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A P rec i s i on  H igh -Speed  E lec t ron  Beam L i t hog raphy  Sys tem,  by  John  C .  E idson ,  Wayne  
C.  Haase,  and Ronald K.  Scudder  A product  o f  HP's  research labs,  i t ' l l  be used in-house to  

make very - la rge-sca le  in tegra ted  c i rcu i ts  and o ther  advanced dev ices .  

A  P r e c i s i o n ,  H i g h - C u r r e n t ,  H i g h - S p e e d  E l e c t r o n  B e a m  L i t h o g r a p h y  C o l u m n ,  b y  J o h n  
K e l l y ,  g u n  R .  G r o v e s ,  a n d  H u e i  P e i  K u o  T h e  c o l u m n ' s  f i e l d  e m i s s i o n  e l e c t r o n  g u n  c o n  

t r ibutes to  the system's  h igh speed.  

A Precision X-Y Stage and Substrate Handl ing System for  Electron Beam Lithography,  
by Earl within Lindberg and Charles L Merja This system posit ions wafers and masks within 16 

nanometres o f  the des i red pos i t ion.  

S o f t w a r e  C o n t r o l  f o r  t h e  H P  E l e c t r o n  B e a m  L i t h o g r a p h y  S y s t e m ,  b y  B r u c e  H a m i l t o n  A  
la rge ,  to  so f tware  package  makes  the  sys tem's  capab i l i t i es  read i l y  ava i lab le  to  the  user .  

P a t t e r n  D a t a  F l o w  i n  t h e  H P  E l e c t r o n  B e a m  S y s t e m ,  b y  M i c h a e l  J .  C a n n o n ,  H o w a r d  F .  
Lee, on Robert  B.  Lewis The pattern data turns the electron beam on and of f  at  rates as high 

as  300 MHz.  

Ca l i b ra t i on  o f  t he  HP E lec t ron  Beam Sys tem,  by  Fa i th  L  Buge ly ,  I an  F .  Osborne ,  Gera in t  
Owen,  and Rober t  B.  Schudy Prec is ion is  achieved by measur ing d is tor t ions and correct ing 

them wi th  sof tware and e lect ron ics .  

D i g i t a l  A d a p t i v e  M a t c h e d  F i l t e r  f o r  F i d u c i a l  M a r k  R e g i s t r a t i o n ,  b y  T s e n - g o n g  J i m  H s u  
Detecting registration marks on substrates is a problem of extracting a known signal from noise. 

In this Issue: 

Shown on our  cover  th is  month  is  the  exposure  end o f  HP 's  e lec t ron  beam l i thography  
system, beam subject of this issue. On the left are the column that produces the electron beam 
(seepage 14), and below it ,  the X-Y stage that holds the target (see page 16). On the r ight is 

'Â¡s% the system that transports the target objects to and from the X-Y stage (page 16).  
E lec t ron beam l i thography is  one o f  the  techno log ies  on the f ront ie r  o f  the  bus iness o f  

producing integrated circuits, those t iny si l icon chips that can hold enough electronic circuitry 
for an page computer â€” HP's latest chip has 450,000 transistors on it. On page 5, Frank Ura, 
m a n a g e r  o f  H P ' s  e l e c t r o n  b e a m  r e s e a r c h  a n d  d e v e l o p m e n t  t e a m ,  i n t r o d u c e s  u s  t o  

electron promises lithography and its advantages and disadvantages. Briefly, its main advantage is that it promises 
to let us percentage more transistors in a given area of chip and do it more accurately, so a higher percentage of good 
chips slower off the production l ine. I ts disadvantage has been that i t  is slower than older methods, too slow for 
mass-produc ing any but  the s implest  ch ips.  

The scientists at Hewlett-Packard Laboratories, HP's central research facil i ty, thought they saw a way to make 
a  fas ter  management  beam sys tem tha t  wou ld  be  usefu l  in  a  product ion  env i ronment ,  and HP management  
supported them. That investment has paid off in the system described in this issue, which is much faster than any 
other sometimes we know of. To make it  work, the project team applied good, sometimes clever engineering and 
advanced technology,  as th is  issue at tests .  

The new present wil l  be used by HP divisions to make better HP products. There are no present plans to make 
i t  avai lable to other companies. The electron beam team has already used the system to make some advanced 
dev ices the to  deve lop new ways o f  dea l ing wi th  an e lec t ron beam prob lem,  prox imi ty  e f fec t ,  or  the random 
scatter ing of  electrons when they hi t  a target.  We didn' t  have room in this issue to talk about these topics,  but 
we' re p lanning ar t ic les on them for  fu ture issues.  

- R .  P .  D o l  a n  

Editor,  Richard P. Dolan â€¢ Associate Editor.  Kenneth A. Shaw â€¢ Art Director,  Photographer, Arvid A. Danielson 
I l lustrator,  Nancy S. Vanderbloom â€¢ Administrat ive Services, Typography, Anne S. LoPrest i  â€¢ European Product ion Manager,  Dick Leeksma 

2  H E W L E T T - P A C K A R D  J O U R N A L  M A Y  1 9 8 1  Â © H e w l e t t - P a c k a r d  C o m p a n y  1 9 8 1  P r i n t e d  Â ¡ n  U . S  A .  

© Copr. 1949-1998 Hewlett-Packard Co.



A Precis ion High-Speed Electron Beam 
Li thography System 
This very fast  e lectron beam system is designed for  mask 
making or  d i rec t  wr i t ing on wafers  in  an in tegrated c i rcu i t  
product ion env i ronment .  

by John C.  E idson,  Wayne C.  Haase,  and Ronald  K.  Scudder  

THE INITIAL OBJECTIVE of HP's electron beam 
project was to build a precision high-speed direct 
writing electron beam lithography system that would 

be usable in a production environment. Later, a requirement 
was added that the system function as a mask maker. The 
system architecture and specifications were determined 
based on the results of experiments on field emission guns 
and numerous calculations and experiments on column 
design. The most significant of these results was that it 
appeared likely that, using a field emission source, a col 
umn could be built that would be capable of delivering a 
beam of up to 600 nanoamperes into a 0.5-micrometre spot, 
which could be deflected over a 5-mm-square field of view 
with minimal distortion. 

The decision was made to design a machine with the 
highest possible throughput and accuracy, useful for 
geometry in the 0.5-to-l-/xm range. The high-current beam 
would permit a bit-writing rate of at least 300 MHz, which 
was felt to be the limit that could be reached by the control 
circuitry. This bit rate and the desire for high accuracy and 
throughput led to the design of a modified raster-scan sys 
tem. In this system, a mechanical X-Y stage is used to move 
from one 5 x 5-mm field of view to the next. This simplifies 
the fiducial mark location needed in a direct writing 
machine and keeps the time lost in stage motion to a reason 
able fraction of the total exposure time. 

The 5 x 5-mm field of view and 0.5-jum beam led to the 
adoption of an ideal pattern grid of 0.5-/xm spacing or 108 
pixels per field of view. The placement accuracy goal for 
individual pixels was set at Â±0.1 /nm, which implies a 
deflection accuracy of 0. 1 Â¿urn in 5000 /urn or roughly 1 6 bits. 
Since it was not deemed possible to design deflection cir 
cuitry that could meet both the 300-MHz bit rate and the 
16-bit accuracy requirements simultaneously, the modified 
raster-scan scheme was adopted. The field is divided into 
blocks of 128x128 pixels. Each block is addressed by a 
high-accuracy octopole driven by circuits that can settle in 
about 10 Â¿is. This is a reasonably small fraction of the time 
required to expose a block at 300 MHz. Within each block a 
raster is scanned using high-speed circuitry driving a quad- 
rupole deflector. 

Each 5 x 5-mm field of view is composed of 80 x 80 blocks 
of pattern data, each with 128X128 bits (pixels). During the 
exposure of each block this data must be delivered at the 
300-MHz bit rate. To handle this data the electron beam 
machine has a pattern memory that can store the entire bit 
pattern fora 5 x 5-mm field of view and can deliver this data 

at the full data rate. 
A further complication was introduced by the require 

ment that the machine also function as a mask maker capa 
ble of producing 10 x reticle masks. This increases the 
number of data bits to about 10 10. Since the time required to 
load the pattern memory is long compared to the time to 
expose a field of view, a rather simple data compression 
scheme has been implemented that permits the data for the 
entire 10 x reticle to be contained in the pattern memory. 

To position each block accurately using the octopole, 
numerous calculations must be done to determine the volt 
ages required by the octopole plates. The calculations must 
be done in real time on a block-by-block basis. Since the 
main system computer, an HP 1000, is far too slow for this 
task, a special computer called HAL was designed for this 
purpose. 

The pattern memory, the deflection circuitry, and HAL 
are the electronic subsystems that are most specific to the 
HP electron beam system because of its field of view and 
data rate. The other electronic subsystems are more conven 
tional, with stability and system compatibility being the 
main design constraints. 

Pattern Generat ion and Format  
Pattern information for this system is generated on one of 

several standard computer-aided artwork (CAA) systems. 
This artwork is converted by means of special routines to a 
standard format called electron beam external format. This 
conversion is accomplished by an off-line computer. 

After the data is converted into the electron beam external 
format, it is converted by an off-line computer system to one 
of the two electron beam internal formats, compressed or 
uncompressed, and stored on disc until exposure time. For 
10 x masks the compressed format is always used. To ex 
pose the substrate with this data, the disc is placed on one of 
the system disc drives and the data is then transferred to the 
pattern memory. From here it is transferred to the beam 
blanker in synchronism with the sweep circuits. 

System Archi tecture 
Fig. 1 is a block diagram of the system. The system con 

sists of an electron column, a target area with a cassette 
loading system and an X-Y stage, a computer control sys 
tem, and a variety of special-purpose electronic equipment 
used to drive the beam and control the data. 
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Fig.  1 .  system. diagram of  the HP high-speed electron beam l i thography system. 

The  E lec t ron  Co lumn 
At the top of the column is the electron gun, consisting of 

a tungsten cathode and an accelerating anode. The beam 
formed by the emitted electrons passes through the first 
lens and is focused near a knife-edge in the beam blanker 
region. In the region of the first lens is a stigmating system 
to correct beam astigmatism (i.e. , to make the beam round), 
and an alignment coil to compensate for column misalign 
ment. Because of machining tolerances, column alignment 
to the required accuracy is not possible without this elec 
tronic control. 

Following the first lens is the beam blanker. Here the 
beam is focused just to the side of a knife-edge. When a 
potential is applied to the blanker, the beam is deflected a 
few micrometres and impinges on the metallic edge. Thus 
the electrons are stopped instead of continuing down the 
column. Because the beam focused near the knife-edge is 
only a few micrometres in diameter, a very small deflection 
is required to move the entire beam. This means that a small 

voltage (about three volts) is adequate to provide the neces 
sary blanking. 

After the beam traverses the blanker, it passes through a 
second alignment coil and then goes through a double 
vacuum valve. This valve allows the column to be split 
apart while maintaining vacuum both on the gun and on the 
lower sections of the column. The ability to split the column 
in this fashion greatly facilitates installation of new emit 
ters if one should fail. In this way, a standby gun can be kept 
ready for rapid transfer to the column, so that unnecessary 
down time is eliminated. 

Following the valves, and immersed in the final lens, are 
the final stigmators and alignment coils, which focus the 
beam on the target. Here again is a set of alignment deflec 
tors to aid in directing the beam to the target. Following the 
final lens is the deflector system. The upper deflector, a 
quadrupole deflector, is used to raster-scan the beam 
rapidly over a limited area of 128X128 pixels. The second 
deflector is an octopole, which has a very uniform field and 
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Electron Beam Lithography 

The use  o f  computers  has  revo lu t ion ized  soc ie ty .  F rom the i r  
b e g i n n i n g s  i n  t h e  1 9 5 0 s ,  c o m p u t e r s  b e g a n  t o  f l o u r i s h  i n  t h e  
1960s.  In the 70s people began to understand how to use them, 
and in the 80s their  use is beginning to explode. One of the main 
reasons for  the i r  widespread use is  the fact  that  the i r  cost  for  a  
g i v e n  c a p a b i l i t y  h a s  b e e n  g o i n g  d o w n  s t e a d i l y .  I t  h a s  n o w  
dropped to  the po in t  where computers  are  economica l  for  many 
household  and bus iness app l ica t ions.  

T h e  c o s t  o f  c o m p u t i n g  h a s  d r o p p e d  p r i m a r i l y  b e c a u s e  t h e  
c o m p l e x i t y  a n d  c a p a b i l i t y  o f  i n t e g r a t e d  c i r c u i t  c h i p s  h a v e  i n  
creased at  a  constant  ra te  for  the past  decade.  Because of  th is  
increased capabi l i ty ,  we see in tegrated c i rcu i t  ch ips not  on ly  in  
computers,  but  a lso in microwave ovens,  calculators,  TV games, 
typewr i ters ,  and many o ther  products .  

