
- 
NONDESTRUCTIVE SEN FOR SURFACE AND SUBSURFACE WAFER I M A G I N G  

Roy H. Props t ,  C. Rober t  Bagnel l ,  Edward I. Cole Jr., B r i a n  G. Davies,  
Frank A .  DiBianca, D a r r y l  G. Johnson, W i l l i a m  V .  Oxford, and C r a i g  A. Smith 

U n i v e r s i t y  o f  Nor th  C a r o l i n a  a t  Chapel H i l l  
Chapel H i  11, NC 

A b s t r a c t  

The scanning e l e c t r o n  microscope (SEM) i s  cons 
f a i l u r e  a n a l y s i s  as w e l l  as dev ice c h a c t e r i z a t i o n .  
v a r i o u s  o p e r a t i o n a l  SEM modes and t h e i  r appl  i cab i  1 
p rocess ing  methods on semiconductor dev ices.  

dered as a t o o l  f o r  bo th  

t y  t o  image 
A survey i s  made o f  

I .  I n t r o d u c t i o n  

The SEM has become a s tandard t o o l  f o r  i n s p e c t i o n  and a n a l y s i s  i n  
t h e  semiconductor i n d u s t r y .  Secondary (SE), v o l t a g e  c o n t r a s t  (VC), 
e l e c t r o n  beam induced c u r r e n t  (EBIC), cathodoluminescence (CL) modes, 
as w e l l  as o thers ,  i n c l u d i n g  t ime- reso lved c a p a c i t i v e  c o u p l i n g  v o l t a g e  
c o n t r a s t  (TRCCVC), p r o v i d e  bo th  s t a t i c  and dynamic methods f o r  
i n v e s t i g a t i o n .  
512 X 512 p i x e l  images. 
megabyte of data,  image process ing  can be performed i n  o r  near 
r e a l  t ime.  

Data from any o f  the methods a r e  r e a d i l y  d i g i t i z e d  i n t o  
Al though each image represents  one q u a r t e r  

We have devel  oped process ing  methods which a r e  p a r t i c u l a r l y  
s u i t e d ,  b u t  n o t  unique, t o  semiconductor wafers and devices.  The 
o v e r a l l  goal o f  our  e f f o r t  has been t o  show f e a s i b i l i t y  f o r  v a r i o u s  
methods which can be used d u r i n g  f a b r i c a t i o n  as w e l l  as a f t e r - t h e - f a c t  
a n a l y s i s .  

The SEM i s  a v e r s a t i l e  t o o l  which can p r o v i d e  e l e c t r i c a l  
parameters and t o p o g r a p h i c  i n f o r m a t i o n  d u r i  ng f a b r i c a t i o n .  
p r o c e s s i n g  can be used t o  enhance both v i s u a l  and automat ic  p a t t e r n  
recogn i  t i on. 

Image 

I I. Image Process ing  Storage and R e t r i e v a l  

A .  I n t r o d u c t i o n  

Our research i s  focused on t h e  a p p l i c a t i o n  o f  d i f f e r e n t  p r o c e s s i n g  
a1 gor i thms t o  Scanning E l e c t r o n  Microscope (SEM) images o f  i n t e g r a t e d  
c i r c u i t s .  The p r i m a r y  goal  i s  t o  develop a system t o  enable f a i l u r e  
a n a l y s i s  o f  i n t e g r a t e d  c i r c u i t s  using t h e  SEM as a n o n - d e s t r u c t i v e  
a n a l y s i s  t o o l .  The r e s u l t  i s  t h e  i n t e g r a t i o n  of  d i v e r s e  process ing  
methods i n t o  a f l e x i b l e ,  open-ended and easy-to-use da ta  a c q u i s i t i o n  and 
process ing  system. 
tempora l  domain process ing  techniques. The former techniques have proved 

We have i n v e s t i g a t e d  t h e  use o f  b o t h  s p a t i a l  and 
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t o  be t h e  most p r a c t i c a l  i n  terms o f  I C  f a i l u r e  ana lys i s  purposes. 
con t inue t o  evaluate new methods i n  both domains f o r  data a c q u i s i t i o n  and 
processing. 

The f i r s t  i s  a 
DEC PDP-11/23 minicomputer, coupled w i th  an AED 512 graphics te rmina l  and 
var ious  A/D and D / A  per iphera ls .  Th is  system c o n t r o l s  t h e  SEM and the  
Device Under Test (DUT) and i s  used f o r  data a c q u i s i t i o n  and raw data 
storage. Another PDP-11/23 computer ac ts  as a s lave  processor t o  the  
main 11/23 and i s  used t o  c o n t r o l  t he  DUT when complex i n p u t s  a re  
requ i red .  A b lock diagram o f  t h i s  system i s  shown i n  F igu re  1. 
second system i s  a DEC PDP-11/73, coupled w i t h  an AED 512 te rmina l ,  a 
v ideo d i g i t i z e r ,  and an a r ray  processor. 
pos t -acqu is i t i on  image processing and sof tware development. The same 
sof tware package operates on both systems, a l l o w i n g  t o t a l  f u n c t i o n a l i t y  
w i t h  on l y  one system if necessary. 

We 

Our present hardware comprises two separate systems. 

The 

Th is  system i s  used f o r  

B. Progress 

Our work i n  t h i s  area can be d i v ided  i n t o  t h r e e  main t o p i c s :  1) image 
a c q u i s i t i o n  and storage, 2 )  general process ing rou t i nes  and image data 
ana lys i s ,  and 3 )  i n fo rma t ion  d isp lay .  The approach taken and t h e  
progress made i n  each o f  these areas w i l l  be discussed separate ly .  

1) Image a c q u i s i t i o n  and s torage 

We have es tab l i shed a set  of standard techniques f o r  acqu i r i ng  and 
s t o r i n g  data from the  DUT. 
e f f i c i e n t  t r a n s f e r  o f  on ly  the  requ i red  data f rom t h e  DUT t o  t h e  ana lys is  
computer. We have developed a method (node scanning) t o  accomplish t h i s  
goal. Our f i n d i n g s  were o u t l i n e d  i n  a paper which was publ ished i n  t h e  
December 1985 issue o f  I E E E  Transact ions on R e l i a b i l i t y . [ l ]  

