
NASA Technical Memorandum 100157 

Computer Control of a Scanning Electron 
Microscope for Digital Image Processing 
of Thermal-Wave Images 

( E A S A - T f l - 1 C 0 1 5 7 )  C C l E C ' X E R  C O I € C I  CF A hE7-26 278 
SCANNING E L E C ' l b C h  IICECSCCEE I C F  L l G l T B L  
I P A G E  P H G C E S S I h E  C E  I t  E B B A f - k A b E  I M A G E S  (bass) 16 p A v a i l :  b I 1 S  I i C  A C ; / R F  A01 Unclas 

CSCL 09C G3/33  11090635 

Percy Gilbert 
Purdue University 
West Lafayette, Indiana 

and 

Robert E. Jones, Ihor Kramarchuk, Wallace D. Williams, 
and John J. Pouch 
Lewis Research Center 
Cleveland, Ohio 

August 1987 



COMPUTER CONTROL O F  A SCANNING ELECTRON MICROSCOPE FOR 

DIGITAL IMAGE PROCESSING OF THERMAL-WAVE IMAGES 

Percy Gi 1 bert 
Purdue University 

West Lafayette, Indiana 

and 

Robert E. Jones, Ihor Kramarchuk, 
Wallace D. Williams, and John J. Pouch 

National Aeronautics and Space Administration 
Lewi s Research Center 
Cleveland, Ohio 44135 

SUMMARY 

Using a recently developed technology called thermal-wave microscopy, 
NASA Lewis Research Center has developed a computer controlled submicron 
thermal-wave microscope for the purpose of investigating 111-V compound semi- 
conductor devices and materials. This paper describes the system's design and 
configuration and discusses the hardware and software capabilities. Knowledge 
of the Concurrent 3200 series computers is needed for a complete understanding 
of the material presented. 
interest. 
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I u However concepts and procedures are of general 

INTRODUCTION 

Computer control of a scanning electron microscope (SEMI has several appl- 
ications. These applications may include beam control for electron beam litho- 
graphy o r  image processing of various signals from the SEM. 
processing may include secondary electron, x-ray microprobe, backscattered ele- 
ctron, electron-beam-induced current, o r  thermal-wave images. Thermal-wave 
imaging is particularly interesting to material scientists or process 
engineers in that the thermal-wave images can provide information on sub- 
surface thermal features of solid samples. Furthermore, thermal-wave micro- 
scopy (TWM) is a nondestructive technique yielding information not available 
by other techniques (ref. 1). 

However, TWM is limited by low signal levels, extremes in signal con- 
trast, and poor edge feature definition. Digital image processing can contrib- 
ute significantly toward solving these problems (ref. 2). Furthermore, since 
TWM is a subsurface technique, three-dimensional imaging is possible using 
only digitization and frame manipulation. 

Signals for image 

SYSTEM CONFIGURATION 

To address any of these areas, it is necessary to digitize image frames 
and manipulate the frame data. One approach t o  this is to use a computer t o  
control the SEM and collect signals. The computer retrieves an analog signal 
for each electron beam position and these signals are processed for noise 



r e d u c t i o n  and image enhancement. 
r e c o r d i n g  data,  data r e c o r d i n g ,  and m a n i p u l a t i o n  are  performed by t h e  computer. 

The purpose o f  t h i s  t e c h n i c a l  memorandum i s  to  d e s c r i b e  an implementat ion 
of t h i s  approach a t  NASA Lewis. A Concurrent 3205 (formally Perkin-Elmer) com- 
p u t e r  i s  used t o  c o n t r o l  an I S 1  ( I n t e r n a t i o n a l  S c i e n t i f i c  ins t ruments )  DS-130 
SEM. F i r s t  a shor t  d e s c r i p t i o n  i s  g i v e n  of t h e  system c o n f i g u r a t i o n  i n c l u d i n g  
t h e  SEM hardware fo r  TWM and i n t e r f a c e  t o  t h e  computer. 
ware and t h e  specia l  system d r i v e r s  a r e  descr ibed.  F i n a l l y ,  examples of  
d i g i t a l  image processing a p p l i e d  to  TWM w i l l  be g iven.  