A principal reason for the increase in the capabil i ty of integrated 
c h i p s  a n d  t h e  r e d u c t i o n  i n  t h e i r  c o s t  h a s  b e e n  t h e  i n c r e a s e d  
capabi l i ty of  the l i thography machines used in their  manufacture. 
In tegra ted  c i rcu i t s  a re  bu i l t  up  on  s i l i con  wafe rs  in  a  se r ies  o f  
operat ions. Some of these operat ions involve etching the surface 
of  the wafer to produce a part icular  pat tern,  whi le others require 
introducing certain impurit ies into the wafer in a particular pattern. 
I t  is l i thography machines that al low us to imprint the patterns on 
the wafer. The wafer is f i rst coated with a resist,  a compound that 
is  sensi t ive to l ight  or  to e lectrons.  The l i thography system then 
exposes the resist to l ight or electrons in the desired pattern, and 
the resist is developed, leaving the desired pattern as openings in 
the res is t  through which the etching or  implant ing can be done.  

During the past 1 0 years, the dimensions of these patterns have 
been decreasing at  a  s teady rate.  This  has been made poss ib le  
b y  a d v a n c e d  o p t i c a l  a l i g n e r s  i n  w h i c h  t h e  l e n s e s  h a v e  b e e n  
improved from year to year,  al lowing the user to imprint f iner and 
f iner geometr ies onto the si l icon wafers. At present,  the minimum 
geometr ies that are obtained in product ion have l ines and spaces 
as smal l  as two to three micrometres,  and in the laborator ies as 
smal l  is one micrometre. The fundamental l imit  of  these lenses is 
being approached; i t  appears to be in the area of one micrometre 
or  s l igh t ly  less .  Another  c r i te r ion ,  wh ich  is  becoming more  and 
more  impor tan t  as  the  geomet ry  sh r i nks ,  i s  t he  accu racy  w i th  
which The can place these geometries at the desired location. The 
bes t  t o  a l i gne rs  on  the  marke t  t oday  can  p lace  geomet r i es  t o  
an accuracy in the order of 0.3 to 0.4 micrometres. (The diameter 
o f  a  human ha i r  is  approx imate ly  100 micrometres. )  

To continue increasing the capabil i ty of integrated circuit  chips, 
des igners  must  be  ab le  to  a t ta in  f iner  geomet r ies  and  to  p lace  
t h e m  m o r e  a c c u r a t e l y .  E l e c t r o n  b e a m  s y s t e m s  h a v e  u l t i m a t e  
limits in resolution and in accuracy much finer than those of optical 
a l i gne rs .  I t  i s  f o r  t hese  reasons  tha t  t he re  i s  g rea t  i n te res t  i n  
e lec t ron beam l i thography systems.  

Another  fac tor  that  is  ex t remely  impor tant ,  par t icu lar ly  in  pro  
duction, is throughput of wafers per hour. This number sometimes 
is  mis leading because of  the way that  i t  is  def ined.  Many people 
tend to use the number of wafers a part icular system can process 

in an be More meaningful  is  the number of  funct ions that  can be 
processed per  hour  by a g iven system. The bot tom l ine is  rea l ly  
the cost  per  funct ion of  an in tegrated c i rcu i t  ch ip .  

A l though a few companies have developed d i rect  wr i t ing e lec 
t ron beam systems (systems capable of  wr i t ing a pat tern di rect ly 
on a res is t -coated wafer ,  us ing an e lectron beam),  the only e lec 
t r on  beam sys tems  tha t  a re  commerc ia l l y  ava i l ab le  t oday  a re  
des igned for  making masks for  in tegrated c i rcu i t  product ion.  An 
opt ica l  a l igner  must  be used to pro ject  the mask image onto the 
wa fe r .  Th i s  means  tha t  mos t  o f  t he  f i ne r  reso lu t i on  and  be t te r  
a c c u r a c y  o f  e l e c t r o n  b e a m  l i t h o g r a p h y  a r e  u l t i m a t e l y  l o s t  b e  
cause the l imi ta t ions of  opt ica l  l i thography dominate.  

Besides opt ica l  l i thography,  the only  other  technology that  ap 
pears  to  be compet i t ive  wi th  e lec t ron beam l i thography is  x - ray  
t echno logy .  Th i s  t echno logy  requ i res  masks ,  bu t  because  the  
i l luminating source is of much shorter wavelength than optical, the 
minimum geometr ies at ta inable wi th x-rays are much f iner.  X-ray 
l i thography has been in development for  a number of  years now, 
b u t  h a s  n o t  r e a c h e d  p r o d u c t i o n  s t a g e s  b e c a u s e  o f  t w o  m a j o r  
problems, the construct ion of  the masks and the avai labi l i ty  of  a 
sensitive resist. At this t ime, it is not obvious which technology wil l 
eventual ly dominate. I f  x-ray technology's two major problems are 
solved, it is l ikely that all three technologies wil l be complementary 
and wil l  exist side by side. To summarize, the major advantages of 
e lect ron beam l i thography are greater  resolut ion,  bet ter  regist ra 
t i on  accu rac ies ,  and  g rea te r  f l ex ib i l i t y  i n  hand l i ng  the  pa t te rn  
data.  The major d isadvantage is the high cost  of  the instrument.  

HP System 
The  HP e lec t ron  beam l i t hog raphy  sys tem desc r i bed  i n  t h i s  

i s sue  i s  des igned  f o r  d i r ec t  w r i t i ng  on  wa fe rs  i n  a  p roduc t i on  
env i ronment .  I t  i s  much fas ter  than any  commerc ia l l y  ava i lab le  
system and is bel ieved to be much faster than any electron beam 
system exist ing today.  I ts  speed is  due pr imar i ly  to three th ings:  
the use of  a  f ie ld  emi t ter  e lect ron source,  h igh-speed e lect ron ic  
c i rcu i t ry  to  process the data,  and the def lec t ion system.  

As an example of  the potent ia l  throughput  of  th is  system, con 
s ider  HP's  recent ly  d isc losed microcomputer  ch ip  that  has on i t  
approximately 450,000 transistors. Assume that an optical al igner 
can  p rocess  abou t  ten  wa fe rs  pe r  hour  con ta in ing  such  ch ips .  
HP's  e lec t ron beam system can potent ia l ly  produce three t imes 
as  many t rans is to rs  on  the  same-s ize  ch ip ,  bu t  a t  perhaps  f i ve  
wafers per hour.  In funct ions per hour,  the electron beam system 
has a greater  throughput .  

The  HP sys tem has  the  ab i l i t y  to  p r in t  l i nes  w i th  min imum d i  
mensions in the order of 0.5 to 1 micrometre and has registrat ion 
accuracies in the order of  0.1 to 0.2 micrometre.  Future systems 
wi l l  cont inue to  reduce these parameters .  

-Frank Ura 
Manager, Electron Beam 
Research and Development 

is used to position the beam at the center of a 128 x 128-pixel 
subfield. 

For alignment purposes, it is necessary to scan various 
targets mounted on the stage. These targets allow the sys 
tem to focus the beam, measure deflection sensitivities of 
the two deflectors, and get a general view of system accu 
racy. To detect the beam as it scans these targets, there is a 

system of four detectors in the target area, corresponding to 
the + and â€” X and Y axes of the system. They are made of a 
scintillating material that emits light when struck by 
backscattered electrons, a light pipe that routes the light to a 
convenient location, and a set of photomultiplier tubes 
which convert the weak light into electrical signals. 
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The Pal le t  Handl ing Mechanism 
Substrates, (wafers, masks, or reticles) are processed 

semiautomatically in this system. Substrates are loaded 
onto a holder called a pallet, normally one substrate to a 
pallet, but in the case of small substrates such as 5-cm 
wafers, possibly more. A pallet is roughly 12 cm on a side. 
Pallets are loaded into a cassette. The cassette is placed in 
the load chamber of the pallet loading system and the 
chamber is pumped down to vacuum. After a sufficient 
level of vacuum is attained, the cassette is lowered through 
a valve into the central chamber, and the valve is closed, 
freeing the load chamber for the next cassette. Pallets are 
now individually loaded from the central chamber onto the 
X-Y stage. After exposure, the pallet is retracted and the 
next pallet inserted onto the stage. This process continues 
until all substrates have been exposed. After all of the sub 
strates in a cassette have been exposed, the cassette is low 
ered through a valve into the unload chamber, where it may 
be removed or, as required for some electron-sensitive re 
sists, vacuum-cured. The sequencing of valves, detection of 
appropriate vacuum levels, and all of the motions of the 
substrates are fully automatic, but the insertion of cassettes 
into the load chamber and their removal from the unload 
chamber are manual operations. 

The X-Y stage is a very precise mechanism controlled by a 
laser interferometer and servo system. It is capable of over 
13 cm of travel in both X and Y directions, and can move 5 
mm and settle to less than 0.1 /am from its destination in 
only 250 milliseconds. In normal operation it is driven to a 
destination with an accuracy of 0.016 /am, or 160 
angstroms! Resolution is 0.008 /am or 80 angstroms. This 
extreme precision and a third interferometer axis for 
measuring rotation make it possible to stitch together fields 
of view to obtain much larger patterns than the 5-mm- 
square single field of view. 

Computer  Contro l  
Overall system coordination is accomplished via a host 

computer, in this case an HP 1000. This machine is a 16-bit 
computer with extended memory and two input/output ex 
tenders. It is used somewhat as a process controller, in that 
all of the beam control, deflection control, data handling, 
and analog processing are done with special-purpose 
hardware designed specifically for the system. The large 
number of peripheral controllers required the addition of 
the I/O extenders. Attached to the computer is a system disc 
for program storage, a magnetic tape for system backup and 
program transfer from other machines, several terminals 
used to enter operator commands, and four HP 7925 125- 
megabyte discs for pattern data storage. The large capacity 
required of the data storage discs stems from the fact that 
one of the two data formats used is a direct bit map of a chip. 
With 100,000,000 bits required for a single 5-mm field of 
view, disc space is used rapidly! 

Noise Reduct ion 
In a system that maintains the exceptional accuracy of 

this one, great care must be taken to eliminate every possi 
ble source of noise. Each electronic subsystem is powered 
by its own set of power supplies, and these are driven from 
separate isolation transformers. The main power source for 

the entire system is a separate winding on the transformer 
supplying the building housing the electron beam system. 
Single-point grounding is used, eliminating the possibility 
of ground loops. To further reduce any possibility of ground 
loops, all digital data and control lines are optically isolated 
between all electronic subsystems, including the host com 
puter. 

To reduce magnetically induced noise, transformers and 
other magnetically active components are not permitted 
near the column. Room lights are required to be incandes 
cent bulbs rather than fluorescent fixtures, because fluores 
cent fixtures have magnetically active ballasts, and the 
tubes themselves act as unshielded current carriers. To 
further reduce interference from stray fields, the column is 
completely surrounded by two layers of mu-metal shield 
ing spun to conform to column geometries. Critical compo 
nents of the column itself are made of nonmagnetic mate 
rials. 

Finally, the entire column and loading mechanism are 
floated on air bearings to eliminate horizontal components 
of floor vibration. Vertical components of vibration are 

Proximity Effect Correction 
by Processing 

The proximity effect is the unwanted exposure of resist caused by 
e lec t rons  sca t te r ing  in  the  res i s t  l aye r  and  f rom the  subs t ra te  
beneath  the  layer .  Th is  leads to  pat te rn  fea tures  d i f fe rent  f rom 
t h o s e  h i g h -  I t  i s  a  m a j o r  l i m i t a t i o n  t o  t h e  f a b r i c a t i o n  o f  h i g h -  
reso lu t ion dev ices by  means o f  e lec t ron beam l i thography.  

Three methods have been used to l imit the proximity effect. The 
most  wide ly  used method invo lves preprocess ing the input  data 
and modi fy ing the dose at  exposure t ime.  This method has been 
u s e d  w i t h  v e c t o r - s c a n  e l e c t r o n  b e a m  s y s t e m s . '  t h e  s e c o n d  
method also involves preprocessing the input data;  the exposure 
shapes  a re  mod i f ied  by  the  add i t ion  o r  sub t rac t ion  o f  scans  to  
achieve a uniform dose. This method has been applied to electron 
beam systems that are modif ied electron microscopes, where the 
smal les t  pa t te rns  are  fo rmed by  many beam scans.  

In the HP system, other  methods,  which do not  involve prepro 
cessing the input data, are used to l imit the proximity effect. Some 
of  these techniques involve specia l  res ist  processing,  hence the 
te rm:  p rox imi ty  e f fec t  cor rec t ion  by  process ing .  These process  
ing  techn iques reduce prox imi ty  e f fec t  by  min imiz ing the e f fec t  
o f  backscat tered e lect rons and reducing the i r  number.  The prox 
imity effect has been investigated by means of a computer model, 
and  p rocess ing  me thods  t ha t  can  imp rove  t he  pa t t e rn  f i de l i t y  
have been explored.  

