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Pr inc ipa l  Invest igator :  Karl J. Casper 

Summary 

The research covered by t h i s  s t a t u s  report  is  divided i n t o  the  

following topics  : 

1 1 

(1) Studies  of the  response functions of l i thium d r i f t e d  
J 

s i l i c o x  de tec tors  t o  monoenergetic e lec t rons .  

(2) Preliminary invest igat ion of the temperature dependence 

of the  reso lu t ion  of l i t h i k  d r i f t e d  s i l i c o n  ae t ec to r s ,  

(3) Fabr ica t iok  of la rge  volume li thium d r i f t e d  s i l i c o n  

de tec tors .  

Y 

(4) Studies  of the  in t e rna l  Compton e f f e c t  using a super- 

conducting magnet be ta  ray spectrometer. 

(5) Ohmic contacts t o  s i l i c o n  de tec tors .  

( 6 )  Studies  of high Z semiconductors fo r  rad ia t ion  de tec tors .  
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(1) Studies of t h e  response functions of l i thium d r i f t e d  s i l i c o n  

de tec tors  t o  monoenergetic e lectrons.  

I t  was proposed t o  study the response of s i l i c o n  de tec tors  t o  - -  

e lec t rons  of d i f f e r e n t  energies.  

repor t  covering the  first s i x  months of t h i s  grant  year, a beta-ray 

spectrometer i s  now under construction. 

by late de l ivery  of the  electromagnet which, although ordered at t h e  

beginning of the  grant  year,  was not received u n t i l  l a t e  i n  the  autumn. 

Once f in ished ,  t h e  spectrometer w i l l  be used as a means of obtaining 

near ly  monoenergetic e lec t rons .  The continuous beta-ray spectrum of 

radioisotopes w i l l  serve as a source of these  e lec t rons .  They w i l l  be 

focused on s i l i c o n  de tec tors  and the response function of the  de tec tor  

w i l l  be measured as a funct ion of energy. 

As reported i n  the  semi-annual s ta tus  

This pro jec t  has been delayed 

A t  t he  present  time, the  spectrometer chamber has been constructed,  

but  a measurement of t he  magnetic f i e l d  at various poin ts  along the 

e l ec t ron  path showed t h a t  the  inhomogeneity of the  f i e l d  would render 

the  experiment impossible. 

t o  provide a more near ly  homogeneous f i e l d  i n  the chamber. I n  i t s  most 

simple form, t h i s  amounts t o  put t ing annuli  on the  pole  faces i n  

accordance with a ca lcu la t ion  by Rose.' 

a l ready  been constructed and f i t  ra ther  c lose ly  between the  faces .  

Necessar i ly ,  t h e  pole  faces  a re  being reconstructed and a r e  a l s o  being 

made more near ly  paral le l  than the  ones o r i g i n a l l y  suppl ied by the 

magnet manufacturer. 

The pole faces  are now being reconstructed 

I n  our case, t he  chamber had 
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The measurement of the  magnetic f i e l d  shows t h a t  i t  w i l l  be 

possible  t o  focus e lec t rons  up t o  4 MeV with a power supply already 

avai lable .  

f i e l d  s l i g h t l y ,  bu t  it should s t i l l  be poss ib le  t o  focus e lec t rons  

g rea t e r  than 3 MeV which means t h a t  the  energy range of g r e a t e s t  

importance w i l l  be covered. 

t o  t ake  place t h i s  summer. 

The addi t ion of  the  Rose r ing  pole faces  w i l l  reduce the 

Operation of the spectrometer is an t ic ipa ted  

(2) Preliminary inves t iga t ion  of the temperature dependence of the  

r e so lu t ion  of l i thium d r i f t e d  s i l i con  de tec tors .  

Numerous s tud ie s  have shown t h a t  the  optimum reso lu t ion  of a 

s i l i c o n  de tec to r  i s  obtained by cooling t h e  detector .  

e i t h e r  dry ice (-40°C) or l i qu id  nitrogen ( 7 7 O K )  temperatures a r e  used 

s ince  these temperatures are t h e  most convenient and inexpensive from 

the  s tandpoint  of a v a i l a b i l i t y  of coolants.  

t he  reverse  cur ren t  is reduced thereby minimizing the noise  generation 

i n  t h e  diode from t h i s  cur ren t .  

provides no improvement s ince  t h e  mobili ty of the ion p a i r s  decreases 

below t h a t  temperature and t h e  charge co l l ec t ion  e f f i c i ency  is  reduced. 

In  p rac t i ce ,  

A t  these  low temperatures, 

Cooling below l iqu id  ni t rogen temperature 

Natural ly  there  i s  considerable i n t e r e s t  i n  optimizing the  

r e so lu t ion  of s i l i c o n  detectors .  U n t i l  recent ly ,  t h i s  reso lu t ion  was 

pr imar i ly  l imi ted  by the e lec t ronic  preamplif iers  ava i lab le .  However, 

new types of preamplif iers* have been developed 

than 1 keV t o  the  ove ra l l  noise  of t h e  system. 

rever ted  back t o  the  resolut ion of the  de t ec to r  

which cont r ibu te  less 

The problem has therefore  

i t se l f .  
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As p a r t  of our inves t iga t ions  i n t o  t h i s  problem, two pieces  of 

experimental da ta  were considered: 

1. Fie ld  e f f e c t  t r a n s i s t o r s  which a re  e s s e n t i a l l y  bars  

of s i l i c o n  do not exhibi t  t h e i r  lowest no ise  charac- 

t e r i s t i c  a t  77'K, but r a the r  a t  a s l i g h t l y  higher  

5 temperature, between 120'K and 140'K. 

2.  Some experimental evidence on the reso lu t ion  of germanium 

li thium d r i f t e d  detectors  has been obtained by El-Shishini 

and Zobe1.l 

detectors  was not optimized a t  l i qu id  ni t rogen temperatures, 

but  r a t h e r  a t  105'K, although they gave no theo re t i ca l  

explanation of t h i s  phenomena. 

They observed t h a t  t h e  reso lu t ion  of these 

Both of these r e s u l t s  indicated t h a t  l i thium d r i f t e d  s i l i c o n  

de tec tors  might a l so  have somewhat b e t t e r  reso lu t ion  at a temperature 

above t h a t  of l i qu id  nitrogen. 

out t o  determine i f  more exact measurements would prove f r u i t f u l .  

A preliminary experiment was ca r r i ed  

A s e r i e s  of spec t r a  of t he  in t e rna l  conversion l i n e s  of B i 2 0 7  

were taken with a l i thium d r i f t e d  surface b a r r i e r  s i l i c o n  de tec tor  at 

temperatures ranging from l iqu id  nitrogen t o  room ambient. 

of the de tec tor  on t h e  975 key in t e rna l  conversion l i n e  showed a broad 

but  d e f i n i t e  minimum near  160'K. 