F igure  1 i s  a schematic r e p r e s e n t a t i o n  of the  m o d i f i e d  SEM-computer 
system used t o  perform TWM. 
genera t ing  thermal waves i n  a specimen u s i n g  an i n t e n s i t y  modulated e l e c t r o n  
beam. Typica l  modulat ion, or beam b l a n k i n g  frequencies are  0.1 t o  10 MHz. 
The thermal waves are c r i t i c a l l y  damped b u t  they  do i n t e r a c t  w i t h  thermal f e a t -  
ures ( f i g .  2) .  The a c o u s t i c  waves, generated by t h e  thermal waves, a re  
de tec ted  i n  t h e  f o l l o w i n g  way. A sample i s  g lued t o  an a c o u s t i c  t ransducer .  
The t ransducer  s ignal  i s  a m p l i f i e d  and then r o u t e d  t o  a l o c k - i n  a m p l i f i e r .  
The l o c k - i n  a m p l i f i e r  o u t p u t  i s  f e d  i n t o  channel no. 1 o f  t h e  Concurrent 3205 
analog t o  d i g i t a l  conver te r  i n p u t .  The Concurrent 3205 analog i n p u t  i s  s e t  t o  
r e c o r d  s igna l  l e v e l s  between 25.12 V .  The computer c o n t r o l s  t h e  SEM through 
t h e  x-ray microanalyser p o r t  o f  the  SEM. One c o n t r o l  l i n e  takes scan c o n t r o l  
o f  the beam from the  SEM a l l o w i n g  the computer t o  p o s i t i o n  t h e  e l e c t r o n  beam. 
By supply ing the  two analog v o l t a g e  l e v e l s  for  X and Y scan d i r e c t i o n s  t o  t h e  
SEM a t  t h i s  p o r t ,  the computer may p o s i t i o n  t h e  e l e c t r o n  beam a t  any p o i n t  i n  
t h e  "normal" scan f i e l d .  "Normal" here i n d i c a t e s  t h a t  the  SEM i s  u s i n g  
i n t e r n a l  scan ramp generators  for  X and Y beam p o s i t i o n i n g .  
t y p i c a l  event f l o w  i s  as follows: (1 )  t h e  computer takes scan c o n t r o l  from 
t h e  SEM, (2)  the  computer o u t p u t s  analog X and Y scan vo l tages  t o  t h e  scan 
c o i l s  f o r  the  f i rs t  beam p o s i t i o n ,  (3 )  a predetermined d e l a y  t ime occurs,  
( 4 )  the  s i g n a l  l e v e l  i n t o  channel no. 1 i s  recorded i n t o  t h e  da ta  a r r a y ,  
( 5 )  a second predetermined de lay  t ime occurs,  (6) t h e  computer o u t p u t s  analog 
X and Y scan vol tages for t h e  n e x t  p o s i t i o n ,  (7) t h e  system repeats steps 3 to 
6 u n t i l  t h e  e n t i r e  a r r a y  of  beam p o s i t i o n s  i s  accessed, then t h e  computer 
re leases  scan cont ro l  back t o  t h e  SEM. The a r r a y  o f  s i g n a l s  recorded by 
channel no. 1 make up the  image frame when p r o p e r l y  p o s i t i o n e d  by t h e  X and Y 
scan coord inates.  I f  the  event f low above i s  repeated a number o f  t imes,  t h e  
image frames may be added together  to  per form l i n e a r  i n t e g r a t i o n .  

The beam p o s i t i o n ,  d e l a y  b e f o r e  and a f t e r  

Next t h e  user  s o f t -  

Thermal-wave imaging i s  accomplished by 

Therefore a 

A f t e r  the  image i s  acqu i red  and processed, i t  may be r e t u r n e d  to  t h e  SEM 
for d i s p l a y  and photo r e c o r d i n g .  The event flow i s  t h a t  l i s t e d  above except 
steps 3 t o  5 are rep laced w i t h  o u t p u t t i n g  the  analog s i g n a l  for  a 
predetermined delay t ime.  
as needed f o r  v iewing or photographing. The s i g n a l  i s  a d j u s t e d  for  l e v e l  and 
c o n t r a s t  by a v ideo a m p l i f i c a t i o n  a t  the  i n p u t  o f  t h e  SEM. 

The image frame may be o u t p u t  t h i s  way c o n t i n u o u s l y  

SOFTWARE 

The two main l ine programs developed t o  p r o v i d e  image process ing  o f  
incoming analog s igna ls  a re  c a l l e d  I M A G E l  and IMAGE2. 
a t a b l e  w i t h  t h e  FORTRAN 77 compi l e r .  I M A G E l  and IMAGE2 

These programs are  comp- 

d r i v e r s  named S E M l  and SEM2 developed in-house t o  c o n t r o  
e l e c t r o n  beam. These d r i v e r s  do t h i s  by means o f  S Y S I O ,  
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se s p e c i a l  sof tware 
t h e  movement of the  

a s tandard FORTRAN 77 



r o u t i n e .  The r o u t i n e  serves as a t r a n s l a t i n g  i n p u t / o u t p u t  medium. Programs 
I M A G E l  and IMAGE2 d i f f e r  o n l y  i n  the system software d r i v e r  used. 
c a l l s  SEMl and IMAGE2 c a l l s  SEM2. 
da ta  than SEMl so i t  can handle l a r g e r  scans. 
discussed i n  more d e t a i l  l a t e r .  These d r i v e r s  and t h e  ALLOCATE, ASSIGN, and 
CSS commands descr ibed n e x t  a re  p e c u l i a r  t o  t h e  Concurrent  3200 s e r i e s  
computers ( r e f .  3 ) .  

