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Semiconductors are p a r t i c u l a r l y  s e n s i t i v e  t o  i r r a d i a t i o n  w i t h  h i g h  

Th i s  s e n s i t i v i t y  a r i s e s  from energy p a r t i c l e s  o r  h igh  energy gamma rays .  

t h e  n a t u r e  of  t h e  energy l e v e l s  i n  t h e  fo rb idden  gap t h a t  a r e  in t roduced  

by t h e  d e f e c t s  formed by t h e  r a d i a t i o n .  Many o f  t h e s e  l e v e l s  a r e  deep 

i n  t h e  gap and thus  a r e  e f f e c t i v e  i n  modifying room tempera ture  p r o p e r t i e s .  

Such phenomena as t h e  f r e e  c a r r i e r  c o n c e n t r a t i o n ,  t h e  f r e e  carrier m o b i l i t y ,  

t h e  l i f e t i m e  o f  minor i ty  carriers f o r  recombination, and t h e  recombination 

luminescence are a l l  s t r o n g l y  a f f e c t e d .  

I n  o r d e r  t o  a f f e c t  t h e  s e n s i t i v i t y  of t h e  material t o  r a d i a t i o n ,  

e i ther  t o  i n c r e a s e  o r  dec rease ,  i t  i s  e s s e n t i a l  t o  de te rmine  t h e  micro- 

s c o p i c  n a t u r e  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  r a d i a t i o n  s e n s i t i v i t y .  

It i s  known, f o r  example from e l e c t r o n  s p i n  resonance  measurements, t h a t  

i m p u r i t i e s ,  e i t h e r  i n t e n t i o n a l l y  added o r  a c c i d e n t a l l y  p r e s e n t ,  a r e  o f t e n  

found t o  be con ta ined  i n  t h e  de fec t .  

and i n t e r s t i t i a l s ,  combine o r  i n t e r a c t  w i th  each o t h e r  o r  w i th  t h e  impuri-  

t i es  t o  form t h e  s t a b l e  d e f e c t s .  

The s imple  primary d e f e c t s ,  vacancies  

Much of t h e  work being c a r r i e d  o u t  under t h i s  g r a n t  h a s  been devoted 

t o  p r o v i d i n g  a d d i t i o n a l  in format ion  about  t h e  microscopic  n a t u r e  of  t h e s e  

d e f e c t s .  I n  p a r t i c u l a r ,  t h e  luminescence t h a t  ar ises  from t h e  recombina- 

t i o n  of e l e c t r o n s  and h o l e s ,  w i t h  one o f  t h e  charges  being t rapped  by t h e  

d e f e c t ,  has  been shown t o  p rov ide  s i g n i f i c a n t  amounts of Fnformation about  

t h e  d e f e c t  :- both  i n  terms of t h e  l o c a t i o n  of  t h e  energy l e v e l  a s s o c i a t e d  

w i t h  t h e  d e f e c t  and t h e  n a t u r e  o f  t h e  i n t e r a c t i o n  of t h e  l a t t i c e  phonon 

f i e l d  and t h e  t rapped  e l e c t r o n .  This work formed t h e  b a s i s  of t h e  Ph.D 

t h e s i s  of  D r .  Robert Spry. A p o r t i o n  o f  t h e  m a t e r i a l  of t h e  t h e s i s  was 

. .  
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presen ted  as an  i n v i t e d  paper a t  t h e  Sante  Fe Conference on Rad ia t ion  

E f f e c t s  I n  Semiconductors. A copy o f  t h a t  paper ,  e n t i t l e d  "Recombination 

Luminescence of I r r a d i a t e d  S i l i c o n "  i s  a t t a c h e d  a s  a p o r t i o n  of  t h i s  

r e p o r t .  It w i l l  appear i n  t h e  forthcoming proceedings  of  t h e  conference.  

A paper i s  a l s o  being prepared  f o r  p u b l i c a t i o n  i n  t h e  s c i e n t i f i c  j o u r n a l s .  

It  i s  expected t h a t  t h i s  w i l l  be submi t ted  f o r  p u b l i c a t i o n  w i t h i n  t h e  

nex t  month. 

The r e s u l t s  ob ta ined  by D r .  Spry c l e a r l y  i n d i c a t e  t h e  g r e a t  impor- 

t a n c e  of t h i s  technique .  The system developed by Spry has been u t i l i z e d  

f o r  f u r t h e r  s t u d i e s  on both s i l i c o n  and germanium. 

P re l imina ry  measurements on germanium have been p r i m a r i l y  

r e s t r i c t e d  t o  a s e a r c h  f o r  t h e  band-to-band luminescence o f  t h e  u n i r r a d -  

i a t e d  material. The magnitude of t h e  s i g n a l  f o r  germanium i s  subs t an -  

t i a l l y  below t h a t  of  s i l i c o n .  It has  been p o s s i b l e  t o  observe  t h e  band- 

to-band luminescence i n  germanium and t o  observe  t h a t  i t  d i s a p p e a r s  w i th  

i r r a d i a t i o n .  

however, t h e r e  appears  t o  be two weak luminescent peaks cen te red  a t  about 

2.20 and 2.32 microns. 

f o r  i r r a d i a t i o n .  Unfo r tuna te ly  t h e  luminescent technique  appears  t o  

be s u b s t a n t i a l l y  less s e n s i t i v e  f o r  germanium than  f o r  s i l i c o n .  Never- 

t h e l e s s ,  even r a t h e r  weak s i g n a l s  can be of g r e a t  va lue  i n  de te rmining  

t h e  l o c a t i o n  of energy l e v e l s  t h a t  a r i s e  from rad ia t ion - induced  d e f e c t s .  

A thorough s e a r c h  f o r  new luminescence h a s  n o t  been made, 

A f l u x  of 1OI6 f a s t  e l e c t r o n s  per  cm2 were used 

F u r t h e r  measurements have been made on i r r a d i a t e d  s i l i c o n ,  u s ing  
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fast electrons as the radiation source 

as were used by Spry. Measurements of 

rather than gamma rays or neutrons 

the recombination luminescence - 
L following irradiation with 1015 electrons/cm 

agreed well with those reported previously by Spry. 

indicated spectra that 

A new experimental arrangement with increased sensitivity and 

resolution has been constructed. The helium dewar system has the capa- 

bility of applying uniaxial stresses at temperatures between room temper- 

atures and 4.2"K. 

utilized for extensive measurements on the symmetry properties of the 

defects that are involved in the luminescence. 

This equipment is essentially completed and will be 

Extensive measurements are being planned for silicon material that 

contains lithium as an impurity. It is anticipated that the association 

of lithium with the defects will modify the energy levels and the phonon 

coupling to the trabped electron to such an extent that it will be readily 

observable as a shift in the spectra. These measurements can be expected 

to provide new evidence on the nature of these defects. 

