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' Abstract 

January 1 0 ,  1967 

, The effects of 115 keV electron i r r ad ia t ion  ( t h i s  energy i s  below t h e  
threshold f o r  bulk damage) on the surface recombination ve loc i ty  s of n- 
and p-Si of various r e s i s t i v i t i e s  i s  determined from s tudies  of changes i n  
the  photovoltaic shor t  c i r c u i t  current Is, r e su l t i ng  from strongly absorbed 
l i g h t .  The celis  were spec ia l  solar cells made on various r e s i s t i v i t y  base 
mater ia l .  Both the  "diffused" face and t h e  "base" face were subjected t o  
i r r ad ia t ion .  
f o r  n-Si general ly  decreases while t h a t  of p-Si general ly  increases.  The 
changes can be as la rge  as f ac to r s  of 4, but are more commonly of the  order 
of 10  t o  20%. 
and discussed. 
vapor free vacuum is also described. 

It was found t h a t  as a r e s u l t  of i r r a d i a t i o n ,  the  value of s 

The recovery of t h e  pre- i r rad ia t ion  state is a l s o  described 
A new apparatus for conducting experiments i n  an organic 
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I, Introduction 

January 10, 1967 

In e a r l i e r  reports  (1) w e  discussed the concepts underlying the experi- 
mental technique which we adopted f o r  t h i s  study of t h e  effects of low energy 
electron i r rad ia t ion  on the  surface properties of germanium and s i l icon .  
Brief ly ,  it can be shown t h a t  the  short  c i r c u i t  current Is, of a photovoltaic 
c e l l  exposed t o  strongly absorbed l i g h t  ( a t  >> 1 where a Ls the  absorption 
constant and 
and the posit ion of t h e  p-n junction) is  given by 

Q is  the distance between the  surface on which l i g h t  is incident 

2q No (1-R) 

Ls - + 1  D 

- 
I S C  - 

where q is t h e  e lec t ronic  charge; No is  the  number of photons incident on 
un i t  area per  second, R is the  re f lec t ion  coef f ic ien t ;  L is the diffusion 
length; and D is the  diffusion constant i n  the  regior, of t h e  semiconductor 
between the  surface and the  junction, and s is t he  surface recombination 
velocity.  This re la t ion  predicts  t h a t  I;& should be a l i n e a r  function of s. 

The experimental technique involves measurement of Isc of a photovol- 
ta ic  cel l  illuminated by l i g h t  f o r  which aQ >> 1; exposing t h i s  surface t o  
e lectrons whose energy is  too low t o  produce bulk damage and then remeasuring 
t h e  response t o  t h e  l i gh t .  
e lectron flux. 

The data are then plot ted as Isc vs integrated 

The photovoltaic cells used i n  the previaus portions of t h i s  invest i -  
gation were al loy junctions i n  n and p-Ge, and n- and p-Si made i n  our 
laborator ies .  
occurred during the  first 1500 pcoul/cm2 (about 1 x 10l6 electrans/cm 1, 
after which saturat ion appeared t o  have set i n  for  v i r tua l ly  all t h e  G e  
r e s i s t i v i t i e s  used i n  the experiments. The observed changes were often 
g rea t e r  than an order of magnitude, indicating t h a t  the assumptions under- 
lying the  derivation of Eq. (1) were sa t i s f i ed .  
possible t o  associate  the  changes in  1;i t o  changes i n  s. However, it was 
not possible t o  f i t  the data  t o  any simple scheme involving the  introduction 
o r  removal of surface recombination centers by the  i r rad ia t ion .  

SC The s tudies  on Ge c e l l s  showed t h a t  rapid changes i n  I 

Consequently, it was 

Experiments on the  s i l i con  alloy-type photocells proved t o  be v i r tua l ly  
impossible because the cells did not have enough s e n s i t i v i t y  t o  short  wave- 

procedure t o  provide u s  with s i l i con  surfaces of various r e s i s t i v i t i e s .  
A number of diffused junction s i l i con  c e l l s  made froa wafers of both 
conductivity types and various resist ivit ies were obtained from the  Naval 
Research Laboratory, Washington, D,  C.2. 
was removed from these cells and t h e  exposed base surface was subjected t o  
lapping, polishing and etching. 
c r y s t a l  and the  surface in to  which diffusion occurred were i r rad ia ted  and 
studied. 