I M A G E l  
SEM2 uses a d i f f e r e n t  method o f  s t o r i n g  

Th is  and o t h e r  d i f f e r e n c e s  a r e  

The m a i n l i n e  user sof tware programs, I M A G E l  and IMAGE2, read and w r i t e  
da ta  t o  a f i l e  on the  computer 's hard d isk.  
t h e  program i s  loaded. The 

The f i l e  must be c r e a t e d  b e f o r e  

ALLOCATE f d , I N , Lre c 

command accomplishes t h i s  where fd  i s  t h e  f i l e  d e s c r i p t o r  or name o f  t h e  
f i l e  t o  be a l l o c a t e d .  I N  s p e c i f i e s  t h a t  the  f i l e  t y p e  i s  an indexed f i l e  
and Lrec i s  a decimal number spec i fy ing  the  l o g i c a l  r e c o r d  l e n g t h  i n  by tes  
o f  the  f i l e .  
process ing i s  terminated.  
for  da ta  storage on t h e  d i s k .  

I f  t h e  f i l e  was p r e v i o u s l y  de f ined,  an error occurs and command 
The ALLOCATE command i s  used t o  c r e a t e  each f i l e  

A f t e r  c r e a t i n g  t h e  f i l e s ,  a l o g i c a l  u n i t  ( l u )  i s  assigned to  each 
f i lename.  The ASSIGN command assigns, or i d e n t i f i e s ,  a f i l e  t o  a c u r r e n t  l o g i -  
c a l  u n i t  on the  system. The l o g i c a l  u n i t  number i s  used i n  t h e  program's 
FORTRAN 1/0 statements t o  access a s p e c i f i c  f i l e .  L o g i c a l  u n i t  numbers 0-14 
are a v a i l a b l e  except for 0, 3, 4, and 5 which are reserved.  The fo rmat  i s  

ASSIGN l u , f d .  

Us ing t h e  e f f i c i e n c y  of  the  command s u b s t i t u t i o n  system (CSS), t h e  f i l e  
assignments need be done o n l y  once. The user c rea tes  a CSS f i l e  and ass igns 
the  l o g i c a l  u n i t s  t o  t h e  f i lename as descr ibed above. The fo rmat  should be 

ASSIGN 1u .W 

where @# i s  a dummy v a r i a b l e  represent ing  t h e  f i lename.  For examp1e;if two 
f i l e s  a re  a l l o c a t e d  u s i n g  t h e  ALLOCATE command, then t h e  two f i l e s  a r e  
assigned i n  the  CSS f i l e  as 

ASSIGN l u , @ l  

ASSIGN lu ,@2 

where @I and @2 are  v a r i a b l e s  represent ing  the  two f i l e s  c rea ted .  To exec- 
u t e  I M A G E l  or IMAGE2 w i t h  t h e  above format ,  one e n t e r s  

I M A G E l  f i lenamel , f i lename2 or 

IMAGE2 f i 1 enamel ,f i 1 ename2 

Where I M A G E l  and IMAGE2 are  CSS f i l e s ,  designated as 1MAGEl.CSS or IMAGE2.CSS, 
and f i lename1 and f i lename2 are the f i l e s  a l l o c a t e d  e a r l i e r .  

Execut ion o f  I M A G E l  or IMAGE2 proceeds from t h i s  p o i n t .  I M A G E l  i s  consid- 
ered i n  d e t a i l  as exemplary. 
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The IMAGEl  program enables t h e  user to  d i g i t i z e  images from t h e  SEM. 

I M A G E l  i s  organized such t h a t  t h e  main program a l l o w s  t h e  user  t o  

An 
image i s  d i g l t i z e d  as t h e  analog da ta  i s  acqu i red  and then conver ted t o  
i n t e g e r  form for each p o s i t i o n  where the  e l e c t r o n  beam has scanned t h e  e n t i r e  
frame. 
branch i n t o  any one of seven subprograms ( f i g .  3 ) .  
o f  seven i tems represent1 ng t h e  subprograms. 

The screen d i  sp lays a menu 
The subprograms are  

(1) Number of P i x e l s ,  Dwel l  Time 
(2 )  S i n g l e  Frame Scan 
( 3 )  M u l t i p l e  Frame Scan (Averaging) 
(4) D isp lay  
(5) Store 
(6) Recal l  
( 7 )  s t o p  

The f i r s t  subprogram, "Number o f  P i x e l s ,  Dwel l  Time," e s t a b l i s h e s  t h e  da ta  
used by SYSIO for  beam p o s i t i o n i n g  and t i m i n g  of movement. I n  response to  
"number o f  p i x e l s "  and "number o f  rows" t h e  user en ters  va lues for  t h e  number 
o f  columns, N, and number o f  rows, M, o f  p i x e l s .  (Each p i x e l  or p i c t u r e  
element res ides  a t  the  i n t e r s e c t i o n  o f  a row and a column, and may be 
i d e n t i f i e d  by i t s  column number and i t s  row number.) The d i s t a n c e  between 
columns i s  equal to  the  d i s t a n c e  between rows. 