The basic concept behind node scanning i s  t h a t  a l a r g e  p o r t i o n  o f  t h e  
area i n  present-day I C ' s  i s  occupied by in te rconnect ions .  Thus, only a 
smal l  f r a c t i o n  o f  t he  area o f  a d i e  needs t o  be sampled t o  determine t h e  
vo l tage  present a t  each o f  t he  devices i n  t h e  c i r c u i t .  Only t h i s  v o l t a g e  
in fo rmat ion  is necessary i n  order t o  determine t h e  opera t ion  o f  t he  
c i r c u i t .  Fur ther ,  t h e  raw image data from each o f  these "areas" ( o r  
nodes) can be analyzed and represented i n  a compact s t a t i s t i c a l  format. 
Thus, t h e  amount o f  i n fo rma t ion  requ i red  t o  cha rac te r i ze  t h e  e n t i r e  
c i r c u i t  can be reduced t o  a standard form which i s  independent o f  t he  
ac tua l  device geometry. 
"pass ive"  c h i p  area va r ies  widely  w i t h  c i r c u i t  design, so does t h e  amount 
of da ta  reduct ion us ing  t h i s  technique. I n  t h i s  manner, da ta  reduct ion 
f a c t o r s  of  between 80 and 1300 over standard techniques can be rea l i zed .  
F igu re  2 presents t h i s  r e l a t i v e  data reduc t ion  as a f u n c t i o n  o f  device 
dens i t y .  The major b e n e f i t  o f  t he  node scanning technique i s  t h e  
increased throughput prov ided by the  smal le r  amount o f  data which must be 
processed and analyzed. An add i t i ona l  b e n e f i t  i s  t h e  decreased amount o f  
exposure of t h e  DUT t o  t h e  h igh-vo l tage pr imary e l e c t r o n  beam, reducing 
t h e  p r o b a b i l i t y  o f  damage t o  the  device. 

The major m o t i v a t i o n  was a qu ick  and 

Since the  r a t i o  o f  " a c t i v e "  c h i p  area t o  

2 )  General Processing Rout ines and Image Data Analys is  

The la rges t  
processing rou t ines .  
image data s to red  i n  the  AED graphics te rm ina l  o r  on t h e  combination of  

p a r t  of t h e  system cons is t s  o f  a se t  of general image 
These rou t ines  u s u a l l y  operate d i r e c t l y  on the  
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AED d a t a  and a d d i t i o n a l  da ta  s t o r e d  i n  d i s k  f i l e s .  
concent ra ted  on v a r i a t i o n s  of common process ing  r o u t i n e s  which work w e l l  
w i t h  secondary e l e c t r o n  (SE)  and EBIC image d a t a  o f  I C ' s .  
c a p a b i l i t i e s  we have implemented i n c l u d e  image d a t a  f i l t e r i n g ,  a d d i t i o n ,  
s u b t r a c t i o n ,  m u l t i p l i c a t i o n ,  d i v i s i o n ,  c o n t r a s t  enhancement, 
h istogramming, and edge e x t r a c t i o n .  

a l g o r i t h m s  t o  SEM image da ta  i s  t o  separate t h e  Vol tage C o n t r a s t  (VC) 
i n f o r m a t i o n  from t h e  topograph ic  data. 
on a l a r g e  number of f a c t o r s  besides l o c a l  e l e c t r i c  f i e l d s ,  t h e  
e x t r a c t i o n  o f  ' 'pure" v o l t a g e  in fo rmat ion  f rom t h e  SE s i g n a l  i s  
n e c e s s a r i l y  compl icated.  We have developed v a r i o u s  image d a t a  
s u b t r a c t i o n  techn iques  o p t i m i z e d  f o r  i s o l a t i o n  o f  VC i n f o r m a t i o n  f rom 
secondary images .E21 

v o l t a g e  l e v e l s  on t h e  DUT a r e  t h e  n o n - d e t e r m i n i s t i c  c h a r a c t e r i s t i c s  
( n o i s e  and d r i f t )  a s s o c i a t e d  w i t h  the  image da ta  a c q u i s i t i o n  system. 
These f a c t o r s  have been examined i n  great  d e t a i l C 3 1  and techniques t o  
min imize  t h e i r  e f f e c t s  have been proposed. I n  p a r t i c u l a r ,  image n o i s e  
becomes an i n c r e a s i n g l y  l a r g e  component of  t h e  SE s i g n a l  as t h e  pr imary  
beam c u r r e n t  i s  reduced t o  improve the tempora l  r e s o l u t i o n  o f  t h e  
c a p a c i t i v e l y  coupled bound charge decay i n  a TRCCVC image (see nex t  
s e c t i o n ) .  These elements must be d e a l t  w i t h  u s i n g  image process ing  
techn iques  such as s t r o b o s c o p i c  t i m e  averaging and f i l t e r i n g .  
aspect o f  system " d r i f t "  can be seen as geometr ic  d i s t o r t i o n s  o f  t h e  
image i t s e l f .  We have implemented image t r a n s l a t i o n ,  r o t a t i o n ,  and 
s c a l i n g  r o u t i n e s  which we use t o  at tempt t o  min imize  these d i s t o r t i o n s .  
We have i n v e s t i g a t e d  v a r i o u s  data i n t e r p o l a t i o n  methods t o  min imize  t h e  
image d i s t o r t i o n s  i n t r o d u c e d  by t h e  r o t a t i o n  and s c a l i n g  processes 
themselves. Edge-detect ion r o u t i n e s  are u s e f u l  i n  t h e  d e t e c t i o n  o f  
geometr ic  s h i f t s  and t h e  l o c a t i o n  o f  sur face  fea tures .  The performance 
o f  severa l  d i f f e r e n t  edge-detect ion methods on t y p i c a l  SE images has been 
examined. Image da ta  a n a l y s i s  techniques such as histogramming and 
t h r e s h o l d e d  s u b t r a c t i o n  a l l o w  t h e  e x t r a c t i o n  o f  da ta  r e l e v a n t  t o  b o t h  t h e  
image process ing  phase as w e l l  as t h e  o p e r a t i o n a l  a n a l y s i s  phase. 

Another area o f  c u r r e n t  i n t e r e s t  i s  i n  frequency-domain techniques 
(such as F o u r i e r  t r a n s f o r m  f i l t e r i n g ) .  
two-dimensional  FFT process ing  f o r  f a i  1 u r e  a n a l y s i s  and process qual  i ty  
m o n i t o r i n g  i s  c u r r e n t l y  i n  progress.  
techn iques  f o r  our  image da ta  processing i s  n o t  d e s i r a b l e  because o f  t h e  
computat ional  and memory overhead i n v o l v e d  i n  t h e  FFT process. The 
m a j o r i t y  o f  t h e  image process ing  techniques which we use a r e  based on 
s imp le  2 x 2 and 3 x 3 convo lu t ions ,  which a r e  more e f f i c i e n t  t o  per fo rm 
d i r e c t l y  on t h e  image data.  
FFT f i l t e r i n g  and t h e  r e s u l t s  a r e  near ly  i n d i s t i n g u i s h a b l e  f rom d i r e c t  
c o n v o l u t i o n  f i l t e r i n g .  
some process ing  on t h e  FFT r a t h e r  than d i r e c t l y  on t h e  image data.  
example, ext remely narrow band-pass f i l t e r i n g  i s  much more 
c o m p u t a t i o n a l l y  e f f i c i e n t  when performed u s i n g  t h e  FFT f i l t e r i n g  
approach. 
image process ing  techniques.  