-___ lengthj s tmng ly  2hsorbed l i gh t .  We: therefore,  resor ted t o  another 

The solder forming the  base contact 

Both the newly exposed surface of the base 

I n  what follows w e  s h a l l  re fe r  t o  the  surface prepared by removing 
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the  rear contact as the  "Base Face" and the  surface i n t o  which diffusion had 
occurred as the  "Diffused Face". 
and propert ies  of these Si cells p r i o r  t o ,  and after exposure t o  e lec t rons  
of energy below the  threshold f o r  bulk damage ( -  150 keV). 
describe a modification of our experimental apparatus intended t o  eliminate 
organic vapor f r o m  t he  environment of a cel l  during i r rad ia t ion .  

In t h i s  repor t ,  we describe the  preparation 

We s h a l l  a l so  

11. Preparation of the  "Base Face" of the S i  Cells 

In  our experiments on the s i l i con  a l loy  junctions, we established t h a t  
t he  diffusion length i n  the  finished c e l l s  was considerably less than the  
distance between the  surface and t h e  junction and therefore the  cells had 
very l i t t l e  short  wavelength response. 
junction cel ls  might have a greater response in  the short  wavelength region. 

It was hopectthat the diffused 

The cells used i n  these experiments had the following i n i t i a l  properties.  
The n/p cells  were made by diffusing phosphorus i n t o  boron doped p-Si wafers 
whose i n i t i a l  r e s i s t i v i t i e s  were 1, 20 and 50 ohm cm. 
made by diffusing boron i n t o  phosphorus doped p-Si wafers whose i n i t i a l  
r e s i s t i v i t i e s  were 1, 20 and 50 ohm cm. 
following treatment. 

The p/n cells  were 

These cells were subjected t o  the  

The cell was first cleaaed by trichloroethylene,  acetone and methanol. 
Then the  diffused face of the ce l l  was attached t o  a g lass  s l i d e  with glycol 
p l i t ha l a t e .  
glycol phthalate  t o  preservean ohmic contact t o  the base. 
pa r t  (which comprised most of t h e  back surface) was lapped on w e t ,  pressure 
sens i t ive  abrasive papers (Buehler #30-5160; Grid #240, #400 and #600, 
successively). 
g r i t  carborundum, 
which l a y  on a smooth glass.  
used: SP, 0.31.1 and 0.05~. 
50°C for 2 min. 
t o  an i n i t i a l  thickness of about 0.012". 
with boi l ing  acetone. 
t h a t  t h e i r  thickness would be of the order of a diffusion length. 

Par t  of the  soldered area on the  "base face" w a s  covered by 
The uncovered 

The samples were then lapped on g lass  with #lo00 and #3200 
Next the  sample was polished by hand on a polishing cloth 

Three different  alumina p a r t i c l e  s i zes  were 
Final ly ,  the samples were etched i n  30%NaOH a t  

The f i n a l  sample thickness was about 0.005" as compared 
The glycol phthalate  was removed 

The samples were lapped so th in  i n  order t o  assure 

P r io r  t o  i r rad ia t ion ,  the  diffuse faces of t he  cells were always cleaned 
with tr ichloroethylene,  acetone and methanol successively and then etched 
i n  30% HF t o  remove any s i l i c o n  monoxide layers.  

The s i l i con  i r rad ia t ions  were performed in  the diffusion pump vacuum 
of t h e  Van de Graaff machine which served as the electron source. The 
experimental arrangement is  shown schematically i n  Fig. 1. 
i r r ad ia t ed  individually a t  an accelerating voltage of 115 keV. 
current  Ig  w a s  ident i f ied  with the  current absorbed by the  sample whose 
thickness  was suf f ic ien t  t o  stop the beam. 

The samples were 
The beam 

No correction was made f o r  
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r e f l ec t ion  of e lec t rons  f r o m  t h e  surface.  
an Elcor C u m n t  In tegra tor  and the  integrated charge received by the  sample 
was determined i n  t h i s  way. 