The i n p u t  i n  response to  t h e  "de lay"  i s  two delays each i n  i n t e g e r * 4  
format .  
t o  a p i x e l  and the r e c o r d i n g  o f  t h e  analog s i g n a l  a t  channel no. 1. The 
second delay i s  the t ime for t h e  movement of  the  e l e c t r o n  beam t o  the  n e x t  
p i x e l  l o c a t i o n .  A complete d iscuss ion  o f  t h e  format o f  the  de lay  i s  g i v e n  i n  
"Spec ia l i zed  System D r i v e r s "  sec t ion .  F o l l o w i n g  the  assignment of row and c o l -  
umn numbers fo r  the p i x e l  g r i d  (M and N) ,  t h e  X and Y a r r a y s  are  cons t ruc ted .  
The X-array i s  used by SYSIO to  c o n t r o l  t h e  h o r i z o n t a l  movement o f  t h e  
e l e c t r o n  beam, and the  Y-array w i l l  be used t o  c o n t r o l  t h e  v e r t i c a l  movement 
o f  the  e l e c t r o n  beam. The X-array, the  Y-array, and t h e  da ta  a r r a y  ( s i g n a l  
values read from channel no. 1 )  each c o n t a i n  M x N i n t e g e r s .  A l l  t h r e e  a r r a y s  
are  placed i n t o  one l a r g e  a r r a y  c a l l e d  I N C T ,  a parameter o f  SYSIO,  w i t h  the  
f i r s t  M x N l o c a t i o n s  occupied by the  X-array, the  n e x t  M x N l o c a t i o n s  
occupied by the  Y-array, and t h e  l a s t  M x N l o c a t i o n s  occupied by t h e  i n p u t  
da ta  a r ray .  The first X va lue and the  f i r s t  Y va lue i d e n t i f y  t h e  f i r s t  p i x e l  
i n  the frame. The second X va lue and t h e  second Y va lue  i d e n t i f y  the  second 
p i x e l ,  e t c .  Therefore, t h e  s i z e  o f  the  I N C T  a r r a y  i s  3(M x N ) .  A t  t h e  
beginning of the I M A G E l  program, the  i n i t i a l  s t a r t i n g  p o i n t  o f  t h e  e l e c t r o n  
beam i s  designated by the  va lue o f  I N P .  
esponds t o  t h e  upper l e f t  hand corner  of  t h e  image. Typ ica l  scan vo l tages  are  
-4  t o  +4 V for Y and -5  t o  +5 V for  X. 

The first delay i s  t h e  t ime between t h e  movement o f  t h e  e l e c t r o n  beam 

Th is  va lue  i s  g i v e n  i n  v o l t s  and c o r r -  

The second and t h i r d  subprograms are  " S i n g l e  Frame Scan" and " M u l t i p l e  
Frame Scan (Averaging)" r e s p e c t i v e l y .  These r o u t i n e s  a r e  s i m i l a r  i n  t h a t  each 
c a l l s  SYSIO for beam movement and s igna l  c o l l e c t i o n .  They d i f f e r  i n  t h e  
number of t imes they c a l l  SYSIO and the number o f  frames c o l l e c t e d .  The 
number of r e p e t i t i o n s  and there fore  number o f  c a l l s  t o  SYSIO, or scans 
performed by the e l e c t r o n  beam, i s  determined by t h e  c o n t r o l l i n g  parameter 
c a l l e d  NUM. When the  " S i n g l e  Frame Scan" subprogram i s  se lec ted ,  NUM i s  s e t  
equal t o  one (11, and therefore,  o n l y  one (1)  scan i s  performed. When the  
M u l t i p l e  Frame Scan" subprogram i s  se lected,  NUM i s  entered by t h e  user  and 
t h a t  becomes the number o f  scans performed. 
a l lows the user t o  average any number o f  frames together  for  no ise  r e d u c t i o n .  

"Mu1 t i  p l e  Frame Scan (Averaging)"  

4 



The image averaging opera t i on  produces an image t h a t  i s  the  average o f  a 
number o f  frames. Each frame i s  scanned as a s i n g l e  frame scan. The scan pro-  
cess i s  c o n t r o l l e d  by SYSIO as fo l l ows :  t he  e l e c t r o n  beam addresses a p i x e l  
l o c a t i o n  and wa i t s  for  a t ime equal t o  de lay  no. 1 .  An analog s igna l  i s  read 
from channel no. 1.  The beam then wa i ts  for  a t i m e  equal t o  delay no. 2 and 
addresses the  nex t  p i x e l  l o c a t i o n  and the  process i s  repeated. Th is  process 
cont inues  u n t i l  the  e l e c t r o n  beam has addressed each p i x e l  l o c a t i o n  and da ta  
has been read from each l o c a t i o n .  I n  t h i s  way a s i n g l e  image frame i s  
recorded. Each p i x e l  o f  each frame i s  averaged w i t h  the corresponding p i x e l  
i n  the  o t h e r  frames. 
ase i n  no ise  due to  the  random nature of  noise.  

The r e s u l t a n t  image w i l l  be a sum of  images w i t h  a decre- 

Subprogram no. 4 ,  "Disp lay,"  a l lows the  user to  send acqu i red  and 
processed image frames t o  the  SEM f o r  v iewing.  
t o  the  m u l t i p l e  scan r o u t i n e  i n  t h a t  i t  uses the  system FORTRAN 110 r o u t i n e  
SYSIO. However i ns tead  of  read ing  data a t  each p i x e l  l o c a t i o n ,  t he  "D isp lay "  
r o u t i n e  ou tpu ts  an analog s igna l  vo l tage and X-Y scan vo l tages  for  each p i x e l  
1 oca t i on. 