The reso lu t ion  

A t  l i q u i d  nitrogen temperature, t he  

r e so lu t ion  is  approximately 25% higher than t h e  minimum and a t  room 

temperature i t  i s  about 400% higher. 

r e s u l t s  a re  preliminary and were obtained t o  determine i f  f u r t h e r  

I t  should be emphasized t h a t  these  

, 
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experimentation would prove f r u i t f u l .  

encountered i n  s t a b i l i z i n g  t h e  temperature and measuring it prec ise ly .  

However, the  r e s u l t s  are very encouraging and ind ica t e  t h a t  s ign i f i can t  

improvement i n  reso lu t ion  can be obtained. Further experiments a re  now 

i n  progress and a number of detectors w i l l  be examined t o  determine i f  

a general statement can be made about t he  optimum operating temperature. 

Considerable d i f f i c u l t y  w a s  

(3) Fabrication of la rge  volume s i l i c o n  de tec tors .  

A l a rge  volume s i l i c o n  l i t h i u m  d r i f t e d  de tec tor  has been 

fabr ica ted  and w i l l  be t e s t e d  i n  A p r i l .  

junct ion device, t he  d r i f t i n g  being terminated before the  e n t i r e  ingot 

was d r i f t e d .  

The de tec tor  is a diffused 

This de tec tor  is shown i n  Fig. 1. Lithium was diffused i n t o  

one of the  long s ides  ( the top one i n  t h e  photograph) and d r i f t e d  t o  

a depth of 1 cm. 

which has been re ta ined  i n  t h e  f inished de tec tor  s ince  a surface 

b a r r i e r  de tec tor  would have been somewhat more d i f f i c u l t  t o  handle. 

The width of t he  de tec tor  is  1.5 cm and the  t o t a l  length is  over 1 2 . 3  cm. 

Protons up t o  160 

length . 

This l e f t  approximately 0.5 cm of p-type material 

MeV i n  energy can be stopped i n  a de tec tor  of t h i s  

In preparing such a large detector ,  some account must be taken 

of t h e  co l lec t ion  time f o r  t he  ion p a i r s  produced by an incident  

p a r t i c l e .  

3 x lo+’ cm/sec a t  room temperature. 

The maximum veloci ty  of these p a i r s  i s  on the order of 

This means t h a t  for a de tec tor  
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Fig. 1. Photograph of 18 cm3 l i thium d r i f t e d  s i l i c o n  de tec tor  i n  

mounting holder.  
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1 cm t h i ck ,  t h e  co l l ec t ion  time may be as long as 300 nanoseconds. 

For t h i s  reason t h e  d r i f t  was stopped at 1.0 cm although a somewhat 

deeper depletion l aye r  could have been d r i f t e d .  

cooled, t h e  co l l ec t ion  times are shortened s ince  t h e  mobili ty of t h e  

ion  p a i r s  increases .  

Fortunately,  when 

Testing of t h i s  device w i l l  t ake  place sometime i n  Apr i l  a t  t he  

The de tec tor  w i l l  be mounted i n  t h e  spec ia l  Harvard 160 MeV cyclotron. 

chamber shown i n  Fig. 2 .  

l i q u i d  n i t rogen  temperature. A 10 m i l  beryllium window permits protons 

t o  be inc ident  upon t h e  de t ec to r  with minimal s t r agg l ing  i n  the  window. 

This chamber has provisions f o r  cooling t o  

(4) Further r e s u l t s  i n  t h e  study of t h e  i n t e r n a l  Compton e f f e c t  mebured 

with a superconducting magnet be ta  ray spectrometer. 

As ind ica ted  i n  the  semi-annual s t a t u s  r epor t ,  t he  measurement 

of t h e  i n t e r n a l  Compton effect using t h i s  spectrometer represents  the 

first d i r e c t  measurement of the  e f f e c t .  Because of t h e  importance of 

such an observation and i t s  stimulation of f u r t h e r  t h e o r e t i c a l  e f f o r t  

i n t o  t h e  s p e c t r a l  d i s t r i b u t i o n  of the e l ec t rons  and gamma rays r e s u l t i n g  

from t h i s  i n t e rac t ion ,  it is  necessary t h a t  t h e  experimental d a t a  be as 

accura te  as possible.  A l l  poss ib le  instrumental  effects which might 

con t r ibu te  t o  the  s p e c t r a l  d i s t r ibu t ion  must be shown t o  be neg l ig ib l e  

and t h e  subsequent paragraphs r e l a t e  t o  our e f f o r t s  along these  l i n e s .  

A schematic diagram of t h e  superconducting magnet beta-ray 

spectrometer i s  shown i n  Fig. 3.  The two li thium d r i f t e d  s i l i c o n  sur face  
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Fig. 2 .  Photograph of la rge  volume s i l i c o n  de tec tor  cryostat. 
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Fig. 3 .  Outline diagram of superconducting magnet beta-ray spectrometer. 
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bar r ie r  de tec tors  were mounted a t  e i t h e r  end of t h e  solenoid with t h e  

rad ioac t ive  source i n  t h e  middle. For t h e  measurements of t he  internal  

Compton e f f e c t ,  t h e  two de tec to r s  were run i n  p a r a l l e l  which e f f e c t i v e l y  

sums the  outputs.  

ampl i f ie r  and the  in t eg ra t ion  time and d i f f e r e n t i a t i o n  time were s e t  

a t  0.8 microseconds. 

was se t  g r e a t e r  than 25 kilogauss fo r  a l l  da ta  runs. 

The output of the preampl i f ie r  was fed i n t o  a TC200 

The magnetic f i e l d  along the  ax i s  of t he  spectrometer 

Although it is generally assumed t h a t  t h e  f i e l d  of a solenoid i s  

constant over i t s  working volume, t h i s  is  the case only i f  the  following 

two conditions are met: 

1 )  t h e  radius a of t h e  working volume must be much l e s s  

than t h e  length R of the  solenoid; 

2 )  t h e  working volume must be confined t o  the  region well 

within the  area where end e f f e c t s  which d i s t o r t  t h e  f i e l d  

become s i g n i f i c a n t .  

For t h e  so lenoida l  spectrometer used i n  t h i s  experiment, condition (1) is 

e a s i l y  met. Referring t o  Fig. 3,  a = 2.54 cm, R = 20.3 ,  and the 

r a t i o  fila = 8.0 . Condition ( 2 ) ,  however, i s  not c l e a r l y  s a t i s f i e d  and 

a ca l cu la t ion  has been done t o  ensure t h a t  a t  l e a s t  t h e  minimum f i e l d  

necessary f o r  focusing the  electrons i s  present  i n  t h e  region of the  

d e t e c t o r s .  

d e t e c t o r s  r e l a t i v e  to t he  center  of t he  solenoid are 

z2 = - 6.9 cm. 

