,  For t h i s  case, 

cosa=l/$3,  and t h e r e  is no s p l i t t i n g  o f  t h e  A l i n e .  Using t h e  

above v a l u e s  o f  E, A, and t h e  average  o f  t h e  two K va lues ,  

one o b t a i n s  a n  X l i n e  s p l i t t i n g  o f  5 . 2  m e V ,  i n  e x c e l l e n t  

agreement wi th  t h e  expe r imen ta l ly  observed va lue  o f  5.0+0.5 m e V ,  



Stress direct ion Sh i f t  rate (meV/GPa) 

A l i n e  X l i n e  

Table 4 . 1 .  The l inear s h i f t  rates  o f  the A and X l i n e  
components a s  determined by the l e a s t  squares f i t s  i n  Fig,  4 . 7 .  
Note the c l o s e  agreement of  the average o f  the two lower X l i n e  
s h i f t  rates  i n  each case with the lower A l i n e  s h i f t  ra te .  



Table  4 . 1  g i v e s  a summary o f  t h e  s h i f t  r a t e s  o b t a i n e d  i n  

t h i s  s tudy .  The s e l f - c o n s i s t e n c y  o f  t h e s e  d a t a  i m p l i e s  a remar- 

kab ly  good agreement wi th  t h e  s imple  phenomenological model o f  

Morgan and Morgan, which has  never  been d i r e c t l y  t e s t e d  by 

exper iment ,  I n  f a c t  t h e  c l o s e  agreement is probably f o r t u i t o u s  

t o  a l a r g e  e x t e n t  g iven  t h a t  t h e  assumption o f  i s o t r o p i c  s h i f t  

rates is a r a t h e r  c rude  approximat ion,  e s p e c i a l l y  i n  t h e  

v i c i n i t y  o f  a n  a x i a l  d e f e c t .  I t  is i n t e r e s t i n g  t o  compare t h e  

above r e s u l t s  wi th  t h o s e  of  Onton and Morgan (1970) who observed 

a n  o r d e r  o f  magnitude r e d u c t i o n  i n  t h e  h o l e  deformat ion  

p o t e n t i a l s  f o r  t h e  i s o e l e c t r o n i c  donor GaP:Bi. The extreme 

r e d u c t i o n  i n  t h e  deformat ion  p o t e n t i a l s  o f  t h i s  system were 

a t t r i b u t e d  t o  t h e  s t r o n g  v i b r o n i c  c o u p l i n g  o f  t h e  e x c i t o n  t o  

l o c a l i z e d  phonon modes o f  t h e  d e f e c t .  I t  is  p o s s i b l e  however 

t h a t  t h i s  r e d u c t i o n  may- j u s t  have been due t o  t h e  extreme 

l o c a l i z a t i o n  o f  t h e  h o l e  a t  t h e  GaP:Bi d e f e c t ,  which i n v a l i d a t e s  

t h e  use  o f  deformat ion  p o t e n t i a l s  d e s c r i b i n g  t h e  behaviour  o f  

s ta tes  a t  t h e  va l ence  band edge. 

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e d u c t i o n  o f  t h e  

deformat ion  p o t e n t i a l s  i n  t h e  p r e s e n t  case are roughly  similar 

i n  magnitude t o  t h o s e  r e p o r t e d  by Henry e t  a l .  (1984)  f o r  t h e  

case o f  t h e  Si:Be i s o e l e c t r o n i c  d e f e c t .  I n  t h a t  s tudy  t h e  

. e f f e c t s  o f  stress on t h e  e x c i t o n  s ta tes  were d e s c r i b e d  by two 

deformat ion  p o t e n t i a l s  b '  -and d f  , similar i n  d e f i n i t i o n  t o  t h o s e  

employed i n  s t u d i e s  o f  t h e  f r e e  e x c i t o n  (Laude e t  a l e ,  1971) .  

The use  o f  t w o  pa rame te r s  models t h e  a n i s o t r o p y  of  t h e  va l ence  

band s p l i t t i n g s ,  Henry e t  a l .  found t h a t  t h e  va lue  o f  d ' ,  which 



models t h e  response  t o  t r  igona l  ( < I l l >  ) deformat ions ,  was v i r -  

t u a l l y  i d e n t i c a l  t o  t h a t  of  t h e  f r e e  e x c i t o n ,  whi le  b ' ,  which 

models t h e  response  t o  t e t r a g o n a l  ( < 0 0 1 >  1 s t r e s s e s  was appprox- 

ima te ly  one h a l f  o f  t h e  f r e e  e x c i t o n  v a l u e .  These r e s u l t s  have 

been c i t e d  a s  c o n f i r m a t i o n  o f  t h e  i s o e l e c t r o n i c  a c c e p t o r  model 

f o r  t h i s  IBE which was p u t  forward by Labr i e  e t  a 1 . ( 1 9 8 3 ) ,  i n  

which t h e  h o l e  is bound i n  an  e f f e c t i v e  mass-l ike s t a t e ,  d e r i v e d  

l a r g e l y  from band edge s t a t e s .  The f a c t  t h a t  t h e  deformat ion  

p o t e n t i a l s  o f  t h e  Si:T1 A-centres a r e  on ly  reduced by a  s l i g h t l y  

l a r g e r  f a c t o r  i n d i c a t e s  t h a t  t h e  h o l e  s t a t e s  a r e  n o t  a s  deep a s  

one would e x p e c t  c o n s i d e r i n g  t h e  presence  o f  T 1  i n  t h e  b ind ing  

c e n t r e  complex. This  seems t o  s u g g e s t  t h a t  t h e  p o t e n t i a l  

b ind ing  t h e  h o l e  i n  t h i s  c a s e  is more s lowly  vary ing  than  one 

would e x p e c t  f o r  t h e  c e n t r a l  c e l l  o f  i s o l a t e d  T 1 .  I n  a d d i t i o n ,  

t h e  r e s u l t s  o f  the nex t  s e c t i o n  show t h a t  t h e  e l e c t r o n  s t a t e s  

a r e  a l s o  r e l a t i v e l y  sha l low.  These two r e s u l t s  a r e  c o n s i s t e n t  

wi th  a  more d e l o c a l i z e d  b ind ing  mechanism such as A l l e n ' s  s t r a i n  

f i e l d  model (1970) .  

Va l l ey -o rb i t  e f f e c t s  

The above a n a l y s i s  has  comple te ly  ignored  t h e  s t r e s s  

dependence o f  t h e  e l e c t r o n  s t a t e s .  I n  t h e  p rev ious  s e c t i o n  i t  

was assumed t h a t  t h e  s t r e s s  dependence o f  t h e  h o l e  s tates was i n  

t h e  l i n e a r  r e g i o n  o f  t h e  model o f  Morgan and Morgan ( 1 9 7 0 ) .  

This  is t h e  r e s u l t  o f  t h e  r e l a t i v e l y  low a p p l i e d  s t r a i n s ,  

a s  wel l  as t h e  r e l a t i v e l y  l a r g e  va lue  o f  t h e  i n t e r n a l  



3 s t r a i n  energy  ( 8  m e V )  . I t  is t h e  mixing o f  t h e  j=Z, m =+- with  j -2 
3 t h e  j=-  rn =- I h o l e  band which induces  n o n l i n e a r i t i e s  i n  t h e  2' j 2 

dependence o f  t h e  h o l e  e n e r g i e s ,  and t h i s  mixing w i l l  be smal l  

3 g iven  t h e  16 m e V  s p l i t t i n g  o f  t h e  j = ~  h o l e  s t a t e s  impl ied by ~ = 8  

m e V .  The s t a r t i n g  p o i n t  f o r  wha t  f o l l ows  is t h e  assumption t h a t  

t h e  e l e c t r o n  i n  t h i s  IBE is e f f e c t i v e  mass -1 ike . i . e .  de r ived  

from X conduc t ion  band edge e l e c t r o n  s t a t e s .  The s t r e s s  

dependence is t h e r e f o r e  expected t o  be s i m i l a r  t o  t h a t  o f  t h e  

common s u b s t i t u t i o n a l  donors  i n  S i .  

I t  is assumed h e r e  t h a t  t h e  e l e c t r o n  s t a t e s  involved i n  

t h e  I B E  ground s t a t e  a r e  de r ived  from t h e  t o t a l l y  symmetric 1s 

rl ( T d )  e l e c t r o n  s ta te .  Assuming t h a t  t h e  e l e c t r o n  s t a t e s  a r e  

* l e s s  l o c a l i z e d  than  t h e  ho le  s t a t e s ,  i t  seems reasonab le  t o  

approximate t h e  Cgv n a t u r e  o f  t h e s e  s ta tes  by t h e  Td s t a t e s  t o  

which they tend  a t  l a r g e  d i s t a n c e s  from t h e  d e f e c t .  This  is 

probably an  a c c e p t a b l e  assumption f o r  t h e  h ighe r  l y i n g  r3 and r5 

s t a t e s  which van i sh  a t  t h e  co re ,  b u t  must have l e s s  v a l i d i t y  f o r  

t h e  r l  s t a t e .  Under .<111> stress, a l l  s i x  conduc t ion  band 

minima o f  t h e  p e r f e c t  S i  l a t t i c e  s h i f t  by t h e  same amount, 

p r o p o r t i o n a l  t o  t h e  deformat ion  p o t e n t i a l  E~ o f  t h e  X conduc t ion  

band minima. Under <001> compressive stress ( s < O ) ,  two o f  t h e  

1 bands a r e  lowered by a n  amount 3<s, whi le  t h e  o t h e r  four  a r e  

r a i s e d  by -11 s. This  causes  a mixing o f  t h e  r and r3 s t a t e s ,  
6 u  1 

which c o n t a i n  d i f f e r e n t  combinat ions  o f  t h e  d i f f e r e n t  conduc t ion  

band v a l l e y s .  The rl s t a t e  s h i f t s  t o  lower energy  i n  a  non- 

l i n e a r  manner, a s y m p t o t i c a l l y  r each ing  a l i n e a r  s h i f t  r a t e  a t  

h igh s t r e s s  a s  t h e  wavefunct ion becomes i n c r e a s i n g l y  a s s o c i a t e d  
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with t h e  lowes t  two conduc t ion  band v a l l e y s .  S i m i l a r  cons ide r -  

a t i o n s  app ly  f o r  t h e  c a s e  o f  < l fO>  s t r e s s  where t h e r e  a r e  four 

i n s t e a d  o f  two bands a t  lowest  energy,  wi th  t h e  r e s u l t  t h a t  t h e  

s t r e s s - induced  n o n l i n e a r i t y  is smaller. These q u a l i t a t i v e  

f e a t u r e s  are s e e n  t o  apply  t o  t h e  A-centre s t r e s s  d a t a  shown i n  

F ig .  4 . 7 .  

The f i t s  t o  t h e  (001) and <110> d a t a  i n  F ig .  4 .7  were 

o b t a i n e d  by means o f  [I. 7 a l ,  assuming t h a t  a l l  o f  t h e  non- 

l i n e a r i t y  was due t o  t h e  e l e c t r o n  s t a t e s .  The s h i f t  r a t e  o f  

each o f  t h e  e i g h t  A l i n e  components under t h e  t h r e e  p r i n c i p a l  

s t r e s s e s  was d e s c r i b e d  by two parameters ,  a  l i n e a r  s h i f t  ra te  

parameter unique t o  t h a t  component, and t h e  parameter Ac which 

modelled t h e  n o n l i n e a r i t y ,  and which was t h e  same f o r  al.1 e i g h t  

components. The f i t  was o b t a i n e d  by a  l e a s t  s q u a r e s  method 

using a s imp lex  minimization a l g o r i t h m .  Note the  c i o s e  agree-  

ment o f  t h e  X l i n e  n o n l i n e a r i t y  wi th  t h a t  o f  t h e  A l i n e .  The X 

l i n e  s l o p e s  were a l s o  a l lowed t o  vary  f r e e l y .  Assuming the  

e l e c t r o n  deformat ion  c o n s t a n t  = =8.'7 eV, t h e  va lue  o b t a i n e d  by -u 

Laude e t  a l .  (1971)  from f r e e  e x c i t o n  d a t a ,  a va lue  o f  Ac=5.8 

meV was o b t a i n e d .  This  imp l i e s  a v a l l e y - o r b i t  energy s p l i t t i n g  

E =6Ac between t h e  r l  and r3 s t a t e s  of  35 m e V .  Th is  va lue  is 
VO 

r a t h e r  high compared t o  v a l u e s  o b t a i n e d  by Tekippe e t  a l .  (1972)  

f o r  s u b s t i t u t i o n a l  donors  i n  Si. These a u t h o r s  observed a  

s i g n i f i c a n t  r e d u c t i o n  o f  t he  deformat ion  p o t e n t i a l  f o r  r1 

e l e c t r o n  s t a t e s .  I t  is r easonab le  t o  suppose t h a t  t he  response  

- t o  s t r e s s  would be somewhat f f s t i f f e r f f  i n  t h e  v i c i n i t y  of  a  l a r g e  

complex c o n t a i n i n g  T 1 .  A r e d u c t i o n  o f  t o  7.0 eV would -u 
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dec rease  t h e  va lue  o f  Evo impl ied by t h e  d a t a  i n  F ig .  4 .7  t o  -20 

m e V ,  a  va lue  more comparable t o  t h a t  o f  t h e  sha l lower  s u b s t i -  

t u t i o n a l  donors .  Evidence f o r  such a r e d u c t i o n  i n  - w i l l  be -u 

p re sen ted  i n  t h e  s e c t i o n  on t h e  e x c i t a t i o n  s p e c t r a  o f  t he  S i : I n  

d e f e c t  i n  Chapt. 5 ,  

A knowledge o f  t h e  energy o f  t h e  r3 e l e c t r o n  s t a t e  a l l ows  

one t o  make a rough e s t i m a t e  o f  t h e  h o l e  b ind ing  energy .  

Assuming f o r  t h e  moment t h a t  35 m e V  is t h e  t r u e  v a l l e y - o r b i t  

s p l i t t i n g ,  t h i s  i m p l i e s  t he  e x i s t e n c e  o f  a n  e x c i t e d  s t a t e  of  t h e  

e x c i t o n  a t  a n  energy o f  approximately  1122 meV, o r  35 m e V  below 

t h e  no-phonon f r e e  e x c i t o n  edge o f  1154.6 meV. The b ind ing  

energy of  t h e  f r e e  e x c i t o n  is known t o  be 14 .7  m e V  which p l a c e s  

t h e  bandgap energy  a t  1169.3 m e V .  I t  is known from t h e  s tudy  o f  

sha l low donors  i n  S i  ( s e e  e . g .  Ramdas, 1981) t h a t  t h e  p o s i t i o n  

o f  t h e  r3,5 l e v e l  wi th  r e s p e c t  t o  t h e  i o n i z a t i o n  l i m i t  a g r e e s  

q u i t e  adequa te ly  i n  eve ry  case wi th  t h e  p r e d i c t i o n s  o f  e f f e c t i v e  

mass theory ,  even i n  t h e  c a s e  o f  t h e  more deeply-bound donors .  