I t  has  been  found  tha t  s ign i f i can t  reduc t ion  in  the  p rox im i t y  
e f f e c t  c a n  b e  a c h i e v e d  b y  t w o  m e t h o d s :  a  " s m a l l - b e a m "  a p  
proach and mult i layer resist  techniques.2 Both of  these methods 
have  been eva lua ted  on  the  HP e lec t ron  beam l i thography  sys  
tem. An art ic le detai l ing these studies and the resul ts is  p lanned 
for  a future issue of  the Hewlet t -Packard Journal .  
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eliminated with a system of pneumatic dampers. 

Pattern Memory System 
The pattern memory is a very large semiconductor mem 

ory system capable of storing more than 151 million bits, 
which is more than enough for a direct bit map of a 
10,000X10, 000-pixel chip, or over three million rectangle 
specifications in compressed format. During exposures the 
memory delivers this data at a 300-MHz bit rate. This high 
data rate precludes the use of large disc memories for the 
pattern memory. 

The first stage in the pattern memory is an input section 
which accumulates 144 bits, 16 at a time, from the host HP 
1000 Computer. These 144 bits consist of two 72-bit words, 
each word containing 64 data bits and eight error correcting 
bits. After 144 bits are accumulated on the data input board, 
they are transferred through error correction circuitry into 
the memory arrays. The memory arrays store the pattern 
information until it is time to transfer the data to the beam at 
write time. This array section is composed of six modules. 
Each module contains eight memory boards, and each 
board has eight rows of 24 chips. The chips are 16K MOS 
RAMs. The total capacity of the memory is therefore greater 
than 151 megabits including the overhead for check bits. At 
exposure time, data is transferred again through error detec 
tion and correction circuitry from the memory modules into 
one of two areas. If the data is in bit map format, it is 
transferred directly into one of four block buffers . The block 
buffers hold 128x128 pixels of pattern information, which 
is exactly what is required to expose one 64 x 64-micrometre 
subfield or block with the raster deflection system. If the 
data is in compressed format it is routed through the data 
decompressor system and then into the block buffers after 
decompression. 

The block buffers provide a means of synchronizing the 
data as it comes from the memory modules and goes to the 
beam blanker. The memory modules operate with a fixed 
clock and require refresh. Uncorrectable data errors may 
require several retries before data is correctly read. The 
beam blanker, on the other hand, may operate at blanking 
rates from a few kilohertz to the maximum rate of 300 MHz, 
so some type of intermediate storage is required to allow 
proper coordination. 

From the block buffers the data is again transferred 
through error detection and correction circuitry, although 
at this time the decompressed data cannot be corrected 
because of the transformation process. The data is transmit 
ted to the shifter system, which is a high-speed parallel-to- 
serial converter. 

Dumping of the data from block buffers to the shifter is 
mediated by a control system which synchronizes the shift 
er, requests to dump from HAL (the high-speed processor), 
and the block buffers. It also can provide for block skipping 
or filling in the event of blank or completely filled blocks, 
thereby saving space in the memory modules. Line skip 
ping may also be provided in the bit map format to save 
writing time. The overall control of the pattern memory 
system is accomplished via a programmable processor. All 
of the timing and control is implemented in ECL to obtain 
accurate timing and because the ECL logic families generate 
very low noise, an important consideration in this system. 
The pattern memory system's internal states and registers 

can be read, modified, or set from the host computer to 
facilitate troubleshooting and system debugging. Excellent 
support software allows very flexible troubleshooting 
operations. 

Shifter  System 
The shifter system is a parallel-to-serial converter that 

receives 128 bits of data from the pattern memory and shifts 
it out at rates of up to 300 MHz to the beam blanker 
amplifier. Because of the extremely high transfer rates, 
shifter control is not implemented with combinatorial 
logic. Instead, the control signals are themselves generated 
from high-speed shift registers. Four signals are required to 
control the data shifter and synchronize data transfers. One 
signal controls the state of the main data shifter, forcing it 
either to load data or shift the data. The second signal a 
ramp reset signal, which is used to start the ramp in the 
raster generator or reset the ramp at the end of a scan. The 
third signal provides pulses that load data from the pattern 
memory into a temporary register, prior to the transfer of the 
data into the main data shifter. The fourth and last shifter 
generates a pulse that controls the state of all of the control 

Diagnostic/Control  Interface Data/Control 
f rom HP 1000  

Data  f rom HP 1000 
t--  To Octopole/Quadrupole/ 

Operator  Console  

C-Bus 

*  Numerous F lags to  Pat tern  
Memory,  F iducia l  Mark System,  
HP 1000,  etc.  

A-Bus 
B-Bus 
Control  Bus 

F ig .  2 .  HAL ,  the  h igh -speed  p rocesso r  tha t  ca l cu la tes  vo l t  
ages for  the octopo le  def lec t ion p la tes ,  is  implemented wi th  
approx imate ly  1000 ECL c i rcu i ts .  
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shifters, including itself. The two possible states are 1) load 
data from a register associated with each individual shifter, 
and 2) shift the data. The waveforms needed to provide the 
control are stored in a set of four registers, each register 
feeding one of the four control shifters. This data is loaded 
into the shifters and then shifted out. The data is then 
reloaded and shifted again. The process repeats indefi 
nitely. Although this system is expensive in 1C count, it 
provides accurate control signals at 300 MHz. 

HAL System 
The main HP 1000 system computer is far too slow to do 

the numerous calculations required to determine the volt 
ages to be placed on the octopole plates during exposure, 
since these calculations must be done in real time on a 
block-by-block basis. These calculations are done by the 
HAL system, a special-purpose high-speed processor im 
plemented with emitter-coupled logic (ECL). It is micro 
programmed, and can execute a program of 512 steps. The 
microcode is  generated using an assembler and is  
downloaded from the host computer. This allows flexibility 
in controlling the beam deflection protocol, since changes 
are quite easy to make. In addition to the microcode storage 
registers there are 128 32-bit data registers for arithmetic 
operations. 

HAL is built around several buses, the first of which is the 
opcode bus (see Fig. 2). When the microcode memory 
places an opcode on this bus, the microcode is received at 
the inputs of all of the printed circuit boards that make up 
HAL. Each printed circuit board is designed to execute one 
or more instructions. When a board recognizes one of the 
opcodes it is capable of executing, it does so and then 
signals the control system that it is finished. The control 
circuit then fetches the next instruction. This architecture 
allows considerable flexibility in modifying or inserting 

new instructions. To add a new instruction, one needs only 
to implement it on a board and insert it into the system. The 
control system and timing do not have to be modified, since 
any board can take as long as necessary to complete an 
instruction. 

The present instruction set consists of add, subtract, mul 
tiply, a wide variety of logical operations and format con 
versions, and a flexible collection of special handshakes 
and flags. These flags are used to signal other units in the 
system, for example to tell pattern memory to dump a block 
of data or to start the fiducial mark system so that it can 
collect data. Some flags can be used to generate pulses of 
selected width, and others are used to signal HAL to start 
execution of special subroutines. Other flags are used to 
coordinate data transfers to the HP 1000 host computer. 

Quadrupole Electronics 
The quadrupole electronics generate raster-scan voltage 

waveforms for driving the quadrupole deflection plates, 
which electrostatically deflect the electron beam. The 
quadrupole electronics also provide for magnifying and 
rotating the raster. The deflection waveforms can be gener 
ated over a five-decade range in operating frequency. 

The quadrupole electronics consist of two independent 
ramp and step generators. Each generator is responsible for 
the waveforms for one pair of quadrupole plates. 

The ramp and step generator (see block diagram, Fig. 3) 
generates output voltages that are sums of ramps and steps. 
The ramp portion of the waveform is formed by an inte 
grator composed of Rl, Cl, Al, and Ql. The slope of the 
ramp is controlled by the output voltage of a digital-to- 
analog converter (DAC). The ramp is reset by FET Ql. The 
step portion of the waveform is generated by two DACs, one 
to control the step size, and the second, a multiplying DAC 
or MDAC, to control the number of steps. The ramp and step 

Level 
Converter  

Ramp Tr igger  

Ramp 
Slope 

Scale 

Line 
Number  

Fig.  3.  def lect  dr iver  for  the quadrupole def lector  generates raster-scan vol tages to def lect  the 
e lec t ron beam.  I t  cons is ts  o f  two o f  these ramp and s tep genera tors .  
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Digital 
Input 

Output 

DAC 

Fig.  4 .  Vol tages for  the octopole def lect ion p lates are gener  
a ted by e ight  o f  these ampl i f ie r -DAC combinat ions.  

portions are added together by summing amplifier A2. A 
third input to A2 adds an offset signal, which has two main 
purposes: to make the center of the raster scan equal to zero 
on each plate, and to accommodate offset voltages in Al and 
eliminate any nonlinear portion of the ramp signal. The 
output of A2 is used to drive one of the deflection plates and 
is inverted by A3 to drive the opposing plate. One extra 
input to the integrator is included to modify the ramp slope 
through R2 in case any interaction occurs between the ramp 
and step signals either in the electronics or in the electron 
optics. 

To accommodate the wide range in operating frequency, 
three separate integrator, summing amplifier, and inverter 
sections are used, each optimized for operation over one or 

two decades. The outputs of the various amplifiers are then 
selected by multiplexers for final presentation to the deflec 
tion plates. The final waveforms generated by the quad- 
rupole electronics are linear within better than 0.1% over 
the four- volt deflection range sufficient for a 64X64-pim 
block scan. The raster-scan signals are compatible with the 
3-kHz-to-300-MHz 0.5-/*m-step data rate. 

Octopole  Ampl i f ier  and DAC 
The voltages required by the octopole deflectors are gen 

erated by eight amplifier-DAC combinations. One channel 
is shown in Fig. 4. To deflect the electron beam over a 
5-mmx5-mm field, a Â±80-volt capability for each deflec 
tion plate is required. Since the electron beam system's 
accuracy and speed are directly affected by the octopole's 
accuracy and speed, maximizing these parameters is essen 
tial. Accuracy is obtained by using DACs with the highest 
accuracy available. The best commercial units achieve 
16-bit long-term stability and 17 or 18 bits short-term. The 
settling time for these DACs is typically 7-8 microseconds. 

To convert the DAC current of 0-2 mA to the Â±80-volt 
signal required by the deflection plates, a high-voltage 
amplifier with an 80-kfi feedback resistor (RF) is used. Placed 
between the amplifier and the DAC is a cascode circuit 
formed by Ql and Al. The purpose of this cascode is to 
increase the impedance seen by the high-voltage amplifier 
A2. If the cascode were not used, A2 would be affected by 
the 3.3-kil output impedance of the DAC (RDAC)- This would 
result in an increase in noise seen at the output by a factor of 
RF/RDAC~25 and an increase in the settling time of the 
signal by the same factor. With the cascode, the noise gain 
of A2 becomes unity, reducing both the noise and the set 
tling time. The cascode section has its own noise effect and 
setting time. However, the detrimental effect on the output 

Servo Electronics 
Status 

Optical  Link 

Interferometer 
Electronics 

Fig.  5 .  B lock d iagram of  one ax is  
of the two-axis control system that 
d r i ves  the  X-Y s tage  tha t  ca r r ies  
the substrates to be exposed. The 
s tage  i s  pos i t i oned  w i th  an  accu  
racy of  0 .016 f jm.  
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is considerably less than without the cascode. The overall 
performance (accuracy and settling times) of the cascoded 
amplifier circuit is determined by the DAG rather than the 
cascode or the high-voltage amplifier. 

Blanker  System 
The blanker system provides the high-speed intensity 

modulation of the electron beam necessary to write patterns 
as the beam is moved across the wafer or mask in a raster- 
scan fashion. The blanking system is composed of three 
main parts: the blanker amplifier, the interconnect strip- 
line, and the blanker deflection plates. The blanking is 
accomplished by deflecting the beam into a knife-edge. The 
deflection center is placed at a focal point of the final lens so 
that, ideally, no motion occurs at the target as a result of the 
blanker deflection. 

The blanker amplifier is a high-speed driver that converts 
the ECL input signals to complementary three-volt levels 
suitable for driving the deflection plates. The amplifier 
operates from dc to 300 MHz with rise times of approxi 
mately 1 ns and provides complementary outputs. 

The stripline is fabricated on a Teflonâ„¢ board which is 
divided into two sections. A specially fabricated con 
nector maintains the high-frequency integrity of the strip- 
line while providing the capability to remove the blanker 
amplifier without unsoldering any component. Two 
vacuum feedthroughs, also stripline, interconnect the 
Teflonâ„¢ board and the deflection plates. 