Referring again t o  Fig. 3,  t h e  pos i t ions  of t h e  s o l i d  state  

z1 = 8.9 cm and 

The ax ia l  magnetic f i e l d  of a solenoid, as a function 



14 

of the  dis tance along t h e  symmetry axis of the solenoid where t h i s  d i s tance  

i s  measured fram t h e  center, is  given by 

This r e l a t i o n  has been numerically evaluated, the  f i e l d  has been normalized 

t o  un i ty  a t  t h e  center  of the solenoid, and a graph of the  normalized f i e l d  

as a funct ion of d i s tance  from the  center  of the  solenoid i s  shown i n  

Fig. 4 .  The range of de t ec to r  posi t ions i s  shown by the  cross-hatched 

area.  In  these pos i t ions ,  t h e  f i e l d  a t  t h e  de tec tors  i s  maintained at 

a value g rea t e r  than 75% of the maximum avai lab le  f i e l d .  

The e lec t rons  emitted by the source a t  t he  center  of t he  solenoid 

fol low a h e l i c a l  pa th  i n  t h e  magnetic f i e l d .  

displaced from the  ax is  of t he  solenoid by the radius  of the  he l ix .  

rad ius  may vary from zero, which corresponds t o  the  e l ec t ron  being emitted 

d i r e c t l y  down the  axis of t h e  solenoid, t o  some rad ius  

corresponds t o  the  e l ec t ron  being emitted normal t o  t h e  axis of the solenoid.  

Two problems arise f o r  the  l a t te r  case: 

The axis of the  h e l i x  i s  

This 

rm which 

1) t h e  e lec t rons  may have such a la rge  rad ius  of curvature 

t h a t  they may not  be  incident  upon t h e  de tec tor ;  

2) the  component of ve loc i ty  along the axis of t he  solenoid 

may not  be la rge  enough t h a t  a l l  of the  charge w i l l  be 

co l lec ted  i n  the  in tegra t ion  time of t h e  ampl i f ie r .  

i s  of p a r t i c u l a r  concern where t h e  two de tec tors  at e i t h e r  

end are run i n  p a r a l l e l  with t h e i r  outputs summed and the 

This 
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Fig.  4 .  Normalized magnetic f i e l d  i n  superconducting solenoid as a 

func t ion  of  d i s tance  from center  of solenoid. 
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e lec t ron  s c a t t e r s  from the de t ec to r  a t  one end t o  t h e  

de t ec to r  at the  o ther  end. I t  must then t r a v e r s e  t h e  

length of t he  solenoid in  a time shor t  compared t o  t h e  

in t eg ra t ion  time of t h e  amplifier. 

The first problem depends upon t h e  s i z e  of t he  magnetic f i e l d  and t h e  

dimensions of  t he  de tec tors .  The maximum radius needed as a function 

of t h e  e l ec t ron  energy and t h e  magnetic f i e l d  has been ca lcu la ted  and 

is shown i n  Fig. 5. For t h e  de tec tors  used i n  t h i s  experiment, the  

spectrometer may be operated i n  t h e  cross-hatched region. 

i n t e r n a l  conversion l i n e s  of i n t e r e s t  i n  B i 2 0 7  (not g r e a t e r  than about 

1 MeV) ,  no d i f f i c u l t y  is expected s ince  t h e  f i e l d s  used were g r e a t e r  

than 25 kilogauss.  

For t h e  

The second problem is  more ser ious  s ince  it is  obvious t h a t  some 

of t h e  e l ec t rons  w i l l  never have t h e i r  f u l l  energy detected.  

t h e  importance of t h i s  e f f e c t ,  t h e  assumption i s  made t h a t  t h e  p a r t i c l e s  

are emitted i s o t r o p i c a l l y  i n i t i a l l y  from t h e  source. 

of p a r t i c l e s  emitted i s  proportional t o  t h e  sur face  area of a sphere 

concent r ic  with the source. This sphere i s  shown i n  Fig. 6 with the  

add i t iona l  assumption t h a t  t he  source i s  a poin t  source. This last 

assumption i s  a good one, s ince  the t o t a l  source i n t e n s i t y  needed is 

only a few nanocuries which means t h a t  t h e  t o t a l  source area w i l l  be 

much smaller than t h a t  used f o r  other types of spectrometers and, i n  

our case, i s  usua l ly  less than 1 mm. 

emi t ted  wi th in  an angle 6 = 0 t o  16 = TT - 8 where 0 i s  measured with 

r e spec t  t o  t h e  ax i s  of t h e  solenoid, is  propor t iona l  t o  f r a c t i o n  of the  

To ca l cu la t e  

Then t h e  t o t a l  number 

Therefore, t h e  number of p a r t i c l e s  
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Fig. 5. Maximum detec tor  radius needed as a function of magnetic 
f i e l d  and e lec t ron  energy. 
responds t o  t h e  de tec tors  used. 

The cross-hatched area cor- 
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Fig. 6 .  Sphere and angles used i n  ca l cu la t ing  number of e l ec t rons  
co l l ec t ed  i n  a s p e c i f i c  time i n t e r v a l .  I 
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sphere swept out by ro t a t ing  6 around the  axis.  Performing the  in tegra-  

t i on ,  t h e  number emitted with t h i s  angle is proport ional  t o  

The time of f l i g h t  of  the  p a r t i c l e s  is determined by t h e i r  component of 

ve loc i ty  p a r a l l e l  t o  t he  f i e l d  and by t h e  dis tance from the  source t o  

t h e  de tec tors .  Solving the  necessary equations,  we f ind  t h a t  t he  f r ac t ion  

emitted between - 6 and + which have a time of f l i g h t  t oo  long t o  be 

co l lec ted  i s  

cos 8 . 

2 
N = cos 8 = [F([l-[g)% - 1 ) ]  

where t is  the  co l lec t ion  time of t he  de tec t ing  system, i n  t h i s  case, 

t h e  in t eg ra t ion  time of the  amplifier.  

percentage has been p lo t t ed  as a function of  in tegra t ion  time f o r  e lec t rons  

of d i f fe ren t  energies i n  Fig. 7. Only one t r a v e r s a l  of the  solenoid from 

source t o  de t ec to r  has been p lo t ted .  

t he  f r a c t i o n  is  qu i t e  small f o r  in tegra t ion  times i n  the region of 

1 microsecond. 

s tant ia l  contr ibut ion t o  the  data.  

This f r a c t i o n  expressed as a 

However, even f o r  severa l  traversals,  

Therefore, t h i s  e f f ec t  does not appear t o  make any sub- 

I n  any experiment where the e f f e c t  under consideration is  small, 

it i s  necessary t o  determine t h a t  t he  contr ibut ion from background 

r ad ia t ion  is not  s ign ig icant .  

conversion l i n e s  of B i 2 0 7  taken with the  spectrometer is  shown i n  Fig. 8. 

The region from channel 160 has been expanded and i s  p l o t t e d  i n  F ig .  9. 