t o  wafer  and process q u a l i t y  eva lua t ion .  The m o n i t o r i n g  o f  process 
q u a l i t y  d i r e c t l y  f rom t h e  two-dimensional FFT i s  a complex s u b j e c t .  
U n f o r t u n a t e l y ,  comparing t h e  FFT's o f  two images i s  n o t  d i r e c t l y  

Our i n v e s t i g a t i o n  has 

Some o f  t h e  

One o f  our  main o b j e c t i v e s  i n  app ly ing  t h e  v a r i o u s  p r o c e s s i n g  

S ince  t h e  SE s i g n a l  i s  dependent 

Other  d i f f i c u l t i e s  assoc ia ted  w i t h  making repeatab le  measurements o f  

Another 

An i n v e s t i g a t i o n  o f  

P r e s e n t l y ,  t h e  use o f  FFT 

We have implemented low-pass and high-pass 

For 
I n  t h e  f u t u r e ,  i t  may become d e s i r a b l e  t o  per fo rm 

Thus, we w i l l  c o n t i n u e  t o  i n v e s t i g a t e  t h e  a p p l i c a t i o n s  o f  FFT 

We a r e  a l s o  s t u d y i n g  t h e  a p p l i c a t i o n  o f  F o u r i e r  Transform techniques 
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analogous t o  t he  more convent ional  approach o f  comparing two images, 
s ince  i t  i s  no t  immediately c l e a r  how d i f f e rences  i n  process q u a l i t y  w i l l  
a f f e c t  the image, much l e s s  t h e  FFT c o e f f i c i e n t s .  I n  order  t o  understand 
t h e  r e l a t i o n s h i p  between wafer c h a r a c t e r i s t i c s  and t h e  image FFT, t h e  
e f f e c t s  of d i f f e r e n t  image a c q u i s i t i o n  cond i t i ons  on the  FFT have been 
inves t iga ted .  The two-dimensional frequency c o e f f i c i e n t s  a re  
d ramat ica l l y  a f f e c t e d  by d i f f e r e n t  types o f  image data and imaging 
condi t ions.  
two images showing t h e  same geometry remain unchanged even though t h e  
image cont ras t  and s igna l - to -no ise  r a t i o  may change d ramat i ca l l y .  
main d i s t i n g u i s h i n g  f e a t u r e  o f  t h e  FFT ( t h e  predominant l i n e  w id th )  
remains unchanged desp i te  d i f f e rences  i n  t h e  image a c q u i s i t i o n  
condi t ions.  

However, t h e  under l y ing  bas ic  c h a r a c t e r i s t i c s  o f  t h e  FFT o f  

The 

3 )  Image In fo rma t ion  D isp lay  

The u t i l i t y  o f  us ing  pseudo-color lookup t a b l e s  f o r  t h e  d i s p l a y  o f  
gray-scale image data has been demonstrated many times. 
developed a f a c i l i t y  t o  produce and modify our own c o l o r  lookup t a b l e s  
i n t e r a c t i v e l y .  Th is  has enabled us t o  develop a s e t  o f  c o l o r  t a b l e s  
which i s  opt imized f o r  our purposes. 
d isp layed us ing  a mod i f i ed  Heated Object  Spectrum (HOS) lookup t a b l e  
which runs from dark brown a t  t h e  low end through red  and y e l l o w  t o  wh i te  
a t  t h e  top end. 
percept ion bu t  r e t a i n s  t h e  i n t u i t i v e  "order"  which i s  present  i n  most 
gray-scale tab les .  I n  add i t i on ,  we reserve a smal l  s e t  ( t y p i c a l l y  32) o f  
p i x e l  values a t  t h e  t o p  end o f  t h e  t a b l e  t o  a l l o w  image fea tu res  t o  be 
marked or o u t l i n e d  and f o r  alphanumeric l abe l i ng .  
genera l ly  ' 'orthogonal'' t o  t h e  co lo rs  used i n  t h e  HOS p o r t i o n  o f  t h e  c o l o r  
t a b l e  t o  a l l o w  easy d i f f e r e n t i a t i o n .  

data func t ion  ( X , Y  and i n t e n s i t y )  i n t o  a two-dimensional perspec t ive  
view. This subrout ine a l s o  inc ludes p r i m i t i v e  th resho ld ing  and data 
f i l t r a t i o n  features.  The image i n t e n s i t y  v a r i a b l e  i s  represented as t h e  
v e r t i c a l  ( Z )  ax is ,  and t h e  normal X and Y coord inates are  mapped i n t o  a 
perspect ive plane which i s  a t  11 degrees t o  the CRT plane i n  t h e  X 
d i r e c t i o n  and a t  23 degrees i n c l i n a t i o n  i n  t h e  Y d i r e c t i o n .  These angles 
were chosen t o  enhance t h e  v i s i b i l i t y  o f  image con t ras t  f ea tu res  w i thou t  
l o s i n g  a sense o f  t h e  o v e r a l l  s p a t i a l  p ropor t ions .  Several op t ions  are  
avai  1 able, a1 1 owi ng t h e  user  a choi ce o f  " f r o n t "  o r  " rear "  perspect ives , 
data averaging, sca l i ng ,  and windowing parameters, f o r  enhancement o f  t h e  
r e s u l t i n g  p l o t .  

We have 

The m a j o r i t y  o f  our data i s  

Th is  a l lows t h e  use o f  c o l o r  t o  enhance c o n t r a s t  

These c o l o r s  a re  

A subrout ine has been developed t o  map t h e  three-dimensional  image 

I I I. Time Resolved Capac i t i ve  Coup1 i ng Vol tage Contrast  

A .  I n t r o d u c t i o n  

Problems encountered us ing  vo l tage con t ras t  on pass ivated devices 
w i t h  a scanning e l e c t r o n  microscope (SEM)  have been we1 1 documented.[4-71 
To avoid r a d i a t i o n  damage from t h e  pr imary  e lec t rons  o r  t h e  x-rays 
generated from these energet i c e lec t rons  , 1 ow pr imary e l e c t r o n  beam 
energies must be used. These e lec t rons  penet ra te  on ly  i n t o  t h e  uppermost 
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p o r t i o n  o f  t h e  pass i va t i on  layer.C81 A change i n  p o t e n t i a l  on a 
subsurface s t r u c t u r e  w i l l  p o l a r i z e  the i n s u l a t i n g  ma te r ia l  between the  
s t r u c t u r e  and t h e  surface. The bound sur face  charge associated w i t h  t h i s  
p o l  a r i  z a t i  on produces a t rans i  ent  i n  the  secondary e l  ec t  ron s i  gnal from 
t h e  device. This  s igna l  can be used t o  generate a dynamic image- 
c a p a c i t i v e  coup l ing  vo l tage cont ras t .  We have developed a new technique, 
Time Resolved Capac i t i ve  Coupling Voltage Contrast  (TRCCVC), f o r  
determin ing t h e  ampl i tude o f  t h i s  vol tage t r a n s i e n t .  
r e l a t e s  t h e  decay t ime  o f  t h e  dynamic vo l tage con t ras t  f l a s h  t o  vo l tage 
t r a n s i t i o n s  on a device. 
depth. 
repor ted.  