The electronic structure of highly doped semiconductors is of great 

importance in the understanding of devices. Significant accomplishments 

have been made in the development of the tunneling technique for the 

measurement of some of these properties. Attached to this report is a 

copy of a paper entitled "Evidence of Hole-Optical Phonon Interaction in 

Degenerate Silicon in Tunneling Measurements" by E. L. Wolf that has been 

submitted for publication. A copy of an abstract of the same title as 

the above paper is also attached. This paper is to be presented at the 

American Physical Society meeting in Berkeley, California on March 18-21, 

1968. These papers clearly demonstrate for the first time the modification 
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i n  t h e  bulk  semiconductor s t a t e s  a t n w  above and below t h e  Fermi energy 

a r i s i n g  from f r e e  h o l e - o p t i c a l  phonon i n t e r a c t i o n .  Also of g r e a t  imporc 

t a n c e  i s  t h e  obse rva t ion  t h a t  a tunne l ing  p rocess  can invo lve  t h e  l o c a l -  

i z e d  phonon a s s o c i a t e d  wi th  an  impurity.  The boron r e s p o n s i b l e  f o r  t h i s  

a r e  b e l i e v e d  t o  be those  atoms t h a t  ex is t  i n  t h e  d e p l e t i o n  r e g i o n  t h a t  

forms t h e  t u n n e l i n g  b a r r i e r .  This s u g g e s t s ,  t h e r e f o r e ,  t h a t  t h e  tunne l -  

i n g  technique  may be  very u s e f u l  a s  a means of  s tudy ing  r a d i a t i o n  induced 

d e f e c t s  i n  t h e  b a r r i e r  reg ion .  

t h e  nex t  few months. 

0 

This p o s s i b i l i t y  w i l l  be explored  du r ing  

The above experiments on tunne l ing  w e r e  c a r r i e d  o u t  on m a t e r i a l  t h a t  

was h i g h l y  degenera te .  

on material  w i t h  lower doping. It i s  b e l i e v e d  t h a t  t h e s e  r e s u l t s  can be 

i n t e r p r e t e d  i n  terms o f  t h e  d e n s i t y  o f  s t a t e s  of  t h e  impur i ty  band and 

t h a t  they g i v e  d i r e c t  evidence of t h e  s p l i t t i n g  of  t h e  impur i ty  band. 

A s  soon a s  some a d d i t i o n a l  experiments are completed, t h e s e  r e s u l t s  w i l l  

be prepared  f o r  p u b l i c a t i o n .  It i s  b e l i e v e d  t h a t  they  r e p r e s e n t  t h e  f i r s t  

d i r e c t  measure of  t h e  d e n s i t y  of  s t a t e s  of t h e  impur i ty  band. 

A number of p r e l i m i n a r y  r e s u l t s  have been ob ta ined  

The, manuscr ip t  on minor i ty  c a r r i e r  l i f e t i m e  i n  i r r a d i a t e d  s i l i c o n ,  

based upon t h e  Ph.D. t h e s i s  of D r .  Ralph Hewes, has  been modified and 

w i l l  be re -submi t ted  f o r  p u b l i c a t i o n  i n  t h e  J o u r n a l  of Applied Physics.  

Personnel  

D r .  E. L. Wolf, D r .  Robert  Spry, M r .  Co l in  Jones ,  M r .  E r i c  Johnson, 

and M r .  Donald Cul len  were employed f o r  a p o r t i o n  o r  all of  t h e  p a s t  six 
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mmths. Dr. Wolf left the University in September, 1968, to assume a 

position at the Research Laboratories of the Eastman Kodak Company. Dr. 

Spry completed his thesis and left the University in September, 1968, to 

assume a position in the Air Force Materials Laboratory at the Wright- 

Patterson Air Force Base, Dayton, Ohio. 



1 Recombination Luminescence of I r r a d i a t e d  S i l i c o n  t 
by Robert  J .  Spry and W .  Dale Compton* * 

Coordinated Sc ience  Labora tory  
Un ive r s i ty  of I l l i n o i s  

Urbana, I l l i n o i s  

Deep t r a p s ,  be they  i m p u r i t i e s ,  i n t r i n s i c  d e f e c t s ,  o r  e x t r i n s i c  

d e f e c t s  a r i s i n g  from i r r a d i a t i o n ,  a c t  a s  recombinat ion c e n t e r s  i n  

semiconductors .  

t r a p  can be determined by a v a r i e t y  of  techniques .  

the  temperature  dependence of the minor i ty  ca r r i e r  l i f e t i m e s  have been 

p a r t i c u l a r l y  u s e f u l  i n  t h i s  regard .  

mater ia l  w i t h  a recombinat ion l e v e l  near  t h e  conduct ion  band. The 

l i f e t i m e  of minor i ty  c a r r i e r s  i n j e c t e d  i n t o  t h e  sample i s  determined 

by several p rocesses ,  t h e  t r app ing  of  e l e c t r o n s  by t h e  c e n t e r ,  t h e  

thermal  i o n i z a t i o n  o f  t h e s e  t rapped e l e c t r o n s  back i n t o  t h e  conduct ion  

band, and t h e  recombinat ion of a t rapped e l e c t r o n  w i t h  a ho le .  For  

t h e  moment, l e t  u s  assume t h a t  t he  dominant mechanism f o r  e l e c t r o n -  

h o l e  recombinat ion i s  v i a  t h i s  d e f e c t ,  t h a t  i s ,  t h a t  t h e  r e -e s t ab l i shmen t  

of t h e  thermal  equ i l ib r ium popula t ion  of  c a r r i e r ' s  occurs  by t h k s  mechanism. 

The p o s i t i o n  of t h e  energy l e v e l  a s s o c i a t e d  w i t h  t h e  

Measurements of 

Consider  a s imple  case  of p- type 

- 

~ 
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Within t h e  framework of  the  above assumptions,  a p a r t i c u l a r l y  

i n t e r e s t i n g  q u e s t i o n  now p resen t s  i t s e l f .  Does the recombinat ion of 

t h e  e l e c t r o n  and h o l e  r e s u l t  i n  luminescence? The answer m u s t  

obvious ly  be t h a t  t h e r e  i s  some p r o b a b i l i t y  of t h i s  p rocess  be ing  

r a d i a t i v e .  

w i thou t  knowing t h e  d e t a i l s  o f  t h e  recombinat ion p rocess .  Analogies  

can  be found, however, i n  o t h e r  semiconductors  t o  sugges t  t h a t  t h e  

r a d i a t i v e  p rocess  may occur ,  f o r  example, t h e  e x t r i n s i c  luminesceqce 

observed i n  copper o r  s i l ve r  doped cadmium su lph ide .  Other  examples 

can be found i n  m a t e r i a l s  having d i r e c t  o r  i n d i r e c t  t r a n s i t i o n s  a t  the 

band gap. 

I t  i s  n o t  easy  t o  e s t ima te  j u s t  how p robab le  i t  i s  

Recombination r a d i a t i o n  has  been seen i n  s i l i c o n  doped w i t h  a 

v a r i e t y  of chemical  i m p u r i t i e s .  F igure  1 p r e s e n t s  some of t h e  r e c e n t  

r e s u l t s  of Pokrovski i  f o r  s i l i c o n  doped w i t h  B ,  Ga, B i  and I n  and 

f o r  germanium doped w i t h  Zn. It i s  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 p e c t r a  a r e  q u a l i t a t i v e l y  d i f f e r e n t  f o r  t h e s e  i m p u r i t i e s .  The loca-  

t i o n  of t h e  t r a n s i t i o n  t h a t  would occur wi thou t  t h e  a s s i s t a n c e  of  

phonons i s  i n d i c a t e d  by t h e  long  ve i - t ica l  l i n e .  The s h o r t  v e r t i c a l  

l i n e s  are l a b e l l e d  t o  correspond to  t r a n s i t i o n s  i n v o l v i n g  t k ~ .  (coop- 

e r a t i o n  of  a band edge phonon. Boron, ga l l i um and indfum i n t r o d u c e  

l e v e l s  a t  0.046eV, 0.071eV and 0.16eV above t h e  va l ence  band r e s p e e t -  

i v e l y  i n  s i l i c o n .  Bismuth in t roduces  a l e v e l  0.069eV below t h e  con- 

d u c t i o n  band i n  s i l i c o n .  The spec t r a  w i t h  B,  Ga and B i  i n d i c a t e  

t h a t  a s i g n i f i c a n t  z e r o  phonon component i s  found. 