The d i s p l a y  r o u t i n e  i s  s i m i l a r  

Subprograms no. 5 and no. 6 a r e  for  w r i t i n g  t o ,  and read ing  from the  hard 
d i s k .  I t e m  no. 5 i s  the "Store" r o u t i n e .  "Store" enables the  user to  s t o r e  
an image i n  a f i l e  a t  the l o g i c a l  u n i t  designated by the CSS for t h a t  f i l e .  
for example, t o  w r i t e  t o  f i l e  " T S T l " ,  which i s  assigned t o  the  l o g i c a l  u n i t  
number 5, the  command i s :  

Wri te(5, lO)  Data 
10 Format( I#) .  

H e r e  "5" i s  the l o g i c a l  u n i t  number, "10" i s  the  fo rmat  l a b e l ,  "Data" i s  
the  v a r i a b l e  con ta in ing  the s igna l  value a t  a p a r t i c u l a r  p i x e l  to  be s to red  
and I# i s  the  number o f  i n tege rs  found i n  the  da ta  be ing s tored.  This  
statement must be completed for  each s igna l  va lue o f  the image a r r a y  being sto- 
r e d  i n  the  computer's memory or M x N t i m e s .  
l a s t  ( M  x N) p o s i t i o n s  o f  the I N C T  a r ray  i s  w r i t t e n  t o  the  computer 's hard 
d i s k  a long w i t h  the values o f  N ,  the number o f  columns and M the number o f  
rows. The row and column values are s to red  f i r s t ,  fo l lowed by the  data.  

I n  I M A G E l  the da ta  found i n  the  

Subprogram no. 6 i s  "Reca l l "  and i s  used t o  r e t r i e v e  an image s to red  i n  a 
f i l e  on the  computer's hard d i s k .  
l o g i c a l  u n i t  no. 5, the f o l l o w i n g  command i s  used: 

To read f rom the  f i l e  "TST1" assigned to  

Read(5,1O,Rec=l,ERR=lOO)Data 
10 Format( I#)  

H e r e  "Rec"  i s  the  record  po in te r ,  "ERR" i s  the error l a b e l ,  "Data" i s  the 
I# i s  the number of v a r i a b l e  accept ing  the  image t o  be s to red  i n  memory, and 

i n t e g e r s  found i n  the da ta  being read f rom memory. 
i t e m s  read from the f i l e  are the values o f  the number o f  columns and rows 
found i n  the  s to red  image. 
a ' t i m e  i n t o  the l a s t  (M  x N) l oca t ions  o f  the  INCT a r ray .  

I n  I M A G E l  the f i r s t  two 

The data i s  then read from the  f i l e ,  one va lue a t  

Subprogram #7 i s  Y t o p " .  I f  selected, the program terminates execut ion  
and c o n t r o l  i s  re tu rned  t o  the command mode o f  the computer system. 
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SPECIALIZED SYSTEM DRIVERS 

The "S ing le  Frame Scan, I' "Mu1 t i  p l  e Frame Scan, 'I and " D i  sp lay"  subprograms 
u t i  1 i z e  spec ia l i zed  sof tware d r i v e r  subrout ines accessed by SYSIO t o  c o n t r o l  
t he  movement o f  the e l e c t r o n  beam and t o  reco rd  or d i s p l a y  image frames. 
There are  two vers ions of  the software d r i v e r  subrout ines and they are  
r e f e r r e d  to  as SEMl and SEM2. The d r i v e r s  d i f f e r  for the  m o s t  p a r t  i n  the  
s i z e  o f  X and Y data a r rays .  
and exp la ins  how they are  c a l l e d  by the  IMAGE1 and IMAGE2 programs. 
d i scuss ion  begins w i t h  SEMI .  

The computer must p o s i t i o n  the  beam, read the  analog data,  and repeat  
these tasks  for  each beam p o s i t i o n .  
formed as f a s t  as poss ib le  except for programmed delays,  the spec ia l  d r i v e r  
subrout ines are  used e l i m i n a t i n g  the need t o  go to  a c a l l  r o u t i n e  for each 
p o i n t .  The d r i v e r  i s  c a l l e d  once for each frame scanned and uses a FORTRAN 
SYSIO ( r e f .  3 )  statement: 

Th is  s e c t i o n  descr ibes the  d r i v e r  subrout ines 
The 

Furthermore, as these tasks a re  to be per-  

CALL SYSIO(PBLK,Y'45 ' ,LU, INCT,NUMVAL,Y'1001 ' ,DELAY) .  

Here 'PBLK i s  an i n tege r *4  argument t h a t  s i g n i f i e s  the  normal f u n c t i o n  code, 
Y ' 4 5 ' ,  for  reco td ing  data.  
i c a l  u n i t  t h a t  i s  assigned t o  the  dev ice SEM:. The symbol INCT i s  an 
In tege r *2  a r r a y  conta in ing  the  f o l l o w i n g  data:  

LU i s  an i n t e g e r * 4  argument t h a t  s p e c i f i e s  the  log-  

- The f i r s t  ( M  x N) values s h a l l  be the X-axis D / A  ou tpu t  va lues.  - The nex t  ( M  x N) values s h a l l  be the  Y-axis ou tpu t  va lues.  - The f i n a l  (M x N) l o c a t i o n s  con ta in  the  analog values read a t  each 
X-Y p o i n t .  