This  technique 

The decay times are  a l s o  dependent on s t r u c t u r e  
Our techniques and i n i t i a l  r e s u l t s  f o r  depth measurement a re  a l so  

B. Signal  Generat ion 

A pr imary e l e c t r o n  beam w i t h  energy > 100 eV w i l l  y i e l d  a secondary 
e l e c t r o n  (SE) energy d i s t r i b u t i o n  whose shape i s  determined by t h e  work 
func t i on ,  Fermi l e v e l ,  and o ther  mater ia l  parameters.[9] There w i l l  be a 
ne t  charge accumulation on the  device i f  t h e  pr imary beam cu r ren t  ( I  ) 
does no t  equal t h e  l o s s  cu r ren t  ( 1 ' ) .  A t  t h e  beam energies used forPe 
TRCCVC t h e r e  are  two major sources of 1 ' :  SE and backscattered e lec t rons  
(BE). The r a t i o  o f  BE cu r ren t  t o  Ipe,  'I, i s  independent o f  i n c i d e n t  beam 
energ ies grea ter  than about 5 kV. A t  lower  energies smal l  v a r i a t i o n s  
w i t h  energy occur. 
t h e  ma te r ia l  and t h e  energy o f  t he  pr imary beam.[91 I f  t h e  BE and SE 
cu r ren ts  exceed I as i s  the  case f o r  TRCCVC, a ne t  p o s i t i v e  charqe 
w i l l  b u i l d  up on !E: surface. This  charge prevents lower  energy SE s 
f rom escaping t h e  sur face  and w i l l  thus decrease t h e  i n t e n s i t y  o f  t h e  SE 
image. An e q u i l i b r i u m  surface vo l tage i s  reached when t h e r e  i s  no ne t  
charge accumulated on t h e  device. When s t r u c t u r e s  deeper than t h e  
maximum beam pene t ra t i on  depth change p o t e n t i a l ,  t h e  ma te r ia l  between 
them and t h e  sur face  i s  po la r ized ,  i n t roduc ing  a bound sur face  charge. 

The r a t i o  ( 6 )  o f  SE c u r r e n t  t o  I p e  i s  dependent upon 

The change i n  t h e  number.of S E ' s  caused by t h i s  bound charge 
TRCCVC s igna l ,  which decays back t o  the e q u i l i b r i u m  p o t e n t i a l  
p e r m i t t i n g  more o r  fewer SE t o  escape. 

C. Data A c q u i s i t i o n  and V o l t a g e  Resu l ts  

Operat ing t h e  SEM a t  standard T V  video scan ra tes  al lowed 
con t ras t  data t o  be videotaped and analyzed on a separate i m a  

s t h e  
by 

t h e  vo 
e 

t age 

process ing system. 
w i t h  v a r i a b l e  p e r i o d  and amplitude. 
a l l o w  complete decay o f  t h e  vo l tage cont ras t  f l a s h  i n  the  secondary 
e l e c t r o n  image. 

The vol tages app l i&  t o  the  DUT'were square waves 
A l l  per iods  were l ong  enough t o  

A f t e r  t h e  vo l tage con t ras t  in format ion had been recorded, decay data 
were obta ined us ing  a v ideo- ra te  d i g i t i z e r  (Datacube Inc.). The 
d i g i t i z e r  converts t h e  analog composite v ideo s igna l  i n t o  a d i g i t a l  a r ray  
of 512 x 512 p i c t u r e  elements ( p i x e l s ) ;  each element has a s igna l  
r e s o l u t i o n  o f  e i g h t  b i t s .  
r a t e  o f  33.3 msec (v ideo  r a t e  o f  30 frames per  second). 

The r e s u l t i n g  system has a maximum sampling 

Since t h e  i n c i d e n t  e l e c t r o n  f l u x  o f  t h e  SEM pr imary beam i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  decay t ime o f  a given vo l tage con t ras t  f l ash ,  t h e  
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p r i m a r y  e l e c t r o n  beam c u r r e n t  must be c a r e f u l l y  chosen. 
decay t imes must be l o n g  r e l a t i v e  t o  t h e  system sampl ing r a t e .  
r e q u i r e d  f l u x  l e v e l  f o r  adequate t i m e  r e s o l u t i o n  produced a poor  
s i g n a l - t o - n o i s e  r a t i o  i n  t h e  secondary e l e c t r o n  image ( a t  t h e  pr imary  
beam energy a v a i l a b l e  on our  SEM). To i n c r e a s e  t h e  s i g n a l - t o - n o i s e  
r a t i o ,  m u l t i p l e  frames of t h e  v o l t a g e  c o n t r a s t  f l a s h ,  synchronous i n  t i m e  
w i t h  t h e  a p p l i e d  square wave, were averaged. 
ampl i tude i n  t h e  averaged secondary e l e c t r o n  image was t h e n  determined as 
a f u n c t i o n  o f  t ime.  

The t r a n s i e n t  
The 

The v o l t a g e  c o n t r a s t  

F o r  s u f f i c i e n t l y  l a r g e  v o l t a g e  t r a n s i e n t s ,  a " S a t u r a t i o n "  e f f e c t  o f  
t h e  dynamic v o l t a g e  c o n t r a s t  s i g n a l  occurs.  The ampl i tude o f  t h e  v o l t a g e  
c o n t r a s t  f l a s h  (and t h e r e f o r e  t h e  number o f  secondary e l e c t r o n s  l e a v i n g  
t h e  device s u r f a c e )  i s  cons tan t  f o r  a t i m e  i n t e r v a l  a f t e r  t h e  t r a n s i t i o n  
and before t h e  onset  of decay. The s a t u r a t i o n  parameters depend upon t h e  
SEM o p e r a t i n g  c o n d i t i o n s  as w e l l  as t h e  work f u n c t i o n  and e l e c t r o n  energy 
d i s t r i b u t i o n  o f  t h e  p a s s i v a t i o n .  H igher  v o l t a g e  s h i f t s  s a t u r a t e  a t  t h e  
same i n t e n s i t y  b u t  remain s a t u r a t e d  f o r  a l o n g e r  t i m e  i n t e r v a l .  