Stage Contro l  System 
The motion of the electron beam system's X-Y stage is 

controlled by the two-axis stage control system, one axis of 
which is shown in Fig 5. The X-Y position of the stage is 
monitored by a two-axis laser interferometer. A third inter 
ferometer channel is used to monitor the rotation of the 
stage. The interferometer electronics, consisting of an 
arithmetic/logic unit (ALU), fringe counter, and control 
logic, processes the interferometer signals to obtain outputs 
of position and position error. The interferometer elec 
tronics, similar to the HP 5501 A, achieves 0.008-/u,m resolu 
tion and is able to track stage motion up to 10 centimetres 
per second. 

The servo electronics receives the 28-bit position error 
signal from the interferometer electronics and drives the 
motors that move the stage. The position error signal is 
truncated to 14 bits plus sign by a digital limiter and dis 
played on the front panel. The truncated error signal is 
converted to an analog voltage by a specially designed 
digital-to-analog converter (DAC) which achieves precise 
voltages near zero without resorting to expensive, high- 
accuracy DACs. 

Under control of the host computer, the servo electronics 
operates in the following modes: 
â€¢ Slew at constant velocity in positive direction 
â€¢ Slew at constant velocity in negative direction 
â€¢ Brake (zero motor armature voltage) 
â€¢ Coast (zero motor armature current) 
â€¢ Position control. 

Depending on the mode, the control logic section of the 
servo electronics selects appropriate input and feedback 
signals for the loop filter. For example, in slew mode, a 

reference voltage of appropriate amplitude and polarity is 
compared to the tach voltage and the difference is inte 
grated by the loop filter to drive the motor at constant 
angular velocity. Similarly, in position control mode, the 
DAC output and the tach signal are summed and integrated 
by the loop filter to drive the stage position to a zero-error 
condition. In position control mode the system settles to 
less than O.I/mi error from a 5-mm step in less than 250 ms 
and the final position error is less than 0.016 /u.m. 

Lens Drivers and Control  
The main function of the lens driver and control subsys 

tem is to provide a focusing system for the electron beam. 
The main constraints are stability and ease of use. 

The essential features of this subsystem are shown in Fig. 
6. There are two parts, a control section in the main sys 
tem racks near the operator, and a driver section near the 
column. 

The control section (lens driver control) is the interface 
between the HP 1000, the operator, and the lens drivers. The 
control section permits operation in two modes: 1) under 
supervision of the HP 1000 and 2) as a stand-alone device. 
The latter mode was necessary since the lens system is also 
used on column and gun test stations, which are physically 
separate from the electron beam machine. In normal opera- 
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F i g .  6 .  T h e  l e n s  d r i v e r  a n d  c o n t r o l  s u b s y s t e m  p r o v i d e s  a  
focus ing system for  the e lect ron beam. 
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tion the control section is under the supervision of the HP 
1000. The HP 1000 can transmit or receive data from the 
lens driver control and can force the lens driver CPU to 
execute either resident programs or programs downloaded 
from the HP 1000. 

There are three resident programs in the 8K bytes of ROM 
associated with the lens driver CPU (a Z80 microprocessor). 
The main program allows the operator to change and 
monitor the settings of any of the lenses via pushbutton 
control from the front panel. The second mode provides an 
additional capability of sweeping any pair of lenses in a 
raster fashion and providing synchronous sweeps for driv 
ing a display scope. These two modes permit the operator to 
focus the column. The third mode is a test mode that allows 
the operator to check the analog outputs of the lens drivers. 

The lens driver section has a data and control section, a 
monitor section, and 13 driver/reference sections. In the 
data and control section, the data is received from the lens 
driver control and is optically isolated to prevent system 
ground loops. The data is then distributed to the appro 
priate reference board on a 1 6-bit three-state bus. This bus is 
controlled by the control and timing circuit, which can 
direct the distribution of data or can send to the lens driver 
control the ADC (analog-to-digital converter) output, the 
contents of any of the latches , or status information from the 
control and timing circuit. 

The ADC section is used to monitor the analog outputs of 
the various lens drivers and lens driver power supplies. A 
12-bit ADC is used and the input is selected as directed from 
the lens driver control. 

Each driver/reference section has a latch to hold the 1 6-bit 
data word received from the lens driver control. The output 
of this latch drives a 16-bit D AC which generates a reference 
voltage proportional to the desired lens output. The DAC 

H P  1 0 0 0  H A L  
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F i g .  7 .  T h e  f i d u c i a l  m a r k  s y s t e m  c o n d i t i o n s  s i g n a l s  f r o m  
photomult ipl ier tubes or a Faraday cup within the column. The 
system computers  use the condi t ioned s ignals  to  detect  f idu 
c ia l  marks  on  the  subs t ra tes  so  tha t  the  subs t ra tes  can  be  
prec ise ly  located.  

and all of the analog components were selected with stabil 
ity as the overriding constraint. The drivers are current 
sources driven by the DAC outputs. There are several differ 
ent types of drivers to match the various types of lenses. 
They vary from unipolar drivers with outputs of several 
amperes at up to 40 volts to bipolar drivers supplying only a 
few hundred milliamperes into a lens with only a few turns. 

Loader Electronics 
This subsystem is designed to control both the mechani 

cal system that loads the substrates into the machine and 
the associated vacuum equipment. The main element of 
this subsystem is the HP 2240 Measurement and Control 
Processor which provides the main interface to the HP 
1000. This subsystem is characterized by the large number 
and many types of sensors and control devices to be inter 
faced, which run the gamut from encoder wheels and LED 
sensors to step motors and valves. 

Fiducial  Mark Electronics 
This subsystem is designed to acquire signals from fidu 

cial marks on the substrates and transmit these signals 
either to the system operator console in analog form or to 
the HP 1000 in digital form. 

A block diagram is shown in Fig. 7. The interface to the 
HP 1000 is provided by the I/O section. The control section 
provides the necessary control and timing signals for the 
other sections. This section is active in the nulling of the 
preamplifiers and the integrator under the control of the HP 
1000, the selection of the signal to be acquired, and in 
conjunction with the control link to HAL, the acquisition of 
fiducial mark data. 

The preamplifiers take a low-level (<1 Â¿uA) signal either 
from a photomultiplier tube viewing a scintillator excited 
by backscattered electrons from the target or from a Faraday 
cup or other current-collecting electrode within the col 
umn. Each preamplifier has a 12-bit DAC that can zero the 
output of the preamp under control of the HP 1000. 

The outputs of the preamps are sent to a conditioner 
section, where they are summed or differenced with provi- 

HP 1000 

Fig.  8.  The height  sensor system measures the height  of  the 
substrate wi th in a few tenths of  a micrometre.  
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sion a another DAC) for nulling the result. At this point a 
selection is made among the individual preamp outputs, 
the sum, the difference, or ground. The selected signal is 
sent to the integrator and the buffer. 

The buffer converts the single-ended analog signal into a 
differential signal and transmits it to the operator console, 
where it is received with a high-input-impedance differen 
tial amplifier. This is to provide ground loop isolation. This 
analog signal is used by the system display in the scanning 
electron microscope mode. 

The integrator provides the ability to average the input 
signals from the detectors over a period of time and adjust 
the amplitude to match the dynamic range of the sample- 
and-hold circuit and 12-bit analog-to-digital converter that 
follow. The integration capacitor can be selected by the HP 
1000 to provide ranging over a factor of 300. A DAC is used 
to null the output of the integrator. The integrator time 
constant is set by a crystal-controlled clock section and can 
be varied from about 1 to 3000 /as. 

Height  Sensors  
The height sensor system (Fig. 8) measures the height of 

the substrate relative to a plane determined when the 
machine is calibrated. The height must be known to an 
accuracy of a few tenths of a micrometre to meet the system 
specifications. 

The sensor is a capacitive type. A probe consisting of a 
center portion and a guard ring is positioned above the 
substrate. These elements are excited at 1 MHz and the 
capacitance to the substrate is measured. The drive circuit 
supplies the 1-MHz signals to the probe and a dc error 
signal to the loop amplifier. When the loop is balanced so 
that the charge on the probe is constant, a dc signal propor 
tional to the applied RF voltage and therefore the height h is 
sent to the data conversion section. The oscillator can be 
gated on or off by the control section so that during expo 
sures there are no RF voltages on the probes to cause inter 
ference with the electron beam. 

Four of these sensors are mounted around the beam axis. 
Thus not only height but also substrate tilt can be measured. 
The height sensor system is capable of measuring height 
variations up to 0.1 mm to an accuracy of better than 0.25 
fj.m when properly calibrated. 

Gun Supply  
The gun supply powers the field emission electron gun 

that supplies the electron beam. The beam accelerating 
voltage is provided by a very well regulated, stable 20-kV 
supply. A small dc voltage to heat the filament and up to 4 
kV for the first anode (Schottky shield) are provided by 
separate supplies which are floated at anude potential. 
Monitor circuits are provided to measure the relevant cur 
rents and voltages and transmit them to the HP 1000. Con 
siderable effort was necessary in designing this system to 
reduce leakage currents and to protect the system from 
damage by arcs. 

Operator  Console  
The operator console is the interface between the 

operator and the system when it is run as a scanning elec 
tron microscope. Inside the console are I/O, control and 
front-panel sections that monitor front-panel buttons and 

Ronald K.  Scudder  
Ron Scudder  has been invo lved wi th  

I the software and electronics of HP's 
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â€¢ with HP Laboratories since 1973 and 
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lando,  F lor ida,  Ron at tended Mas-  
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MSEE degree was awarded by the Uni-  

Â£ versityof California at Berkeley in 1969, 
|  and  he  was  a  PhD cand ida te  a t  Ber  

keley from 1969 to 1973. Ron enjoys a 
variety of water-oriented sports, birdwatching, photography, car pen- 
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resident of  Menlo Park,  Cal i fornia.  
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i l l -  g r a d u a t e  o f  M a s s a c h u s e t t s  I n s t i t u t e  o f  
/  /  T e c h n o l o g y  a n d  S t a n f o r d  U n i v e r s i t y ,  h e  

received his BS, MS, and EE degrees in 
1965, 1967, and 1969 from MIT and his 
PhD degree in  1978 f rom Stanford.  A l l  
four degrees are in e lectr ical  engineer 
ing .  He worked on  communica t ions  
satel l i te systems with MIT's Lincoln 
Laboratory f rom 1967 to 1970 and has 

;  ! /  b e e n  a  c o n s u l t a n t  t o  n u m e r o u s  c o r n -  
Â¡ /  pan ies  s ince  then .  He  has  co-au thored  

Ã six technical papers on medical elec- 
\ t  i r o n i e s  a n d  e l e c t r o n i c  c i r c u i t s  a n d  i s  a  
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instruments and is a magician, tennis player, and skier. He's married, 
has two chi ldren,  and l ives in Mountain View, Cal i forn ia.  

John C.  E idson 
John E idson rece ived h is  BS and MS 
degrees in  e lect r ica l  engineer ing f rom 
Michigan State Univers i ty  in  1958 and 
1960 ,  and  h is  PhD degree  f rom Stan  
ford Univers i ty  in  1964.  Now pro ject  
manager for electron beam electronics, 
he's been with HP since 1 972, contribut 
i ng  to  the  des ign  o f  an  op t i ca l  spec  
trometer and the electron beam system. 
Before joining HP, he did research and 
deve lopment  on  mass spect rometers ,  
x - rays,  and in f rared dev ices,  and 
taught electronics and electromagnet ic 
theory  as a  member  o f  the Stanford 
facu l ty .  He 's  a  member  o f  IEEE and 

author of  e ight  papers.  Born in Melrose Park,  I l l inois,  he 's marr ied,  
has two sons, and l ives in Palo Alto, Cal i fornia. His leisure act ivi t ies 
inc lude b icyc l ing ,  woodwork ing ,  and youth  soccer .  
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SAWR Device Fabrication 

One of the f irst applications of the HPelectron beam l i thography 
sys tem has  been  to  p roduce  h igh - reso lu t ion  su r face-acous t i c -  
wave resonator  dev ices (SAWRs).  

SAWRs with 500-nm and 300-nm cri t ical dimensions have been 
p r o d u c e d  i n  c o o p e r a t i o n  w i t h  t h e  A p p l i e d  P h y s i c s  L a b  o f  
Hewlet t -Packard.1 The photographs be low show the t ransducer  
regions of two devices; they operate at 1 .6 GHz and 2.6 GHz for 

the  500-nm and 300-nm dev ices ,  respect ive ly .  
An art ic le deal ing with HP's SAWR technology is planned for a 

future issue of  the Hewlet t -Packard Journal .  