The beam current  was fed i n t o  

The vacuum produced by t h e  o i l  diffxmion pumps 
l and l iqu id  n i tmgen t r a p s  of t h e  Van de Graaff was always between and 

mmHg as measured by a cold cathode ionizat ion guage at tached t o  t h e  
i r r a d i a t i o n  chamber. 

I The samples were mounted on metallized AL2 03 wafers with s i l v e r  pas te  
or GE cement ac t ing  as binder. 
copper holders which f i n a l l y  w e r e  i n  pressure contact with the  water cooled 
copper block. (See Figs. 2 and 3). 

The AR2 03 wafex w e r e  i n  t u rn  attached t o  

The temperature was monitored w i t h  t h e  help of a copper-constantan 
thermocouple a t tached t o  t h e  soldered ohmic contact of t he  cells, 
temperature remained around 5OC throughout t he  experiments and it was not 
allowed t o  change by more than 0.5OC during i r r ad ia t ion .  

The 
I 

The l i g h t  source consisted of a Hg lamp and Kodak 1 8 A  (0.365~) g las s  -1 f i l t e r .  
so t h a t  t h e  l i g h t  w a s  absorbed i n  a th in  l aye r  near t h e  surface -0.051.1. 

The absorption constant of t h i s  l i g h t  i n  s i l i c o n  was a - 2 x lo5 cm , 

The e lec t ron  beam was incident  normal t o  the  surface, while t h e  l i g h t  
was r e f l e c t e d  onto t h e  surface a t  nearly normal incidence by a first surface 
mirror. 

Only d.c. measurements were made i.e. the l i g h t  was not modulated. 
The parameter measured was t h e  voltage across a load r e s i s t o r  connected 
across t h e  sample. 
t h e  s i g n a l  was proport ional  t o  Is, (it usual ly  had a value between 10n and 

The magnitude of t h e  ioad res i s tance  was so chosen t h a t  

looon). 

The il lumination l e v e l  was kept l o w  enough so t h a t  t h e  i - V  character-  
istic remained l i n e a r .  The voltage across t h e  load r e s i s t o r  w a s  measured 
by a Hewlett-Packard dc Microvoltmeter whose output as a function of t i m e  
was displayed by a Moseley x-y p lo t t e r .  

The output of the  cell  was a function of t i m e  of exposure t o  the  0 . 3 6 5 ~  
l i g h t .  A f t e r  about 40 min. exposure, t h e  response saturated.  I r r ad ia t ion  
proceeded only after l i g h t  induced changes had saturated.  

I?. Evperimental Results 

P r i o r  t o  exposing the  samples t o  e lec t ron  i r r ad ia t ion ,  they were allowed 
t o  rest i n  vacuum for severa l  hours in  order  t o  allow effects caused by 
pumping on t h e  surface t o  sa tura te .  
enough f o r  l i g h t  induced surface changes t o  saturate. 
according t o  t h e  following scheme. 
a pre-selected flux, the  electron beam was interrupted by an e l e c t r i c a l l y  
operated shu t t e r .  

They w e r e  also exposed t o  l i g h t  long 
They were then i r r ad ia t ed  

After t h e  samples had been i r r ad ia t ed  t o  

The photovoltage was quickly recorded on t h e  x-y p l o t t e r  
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January 10, 1967 

Figures 4 through 14 show t h e  r e s u l t s  of i r r a d i a t i o n s  of t h e  ':diffused1' 
and "base" faces of the  cells used i n  t h i s  study. 

Figures 4 t o  8 show the  changes i n  Isc caused by t h e  indicated in tegra ted  
f luxes incident  on n-Si ''Base Faces" whose r e s i s t i v i t i e s  were 1, 20 and 
50 ohm cm and on p-Si "Base Faces" whose r e s i s t i v i t i e s  were 1 and 20 ohm cm.  

2 Figure 4 shows t h e  r e s u l t s  for  a In-cm n-Si "Base Face'' cel l .  Is, 
increased r ap id ly  by as much as 40%, sa tura t ing  only a t  about 1,000 ucoul/cm 
i r r a d i a t i o n  ( s ince  t h e  i r r a d i a t e d  surface of the  "Base Face" ce l l  and I' D i f -  
fused Face" ce l l  i 
t o  obtain pcoul/cm ). 
IB .. 8vA/cm2 and pressure p - 1 t o  2 x 
sample r e s t e d  i n  

about 0.5 cm2,  t h e  f lux  values must be mul t ip l ied  by 2 9 These th ree  curves were measured a t  a beam curren t  
The 

vacuo f o r  about 24 hours between successive measurements. 
mmHg on t h e  same sample. 