1 

Haynes2 h a s  s t u d i e d  t h e  recombination o f  e l e c t r o n s  and h o l e s  

i n  s i l i c o n  w i t h  a v a r i e t y  of  shal low donors  and accep to r s .  H e  r e p o r t s  
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t h a t  t h e  energy r equ i r ed  t o  f r e e  t h e  bound e l e c t r o n  and h o l e  as  an 

e x c i t o n  from t h e  impur i ty ,  whether i t  i s  a donor o r  an accep to r ,  i s  

about  0.1 t i m e s  the i o n i z a t i o n  energy of t h e  impur i ty .  

By analogy w i t h  t h e  above r e s u l t s ,  luminescence r e s u l t i n g  from 

t h e  recombinat ion of e l e c t r o n s  and h o l e s  a t  deep t r a p s  in t roduced  by 

i r r a d i a t i o n  could be expected t o  p rov ide  a g r e a t  d e a l  of i n fo rma t ion  

about  t h e  n a t u r e  of t h e  d e f e c t s  i n t e r a c t i o n  w i t h  t h e  l a t t i c e  and t h e  

l o c a t i o n  of t h e  energy l e v e l  i n  the  forb idden  gap. 

The recombinat ion p rocess  y i e l d i n g  luminescence,  i n  t h e  above 

example of p- type m a t e r i a l ,  f o r  example, may be complementary t o  t h e  

a b s o r p t i o n  of l i g h t  by t h e  occupied t r a p  i n  n- type  m a t e r i a l ,  i f  t h e  

Fermi l e v e l  l i e s  above t h e  t r a p .  Of cour se ,  i f  t h e  s e l e c t i o n  r u l e s  

a r e  d i f f e r e n t  i n  t h e  two c a s e s ,  the  r e l a t i v e  s t r e n g t h s  of t h e  two 

p r o c e s s e s  w i l l  l i k e l y  be  q u i t e  d i f f e r e n t .  

The i n i t i a l  r e p o r t  of such luminescence was made by Ivanov and 

Yukhnevich3 u t i l i z i n g  p-n junc t ions  of  bo th  s i l i c o n  and germanium. 

The s i l i c o n  w a s  i r r a d i a t e d  w i t h  Co60 gamma r a y s  and t h e  germanium 

w i t h  f a s t  neu t rons .  The luminescent s p e c t r a  were observed a t  80 K .  

For low i n j e c t i o n  c u r r e n t s ,  t h e  luminescent s p e c t r a  of t h e  i r r a d i a t e d  

s i l i c o n  j u n c t i o n  had t h r e e  peaks: A weak h igh  energy peak cor responding  

0 

t o  t h e  i n t r i n s i c  luminescence s tud ied  by Haynes2 and two lower energy 

peaks  a t  1.3 and 1 . 6  microns.  These a u t h o r s  proposed t h a t  t h e  band 

a t  1 . 3  microns r e s u l t s  from t h e  recombinat ion of a h o l e  wi th  an 

e l e c t r o n  t rapped  a t  a l e v e l  E -0.18eV. The longer  wavelength luminescence 

was sugges ted  t o  a r i s e  from recombinat ion a d e f e c t  a t  about  0.37eV 

from one of t h e  bands. A t  h igh  i n j e c t i o n  l e v e l s ,  the  i n t r i n s i c  

luminescence became comparable i n  i n t e n s i t y  t o  t h e  q x t r i n s i c  luminescence. 

C 
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The r e s u l t s  of  a l a t e r  s tudy by Yukhnevich4 a r e  presented  i n  F i g .  

F i n e  s t r u c t u r e  on t h e  p r e v i o u s l y  r e p o r t e d  broad band luminescence 

i s  seen  i n  t h i s  f i g u r e .  

t o  be  less  than  2 x 10 e V ,  a width less than kT a t  t h e  measurement 

temperature  of  80 K.  

i n t e n s i t y  l i n e  by 0.015eV, a r e su l t  t h a t  was i n t e r p r e t e d  t o  mean t h a t  

t h e  recombinat ion occurred w i t h  the  s imultaneous emission of a t r a n s -  

verse a c o u s t i c a l  phonon. The e x t r i n s i c  luminescence d i s a p p e a r s  a t  

t empera tures  above 120 K, Simi lar  s p e c t r a  were found f o r  n-and p- 

t y p e  m a t e r i a l .  

The h a l f  wid th  of t h e  sharp  l i n e  was r e p o r t e d  

- 3  

0 
The second peak was s e p a r a t e d  from t h e  h igh  

0 

Yukhnevich and Tkachev' r e p o r t  a s t i l l  longer  wavelength 

luminescence c o n s i s t i n g  of two sharp peaks superimposed upon a broad 

luminescent  band. 

r e p o r t e d  t o  have h a l f  wid ths  of 5 and 2.5 x 10 e V ,  r e s p e c t i v e l y .  

These a u t h o r s  r e p o r t  t h a t  no change i n  p o s i t i o n  o r  h a l f  width resu l t s  

from a change i n  temperature  between 65 K and 130 K.  

The sharp  peaks occur  a t  0.478 and 0.488eV and a r e  

-3  

0 0 

Recombination a t  t h e s e  r e l a t i v e l y  deep t r a p s  may r e s u l t  from any 

6 of s e v e r a l  p rocesses .  

1. Defec t  l eve l  near  t h e  conduction band. 

a. Recombination of  a bound-electron w i t h  a f r e e - h o l e .  By 

analogy w i t h  t h e  chemical donors (Figs .  1 and 2 ) >  a 

s t r o n g  z e r o  phonon l i n e  would be expected.  S ince  t h e  

f r ee  h o l e  i s  presumed t o  be i n  thermal  equi l ibr ium,  

t h e  wid th  of t h e  zero  phonon l i n e  would be expected t o  

be temperature  dependent. L ines  would a l s o  be expected 

t o  r e s u l t  from phonon a s s i s t e d  emission.  

2 .  



b. Recombination of  an exc i ton  bound a t  t h e  d e f e c t .  Zero 

phonon and phonon-assisted recombinat ion would be 

expected w i t h  t h e  zero phonon l i n e  having a h a l f  wid th  

independent of  temperature.  

2 .  Defect near  t h e  va lence  band. 

a. Recombination of  a bound h o l e  w i t h  a f r e e  e l e c t r o n .  By 

analogy w i t h  t h e  chemical i m p u r i t i e s  (Figs .  1 and 2 ) ,  a 

weak o r  perhaps no zero phonon l i n e  should r e s u l t .  

p r e s e n t ,  t h e  z e r o  phonon would be expected t o  have a 

I f  

of t h  

temperature  dependent ha  1 f wid th  . 
b. Same a s  1 . b  above. 