Two addi t iona l  s e t s  of  da ta  a re  shown. A spectrum was measured with 

t h e  superconducting magnet turned o f f  and a background spectrum of  

nea r ly  constant amplitude approximately 1% of the  o r ig ina l  spectrum 

The measured spectrum of the  i n t e r n a l  
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Fig. 7 .  This diagram p l o t s  the  percentage of e lec t rons  whose ve loc i ty  

i n  t h e  d i r ec t ion  of the detectors  is  so small t h a t  complete 

charge co l l ec t ion  w i l l  not be made i f  more than one t r a v e r s a l  

of t he  solenoid i s  required. 
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Fig. 8. Measured spectrum of B i Z o 7  obtained from superconducting 

magnet beta-ray spectrometer with both de tec tors  operated 

i n  p a r a l l e l ,  t h a t  i s ,  w i t h  t h e i r  outputs summed. 
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Fig. 9 .  Expanded port ion of  Fig. 8. Two background spec t r a  a r e  

p l o t t e d  one with no magnetic f i e l d  and the  o ther  with no 

magnetic f i e l d  and obsorbers i n  f r o n t  o f  the detectors .  

The dashed l i n e  i s  the  standard deviat ion o f  the  spectrum 

obtained with the magnetic f i e l d  turned on. 
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was observed. 

f ron t  of t h e  de tec tors  t o  absorb the  b e t a  p a r t i c l e s  cont r ibu t ing  t o  

t h e  above background spectrum. This i s  a l s o  shown i n  Fig. 9. This 

measurement determines the  contribution of t h e  gamma rays t o  t h e  main 

spectrum. 

well below t h e  peak of t h e  i n t e r n a l  conversion l i n e  and i n  t h e  region 

where most of t h e  cont r ibu t ion  t o  the s p e c t r a l  d i s t r i b u t i o n  would be 

expected t o  be from the  i n t e r n a l  Compton e f f e c t .  These measurements 

e f f e c t i v e l y  r u l e  out t he  p o s s i b i l i t y  t h a t  the  spec t r a  was pr imar i ly  

background rad ia t ion .  

A s  a f u r t h e r  check, aluminum absorbers were placed i n  

Both of these  background cont r ibu t ions  have been measured 

One f i n a l  check on t h e  experimental da ta  has not ye t  been per- 

Although t h e  source i n t e n s i t y  is  very low and t h e  r e s u l t i n g  formed. 

source volume very small, the  source mounting was on aluminized Mylar 

and t h e r e  is  some p o s s i b i l i t y  t h a t  charge may have b u i l t  up on t h e  

source a f t e r  emission of e lec t rons .  This might d i s t o r t  t he  f i n a l  

e l e c t r o n  d i s t r i b u t i o n .  

by Nuclear Science and Engineering Corporation. 

a t h i n  l aye r  of aluminum f lashed  over  it a t  t h e  f i n a l  s tage  of 

prepara t ion  i n  order t o  provide a conductive path f o r  any charge. 

Spruch and Goertzel’ have performed a r e l a t i s t i c  quantum 

mechanical ca lcu la t ion  using t h e  Born approximation f o r  the  simultaneous 

e j e c t i o n  of  a K e lec t ron  and the  emission of a gamma ray i n  the  case 

where t h e  v i r t u a l  r ad ia t ion  f i e l d  is assumed t o  be magnetic i n  character.  

The 1063 keV t r a n s i t i o n  i n  B i 2 0 7  is known t o  be M4 and we have calcu- 

l a t e d  t h e  t h e o r e t i c a l  e lec t ron  d i s t r ibu t ion  using t h i s  information and 

t h e  r e s u l t s  of Spruch and Goertzel. 

A spec ia l  source i s  now being made up f o r  us 

This source w i l l  have 

In comparing t h e  t h e o r e t i c a l  
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d i s t r ibu t ion  with the  experimental data, t he  reso lu t ion  of the  s o l i d  

s t a t e  de tec tor  must be taken i n t o  account. The i n t e r n a l  conversion 

l i n e  was assumed t o  be symmetric about i t s  peak and, s ince  t h e  in t e rna l  

Compton e f f e c t  i s  present  only on the low energy s ide ,  t he  high ener$y 

s i d e  w a s  r e f l e c t e d  about t he  peak channel t o  give a reasonable approxi- 

mation t o  the  undis tor ted  conversion l i n e .  The theo re t i ca l  contr ibut ion 

of t h e  i n t e r n a l  Compton e f f e c t  can then be compared t o  the  experimental 

da ta  by simply folding the  resolut ion of t he  de t ec to r  i n t o  t h e  t h e o r e t i c a l l y  

ca lcu la ted  distribution. Tilt: i i i L = i i s i t J  ;f tk: infez'??l rnmwrci on l i n e  

is  a l s o  obtained by t h i s  procedure and i s  needed i n  the  ca lcu la t ion  of t h e  

amplitude of  the  theo re t i ca l  d i s t r ibu t ion .  

I n  t h e  t h e o r e t i c a l  calculat ion of Spruch and Goertzel, the  Born 

approximation was used, and the  numbers a re  expected t o  be va l id  only 

f o r  small atomic number and la rge  t r a n s i t i o n  energy. The requirement 

of small atomic number while not s t r ingent  i s  not s a t i s f i e d  f o r  Bi207, 

but t he  theo re t i ca l  and experimental r e s u l t s  a r e  i n  good agreement as 

can be seen from Fig. 10. 

Calculations using o ther  t heo re t i ca l  r e s u l t s  have been made 

both f o r  t he  975 keV conversion l ine  and f o r  the  481 keV conversion 

l i n e .  

Each of these  theo re t i ca l  ca lcu la t ions  has a d i f f e ren t  bas i s  

which may o r  may not be expected t o  y i e l d  va l id  r e s u l t s  f o r  t r a n s i t i o n s  

from t h i s  nucleus and i n  t h i s  energy range. 

6 Chang and Falkoff assumed t h a t  t h e  i n t e r n a l  Comption e f f e c t  

could be described as the  bremsstrahlung of the  i n t e r n a l  conversion 

e l ec t rons .  As an e lec t ron  i n  the  K s h e l l  passes near the  nucleus, 
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E; - 1 n F m e r i m e n t a l  data  of t he  975 keV i n t e r n a l  conversion l i n e  
0 

of Bi207 compared with the following t h e o r e t i c a l  ca l cu la t ions  

A 

8 

0 

A 

X 

Spruch and Goertzel 

Baumann and Rob1 

Chang and Falkoff 

Iakobson from formula depending on mul t ipo lar i ty  of 
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Iakobson from mul t ipo lar i ty  independent formula. 
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the  t r a n s i t i o n  energy may be given t o  it. I t  i s  then e jec ted  from the  

s h e l l ,  but  i n  t h i s  process is  given a l a rge  instantaneous acce lera t ion  

which changes i t s  ve loc i ty .  Any rad ia t ion  emitted during t h i s  change 

of ve loc i ty  decreases the energy of t h e  e lec t ron .  This descr ip t ion  

is  a semi-classical treatment and does not  depend upon mul t ipo lar i ty ;  

however, as can be seen from Figs. 10 and 11, t h e  agreement with the  

experimental da ta  is  s t i l l  r e l a t ive ly  good. 