The monotonic r e l a t i o n s h i p  between s a t u r a t i o n  t i m e  and t h e  ampl i tude 

F o l l o w i n g  Menzel 's suggest ion[81 

o f  t h e  negat ive v o l t a g e  s h i f t  was used t o  make a v o l t a g e  c a l i b r a t i o n  
curve. Using m u l t i p l e  frame averaging,  t h e  decay da ta  f o r  d i f f e r e n t  
v o l t a g e  l e v e l  t r a n s i e n t s  were p l o t t e d .  
t h a t  t h e  v o l t a g e  c o n t r a s t  f l a s h  should decay e x p o n e n t i a l l y ,  a 
least-mean-squares f i t  o f  t h e  decay d a t a  ( i n t e n s i t y - v e r s u s - t i m e )  t o  an 
exponent ia l  curve was c a l c u l a t e d .  
curves,  each r e p r e s e n t i n g  t h e  decay o f  a g i v e n  v o l t a g e  l e v e l .  
t i m e  requ i red  by any g i v e n  f l a s h  t o  reach a f i x e d  t a r g e t  i n t e n s i t y  was 
t h e n  used t o  q u a n t i f y  t h e  ampl i tude o f  t h e  v o l t a g e  pulse.  

The r e s u l t  was a s e r i e s  o f  exponent ia l  
The decay 

The samples used f o r  v o l t a g e  measurement were an npn power t r a n s i s t o r  
and a Schottky d iode w i t h  approx imate ly  0.6 and 1.5 micrometers o f  
p a s s i v a t i o n  r e s p e c t i v e l y .  
recorded i n  1 V steps. 
measured and t h e  r e s u l t s  p l o t t e d .  By t a k i n g  1 V steps, t h e  d a t a  
a c q u i s i t i o n  t i m e  and SEM d r i f t  were b o t h  reduced. 
r e s o l u t i o n ,  separate measurements were made over  s m a l l e r  ranges: 
0.75-2.75V, 0.75-2.0V, 2.0-3.0V, 3.0-4.0V, and 4.0-5.OV ( F i g u r e s  3 and 
4 ) .  
inc rease p r i m a r y  e l e c t r o n  f l u x ,  and t h e r e b y  decrease decay t imes.  Table 
I shows exper imenta l  c o n d i t i o n s  and r e s u l t s .  For  t r a n s i t i o n s  over  t h e  
t o t a l  1-5 V range t h e  maximum standard e r r o r  i s  106 mV. However, o v e r  1 
v o l t  i n t e r v a l s  t h e  e r r o r  v a r i e s  f rom 16 t o  a maximum o f  45 mV. These 
r e s o l u t i o n s  equal o r  surpass those p u b l i s h e d  by Fu j ioka [ lO]  u s i n g  a SEM 
a t  1.0 kV p r imary  e l e c t r o n  beam energy w i t h  an e l e c t r o n  energy 
spectrometer accessory. 

I n i t i a l l y  v o l t a g e  s h i f t s  f rom 1 t o  5 V were 
The decay t i m e  t o  t h e  t a r g e t  i n t e n s i t y  was t h e n  

For  h i g h e r  v o l t a g e  

The SEM m a g n i f i c a t i o n  was increased a t  h i g h e r  v o l t a g e  ranges t o  
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Table I. Experimental Condit ions and Voltage Resolut ions Using t h e  Time 
Resolved Capac i t i ve  Coupling Voltage Contrast  Technique on Two D i f f e r e n t  
Devices . 

Device 

Diode 
D i  ode 
T r a n s i s t o r  
T r a n s i s t o r  
T rans i s to r  
T r a n s i s t o r  
T rans i s to r  

P r i m a r y  
Beam Energy 
(W 
2.50 
2.50 
1.25 
1.25 
1.25 
1.25 
1.25 

Sampl e 
Area 
( p i x e l s  ) 

64 x 64 
64 x 64 
32 x 64 
32 x 64 
32 x 64 
32 x 64 
32 x 64 

2 
Voltage Standard 

Frames Range E r r o r  
Averaged (V) (mv) 

14 1-5 58.5 
10 0.75-2.75 28.5 

5 1-5 106.1 
5 0.75-2.00 44.8 
5 2-3 44.3 
5 3-4 34.6 
5 4-5 16.3 

D. Modeling o f  Decay Data 

I n  order  t o  p r e d i c t  t h e  shape o f  t h e  SE decay curves, we must know 
t h e  SE energy d i s t r i b u t i o n ,  surface e q u i l i b r i u m  voltage, and i n c i d e n t  
e l e c t r o n  f l u x .  G o r l i c h [ l l ]  suggests us ing  closed form equations f o r  t he  
SE energy d i s t r i b u t i o n ,  Eq. 1,[12] and f o r  6 ,  Eq. 2[9]. I n  a d d i t i o n  t o  
these two equations, t h e  t ime  dependent p o t e n t i a l  on t h e  surface, V ( t ) ,  
was p red ic ted  t o  decay l i k e  t h a t  across a capac i to r  i n  an RC c i r c u i t ,  
i.e. Eq. 3.[11] The ne t  absorbed current ,  Iae, w i l l  be a f u n c t i o n  o f  t he  
number o f  secondary e lec t rons  w i t h  energies grea ter  than t h a t  o f  t h e  
sur face  p o t e n t i a l  (which i s  shown below i n  Eq. 4) .  It i s  obvious t h a t  
even w i t h  Eq. 1 and 4, V ( t )  cannot be so lved i n  c losed form. 
i t e r a t i v e  s o l u t i o n  can be formulated assuming V(t=O) i s  known (Eq. 5). 
Using constants f o r  Si02[11,12] and t y p i c a l  SEM and dev ice parameters i n  
t h e  above equations we have constructed t h e  V ( t )  curves shown i n  F igu re  
5. 

An 

N =  Eq. 1. 

(E + A )  (Ese + F ly  
where: N = number a? SE 

E,, = energy o f  t h e  SE 
A, F, and Y a re  constants  o f  t h e  ma te r ia l  
(A  = Fermi l e v e l  and F = work func t i on )  

Eq. 2. 6 = ( ~ ) - O - ~ ~ 1 . 1 1  6 (1-exp -2.3 ( Q *35) 
ma x 

Q = Epe’Epe max 
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where: E = pr imary beam energy 
mBg r e f e r s  t o  6 value 

rt 

where: V ( t )  = sur face  vo l tage 
E = p e r m i t t i v i t y  o f  t h e  m a t e r i a l  
A = area scanned 
I = Is + I  - I  
dag s t  ru&ureb8epthPe 

+ -1.0 I 1 pe 

Eq. 3.  

Eq. 4. 

Eq. 5. 

Q u a l i t a t i v e l y ,  t h e  curves e x h i b i t  t h e  same decay recorded e a r l i e r  
( i n c l u d i n g  t h e  "sa tu ra t i on "  reg ion) .  
w i t h  incorpora t ing  t h i s  approach i n t o  a q u a n t i t a t i v e  model. 
SE energy d i s t r i b u t i o n  o f  Eq. 1 does no t  cons ider  t h e  e f f e c t s  o f  su r face  
contaminants. Second, t h e  va lue o f  V(t=O), f o r  a g iven vo l tage change on 
a device,  w i l l  be a func t ion  o f  dev ice depth, i n s u l a t i n g  ma te r ia l ,  and 
i n c i d e n t  beam energy as w e l l  as t h e  ampl i tude o f  t h e  vo l tage change. 