Figure 5 shows the  r e s u l t s  f o r  a 200-cm n-Si "Base Face" cell .  
of increasing,  I 

t h e  measurement of t he  curve #1 and #2. 
i n  t h i s  case. Within 10  seconds it reached a value of 35% of the  i n i t i a l  
value and within 30 minutes it reached a value of 65% of t h e  i n i t i a l  value. 

Instead 
decreased rap id ly  by an order  of magnitude after about 

4,000 pcoul/cm 2 qc i r r a d i a t i o n .  There was a rest of 1 2  hours i n  vacuo between 
The annealing time was r a t h e r  sho r t  

Figure 6 shows the  r e s u l t s  f o r  5OQ-cm n-Si "Base Face" cell .  Is, 
increased by as much as 20% a d  sa tura ted  around 1,000 pcoul/cm . IB f o r  
curve #1 (1st measurement) was much smaller than f o r  t he  o thers  (281, but  
t h e  change of Is, was l a r g e r  than f o r  the o the r  two. 
about 10  hours between successive measurements. 

2 

The sample r e s t ed  f o r  

Figure 7 shows t h e  r e s u l t s  for a 1Q-crn p-Si  "Base Face" cell .  Is$ decreased by about 40% and sa tura ted  a t  about 5,000 vcoul/crn2 i r r ad ia t ion .  
There was a rest of a ha l f  day between these  two measurements. 

Figure 8 shows the  r e s u l t s  f o r  a SOQ-cm p-Si  "Base Face" cell .  I,, 
sa tu ra t ed  after about 7,000 vcoul/cm2 i r r ad ia t ion .  
1 0  hours after curve #1 was measured. 

Curve #2 was measured 

Figures9-14 show the  change of I,, caused by e lec t ron  i r r a d i a t i o n  of 
t h e  d i f fused  faces on p/n and n/p cells of var ious base r e s i s t i v i t i e s .  

Figure 9 shows t w o  curves for the  dif fused fsce of an n/p s i  ce l l  whose 
base r e s i s t i v i t y  is In- . 
a t  about 4,000 vcoul/cm i r r ad ia t ion .  
t h a t  fo r  curve #1 by more than an order of magnitude. 
40 hours  after curve #1 was measured. 

Is, increased by as much as 25% and sa tura ted  5m IB for  curve #2 was l a r g e r  than 
Curve #2 was measured 

Figure 10  shows the  change of I,, f o r  t he  d i f fused  face  of an n/p 
ce l l  whose base r e s i s t i v i t y  is 20Q-cm. Is, increased by as much as 150% and 
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sa tura ted  a t  about 6,000 pcoul/cm2 i r r ad ia t ion .  
hours after curve #1 was measured. 
for  curve #2. 

Curve #2 was measured 10 
IB fo r  curve #/1 was about twice as l a rge  

Figure 11 shows one curve for  t h e  diffused face of an n/p ce l l  whose 
In  t h i s  case, ISc increased by about 10% and base r e s i s t i v i t y  is  50Q-cm. 

sa tura ted  a t  about 1,000 pcoul/cm2 i r r ad ia t ion .  

Figure 1 2  shows one curve f o r  t he  diffused face  of a p/n ce l l  whose base 
r e s i s t i v i t y  is  la-cm. 
pcoul/cm2. 

Is. decreased by about SO%, sa tu ra t ing  a t  about 6,000 

Figure 13 shows t h e  r e s u l t s  f o r  the d i f fused  face of a p/n S i  ce l l  whose 
base r e s i s t i v i t y  is 20Q-cm. 
within about 300 pcoul/cm2 and then decreased and sa tura ted  a t  about 9,000 
pcoul/cm2. 
current  20 hours after curve #1 was measured. 