This treatment has been extended by Baumann and Robl' i n  a 

e l ec t rons  and low atomic number nuclei  but  taking i n t o  account the  

mul t ipo lar i ty  of t h e  t r a n s i t i o n .  In d e t a i l ,  t h e  ca lcu la t ion  i s  somewhat 

more dependent upon t h e  requirement of low atomic number than t h a t  of 

Spruch and Goertzel. In s p i t e  of t h i s ,  t he  agreement with experiment 

i s  s t i l l  very good. 

The problem has a l so  been t r ea t ed  by Iakobson' who adopted a 

n o n - r e l a t i v i s t i c  per turbat ion theory approach with t h e  requirement t h a t  

t h e  t r a n s i t i o n  energy be much l e s s  than the  e lec t ron  r e s t  energy. 

If  h i s  r e s u l t s  are p l o t t e d  as a comparison with the  in t e rna l  conversion 

coe f f i c i en t ,  t h e  dependence upon mul t ipo lar i ty  disappears.  I n  comparing 

t h i s  ca l cu la t ion  with the experimental da ta ,  t he re  i s  exce l len t  agree- 

ment with the  481 keV t r a n s i t i o n  data, but very poor agreement with the  

975 keV t r a n s i t i o n  data .  The calculat ion i s  non- re l a t iv i s t i c  and the  

agreement with the  lower t r ans i t i on  i s  probably fo r tu i tous .  

In  summary, t he  agreement o f  experiment and theory is a s t rong  

i n d i c a t i o n  t h a t  the  low energy d i s t r ibu t ion  of  the  e lec t rons  i s  pr imari ly  

t h a t  of the  i n t e r n a l  Compton e f f ec t .  There a r e  discrepancies i n  the  shape 
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Fig. 11. Experimental da ta  o f  t h e  481 keV i n t e r n a l  conversion 

l i n e  of B i 2 0 7  compared with the  following theo re t i ca l  

ca lcu la t ions  

Spruch and Goertzel 

Baumann and Rob1 

Chang and Falkoff 

Iakobson from formula depending on mul t ipo lar i ty  

of t r a n s i t i o n  

Iakobson from mult ipolar i ty  independent formula 
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of  the  d i s t r i b u t i o n  r e f l e c t i n g  the  var ie ty  of approaches and approxi- 

mations used i n  t h e  t h e o r e t i c a l  ca lcu la t ions .  More exact t h e o r e t i c a l  

r e s u l t s  are needed, therefore ,  before an adequate comparison of  theory 

and experiment can be made. 

(5) Ohmic contac ts  t o  s i l i c o n  de tec tors .  

The question of  ohmic contacts t o  the  s i l i c o n  de tec to r  i t s e l f  

is  a c r i t i c a l  one f o r  operation o f  thet de t ec to r  over a wide range o f  

temperatures. A s  reported i n  t h e  semi-annual s t a t u s  repor t  f o r  t h i s  

grant year, contact t o  t h e  l i th ium di f fused  s i d e  is  made by using 

duPont S i l v e r  Cement between the  s t a i n l e s s  steel screw and t h e  e l e c t r o l e s s  

gold p l a t ed  sur face .  

contact under varying ambient temperatures. However, t h e  mechanical 

s t r e n t h  of t h e  contact i s  r e l a t i v e l y  poor. A s  a r e s u l t ,  it has been 

necessary t o  bond 

A t  t h e  temperature necessary t o  make the  wax flow, the  s i l v e r  cement no 

longer adheres and occasionally the contact w i l l  break o r  become noisy.  

To da te ,  t h i s  has given us t h e  most r e l i a b l e  ohmic 

t h e  screw t o  the  s i l i c o n  wafer with Apiezon w a x .  

The b a s i c  problem with such a contact i s  t h a t  it must be non- 

r e c t i f y i n g .  

i n d i c a t e  t h e  d i f f i c u l t i e s  t h a t  may a r i s e .  

Products 3021 and Hysol K20, was eas i ly  applied and hardened a t  room 

temperature. 

above the  melting po in t  of the  Apiezon wax. 

Our experience with two d i f f e r e n t  conducting epoxy cements 

Each of  these  cements, Epoxy 

Neither l o s t  i t s  adherence p rope r t i e s  a t  temperatures well 

However, such an epoxy cons is t s  pr imar i ly  of  granules of s i l ve r  

which are i n  a co l lo ida l  suspension and a re  not involved i n  t h e  hardening 
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process.  

The e f f e c t  of t h i s  was seen i n  the r ec t i fy ing  proper t ies  t h a t  developed 

i n  t h e  Epoxy Products 3021 cement as a funct ion of  time. This r e c t i f i -  

ca t ion  was probably a poin t  contact  e f f e c t  with t h e  s i l v e r  granules.  

As t h e  epoxy cured, t he  r e c t i f i c a t i o n  became more pronounced. Moreover, 

t he  reso lu t ion  of the de tec tor  during t h e  one month per iod of observation 

was degraded by a f ac to r  of two, and the  i n t e r n a l  conversion l i n e  peaks 

developed an asymmetry on t h e  low energy s ide .  

Moreover, t h e  ac tua l  cure times f o r  t h e  epoxy may be weeks. 

On the  o ther  hand, the  Hysol K20 has not  developed such a diode 

c h a r a c t e r i s t i c  even a f t e r  three months leading us t o  t h e  hope t h a t  t h i s  

contact  may prove more r e l i a b l e .  However, i t  w i l l  be necessary t o  

inves t iga t e  the  conduction c h a r a c t e r i s t i c  as a funct ion of temperature 

i n  order  t o  e s t a b l i s h  t h a t  the  contact remains ohmic over a wide range, 

s ince  the epoxy and s i l v e r  may have very d i f f e r e n t  coe f f i c i en t s  of expansion. 

The contact t o  t h e  gold surface b a r r i e r  l aye r  has usual ly  been made 

by bonding a gold wire w i t h  General Cement s i l v e r  p r i n t  t o  a drop of 

Aquadag on t h e  surface.  

i s  very d e l i c a t e .  

is n o t  formed a t  t h i s  surface.  

depends on t h e  speed of the  f i n a l  etch may be formed. 

case, it should be f eas ib l e  t o  make a more r e l i a b l e  pressure contact t o  

t h i s  sur face .  The r e s u l t s  of  t h i s  w i l l  be reported later.  

T h i s  contact i s  not s t a b l e  against  moisture and 

Also, i t  has been suggested’ t h a t  a t r u e  surface b a r r i e r  

Rather, an oxide layer  whose thickness 

If  t h i s  is the  
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(6) Studies of high Z semiconductors for r a d i a t i o n  de tec to r s .  