Yukhnevich and coworkers, have i n t e r p r e t e d  t h e  r e s u l t  i r  

h a l f - w i d t h  measurements t o  i n d i c a t e  t h a t  t h e  t r a n s i t i o n  must be of 

t y p e s  b above. 

from t h e  recombination of  a n  e l e c t r o n  t rapped  a t  t h e  Si-A c e n t e r  w i t h  

a h o l e  l o c a l i z e d  a t  some e x c i t e d  level o f  t h e  d e f e c t .  

c e n t e r  level t o  be  0.17eV below the  conduct ion band, Yukhnevich f i n d s  

t h e  e x c i t e d  h o l e  s t a t e  t o  be  0.025eV above t h e  va lence  band. T h e o r e t i c a l  

c a l c u l a t i o n s  by K u r s k i i 7 ' s u g g e s t  t h a t  t h e  ground s t a t e  of  a h o l e  t rapped 

by a Si-A c e n t e r  p l u s  e l e c t r o n  i s  about  0.13eV above t h e  va lence  band. 

They s u g g e s t  t h a t  t h e  z e r o  phonon peak a t  0.967eV a r i s e s  

Taking t h e  Si-A 

A s  w i l l  be seen l a t e r  i n  t h i s  paper,  t h e  i d e n t i f i c a t i o n  of t h e  

t r a n s i t i o n  g i v i n g  r i s e  t o  t h e  0.967eV corresponding t o  p r o c e s s  1 . b  i s  

n o t  completely unambiguous. 
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A s tudy  of t h e  recombination luminescence i n  i r r a d i a t e d  s i l i c o n  

has  a l s o  been underway a t  t h e  Un ive r s i ty  of I l l i n ~ i s ~ ’ ~ .  

has  concen t r a t ed  on 1) determining t h e  luminescent s p e c t r a  i n  s i n g l e  

c r y s t a l s  of f l o a t - z o n e  m a t e r i a l  and i n  s i n g l e  c r y s t a l s  of Czochra lsk i  

m a t e r i a l ;  2) determining  t h e  dependence of t h e  luminescent s p e c t r a  

upon t h e  type  of  i r r a d i a t i o n ,  namely f a s t  neu t rons  and gamma r a y s ;  

3) 

p o r t i o n  of t h e  r e s u l t s  of t h e s e  measurements w i l l  be r e p o r t e d  h e r e .  

This  work 

0 
s tudy ing  t h e  d e t a i l s  of s p e c t r a  a t  tempera tures  nea r  4 K. A 

Luminescent s p e c t r a  were obtained w i t h  a J a r r e l l - A s h  Model 82- 

092 g r a t i n g  monochromafor. A cooled PbS d e t e c t o r  was used. The 

luminescence was e x c i t e d  w i t h  a 500 w a t t  h igh  p r e s s u r e  mercury l i g h t  

f i l t e r e d  t o  remove a l l  photons of wave-length g r e a t e r  than  7500A’. 

The samples va r i ed  i n  t h i c k n e s s  from 0.4 t o  0 .9  mm. Each sample 

was e tched  i n  CP 4A p r i o r  t o  i t s  i n t r o d u c t i o n  i n t o  t h e  vacuum dewar 

f o r  measurements. 

l a r l y  s e n s i t i v e  t o  t h e  s u r f a c e  t rea tment  of t h e  sample. 

The s t r e n g t h  of t h e  luminescent s i g n a l  was p a r t i c u -  

T h i s  made i t  

ve ry  d i f f i c u l t  t o  compare abso lu te  luminescent i n t e n s i t i e s  from one 

run  t o  ano the r .  The geometry of  t h e  sample, t h e  d i f f u s i o n  of f r e e  

c a r r i e r s  throughout t h e  bulk  of the sample p r i o r  t o  recombination, t h e  

h igh  index of r e f r a c t i o n ,  and t h e  low e f f i c i e n c y  f o r  r a d i a t i v e  recorn- 

b i n a t i o n  c o n t r i b u t e d  t o  a low s i g n a l  l e v e l .  

l i m i t e d  by t h e  s i g n a l - t o - n o i s e  of t h e  system. 

The maximum r e s o l u t i o n  was 

I r r a d i a t i o n s  were made a t  room tempfzrature wi th  f a s t  neut rons  

from a General Dynamics Tr iga  r e a c t o r .  Thermal neut rons  were removed 

by e n c l o s i n g  t h e  samples i n  cadmium f o i l .  

were c a r r i e d  ou t  i n  Co f a c i l i t i e s  a t  t h e  U. S.  Naval Research Labor- 

a t o r y  and t h e  Oak Ridge Nat iona l  Laboratory.  

Gamma r a y  i r r a d i a t i o n s  
60 I 
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0 Measurements a t  77 K gave r e s u l t s  i n  s u b s t a n t i a l  agreement wi th  

Yukhnevich and co-workers. The s p e c t r a  were s u b s t a n t i a l l y  t h e  same 

f o r  n- and p- type  m a t e r i a l  and fo r  n -and y - r a y  i r r a d i a t i o n s .  0 

Yukhnevich r e p o r t s  t h a t  t h e  i n t e n s e  band occur ing  a t  0.967eV has  a 

ha l f -wid th  of less than  0.002eV. The p r e s e n t  experiments found t h e  

h a l f  wid th  of t h i s  l i n e  t o  be 0.0050eV when measured w i t h  an i n s t r u m e n t a l  

r e s o l u t i o n  of 0.0024eV. There appears t o  be a s i g n i f i c a n t  d i screpancy  

between t h e s e  two measurements. 

0 Measurements taken a t  4 K r e v e a l  a g r e a t l y  enhanced s t r u c t u r e  i n  

t h e  luminescence s p e c t r a  of a l l  samples. F i g u r e  3 p r e s e n t s  t h e  r e s u l t s  

f o r  a Czochra l sk i  grown sample. One of t h e  most s t r i k i n g  f e a t u r e s  of 

t h i s  s p e c t r a  i s  t h e  s i m i l a r i t y  i n  t h e  two p o r t i o n s  of t h e  s p e c t r a  wi th  

p r i n c i p a l  l i n e s  a t  0.971eV and 0.792eV. Although some d e t a i l s  a r e  n o t  

i d e n t i c a l ,  t h e r e  i s  a r a t h e r  complete r e p l i c a t i o n  of s t r u c t u r e  i n  t h e  

two p a t t e r n s .  This  i s  i n d i c a t e d  by t h e  n e a r l y  c o n s t a n t  va lues  of t h e  

s e p a r a t i o n  between cor responding  bands, a s  demonstrated i n  column 6 

of t h e  t a b l e  a s s o c i a t e d  w i t h  F igure  3 .  

Figure  4 p r e s e n t s  t h e  d a t a  fo r  a f l o a t  zone sample of s i l i c o n  
I 

i r r a d i a t e d  w i t h  gamma r a y s .  The most s t r i k i n g  f e a t u r e  i s  t h e  absence 

of t h e  low energy p o r t i o n  of the s p e c t r a .  There i s  no i n d i c a t i o n ,  

w i t h i n  t h e  n o i s e  l i m i t ,  of a sharp l i n e  i n  t h e  v i c i n i t y  of 0.79eV. 