Reference 
1 . P. Fabricated P Rissman. and W Shreve. Microwave SAW Resonators Fabricated with 
Di rect -Wr i t ing.  E lect ron-Beam Li thography.  Proceedings of  the 1980 Ul t rasonics Sym 
posium 
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set displays. 
The operator console also generates the analog signals 

sent to the system display. The signals are derived from 
signals received from other parts of the system. All incom 
ing signals are either optically isolated or isolated by high- 
input-impedance buffers to break up system ground loops. 
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A Precis ion,  High-Current ,  High-Speed 
Electron Beam Li thography Column 
by John Kel ly ,  T imothy R.  Groves and Hue!  Pe l  Kuo 

THE ELECTRON BEAM COLUMN used in the HP 
electron beam lithography system was developed 
and constructed to meet the requirements for an 

accurate, high-speed, direct-write production system. The 
requirements for this system called for a beam current of 
600 nA to be focused into a 0.5-Â¿Lim-diameter spot. This is 
sufficient current density (306A/cm2) to expose electron- 
sensitive resist with a sensitivity of 1 /uC/cm2 at the system's 
full data rate of 300 MHz. This in itself is not difficult to 
achieve, but taken together with the need to deflect the 
beam at high speed over a substantial area, the problem 
becomes much tougher. 

The column, illustrated in Fig. 1, is a short two-lens 
system which uses a field-emission cathode. This cathode 
is a very small, bright source of electrons, which enables the 
required current to be focused into a small spot and at the 
same time permits large deflections of the electron beam. 

Both lenses are magnetic. The gun lens produces a mag 
nified crossover, which is used for beam blanking purposes 
(beam switching). The second or final lens transfers the 
blanker crossover to the target plane with a working dis 
tance of 20.5 cm. The overall magnification of the system is 

1.9 x. Beam blanking is done by an electrostatic deflector. 
The wide-angle, high-accuracy deflector is located just 

below the final lens and requires 80 volts to deflect the beam 
to the corner of the 5-mm-square deflector field. The high 
speed deflector is positioned inside the final lens and needs 
only 2.5 volts to deflect the beam to the extremes of the 
64-/u.m-square raster-scan field. Between the high-accuracy 
deflector and the target is the detector system for locating 
fiducial marks. This system detects backscattered elec 
trons and consists of four independent scintillator, light- 
pipe and photomultiplier assemblies. 

Alignment of the column is achieved by using three sets 
of magnetic deflection coils in conjunction with the mova 
ble first lens. The electron gun itself is entirely prealigned. 

Dynamic corrections for astigmatism, beam focus, and 
position are applied to the column during operation. As 
tigmatism and beam position are corrected by signals 
applied to the wide-angle deflector. Beam focus is adjusted 
by means of a small dynamic focus coil buried in the middle 
of the final lens. 

Blanker 

Spurr  Valves 

Lens 2 

Photomult ipl ier  
T u b e  

Detector 

Height  Sensor  

Gun 

Lens 1 

Stigrnator 1 
Alignment Coil  1 

Al ignment Coi l  2  

Stigrnator 2 
Al ignment Coi l  3  

Dynamic Focus Coi l  

High-Speed Def lector  

High-Accuracy Def lector  

Magnetic Shield 

Beam 

Target  

Fig .  1 .  Co lumn des ign for  the  HP 
elect ron beam l i thography system 
u s e s  t w o  m a g n e t i c  l e n s e s ,  e l e c  
t r o s t a t i c  b e a m  b l a n k i n g ,  a n d  a  
f i e ld -emiss ion  ca thode .  The  e lec  
t r o n  g u n  a s s e m b l y  c a n  b e  r e  
moved f rom the system for  serv ic  
ing wi thout  exposing the lower de 
flection system to the atmosphere. 
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Design Decisions 
The cathode was a key element in the decision to make a 

column of this type. Assuming that a reliable field emission 
cathode was available, it appeared possible to make a mag 
nifying column with a large post-lens throw (â€”20 cm), and 
obtain a fairly large, essentially aberration-free deflection 
field. Traditionally, field emission cathodes have had many 
problems that have greatly discouraged their use in practi 
cal systems. However, high brightness (>107A/cm2/sr) is 
available along with a small source size (Â«35 nm). 

Field emission has also been rejected traditionally as a 
source for all except the smallest spot sizes.1 Apart from 
other practical reasons, the problem was that the specific 
emission of most field-emission cathodes was relatively 
low. Most focusing systems are severely limited by spheri 
cal aberration, necessitating the use of only a narrow cone of 
electrons. While this is compatible with obtaining good 
deflection properties, it implies a limit to the amount of 
current that can be accepted from the gun and cathode. 

The zirconiated thermal field-emission cathode2 now of 
fers low specific emission (â€”2-4 mA/sr), good stability, low 
noise and long life. High specific emission is achieved 
because a large part of the emission is concentrated into a 
single forward lobe. This emitter has been extensively dis 
cussed by Swanson. ' 

There is no particular difficulty in obtaining an 
adequately small undeflected beam size. Commercial scan 
ning electron microscopes have a spot size that is at least an 
order of magnitude smaller than that needed for present- 
day electron beam lithography. The problem is to achieve 
the required current and scan field simultaneously. Most, if 
not all, electron microscopes are limited by spherical aber 
ration and diffraction. The current is typically limited by 
the cathode performance. The relative performance of vari 
ous cathodes is illustrated in Table I, which gives compara 
tive current densities into a 0.5/um diameter spot at a given 
beam half-angle of 2.5 mr. 

Since the field emission source is capable of producing 
such high current densities, one finds that the design con 
siderations are no longer the traditional ones. Early experi 
ence with columns of this type showed a steady increase in 
spot size with current. Space-charge effects in high-density 

Theoret ica l  E lect ron Beam Column Per formance 

Table I  

1 .00 - -  

0.50- - 

0.25- - 

0.10 

600 nA 
0.5 nm . 

245 nA 
0.25 f im 

20 nA 
0.16 /i m 

i  i  i  
100 

Beam Current  (nA)  
1000 

F ig .  2 .  Theo re t i ca l  p l o t  o f  e l ec t r on  beam d iame te r  ve r sus  
cur rent  for  the co lumn used in  the HP system.  

beams are well known, but simple calculations using the 
traditional theories show very small effects. Nor did the 
so-called Boersch effect5 appear to offer a satisfactory ex 
planation of the experimental data, since the measured 
energy spread in the beam was always less than 1 eV. It was 
recognized that the motion of the electrons through the 
column is a stochastic process and was amenable to simula 
tion on a computer.6 

The resulting Monte Carlo calculations gave spot sizes 
that were found to be many times larger than that predicted 
by the traditional space-charge-cloud theory. From these 
calculations it is clear that each electron acts on its 
neighbors and causes small angular deflections, which 
build up along the length of the column. This form of beam 
spreading or broadening occurs when the electrons are still 
sufficiently separated in space so that there is really no 
space-charge cloud at all. The electrons in our column at a 
beam current of 600 nA are in fact quite well separated 
along the beam axis; 25 /urn is a typical spacing. 

This beam-broadening theory has been well tested ex 
perimentally, and now forms the basis for the column de 
sign. In addition to the broadening, the usual beam aberra 
tions and effects must be considered. This makes four major 
contributions to the undeflected spot size: 
â€¢ Beam broadening 
â€¢ Magnification of the source 
â€¢ Spherical aberration 
â€¢ Chromatic aberration. 

The list does not include diffraction, which is unimpor 
tant for the relatively large spot size needed in electron 
beam lithography. 

Analysis of the spatial broadening data shows that it 
decreases as the beam half-angle is increased. This is oppo 
site to spherical aberration which increases as the third 
power of the beam half-angle. Since these effects work in 
opposite directions a compromise is required. The spatial 
broadening is also proportional to the length of the column 
and the amount of beam current. Thus, we have the ground 
rules defined. We need to find the shortest column and the 
largest half-angle beam that are consistent with optimiza 
tion of the spherical aberration and the required deflector 
performance. In addition to this we must provide an inter 
mediate crossover at which blanking can be done. 

A theoretical performance curve for the column is shown 
in Fig. 2. It illustrates very clearly how the spot size grows 
with beam current above 50 nA. Individual contributions to 
the on-axis spot size at 2 mr beam half-angle are as follows: 

(cont inued on page 18) 
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A Precision X-Y Stage and Substrate Handling 
System for Electron Beam Lithography 

by Ear l  E.  L indberg and Char les L.  Mer ja  

Cruc ia l  t o  t he  pe r fo rmance  o f  an  e lec t ron  beam l i t hog raphy  
sys tem is  the  accuracy  w i th  wh ich  the  subs t ra te  to  be  exposed 
can be posit ioned relat ive to the area scanned by the beam. High 
accuracy requires an X-Y stage that can be precisely located and 
a  pa l le t  tha t  permi ts  mount ing  the  subst ra te  in  a  s tab le  and re-  
peatable fashion.  

The stage performs the step-and-repeat function of the electron 
beam sys tem by  pos i t ion ing  the  mask or  wafer  fo r  each f ie ld  o f  
e x p o s u r e  o f  t h e  c o l u m n .  T h e  s t a g e  p o s i t i o n i n g  a c c u r a c y  h a s  
st r ingent  requirements d ic tated by the smal l -geometry capabi l i ty  
of  the system. 

The  pa l l e t  i s  a  f r ame  tha t  ho lds  t he  subs t ra te .  I t  p rov ides  a  
m e a n s  o f  l o c a t i n g  t h e  s u b s t r a t e  o n  t h e  s t a g e ,  p r o t e c t i n g  t h e  
substrate dur ing handl ing, and making electr ical  contact f rom the 
wr i t ing sur face to the s tage.  

Mechanical  Conf igurat ion 
In HP's electron beam l i thography system, the key mechanical  

components are mounted on a thick (50 mm) horizontal steel plate 
as shown in Fig. 1. The electron beam column is placed on the top 
face of the plate and the stage and associated interferometers are 
at tached to the bot tom face. This plate is a lso the top wal l  of  the 
ma in  vacuum chamber .  

The  s tage  is  mounted  to  the  bo t tom o f  the  p la te  by  means  o f  
angled beams. The beams are formed and machined at  each end 
to  a l low for  misa l ignment  and to  avo id  s t ress ing the base of  the 
s tage.  The lower  ro l ler  s l ide on the s tage prov ides the Y mot ion 
and is driven by a nut supported on a shaft by eight rollers, four on 
each angle of the nut (Fig. 2). The rollers are placed ata small angle 
wi th respect to the smooth shaft .  The angle is chosen so that  the 
rol lers progress along the shaft in a hel ical path and move the nut 
5  m m  f o r  e a c h  r e v o l u t i o n  o f  t h e  s h a f t .  T h e  r o l l e r s  a r e  f o r c e d  
aga ins t  the shaf t  by  an e las t ic  ar rangement ,  equa l ly  load ing a l l  
rollers with sufficient force so that the coefficient of fr iction is large 
enough for  a  s tage acce lera t ion o f  1  g .  Th is  nut  ar rangement  is  
compat ib le wi th the vacuum environment and the requirement for  
a  back lash- f ree dr ive  for  the c losed- loop servo sys tem.  

The X mot ion  is  p rov ided by  the  upper  se t  o f  ro l le r  s l ides .  To 
e l iminate  car ry ing the dr ive motor  on the lower  s l ide as is  o f ten 
done on convent ional  X-Y stages,  the X-dr ive nut  and lead shaf t  
a re  mounted  in  the  base on  a  separa te  smal l  s l ide  and are  con  
nec ted  by  an  e las t i c  a r rangemen t  t o  ano the r  sma l l  d r i ve  s l i de  
m o u n t e d  o n  t h e  t o p  p l a t e  o f  t h e  s t a g e .  T h e  l a t t e r  s m a l l  s l i d e  
accommodates  the  Y  mot ion  o f  the  s tage  and  permi ts  coup l ing  
the X mot ion o f  the  s tage to  the X-mot ion dr ive  assembly .  

The servo motors that drive the X and Y motions of the stage are 
mounted outs ide of  the vacuum chamber,  and the shaf t  mot ion is  
t r ans fe r red  th rough  the  chamber  wa l l s  v i a  f e r romagne t i c - f l u i d  
shaft seals. 

Three  p lane-mi r ro r  in te r fe rometers  mod i f ied  fo r  h igh-vacuum 
service are used for  measur ing the stage locat ion:  one for  Y,  one 
f o r  X  and  one  t o  measu re  sma l l  amoun ts  o f  yaw .  The  X  and  Y  

inter ferometers are mounted on the th ick steel  p late as c lose as 
possible to the axis of the column. The X and Y interferometers are 
a lso mounted so that  measurements  are  made perpendicu lar  to  
the plane mirrors and al igned with the column axis to reduce Abbe 

Fig .  1 .  Casset te  hand l ing  sys tem fo r  the  HP e lec t ron  beam 
l i thography system. Cassettes holding pal lets with substrates 
to  be  exposed  a re  loaded  in to  the  vacuum lock  chamber  a t  
upper  le f t .  The  shu t t le  mechan ism across  the  cen te r  o f  the  
pho tog raph  loads  each  pa l l e t  i n  tu rn  on to  the  X -Y  s tage  lo  
cated to the left of the picture. Pallets with exposed substrates 
are then col lected in another cassette located in the lower left  
vacuum chamber .  Th i s  chamber  can  ho ld  two  casse t tes  t o  
al low adequate t ime for vacuum curing of the exposed resist.  
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Fig.  2.  This  lead screw design,  used to move the X-Y stage,  
works we/ I  in  a  vacuum envi ronment  and is  easy to  repai r .  

er ro r  o f f se t .  Abbe  e r ro r  o f f se t  causes  a  s ign i f i can t  e r ro r  i f  t he  
al ignment is  not  correct  to wi th in one mi l l imetre.  