An i n t ens ive  program f o r  t h e  development of s o l i d  state r a d i a t i o n  

de tec tors  from s i n g l e  c r y s t a l s  of s i l i c o n  and germanium has been i n  progress 

i n  l abora to r i e s  throughout the  country. 

f o r  charged p a r t i c l e s  has stimulated a need f o r  counters made from high Z 

materials which w i l l  be e f f i c i en t ,  at least more e f f i c i e n t  than germanium, 

f o r  de tec t ion  of gamma rays.  

The e f fec t iveness  of t hese  devices 

Since very l i t t l e  work has  been done i n  t h i s  area, u s e . o f  t h e  

l i t e r a t u r e  i s  l imi ted  t o  t h e  systematic appl ica t ion  of re levant  experi-  

mental da t a  compiled from work with compound semiconductors, as well as 

t h e o r e t i c a l  research which has  been done on t h e  na ture  of the  elements 

as they appear i n  the  pe r iod ic  tab le .  

parameters t o  be considered i n  t h e  evaluation of a substance t o  determine 

i t s  s u i t a b i l i t y  f o r  r ad ia t ion  detection i s  t h e  energy of t h e  band gap, 

E , with optimum values being near t h a t  o f  s i l i c o n  (1.4 eV) . I n  general ,  
g 

t h e  lower t h e  band gap, t h e  less su i t ab le  i s  t h e  material f o r  r ad ia t ion  

de tec to r s  s ince  it requi res  l e s s  thermal energy t o  e x c i t e  e l ec t rons  i n t o  

t h e  conduction band. 

c a r r i e r  concentration may be much higher than t h a t  produced by any dopant. 

Hence l i th ium ion compensation w i l l  then  be impossible. 

For example, one of  t h e  first 

As a r e s u l t ,  f o r  low energy gaps, t he  i n t r i n s i c  

In  addi t ion  t o  a s u i t a b l e  band gap, one must a l s o  have reasonable 

lifetimes 

charge c o l l e c t i o n  i n  any po ten t i a l  r ad ia t ion  de tec t ion  mater ia l .  

and mob i l i t i e s  of the  charge c a r r i e r s  t o  insure  nea r ly  complete 

The very high Z of lead su l f ide  makes t h i s  compound an a t t r a d t i v e  

substance for consideration as a rad ia t ion  de tec tor .  Actual experience 



showed, however, t h a t  t h e  cubic l a t t i c e  of t h i s  material produced weak 

c r y s t a l l i n e  bonds which were unable t o  withstand t h e  lapping and sanding 

procedures necessary i n  t h e  f ab r i ca t ion  of r ad ia t ion  de tec tors .  

with t h e  most d e l i c a t e  handling, cleavage of t h e  c r y s t a l  was too  common. 

Even 

This experience with lead s u l f i d e  ind ica ted  a need f o r  f u r t h e r  

consideration of c r y s t a l  s t r u c t u r e  and bonding i n  semiconductors. 

both s i l i c o n  and germanium are r e l a t i v e l y  easy t o  process,  it was decided 

t o  explore materials of similar s t r u c t u r e .  In 1950 Garyunova" concluded 

t h a t  1 1 1 - V  compounds which have a zinc-blende s t r u c t u r e ,  have chemical 

bonds between atoms which a re  predominantly covalent and near ly  i d e n t i c a l  

t o  t h e  bonding found i n  elements of Group IVb elements. 

experimentation showed t h a t  t hese  compounds a r e  s t r u c t u r a l  analogs of  

t he  IVb atoms and are  indeed semiconductors i n  every sense. 

time,numerous papers have been published on t h e  prepara t ion  and proper t ies  

of  1 1 1 - V  compound semiconductors. 

e f f o r t s  i n  t h i s  area with the  1 1 1 - V  compounds. 

Since 

Subsequent 

Since t h a t  
i 

For t h i s  reason we have begun our 

The band s t r u c t u r e  of these compounds is c lose ly  r e l a t e d  t o  t h e  

na tu re  of t he  chemical bonding of the  l a t t i c e .  

t r i ca l  p rope r t i e s ,  it i s  he lpfu l  t o  compare t h e  la t t i ce  and bonding 

p r o p e r t i e s  of t he  Group I V  elements which are well understood with 

those  of t he  1 1 1 - V  compounds. 

l a t t i c e ,  each atom having four neares t  neig5bors i n  a t e t r ahedra l  

s t r u c t u r e .  

Group I V  elements with t h e  exception t h a t ,  while t he  diamond l a t t i c e  

of Group I V  i s  populated with atoms of only one type, th i s -z inc-b lende  

la t t ice  i s  occupied a l t e r n a t e l y  by both A and B atoms. 

In deducing t h e  e lec-  

Group I V  atoms are bonded i n  a diamond 

The l a t t i c e  of 1 1 1 - V  compounds is  i d e n t i c a l  t o  t h a t  of  t h e  

One i n t e r e s t i n g  
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c h a r a c t e r i s t i c  of t h i s  i s  t h a t  the  behavior of the  charge c a r r i e r s  i n  

the zinc-blende s t r u c t u r e  i s  more re la ted  t o  the  s t r u c t u r e  of t h e  

sub la t t i ce s  than t o  t h e  l a t t i c e  as a whole. Therefore, the  band 

s t r u c t u r e  of III-V compounds i s  simpler than t h a t  of t he  Group I V  elements 

s ince  the  diamond l a t t i c e  has e ight  atoms/unit c e l l  giving it a r e l a t i v e l y  

complicated symmetry, while a III-V s u b l a t t i c e  has only four  atoms/unit 

c e l l .  

This d i f fe rence  i n  symmetry is  responsible for t h e  higher  

mobi l i t i es  of charge c a r r i e r s  and the sho r t e r  l i f e t imes  i n  III-V compounds 

r e l a t i v e  t o  t h e  Group I V  elements. 

gaps a r e  a l s o  r e l a t ed  t o  the  e f fec t ive  i o n i c i t y  of the  chemical bond. 

The g rea t e r  t he  e f f e c t i v e  i o n i c i t y  between the  atoms of a c rys t a l ,  t he  

g r e a t e r  is  t h e  probabi l i ty  of ion sca t t e r ing  and the  lower w i l l  be  the  

mobi l i t i es  of  t he  charge c a r r i e r s .  This e f f e c t i v e  i o n i c i t y  between two 

component ions of a III-V compound is a function of the  polar iza t ion  of  

t he  chemical bond between the  atoms. 

necessary t o  consider i n  some de ta i l  t he  type of bonding t h a t  occurs 

i n  III-V compounds. 