Comparison of F igs .  3 and 4 sugges ts  s t r o n g l y  t h a t  recombination 

can occur v i a  two independent d e f e c t s .  The sma l l e r  c o n c e n t r a t i o n  of 

oxygen i n  t h e  f l o a t  zone m a t e r i a l  sugges t s  t h a t  t h i s  d e f e c t  i s  formed 

on ly  when a s u b s t a n t i a l  amount of oxygen i s  p r e s e n t  i n  t h e  sample. It  
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i s  by no means c e r t a i n ,  of course ,  t h a t  t h e  d e f e c t  i nvo lves  oxygen. 

The Tables  accompanying F igs .  3 and 4 p r e s e n t  t h e  energy l o c a t i o n s  

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

t h e  high energy p o r t i o n  of t h e  s p e c t r a  of F ig .  4 i s  seen t o  ag ree  w i t h  

t h e  l o c a t i o n  of t h e  peaks i n  t h e  s p e c t r a  of F ig .  3 w i t h i n  one m i l l i -  

e l e c t r o n  v o l t .  It i s  concluded, t h e r e f o r e ,  t h a t  t h e  same d e f e c t  i s  

r e s p o n s i b l e  f o r  t h e  luminescence. 

Data a r e  presented  i n  t h e  t a b l e s  g i v i n g  t h e  s e p a r a t i o n  of t h e  

A s  l i n e s  a t  lower energy from t h e  most i n t e q s e  l i n e  of t h e  group. 

can be seen ,  t h e s e  s e p a r a t i o n s  can be i d e n t i f i e d  wi th  t h e  e n e r g i e s  of 

v a r i o u s  phonons. The band edge phonons a r e  obvious ly  t h e  most impor t an t .  

F igu re  5 p r e s e n t s  d a t a  taken w i t h  t h e  narrowest s l i t s  t h a t  t h e  

s i g n a l - t o - n o i s e  would pe rmi t .  

4 K i s  g r e a t e r  t han  t h e  s p e c t r a l  r e s o l u t i o n .  

wid th  of t h e  0.791eV l i n e  is.0.0008eV when measured w i t h  an i n s t r u m e n t a l  

n e s o l u t i o n  of 0.0006eV and i s  0.0006eV when measures wi th  an  i n s t r u m e n t a l  

I n  each c a s e ,  t h e  measured h a l f  wid th  a t  

For example, t he  measured 0 

r e s o l u t i o n  of 0.0003eV. Although t h e  p r e s e n t  measurements were n o t  

a b l e  t o  de te rmine  t h e  i n t r i n s i c  width of t h i s  l i n e ,  comparison of t h e  

d a t a  taken  a t  4OK w i t h  t h a t  taken a t  77'K i n d i c a t e d  t h a t  t h e  0.971eV 

l i n e  wid th  i s  tempera ture  dependent. The s p e c t r a l  r e s o l u t i o n  of t h e  

in s t rumen t  was measured a t  va r ious  s l i t  wid ths  us ing  t h e  i n d i c a t e d  

h a l f  wid th  of t h e  sha rp  i n f r a r e d  emission l i n e s  from a low p r e s s u r e  

mercury d i scha rge .  

On t h e  b a s i s  of t h i s  r e s u l t ,  i t  i s  suggested t h a t  t h e  recombina- 

t i o n  p rocess  i s  desc r ibed  by 1 . a  above; i . e .  a bound e l e c t r o n - f r e e  

h o l e .  The tempera ture  dependence ar ises  from t h e  thermal energy of 

t h e  f r e e  h o l e  i n  t h e  va l ence  band. The r e l a t i v e  i n t e n s i t y  of t h e  
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0.971eV peak t o  t h e  lower energy peaks sugges t  t h a t  t h i s  i s  a ze ro  

phonon. A s  po in t ed  o u t  above, a s t rong  z e r o  phonon l i n e  invo lv ing  

recombination of a f r e e  c a r r i e r  i s  l i k e l y  on ly  f o r  a l e v e l  nea r  t h e  

conduction band. 

A recombination p rocess  involv ing  e x c i t o n s  t rapped  a t  t h e  

n e u t r a l  oxygen c e n t e r ,  a s  suggested by Yukhnevich i s  a very  a t t r a c t i v e  

exp lana t ion  f o r  t h e  d a t a .  Such processes  a r e  w e l l  known and g ive  a 

l a r g e  p r o b a b i l i t y  f o r  recombination w i t h  no phonons be ing  involved 

and f o r  m u l t i p l e  phonon i n t e r a c t i o n s .  The b ind ing  energy of t h e  

e x c i t o n  t o  t h e  n e u t r a l  oxygen would be  expected t o  be a t  l e a s t  a 

few m i l l i v o l t s .  Thus, a t  temperatures nea r  4 K ,  i t  would c e r t a i n l y  

be t rapped .  T h i s  mechanism i s  only r u l e d  o u t  by t h e  r e s u l t s  of t h e  

measurements of t h e  tempera ture  dependence of  t h e  h a l f  wid th .  The 

conc lus ion  t h a t  t h i s  i s  no t  t he  process  must be cons idered  t e n t a t i v e ,  

however, u n t i l  i t  has  been p o s s i b l e  t o  u t i l i z e  s u f f i c i e n t  r e s o l u t i o n  

t o  de te rmine  t h e  i n t r i n s i c  t i n e  width of t h e  z e r o  phonon l i n e s .  

The model of  t h e  recombination c e n t e r  r e s p o n s i b l e  f o r  t h e  

0 

0.792eV l i n e  and i t s  a s s o c i a t e d  multi-phonon p a t t e r n  i s  unknown a t  

t h i s  t i m e .  S t r e s s  measurements a r e  i n  p r o g r e s s  t h a t  a r e  expected 

t o  y i e l d  t h e  symmetry of t h e  recombination c e n t e r .  

0 10 The band gap i n  s i l i c o n  a t  4 K i s  1.165eV. The energy 

d i f f e r e n c e  between t h e  most i n t e n s e  l i n e ,  cen te red  a t  0.971eV, and 

t h e  band gap i s  0.194eV. Although t h i s  v a l u e  i s  somewhat l a r g e r  than  

measured by o t h e r  t echn iques ,  i t  seems l i k e l y  t h a t  t h i s  l e v e l  a r i s e s  

from t h e  Si-A c e n t e r .  The energy d i f f e r e n c e  between t h e  l i n e  cen te red  
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at 0.791eV and the band gap is 0.374eV, suggesting a recombination 

level 0.374eV below the conduction band. 

These studies are being continued and will utilize higher . 

instrumental resolution, uniaxial stresses, and annealing studies at 

elevated temperatures. The experiments are also being extended to 

germanium. 
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FIGURE CAPTIONS 

F igure  1 Luminescent spectrum of deep donors and accep to r s  i n  

s i l i c o n  and germanium measurements taken  a t  20-30 K.  

V e r t i c a l  l i n e  i n d i c a t e s  a t r a n s i t b o n  wi thou t  t h e  a i d  of 

phonons. TA and TO i n d i c a t e s  t r a n s i t i o n s  w i t h  the  a i d  of 

t r a n s v e r s e  a c o u s t i c  and t r a n s v e r s e  o p t i c a l  phonons. Donor 

and accep to r  a r e  ind ica t ed  above each f i g u r e .  