To improve on the  exponent ia l  decay f i t  t o  our data, we have measured 
t h e  i n teg ra l  SE d i s t r i b u t i o n  f rom t h e  peak CCVC i n t e n s i t y  a f t e r  a vo l tage  
t r a n s i t i o n  (F igure 6A). This  i n t e n s i t y  i n fo rma t ion  i s . o f f s e t  3.4 v o l t s  
such t h a t  the peak occurs a t  0 vo l t s .  These data are then used i n  Eq. 4 
above. The o f f s e t  i nd i ca tes  an equ l i b r i um sur face  vo l tage o f  3.4 v o l t s .  
Therefore, a -1 v o l t  change on t h e  sur face  would r e s u l t  i n  CCVC decay 
f rom 2 . 4 t o  3.4 vo l t s .  
f o r  V(t=0)=0.4, -0.6, -1.6 v o l t s  ( -3 ,  - 4 ,  and -5 v o l t s  device vo l tage  
changes respec t ive ly )  are shown i n  F igu re  68. The -0.6 and -1.6 v o l t  
curves agree reasonably w e l l  w i th  t h e  measured data, bu t  t h e  0.4 v o l t  
curve decay slower than t h e  data. Th is  discrepancy i s  probably  a r e s u l t  
o f  beam current d r i f t ,  which i s  s i g n i f i c a n t  on our  present SEM a t  low 
pr imary beam energies and beam cu r ren ts  (measured values f o r  these data 
were 1.25 kV and .011 nA). These experiments and contaminat ion e f f e c t s  
w i l l  be examined on a new SEM, scheduled t o  a r r i v e  i n  June 
'86,  more s u i t e d  t o  our low acce le ra t i ng  vo l tage and low c u r r e n t  
research. Then t h e  e f f e c t s  o f  d r i f t  and model de f i c iency  can be 
separated. 

However, t h e r e  are  some problems 
F i  r s t  , t h e  

The c a l c u l a t e d  decay curves and normal ized data 

E. Depth Measurement 

Eq. 3 p r e d i c t s  t h a t  CCVC decay t imes should be i n v e r s e l y  p ropor t i ona l  
t o  device depth (d ) .  The TRCCVC decay data f o r  t w o  d i f f e r e n t  areas on 
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t h e  same d ie ,  each w i t h  -5 V t r a n s i t i o n s ,  were f i t t e d  t o  an exponent ia l  
curve i n  t h e  same manner as e a r l i e r  da ta  sets.[13] Two VC decay t imes 
over  t h e  same i n t e n s i t y  range were then c a l c u l a t e d  from t h e  exponent ia l  
f i t  o f  each area. 
measured us ing  a Nanometrics f i l m  gauge c o r r e l a t e d  t o  a Gaertner 
e l l ipsometer .  
1.580 micrometers, respec t ive ly .  The r a t i o s  are: ' 

The pass i va t i on  th ickness over these areas was 

The decay t imes and depths are 29.2 and 86 msec, and .549 and 

Atl/At2 = 3.40 and d2/dl = 2.85. 

From these r a t i o s  we see t h a t  wh i l e  t h e  r e l a t i v e  depths and decay t imes 
agree w i t h  t h e  i nve rse  r e l a t i o n ,  the p red ic ted  and measured r a t i o s  d i f f e r  
by 16%. P a r t  of t h i s  d i f fe rence may be a r e s u l t  o f  t h e  two areas being 
d i s i m i l a r  s t ruc tu res ,  ox ide over m e t a l  and ox ide over S i .  

To e l i m i n a t e  t h i s  source o f  e r ro r ,  TRCCVC data f o r  t h r e e  d i f f e r e n t  
samples o f  t h e  same d i e  were examined. As can be seen i n  F igure  7 ,  t h e  
decay data f o r  these samples var ied  widely .  
e l l i p s o m e t e r  showed on ly  a 2% di f ference i n  pass i va t i on  th ickness.  
a t t r i b u t e  the  d i f f e r e n c e  i n  s igna l  t o  sur face  contaminants on each 
device,  a l t e r i n g  t h e  SE energy d i s t r i b u t i o n  and t h e  e q u i l i b r i u m  vol tage.  
Fu ture  experiments t o  e l i m i n a t e  surface contaminat ion by plasma c lean ing  
w i l l  be performed t o  see if these f l u c t u a t i o n s  i n  " i d e n t i c a l "  devices are 
e l im ina ted .  
and vo l tage measurements on d i f f e r e n t  devices can be modeled. 

L a t e r  measurements us ing  the  
We 

The f l u c t a t i o n s  must be reso lved be fore  q u a n t i t a t i v e  depth 

F. Concl u s i  ons 

We are  develop ing a new technique, TRCCVC, f o r  q u a n t i t a t i v e  vo l tage 
and depth measurement o f  b u r i e d  s t ruc tu res .  
energ ies used i n  t h i s  technique make i t  non-dest ruct ive,  even t o  
r a d i a t i o n  s e n s i t i v e  MOS s t ruc tu res .  I n i t i a l  vo l tage c a l i b r a t i o n  and 
q u a l i t a t i v e  decay model ing have been sucessful .  
sur face  contaminat ion and SEM d r i f t  must be evaluated and/or e l im ina ted  
be fore  t h e  o v e r a l l  goal ,  q u a n t i t a t i v e  p r e d i c t i o n  of CCVC decay f rom 
SEM/device cond i t ions ,  i s  achieved. 

The low pr imary beam 

However, t h e  e f f e c t s  o f  

I V .  Non-dest ruct ive Subsurface Imaging of Semiconductors 

A .  I n t r o d u c t i o n  

The maximum pene t ra t i on  depth ( R )  of t h e  pr imary beam-sample 
i n t e r a c t i o n  volume i n  an SEM has been modeled as a f u n c t i o n  o f  t h e  
pr imary  beam energy (E) and t h e  atomic number and mass dens i t y  o f  t h e  
sample.[14] 
acce le ra t i ng  vo l tage may be approximated us ing  t h e  exper imental  range 
R(E) = 0.022 where R i s  t h e  maximum pene t ra t i on  depth i n  
micrometers and E i s  t h e  beam acce le ra t ing  vo l tage i n  kV. 
shape, and energy d i s t r i b u t i o n  o f  the beam-sample i n t e r a c t i o n  volume are  
a l s o  af fected by t h e  beam acce le ra t ing  vol tage. We a r e  i n v e s t i g a t i n g  t h e  
e f fec ts  o f  changes i n  beam energy on images obta ined us ing  d i f f e r e n t  SEM 
imaging modes i n  o rde r  t o  evaluate the s u i t a b i l i t y  o f  t h e  SEM f o r  
non-des t ruc t ive  subsurface imaging o f  semiconductor devices.  