Is, increased very rap id ly ,  reaching a maximum 

Curve H2 was measured a t  100 K e V  with a l i t t l e  smaller beam 

F ina l ly ,  i n  t he  case of the  diffused face of a p/n S i  ce l l  whose base 
r e s i s t i v i t y  is  SOQ-cm, ins tead  of  decreasing, Is, increased by about as much 
as 15%, sa tu ra t ing  a t  about 100 vcoul/cm2. 
after curve #1 was measured. Ig  for curve 2 is  only 25% of t h a t  of curve 1. 

Curve #2 w a s  measured 8 hours 

To summarize, i n  general  Is, of the S i  samples changes r ap id ly  during 
t h e  e a r l y  s tages  of i r r a d i a t i o n  and eventually sa tu ra t e s .  
t he  Is, vs  f l u x  curves a r e  reasonably reproducible i n  successive runs;  
however, they do not have exac t ly  similar shapes. 
n-Si ce l l ,  a l l  n-type sur face ,  both "diffused face" and "base facets increased 
with increasing flux. In  t h e  case of p-Si, except f o r  t h e  "diffused face" 
of t h e  ce l l  made on a p-type base of 50 ohm cm r e s i s t i v i t y ,  a l l  t he  p-type 
surfacesdecreased with increasing f lux.  

The shapes of 

Except for  t h e  20 ohm c m  

V. Annealing of t h e  Radiation Induced Changes 

(1) A s  i n  t he  case of t h e  germanium , t h e  value of Is, returned t o  i t s  
p re - i r r ad ia t ion  value o r  t o  a value close t o  the  pre- i r rad ia t ion  value i f  
t h e  samples were allowed t o  rest i n  vacuo after t h e  e lec t ron  i r r ad ia t ion .  
Figure 1 5  shows the  recovery of Is, f o r  two n-type surfaces .  The value of 
Isc f o r  t h e  50Qcm n-Si surface returned t o  i ts  o r i g i n a l  value within 10 
minutes of cessa t ion  of i r r a d i a t i o n  while t h e  d i f fused  face of an n/p ce l l  
made 0i.i 23 cf.: em >-type mater ia l  returned t o  its o r i g i n a l  value only after 
r e s t i n g  i n  vacuo for  about 100 minutes. 

Figure 16  shows t h e  recovery of Is, for a 20 ohm c m  p-type S i  surface.  
I n  this case I,, recovered t o  90% of i ts  p re - i r r ad ia t ion  value within t h e  
first 1 5  sec. but then required 30 minutes t o  regain its o r i g i n a l  value. 
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V I .  Discussion of t h e  Results 

The first firm conclusion we can reach on the  bas i s  of the  da ta  
presented above is t h a t  i r r ad ia t ion  of the s i l i c o n  by e lec t rons  whose 

recoinbination ve loc i ty  s cha rac t e r i s t i c  of that surface. 
l i n e a r  function of s as predicted by Eq. (1). 
pr inc ip le  r e s u l t  f r o m  e i t h e r  of two causes. 
i n  t h e  posi t ion of the  Fermi l e v e l  r e l a t ive  t o  the  valence and conduction 
bands within t h e  space charge l aye r  a t  the surface.  Such changes involve 
a r ed i s t r ibu t ion  of charges between the  surface states and the  i n t e r i o r  
of the  semiconductor. 
of recombination centers at  the  surface.  
brought about by r e l a t i v e l y  low doses of ionizing rad ia t ion .  

I energy is too  low t o  cause bulk damage can lead t o  changes i n  the  surface 
I 1 Thus, ISc i s  a 

Such changes i n  s can i n  
I r r ad ia t ion  can cause changes 

They do not involve any change i n  the  concentration 
They should be changes which are 

The second possible cause for a change i n  s is a change i n  the  concent- 
r a t ion  of recombination centers a t  the  surface. The mechanism one would 
invoke here is t h e  removal froin the  surface or deposit  onto t h i s  surface 
of atoms and molecules which can serve as recombination centers .  One 
might expect these processes t o  occur only a t  higher integrated fluxes. 
Whereas changes involving charge r ed i s t r ibu t ion  ought t o  be completely 
r eve r s ib l e ,  changes caused by removal or deposit  of ions on the  surface would 
be a t  least p a r t i a l l y  i r r eve r s ib l e .  However, because the  nature of atoms 
absorbed on t h e  semiconductor surface depends on t h e  atoms and molecules 
made ava i lab le  t o  it by the  ambient, it is possible  t h a t  the  surface can be 
returned t o  a state c l c se ly  resembling its i n i t i a l  state i f  t h e  surface is 
allowed t o  rest i n  the  ambient. 