0 

60 F igure  2 Luminescent spectrum fo r  s i l i c o n  i r r a d i a t e d  w i t h  Co gamma 

rays .  Measured a t  8OoK. A f t e r  A .  V .  Yukhnevich, S o v i e t  

Phys ics -  S o l i d  S t a t e  1, 259 (1965). 

F i g u r e  3 Luminescent spectrum fo r  a Czochra l sk i  grown s i l i c o n  sample 

fo l lowing  gamma r a y  i r r a d i a t i o n .  Data a r e  presented  i n  

terms of a cons t an t  number of emi t t ed  quanta  i n  a c o n s t a n t  

wavelength i n t e r v a l .  

t h e  numbered bands. 

Luminescent spectrum fo r  a f l o a t  zone grown s i l i c o n  sample 

fo l lowing  gamma i r r a d i a t i o n .  Data a r e  p re sen ted  i n  terms 

of c o n s t a n t  number of quanta i n  a c o n s t a n t  wavelength 

i n t e r v a l .  Table  i n d i c a t e s  t h e  energy l o c a t i o n  of t h e  

numbered bands. 

Table  i n d i c a t e s  t h e  energy l o i a t i o n  of 

F i g u r e  4 

F i g u r e  5 Luminescent spectrum of t h e  zero-phonon l i n e  loca t ed  a t  

0.7905 e V  ( l i n e  Number 6 of  F ig .  3) a t  two d i f f e r e n t  

monochromator r e s o l u t i o n s .  
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Abstract 

Tunneling from a metal i n t o  degenera te  p-type s i l i c o n  e x h i b f t s  

2 2 d i /dV 

energy of t h e  semiconductor.  I t  is sugges ted  t h a t  t h e s e  peaks r e f l e c t  

mod i f i ca t ions  i n  t h e  bu lk  semiconductor states a t  e n e r g i e s  Bo 

below t h e  Fermi energy a r i s i n g  from h o l e - o p t i c a l  phonon i n t e r a c t i o n .  

An a d d i t i o n a l  peak near t h e  o p t i c a l  phonon frequency,  b u t  w e l l  r e so lved  

from i t ,  is  i d e n t i f i e d  wi th  v i b r a t i o n s  of t h e  boron accep to r  impur i ty .  

peaks a t  b i a s e s  e V  = f y l w o ,  w h e r e a o  i s  t h e  k = 0 o p t i c a l  ph.onon 
0 

above and 
0 
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I n t e r a c t i o n  of h o l e s  wi th  o p t i c a l  phonons i n  t h e  

semiconductors was o r i g i n a l l y  i n f e r r e d  from a n a l y s i s  of 

ence of t h e  h o l e  m o b i l i t y l Y 2  and h a s  r e c e n t l y  been more 

4 

covalen t  group I V  

t h e  tempera ture  depend- 

d i r e c t l y  v e r i f i e d  by 

obse rva t ions  of o s c i l l a t o r y  photoconduct iv i ty3  i n  germanium4 and s i l i c o n e 5  

t h e  p r e s e n t  measurements of d i / d V  c h a r a c t e r i s t i c s  of metal-insulator-semi- 

conductor  t unne l  j u n c t i o n s ,  formed using indium on degenera te  p-type s i l i c o n ,  

t h e  i n t e r a c t i o n  of h o l e s  and o p t i c a l  phonons a t  s m a l l  wave-vector k is  c l e a r l y  

i n d i c a t e d  by peaks occur r ing  a t  values  of  t h e  a p p l i e d  b i a s  v o l t a g e  V such that  

e V  = + *ao, where k l w  

s t r o n g  zone boundary phonon e f f e c t s 6  i s  c o n s i s t e n t  w i t h  a d i r e c t  t unne l ing  

p rocess  from the  metal Fermi s u r f a c e  t o  a s m a l l  Fermi s u r f a c e  i n  t h e  semicon- 

duc to r  va lence  band a t  k 

sponding t o  a p o s i t i v e  s t e p  i n  conductance,  resembles  t h a t  observed i n  d i r e c t  

t unne l ing  s i t u a t i o n s  i n  1 1 1 - V  semiconductors.  7’8 

I n  

2 2 

i s  t h e  o p t i c a l  phonon energy a t  k = 0. The absence of 
0 - 

0 .  The behavior  a t  p o s i t i v e  b i a s  e V  = +“ao, corre-  

This w a s  o r i g i n a l l y  desc r ibed  
L 

as a t h r e s h o l d  e f f e c t . 7  The companion peak i n  e, which w e  show i n  d e t a i l  a t  
dVL 

n e g a t i v e  b i a s  e V  = - 4 w  corresponds t o  a dec rease  i n  conductance and thus  is 

of t h e  wrong s i g n  f o r  a th re sho ld  e f f e c t .  This  l e a d s  us t o  sugges t  t h e  poss i -  

0’ 

b i l i t y  t h a t  bo th  peaks should  b e  i n t e r p r e t e d  i n  terms of mod i f i ca t ions  i n  t h e  

bu lk  semiconductor states a t  E = +45w r e s u l t i n g  from phonon coupl ing.  
0 

Small  area indium-s i l icon  junc t ions  were formed on cleaved <111> f a c e s  

boron,  corresponding t o  of s i l i c o n  s i n g l e  c r y s t a l s  con ta in ing  1 . 3  x lo2’ 
a f r e e  carrier Fermi degeneracy p of 160 m e V ,  assuming a d e n s i t y  of states 

mass of 0.58. 

n i c k e l  plated’  and ohmic r e t u r n  con tac t s  and l e a d s  a t t ached .  

3 S m a l l  b a r s  ( 2  x 4 x 10 nun ) ,  having <111> a x i s ,  w e r e  completely 

The b a r s  w e r e  

t hen  clamped, s c r i b e d  wi th  a diamond, and f r a c t u r e d  by a p p l i c a t i o n  of a s h a r p  

bending f o r c e .  I n s p e c t i o n  of  t h e  s i l i c o n  f a c e s  showed t h a t  p o r t i o n s  of 
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10 
each exposed t h e  {111] c leavage  plane . Although such a r e a s  r a r e l y  

exceeded 0 .5  mm i n  d i ame te r ,  t h i s  s u f f i c e d  t o  l o c a t e  t h e  t u n n e l i n g  

c o n t a c t ,  0.01 t o  0.1 mm i n  d iameter ,  formed by s p r i n g - l o a d i n g  a g a i n s t  

t h e  c leaved  f a c e  an indium wire f r e s h l y  c u t  t o  a p o i n t  u s ing  a c leaned  

r a z o r  b l ade  mounted i n  a microtome. A f o r c e  of 10 t o  100 mi l l i g rams  

w a s  a p p l i e d  t o  t h e  p o i n t .  These ope ra t ions  were performed i n  t h e  a i r  

i n  about  10 minutes;  abso rp t ion  and/or o x i d a t i o n  on t h e  s u r f a c e s  a r e  

thought  t o  produce a tunne l ing  b a r r i e r  of s u b s t a n t i a l l y  lower t r a n s -  

mis s ion  than  t h e  s i l i c o n  d e p l e t i o n  l a y e r  a lone .  '' 
of t h e  indium i n s u r e s  t h a t  l o c a l  p re s su res  under t h e  c o n t a c t  do n o t  

apprec i ab ly  exceed t h e  average  p r e s s u r e  of 0 .1  t o  1 .0  Kg/mm , and makes 

t h e  assembled c o n t a c t  i n  i t s  j i g  s t a b l e  enough mechanica l ly  t o  pe rmi t  

mounting i n  an immersion dewar system and c o o l i n g  t o  4.2PKlor ' lower.  