This  is because,  u n l i k e  t h e  symmetric r1 s t a t e ,  t h e  r3,5 l e v e l  

has  a node a t  t h e  c e n t r a l  c e l l .  I n  a l l  cases t h e  r3 l e v e l  has  

been found t o  be bound by a n  energy very  c l o s e  t o  t h e  31.3  meV 

p r e d i c t i o n  o f  e f f e c t i v e  mass theo ry  (Ramdas, 1981) .  I t  is  worth 

n o t i n g  t h a t  t h e  above energy is expec ted  f o r  an  e l e c t r o n  bound 

. t o  a  p o i n t  p o s i t i v e  charge ,  and n o t  t o  t h e  smeared o u t  charge  

d i s t r i b u t i o n  o f  a  l o c a l i z e d  ho le .  The f i n i t e  e x t e n t  o f  t he  ho le  

could  reduce t h i s  va lue  somewhat from 31.3  m e V .  Assuming t h a t  

t h e  A-centre behaves l i k e  a n  i s o e l e c t r o n i c  donor bound t o  a very 

l o c a l i z e d  e l e c t r o n ,  t h i s  31 .3  m e V  b ind ing  energy of  t h e  r3,5 



l e v e l  p l a c e s  t h e  i o n i z a t i o n  l i m i t  o f  t h e  A-centre a t  -66 meV 

above t h e  A l i n e ,  o r  1153 meV. This  energy cor responds  t o  

i o n i z a t i o n  o f  t h e  e l e c t r o n  with  t h e  h o l e  remaining bound t o  t h e  

d e f e c t .  The energy d i f f e r e n c e  between t h i s  va lue  and t h e  

bandgap energy o f  1169.3  m e V  g i v e s  a n  e s t i m a t e  o f  t h e  ho le  

b ind ing  energy o f  -17 m e V .  A smaller v a l l e y - o r b i t  s p l i t t i n g  o f ,  

s ay  20 m e V  would i n c r e a s e  t h i s  va lue  t o  -30 m e V .  This  would 

r e q u i r e  a r e d u c t i o n  o f  t h e  e l e c t r o n  deformat ion  p o t e n t i a l  i n  t h e  

above a n a l y s i s  t o  a va lue  around 7 .0  eV. Such small b ind ing  

e n e r g i e s  f o r  t h e  pr imary p a r t i c l e  have been d i r e c t l y  observed 

b e f o r e  by Cohen e t  a l .  (1977)  f o r  t h e  case o f  N N i  p a i r s  wi th  

i > 7 .  Unfo r tuna t e ly  i n  t h e  c a s e  o f  t h e  A-centre i t  is has been 

imposs ib le  t o  de te rmine  t h e  ho le  b ind ing  energy by more d i r e c t  

means. The e l e c t r o n  b ind ing  energy cannot  be determined from 

thermai  a c t i v a t i o n  measurements because o f  t h e  c o n f i g u r a t i o n a l  

m e t a s t a b i l i t y  which t h e  c e n t r e  e x h i b i t s  above 1 0  K .  I n  

a d d i t i o n ,  it h a s  n o t  been p o s s i b l e  t o  d a t e  t o  observe  t h e  

e x c i t e d  s t a t e  spectrum o f  t h e  c e n t r e  through e x c i t a t i o n  

spec t roscopy  f o r  r e a s o n s  a s  y e t  unknown. 

4 . 4 :  S t r e s s  r e s u l t s :  Ground s t a t e  s o l i t t i n s s  of  t h e  P-centres  

The u n i a x i a l  stress s p l i t t i n g s  of  t h e  P l i n e s  i n  Si:T1 

and S i : I n  a r e  i l l u s t r a t e d  i n  F ig .  4 . 5  f o r  t h e  c a s e  o f  <001> 

stress. For bo th  c e n t r e s ,  t h e  P l i n e  s p l i t s  i n t o  s i m i l a r  

d o u b l e t s ,  i n  c o n t r a s t  t o  t h e  Si:T% A l i n e ,  which does  n o t  s p l i t  



ponents  was observed  t o  be independent o f  t empera ture ,  as i n  t h e  

c a s e  o f  t h e  A-centre s t r e s s  s p l i t t i n g s .  A s  i n  t h e  < I l l >  and 

<110> A-system d a t a ,  t h e  l a c k  o f  t h e r m a l i z a t i o n  between t h e  

components i n d i c a t e s  t h a t  t h e  s p l i t t i n g  is due t o  an  o r i e n t -  

a t i o n a l ,  r a t h e r  t han  e l e c t r o n i c  degeneracy .  A r a p i d  dec rease  

i n  t h e  i n t e n s i t y  o f  t h e  upper component wi th  i n c r e a s i n g  s t r e s s  

was observed,  and t h i s  s u g g e s t s  some form o f  r e o r i e n t a t i o n  o f  

t h e  c e n t r e s  a s  i n  t h e  A-centre d a t a .  The (111) and ( 1 1 0 )  s t r e s s  

s p l i t t i n g s ,  summarized i n  F i g s .  4 . 8  and 4.9, a l s o  d i s p l a y  q u i t e  

s i m i l a r  behaviour .  The <110> d a t a  i n  F ig .  4 . 8  g i v e  a clear 

example o f  t h e  r e o r i e n t a t i o n  t o  t h e  lower energy s t r e s s  

component a t  h igh  s t r e s s .  I t  is e v i d e n t  from t h e s e  d a t a  t h a t  

t h e  symmetries o f  t h e  P- and A-centres a r e  q u i t e  d i f f e r e n t .  

F i g .  4 . 8  g i v e s  a  comparison o f  t h e  S i : I n  and Si:Tl  P-type 

s p e c t r a  a t  r e p r e s e n t a t i v e  < l i b >  s t r e s s e s .  These d e f e c t s  show 

s t r o n g  s i m i l a r i t i e s  i n  t h e  form and magnitude o f  t h e  s t r e s s  

s p l i t t i n g s ,  i n d i c a t i n g  t h a t  t h e  same d e f e c t  symmetry is p r e s e n t  

i n  bo th  c a s e s .  The S i : I n  P l i n e  was observed t o  s p l i t  i n t o  a  

nonthermal iz ing  t r i p l e t  a t  s t r e s s e s  above 20 MPa ( F i g s .  4.8b and 

4 . 7 ~ ) .  o f f e r i n g  f u r t h e r  ev idence  o f  a lower symmetry f o r  t h e  P- 

c e n t r e  c o n f i g u r a t i o n .  For t h e  S i :T l  P l i n e  t h e r e  is no ev idence  

o f  a  h ighe r  energy component up t o  s t r e s s e s  o f  -150 MPa, beyond 

which t h e  upper component beg ins  t o  broaden s u b s t a n t i a l l y .  I t  

should be emphasized t h a t  t h i s  broadening i s  probably n o t  due t o  

inhomogeneous s t r e s s  s i n c e  such e f f e c t s  should  have a  much 

g r e a t e r  broadening e f f e c t  on t h e  Power energy component, which 

is d i s p l a c e d  much f u r t h e r  from t h e  ze ro  s t r e s s  energy .  Above 
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Pig. 4 .8 :  A comparison of  the  Si:T1 and S i : I n  P, Q, R 
s p e c t r a  under < l l 0 >  s t r e s s e s ,  (a) shows t h e  zero  s t r e s s  

. s p e c t r a .  (b) i n d i c a t e s  t h e  s p l i t t i n g s  a t  76 and 74 MPa f o r  
Si:T1 and Si : In  r e s p e c t i v e l y .  A t  t h i s  s t r e s s  t h e  S i : In  P l i n e  
s p l i t s  a s  a double t .  Note t h e  s i m i l a r i t i e s  i n  t h e  i n t e n s i t i e s  
and energy s p l i t t i n g s  of  t h e  two lower components i n  each c a s e .  
(c)  i n d i c a t e s  the  s t r e s s  s p l i t t i n g s  a t  h igher  s t r e s s ,  showing 
t h e  appearance of  a weak t h i r d  component i n  t h e  Si:T1 spectrum 
at 270 MPa ( i n s e t ,  F ig .  4 . 5 ~ ) .  The r e l a t i v e  i n t e n s i t y  r a t i o s  
show t h e  same q u a l i t a t i v e  behaviour i n  both samples. 



b u t  n o n e t h e l e s s  t h e  appearance o f  a  weak t h i r d  component is 

e v i d e n t  on t h e  h igh  energy s i d e  o f  t h e  upper component ( s e e  

i n s e t  i n  F i g .  4 . 8 ~ ) .  S i m i l a r  s p e c t r a  were observed i n  o t h e r  

samples.  Note t h a t  f o r  both  S i :T l  and S i : I n  t h e r e  is a  s i m i l a r  

s h i f t  i n  i n t e n s i t y  from t h e  c e n t r a l  peak a s  t h e  s t r e s s  is 

inc reased .  

From F i g .  4 .8  i t  is e v i d e n t  t h a t  i n  bo th  S i : I n  and S i :T l  

t h e  e x c i t e d  s t a t e  Q t r a n s i t i o n  and t h e  l o c a l  mode R t r a n s i t i o n  

have t h e  same s t r e s s  behaviour  a s  t h e  no-phonon P  l i n e .  This  

was a l s o  t h e  c a s e  f o r  <001> and < I l l >  s t r e s s e s .  

The s t r e s s  s p l i t t i n g  p a t t e r n s  summarized i n  F i g .  4 . 9  a r e  

c o n s i s t e n t  wi th  a C2v d e f e c t  symmetry f o r  t h e  S i : I n  and S i :T l  P- 

c e n t r e s .  For t h e  moment a  d e t a i l e d  d i s c u s s i o n  of  t h i s  r e s u l t  

w i l l  be d e f e r r e d  u n t i l  t h e  S i : I n  e x c i t a t i o n  s p e c t r a  a r e  

p re sen ted  i n  Chapt.  5 .  

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  P  l i n e s  a l s o  e x h i b i t  

n o n l i n e a r  s h i f t  r a t e s  f o r  (001> and <110> s t r e s s e s ,  a l t hough  t o  

a  l e s s e r  degree  t h a n  t h e  Si :Tl  A l i n e .  An a n a l y s i s  s i m i l a r  t o  

t h a t  used i n  model l ing t h e  n o n l i n e a r  s h i f t  rate of  t h e  A-centre 

d a t a ,  u s ing  [ 1 . 7 a l ,  y i e l d s  v a l l e y - o r b i t  s p l i t t i n g s  o f  -40 and 60 

meV f o r  t h e  S i : I n  and Si:T1 P-centres  r e s p e c t i v e l y  i f  t h e  f r e e  

. e l e c t r o n  deformat ion  p o t e n t i a l  of  = =8.7  e V  is used.  The l e a s t  
-u 

s q u a r e s  f i t s  t o  t h e  P-centre  s t r e s s  d a t a  a r e  g iven  by t h e  s o l i d  

l i n e s  i n  F ig .  5 . 9 .  I n  t h i s  a n a l y s i s  t h e  l i n e a r  s h i f t  r a t e s  o f  

each component were a g a i n  modelled by a  s i n g l e  parameter  unique 

t o  t h a t  component, whi le  t h e  n o n l i n e a r i t y  was modelled s o l e l y  by 



the valley-orbit energy ac and the deformation potential zu. It 

will be shown in the next section that the effective deformation 

potential for the Si:In rl state is actually considerably 

reduced from this value, and a similar effect is expected for 

the Si:Tl centre. This has the result of significantly reducing 

the.magnitude of the valley-orbit energies derived by the fits 

to the data in Fig. 4.9. 
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Fig. 4 , 9 :  A summary of the P Line splittings under 
uniaxial stress for both Si:T1 and Si:In. The splittings show 
nonlinearities which are qualitatively similar to, but slightly 
reduced from, those of the Si:T1 A line. 



C h a ~ t e r  5: E x c i t a t i o n  s ~ e c t r o s c o ~ v  o f  t h e  Si:Pn c e n t r e  wi th  
$tress and Zeeman ~ e r t u r b a t i o n s  

5 .1 :  Zeeman R e s u l t s  

The zero. f i e l d  e x c i t a t i o n  spectrum f o r  t h e  S i : I n  i s o -  

e l e c t r o n i c  c e n t r e  is shown by t h e  lower spectrum i n  F ig .  5 .1 ,  

which was o b t a i n e d  u s i n g  t h e  p r e v i o u s l y  d e s c r i b e d  OPO system. 

This  spectrum is i d e n t i c a l  t o  t h e  one f i r s t  observed by Wagner 

and Sauer (1983) .  The spectrum r e p r e s e n t s  t h e  emiss ion  i n t e n -  

s i t y  o f  t h e  dominant P  l i n e  t r a n s i t i o n  ( F i g .  5.1, lower c u r v e )  

a s  a f u n c t i o n  o f  e x c i t a t i o n  energy .  Fol lowing t h e - l a b e l l i n g  

convent ion  of Wagner and Sauer t h i s  l i n e  is hence fo r th  r e f e r r e d  

0 t o  as Po, The s u b s c r i p t  i d e n t i f i e s  t h e  e l e c t r o n i c  s ta te ,  whi le  

t h e  s u p e r s c r i p t  d e n o t e s  t h e  number o f  S tokes  o r  an t i -S tokes  

phonon modes which are e x c i t e d .  

Because o f  t h e  l ong  200 ps luminescence l i f e t i m e  o f  t h e s e  

c e n t r e s  a t  4 . 2  K ,  i t  was p o s s i b l e  t o  s c a n  t h e  laser energy  over  

0 t h e  Po luminescence t r a n s i t i o n  by r e j e c t i n g  s c a t t e r e d  laser 

b i g h t  d u r i n g  t h e  a c t u a l  f i r i n g  o f  t h e  laser p u l s e  by means o f  a 

chopper wheel synchronized  t o  t h e  l a s e r  p u l s e  t r a i n .  I n  

a d d i t i o n  t o  t h e  P: l i n e ,  which is t h e  predominant PL t r a n -  

0 s i t i o n ,  two even s t r o n g e r  no-phonon e x c i t e d  s t a t e s  l a b e l l e d  P2 

0 0 and P3 a r e  observed  a t  e n e r g i e s  11 .4  and 36.4 m e V  above Po. 