In  general ,  t h e  observed changes in Is, and, therefore ,  i n  s do exhib i t  
t w o  d i s t i n c t  regions; a rapidly changing p a r t  during the  ea r ly  s tages  of 
i r r a d i a t i o n  and a slower p a r t  which requires  l a rge r  fluxes t o  sa tu ra t e .  
These two regions are espec ia l ly  obvious i n  cases where they lead t o  opposite 
d i r ec t ions  of change of s (see, for example, Fig. 13). 
dist inguished i n  the  annealing curves, l i k e  Fig. 1 6 ,  where there  is an 
i n i t i a l  rap id  recovery followed by a much slower return t o  pre- i r radiat ion 
values. 
of t h e  r ad ia t ion  induced changes or of t h e  subsequent annealing. 
quan t i t a t ive  remark is, however, appropriate. 
a t  in tegra ted  f l u x  values between 3.6 x 10l6 and 6 x 1 0  
Now t h e  number of recombin t i o n  centers present on a semiconductor surface 
is of t h e  order of loL2/, . 
i n  lifetime begin ts GCC'G~ =he= tho number of rad ia t ion  defec ts  capable of 
a f f ec t ing  the  lifetime becomes an appreciable f r ac t ion  of the  number 
i n i t i a l l y  present i n  t h e  c rys t a l .  If w e  transfer t h i s  reasonable concept 
t o  t h e  surface,  t h e  saturation of surface changes could be in te rpre ted  as 
t h e  attainment of a r ad ia t ion  induced surface defect  concentration comparable 
t o  t h a t  o i g i n a l l y  pres  n t  on t h e  surface.  

i.e. t h e  probabi l i ty  t h a t  an electron incident  on t h e  surface w i l l  produce 
a new recombination center  is about 

They can a l s o  be 

It is  not possible  a t  t h i s  time t o  attempt a quant i ta t ive  explanation 
One 

The chan es i n  Isc s a t u  a ted  84 ti electrons/cm . 
9 In  the  case of bulk rad ia t ion  damage, changes 

Thus, w e  would conclude t h a t  
about 10': electrons/cm 9 produce of the order  of 10l2 defect  states/cm2, 
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Next, we t u r n  our a t t e n t i o n  t o  the  dependence of t he  observed changes 
i n  Is, and therefore  i n  s on conductivity type and r e s i s t i v i t y .  The r e s u l t s  
are summarized i n  Table 1 which shows the  ra t io  of t h e  sa tura ted  value of 
Is, t o  the  i n i t i a l  value along with t h e  f lux  needed t o  a t ta in  sa tu ra t ion  fo r  
samples of d i f f e r e n t  r e s i s t i v i t i e s .  
made is t h a t  with the  exception of t he  20 ohm c m  specimen, a l l  t he  n-type 
surfaces  showed an increase i n  Is, and therefore  a decrease i n  s. 
a l l  t h e  sur faces  of p-Si with the  exception of t h e  d i f fused  face of the  p/n 
junction b u i l t  on a 50 ohm cm base exhibited decreased values of Is, a f te r  
prolonged i r r ad ia t ion .  
i r r a d i a t i o n  effects on surfaces  of a l a rge r  s e l ec t ion  of r e s i s t i v i t i e s  and 
on more specimens of a given r e s i s t i v i t y  i n  order  t o  determine whether t he  
two exceptions were spurious. 

The f i r s t  general  observation t o  be 

By con t r a s t ,  

More experiments need to  be performed involving 

Another general  observation is  i n  order. The in tegra ted  f l u x  needed 

There a r e  exceptions l i k e  t h e  diffused face of the  p/n 
t o  produce sa tu ra t ion  of Is, was smaller for  surfaceson n-Si than for  
sur faces  on p-Si. 
ce l l  b u i l t  on 50 ohm c m  material and t h e  diffused face of an n/p c e l l  
b u i l t  on 20 ohm cm material. 