NUMVAL i s  an integer'4 argument t h a t  i s  equal to 2*(M x N) or t w i c e  the  number 
of  p i x e l s .  

Y'1001' i s  an i n t e g e r * 4  argument t h a t  con ta ins  the  A /D  g a i n  and channel 
number. B i t s  0, 1, 2, and 3 o f  Y'1001'  a re  the  g a i n  b i t s  w i t h  the f o l l o w i n g  
d e f i n i t i o n s :  

0000 - Sample addressed a t  ga in  s e t t i n g  used for l a s t  channel 
0001 - Samp e addressed channel a t  ga in  o f  1 
0010 - Samp e addressed channel a t  g a i n  o f  2 
0011 - Samp e addressed channel a t  ga in  o f  8 

The A I D  board i s  
t h e r e f o r  e 

p resen t l y  hardwired for  a f u l l  sca le  vo l tage  o f  e5.12 V; 

Gain Volts f u l l  Reso lu t ion  a t  
sca le  

1 4 . 1 2  
2 22.56 
4 21.28 
8 =O. 64 

12 b i t s  

2.5000 mV/b i t  
1.2500 mV/b i t  

.6250 mV/bi t 

.3125 mV lb i t  
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The address b i t s  a re  4 t o  15 and s e l e c t  t he  channel to be sampled. The 
channel sampled i s  tzO.64he decimal va lue  o f  b i t s  4 t o  15. For example: 

I f  b i t s  4-15 = >OOOO 0000 0000, then t h e  sample channel addressed i s  0 
If b i t s  4-15 = >OOOO 0000 0001, then t h e  sample channel addressed i s  1 
If b i t s  4-15 = >OOOO 0000 0010, then the  sample channel addressed i s  2 
If b i t s  4-15 = >OOOO 0000 0011, then the  sample channel addressed i s  3 

There fore  Y'1001' addresses channel 1 a t  a g a i n  s e t t i n g  of 1 .  

DELAY i s  an i n t e g e r * 4  argument t h a t  con ta ins  the  two de lays .  The f i r s t  

The f i rst 16 

de lay  i s  the t ime de lay  between the beam movement and the  read ing  of  the  
analog vo l tage.  The second de lay  i s  t he  t ime de lay  between the read ing  o f  the 
analog vo l tage  and the  movement of  t h e  beam to  the  nex t  p o i n t .  
b i t s  o f  t h i s  argument i s  de lay  one, and the  second 16 b i t s  i s  de lay  two. Note 
t h a t  the b i t s  are numbered from 0 to 15 from l e f t  (MSB) t o  r i g h t  (LSB). Each 
de lay  i s  made up o f  two p a r t s :  the r e s o l u t i o n  and the  i n t e r v a l  count .  The 
f i r s t  four b i t s  (0 t o  3 )  def ine the r e s o l u t i o n :  

B i t  0 - 1 ms 
B i t  1 - 100 psec 
B i t  2 - 10 psec 
B i t  3 - 1 psec 

Only one o f  these f o u r  b i t s  should be s e t  i n  o r d e r  t o  s e l e c t  t h e  
r e s o l u t i o n .  I f  more than one o f  these b i t s  are s e t ,  t he  d r i v e r  w i l l  r e j e c t  
t he  c a l l  and r e t u r n  a s t a t u s  o f  X'F200' i n  t h e  s t a t u s  l o c a t i o n  i n  t h e  a r r a y  
PBLK. B i t s  4 t o  15 s p e c i f y  the i n t e r v a l  count.  The de lay  i s  t he re fo re  c a l c u l -  
a ted  by m u l t i p l y i n g  the i n t e r v a l  count by the  value o f  the r e s o l u t i o n  
se lec ted .  The maximum va lue  o f  t h e  i n t e r v a l  count i s  4095 ( a l l  b i t s  4 to  15 
s e t ) .  
d r i v e r  w i l l  r e j e c t  t he  c a l l  and r e t u r n  a s t a t u s  o f  X'FOOO' i n  the  s t a t u s  
l o c a t i o n  i n  t h e  a r r a y  PBLK. A delay o f  l e s s  than 32 psec i s  n o t  p e r m i t t e d .  
I t  w i l l  be r e j e c t e d  and a s t a t u s  o f  X ' F l O O '  w i l l  be re tu rned .  When e i t h e r  
d e l a y  i s  s e t  t o  ze ro  ( i . e . ,  a l l  16 b i t s  are zero)  the  de lay  program code i n  
the  d r i v e r  i s  bypassed, producing the s h o r t e s t  de lay  poss ib le .  