0 The P3 t r a n s i t i o n  energy  o f  1154.3  meV is a lmos t  e x a c t l y  co in -  

c i d e n t  wi th  t h e  f r e e  e x c i t o n  no-phonan energy  o f  1154.6 m e V ,  s o  

t h i s  s t a t e  is o n l y  bound by a  few t e n t h s  o f  a n  meV. The a n t i -  

-1 Stokes  r e p l i c a s  Po and P;' are d e r i v e d  from t h e  coup l ing  of  
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Fig .  5 .1:  E x c i t a t i o n  spectrum o f  t h e  I n  i s o e l e c t ~ o n f c  

bound e x c i t o n  wi th  magnet ic  f i e l d s  o f  z e r o  and 8.6 T, moni tor ing  
0 t h e  t o t a l  PL i n t e n s i t y  o f  t h e  -1118 m e V  Po no-phonon l i n e s .  

Note t h e  weak s h o u l d e r s  on t h e  P: l i n e  upon a p p l i c a t i o n  o f  t h e  

f i e l d .  The i n s e t  shows t h e  PL spectrum o b t a i n e d  a t  t h e  obse r -  

v a t i o n  t empera tu re  o f  4 , 2  K showing t h e  s t r o n g  t h e r m a l i z a t f o n  o f  - 

0 t h e  Zeeman subcomponents o f  P,, which is o f  c o u r s e  n o t  observed  
u 

i n  t h e  e x c i t a t i o n  spectrum.  P;' and p i 1  a r e  an t i -S tokes  
0 0 r e p l i c a s o f  Po and P2 r e s p e c t i v e l y  g e n e r a t e d  by coup l ing  t o  

t h e  same l o c a l  mode r e s p o n s i b l e  f o r .  t h e  R t r a n s i t i o n  i n  

P ig .  4.k. 



0 0 Po and P2 t o  t h e  8 .3  m e V  phonon mode respons ib le  f o r  the  

1 
Stokes t r a n s i t i o n  R i n  Fig.  4. lc. T h a t  l i n e  is denoted Po by 

Wagner and Sauer.  The value of  8 . 3  m e V  is somewhat reduced from 

t h e  9.0 meV value observed f o r  t h e  Stokes r e p l i c a ,  i n d i c a t i n g  a 

so f t en ing  of  the  v ib ron ic  coupl ing fo r  t h e  e x c i t o n  s t a t e .  

This spectrum is q u i t e  d i f f e r e n t  from any of  t h e  shallow 

acceptor-1 ike  o r  donor-1 ike s p e c t r a  observed i n  o t h e r  i soe lec-  

t r o n i c  c e n t r e s  i n  S i  t o  da te ,  which c o n s i s t  of  a s e t  of absor- 

p t i o n  l i n e s  dec reas ing  i n  i n t e n s i t y  with inc reas ing  energy, and 

converging t o  an i o n i z a t i o n  l i m i t  of  30-40 meV above t h e  ground 

s t a t e  t r a n s i t i o n  (Wagner e t  a l . ,  1981; Wagner and Sauer, 1982; 

Thewalt e t  a l . ,  1982; Thonke e t  a l . ,  1985) .  

The magnetic f i e l d  dependence of  the  P: l i n e  has been 

d iscussed  i n  a previous  work which involved only PL measurements 

(Watkins and Thewalt, 1985) .  , I n l t h a t  work it was demonstrated 

0 t h a t  the  Po l i n e  s p l i t  i n t o  a t r i p l e t  with a s p l i t t i n g  t h a t  was 

independent of the  d i r e c t i o n  of the  a p p l i e d  f i e l d ,  and t h i s  

f a c t  was used t o  argue t h a t  t h e  hole  o r b i t a l  angular  momentum 

was quenched by a low symmetry d e f e c t  f i e l d .  The upper exci -  

t a t i o n  spectrum i n  F ig .  5 . 1  shows t h e  e f f e c t  of  an 8.6 T mag- 

0 n e t i c  f i e l d  on the  e x c i t e d  states. The Po l i n e  s p l i t s  with an 

e f f e c t i v e  g-value of  2.0, while t h e  P: l i n e  does n o t  s p l i t  f o r  

- f i e l d s  up t o  8 . 6  T, This behaviour is c o n s i s t e n t  with the  coup- 

1 l i n g  of  two s p i n  2 p a r t i c l e s  t o  form a s p i n  t r i p l e t  and a s p i n  

s i n g l e t  with a j-j coupl ing  i n t e r a c t i o n  energy of 1 1 . 4  meV. 

This spectrum was ob ta ined  by monitoring t h e  PL i n t e n s i t y  a t  t h e  

0 zero f i e l d  P energy, with t h e  spectrometer  s l i ts  opened wide 0 



enough to accept all three PE transitions, Identical spectra 

were obtained by selectively monitoring any of the three magnet- 

ically split P: subcomponents, the only difference being due to 

the different signal strengths caused by the extreme thermal- 

ization of the PL subcomponents (see inset, Fig. 5.1). This 

behaviour is expected for a purely electronic splitting, and 

differs from the case of the stress splittings discussed below, 

which are due solely to orientational effects. 

0 Although P3 at first appeared to remain essentially 

unsplit in an 8.3 T field, a closer examination revealed 

evidence of shoulders forming on either side of the zero field 

energy, consistent with an effective g-value close to 2.0, but 

with a rather low intensity (see upper excitation spectrum, 

Fig. 5.1). It will be argued below that the nature of the 
n 

electron state responsible for P; results in a negligible j-j 

coupling splitting, leading to a superposition of a strong 

singlet and a weak triplet transition, thus explaining the low 

intensity of the shoulders. 

Fig. 5.2 is a summary of the polarization dependence of 

the magnetic subcomponents of the P: triplet transition for the 

case in which the polarization of the excitation beam is either 

parallel or perpendicular to the magnetic field. Excitation was 

. in all cases approximately along the <110> crystal axis. It is 

interesting to note that this polarization dependence is the 

opposite of that expected for electric dipole transitions from a 

spin triplet state to a spin singlet state in a system with full 

rotational symmetry. This feature will be explained below. 
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Fig .  5 . 2 :  E x c i t a t i o n  spectrum o f  t h e  P: l i n e  wi th  t h e  

electric f i e l d  o f  t h e  e x c i t i n g  r a d i a t i o n  a l t e r n a t e l y  p a r a l l e l  

o r  p e r p e n d i c u l a r  t o  t h e  8.6 T 'magnet ic  f i e l d .  The p o l a r i z a t i o n  

- dependence is t h e  o p p o s i t e  o f  t h a t  expec ted  f o r  a  pure  s p i n  

t r i p l e t  wi th  f u l l  r o t a t i o n a l  symmetry. The l e n g t h  o f  t h e  b a r s  

under each component is p r o p o r t i o n a l  t o  t h e  relative s t r e n g t h  o f  

t h a t  component a s  c a l c u l a t e d  us ing  t h e  model d e s c r i b e d  i n  t h e  

t e x t .  



I t  is u n f o r t u n a t e  t h a t  no PLE s p e c t r a  cou ld  be o b t a i n e d  

f o r  e i t h e r  o f  t h e  S i :T l  I B E  c o n f i g u r a t i o n s .  Attempts were made 

t o  r e s o n a n t l y  e x c i t e  t h e  Si:T1 A- and P-centre  e x c i t o n s  whi le  

moni tor ing  v a r i o u s  PL t r a n s i t i o n s .  No e x c i t o n  a b s o r p t i o n  could  

be d e t e c t e d  however due t o  t he  p re sence  o f  a s t r o n g  f e a t u r e l e s s  

. a b s o r p t i o n  band which w a s  observed from t h e  monitor energy  r i g h t  

up t o  t h e  t r a n s v e r s e  a c o u s t i c  f r e e  e x c i t o n  edge .  This  is 

b e l i e v e d  t o  be due t o  t h e  g e n e r a t i o n  a f  f r e e  carriers by some 

two photon a b s o r p t i o n  p roces s .  A similar, b u t  weaker p roces s  

was observed i n  t h e  S i : I n  system. Th i s  p r o c e s s  is cou ld  be due 

t o  t h e  h igh  peak i n t e n s i t y  o f  t h e  pu l sed  OPO e x c i t a t i o n ,  and is 

l i k e l y  reduced by t h e  u se  o f  con t inuous  e x c i t a t i o n  sou rces ,  such 

as  a c o l o u r  c e n t r e  laser.  

5.2:  S t r e s s  r e s u l t s  

F ig .  5 .3  summarizes t h e  impor tan t  f e a t u r e s  o f  t h e  PLE 

spectrum under a u n i a x i a l  s t r e s s  o f  95 Mpa i n  t h e  < I l l >  d i r e c -  

0 t i o n .  I n s e t  ( a )  shows t h e  s p l i t t i n g  o f  t h e  Po l i n e  as observed 

i n  PL with  above-gap e x c i t a t i o n  under t h e  same c o n d i t i o n s ,  The 

stress dependence o f  t h i s  l i n e  was p r e v i o u s l y  i n v e s t i g a t e d  by 

means o f  PL, and on t h e  b a s i s  o f  a back o f  t h e r m a l i z a t i o n  o f  t h e  

. subcomponents f o r  stress a long  any o f  t h e  t h r e e  major axes ,  it 

was concluded t h a t  t h e  spP i t t i n g s  were p u r e l y  o r  i e n t a t i o n a l  

(Watkins and Thewalt, 1985) .  This  is conf i rmed i n  a convinc ing  

f a s h i o n  by t h e  PLE s p e c t r a  o f  F i g s ,  5 .3b  and 5 . 3 ~  i n  which t h e  

0 PL emis s ion  is monitored a t  t h e  upper and lower s t r e s s - s p l i t  Po 
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Fig .  5 .3 :  I n s e t  ( a ) :  PL spectrum o f  t h e  P: l i n e  under 

a 95 MPa s t r e s s  a l o n g  t h e  <Ill> a x i s  showing t h e  l a c k  o f  therm- 

a l i z a t i o n  a t  4 . 2  K. ( b )  and (cl: The e x c i t a t i o n  s p e c t r a  ob ta ined  
0 when moni tor ing  t h e  upper o r  lower PL subcomponents o f  Po 

0 r e s p e c t i v e l y .  These s p e c t r a  conf i rm t h a t  t h e  s p l i t t i n g s  o f  Po 
0 and P2 are due s o l e l y  t o  o r i e n t a t i o n a l  degeneracy.  ( d l  and ( e l :  

The e x c i  t a t i o n  s p e c t r a  o b t a i n e d  by p o l a r i z i n g  the  e x c i t a t i o n  

beam r e s p e c t i v e l y  p a r a l l e l  o r  pe rpend icu la r  t o  t h e  s t r e s s  a x i s .  

I n  t h e s e  s p e c t r a  t h e  spec t rome te r  bandpass was g r e a t l y  i nc reased  

in o r d e r  t o  c o l l e c t  s i g n a l  from both  P: PL components s imul-  

t aneous ly ,  
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S 11 (001) 72 MPa S 11 (1 1 1) 95 MPa 
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S 11 (110) 181 MPa 

Fig. 5 , 4 :  Summary of the polarization dependence of the 
0 Po transition for all three stress directions, Vertical bars. 

represent the relative intensities predicted for a "xu 0 (PZ) 0' 
#to N (Po) 0 oscillator (Kaplyanski), for the two orientations of 

the electric vector. Results for < f % O >  stress are the least 

reliable given the somewhat inhomogeneous stress obtained. 



0  0  components r e s p e c t i v e l y .  For t h e  case o f  t h e  Po and P2 

resonances ,  e x c i t a t i o n  on ly  occu r s  i n t o  t h e  d e f e c t  o r i e n t a t i o n  

cor responding  t o  t h e  PL energy be ing  monitored.  The behaviour  

o f  P! is more compl ica ted .  Under <111> stress P: s p l i t s  i n t o  

two components wi th  t h e  same s h i f t  r a t e s  as Po and P:, b u t  t h e  0  

upper component becomes q u i t e  broad.  1 n  a d d i t  ion,  bo th  compon- 

e n t s  are observed s imu l t aneous ly  whi le  moni tor ing  e i t h e r  o f  t h e  

0  0  Po subcomponents. Th i s  is probably due t o  t h e  f a c t  t h a t  P3 is 

e s s e n t i a l l y  r e s o n a n t  wi th  wi th  t h e  f r e e  e x c i t o n  no-phonon 

energy,  p e r m i t t i n g  e x c i t a t i o n  t r a n s f e r  from one c l a s s  o f  d e f e c t  

o r i e n t a t i o n s  t o  t h e  o t h e r  v i a  f r e e  e x c i t o n  g e n e r a t i o n  and sub- 

sequent  r e c a p t u r e ,  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e r e  is 

n o n e t h e l e s s  a small enhancement o f  t h e  lower P! a b s o r p t i o n  

s t r e n g t h  when moni tor ing  a t  t h e  lower PO PL energy .  I n  F i g s .  0  

5.3d and 5 .3e ,  t h e  e n t r a n c e  and e x i t  s l i ts o f  t he  spec t rome te r  

were opened up t o  t h e  p o i n t  where t h e  s p e c t r a l  bandpass o f  t h e  

spec t rome te r  exceeded t h e  s p l i t t i n g  o f  t h e  P: components. I n  

t h i s  way bo th  P: components cou ld  be monitored i n  t h e  same s c a n  

and t h e  r e l a t i v e  e f f e c t  o f  p o l a r i z a t i o n  o f  t h e  e x c i t a t i o n  beam 

cou ld  be de te rmined .  The p o l a r i z a t i o n  dependences o f  t h e  o t h e r  

p r i n c i p a l  stress d i r e c t i o n s  are summarized i n  F ig .  5 . 4  and w i l l  

be d i s c u s s e d  below. 

F i g .  5.5 is  a summary o f  t h e  stress s p l i t t i n g s  f o r  a l l  

0  t h r e e  p r i n c i p a l  stress d i r e c t i o n s .  The Po stress s p l i t t i n g s  

a g r e e  w e l l  w i th  t h e  PE d a t a  p r e s e n t e d  i n  Chapt.  4. As i n  t h e  

c a s e  o f  t h e  PLE d a t a  under < I l l >  s t r e s s ,  e x c i t a t i o n  i n t o  a g iven  

0  0  Po or P2 s t r e s s - s p l i t  component on ly  occured i f  t h e  
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Fig .  5 .5  : Summary o f  t h e  s t r e s s  s p l i t t i n g s  o f  t h e  t h r e e  

p r i n c i p a l  l i n e s  f o r  s t r e s s e s  a long  t h e  t h r e e  main c r y s t a l  axes .  