The absence  of h e a t i n g  o r  chemical t r ea tmen t  of t h e  s i l i c o n  s u r f a c e  i n  

t h i s  scheme i n s u r e s  t h a t  t h e  boron d e n s i t y  i s  c o n s t a n t  t o  w i t h i n  a few 

Angstroms of t h e  s u r f a c e .  

The extreme s o f t n e s s  

2 

The t u n n e l i n g  c o n f i g u r a t i o n  i s  taken  such t h a t  a t  p o s i t i v e  

b i a s  t h e  meta l  Fermi l e v e l  i s  r a i s e d  r e l a t i v e  t o  t h e  semiconductor Fermi 

l e v e l .  E l e c t r o n  energy i n  t h e  semiconductor i s  measured from t h e  Fermi 

l e v e l ,  s o  t h a t  t h e  va l ence  band edge occur s  a t  E = )I = 160 meV. For 

p o s i t i v e  b i a s  V,  f i n a l  s t a t e s  f o r  t unne l ing  t r a n s i t i o n s  from t h e  meta l  

l i e  i n  t h e  va l ence  band i n  t h e  range 0 c E , < e V .  

t h e  p rocess  may be  regarded a s  tunne l ing  of h o l e s  i n t o  occupied (E(o) 

s t a t e s  i n  t h e  va lence  band. 

A t  n e g a t i v e  bias, 

0 0 
Second d e r i v a t i v e  s p e c t r a  a t  4.2 K and 1 . 6  K are s h o m  i n  Figs ,  1 

and 2 ,  r e s p e c t i v e l y .  The main peaks occur atV = - + 64.9 - + 0.5 mV, 
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, 
which i s  i n  e x c e l l e n t  agreement with t h e  v a l u e  64 .8  mV obta ined  from 

Raman s c a t t e r i n g 1 2  f o r  t h e  k = 0 o p t i c a l  phonon i n  s i l i c o n .  

s t r u c t u r e  has  been observed i n  a sequence of f i v e  samples w i t h  r ep ro -  

d u c i b l e  e n e r g i e s  and band shapes .  Wi th in  an  exper imenta l  accuracy 

of  0 . 1  K of  t h e  t r a n s i t i o n  temperature  of indium, 3.41 deg. K ,  prominent 

superconduct ing  s t r u c t u r e  appears  i n  a m i l l i v o l t  range  a t  V = 0 

(note  reduced ga in  i n  F ig .  2 near  V = 0 ) .  I n  a d d i t i o n ,  s t r u c t u r e  

c l e a r l y  i d e n t i f i a b l e  a s  (modulation broadened) indium phonon s t r u c t u r e  

appears  i n  F ig .  2 a t  approximately V = + 15 mV. These f e a t u r e s  are  i n  

r easonab le  agreement w i t h  publ ished r e s u l t s  f o r  normal metal  - super-  

conduct ing  indium tunne l ing  d a t a  and t h e i r  appearance i s  taken a s  s t r o n g  

j u s t i f i c a t i o n  f o r  t h e  i n t e r p r e t a t i o n  of t h e  s p e c t r a  shown i n  F igs .  1 

and 2 i n  terms of t unne l ing .  

Th i s  

0 

13 

- 

The 77.8 mV peak p r e s e n t  i n  both  s p e c t r a  agrees w e l l  i n  energy 

wi th  t h e  l o c a l i z e d  v i b r a t i o n a l  mode of boron i n  s i l i c o n ,  as observed 

i n  i n f r a r e d  absorp t ion14 i n  samples c o n t a i n i n g  up t o  1 .3  x LO1’ 

boron. 

dec reases  r a p i d l y  as t h e  boron concen t r a t ion  dec reases ,  i t  seems 

c l e a r  t h a t  t h i s  peak i s  a s s o c i a t e d  w i t h  t h e  boron impur i ty .  

peak a t  nega t ive  b i a s  of -77.8 mV has  n o t  been seen.  

t o -no i se  r a t i o  was g e n e r a l l y  poorer a t  n e g a t i v e  b i a s  by v i r t u e  of a 

s h a r p l y  r i s i n g  conductance i n  t h i s  range .  

a t  4.2 K corresponds  t o  a minimum i n  conductance w i t h  f u l l  w id th  between 

p o i n t s  of maximum s l o p e  of 4 mV. Th i s  s t r u c t u r e  i s  broader  than  t h e  

conductance maximum repor t ed  previous ly  15, i n  s i l i c o n  p-n j u n c t i o n s  

a t  h i g h  doping,  which w e  a l s o  observe a t  lower boron concen t r a t ions  of 

S i n c e  t h e  s t r e n g t h  of t h i s  peak r e l a t i v e  t o  t h e  64 .9  mV peak 

A corresponding  

However, t h e  s i g n a l -  

The z e r o  b i a s  anomaly observed 

0 

- 4 -  



5 x 10 cm-3 and 2 x 10'' cm3. The minimum shown i n  Fig.  1 i s  t o o  narrow, 

on t h e  o t h e r  hand, t o  be expla ined  as r e s u l t i n g  from e x c i t a t i o n  of c o l l e c -  

t i v e  modes i n  t h e  ba r r i e r .16 '17  Addi t iona l  weak f e a t u r e s  i n  Fig.  1 are 

peaks a t  19.5 mV and 128.6 mV i d e n t i f i e d  as t h e  t r a n s v e r s e  a c o u s t i c  phonon 

a t  t h e  zone boundary and twice t h e  k = 0 phonon, r e s p e c t i v e l y .  

The prominent - peak a t  + 64.9 mV corresponds t o  an i n c r e a s e  
2 d. i 

dV2 
(% 10%) i n  conductance di/dV a t  t h i s  b i a s .  Two p o s s i b l e  l i n e s  of argument 

i n  exp la in ing  t h i s  are (A) 64.9 mV corresponds t o  t h e  opening up, a t  a 

t h r e s h o l d  f o r  e x c i t a t i o n  of t h e  b a r r i e r  of an  a d d i t i o n a l  channel  f o r  charge 

t r a n s f e r ; 1 8  (B) a t  t h e  energy E c & w o ,  t h e  tunne l ing  c u r r e n t  is a l t e r e d  as 

a r e s u l t  of t h e  i n t e r a c t i o n  of ho le s  and o p t i c a l  phonons i n  t h e  bulk .  

t h e  b a s i s  of t he  - peak a t  +Muo a lone ,  t h e  d a t a  do n o t  o f f e r  a means of 

On 
2 

dV2 
d i s c r i m i n a t i n g  between t h e  two p o s s i b i l i t i e s .  However, t h e  b a r r i e r  t h re sho ld  

(A) as an  exp lana t ion  f o r  t h e  e V  = + 6 w 0  peak would imply a l s o  a t h r e s h o l d ,  

and hence i n c r e a s e  i n  conductance a t  n e g a t i v e  b i a s  e V  = - & w  . This  i s  

c o n t r a r y  t o  what i s  observed,  namely t h a t  t h e  peak i n  di a t  - 64.9 mV i s  

observed t o  b e  a decrease  i n  conductance. 