However, t h e  mobi l i t i es  and energy 

In order  t o  see  t h i s ,  i t  is  

The bonding of  atoms i n  the  Group I V  elements is purely covalent 

i n  r a tu re ,  but  111,-V compounds have a combined covalent and i o n i c  bond 

formation. I n  ion ic  bonding, the  cation i s  r e l a t i v e l y  small and t h e  

e l ec t rons  a re  t i g h t l y  bound, s ince  t h e  absence of e lec t rons  from the  

valence band gives a pos i t i ve  charge t o  the nucleus which attracts t h e  

remaining e lec t rons .  On the other  hand the  excess of e lec t rons  i n  the  

anion r e s u l t s  i n  a smaller e l e c t r o s t a t i c  a t t r a c t i o n  f o r  the e lec t rons  

and, as a r e s u l t ,  the  anion is  r a the r  large and e a s i l y  deformed. 
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I These negative charges on t h e  anion are a t t r a c t e d  t o  t h e  p o s i t i v e l y  

charged cation, reducing t h e  e f f ec t ive  negative and p o s i t i v e  charge on 

the  anion and ca t ion .  

anion. Generally, t h e  po la r i za t ion  increases with an increase  i n  the  

charges on t h e  ions and w i t h  decreasing cation size. 

Such an e f f ec t  i s  termed po la r i za t ion  of the  

The formation of t h i s  type of i o n i c  bond does not usua l ly  r e s u l t  

i n  a pure i o n i c  s t a t e .  

t h e  covalent c h a r a c t e r i s t i c  o f  t h e  bonding, s ince  t h e r e  i s  a high e lec t ron  

dens i ty  between t h e  l a t t i c e  s i t e s  causing the  formation of sp in-sa tura ted  

e l ec t ron  p a i r s .  

This bond i s  the re fo re  weaker than a pure i o n i c  bond i n  terms of producing 

a lower energy gap and a higher mobility f o r  t h e  charge c a r r i e r s .  

i s  a dependence of t he  energy gap on t h e  r a t i o  of t h e  s i z e s  of  t h e  ca t ion  

and anion, t h e  mean main quantum number, and t h e  d i f fe rence  i n  t h e  

e l ec t ronega t iv i ty  of t h e  component ions.  

band gap on t h e  b a s i s  of these  three  q u a n t i t i e s  i n  order  t o  determine 

t h e i r  poss ib le  use as r ad ia t ion  de tec tors .  

Rather ,  t h e  po la r i za t ion  of t he  anion causes 

This i s  e s s e n t i a l l y  t h e  same e f f e c t  as a covalent bond. 

There 

I t  i s  poss ib le  t o  estimate t h e  

Single c r y s t a l s  of  1 1 1 - V  compounds which have a [lll] o r i en ta t ion  

are s t r u c t u r e d  i n  a l t e r n a t e  layers  of  Group I11 and Group V atoms. If a 

wafer is  obtained from an ingot by s l i c i n g  normal t o  t h i s  ax i s ,  one face 

of t h e  c r y s t a l  w i l l  have a surface l aye r  of Group I11 atoms, while t h e  

o t h e r  face w i l l  have a sur face  l a y e r  of Group V atoms. Since only a 

minimum of  energy is  required t o  break t h e  bonds between t h e  planes, it 

is  improbable t h a t  t he  break w i l l  occur i n  any o the r  manner. Conventionally, 

t h e  Group I11 s i d e  of such a c rys t a l  i s  termed t h e  A s i d e  or [ l l l ]  s i d e ,  

while t h e  Group V s i d e  i s  t h e  B side o r  t h e  11111 surface.  The ac tua l  
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iden t i f i ca t ion  of these  s ides  i s  r e l a t i v e l y  simple, s ince  the  B surface 

is  more chemically reac t ive  than the  A s ide .  

composed of 3 p a r t s  of a 6:2:1 mixture of "Os, HF, and fuming HN03 and 

of 2 p a r t s  H20, when cooled t o  approximately O°C has been found by us  t o  

e tch the  B s i d e  of the c r y s t a l ,  but has l i t t l e  apparent reaction on t h e  

A s ide .  Such an etching technique is  a l s o  very usefu l  i n  the  gross 

i d e n t i f i c a t i o n  of twinning, gra in  boundaries, and po lyc rys t a l l i ne  materials. 

Determination of t he  s ides  is  of extreme importance, s ince  it w a s  d i s -  

covered by Gatos" t h a t  c rys t a l s  grown from the  A surface of a seed of 

a 111-V compound w i l l  r e s u l t  i n  twinning and grain boundaries. On the  

o ther  hand, if the  c rys t a l s  a r e  grown from the  B surface,  a l l  o ther  

f a c t o r s  being equal,  s ing le  crystals of r e l a t i v e l y  low d is loca t ion  

dens i t i e s  w i l l  r e s u l t .  

Consequently, a po l i sh  e t ch  

Moreover, Minamoto'* has found t h a t  p-n junctions prepared on 

the  A surface typ ica l ly  showed low breakdown voltages and high reverse 

cur ren ts .  

vol tage and reverse currents  t h a t  were an order  of  magnitude lower than 

those of "A junctions." 

However, IrB junctions" showed a r e l a t i v e l y  high breakdown 

Crystals of high p u r i t y  zinc doped, p-type gallium antimonide 

with a [111] or i en ta t ion  were obtained from Semi-Elements. Although 

found t o  be polycrys ta l l ine  when etched with the  - 6:2:1:2 H20 etch.  

An X-ray d i f f rac t ion  p i c tu re  a l so  served t o  support t he  conclusions 

drawn from the  appearance of t he  etch. 

pe r f ec t ed  u n t i l  severa l  c r y s t a l s  had been processed. 

number of technica l  experiments were ca r r i ed  out t o  determine chemical 

Unfortunately, t h i s  e tch was not 

Despite t h i s ,  a 
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and physical processing techniques. I n  general ,  t h e  c r y s t a l s  were q u i t e  

similar t o  germanium with regard t o  these  techniques. 

The primary d i f f i c u l t y  was encountered when an attempt w a s  made 

t o  form a p-n junction by d i f fus ion  of l i thium. 

l i th ium a l loy  sur face  was ac tua l ly  obtained by applying a l i th ium-in-o i l  

suspension t o  the  top sur face  and d i f fus ing  f o r  f ive  minutes a t  6OO0C,  

t h e  conductivity of t h i s  sur face ,  as measured by a hot and cold probe 

operated at room and l i q u i d  nitrogen temperature, remained p-type. 

l i th ium should be a donor i n  gallium antimonide, such an obviously a l loyed  

su r face  should be n-type. 

had p r e c i p i t a t e d  out  of the  gallium antimonide a t  a very rap id  rate. 

This same type of p r e c i p i t a t i o n  occurs i n  germanium and s i l i c o n  although 

a t  a much reduced rate. 

Although an apparent 

Since 

The conclusion was reached t h a t  the  l i th ium 

A t  t h i s  po in t ,  a s l i g h t l y  d i f f e r e n t  technique was adopted. 

The problem of  d i f fus ion  of impurit ies i n t o  s i n g l e  c r y s t a l s  can be viewed 

from the  standpoint of t h e  formation of a s o l i d  so lu t ion .  

i n t o  which impurity atoms o r  ions may e n t e r  must be ava i lab le  f o r  e i t h e r  

d i f fus ion  o r  so lu t ion  t o  take place. 

as w e l l  as t h e  energy with which t h e  impurity p a r t i c l e s  are bound t o  

t h e  so lven t  o r  la t t ice ,  are t h e  cont ro l l ing  f a c t o r s  i n  the  rate which 

these  processes take  place.  