For <Ill> s t r e s s  a l l  t h r e e  l i n e s  s p l i t  wi th  roughly t h e  same 
0 0 s h i f t  r a t e .  For (001) s t r e s s  Po and P2 s p l i t  i n  a s i m i l a r  

0 fash ion .  a l t hough  t h e  P2 s p l i t t i n g  is more n o n l i n e a r .  I n  
0 a d d i t i o n .  Pg shows e x t r a  degeneracy c o n s i s t e n t  wi th  a r3 (Td9  

e l e c t r o n  e x c i t e d  s ta te .  Lines  r e p r e s e n t  f i t s  u s i n g  t h e  s imple  

v a l l e y - o r b i t  model d e s c r i b e d  i n  t h e  t e x t .  Dot ted l i n e s  a r e  

p r e d i c t e d  l i n e s  which are n o t  observed i n  p r a c t i c e ,  probably due 

t o  t h e  l a r g e  broadenings  due t o  t h e  resonance  o r  nea r  resonance 

o f  P! components w i th  f r e e  e r c i t o n  s t a t e s .  



cor responding  P: PL component was monitored,  conf i rming  t h a t  

t h e s e  s p l i t t i n g s  a r e  p u r e l y  o r i e n t a t i o n a l .  Unfor tuna te ly  t h e  

<110> stress d a t a  were somewhat broadened by inhomogeneous 

stress, which is r e f l e c t e d  i n  t h e  broad l i n e w i d t h s  i n d i c a t e d  by 

t h e  e r r o r  ba r s ,  b u t  comparison wi th  t h e  p rev ious  PL d a t a  do n o t  

i n d i c a t e  a l a r g e  d i sc repancy  i n  t h e  energy s p l i t t i n g s .  For t h e  

o t h e r  stress d i r e c t i o n s ,  t h e  stress homogeneity was very  good 

0 and y i e l d e d  Po PL l i n e w i d t h s  o f  no g r e a t e r  t h a n  0.4 m e V  up t o  

t h e  maximum a p p l i e d  stress. 

0 The s imilar i t ies  of  t h e  s p l i t t i n g  p a t t e r n s  f o r  t h e  Po 

and P: l i n e s  are c o n s i s t e n t  wi th  t h e  proposa l  o f  t h i s  t h e s i s  

t h a t  t h e s e  two l i n e s  o r i g i n a t e  from t h e  recombina t ion  o f  

e x c i t o n s  wi th  t h e  same e l e c t r o n  and h o l e  s t a t e s ,  b u t  wi th  

symmetric and antisymmetr ic t o t a l  s p i n  f u n c t i o n s  r e s p e c t i v e l y .  

I t  was shown t h a t  t h e  < I l l >  s t r e s s  s p l i t t i n g s  o f  t h e  

0 P3 l i n e  are e s s e n t i a l l y  t h e  same a s  t h o s e  o f  t h e  two lower 

0 energy  l i n e s .  Under (001) stress however t h e  Pg t r a n s i t i o n  

s p l i t s  i n t o  t h r e e  r e a d i l y  obse rvab le  components: a s h a r p  c e n t r a l  

peak whose a b s o r p t i o n  s t r e n g t h  is enhanced when moni tor ing  t h e  

lower P: PL t r a n s i t i o n ,  and two broader  l i n e s  t o  h ighe r  and 

Power e n e r g i e s .  The e x t r a  degeneracy o f  t h i s  l i n e  is c l e a r l y  

0 r e v e a l e d  i n  t h e  s p e c t r a  o f  F ig .  5 .6  i n  which t h e  Po emis s ion  is 

. monitored wi th  t h e  spec t rome te r  sl i ts opened t o  i nc lude  bo th  PL 

components. Given t h e  s i m i l a r i t y  i n  s p l i t t i n g  rate of t h e  upper 

0  0 0 two P3 components t o  t h e  Po and P2 r a t e s  it  is l i k e l y  t h a t  

0 t h e s e  two P3 components cor respond  t o  t h e  l i f t i n g  o f  t h e  same 

o r i e n t a t i o n a l  degeneracy b u t  wi th  a n  a d d i t i o n a l  upward s h i f t  of 
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Pig. 5 . 6 :  Sf : In  e x c i t a t i o n  spectra under (001) s t r e s s  

shoving the appearance o f  three components for  P! rather than 
0 two for P: and P2. In  these  spectra the P: l i n e  was 

monitored with the spectrometer sl its  opened to include both 

stress components, 
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t h e i r  c e n t r e  o f  g r a v i t y ,  and. t h a t  t h e  e x t r a  l i n e  r e p r e s e n t s  a 

s p l i t t i n g  due t o  a n  a d d i t i o n a l  e l e c t r o n i c  degeneracy o f  t h e  

bound e l e c t r o n .  A t  stresses above 100 MPa t h e  P: l i n e  is  soon 

l o s t  i n  t h e  r a p i d l y  s h i f t i n g  f r e e  e x c i t o n  edge.  

The (110) s p l i t t i n g s  of  P! were r a t h e r  obscured by t h e  

broadening o f  t h e s e  1 i n e s  due t o  s t r e s s  inhomogene i t i es .  Never- 

t h e l e s s  t h r e e  p r i n c i p a l  components were observed,  and t h e i r  

0  0  s h i f t  rates c o r r e l a t e  f a i r l y  well wi th  t h o s e  o f  Po and P2, 

e x c e p t  f o r  a c e n t r e  o f  g r a v i t y  s h i f t  t o  lower energy .  I n  

a d d i t i o n  t h e r e  is some weak s t r u c t u r e  t o  h ighe r  energy t h a t  

a g a i n  i n d i c a t e s  e x t r a  e l e c t r o n i c  degeneracy.  

5 .3 :  D e f e c t .  svmmetrx 

The stress s p l i t t i n g s  o f  t h e  P: and P: t r a n s i t i o n s  i n  

F ig .  5 . 5  a r e  c o n s i s t e n t  wi th  t h e  removal o f  t h e  o r i e n t a t i o n a l  

degeneracy o f  a  rhombic I d e f e c t  imbedded i n  a  c u b i c  l a t t i c e .  

The p o i n t  group o f  such a d e f e c t  is CZv, c o n s i s t i n g  o f  a  two- 

f o l d  a x i s  l a b e l l e d  Z a long  a n  <001> o r  e q u i v a l e n t  a x i s  and two 

r e f l e c t i o n  p l a n e s  whose normals, l a b e l l e d  X and Y, a r e  perpen- 

d i c u l a r  t o  t h a t  a x i s  and l i e  a long  t h e  <110> and <1z0> o r  equiv-  

a l e n t  a x e s ,  Such a d e f e c t  has  s i x  e q u i v a l e n t  o r i e n t a t i o n s  i n  a n  

. u n s t r a i n e d  c r y s t a l .  Under e x t e r n a l  stress some o f  t h e s e  o r i e n -  

t a t i o n s  become i n e q u i v a l e n t ,  For <Ill>, <110>,  and <001> 

stresses t h e r e  a r e  r e s p e c t i v e l y  two, t h r e e ,  and two i n e q u i v a l e n t  

classes, i n  agreement wi th  t h e  number o f  components observed f o r  

0 t h e  Po and P: t r a n s i t i o n s .  Kaplyanski  (1964)  has  d e r i v e d  



j phenomenological s h i f t  e x p r e s s i o n s  which pa rame t r i ze  t h e  s h i f t  

rates o f  o p t i c a l  t r a n s i t i o n s  between nondegenerate  l e v e l s  of  

c e n t r e s  wi th  o r i e n t a t i o n a l  degeneracy,  based s o l e l y  on t h e  k ind  

o f  symmetry arguments p re sen ted  i n  Chapt.  1 .4 ,  and t h e  assump- 

t i o n  t h a t  t h e  p e r t u r b i n g  p o t e n t i a l  is a- l i n e a r  f u n c t i o n  o f  t h e  

stress t e n s o r .  For a  rhombic I c e n t r e  a l l  seven s h i f t  rates 

were shown i n  Chapt. 1 . 4  t o  depend l i n e a r l y  on o n l y  t h r e e  

parameters ,  A1, A 2 ,  and A 3 .  The s h i f t  rate e x p r e s s i o n s  are 

g i v e n  i n  Table  5 . 1  t o g e t h e r  wi th  t h e  P: components t o  which 

they  cor respond .  Also l i s t e d  are t h e  number o f  e q u i v a l e n t  

o r i e n t a t i o n s  w i t h i n  each  subcomponent. These should be 

r e f l e c t e d  i n  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  PL subcomponents o f  

0 t h e  Po l i n e .  This  is observed t o  be t h e  c a s e  f o r  low s t r e s s e s  

a1 though some s t r e s s  induced r e o r i e n t a t i o n  t o  t h e  lower energy 

c o n f i g u r a t i o n s  a p p e a r s  t o  occur  a t  h i g h e r  s t r e s s e s  (Watkins and 

Thewalt,  1985) .  The exper imenta l  s h i f t  rates l i s t e d  i n  

Table 5 .1  r e p r e s e n t  t h e  l i n e a r  component o f  t h e  l e a s t  squared  

f i t s  t o  t h e  d a t a  i n  F ig .  5 . 5 .  The method by which t h e s e  f i t s  

were o b t a i n e d  w i l l  be d e s c r i b e d  below. The A i  v a l u e s  quoted i n  

t h e  Table are t h o s e  which b e s t  reproduce  t h e  observed s h i f t s .  

The r e l a t i v e l y  c l o s e  agreement conf i rms  t h e  c o r r e c t n e s s  o f  t h e  

CZv d e s i g n a t i o n .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e s e  s h i f t  

rates a r e  very  c l o s e  t o  t hose  o b t a i n e d  by C l i f t o n  e t  a l .  (1984) 

f o r  t h e  case o f  t h e  875 m e V  Ga-re la ted PL t r a n s i t i o n  i n  

e l e c t r o n - i r r a d i a t e d  Si:Ga, f o r  which C2v symmetry was a l s o  

deduced.  



S t r e s s  Commnent Enerav S h i f t  Rate (meV/MPa) 

Measured c a l c u l a t e d  

Table 5.1: Th i s  t a b l e  shows t h e  s h i f t  rates p r e d i c t e d  o n  
s imple  symmetry grounds f o r  a rhombic I ( C Z v )  c e n t e r  i n  a c u b i c  
c r y s t a l .  The le t ters  llaN t o  "g" l a b e l  each  of t h e  stress 
components i n  F ig .  5.5.  The b e s t  f i t  t o  t h e  seven  expe r imen ta l ly  
observed s h i f t  rates was o b t a i n e d  w i t h  A1= 7 . 0  meV/MPa, 
A 2 =  -11.3 meV/MPa, and A j =  -17.8 meV/MPa. 



5 . 4 :  Lowes't-lvinu e x c i t o n  states 

The Zeeman d a t a  ob ta ined  wi th  PLE conf i rm t h a t  t h e  h o l e  

behaves e s s e n t i a l l y  l i k e  a s p i n  p a r t i c l e  i n  its coup l ing  t o  

t h e  e l e c t r o n  s t a t e s .  This  was shown i n  Chapt.  4 t o  imply t h a t  

t h e  o r b i t a l  a n g u l a r  momentum o f  t h e  h o l e  is "quenchedw (Dean and 

Herber t ,  1979) .  Th i s  r e q u i r e s  t h a t  t h e  l owes t  h o l e  s t a t e  is 

d e r i v e d  from a s i n g l e  p - s t a t e  wi th  n e g l i g i b l e  admixture  o f  t h e  

o t h e r s .  I t  is o f t e n  s t a t e d  ( G i s l a s o n  e t  a l . ,  1982; Monemar e t  

a l . ,  1982) t h a t  a compress ional  s i g n  o f  t h e  l o c a l  s t r a i n  f i e l d  

is r e q u i r e d  t o  produce such a ho le  s ta te  a t  lowes t  energy,  b u t  

t h i s  is t r u e  o n l y  f o r  s t r a i n  f i e l d s  wi th  r e l a t i v e l y  h igh  

symmetry e . g .  Cav o r  D Z h .  A C2v s t r a i n  f i e l d  o f  s u f f i c i e n t  

s t r e n g t h  w i l l  a lways produce such a h o l e  s t a t e  a t  lowes t  energy  

r e g a r d l e s s  o f  t h e  s i g n  o f  t h e  f i e l d ,  g u a r a n t e e i n g  t h a t  t h e  h o l e  

o r b i t a l  angu la r  momentum w i l l  be quenched, assuming t h a t  t h e  

s p i n - o r b i t  coup l ing  c o n s t a n t  is r e l a t i v e l y  smal l  compared wi th  

t h e  i n t e r n a l  s t r a i n  p e r t u r b a t i o n .  