On the b a s i s  of our  da t a ,  it is not poss ib le  t o  d iscern  any o the r  
simple behavior pa t te rn .  
change i n  I sc any systematic way with r e s i s t i v i t y  of the bulk material. 

For example, ne i ther  t h e  r e l a t i v e  amount of 
nor t he  in tegra ted  f l u x  required f o r  sa tura t ion  changes i n  

The same remarks apply t o  t h e  annealing data .  

mmHg, w e  d id  not  dwell on t h e  annealing of t h e  samples. 

Because a l l  t h e  experi-  
men s reported on s i l i c o n  were performed i n  a d i f fus ion  pump vacuum of about 
10- 
t o  defer  any comments on t h i s  behavior u n t i l  after experiments are performed 
i n  t h e  organic-vapor free environment provided by the  Vac Ion Pump. 

s We intend 

V I I .  Future Plans: Description of the  New Ion Pumped I r r ad ia t ion  Chamber 

We have designed and constructed a new g l a s s  system for  performing 

The new system uses  g l a s s  t o  metal seals, copper gaskets  
i r r a d k t i o n  experiments i n  the  vacuum provided by our 75R/sec Vac Ion 
pumping s t a t i o n .  
and so lde r  j o i n t s  and avoids any organic gaskets.  
sample t o  l i q u i d  ni t rogen temperature, i .e. t h e  sample is  mounted on t h e  cold 
f i n g e r  of a dewar. An extremely t h i n  (0.0001") Ni window w i l l  reduce energy 
loss and s c a t t e r i n g  of e lec t rons  enter ing the  chamber from the  Van de Graaff. 
This should make possible  t h e  del ivery of l a r g e r  cur ren ts  t o  t h e  sample than 
had been poss ib ie  i n  Uiir previocs pumped system. 

It permits cooling t h e  

I n  t h i s  system, w e  s h a l l  study r a d i t a t i c n  e f f e c t s  on S i  sur faces  i n  order  t o  
e s t a b l i s h  whether t h e  behavior of t he  surface i n  organic-vapor free vacua 
is  d i f f e r e n t .  
of surface recombination ve loc i ty  v ia  measurements of e f f e c t i v e  minority 
carrier l ifetime. 

We s h a l l  a l s o  undertake experiments aimed a t  d i r e c t  measurement 



I 
I 

-8- 

' Table 1. Summary of Changes i n  Isc Caused by E lec t ron  I r r a d i a t i o n  of S i  Surfaces .  

Conduct ivi ty  R e s i s t i v i t y  Flux at Which Rat io  of  F i n a l  Comments 

(e R/cm2 
(ohm-cm) Is, Satura ted  t o  I n i t i a l  Values 

I Type 
Of ISC 

2 

16  

1 5  

6 x 1015 

1.5 x 10  

3.6 x 1 0  

1 . 3  

0.3 

1.15 

1.15 

Base Face n-type 

I t  I t  

1 

20 

50 

Base Face 

I 1  II Base Face 

I t  I t  Diffused Face ; 
Base o = 1 ohm c m  

16 1.8  x 1 0  2.2 

1.15 

Diffused Face ; 
Base 0 = 20 ohm c m  

I 1  11 Diffused Face ; 
Base p = 50 ohm c m  

16  

16 

16 

1.8 x 1 0  

1.2 x 10 

1.8 x 10  

P-tYPe 

I 1  11 

0.25 

0.60 

0.50 

Base Face 20 

1 Base Face 

11 I 1  Diffused Face ; 
Base p = 1 ohm c m  

16 2 x 10  

14 6 x 10 

11 I 1  0.6 Diffused Face ; 
Base p = 20 ohm cm 

I 1  I 1  1.1 Diffused Face 
Base p = 50 ohm c m  
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In  these experiments, we s h a l l  i n j ec t  carriers i n t o  the  specimen by pulsing 
the  e lec t ron  beam and observe the  decay of t h e  "photoconductivity" pulse. 
If the  specimens are t h i n  enough, then t h e  measured lifetime is surface 
dominated and it is possible  t o  deduce the  absolute  value of These 
experiments can be used t o  ca l ib ra t e  t he  photovoltaic experiments. 

s. 
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