Vacant s i t e s  

The concentration of these vacancies 

There are th ree  d i f f e r e n t  types of  s o l i d  so lu t ions  t o  be considered: 

1) s u b s t i t u t i o n a l ,  2)  i n t e r s t i t i a l ,  and 3) defec t .  

In  a s u b s t i t u t i o n a l  type s o l i d  so lu t ion ,  t h e  s t r u c t u r e  of t h e  

so lven t  remains unchanged. 

l a t t i c e  and becomes an i n t e g r a l  par t  of t he  l a t t i c e  s t r u c t u r e ,  evidenced 

The impurity atom e n t e r s  a vacant s i te  i n  the  
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only by a change i n  the  e l e c t r i c a l  propert ies  of t h e  c r y s t a l  i n  cases 

where the impurity atom has a d i f f e ren t  number of bonding electrons 

than do i t s  neares t  neighbors i n  the  l a t t i c e .  

The p robab i l i t y  of an impurity atom enter ing  a la t t ice  

s u b s t i t u t i o n a l l y  is increased with t h e  following conditions:  

1 )  Solute  and solvent  must have comparable atomic 

dimensions ( l e s s  than 14% d i f fe rence) .  

2) Similar  c r y s t a l  s t ruc tu re .  

3) Simi lar  ou te r  e lec t ron  s h e l l s .  

4) A small d i f fe rence  i n  e lec t ronegat iv i ty .  

In  our laboratory te l lur ium has been successfu l ly  d i f fused  i n t o  

p-type GaSb crystals and a p-n junction formed. 

i nd ica t e  t h a t  the  te l lur ium should en te r  the  l a t t i c e  s u b s t i t u t i o n a l l y  a t  

antimony vacancy sites i n  preference t o  gall ium uacancy ' s i tes .  

The following da ta  would 

Electru-  
- Atom Atomic Radius S t ruc ture  Valence She l l s  nega t iv i ty  

1.6 

1.9 

2 . 1  

10 2 1 

10 2 3 

10 2 4 

Ga 1.41 8 o r  tho  rhombi c A r  3d 4s 4p 

Sb 1.59 a rhombohedral K r  4d 5s 5p 

Te 1.60 8 hexagonal K r  4d 5s Sp 

The published d i f fus ion  constant of t e l lu r ium i n  GaSb is  a l s o  of interest  at 

t h i s  po in t ,  s ince  it was experimentally determined i n  our laboratory t h a t  

a measureable diffusion was not obtained a t  temperatures below 65OoC. 
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As can be seen by the  following data ,  t he  d i f fus ion  constant has a sharp 

increase a t  t h i s  temperature. 

DIFFUSION CONSTANTS OF Te I N  GALLIUM ANTIMONIDE 

2 0.06 cm /sec  

0.47 

1.20 

42.00 

D400 

D450 

D550 

D650 

I n t e r s t i t i a l  s o l i d  solut ions usua l ly  involve impurity atoms of 

small r a d i i ,  such as li thium, boron, hydrogen, ni t rogen,  carbon, and 

oxygen. The formation o f  an i n t e r s t i t i a l  s o l i d  so lu t ion  i n  a semiconductor 

i s  necessary when ion -d r i f t  compensation i s  used t o  produce a wide deple- 

t i o n  region. 

impurity,  s ince  these atoms a re  t i g h t l y  bound t o  the  l a t t i c e ,  while an 

i n t e r s t i t i a l l y  d i f fused  atom i s  f r ee  t o  move throughout the c rys t a l  as 

an ion  under the  inf luence of an e l e c t r i c  f i e l d  a t  an elevated temperature. 

Such a d r i f t  would be impossible with a subs t i t u t iona l  

When l i thium is  diffused in to  a germanium o r  s i l i c o n  c r y s t a l ,  

a very dense sur face  a l loy  i s  formed and the  l i thium may be d r i f t e d  

through the  crystal under a reverse  b i a s  with t h i s  r e se rvo i r  of ions as 

a source of supply. 

l i t h ium concentration t o  form a sharp p-n junct ion i n  the  c r y s t a l  s o  t h a t  

t he  necessary diode can be formed for d r i f t i n g  purposes. 

The a l loy  region must have a s u f f i c i e n t l y  high 

As noted before,  the  lithium p rec ip i t a t ion  r a t e  was very rapid 

and no junct ion could be maintained using only l i th ium as an n-type layer .  
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Fig. 12. I d e n t i f i c a t i o n  of po lycrys ta l l ine  gall ium antimonide, as 

evidenced by the  6:2:1:2 H20 e tch  a t  O°C. 



45 

However, Reiss, Fu l l e r  and Morin13 have shown t h a t  t h e  formation of a 

p-n junct ion on germanium and s i l i c o n  w i l l  prevent t he  p rec ip i t a t ion  

of l i th ium from the  region enclosed by t h i s  junct ion.  

junct ion must have a heavi ly  doped n-.type layer  so t h a t  the  po ten t i a l  

b a r r i e r  w i l l  prevent t h e  l i thium ions from d i f fus ing  t o  the  sur face  

where they can combine with t h e  surface oxide layer  and p r e c i p i t a t e  

out.  

Then l i thium was diffused i n t o  t h e  c rys t a l ,  passing e a s i l y  through the  

te l lur ium layer .  Probing techniques ind ica ted  t h a t  t he  l i th ium did i n  

fact remain i n  the  c r y s t a l  without p rec ip i t a t ing  when a p-n junct ion 

had previously been formed with tellurium. 

poss ib le  t o  attempt d r i f t i n g  l i thium through such a c r y s t a l  since t h e  

commercial suppl ie r  has so far only given us po lyc rys t a l l i ne  material. 

However, as high p u r i t y  mater ia ls  become ava i lab le  i n  s i n g l e  c rys t a l  

form, it should be poss ib le  t o  apply t h i s  technique t o  gallium antimonide 

and attempt l i thium-ion compensation. 

However, the  

With t h i s  i n  mind, te l lur ium was diffused i n t o  t h e  gallium antimonide. 

I t  has not  as y e t  been 

The t h i r d  type of s o l i d  solut ion i s  termed defec t ,  and i s  usua l ly  

a s to ich iometr ic  e f f e c t  caused by an excess of one of the  cons t i tuent  

elements of t h e  compound. 

i n  t h e  c rys t a l .  

s ince  the c r y s t a l  l a t t i c e  usua l ly  has  a preponderance of vacancies which 

i n t e r f e r e  with the  homogeneous d i s t r ibu t ion  of impurity ions.  

This e f f ec t  r e s u l t s  i n  an e l e c t r i c a l  imbalance 

Such a so lu t ion  i s  not  appropriate f o r  rad ia t ion  de tec tors ,  