A de lay  o f  one ( 1 )  or ze ro  (0) a t  any r e s o l u t i o n  i s  no t  p e r m i t t e d .  The 

Note t h a t  a l though the  requested delays can be as s h o r t  as 32 psec, t he re  
i s  an i nhe ren t  (overhead) de lay  i n  t he  d r i v e r .  This overhead i s  150 psec fo r  
each delay when a de lay  va lue  i s  s p e c i f i e d .  The overhead i s  60 psec when the  
de lay  s p e c i f i e d  i s  zero. Therefore, the minimum ac tua l  de lay  between p o i n t s  
i s  approximately 300 psec p l u s  the requested. delays when both de lays  a re  
nonzero, and 120 psec when both delays a re  zero.  

I n  the subrout ine  c a l l ,  Y '45 '  represents  the  normal f u n c t i o n  code t o  
r e c o r d  data.  A number o f  o t h e r  f u n c t i o n  o p t i o n s  e x i s t  as w e l l .  The code 
Y ' 4 6 '  d i r e c t s  the  d r i v e r  to w r i t e  ou t  t he  da ta  i n  the  same format i n  which i t  
was read. The Y '46 '  f u n c t i o n  code i s  used when the ' D i s p l a y '  o p t i o n  i s  
se lec ted  because i t  enables the user t o  view acqu i red  da ta  on an e x t e r n a l  
dev i ce  such as a v ideo  mon i to r .  
and t h e i r  uses: 

The f o l l o w i n g  are a d d i t i o n a l  f u n c t i o n  codes 

Y '84 '  - Turn w r i t e - t h r u  s ignal  ON ( z e r o  vo l tage )  
Y '82 '  - Turn w r i t e - t h r u  s ignal  OFF (+5 V )  
Y '90 '  - Turn nonstore s igna l  ON ( ze ro  vo l tage )  
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Y ' A O '  - Turn nonstore s igna l  OFF (+5 V) 
Y '88 '  - T r i g g e r  the erase pu lse  

When the d r i v e r  subrout ine is c a l l e d  by I M A G E l  a s t a t u s  code i s  assigned. 
Depending on the  v a l i d i t y  o f  the c a l l  statement,  the  s t a t u s  code has the 
f o l  low ing  meani ng: 

X'OOOO' - No e r r o r ;  reques t  has been executed 
X'8600'  - Inco r rec t  address a l ignment  o f  the  da ta  
X ' C O x x '  - I l l e g a l  f u n c t i o n  code ( x x  = o f f e n d i n g  FC) 
X'F000' - Time de lay  reques t  is one or zero a t  any r e s o l u t i o n  
X ' F l O O '  - Time de lay  o f  l e s s  than 16 psec  requested 
X'F200' - More than one or none o f  the  t i m e  r e s o l u t i o n  b i t s  a re  s e t  

SEM2 i s  s i m i l a r  to SEMl  and i s  c a l l e d  f rom a FORTRAN program i n  the  same 
way. 
have the  same meaning as those for  S E M l .  
s p e c i f i e s  the  l o g i c a l  u n i t  and is assigned to device SEM2: 
i n d i c a t i n g  a device name). I N C T  i s  an i n t e g e r * 2  a r r a y  w i t h  the f o l l o w i n g  da ta  
i n  i t :  

The c a l l  parameter arguments t h a t  a re  n o t  s p e c i f i c a l l y  descr ibed here 

(no te  the  co lon  
LU i s  an i n t e g e r * 4  argument t h a t  

- The f i r s t  N values a r e  the X D-A ou tpu t  values 
- The nex t  N values a re  the Y D-A ou tpu t  values 
- The l a s t  2*N l o c a t i o n s  are  the  va lues read a t  each p i x e l  or X-Y p o i n t  

Note t h a t  t h e  beam w i l l  be scanned i n  the f o l l o w i n g  sequence: X I - Y 1 ,  

X3-Y2, X3-Y3, . .. ,X3-YN, ... , XN-Y1, XN-Y3, ... , XN-YN. The t o t a l  number 
o f  p i x e l s  addressed i s  N**2. 
beam w i l l  be pulsed on a t  every p o i n t .  
i n  SEMl . 

X l - Y 2 ,  X l - Y 3 ,  ... , X1-YN, X2-Y1, X2-Y2, X2-Y3, ,... , X2-YN, ... ,X3-Y1, 

However the re  i s  no Z-axis o n / o f f  c o n t r o l .  The 
A l l  o t h e r  parameters a re  the  same as 

The main advantage o f  SEM2 compared t o  SEMl i s  t h a t  l e s s  program storage 
i s  r e q u i r e d  by SEM2 for the  X and Y D-A c o n t r o l  values. Using SEMl to  scan M 
by N p o i n t s  requ i res  2 * ( M  x N> c o n t r o l  va lues;  (M x N 
( M  x N) for  the  Y-values. However t h i s  g a i n  i s  w i t h  some l o s s  o f  scanning 
f l e x i b i l i t y .  A s  descr ibed above p o i n t s  cannot be scanned i n  a t o t a l l y  random 
fash ion  when using SEM2. A l l  f u n c t i o n  codes used and a l l  s ta tus  codes 
re tu rned  by SEM2 are the same as those for  SEMl  as descr ibed i n  the  prev ious  
sect  i on. 