I n  a s i l i c o n  sample the  dependence o f  R on t h e  beam 

The s ize ,  
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SEM images o f  semiconductors may be obta ined i n  one o f  two ways. 
The products o f  t h e  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  events occu r r i ng  
w i t h i n  t h e  i n t e r a c t i o n  volume may be measured us ing  an ex te rna l  d e t e c t o r .  
and used t o  modulate a d isp lay ,  r e s u l t i n g  i n  an image r e l a t e d  t o  t h e  
amplitude o f  a beam-induced emission from t h e  sample. A l t e r n a t i v e l y ,  
changes i n  t h e  s t a t e  o f  t h e  sample i t s e l f  induced by t h e  pr imary 
beam-sample i n t e r a c t i o n s  may be measured and used t o  produce an image. 

I n  order t o  compare SEM imaging modes, i t  i s  use fu l  t o  represent  
each mode by a s i m p l i f i e d  "image func t ion ' '  model, I(x,y,E), where I 
represents t h e  i n t e n s i t y  o f  t h e  image a t  a p o i n t  (x,y) and E i s  t h e  
pr imary beam energy. 
funct ions:  I , which descr ibes t h e  number o f  events generated as a 

detection/measurement e f f i c i e n c y  as a func t i oh  o f  beam energy and 
penet ra t ion  . 

For example, t h e  t r a n s f e r  o f  energy f rom pr imary beam e lec t rons  t o  
weakly bound e lec t rons  i n  the  sample r e s u l t s  i n  t h e  c r e a t i o n  o f  low 
energy ( <  50 eV) f r e e  e lec t rons  t h a t  may escape from t h e  sample sur face  
(secondary e lec t rons  o r  SE). 
modulate t h e  i n t e n s i t y  o f  an x-y CRT d i sp lay ,  r e s u l t i n g  i n  a "secondary" 
image. For  such an image, I represents  t h e  number o f  SE detected a t  a 
g iven loca t i on  (x,y)  w i t h  pr imary beam vo l tage E. I i s  p ropor t i ona l  t o  
t h e  SE generation e f f i c i e n c y  i n  t h e  m a t e r i a l ( s )  p resznt  i n  t h e  sample and 
t o  t h e  s ize and energy d i s t r i b u t i o n  o f  t h e  i n t e r a c t i o n  volume. The t o t a l  
SE generat ion e f f i c i e n c y  i s  t h e  sum o f  t h e  weight f r a c t i o n s  o f  each 
element present i n  t h e  i n t e r a c t i o n  volume weighted by t h e  elemental  SE 
generat ion e f f i c i e n c i e s .  The beam-sample i n t e r a c t i o n  volume i s  rough ly  
spher ica l  o r  pear-shaped; f r e e  e lec t rons  are  generated a t  a1 1 pene t ra t i on  
depths r, 0 < r <= R. 
volume has been modeled as a spher ica l  Gaussian d i s t r i b u t i o n  centered i n  
t h e  upper h a l f  of t h e  sphere. I,, which represents  t h e  p r o b a b i l i t y  t h a t  
t h e  SE escape t h e  sample and a re  detected, i s  p ropor t i ona l  t o  e x p ( - r / l e ) ,  
where 1 i s  t he  mean f r e e  e l e c t r o n  pa th  i n  t h e  sample. Typ ica l  values 
f o r  1, $re 1 nm f o r  meta ls  and 10 nm f o r  i n s u l a t o r s .  
a l though approximate, i s  adequate t o  a l l o w  us t o  conclude t h a t  t h e  SE 
mode i s  n o t  w e l l  s u i t e d  f o r  subsurface imaging because o f  t h e  low y i e l d  
and rap id  a t tenua t ion  o f  t h e  subsurface SE emission. 

commonly a v a i l a b l e  on standard SEMs: s t a t i c  vo l tage con t ras t ,  
back-scattered e l e c t r o n  imaging, TRCCVC (see prev ious sec t i on ) ,  
cathodolumi nescence, EBIC ,  and x-ray spectrometry. 
TRCCVC, E B I C ,  and x-ray as t h e  most p romis ing  f o r  subsurface imaging, and 
a re  cu r ren t l y  focus ing  our e f f o r t s  on these methods. 

We may t h i n k  of I as t h e  product o f  two component 

f u n c t i o n  o f  i! eam and sample parameters, and I , which descr ibes t h e  

The SE emission i s  measured and used t o  

The energy d i s t r i b u t i o n  w i t h i n  t h e  i n t e r a c t i o n  

Th is  model, 

We have developed models s i m i l a r  t o  t h e  above f o r  imaging modes 

We have i so la ted  

B. Experimental Progress t o  Date 

We have i n v e s t i g a t e d  t h e  s u i t a b i l i t y  o f  two SEM imaging modes, E B I C  
and windowed c h a r a c t e r i s t i c  x-ray spectrometry,  f o r  t h e  d e t e c t i o n  
subsurface s t ruc tu res .  E B I C  was used t o  de tec t  b u r i e d  P-N j u n c t i o n s  i n  
b i p o l a r  semiconductor devices. 
s i l i c o n  l aye rs  b u r i e d  underneath sur face  m e t a l l i z a t i o n .  

i n t e r a c t i o n  volume. 

o f  

X-ray spectrometry was used t o  de tec t  

For EBIC, as f o r  SE, I i s  p r o p o r t i o n a l  t o  t h e  f ree  e l e c t r o n  
generat ion e f f i c i e n c y  and t ! e s i z e  and energy d i s t r i b u t i o n  o f  t h e  

I e  i s  p ropor t i ona l  t o  exp(-d/ lm) ,  where d i s  t h e  
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d is tance  t o  t h e  P-N j u n c t i o n  a t  which t h e  s igna l  may be detected and 1 
i s  t h e  m i n o r i t y  c a r r i e r  d i f f u s i o n  length,  which i s  t y p i c a l l y  much l a r g g r  
than 1 . Note t h a t  e lec t rons  do not have t o  escape t h e  sur face i n  order  
f o r  a f i g n a l  t o  be generated; we may measure E B I C  cu r ren t  a t  P-N 
j u n c t i o n s  b u r i e d  i n  t h e  bu lk  of t h e  device. 