The p a r t i c u l a r  p - s t a t e  which l i e s  lowes t  i n  h o l e  energy 

is determined by t h e  r e l a t i v e  magnitudes o f  t h e  s h e a r  components 

o f  t h e  C2v b i a x i a l  c r y s t a l  f i e l d .  I n  o r d e r  t o  reproduce  t h e  

p o l a r i z a t i o n  r e s u l t s  o f  F i g s .  5 . 2  and 5 .4 ,  i t  was assumed t h a t  

. t h e  h o l e  s ta te  is d e r i v e d  from e i t h e r  t h e  pX o r  py h o l e  s t a t e s ,  

i .e .  n o t  from t h e  h o l e  s t a t e  which is a s s o c i a t e d  wi th  t h e  two- 

f o l d  Z a x i s  o f  t h e  d e f e c t ,  S p e c i f i c a l l y ,  it w a s  assumed t h a t  

t h e  ho le  s ta te  was pX, which t r ans fo rms  as  t h e  group r e p r e -  

s e n t a t i o n  T2 i n  CZv,  whi le  t h e  e l e c t r o n  was assumed t o  t r ans fo rm 



as the  r1 ( C Z v )  s t a t e  der ived  from t h e  lowest  va l l ey -o rb i t  

e l e c t r o n  s t a t e .  The s p i n  of  both p a r t i c l e s  t ransforms a s  the  r5 

( C Z v )  double group. Coupling of  t h e  two s p i n  func t ions  toge the r  

with t h e  e l e c t r o n  and hole  rl and r2 o r b i t a l  wavefunctions 

according t o  the  p r e s c r i p t i o n  of  Koster e t  a l .  (1963) l e a d s  t o  

. t h e  fol lowing e x c i t o n  product s t a t e s  which t ransform a s  t h e  four  

I-d r e p r e s e n t a t i o n s  of C2" namely: 

j-j coupl ing  is included by a  term of t h e  form: 

where & and % a r e  t h e  hole  and e l e c t r o n  s p i n  o p e r a t o r s  and A 

is a  c o n s t a n t .  This  l e a d s  t o  a  s p l i t t i n g  of  t h e  e x c i t o n  ground 

s t a t e  i n t o  a  P2 ant isymmetr ic  s i n g l e t  and t h e  remaining t h r e e  

symmetric b a s i s  func t ions  which a r e  p a r t n e r s  of  a  nea r ly  degen- 

e r a t e  s p i n  t r i p l e t .  The orthorhombie s p l i t t i n g  of t h i s  t r i p l e t  

s t a t e ,  which is i n  p r i n c i p l e  poss ib le ,  must be so  small  as t o  be 

unobservable by o p t i c a l  measurements a lone .  This s p l i t t i n g  

could poss ib ly  be resolved  by o p t i c a l l y  d e t e c t e d  magnetic 



resonance ( e  .g .  Cavenet t ,  1981 1, 

r e l a t e d  1911 m e V  c e n t r e  i n  Gap (G 

f 35 

as  was done f o r  t h e  c l o s e l y  

i s l a s o n  e t  a l e ,  f 982) .  The j- 

0  0  coup l ing  energy,  A is g iven  by t h e  P2-to-Po s i n g l e t - t o -  

t r i p l e t  s p l i t t i n g  o f  11 .4  meV. 

I n  t h e  absence of  e x t e r n a l  f i e l d s ,  t r a n s i t i o n s  from t h e  

r2 s i n g l e t  bound e x c i t o n  s t a t e  t o  t h e  r1 c r y s t a l  ground s ta te  

are dipole-a l lowed f o r  r a d i a t i o n  wi th  t h e  electric v e c t o r  

p a r a l l e l  t o  t h e  X a x i s .  T r a n s i t i o n s  from t h e  rf  and 5 
components o f  t h e  bound e x c i t o n  t r i p l e t  s ta te  a r e  a l lowed f o r  

r a d i a t i o n  wi th  t h e  electric vec to r  p a r a l l e l  t o  t h e  2 and Y a x e s  

whi le  t r a n s i t i o n s  from the  r3 component are d ipo le - forb idden .  

To o b t a i n  t h e  s e l e c t i o n .  r u l e s  under a n  a p p l i e d  magnetic f i e l d ,  

one treats t h e  t r i p l e t  l e v e l s  as s t r i c t l y  degene ra t e  and looks  

f o r  t h e  l i n e a r  combinat ions  o f  t h e  t h r e e  unper turbed  b a s i s  func- 

t i o n s  i n  [ 5 . l b ]  which d i a g o n a l i z e  t h e  l i n e a r  Zeeman Hamiltonian.  

I n  t h e  case o f  quenched ho le  angu la r  momentum t h a t  Hamil tonian 

is j u s t  HLZ=pBgh&.S/ where S i s  t h e  t o t a l  s p i n  a n g u l a r  momentum, 

S=S +S and gh-2. I n  t h e  (5.11 b a s i s  t h e  Zeeman Hamil tonian - -h T' 
0  f o r  t h e  Po t r i p l e t  is g iven  by 

The l i n e a r  combinat ions  o f  t h e  Ti s ta tes  which d i a g o n a l i z e  15.21 

are e a s i l y  c a l c u l a t e d  f o r  a n  a r b i t r a r y  a - f i e l d  d i r e c t i o n  and 



y i e l d  t h e  s t a n d a r d  energy e igenva lues ,  +pBBn8 O 8  and -pBBh. For 

a n  a r b i t r a r y  8 - f i e l d  d i r e c t i o n ,  t h e r e  a r e  up t o  s i x  i n e q u i v a l e n t  

o r i e n t a t i o n s  o f  a C2v d e f e c t ,  each  wi th  d i f f e r e n t  admixtures  o f  

Tl8  r3# and r4. Computation o f  t h e  p o l a r i z a t i o n  dependence o f  

0 t h e  Zeeman s p l i t t i n g s  o f  t he  Po t r i p l e t  ground s ta te  c o n s i s t s  
2 

o f  e v a l u a t i n g  t h e  squared ma t r ix  e lements ,  I <Tl  l e & ~ l  Si> l , 

where ii a r e  t h e  l i n e a r  combinat ions  of  t h e  pi s t a t e s  i n  [ 5 . l b l  

w h i c h  d i a g o n a l i z e  t h e  Zeeman Hamil tonian f o r  a  p a r t i c u l a r  d e f e c t  

o r i e n t a t i o n .  The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  i n d i c a t e d  i n  

F i g .  5 . 2  by v e r t i c a l  b a r s  under t h e  exper imenta l  d a t a .  This  

s imple  t heo ry  p r e d i c t s  t h e  q u a l i t a t i v e  behaviour  o f  t h e  d a t a ,  

namely t h a t  t h e  c e n t r a l  component h a s  a  h ighe r  o s c i l l a t o r  

s t r e n g t h  f o r  t r a n s i t i o n s  wi th  t h e  E-vector pe rpend icu la r  t o  t h e  

f i e l d  t han  wi th  i t  p a r a l l e l ,  whi le  t h e  r e v e r s e  o b t a i n s  f o r  t h e  

o u t e r  components. This  behaviour is t h e  o p p o s i t e  o f  t h a t  

expec ted  f o r  t r a n s i t i o n s  from a pure  s p i n  t r i p l e t  t o  a s p i n  

s i n g l e t  i n  a system wi th  f u l l  r o t a t i o n  symmetry. I t  is a l s o  a t  

v a r i a n c e  wi th  t h e  r e s u l t  ob t a ined  by assuming a pZ h o l e  s t a t e  i n  

t h e  c a l c u l a t i o n .  

The t r e a t m e n t  o f  t h e  stress p o l a r i z a t i o n  d a t a  is s imp le r  

s i n c e  t h e  stress f i e l d  cannot  mix s ta tes  which d i f f e r  on ly  i n  

t h e i r  s p i n  f u n c t i o n s .  The s i m p l e s t  case is t h e  r2 s i n g l e t  ( t h e  

0 Eina l  s ta te  o f  t h e  P2 a b s o r p t i o n  t r a n s i t i o n ) ,  which has  no s p i n  

degeneracy.  I n  t h i s  c a s e ,  t h e  l i n e a r  combinat ion o f  s t a t e s  

which d i a g o n a l i z e s  t h e  stress p e r t u r b a t i o n  is j u s t  t h e  r2 s t a t e  

i t s e l f  .' The t r a n s i t i o n  p r o b a b i l i t y  f o r  a b s o r p t i o n  o f  1 i g h t  w i t h  

t h e  e l e c t r i c  v e c t o r  E a t  a  g i v e n  d e f e c t  is p r o p o r t i o n a l  t o  t h e  



squa re  o f  t h e  component of  a long  t h e  d i p o l e  a x i s  o f  t h e  

c e n t r e ,  which is t h e  X a x i s  f o r  t h e  case o f  r l  t o  r2 

t r a n s i t i o n s .  Kaplyanski  ( 1964) has  compiled t a b l e s  o f  t h e  

expec ted  p o l a r i z a t i o n  dependences o f  o p t i c a l  t r a n s i t i o n s  between 

nondegenerate  l e v e l s  a t  o r i e n t a t i o n a l l y  degene ra t e  c e n t r e s  i n  

. c u b i c  c r y s t a l s  u s i n g  t h e  above method. For a rhombic f d e f e c t ,  

two d i f f e r e n t  p o l a r i z a t i o n  dependences are p r e d i c t e d  depending 

on whether t h e  d i p o l e  a x i s  o f  t h e  f i n a l  s t a t e  l e v e l  ( i . e .  t h e  

e x c i t o n )  is p a r a l l e l  ( 0 1  o r  pe rpend icu la r  (r) t o  t h e  n-fold  

r o t a t i o n  a x i s  o f  t h e  d e f e c t  ( a  rl  i n i t i a l  s t a t e  is assumed 

h e r e ) .  The r1 t o  r2 t r a n s i t i o n  co r r e sponds  t o  a a t r a n s i t i o n  i n  

Kaplyansk i ' s  terminology.  The exper imenta l  p o l a r i z a t i o n  r e s u l t s  

0  f o r  t h e  P2 t r a n s i t i o n  are g iven  i n  F ig .  5 . 4  f o r  t h e  e l e c t r i c  

f i e l d  v e c t o r  p a r a l l e l  and pe rpend icu la r  t o  t h e  a p p l i e d  s t r e s s  

d i r e c t i o n .  Also shown a r e  t h e  p r e d i c t e d  r e l a t i v e  i n t e n s i t y  

r a t i o s  based on t h e  above s imple  model. These are summarized i n  

Table  5 . 2 .  A l l  d a t a  are shown f o r  a n  e x c i t a t i o n  beam propa- 

g a t i n g  approximate ly  p a r a l l e l  t o  t h e  <110> a x i s .  The q u a l i -  

t a t i v e  f e a t u r e s  o f  t h e  p r e d i c t e d  s p l i t t i n g s  are observed.  There 

is some enhancement o f  t h e  low energy < I l l >  and <110> components 

which may be due t o  t h e  stress induced r e o r i e n t a t i o n  which is 

observed i n  PL, The agreement is q u i t e  poor f o r  t h e  < l l 0 >  d a t a ,  

f o r  which d i r e c t i o n  t h e  stress was known t o  be somewhat 

inhomogeneous, 

The stress dependence o f  t h e  P: t r a n s i t i o n  is comp- 

l i c a t e d  by t h e  f a c t  t h a t  i t  has  a t r i p l e t  f i n a l  s ta te  ( i n  abso r -  

p t i o n )  c o n s i s t i n g  o f  two r e p r e s e n t a t i o n s  r1 and r4, t r ans fo rming  



as 2 and Y ,  t o  which t r a n s i t i o n s  from t h e  TI c r y s t a l  ground 

s t a t e  a r e  dipole-a l lowed,  and a r3 s ta te ,  t o  which t r a n s i t i o n s  

a r e  d ipo le - forb idden .  The two al lowed t r a n s i t i o n s  should show 

t h e  p o l a r i z a t i o n  dependence o f  a  a and a r d i p o l e  r e s p e c t i v e l y  

i n  t h e  terminology o f  Kaplyanski ( 1 9 6 4 )  (see Table 5.2). The 

p o l a r i z a t i o n  d a t a  o f  F i g ,  5 . 4  however are more c o n s i s t e n t  wi th  

t h e  behaviour  o f  a  a t r a n s i t i o n  a l o n e  i . e .  wi th  t h e  .behaviour  

of  a s i n g l e  r1 t o  T1 t r a n s i t i o n .  There a p p e a r s  t o  be no expla -  

n a t i o n  f o r  t h i s  d i s c repancy  a t  t h e  moment, b u t  t h e  impor tan t  

0 p o i n t  is  t h a t  t h e  Po p o l a r i z a t i o n  dependence is  s u b s t a n t i a l l y  

d i f f e r e n t  from t h a t  o f  P:, and t h e  change is i n  t h e  d i r e c t i o n  

p r e d i c t e d  by t h e  above s imple  model. I t  is worthwhile t o  p o i n t  

o u t  t h a t  t h e  measurement o f  s t r e s s - induced  p o l a r i z a t i o n  

dependences i n  S i  wi th  i t s  high index o f  r e f r a c t i o n  a r e  

n o t o r i o u s l y  d i f f i c u l t  due t o  m u l t i p l e  i n t e r n a l  r e f l e c t i o n s  and 

can  o f t e n  be mi s l ead ing .  

O s c i l l a t o r  s t r e n a t h s  under z e r o  f i e l d  

The above s imple  model makes d e f i n i t e  p r e d i c t i o n s  about  

t h e  o s c i l l a t o r  s t r e n g t h  r a t i o  between t h e  P: and P: t r a n s i -  

t i o n s .  The o b s e r v a t i o n  t h a t  t h e s e  two t r a n s i t i o n s  coup le  i d e n t -  

i c a l l y  t o  t h e  same 8 . 3  m e V  an t i -S tokes  phonon mode conf i rms  t h e  

c o n c l u s i o n  t h a t  t h e s e  two l i n e s  a r e  d e r i v e d  from t h e  same elec: 

t r o n i c  s tates and d i f f e r  on ly  i n  t h e  symmetry o f  t h e i r  t o t a l  

s p i n  f u n c t i o n s ,  s i n c e  o the rwi se  one might e x p e c t  markedly d i f f -  

e r e n t  coup l ing  t o  phonons. The r e l a t i v e  i n t e n s i t i e s  o f  t h e  two 



( a )  Dipole-allowed t r a n s i t i o n s  i n  C2v 

T r a n s i t i o n  Transforms as Kaulvanski  des icmat ion  

0  ( p 2 )  r23 rl x T 

0  ( p o l  r13 rl  z u 
0 

( p o l  r4+ rl  Y H 

( b ) :  P o l a r i z a t i o n  p r o p e r t i e s  

Energy I ,1:1 
I, 

Energy Energy 

Table 5 .2 :  (a) shows t h e  d e s i g n a t i o n s  o f  t h e  e x p e r i -  
mental  l i n e s  w i t h i n  t h e  s imple  t heo ry  o f  Kaplyanski  (1964) .  ( b )  
shows t h e  p r e d i c t e d  p o l a r i z a t i o n  dependence o f  "r" and "aw t r a n -  
s i t i o n s  f o r  t h e  t h r e e  p r i n c i p a l  stress axes .  The A parameters  
a r e  t h e  same as i n  Table  5 .1 .  The behaviour  o f  P: f s expec ted  
t o  be a s u p e r p o s i t i o n  o f  a r and a a t r a n s i t i o n ,  I n  f a c t  i ts 
behaviour  as  shown i n  F ig .  5 .4  is more i n  l i n e  wi th  a  a t r a n s i -  
t i o n  a l o n e .  
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transitions under zero field can therefore be modelled by 

considering only electronic matrix elements. 