0 2 

dV2 

It is sugges ted  t h a t  t h i s  may b e  exp la ined  by a deformation poten- 

t i a l  t ype  interaction'- '  of h o l e s  with t h e  k 2 0 o p t i c a l  phonon, r e s u l t i n g  

a t  e n e r g i e s  E & = t ' K w o .  The i n  a mod i f i ca t ion  of t h e  states i n  the  b u l k  

o s c i l l a t o r y  photoconduct iv i ty  experiments demonstrate  t h a t  as soon as a 

h o l e  i s  e n e r g e t i c a l l y  a b l e  t o  emit an o p t i c a l  phonon, i t  does s o  very  

r a p i d l y .  

The tunne l ing  p r o b a b i l i t y  depends s t r o n g l y  on t h e  wave v e c t o r  k of 

t h e  f i n a l  s ta te  i n  t h e  semiconductor,  which i n  t h e  absence of t h e  phonon 

i n t e r a c t i o n  is  g iven  by E = a 2 k 2  , w i t h  E p o s i t i v e  i n  t h e  forward -2m 
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d i r e c t i o n ,  n e g a t i v e  i n  t h e  reverse. The conductance of t h e  j u n c t i o n  

i n c r e a s e s  w i t h  i n c r e a s i n g  Ikl i n  the d i r e c t i o n  of r e v e r s e  b i a s ,  and dec reases  

as Ikl dec reases  i n  t h e  d i r e c t i o n  of forward b i a s .17  The e f f e c t  of coupl ing  

w i t h  t h e  o p t i c a l  phonons i s  i n d i c a t e d  q u a l i t a t i v e l y  i n  Fig.  3. Note t h a t  

) k l  i n c r e a s e s  t o  t h e  l e f t .  I n  t h e  forward d i r e c t i o n ,  k i s  decreased  f o r  E 

j u s t  below Mu and i n c r e a s e s  f o r  E j u s t  above& . Thus, t h e r e  is a dec rease  

i n  conductance as e V  = E approaches&wo from below, fo l lowed-by  an increase 

f o r  e V  > duo. 

j u s t  g r e a t e r  t h a n &  is a s s o c i a t e d  w i t h  t h e  decrease  i n  conductance a t  

e V  = - & w  . 

0 0 

I n  t h e  reverse d i r e c t i o n ,  t h e  s h a r p  decrease  of I kl f o r  I E I 

0 

Pre l iminary  c a l c u l a t i o n s  by Duke and Davis2’ i n d i c a t e  t h a t  t h i s  
0 

model p rope r ly  p r e d i c t s  the q u a l i t a t i v e  f e a t u r e s  of t h e  d a t a  nea r  E = - +&too. 

The boron impur i ty  peak probably r e s u l t s  from a th re sho ld  e f f e c t  

The d a t a  do n o t  r u l e  ou t  t h e  p o s s i b i l i t y ,  a s s o c i a t e d  w i t h  t h e  b a r r i e r .  

however, of a bu lk  e f f e c t  involv ing  a phonon impur i ty  band as has  been 

r e p o r t e d  f o r  superconduct ing a l l o y s .  
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FIGURE CAPTIONS 

2 2  20 - F i g u r e  1. d i/dV spectrum f o r  indium - p- type  s i l i c o n  (1.3~10 cm 3boron) 

tunne l  j u n c t i o n  a t  4.2 K. Modulation l e v e l  i s  3 m i l l i v o l t s .  Peaks 

( l e f t  t o  r i g h t ) o c c u r  a t  -64.9(2)., -60.7(-), - 2 ( - ) ,  +2(+) ,  +19.5(+) 

+64.9(+), +77.8(+), and +129(+), i n  m i l l i v o l t s .  

0 

2 2  0 
Figure  2. d i /dV spectrum f o r  t h e  sample of F ig .  2 as observed a t  1.6 K. 

Modulation l e v e l  i s  4mV peak-to-peak except  i n  c e n t e r  where i t  i s  

0.3mV peak-to-peak. D i f f e r e n c e s  between t h i s  cu rve  and F ig .  2 i n  

t h e  r ange  -2OmV 5 V <, 20mV a r e  s a t i s f a c t o r i l y  exp la ined  by t h e  

supe rconduc t iv i ty  of t h e  indium, and are regarded  a s  impor tan t  

j u s t i f i c a t i o n  f o r  t h e  techniques  employed and f o r  a n a l y s i s  of t h e  

s p e c t r a  i n  terms of t unne l ing .  

F i g u r e  3. Schematic r e p r e s e n t a t i o n  of t h e  electron-phonon d i s p e r s i o n  

r e l a t i o n  i n d i c a t i n g  t h e  e f f e c t  of coupl ing  a t  t h e  l o n g i t u d i n a l  o p t i c a l  

phonon energy +-hw . . 
0 

- 9 -  
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Evidence of Hole-Optical Phonon I n t e r a c t i o n  

I n  Degenerate S i l i c o n  I n  Tunneling Measurements 

E. L. Wolf 

* 
t 

Unive r s i ty  of I l l i n o i s ,  Urbana, I l l i n o i s  

2 2  I n  measurements of d i/dV c h a r a c t e r i s t i c s  of metal- insulator-semi-  

conductor  t u n n e l  j u n c t i o n s ,  formed of indium on degene ra t e  p-type s i l i c o n ,  

i n t e r a c t i o n  of h o l e s  and o p t i c a l  phonons a t  small wave v e c t o r  k is  c l e a r l y  

i n d i c a t e d  by symmetric peaks a t  b i a s  v o l t a g e s  V such t h a t  e V  = +Awe, 
whereMw is t h e  o p t i c a l  phonon energy a t  k = 0. The p o s i t i v e  peak i n  

d i/dV 

t o  s i l i c o n  Fermi l eve l ) ,  corresponding t o  a n  i n c r e a s e  i n  conductance,  i s  

0 

2 2 a t  p o s i t i v e  b i a s  e V  = + 4 w o  (meta l  Fermi level  r a i s e d  w i t h  r e s p e c t  

c o n s i s t e n t  w i t h  t h e  opening up a t  t h e  t h r e s h o l d  f o r  phonon emission of an  

a d d i t i o n a l  i n e l a s t i c  tunnel ing  channel i n  t h e  b a r r i e r .  The peak a t  

r e v e r s e  b i a s ,  e V  = - A h  however, corresponds t o  a dec rease  i n  conductance,  

and is t hus  of t h e  wrong sign for a th re sho ld  e f f e c t .  I t  is  sugges ted  t h a t  

0 ’  

both  peaks should  be  i n t e r p r e t e d  i n  terms of m o d i f i c a t i o n s  i n  t h e  bu lk  

semiconductor  states a t  e n e r g i e s  +4Two wi th  r e s p e c t  t o  t h e  Fermi  l e v e l  

r e s u l t i n g  from phonon coupl ing.  A d i s c u s s i o n  of  v a r i o u s  mechanisms w i l l  

be  g iven .  
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