Home Plate  and Substrate  Pal let  
The accuracy of  the electron beam system is inf luenced by the 

s tab i l i t y  o f  the  subst ra te  pos i t ion  w i th  respect  to  the  s tage.  A l l  
subs t ra tes  a re  mounted  in  the  pa l le ts  w i th  respec t  to  the i r  top  
surface. Square glass substrates (photomasks) are posit ioned by 
th ree  pads  and  wa fe rs  a re  con tac ted  by  the  pa l l e t  abou t  t he i r  
ent ire circumference. Much thought and care was taken to assure 
that the X and Y motions are orthogonal and coupled closely to the 
pal let  assembly.  

The X a Y in ter ferometer  mir rors are f la t  wi th in an e ighth of  a 
wavelength and are mounted orthogonal ly wi th in a smal l  f ract ion 
of an arc-second to a t i tanium home plate. The qual i ty of  the X-Y 
location depends upon the f latness and orthogonality of the mirror 
"Abbe e r ro r  occurs  when a  l i near  measurement  i s  per fo rmed a t  a  d is tance  f rom the  
d imens ion be ing measured.  

| \  

Fig.  3 .  Severa l  o f  these assembl ies  are used in  the vacuum 
l ine f rom the main  cryogenic  vacuum pump and the e lec t ron 
beam system to isolate the vibrat ion caused by the pump. The 
U- jo int  design protects the bel lows inside f rom distor t ion and 
co l l apse  caused  by  a tmosphe r i c  p ressu re  and  mechan i ca l  
misal ignment.  

a s s e m b l y .  T h i s  p l a t e  i s  s e c u r e d  t o  t h e  X - Y  s t a g e  b y  f l e x i b l e  
mounts  tha t  ho ld  the  home p la te  s l igh t ly  above the  s tage.  Th is  
prov ides  su f f i c ien t  c learance fo r  the  mechan ism that  loads the  
pal lets on the home plate.  

The locat ion o f  the pa l le t  i s  determined by  f ive  po in ts  on the 
home p la te :  th ree  g rav i ty - loaded hor izon ta l  pads  and two p ins  
that engage a vee and a f lat on the pal let edge. The pal let is held 
a g a i n s t  t h e s e  p i n s  b y  a  s p h e r i c a l  c o n t a c t o r ,  w h o s e  f o r c e  i s  
app l ied  v ia  a  togg le  mechan ism.  

Other i tems located on the home plate are targets which permit 
ca l ib ra t ion  o f  the  beam-de f lec t ion  sys tem in  the  co lumn and  a  
Fa raday  cup  fo r  beam cu r ren t  measuremen t .  He igh t  pads  a re  
a lso a the of  the ca l ibra t ion system.  These permi t  check ing the 
operat ion of  the height  sensors,  which are four  capaci t ive t rans 
ducers mounted in  a square pat tern on 25-mm centers at tached 
to  the the par t  o f  the co lumn.  The height  sensors determine the 
he igh t  and a t t i tude o f  the  mask or  wafer  so  the  de f lec t ion  mag 
n i tude and focus of  the beam can be ad justed.  Th is  a l lows pos i  
t ion ing o f  the beam pat tern  wi th in  Â±0.07/xm wi thout  hav ing to  
mechanical ly  set  the d is tance between the mask or  wafer  to the 
column wi th in an impossib le- to-at ta in to lerance.  

Loader System 
The loader  sys tem de l ivers  pa l le ts  to  the  X-Y s tage fo r  expo 

su re ,  us i ng  casse t t es  t ha t  can  ho ld  up  t o  t en  pa l l e t s  each .  A  
max imum o f  four  casse t tes  can  be  in  the  loader  sys tem a t  any  
given t ime. The system consists of three chambers, each contain 
ing a  separate  mechanism.  

The shutt le chamber is direct ly connected to the main chamber 
and is maintained at  approximately the same vacuum. Cassettes 
are passed in to and out  o f  the shut t le  chamber v ia  two 25.4-cm 
gate  va lves which are  used as  a i r  locks  to  the load and un load 
chambers .  These  two  chambers  have  a  sepa ra te ,  h i gh -speed  
v a c u u m  p u m p i n g  s y s t e m .  C a s s e t t e s  t r a v e l  u p  o r  d o w n  i n  t h e  
chambers  on  V-shaped ways and ro l le rs .  

Cassette posit ion is monitored by infrared l ight-emitt ing diodes 
and  de tec to rs .  Once  a  pa l le t  has  been  in i t i a l l y  pos i t i oned  i t  i s  
de l i ve red  to  t he  home p la te  on  the  X -Y  s tage  by  the  j aw-and -  
tongue  assemb ly ,  wh ich  opera tes  l i ke  a  s l i de  p ro jec to r  mecha  
n ism.  The jaw and tongue have  V-shaped cu ts  tha t  match  w i th  
chamfers on the pallet. This allows the pallet to be lifted slightly as 
i t  is  grasped by the mechanism, assur ing that  the pal le t  doesn' t  
s l i de  on  t he  casse t t e  l ands  o r  t he  l oca t i ng  pads  on  t he  home  
p la te .  The  jaw-and- tongue  assemb ly  r i des  on  ba l l  bea r ings  to  
min imize  f r i c t ion .  The assembly  has  an  in tegra l  l inkage mecha 
n ism wh ich  ac tua tes  the  c lamping mechan ism on the  s tage.  

Each mechanism in  the loader  system is  powered by an exter  
na l  s tep motor ,  and the rotary  mot ion is  t ransferred through the 
chamber wal ls  v ia ferromagnet ic- f lu id shaf t  seals.  

Vibration Isolation 
The concept of fastening the cr i t ical mechanical components to 

a thick steel plate eliminates, to a great extent, the need of placing 
t h e  e l e c t r o n  b e a m  l i t h o g r a p h y  s y s t e m  i n  a  s e i s m i c a l l y  q u i e t  
environment.  Vert ical  v ibrat ion is adequately reduced by placing 
simple air- f i l led rubber vibrat ion isolators under each of the legs. 
Horizontal vibration isolation, which is more crit ical for a system of 
t h i s  t y p e ,  i s  p r o v i d e d  b y  e x t e r n a l l y  p r e s s u r i z e d  a i r  b e a r i n g s  
p laced between the f loor  and the ver t ica l  iso la tors .  A cryogenic  
vacuum pump that is part  of  the system is isolated from the main 
sys tem by  mount ing  the  pump to  a  mass ive  i ron  p la te  in  d i rec t  
con tac t  w i th  the  f loo r .  The  vacuum connec t ion  i s  mechan ica l l y  
isolated by using one horizontal  and one vert ical  sect ion of pipe, 
each sect ion having f lexible bel lows at each end. A rol ler-bearing 
un i ve rsa l  j o in t  bu i l t  a round  each  be l l ows  (F ig .  3 )  p reven ts  i t s  
col lapse when atmospher ic load is appl ied upon pumpdown. The 
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resu l t ing assembly  is  ext remely  compl iant  in  a l l  degrees of  f ree 
dom and  e f f ec t i ve l y  e l im ina tes  a  po ten t i a l l y  se r i ous  v i b ra t i on  
problem. 
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Total  chromatic aberrat ion:  0.091 /am 
Total spherical aberration: 0.084 Â¿u.m 
G e o m e t r i c a l  s p o t  s i z e :  0 . 0 9  
L o w - c u r r e n t  s p o t  s i z e :  0 . 1 6  
B r o a d e n i n g  a t  6 0 0  n A :  0 . 4 8  
S p o t  s i z e  a t  6 0 0  n A :  0 . 5 1  / u r n  

Cathode,  F ie ld  Emiss ion  Gun and F i rs t  Lens  
The complete gun structure is shown in Fig. 3. The 

cathode is operated at -20 kV with respect to the anode, 
providing a field of approximately 2xl07V/cmat the tip of 
the cathode. The emission is controlled by an electrode 
placed around and just above the cathode tip. The voltage 
applied to this electrode causes a corresponding change in 
the field at the tip, and hence controls the emission current. 
A bias of 0 to -2 kV is sufficient to vary the current over 
three orders of magnitude. Since this control electrode also 
serves to reduce thermionic and Schottky emission, it is 
usually called the Schottky shield. 

The gun must be a simple, stable, prealigned structure for 
controlling and accelerating the emission. It is desirable to 
get the beam to the blanker crossover without contributing 
significantly to the spot-size growth other than by geomet 
rical magnification of the source size. To do this the elec 
trode structure has been designed to reduce spherical aber 
ration. A major contributor in this regard is often the pres 
ence of an aperture in the high-field region. In this gun the 
anode aperture is set in a well, almost entirely out of the 
accelerating field. This aperture is also used to define the 
beam half-angle and to prevent unusable beam current from 
providing unwanted beam-broadening effects. The total 
emission current is typically 300 ^iA and is reduced to the 

600 nA required at the anode aperture. 
The beam emerging from the gun is focused by a magnet 

ic lens with large bore and gap, and forms a crossover 6.5 cm 
from the emitter with a magnification of about 1.5X. The 
gun is immersed in the lens field to achieve some reduction 
in the spherical and chromatic aberrations.7 The lens can 
also be moved along the optical axis to change the magnifi 
cation. Horizontal motion and tilt of the lens permit align 
ment of the gun and lens. 

Final  Lens and Dynamic Focus Coi l  
The final lens forms an image of the blanker crossover in 

the target plane with a magnification of approximately 
1.8 x . This lens must have sufficiently low spherical aberra 
tion and be reasonably easy to make. Low spherical aberra 
tion and long working distances do not normally go to 
gether. Given fixed conjugate points and magnification, the 
best lens is a large one. Clearly there are limits on how size 
and convenience are related. In this column a large- 
diameter (10 cm) upper pole piece is combined with a 
smaller-diameter pole piece which limits the field entering 
the deflector. 

The dynamic focus coil is a separate, small, 20-turn wind 
ing centered in the upper part of the lens. This coil poses 
some interesting design problems. It must be precise so that 
it does not contribute unwanted aberrations that are uncor- 
rectable. Most of all, the coil, in conjunction with the driv 
ing amplifier, must have a fast settling time. Dynamic 
focus-coil adjustments are made in the interval between 
high-speed block scans. The high-accuracy deflection cir 
cuits take approximately 10 /xs to settle at a new block 
location and the dynamic focus must also settle within this 
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F i g .  3 .  C r o s s - s e c t i o n  o f  t h e  e l e c t r o n  g u n  a n d  u p p e r  l e n s  
assemblies. 

time. The major settling problems are eddy currents in the 
surrounding conducting material and, since the coil is out 
side the vacuum, the time required for the field to penetrate 
through the vacuum chamber wall. Careful design has re 
sulted in a worst-case settling time for the magnetic field 
of 7 IJLS. 

Deflect ion System 
The wide-angle precision deflector is an octopole,  or 

eight-fold deflector (Fig. 4). It is situated in the field-free 
region between the lens and the target and is a means of 
obtaining a precisely controlled field distribution.8 Used in 
its normal mode, the octopole produces a field that is very 
close to being uniform. The deflector has low aberrations 
and can be tailored to minimize one or more defects. In this 
design the major advantages are that  i t  is  a  reasonably 
sensitive deflector which has low aberrations, provides a 
common center of deflection for both X and Y directions, 
and can be made precisely. Present deflectors are made with 
an accuracy of better than 0.01 mm throughout. The deflec 
tor is 10.16 cm long and has a 15.87-mm internal diameter. 
All critical surfaces are coated with gold to eliminate charg 
ing effects. 

The octopole deflector can scan a full 5-mm-square field 
with only small dynamic corrections. Typical uncorrected 
distortions are close to 2 /j .m in a well-made deflector.  
Astigmatism causes the beam diameter to grow to 1.5 /am 
until the necessary corrections are applied. 

The high-speed deflector must scan the beam over rela 
tively small distances (â€”64 /xm), and hence requires an 
accuracy of 0.1% to achieve 0.1 -/nm tolerances. This deflec 
tion acts like a pertubation on the main deflection field. The 
deflector is a simple quadrupole with the four plates ar 
ranged in a cylindrical configuration. It is located in the 

center of the magnetic focusing field and is rotated to com 
pensate for lens rotation effects. Capacitance between the 
plates is of key importance, and is normally less than 10 pF. 