The transition probability for dipole-allowed transitions 

is of the form 

where <rll is the crystal ground state whose orbital and spin 

parts belong to the totally symmetric representation, is the 

electric vector of the incident light, L is the dipole operator, 

and the lyi> are as in 15.11. There can be only two kinds of 

nonzero matrix elements. For the singlet these are of the form 

where X is referred to the defect axes. For the triplet the 

nonzero elements are of the form 

which are considerably reduced from the singlet. These elements 

have been calculated here for the case of an unpolarized beam 

normal to a <110> plane of the crystal, When all possible 

defect orientations are included, one obtains a transition 

probability ratio Isinglet/Itriplet= 4.9 which is in reasonable 

agreement with the observed ratio of -3. This is different from 

the case of singlet-triplet transitions at a centre with full 

rotational symmetry, for which the ratio is very large since 

transitions from a spin triplet would be dipole-forbidden. 



The observed photoluminescence lifetime of the Si:In 

defect is 230 ps (Thewalt et al, f982), If this is taken as the 

0 radiative lifetime of the Po transition then the above indi- 

0 cates a lifetime for the P2 transition of 40-70 ps. This is 

rather large for a supposedly dipole-allowed transition. 

Similar discrepancies are observed in other isoelectronic 

centres in Si and Gap. 

In the PL stress measurements on the P: line of 

Chapt; 4, a definite nonlinearity in the shift rate of the <001> 

data was observed. This was ascribed to the effects of valley- 

orbit mixing of the rl electron state of the exciton ground 

state with a higher-lying, at that point unidentified, r3 (Td) 

electron excited state. Based on the assumption of the free 

electron deformation potential, - and the use of unperturbed Td 'U ' 
electron states, a valley-orbit splitting energy 6Ac of the 

order of 60 meV was derived, In view of the stress data 

obtained with PLE, it is now proposed that the P: transition 

may be identified with the r3 (Td) excited state of the 

electron, and that the reduced valley-orbit energy which this 

5.5: Valley-orbit effects 

implies is consistent with a reduced value of the deformation 

potential in the vicinity of the defect. 

For the moment, it will be assumed that all the electron 

states have Td symmetry. This is a reasonable approximation if 

0 the P, line is due to a r, electron, since such a state has a 



node i n  t h e  c e n t r a l  cell  and would n o t  f e e l  t h e  CZv d e f e c t  f i e l d  

0  t oo  s t r o n g l y .  For t h e  Po and P: states, which are assumed 

d e r i v e  from r1 e l e c t r o n  states, t h i s  approximat ion  probably 

less v a l i d i t y .  The d i f f e r e n c e  i n  t h e  e x t e n t  t o  which t h e  rl  

r3 e l e c t r o n  states sample t h e  c o r e  immediately e x p l a i n s  t h e  

0  presence  o f  t h e  l a r g e  j-j  coup l ing  s p l i t t i n g  between t h e  Po 

t o  

has  

and 

0  t r i p l e t  and t h e  P2 s i n g l e t ,  and t h e  a p p a r e n t  l a c k  o f  any such 

0 s p l i t t i n g  o f  t h e  P3 l e v e l .  I f  it  is assumed t h a t  t h e  no-phonon 

o s c i l l a t o r  s t r e n g t h  f o r  t h e s e  t r a n s i t i o n s  d e r i v e s  l a r g e l y  from 

t h e  h igh  l o c a l i z a t i o n  o f  t h e  bound ho le ,  t h e n  t h e  i nc reased  

s t r e n g t h  o f  t h e  P! t r a n s i t i o n  is j u s t  a  r e f l e c t i o n  o f  t h e  much 

h ighe r  degeneracy o f  t h i s  l e v e l  due t o  t h e  absence o f  an  ex- 

change s p l i t t i n g  and t h e  e x t r a  e l e c t r o n  degeneracy.  The above 

model f o r  t h e  S i : I n  energy  l e v e l s  is summarized i n  F ig .  5 . 7 .  

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

l i n e s  under < I l l>  stress ( F i g .  5 . 5 )  a g r e e s  wi th  t h e  f a c t  t h a t  

such stress s h i f t s  a l l  conduc t ion  band v a l l e y s  l i n e a r l y  by t h e  

same amount. The s o l i d  l i n e s  through t h e  < I l l >  d a t a  i n  F ig .  5.5 

have s l o p e s  g i v e n  by a s imul taneous  leas t  s q u a r e s  f i t  t o  t h e  P 0 0  
0 and P i  d a t a ,  and are s e e n  t o  g i v e  a n  adequa te  f i t  t o  t h e  P3 

d a t a .  Under <001> stress, a s t r e s s - induced  mixing should  occur  

between t h e  r l  and r3 l e v e l s  (Wilson and Feher,  1961) .  This  

mixing i n t r o d u c e s  a n o n l i n e a r i t y  i n t o  t h e  <001> s h i f t  r a t e s  

which i n c r e a s e s  w i th  d e c r e a s i n g  v a l l e y - o r b i t  i n t e r a c t i o n  energy .  

0  This  n i c e l y  accoun t s  f o r  t he  i n c r e a s e  i n  c u r v a t u r e  o f  t h e  P2 

0  s h i f t  rates r e l a t i v e  t o  t hose  o f  Po . According t o  t h e  abov i  

0  model t h e  measured s p e c t r o s c o p i c  s p l i t t i n g  between P, and t h e  



valley-orblt valley-orbit lntrractlon 
Interaction . + 

1-1 coupllng 

Fig .  5.7: Energy l e v e l s  o f  e x c i t o n s  bound t o  t he  S i : I n  

P-centre ,  measured- r e l a t i v e  t o  t h e  c r y s t a l  ground s t a t e  energy,  
0  0  

- 

E c = O  The Po and P2 l i n e s  a r e  d e r i v e d  from t h e  1s r1 va l l ey - -  

o r b i t  e l e c t r o n  s ta te ,  whi le  P! is d e r i v e d  from t h e  1s r3 s ta te .  

The r3 state is i n  p r i n c i p l e  s p l i t  by t h e  i n t e r n a l  a x i a l  f i e l d  

of t h e  d e f e c t ,  b u t  t h i s  e f f e c t  i s  presumed t o  be n e g l i g i b l e  - - 

0 0  s i n c e  t h i s  s t a t e  has  a node a t  t h e  c e n t r a l  c e l l .  Po and P2 a r e  

t h e  s i n g l e t - t r i p l e t  p a r t n e r s  o f  t h e  e x c i t o n  ground s t a t e ,  s p l i t  

by j-j c o u p l i n g  o f  t h e  h o l e  and e l e c t r o n .  No such coup l ing  is 

observed  f o r  t h e  P: t r a n s i t i o n .  s i n c e  t h e  e l e c t r o n  has  no amp- 
0  l i t u d e  a t  t h e  c e n t r a l  ce l l .  The energy  o f  t he  Pg t r a n s i t i o n  is 

NP J u s t  0 . 3  m e V  below t h e  f r e e  e x c i t o n  no-phonon energy  EpE. o r  15 

m e V  below t h e  4.2 K bandgap energy.  Eq. The e n e r g i e s  o f  t h e  - 
predominant PLE t r a n s i t i o n s  a r e  g i v e n  i n  m e V .  



F. 
o r b i t  s p l i t t i n g  energy,  6Ac o f  t h e  e l e c t r o n  bound i n  e i t h e r  t h e  

E 
3' 

0  ' ant i symmetr ic  Po ground s t a t e ,  o r  t h e  symmetric P: s ta te .  I n  
S 

t h i s  model, t h e  j - j  coup l ing  i n t e r a c t i o n  between t h e  e l e c t r o n  

and t h e  h o l e  is inc luded  i n t o  t h e  c e n t r a l  cell p w t e n t i a l  which 

. scatters t h e  e l e c t r o n  i n t o  t h e  v a r i o u s  conduct ion band v a l l e y s .  

The l i n e s  through t h e  <001> d a t a  i n  F ig .  5.5 r e p r e s e n t  

E L t s  t o  t h e  d a t a  p o i n t s  based on  t h e  s h i f t  e x p r e s s i o n s  o f  Wilson 

and Feher (1961) f o r  t h e  v a l l e y - o r b i t  s ta tes  o f  e l e c t r o n s  bound 

t o  s u b s t i t u t i o n a l  donors  i n  S i .  The o n l y  f r e e  parameters  i n  t h e  

f i t  are t h e  o r i e n t a t i o n a l  s h i f t  r a t e s  A1 and A 2  from t h e  pre.- 

ced ing  a n a l y s i s ,  and t h e  deformat  i on  p o t e n t i a l  f o r  t h e  conduc- 

t i o n  band e l e c t r o n s .  The parameters  A1 and A 2  l a r g e l y  model t h e  

o r i e n t a t i o n a l  s h i f t  rates o f  t he  h o l e  s ta te ,  and t h i s  is assumed 

t o  be a c o n s t a n t  f o r  a l l  t h r e e  e x c i t o n  t r a n s i t i o n s .  The A i  

v a l u e s  t h u s  o b t a i n e d  are t h e  expe r imen ta l  <001> s h i f t  r a t e s  

quoted i n  Table 5 .1 .  The v a l u e s  o f  60, were d e r i v e d  from t h e  

0 0 s p e c t r o s c o p i c  s p l i t t i n g s  o f  t h e  Po and P2 states r e l a t i v e  t o  

0  t h e  P3 t r a n s i t i o n .  r e s p e c t i v e l y  36.3 m e V  and 24.9 m e %  g i v i n g  a 

mean va lue  o f  30.6 m e V  i n  t h e  absence o f  t h e  j.-j coup l ing  

i n t e r a c t i o n .  I n  t h i s  s imple  model t h e  two upper components of  

0  t h e  P3 l i n e  which are observed under (001) stress are assumed 

t o  arise from t h e  two d i f f e r e n t  d e f e c t  o r i e n t a t i o n s  o f  a 

rhombic I d e f e c t ,  l a b e l l e d  ' a f  and ' b f  i n  F ig .  5.5. The upward 

s h i f t  o f  t h e s e  l e v e l s  r e f l e c t s  t h e  f a c t  t h a t  they  a r e  d e r i v e d  

s o l e l y  from t h e  f o u r  upward-shif t ing conduc t ion  band v a l l e y s .  

This  model p r e d i c t s  two a d d i t i o n a l  l i n e s  a t  lower energy,  b u t  
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o n l y  one is unambiguously i d e n t i f i e d .  The expec ted  p ~ s i  t ion  o f  

t h e  e x t r a  l i n e  is i n d i c a t e d  by t h e  d o t t e d  l i n e  i n  F ig .  5 , 5 .  

0 Like t h e  upper P3 component, t h e  lower one is  s o  broad t h a t  it 

cou ld  e a s i l y  c o n t a i n  a weak unreso lved  e x t r a  component (see Fig .  

5 . 6 ) .  Cohen and S t u r g e  (1977)  a l s o  r e p o r t e d  c o n s i d e r a b l e  

broadening o f  e x c i t a t i o n  l i n e s  o f  e x c i t e d  s t a t e s  o f  t h e  INi 

p a i r s  i n  .Gap f o r  i > 7 .  These e x c i t a t i o n  l i n e s  a l s o  over lapped  

t h e  f r e e  e x c i t o n  continuum. The v a l u e  o f  t h e  e l e c t r o n  

deformat ion  p o t e n t i a l  which produces  t h e  b e s t  f i t  is 6200 

m e V ,  which is c o n s i d e r a b l y  reduced from t h e  va lue  deduced from 

t h e  f a r - i n f r a r e d  spec t roscopy  o f  sha l low odd-par i ty  donor 

l e v e l s ,  namely 8770 m e V  (Tekippe e t  a l . ,  1972) .  This  va lue  is 

c o n s i s t e n t  wi th  a n  observed r e d u c t i o n  o f  f o r  TI s t a t e s  i n  t h e  

deeper  s u b s t i t u t i o n a l  donors  i n  S i  (Tekippe e t  a l e ,  1972) .  This  

r e d u c t i o n  s u g g e s t s  t h a t  t h e  l a t t i c e  is somewhat " s t i f f e r w  i n  i ts  

response  t o  stress i n  t h e  v i c i n i t y  o f  t h e  d e f e c t .  

A <110> stress is  s i m i l a r l y  expec ted  t o  remove some o f  

t h e  e l e c t r o n i c  degeneracy o f  t h e  P! e l e c t r o n  s ta te .  The l i n e s  

through t h e  PO d a t a  i n  F ig .  5.5 r e p r e s e n t  t h e  p r e d i c t i o n s  o f  3 

t h e  above s imple  model i n  t h e  case o f  < f l O >  s t r e s s ,  u s i n g  the  

same deformat ion  p o t e n t i a l  b u t  u s i n g  t h r e e  d i f f e r e n t  o r i e n -  

t a t i o n a l  s h i f t  parameters  t o  model t h e  l i n e a r  s h i f t  rates.  