de tec t  subsurface P-N j unc t i ons .  The base and c o l l e c t o r  o f  a b i p o l a r  PNP 
t r a n s i s t o r  on a Honeywell 2171 t e s t  dev ice were used as i npu ts  t o  an E B I C  
de tec to r /amp l i f i e r .  Images of t h e  E B I C  s igna l  were acqui red as the  
pr imary  beam vo l tage was ramped between 5 and 15 kV. 
vo l tages,  an octagonal o u t l i n e  corresponding t o  t h e  s ides o f  t h e  
base -co l l ec to r  j u n c t i o n  was v i s i b l e .  As t h e  beam vo l tage was increased, 
an E B I C  s igna l  was detected from the  i n t e r i o r  o f  t h e  octagonal reg ion  
( F i  gure 8).  This  a d d i t i o n a l  s i  gnal r e s u l t s  from e l  ec t ron-ho le  pa i  r 
produc t ion  a t  t h e  bu r ied  base-col l e c t o r  junct ion. [15] 

Beam pene t ra t i on  through s i l i c o n  layers as w e l l  as sur face pass i va t i on  
and metal  l aye rs  has been observed. We were unable t o  de tec t  s t r u c t u r e s  
a t  depths grea ter  than approximately 6 micrometers because beam 
a c c e l e r a t i n g  vo l tages grea ter  than 30 kV a re  no t  a v a i l a b l e  on t h e  SEM 
used f o r  these experiments. We expect t h a t  t h i s  method i s  app l i cab le  a t  
g rea te r  pene t ra t i on  depths than were a t t a i n a b l e  us ing  t h i s  inst rument .  
We are c u r r e n t l y  i n v e s t i g a t i n g  t h e  q u a l i t a t i v e  p o t e n t i a l  o f  t h i s  method. 

c h a r a c t e r i s t i c  x-ray spectrometry imaging t o  demonstrate beam pene t ra t i on  
through surface m e t a l l i z a t i o n  runs. For x-ray spectrometry, I g  i s  
p ropor t i ona l  t o  the  elemental concentrat ion w i t h i n  t h e  i n t e r a c t i o n  volume 
and t o  t h e  pr imary beam overvol tage, E - E , over  t h e  energy range 
examined (Ec i s  t he  c h a r a c t e r i s t i c  x-ray efiergy). 
exponent ia l  f unc t i on  of d is tance and t h e  elemental  mgss absorp t ion  
c o e f f i c i e n t s .  The use of energy w i  ndows t o  i s o l a t e  cha rac te r i  s t i  c x-rays 
g r e a t l y  increases t h e  sensi  t i  v i  t y  and reso l  u t i  on o f  t h e  d e t e c t i o n  system. 

The t e s t  dev ice f o r  these experiments was an NPN t r a n s i s t o r  on a 
depassivated Honeywell t e s t  device. A Kevex energy d i spe rs i ve  x-ray 
spectrometer i n t e r f a c e d  t o  a mult ichannel  i n t e g r a t o r  was used t o  measure 
t h e  x-ray emissions. Energy windows 110 eV wide centered a t  1.49 and 
1.74 kV were used t o  de tec t  t h e  A1 and S i  K se r ies  c h a r a c t e r i s t i c  x-rays. 
The SEM beam was scanned i n  a 256 x 256 r a s t e r  p a t t e r n  over  t h e  device;  
x-rays i n  each window were counted f o r  20 msec a t  each p o i n t  o f  t h e  
image. The x-ray counts were used t o  modulate t h e  i n t e n s i t y  o f  a d i g i t a l  
CRT d i sp lay .  
o f  5, 10, 20, and 30 kV. A t  5 and 10 kV, t h e  s i l i c o n  window image showed 
dark reg ions where t h e  s i l i c o n  l a y e r  was covered by t h e  sur face  aluminum. 
As t h e  beam vo l tage increased past  10 kV, t h e  s igna l  s t reng th  i n  these 
reg ions increased. We be l i eve  t h a t  t h i s  inc rease i s  caused by pene t ra t i on  
o f  t h e  pr imary beam through t h e  m e t a l l i z a t i o n  i n t o  t h e  b u r i e d  s i l i c o n  
l aye r .  

The f o l l o w i n g  i s  an example of experiments performed us ing  EBIC t o  

A t  low beam 

We have app l i ed  t h i s  method t o  o ther  dev ices w i t h  s i m i l a r  r e s u l t s .  

We have performed p re l im ina ry  experiments us ing  windowed 

I i s  a decreasing 

Images were acqui red w i t h  t h e  SEM pr imary beam a t  vo l tages 

C. Conclusions 

We have evaluated t h e  s u i t a b i l i t y  of severa l  common SEM imaging 
modes f o r  non-des t ruc t ive  subsurface imaging of semiconductor devices.  
We a r e  pursu ing exper imental  i n v e s t i g a t i o n  of t h r e e  promis ing methods: 
TRCCVC, EBIC ,  and c h a r a c t e r i s t i c  x-ray spectrometry, i n  an e f f o r t  t o  
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develop usefu l  t o o l s  f o r  e f f i c i e n t ,  non-des t ruc t ive  semiconductor q u a l i t y  
c o n t r o l  and f a u l t  ana lys is .  
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F i g u r e  1. B lock  diagram o f  computer -cont ro l led  Scanning 
Microscopy image a c q u i s i t i o n  system. 
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F i g u r e  2. Data s to rage comparison between t h e  node scanning method 
versus t h e  whole image scanning method a t  d i f f e r e n t  d e v i c e  
d e n s i t i e s  . 
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F i g u r e  3.  Measured decay da ta  and bes t  f i t  exponent ia l  curves f o r  

t o  -5.0 v o l t s  a p p l i e d  t r a n s i e n t s .  The l i n e  across t h e  p l o t  
i s  t h e  t a r g e t  i n t e n s i t y  value. 
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F i g u r e  4. Time f o r  an a p p l i e d  t r a n s i e n t  v o l t a g e  t o  decay t o  t h e  t a r g e t  
i n t e n s i t y .  
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F i g u r e  5. CCVC c a l c u l a t e d  decay curves f rom 0.4 t o  -1.4 v o l t s  i n i t i a l  
s u r f a c e  vo l tage,  0.2 v o l t  s teps,  u s i n g  modeled SE energy 
d i s t r i b u t i o n s .  
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F i g u r e  6A. Measured i n t e g r a l  SE response w i t h  s u r f a c e  vo l tage.  
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F i g u r e  6B. Calcu la ted  CCVC decay curves from exper imenta l  i n t e g r a l  SE energy 
d i s t r i b u t i o n  and decay data  f o r  0.4, -0.6, and -1.6 v o l t  
i n i t i a l  sur face  vol tages.  
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F i g u r e  7. CCVC decay d a t a  f o r  -5  v o l t  a p p l i e d  t r a n s i t i o n s  o f  t h e  same 
dev ice  on d i f f e r e n t  d i e s .  
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Positlon along image X - a x i s  

.OO 4b0.00 

F igu re  8. EBIC s igna l  o f  base-co l lector  j u n c t i o n  a t  pr imary beam energ ies 
from 5-15 kV i n  1 kV increments. 

33 