Blanker 
The beam blanker was probably one of the hardest com 

ponents of the system to design, and it is certainly one of the 
most important. To achieve patterning of the wafer or mask, 
the beam must be turned on and off at a rate much faster 
than the data rate of 300 MHz. U'ith a pixel exposure time of 
3.3 ns and a need to define the exposure level within 2%, the 
problem is a difficult one. Actually the toughest problem is 
to guarantee that the exposure falls in the right place during 
the t ransi t ional  periods when the beam is  switched.  In 
addition, a beam-current attenuation factor of at least 10s is 
required to guarantee that  unwanted exposure does not 
occur on the mask or wafer during settling periods. 

A proprietary blanker design has been developed which 
meets the required performance specifications. The design 
uses an electrostatic deflection system to deflect the beam to 
a knife-edge. To facilitate stationary blanking the blanker 
plates are posit ioned symmetrical ly about a crossover.  
Viewed toward the blanker from the target, the crossover 
appears to be stationary when the beam is deflected toward 
the knife-edge. When the final lens forms an image of the 
crossover on the target, the image is also stationary. 

Fig .  4 .  Octopo le  assembly .  Th is  un i t  def lec ts  the beam wi th  
h igh accuracy  and is  used to  d i rec t  the  beam to  each o f  the  
64- Â¡Jim-square raster-scanned blocks in the system's 5-mm- 
square f ie ld-of-v iew. 
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Mechanica l  Design 
The mechanics of the column and its magnetic shielding 

are fairly complex. Because of the short length of the col 
umn, all of the parts interact. For example, the lens fields 
extend through the whole of the column, except for the 
octopole region. The structure does not permit magnetic 
shielding to be positioned inside these components where 
it would interfere with the lens fields. In addition, magni 
fying columns are usually difficult to shield and this one is 
no exception. A shielding factor of 50 dB is required to 
guarantee stability in an ambient ac field level of 2xiO~7 
Wb/m2. This is achieved by using a double-layer magnetic 
shield, one layer of which passes through the vacuum 
chamber wall to shield the lower column. 

In the center of the column below the blanker there are 
two valves. These provide a 3.18-mm clearance hole for the 
beam to pass through when open, but, when closed, permit 
the column to be split in two for servicing. The normal 
mode for electron-gun servicing is to replace the upper 
column. The spare gun and its cathode are activated and 
adjusted on a separate test station. 

The upper column contains no O-rings and the vacuum 
wall is constructed of welded and brazed stainless steel. 
The electron gun is evacuated by two 60-1/s vacuum pumps 
and the blanker section by two 30-1/s pumps. The entire 
lower column is evacuated by the 400-1/s main-chamber 
ion pump. 
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Software Control  for  the HP Electron 
Beam Li thography System 
by Bruce Hamil ton 

THE MANY ELECTRONIC and mechanical pieces 
of HP's new electron beam system are unified and 
offered to the operator by a large and complex soft 

ware package. This package gives the operator sev 
eral modes of system operation and performs event 
sequencing and system calibration. 

Operator Interface 
The operation of the electron beam system is almost com 

pletely interactive. At the top level, the user is presented 
with a prompt, and can request any of the operating modes 
(discussed below) or can type HELP. In the latter case 
the user is given a list of legal commands. The operator 
need type only enough of any command to distinguish it 
from the others. 

The following is an example of operator-system interac 
tion. The portion of the left column printed in black is 
typed by the computer. The operator's responses are printed 
in color. The right column tells what is happening at each 
step. 

SKYHAWK is the entrance to the 
system. 

Hello â€” hope you are having a good day. 
S K Y H A W K >  C O N F I G U R E  A t  t h i s  l e v e l  t h e  o p e r a t o r  i s  p r o m p t e d  

with SKYHAWK>. The operator 
chooses CONFIGURE mode (which 
manages pattern files). 

C O N F >  C o n f i g u r e  m o d e  p r o m p t s  w i t h  
CONF>. The operator asks for a 
list of commands. 

The user works in this style down through several levels, 
until there are few choices left, but the system still needs 
more information. At that point the system takes the initia 
tive and prompts the operator for information. For example, 
here is what happens when the operator asks for an expo 
sure: 

#  SUBSTRATES TO BE 
PROCESSED: 

RESIST SENSITIVITY IN 
MICROCOULOMBS/SQ CM:  

MASK SET NAME? (UP TO 
6 CHARS) 

The number of masks or wafers 
of a given type. 
The sensitivity of the electron 
resist on the substrates. 
The name of a file describ 
ing the layout of chips on 
the substrates. 

Hardware Interface 
The control software is built on HP's RTE (Real-Time 

Executive) operating system for HP 1000 Computers. That 
system provides convenient and controlled access to all 
standard peripheral devices, and we use it for that purpose. 
For custom-built devices it is more convenient to go "be 
hind the operating system's back" and make our own access 

directly. RTE makes this fairly easy. 
Each piece of hardware has a software driver which con 

ceals any complexity in the way the device communicates 
and offers a friendly protocol to the system software. For 
example, to move the X-Y stage to a given position requires 
these primitive operations: 
â€¢ Tell the interferometer we are going to load an 

X-position. 
â€¢ Load the X-position. 
â€¢ Tell the interferometer we are going to load a Y-position. 
â€¢ Load the Y-position. 
â€¢ Tell the stage servo to track the interferometer position in 

both the X and Y directions. 
The stage/interferometer driver performs all these actions in 
response to the command, Move To (X,Y). In the same opera 
tion it also returns the new stage position and status and the 
yaw of the stage at the new position. 

These drivers constitute a layer of the system software 
that serves two isolation purposes. It conceals the complex 
ity of the hardware, and it isolates the portions of the elec 
tron beam system that operate outside of the RTE operating 
system. Everywhere else the hardware appears to have a 
simple and logical instruction set, and the operating sys 
tem's rules for I/O are obeyed. By staying within the operat 
ing system we have enjoyed relatively troublefree compati 
bility through three generations of RTE (II, III and IV), with 
attendant improvement in development and debugging 
tools. 

Operat ing Modes 
There are several modes of operating the electron beam 

system, each oriented toward an operator's task, and each 
entered by typing its name to the top level of the system 
software. 

Expose Mode 
The first mode, expose mode, is the mode in which a set of 

wafers or masks is written. The operator is asked for the 
sensitivity of the resist and the name of a file describing the 
layout of chips, and then the system follows these steps: 

1. If necessary, the system allows the operator to load a 
cassette of substrates into the load airlock. 

2. A substrate is carried from the cassette to the stage. 
3 . If this is the exposure of the second or higher level on a 

wafer, a locator pattern is found on the wafer, showing 
the wafer's position and orientation. 

4. A survey is made of distortions in the substrate surface. 
5. Correction factors are computed to rectify the distor 

tions. 
6. The electronics are configured for the proper exposure 

dosage. 
7. If necessary, the pattern to be written is read from disc 
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into pattern memory. 
8. The X-Y stage is moved to center the first chip's loca 

tion under the beam axis. 
9. If this is the exposure of the second or higher level on a 

wafer, fiducial marks are found around this chip, giv 
ing its exact position and orientation. 

10. The exposure takes place as follows: 
a. The location of the first 64-/xm block is computed, 

taking distortions into account. 
b. That address is sent to the octopole plates. 
c. The pattern is made ready at the output of the 

pattern buffer. 
d. The quadrupole sweep is started. 
e. While the sweep is underway the location of the 

next block is computed. 
f. The process from (b) is repeated until the entire 

octopole field of view is exposed. 
11. The process from (6) is repeated until the entire sub 

strate is exposed. 
12. The substrate is unloaded from the stage and returned 

to the cassette. 
13. The process from (2) is repeated until the entire cassette 

of substrates has been exposed. 
14. The operator is allowed to remove the cassette from the 

unload airlock. 

Pat tern  Format  Convers ion Mode 
The circuits that the electron beam system produces are 

designed on other computer systems and stored on disc 
files in standard formats. In pattern format conversion 
mode the operator asks for a circuit pattern file to be con 
verted from Electromask format into electron beam inter 
nal format. That process is discussed in the article on page 
24. 

In this mode the operator can also move pattern files from 
medium to medium and machine to machine, and can 
purge files. 

Deve loped by  E lec t romask  Corp .  

Substrate  Layout  Mode 
This mode allows the operator to specify before an expo 

sure which patterns are to go on a substrate, and where. The 
substrate can be covered with a single pattern repeated in a 
rectangular or circular array. In addition, the operator may 
ask that test patterns be substituted into the array. 

The array may be shifted in any direction, as may any 
elements in it. The array, or any elements in it, may be 
expanded or shrunk by a small amount, and the exposure 
levels of the elements can be varied. One option provides a 
progression of exposure levels across the array. This is 
useful for finding the optimum exposure for a particular 
resist or process. 

This mode is the only one that is not interactive. The 
operator prepares a file in an English-like language, de 
scribing the layout of the substrate and gives it to the sys 
tem. The machine produces a picture of the substrate for the 
operator and a file for the machine to read at exposure time. 

Scanning Electron Microscope Mode 
In this mode the beam is scanned over its field of view and 

the intensity of backscattered electrons is displayed on a 
CRT. The scan is performed by the high-speed processor 
(HAL), and the processing of the signal intensity is done by 
the fiducial electronics. The system software sends 
parameters to HAL and the fiducial electronics in response 
to the setting of the operator panel. 

Fig. 1 shows the operator panel. The system continuously 
polls the panel, and when any settings change, sends new 
parameters to HAL. The scan then changes on the next 
cycle. 

The operator also has control of the stage in this mode, 
and can send it to an address entered by the operator or to a 
prestored address, or some distance from the current ad 
dress. The current position can be displayed or stored for 
future use. 

This mode is implemented as three concurrent processes. 
One reads the terminal, one polls the operator panel and 
controls the scan parameters, and one drives the stage. The 

Signal Source Magnification 

Signal 
Averaging 

Rotation 

Field of 
View 

Stage 
Position 

Beam Posit ion 

Fig.  1 .  The operator  panel  of  the 
H P  e l e c t r o n  b e a m  l i t h o g r a p h y  
system. 
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process that polls the panel runs continuously. The process 
that reads the terminal is always present, but is usually 
waiting on the terminal. The process that drives the stage is 
spawned only when the operator requests a stage move, and 
it dies when the move is complete. 

Stage moves are complicated by the fact that we want the 
scan to stop while the stage is moving. Not only do we not 
wish to see a blurred picture, but sometimes we want to look 
on either side of a region we do not want to sweep the beam 
across. When the operator wants to move the stage, this is 
the sequence of events: 
1. The operator requests a stage move at the terminal. 
2. The terminal process interprets the command and 

spawns the stage process, passing it the desired address. 
3. The stage process comes to life and sends a message to 

the scan process, requesting permission to move the 
stage. 

4. The scan process, on receiving the message, waits for the 
current scan to complete, then stops scanning and sends 
a message to the stage process, granting permission to 
move the stage. It keeps polling the panel. 

5. The stage process moves the stage and displays the new 
stage address at the operator's terminal. 

6. The stage process sends a message to the scan process 
saying that the stage has finished moving. 

7. The scan process resumes the scan. 
8. The stage process dies. 
9. The terminal process issues a new prompt and waits for 

the operator to type something new. 
When the operator types END, the terminal process sends 

a message to the scan process. That process waits for the 
current scan to complete and then dies. The terminal pro 
cess then surrenders control to the top-level program. 

This mode provides both a highly linear scanning elec 
tron microscope and a valuable instrument for testing the 
machine itself. 

Cal ibrate Mode 
In this mode the operator can ask the system to run any of 

the calibration routines. At the end of a calibration the 
results are displayed, and if the operator so chooses, the 
system parameters are updated with the new results. 

This mode serves not only to collect the calibration opera 
tions into one place for operator convenience, but also to 
protect the calibration data. This data can be changed only 
through overt action by the operator, and only in a mode 
intended explicitly for updating those parameters â€” this 
mode and system parameters mode, discussed below. 

System Parameters  Mode 
Global information about the system is maintained by a 

package called the system information facility. This infor 
mation includes such things as the correction function for 
the octopole, the stage address of the substrate center, and 
the beam voltage. It is kept in a central location so that when 
it changes only a single copy needs to be updated. 

The parameters can be read and written by system pro 
grams, and also by the operator. The operator's access is 
useful for looking at the state of the system and for testing. 

Unlike the usual forms of shared data, the system infor 
mation facility provides substantial control over the infor 

mation it manages. Access to a data item is made by an 
explicit call to an access manager giving the name of the 
data item and the name of the requesting program (or the 
operator's initials). This makes it unlikely that the program 
will refer to a global item by mistake, or to the wrong item, 
and it shows us who last changed each item. The informa 
tion is kept in a push-down stack, giving us a short history 
and letting us undo changes if necessary. A data item can be 
locked; when any unauthorized program asks for access to 
it, that program is frozen and the operator is notified. Fi 
nally, the facility can be asked to keep a log of all requests, 
together with the name of the requestor, the value of the 
data item, and the date and time. The operator can enter 
comments into this log. The log and the ability to lock an 
item are powerful debugging tools. 