These are t h e  expe r imen ta l  s h i f t  rates quoted i n  Table 5.1. A s  

i n  t h e  case o f  t h e .  < O Q l >  d a t a ,  each  o f  t h e  t h r e e  classes o f  

o r i e n t a t i o n a l l y  d i s t i n c t  c e n t r e s ,  l a b e l l e d  "cN, "dW, and "en,  

should  show a n  a d d i t i o n a l  two-fold s p l i t t i n g  cor responding  t o  

t h e  removal o f  some e l e c t r o n i c  degeneracy,  b u t  i n  p r a c t i c e  on ly  



t he  lowest components a r e  c l e a r l y  seen.  There is evidence of  

some a d d i t i o n a l  s p l i t t i n g  a t  higher  e n e r g i e s  but  t h e  inhomo- 

geneous s t r e s s  coupled with the  i n t r i n s i c  wide l inewidths  of t h e  

0  P3 components prec ludes  p o s i t i v e  i d e n t i f i c a t i o n .  

I t  can  be argued t h a t  the above d e s c r i p t i o n  i n  terms o f  

T symmetry is too  simple and t h a t ,  a t  t h e  very l e a s t ,  one should d  

a t tempt  t o  inc lude  the  e f f e c t s  of  t h e  l o c a l  C2v d e f e c t  symmetry 

on the  lowest l y i n g  e l e c t r o n  s t a t e s .  The d a t a  have a l s o  been 

modelled, a s  a  p a r t  of  t h i s  study, assuming a s  an  a d d i t i o n a l  

f i t t i n g  parameter a  cons tan t  i n t e r n a l  s t r a i n  f i e l d  of  the  o rde r  

of loe3,  i n  t h e  s p i r i t  of  Davies (19841, and more r e c e n t l y  

Thonke e t  a l .  (1985) .  This procedure complicates  the  e l e c t r o n  

va l l ey -o rb i t  i n t e r a c t i o n  matr ix  (Wilson and Feher, 1961) 

somewhat, and does no t  o f f e r  a  s i g n i f i c a n t l y  b e t t e r  f i t  t o  these  

d a t a .  The response of  t h e  T1 s t a t e s  is s t i l l  l i n e a r  under (111) 

s t r e s s  and nonl inear  under (001) s t r e s s ,  bu t  the  n o n l i n e a r i t y  

d i f f e r s  f o r  t h e  two c l a s s e s  of d e f e c t s  under <001> s t r e s s .  The 

d a t a  of  Fig.  5.5 do no t  show t h i s  behaviour t o  a s i g n i f i c a n t  

degree wi th in  t h e  s c a t t e r  of t h e  d a t a  p o i n t s .  

back of an i s o l a t e d  hole  bound s t a t e  

The above d a t a  allow one t o  determine whether o r  no t  t h e  

Si:En i s o e l e c t r o n i c  d e f e c t  is capable  o f  binding an  i s o l a t e d  

hole ,  a s  r equ i red  by t h e  HTL model. I t  is  known t h a t  t h e  

c e n t r a l  c e l l  p o t e n t i a l  of  the  acceptor  is important i n  the  

binding of  e x c i t o n s  t o  t h e s e  d e f e c t s .  Presumably t h e  excess  



charge  o f  t h e  deep accep to r  is n e u t r a l i z e d  by a nearby 

c o n s t i t u e n t ,  e . g .  a n  i n t e r s t i t i a l  donor, r e n d e r i n g  t h e  whole 

d e f e c t  e l e c t r i c a l l y  n e u t r a l  as i n  t h e  case o f  t he  i s o e l e c t r o n i c  

GaP:Cd-0, Zn-0 d e f e c t s ,  I n  t h e  s imple  HTL b ind ing  scheme one 

might expec t  t o  see a shal low donor - l ike  e x c i t e d  s ta te  spectrum 

o f  a n  e l e c t r o n  bound i n  t h e  Coulomb f i e l d  o f  t h e  ho le ,  which is  

t i g h t l y  bound by t h e  ho le  a t t r a c t i v e  c e n t r a l  cel l  p o t e n t i a l  o f  

t h e  d e f e c t .  This  is c e r t a i n l y  n o t  observed i n  t h e  case o f  t h e  

S i : I n  d e f e c t .  The average  va lue  o f  6 6 = 3 0 . 6  m e V  o b t a i n e d  f o r  

t h e  v a l l e y - o r b i t  energy o f  t he  e l e c t r o n  should  be compared t o  

v a l u e s  o f  13.01, 22 .5 ,  and 37.11 m e V  f o r  P, A s ,  and B i  donors  

r e s p e c t i v e l y  (Ramdas and Rodriguez, 1981) .  Thus t h e  sho r t - r ange  

a t t r a c t i v e  p o t e n t i a l  f o r  t h e  e l e c t r o n  is r e l a t i v e l y  deep by 

comparison with  t h e  s imple  s u b s t i t u t i o n a l  donors  i n  S i .  The 

d e s i g n a t i o n  o f  P! as due t o  an e x c i t e d  v a l l e y L o r b i t  s ta te  o f  

t h e  IS-1 i k e  e l e c t r o n  p l a c e s  t h e  donor i o n i z a t i o n  l i m i t  very  

c l o s e  t o  31 m e V  above t h e  P: energy acco rd ing  t o  e f f e c t i v e  mass 

theory ,  which is expec ted  t o  g i v e  u s e f u l  p r e d i c t i o n s  f o r  t h e  

h i g h e r  l y i n g  e l e c t r o n  s t a t e s .  This  is  w e l l  above t h e  no-phonon 

f r e e  e x c i t o n  edge and accoun t s  f o r  t h e  o b s e r v a t i o n  t h a t  t h e  

thermal  d i s s o c i a t i o n  energy o f  t h e  e x c i t o n  is i d e n t i c a l  t o  t h e  

s p e c t r o s c o p i c  l o c a l i z a t i o n  energy  wi th  r e s p e c t  t o  t h e  f r e e -  

e x c i t o n  energy (Thewal t  e t  a l . ,  1982) .  This  is d i f f e r e n t  from 

t h e  usua l  case o f  i s o e l e c t r o n i c  c e n t r e s  as  d e s c r i b e d  by Hopf ie ld  

e t  a l .  (1966)  i n  which t h e  f i r s t  bound p a r t i c l e  has  a bound 

s t a t e  even i n  t h e  absence o f  t h e  second p a r t i c l e .  I n  such 

c e n t r e s  e . g .  t h e  NNi p a i r s  i n  Gap with  i < 8 ,  t h e  b ind ing  energy 



148 

of the  f i r s t  bound p a r t i c l e  is given by the  d i f f e r e n c e  between 

t h e  t o t a l  binding energy of t h e  e x c i t o n  ground s t a t e  and t h e  

binding energy of  the  weakly bound p a r t i c l e  a s  determined from 

t h e  s e r i e s  l i m i t  of  i ts  e x c i t e d  s t a t e s  (Cohen and Sturge,  1977; 

s e e  a l s o  Fig.  I. 1) .  For the  case  o f  the  I n  i s o e l e c t r o n i c  c e n t r e  

t h i s  binding energy would be negat ive ,  s o  it  appears t h a t  t h e  

c e n t r a l  cell p o t e n t i a l  of t h e  In - re la t ed  i s o e l e c t r o n i c  binding 

c e n t r e  is no t  s t r o n g  enough t o  bind a  ho le  alone,  and the  HTL 

model is c l e a r l y  no t  a p p l i c a b l e .  S imi la r  e f f e c t s  a r e  observed 

by Cohen and Sturge  (1977) f o r  t h e  N N i  p a i r s  with i > 7 .  



C h a ~ t e r  6: D i scuss ion  

Some o f  t h e  conc lus ions  o b t a i n e d  by performing e x c i t a t i o n  

spec t roscopy  on  t h e  S i : I n  c e n t r e s  c a n  be g e n e r a l i z e d  t o  t h e  

Si :Tl  P-centre  d a t a ,  f o r  which PLE spec t roscopy  was n o t  poss-  

i b l e .  By means o f  PL and PLE i n  c o n j u n c t i o n  with  u n i a x i a l  

stress, t h e  d e f e c t  symmetry o f  t h e  S i : I n  d e f e c t  was unambig- 

uously  determined t o  be CZv .  The s t r e s s  s p l i t t i n g s  o f  t h e  Si :Tl  

P-centres  were q u i t e  similar i n  magnitude and form t o  t h o s e  o f  

t h e  S i : I n  d e f e c t ,  implying C Z v  symmetry a l s o .  The Zeeman beha- 

v iou r  o f  bo th  - systems was a l s o  q u i t e  similar, conf i rming  a high 

deg ree  o f  h o l e  l o c a l i z a t i o n  a t  a low symmetry CZv d e f e c t  which 

r e s u l t s  i n  a complete  quenching o f  t h e  h o l e  o r b i t a l  angu la r  

momentum, 

The model which emerges from t h e s e  d a t a  is s i m i l a r  i n  

some r e s p e c t s  t o  t h a t  o f  t h e  neares t -ne ighbour  donor-acceptor 

p a i r  IBE,  GaP:Zn-0 and Cd-0. The s t r o n g  c e n t r a l  cell  p o t e n t i a l  

p rov ides  a h igh  deg ree  o f  l o c a l i z a t i o n  f o r  t h e  ho le .  The e x c e s s  

cha rge  o f  t h e  s u b s t i t u t i o n a l  deep a c c e p t o r  I n  o r  T l  is  presum- 

a b l y  n e u t r a l i z e d  by t h e  presence  o f  a nearby "donorw c o n s t i t u e n t  

which w i l l  be l a b e l l e d  *, which r e n d e r s  t h e  whole complex elec- 

ex t remely  s e n s i t i v e  t o  a x i a l  d i sp l acemen t s  o f  t h e  p a i r ,  and t h a t  

t r i c a l l y  n e u t r a l .  As i n  t h e  case o f  t h e  Zn-0 d e f e c t  (Chapt .  11, 

t h e  i s o l a t e d  h o l e  b ind ing  energy  o f  t h e  a c c e p t o r  complex is 

reduced by  a n  amount which c a n  be thought  o f  a s  t h e  e l e c t r o -  

s t a t i c  p o t e n t i a l  energy  between t h e  b a r e  a c c e p t ~ r - ~ ~ d o n o r ~ ~  p a i r .  

J a r o s  and Brand (1976) have shown t h a t  t h i s  b ind ing  energy is 



f o r  s m a l l  enough s e p a r a t i o n s ,  t h e  s i n g l e  p a r t i c l e  bound state 

l e a v e s  t h e  fo rb idden  gap e n t i r e l y .  The S i : I n  e x c i t a t i o n  d a t a  

showed t h a t  t h e  In-* complex is no t  c a p a b l e  of  b ind ing  a s i n g l e  

ho le ,  whereas t h e  h o l e  b ind ing  energy  o f  s u b s t i t u t i o n a l  I n  is 

known t o  be 157 m e V ,  

I n  c o n t r a s t  t o  t h e  above c a s e ,  t h e r e  is s t r o n g  ev idence  

f o r  t h e  e x i s t e n c e  o f  a s i n g l e  ho le  bound s t a t e  f o r  t h e  Si:T1 P- 

c e n t r e .  From measurements o f  t h e  thermal  quenching o f  t h e  lumi- 

nescence,  Thewalt e t  a l .  ( 1 9 8 2 )  deduced a n  e l e c t r o n  b ind ing  

energy t o  t h e  l o c a l i z e d  ho le  o f  47 m e V .  From t h e  104.5  m e V  

s p e c t r o s c o p i c  b ind ing  energy o f  t h e  e x c i t o n  t h i s  imp l i e s  a 72 

m e V  b ind ing  energy  f o r  a n  i s o l a t e d  h o l e  a t  t h e  d e f e c t .  This  is  

c o n s i d e r a b l y  reduced from t h e  248 m e V  b ind ing  energy  o f  a ho le  

a t  a n  i s o l a t e d  T 1  a c c e p t o r .  I n  t h i s  case t h e  e l e c t r o s t a t i c  

energy  o f  t h e  TI-* p a i r  is no t  l a r g e  enough t o  comple te ly  o f f s e t  

t h e  deep c e n t r a l  cell  p o t e n t i a l  of  t h e  T1,  c o n t r a r y  t o  t h e  S i : I n  

case. 

Evidence f o r  a s t r a i n  f i e l d  c o n t r i b u t i o n  t o  e x c i t o n  b i n d i n q  

The S i : I n  d a t a  show clear ev idence  o f  t h e  breakdown o f  

t h e  u s u a l  HTL e x c i t o n  b ind ing  p i c t u r e .  I n  a d d i t i o n  t o  t h e  l a c k  

. o f  a s i n g l e  p a r t i c l e  bound s ta te  f o r  t h e  l o c a l i z e d  ho le ,  t h e  

l a r g e  va lue  o f  t h e  j-j coup l ing  i n t e r a c t i o n  impl ied  by t h e  

s i n g l e t - t r i p l e t  s p l i t t i n g ,  combined wi th  t h e  l a r g e  v a l l e y - o r b i t  

s p l i t t i n g  o f  t h e  e l e c t r o n  imply c o n s i d e r a b l e  l o c a l i z a t i o n  o f  t h e  

e l e c t r o n  a s  well. The l a r g e  e l e c t r o n  a t t r a c t i v e  p o t e n t i a l  is 
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most l i k e l y  g e n e r a t e d  by t h e  s t r a i n  f i e l d  which is expec ted  t o  

e x i s t  around such a n  extended d e f e c t .  Monemar e t  a l .  (1982)  and 

G i s l a s o n  e t  a l .  (1982)  have invoked a s t r a i n  mechanism t o  

account  f o r  t h e  extreme l o c a l i z a t i o n  o f  bo th  p a r t i c l e s  which 

they  observe  i n  e x c i t o n s  bound t o  Cy-re la ted  i s o e l e c t r o n i c  

d e f e c t s  i n  Gap. G i s l a s o n  e t  a l .  (1982)  r e p o r t e d  a n  unusua l ly  

l a r g e  e l e c t r o n - h o l e  j -j coup1 ing  energy  o f  91 m e V ,  which can  

on ly  be accounted f o r  by a  d e f e c t  p o t e n t i a l  i n  which bo th  

p a r t i c l e s  are q u i t e  deep ly  bound. 

A s t r a i n  f i e l d  c a n  be a t t r a c t i v e  t o  bo th  p a r t i c l e s  and 

could  prov ide  t h e  e x t r a  b ind ing  energy  which t h e  above d a t a  

r e q u i r e .  Such a  f i e l d  arises from t h e  i n t e r n a l  h y d r o s t a t i c  and 

s h e a r  components g e n e r a t e d  by t h e  r e l a t i v e l y  l a r g e  d e f e c t  

components. I n  a d d i t i o n ,  l a t t i c e  r e l a x a t i o n  a f t e r  e x c i t o n  

c a p t u r e  could  enhance t h e  e f f e c t  o f  such a s t r a i n  well. The 

phonon s idebands  observed i n  PL ( F i g .  3 . 3 )  a r e  i n d i c a t i v e  o f  

s u b s t a n t i a l  l a t t i ce  r e l a x a t i o n ,  e s p e c i a l l y  f o r  t h e  S i :  T1 A- 

c e n t r e  f o r  which v i r t u a l l y  a l l  o f  t h e  b ind ing  energy is due t o  

la t t ice  r e l a x a t i o n .  I t  is impor tan t  t o  no te  however t h a t  a 

s t r a i n  f i e l d  is  t y p i c a l l y  long-ranged, wi th  a  1/r3 dependence, 

and i t  is n o t  clear whether such a f i e l d  cou ld  cause  t h e  l a r g e  

v a l l e y - o r b i t  s p l i t t i n g  i n d i c a t e d  by t h e  above d a t a .  