for  the  X-values and 

APPLICATION 

As s t a t e d  e a r l i e r ,  an example o f  the  image enhancement c a p a b i l i t i e s  of 
the I M A G E l  program i s  g iven for thermal-wave-microscopy a p p l i c a t i o n s .  Using 
s t a i n l e s s  s t e e l  as a sample, thermal wave microscopy images were ob ta ined.  
The s t a i n l e s s  s t e e l  was connected t o  a t ransducer /p reamp l i f i e r  i n s i d e  the  
vacuum chamber of the SEM. The p r e a m p l i f i e r  was connected to  a l o c k - i n  ampl i f -  
ier w i t h  the output of t h i s  l o c k - i n  a m p l i f i e r  go ing  d i r e c t l y  i n t o  channnel 
no. 1 of the  Concurrent 3205 analog i n p u t .  The v ideo  mon i to r  o f  the  SEM was 
connected t o  the analog ou tpu ts  o f  the Concurrent 3205 computer. 

A most usefu l  aspect of the I M A G E l  program i s  the  a b i l i t y  t o  reduce 
random no ise  by l i n e a r  averaging.  L inear  averaging i s  performed by adding 
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severa l  frames together  and d i v i d i n g  by the  number of  frames. 
mes, the t r u e  s igna l  increases w i t h  the  number, N, o f  frames added toge the r .  
The no ise  i s  however random; the  d i s t r i b u t i o n  of random no ise  i s  p r o p o r t i o n a l  
t o  the  square root of  N for N samples. 
s igna l - to -no ise  r a t i o  i s  p ropor t i ona l  to  the  square root o f  N so t h a t  t he  n e t  
e f f e c t  i s  to decrease the  random noise.  

When adding f r a -  

Therefore the  improvement i n  the  

F igure  4 i s  a 128 by 128 p i x e l  thermal-wave micrograph o f  a s i n g l e  frame 
scan o f  a s t a i n l e s s  s t e e l  sample. F igure  5 i s  the  average o f  16 frames o f  
thermal-wave images. No t i ce  the  improved d e f i n i t i o n  of the  c r y s t a l l i t e  g r a i n s  
o f  s t a i n l e s s  s t e e l  i n  the  thermal-wave image. F igure  6 i s  an average of  100 
frames o f  the thermal-wave image. 
thermal-wave image w i t h  f e a t u r e s  more c l e a r l y  v i s i b l e .  The improvement i s  due 
t o  the  r e d u c t i o n  o f  no i se  by l i n e a r  averaging. 
e l e c t r o n  micrograph o f  the  same area. 
v i s i b l e .  

The r e s u l t  i s  a g r e a t l y  improved 

F igure  7 i s  a secondary 
Note t h a t  there  a re  no g r a i n  f e a t u r e s  

CONCLUSION 

A Concurrent 3205 computer system i s  used t o  c o n t r o l  an IS1 DS-130 SEM. 
The w r i t t e n  sof tware p o s i t i o n s  the e l e c t r o n  beam and c o l l e c t s  s igna ls  for  d l g i -  
t a l  image process ing.  The programs IMAGE1 and IMAGE2 can l i n e a r  average a num- 
ber  of  image frames, store or r e c a l l  frames from d i s k  storage, as w e l l  as 
o u t p u t  the image frames f o r  v iewing on the  S E M ' s  CRT. 
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APPENDIX - GLOSSARY 

CCU R 
css 
IMAGE1 
IMAGE2 
I S 1  
S EM 
SEMl 
S EM2 

SYSIO 
TWM 

Concurrent Computer Corpo ra t i on  
Command S u b s t i t u t i o n  System 
Name o f  first s p e c i a l i z e d  user FORTRAN r o u t i n e  
Name of  second s p e c i a l i z e d  user FORTRAN r o u t i n e  
I n t e r n a t i o n a l  S c i e n t i f i c  Instruments 
Scanning E l e c t r o n  Microscope 
Name o f  f i r s t  s p e c i a l i z e d  sys tem software r o u t i n e  
Computer o p e r a t i n g  system device name 
(eg. p l o t t e r ,  p r i n t e r )  
1/0 FORTRAN r o u t i n e  (CCUR ex tens ion)  
Thermal wave m i  croscopy 
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FIGURE 3.  - TWM SYSTEM CONTROL SOFTWARE FLOW DIAGRAH. 
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FIGURE 4. - TWM IMAGE FOR 1 FRAME SCAN OF THE ELECTRON BEAM OVER A STAINLESS STEEL SAMPLE. 

ORIGIW PAGE Q 
OF POOR QUALnV 

FIGURE 5 .  - TWM IMAGE FOR 16 FRAME SCANS OF THE ELECTRON BEAM OVER THE SAME AREA. 
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FIGURE 6. - TWM IMAGE FOR 100 FRAME SCANS OF THE ELECTRON BEAM OVER THE SAME AREA. 

FIGURE 7. - SECONDARY ELECTRON IMAGE OF THE S A M  AREA OF THE STAINLESS STEEL SAMPLE. 
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