Unfor tuna te ly ,  t h e  absence o f  e x c i t a t i o n  s p e c t r a  f o r  t h e  

Si :Tl  c e n t r e  p r e c l u d e s  t h e  d i r e c t  d e t e r m i n a t i o n  o f  t h e  j-j coup- 

l i n g  s p l i t t i n g  o r  v a l l e y - o r b i  t energy  f o r  t h e  P-centre  conf i g -  

u r a t i o n  o f  t h i s  d e f e c t .  A t  20 K, an  e x c i t e d  s ta te  denoted S  is 

0 observed i n  PL ( s e e  F ig .  3 . 1 )  a t  6 . 8  m e V  above t h e  S i :T l  P, 



l i n e  (Thewalt  e t  a l . ,  1982) .  Thewalt e t  a l .  (1982)  measured t h e  

thermal  dependence o f  t h i s  l i n e  r e l a t i v e  t o  t h e  P: l i n e .  The 

i n t e n s i t y  r a t i o  fol lowed a n  Arrhenius  behaviour  wi th  a n  act i -  

v a t i o n  energy equa l  t o  t h e  s p e c t r o s c o p i c  s e p a r a t i o n  o f  t h e  

l i n e s .  E x t r a p o l a t i o n  o f  t h e  thermal  d a t a  t o  1 /T=O shows t h a t  

t h i s  l i n e  has  a n  o s c i l l a t o r  s t r e n g t h  roughly  2-5 times t h a t  o f  

0  t h e  Po l i n e ,  and it is t h e r e f o r e  most l i k e l y  t h e  e q u i v a l e n t  o f  

0  t h e  s i n g l e t  t r a n s i t i o n  P2 i n  S i :T l .  This  i m p l i e s  a reduced 

va lue  o f  t h e  j-j c o u p l i n g  energy A=6.8 m e V .  Th is  va lue  cannot  

be t aken  as f i r m  however g iven  t h a t  t h e  magnet ic  behaviour  of  

t h i s  l i n e  is n o t  known. 

Defec t  c o n s t i t u e n t s  

The o b s e r v a t i o n  o f  C2v p o i n t  group symmetry f o r  t h e  P- 

c e n t r e s  p l a c e s  r a t h e r  s e v e r e  c o n s t r a i n t s  on any model f o r  t h e  

microscopic  s t r u c t u r e  o f  t h e s e  d e f e c t s .  I t  is u n l i k e l y  t h a t  t h e  

d e f e c t  c o n t a i n s  more than  two b ind ing  c e n t r e  components because 

t h i s  would, i n  g e n e r a l ,  l e a d  t o  a p o i n t  group symmetry lower 

t han  CZv.  The s i m p l e s t  model c o n s i s t s  o f  s u b s t i t u t i o n a l  I n  o r  

T1 with  some as y e t  unknown n e a r e s t  neighbour donor impur i ty  i n  

t h e  n e a r e s t  Td i n t e r s t i t i a l  s i t e  ( F i g .  6 . 1 ) .  This  c o n s t i t u e n t  

must be q u i t e  mobile g i v e n  t h e  s t r e s s - i n d u c e d  r e o r i e n t a t i o n  

observed i n  PL a t  4 , 2  K ( F i g ,  4.81,  Th i s  is  n o t  a n  unreasonable  

requi rement .  Haller e t  a l e  (1980) have shown t h a t  sha l low 

donors  and a c c e p t o r s  i n  G e  c an  complex wi th  s i n g l e  and m u l t i p l e  

hydrogen atoms which c a n  tunne l  between v a r i o u s  i n t e r s t i t i a l  



Fig. 6.1: Simple model which results in the observed C2v 

and Cgv symmetries of the Si:In and Si:T1 IBE. For simple 

visualization the interstitial "donor" is fixed at a tetrahedral 

site with coordinates aO(1/2,1/2,1/2) where a. is the lattice 

parameter. Positioning the acceptor at the substitutional sites 

labelled 2 or 3 generates a defect with C2v or C3v symmetry 

respectively. Physically, it is the interstitial which moves a 

distance close to the bond length r3a0/4 during the reorien- 

tation. In the absence of lattice relaxation the pair separ- 

ation is 0.5ag for the C2v case and 0.43a0 for the CgV case. 



sites i n  t he  v i c i n i t y  o f  t he  d e f e c t ,  I n  t h e  p r e s e n t  case t h e  

e x t r a  b ind ing  c e n t r e  c o n s t i t u e n t  is presumed t o  be l e s s  mobile 

and l a r g e l y  con f ined  t o  a s i n g l e  i n t e r s t i t i a l  s i t e .  The r o l e  o f  

hydrogen i n  t h e  I n  i s o e l e c t r o n i c  d e f e c t s  was b r i e f l y  inves-  

t i g a t e d  i n  t h e  p r e s e n t  s tudy  by d i f f u s i o n  o f  a tomic  deu te r ium 

b u t  w i thou t  any obse rvab le  r e s u l t .  P r i o r  s p e c u l a t i o n s  by Sauer 

and Weber (1982)  t h a t  e x t r a  component was a n  i n t e r s t i t i a l  Fe 

donor were n o t  suppor t ed  by S c h l e s i n g e r  e t  a l .  (1983) who 

56 observed no i s o t o p e  s h i f t  a f t e r  doping wi th  ~e~~ and Fe . 
The above model p rov ides  a  p l a u s i b l e  e x p l a n a t i o n  f o r  t h e  

s t r u c t u r e  o f  t h e  A-centre c o n f i g u r a t i o n  o f  t h e  d e f e c t  s i n c e  a 

s imple  r e o r i e n t a t i o n  o f  t h e  i n t e r s t i t i a l  t o  ano the r  Td i n t e r s t i -  

t i a l  s i t e  r e s u l t s  i n  t h e  observed CgV symmetry o f  t h e  A-centres 

as i n d i c a t e d  i n  F i g .  6 . 1 ,  The unre laxed  p a i r  s e p a r a t i o n s  are 

similar f o r  t h e  two c o n f i g u r a t i o n s ,  r e s p e c t i v e l y  '-:ao- 0 .  43ao 

l. f o r  t h e  Cgv  d e f e c t  and 2ao f o r  t h e  Clv d e f e c t ,  where a. is the 

l a t t i c e  parameter .  The smaller p a i r  s e p a r a t i o n  f o r  t h e  case o f  

t h e  Cgv d e f e c t  may e x p l a i n  t h e  h ighe r  v i b r o n i c  coup l ing  o f  t h e  

A-centres compared wi th  t h e  P-centres ,  s i n c e  t he  h o l e  b ind ing  

energy  would be more s e n s i t i v e  t o  a x i a l  d i sp l acemen t s .  

A s imple  model f o r  t h e  Si:T1 rearrangement  p r o c e s s  is 

i n d i c a t e d  i n  F ig .  6 . 2 .  Before  e x c i t o n  c a p t u r e ,  t h e  Cgv a r r ange -  

. ment is p r e f e r r e d ,  perhaps  because t h e  e l e c t r o s t a t i c  energy  o f  

t h e  TI-* p a i r  is  minimized f o r  t h i s  c o n f i g u r a t i o n .  The C2" b a r e  

c e n t r e  c o n f i g u r a t i o n  is a t  h ighe r  energy,  and is s e p a r a t e d  by a 

v i b r o n i c  b a r r i e r ,  r e p r e s e n t i n g  t h e  b a r r i e r  t o  movement o f  t h e  

i n t e r s t i t i a l  ( F i g .  6 . 2 a ) .  Af t e r  e x e i t o n  c a p t u r e  however, t h e  



hole energy vs 

pair separation 

CONFIGURATION COORDINATE 
(- pair separation) 

Fig .  6 . 2 :  Model f o r  t h e  S i : T l  b i s t a b i l i t y .  I n  t h i s  
. model t h e  Cgv c o n f i g u r a t i o n  o f  t h e  b a r e  c e n t r e  is favoured 

because t h e  s e p a r a t i o n  between t h e  TI-* p a i r ,  and hence t h e i r  
coulomb energy,  is minimized ( c u r v e  a ) .  A f t e r  J a r o s  and Brand 
(19761, cu rve  b  shows how t h e  h o l e  b ind ing  energy o f  t he  T l  
impur i ty  would depend on t h e  TI-* s e p a r a t i o n .  This  r e s u l t s  i n  a 
r e v e r s a l  o f  t h e  minima ( c u r v e  c l ,  wi th  t h e  r e s u l t  t h a t  t h e  P- 
t y p e  e x c i t o n  now h a s  l owes t  energy .  The energy b a r r i e r  E is 
r e l a t e d  t o  t h e  b a r r i e r  t o  movement of t h e  i n t e r s t i t i a l  f r8m one 
Td i n t e r s t i t i a l  s i t e  t o  t h e  o t h e r .  



s i t u a t i o n  cou ld  be r e v e r s e d  because o f  t h e  i n c r e a s e  i n  h o l e  

b ind ing  energy  ( F i g .  6 .2b )  which can  be ach ieved  by a n  a x i a l  

d i l a t i o n  o f  t h e  TI-* p a i r  s e p a r a t i o n  toward t h e  C2v con f ig -  

u r a t i o n .  Thus e x c i t o n s  are i n i t i a l l y  c r e a t e d  i n  t h e  C3v 

c o n f i g u r a t i o n  b u t  c a n  the rma l ly  overcome t h e  v i b r o n i c  b a r r i e r  i n  

F ig .  6 . 2 ~  and r e l a x  t o  t h e  C Z v  c o n f i g u r a t i o n  a s  i n d i c a t e d  by t h e  

t r a n s i e n t  and s p e c t r a l  d a t a  o f  Thewalt e t  a l ,  (19821, Watkins e t  

a l .  (19841, and Watkins and Thewalt, ( 1985) .  The r e s u l t i n g  

c o n f i g u r a t i o n  c o o r d i n a t e  s u r f a c e  f o r  t h e  e x c i t o n  is shown i n  

P ig .  6 .2c ,  

The s i t u a t i o n  is c l e a r l y  d i f f e r e n t  f o r  t h e  case of  t h e  

Si:En d e f e c t  g i v e n  t h a t  t h e r e  is no d i r e c t  ev idence  f o r  t h e  

e x i s t e n c e  o f  t h e  Cgv d e f e c t  c o n f i g u r a t i o n  i n  t h i s  c a s e ,  The 

t r a n s i e n t  d a t a  o f  Watkins e t  a l .  (1984)  s u g g e s t  t h a t  A- and P- 

t ype  e x c i t o n s  are e s s e n t i a l l y  degene ra t e  (Chapt.  3 )  and t h a t  

r e o r i e n t a t i o n  between t h e  A- and P -conf igu ra t ions  can  proceed i n  

bo th  d i r e c t i o n s  above 1 0  K .  I t  a p p e a r s  t h a t  f o r  t h e  b a r e  S i : I n  

c e n t r e ,  t h e  C2v c o n f i g u r a t i o n  is  t h e  l owes t  i n  energy,  i n  

c o n t r a s t  t o  t h e  Si :Tl  c a s e .  Indeed i t  is n o t  clear whether 

t h e r e  is a m e t a s t a b l e  C jv  c o n f i g u r a t i o n  f o r  t h e  b a r e  S i : I n  

b ind ing  c e n t r e ,  and i f  t h e r e  is, i t  m u s t  have a n  energy g r e a t e r  

t h a n  o r  equa l  t o  t h a t  o f  t h e  b a r e  P-centre .  This  does  n o t  f i t  

i n  wi th  t h e  above s imple  argument t h a t  t h e  r e l a t i v e  e n e r g i e s  o f  

t h e  b a r e  A- and P-cen t res  should  va ry  acco rd ing  t o  t h e  

e l e c t r o s t a t i c  energy  o f  t h e  accep tor -*  p a i r .  This  is n o t  a 

s e r i o u s  o b j e c t i o n  however, s i n c e  it is by no means proven t h a t  

t h e  e l e c t r o s t a t i c  mechanism is o p e r a t i v e  i n  t h e  S i :T l  ca se ,  



g i v e n  t h e  l a c k  o f  knowledge o f  t h e  o t h e r  b ind ing  c e n t r e  

c o n s t i t u e n t s .  

observed i n  e l e c t r o n  i r r a d i a t e d  Ga-doped S i  which a l s o  exhibit- 

=2v symmetry, wi th  stress s h i f t  r a t e s  which a r e  a lmos t  i d e f i t i c a l  

- t o  t hose  o f  t h e  S i : I n  i s o e l e c t r o n i c  d e f e c t ,  even though t h e  

e x c i t o n  is  bound by t h e  much l a r g e r  energy o f  295 m e V .  The 

presence  o f  ca rbon  has  been determined by Thonke e t  a l .  (1985)  

by i s o t o p e  doping.  I t  i s  q u i t e  l i k e l y  t h a t  t h e s e  l i n e s  are due 

t h e  recombinat ion o f  i s o e l e c t r o n i c  bound e x c i t o n s  wi th  a  micro- 

s c o p i c  s t r u c t u r e  similar t o  t h a t  o f  t h e  In-  and T1-rela ted 

c e n t r e s .  S ince  t h e  b ind ing  energy o f  t h e  ho le ,  and subse-  

quen t ly ,  t h e  e x c i t o n ,  is ve ry  l a r g e ,  t h i s  c e n t r e  cou ld  a l l ow t h e  

o p p o r t u n i t y  t o  obse rve  t h e  e n t i r e  range o f  e x c i t e d  e l e c t r o n  

s tates,  beyond t h e  1s l e v e l s  observed f o r  t h e  S i : I n  case. 

Unfo r tuna t e ly  i n i t i a l  a t t e m p t s  t o  obse rve  PEE s p e c t r a  wi th  t h e  

OPO system d e s c r i b e d  i n  t h i s  work have been unsucces fu l .  

f n conc lus ion ,  t h e  stress, Zeeman, and e x c i t a t i o n  spec-  

t ro scopy  measurements under taken  i n  t h i s  s t u d y  a l lowed f o r  t h e  

f i r s t  t i m e  a s imple  model o f  bo th  t h e  e l e c t r o n i c  s t a t e s  and t h e  

s t r u c t u r e  of  t h e  unusual  In-  and T1- re la ted  i s o e l e c t r o n i c  bound 

e x c i t o n s .  There is enough ev idence  now, even i n  t h e  absence o f  

e x a c t  knowledge o f  t h e  o t h e r  b ind ing  c e n t r e  c o n s t i t u e n t ( s ) ,  t o  

war ran t  d e t a i l e d  t h e o r e t i c a l  model l ing o f  t h e  d e f e c t .  The Si:T1 

d e f e c t  i s  one o f  t h e  few b i s t a b l e  semiconductor d e f e c t s  f o r  

which a weal th  o f  exper imenta l  ev idence  r e g a r d i n g  t h e  s t r u c t u r e  



and electronic states is available. The understanding of 

bistable defects is presently very limited, 
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