Start /End Mode 
Upon system startup or termination a user-definable col 

lection of programs is run. This lets the user update records, 
open or close files, etc. It allows us to start and finish with 
the hardware in a known state. 
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Pattern Data Flow in the HP Electron 
Beam System 
by Michae l  J .  Cannon,  Howard  F .  Lee ,  and Rober t  B .  Lewis  

IN HP'S ELECTRON BEAM LITHOGRAPHY sys 
tem, the task of the format conversion path is to trans 
form a pattern that is specified in some external form in 

to a stream of bits that will control the electron beam ex 
posure at each point, or pixel, on the target mask or wafer. 
The number of bits required for a 5-mm x 5-mm square (one 
pass, or octopole field of view) is about 10s (12.5 megabytes) 
and is about 4X10 10 bits (5.5 gigabytes) fora 10X mask the 
size of a full 1 3-cm wafer. The sheer bulk of the pattern data 
creates problems with its storage and transfer, and the 
speed of the transformation is also critical. 

Data storage and transformation from the external rep 
resentation is done by a computer system that includes an 
HP 1000 F-Series Computer with HP 7906 and HP 7925 Disc 
Drives, an HP 7970 Tape Drive and about a million words of 
main memory. The conversion software runs under HP's 
RTE-IVB operating system and is written mostly in C and 
ALGOL. 

Fig. 1 shows the major steps in the process. The first step 
involves copying the pattern data from a nine-track magne 
tic tape to files on the 7925 Disc Drives. This is done under 
control of an access method software package that main 
tains general housekeeping information about the patterns. 
The remainder of the path is designed to accommodate two 
basic factors: the sequence of the raster-scan exposure pro 
cess and the pattern data compression format. 

The hierarchy of pattern exposure is shown in Fig. 2. A 
pixel is the smallest addressable area that can be exposed. A 
block isa quadrupole field of view and is 128 pixels square. 
A stripe is a column of up to 78 blocks, and a pass (octopole 
field of view) is a row of up to 78 stripes. The order of 
exposure is pixels within a block, blocks within a stripe, 
stripes within a pass, and passes within a chip. 

The input format for the initial implementation is the 
Electromask optical pattern generator format. Although a 
number of external formats are used in the industry to 
describe patterns, this format is widely used within HP. The 
Electromask magnetic tape input format specifies a pattern 
as a series of rectangles, or flashes, of varying locations, 
widths, lengths and rotations. 

Clipping 
In the second step of Fig. 1, Electromask flashes are first 

broken up (clipped) into objects that are contained within 
stripes. Details of the Electromask format are isolated up 
stream of this point; this will make accommodation of al 
ternate input formats a relatively simple task. When the 
Electromask flashes are square with the X-Y axes the inter 
mediate objects are also rectangles whose sides are square 
with the axes. Otherwise, the clipped objects are a restricted 
form of trapezoid that have left and right edges parallel to 
â€¢Developed by Electromask Corp. 

stripe boundaries. Strictly speaking, this special form 
would not be necessary since the trapezoids could be re 
placed by a set of rectangles of unit pixel width, but the 
trapezoids provide a more compact representation for the 
intermediate form. 

As each object â€” rectangle or trapezoid â€” is produced by 
the clipping routine it is placed in a bin according to its pass 
and stripe. Each bin has an internal memory buffer, and 
when the buffer for a stripe fills up, it is written out to a file 
on one of the 7925 Disc Drives. Bin buffers need to be large 
enough for at least a disc sector (128 words), and for effi 
ciency we would like them to be several times larger than 
that. RTE-IV gives user programs access to memory outside 
their normal 32K-word address space by providing func 
tions to remap parts of the virtual address space to an 
extended memory area (EMA) of the physical memory. The 
bin buffers are kept in an EMA partition, so the number and 
sizes of the buffers are limited not by the 16-bit virtual 
address space but by the size of the memory partition the 
conversion program runs in. 

Bin buffers for each stripe of a full pass require at least 
10K words (78X128 words). Fora pattern that spans only a 
few passes this is easy to accommodate, but in the case of a 
10 x mask that may span all 441 passes we would need more 

Exposure 
System 

EBIC 

E B X  =  E l e c t r o n  B e a m  E x t e r n a l  F o r m a t  
E B I  =  E l e c t r o n  B e a m  I n t e r n a l  F o r m a t  
EBIC =  E lec t ron  Beam In terna l  Compressed Format  

F ig .  1 .  The  f o rma t  conve rs ion  pa th  i n  HP ' s  e l ec t ron  beam 
l i thography system converts an integrated circui t  pattern data 
f i le into a bit  stream that turns the electron beam on and off to 
wr i te the pat tern on a resist -coated substrate.  
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than four million words of buffer space. In this case we do 
the clipping by pass and stripe as before but use coarser bins 
[say. by pass only) as \ve write the objects to disc. An 
additional step is used to make the finer bin separations as a 
preliminary to the next step of the conversion. In this next 
step, the rectangles and trapezoids for each pass and stripe 
are put in a format called electron beam external (EBX). 
which is the input to the next phase of the process, CRUNCH. 

Electron Beam Internal  Formats 
The average feature size for most patterns is large com 

pared to the pixel size, especially for 10 x masks, so it is 
more efficient to store patterns in a compressed form. In this 
form, called electron beam internal compressed (EBIC), pat 
terns are represented as a set of rectangles, which are con 
verted in real time to a stream of bits that controls the 
exposure. The decompressor, the hardware that does this 
conversion, is described later in this article. 

EBIC rectangles are always described in terms of integer 
numbers of pixels. The compression scheme works within 
stripes and the restrictions on EBIC rectangles are that the 
sides be parallel to the X and Y axes, that each rectangle be 
contained within a single stripe, and that within stripes 
rectangles be ordered by their leading edge (lowest 
Y-value). Rectangles may not overlap. 

As pattern geometries become finer, compressed format 
begins to lose its advantage over a pure bit map representa 
tion. The crossover point comes at about 2.4 million com 
pressed format rectangles in a 9984 x 9984-pixel octopole 
field, which corresponds to a checkerboard with features 
4.6 pixels on a side. Although a checkerboard is not a 
typical situation, patterns with angled figures do tend to 
generate a lot of tall, thin compressed-format rectangles. 
Beam and pixel sizes and pattern geometries can be ex 
pected to shrink, and it remains to be seen whether it will be 
advantageous to use an uncompressed format for some pat 
terns. 

Convers ion to  Compressed Format  
In the part of the data conversion known as CRUNCH 

(step 4 in Fig. 1), three things are done: 
1. Trapezoids are translated into a series of rectangles. 
2. Overlaps are eliminated. 
3. Rectangles are converted to EBIC format. 
A rectangle is described by an X-start, an X-end, a Y-start 

Unchanged 

New 
(overlaps) 

Unchanged 

Fig .  3 .  An  example  showing  how a  new rec tang le  tha t  over  
l a p s  n e w  a l r e a d y  s t o r e d  c a u s e s  t h e  s p l i t t i n g  o f  t h e  n e w  
and/or  o ld rectangles to  e l iminate the over lap.  

and a Y-height. Y-start and Y-height are fourteen-bit quan 
tities, while the X dimensions require seven bits each for a 
total of 42 bits per rectangle. 

During conversion from EBX to EBIC all figures within 
each stripe are arranged in a list in ascending order by 
leading edge. The list of rectangles is maintained in EMA. 
As each new figure is inserted into the list, it is checked for 
possible overlap with figures already in the list. If an over 
lap exists, then either the figure in the list or the new figure 
is split up to eliminate the overlap. Cases of overlap are 
categorized into one of 16 types and are handled accord 
ingly. One example of an overlap is shown in Fig. 3a. The 
new rectangle being added is shown in dashed lines. In Fig. 
3b the overlap is resolved by splitting the existing figure 
into two and the new figure is inserted in the list. 

Because the fragments of the split rectangles are parts of a 
rectangle already in the list there is no overlap with other 
rectangles in the list so they can be put in the list without 
further checks. The new figure must be checked against the 
rest of the list for overlap. 

EBIC rectangles are written to a pattern disc file and from 
there into the 128-bit-wide electron beam pattern memory 
in sets of three. Each rectangle is represented by 42 bits, 
so three rectangles fit into 128 bits or eight 16-bit computer 
words. 

Chip -  

B lock-  

â€” Pass 

Stripe 

Fig.  2.  The order of  pat tern exposure is  p ixels wi th in a b lock 
(128*1 28 pixels),  blocks within a str ipe (a column of up to 78 
blocks),  s t r ipes wi th in a pass (a row of  up to 78 str ipes),  and 
passes within a chip.  Each block of 128x128 pixels is 64 /MTI 
square. 

Rectangles are output  as the 
raster  passes by them 

-â€¢   Raster Line 

New rectangles are  added to  
the l ist  af ter  overlap adjustment 

Fig .  4 .  Another  a lgor i thm fo r  over lap  remova l  uses  a  ras te r  
scan method.  
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As we begin to deal with larger numbers of compressed 
format rectangles per pass the present algorithm for overlap 
removal may prove to be too slow. The number of compari 
sons between rectangles is about n2/4 where n is the number 
of rectangles in a stripe. A new algorithm has been de 
veloped and will be implemented when needed. This al 
gorithm requires only about n3/2/78 comparisons. This 
procedure requires that the rectangles first be sorted by 
Y-start, but the time needed for this is only a linear function 
of the number of rectangles. A coarse radix sort is followed 
by a finer distribution count sort.1 The rectangles for an 
entire stripe can be kept in EMA buffers so no extra I/O is 
used for the sort. To check for overlaps a raster is passed 
from the top of the stripe to the bottom, and as this is done a 
list is maintained of the rectangles crossed by the raster (see 
Fig. 4). As the raster is moved down, new rectangles 
touched by the raster are checked for overlap with figures 
already in the list and are added to the list. Rectangles in the 
list that are no longer crossed by the raster are removed from 
the list and output. This gives a stream of nonoverlapping 
rectangles ordered by Y-start locations. The order is de 
scending, rather than ascending as eventually presented to 
the decompressor. The list of current rectangles can have no 
more than 128 elements, and can be kept within the virtual 
address space of the conversion program so that checks 
within the list are quicker than if the list were kept in EMA. 

The  Decompressor  
The decompressor takes the 42-bit rectangle declarations 

of EBIC and generates the corresponding 128-bit wide 
stripes. Since the decompression has to be done in real time, 
a parallel approach is used to generate the required bit 
pattern. A bank of 128 14-bit presettable up/down counters 
is used to construct the bit pattern. The counters are con 
nected as presettable down counters. The carry-out signal 
for each counter remains high if the content of the counter 
is nonzero. 

A block diagram of the decompressor is shown in Fig. 5. 
The 128 data counters and the Y-address counter are in 
itialized to zero at the beginning of each stripe. Each input 
42-bit rectangle declaration is separated into its four com- 
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ponent fields. The Y-start field of the current rectangle is 
compared to the value of the Y-address counter, which 
points to the current row â€” the next 128-bit data pattern to 
be output. If there is no match a 128-bit data pattern word 
from the counter carry outputs is sent to the shifter/buffer, 
the Y-address counter is incremented, and all the data 
counters with nonzero contents are decremented. 

2 6  H E W L E T T - P A C K A R D  J O U R N A L  M A Y  1 9 8 1  

© Copr. 1949-1998 Hewlett-Packard Co.



This continues until a match exists between the Y-start 
field of the next rectangle and the Y-address counter. Then 
the data counters from the X-start to the X-end are loaded 
with the Y-height. The other data counters' contents are 
unchanged. A new rectangle declaration is then fetched 
from pattern memory and is checked for a match against the 
Y-address counter. This sequence continues until the 
Y-address counter reaches the end of the stripe. 

A c k n o w l e d g m e n t s  
The access method package for Electromask format pat 

tern files was written by Lee Casuto. A program to plot 
patterns in EBIC format was developed by Tim Crew of HP's 
Pinewood. U.K. facility with assistance from Terry Ligocki. 
CRUNCH was originally written by Randy Shinghai. 
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Cal ibrat ion of  the HP Electron Beam 
Li thography System 
by Fa i th  L  Bugely ,  Ian  F .  Osborne ,  Gera in t  Owen,  and  Rober t  B .  Schudy 

THE HP ELECTRON BEAM LITHOGRAPHY SYSTEM 
has a specified writing accuracy over a 125-mm- 
square substrate of Â±0.07 /urn. Calibration of theX-Y 

stage and the electron beam deflectors is necessary to meet 
the positional accuracy requirements. Calibration of the 
deflectors is also necessary to maintain the beam spot dia 
meter of 0.5 /Â¿m over a 5-mm-square field. There are five 
major factors that make such calibration necessary. 
â€¢ Nonorthogonality and curvature of the X-Y stage inter 

ferometer mirrors 
â€¢ Errors in interferometer beam alignment 
â€¢ Vertical motion of the stage as it moves horizontally over 

its ways 
â€¢ Electron optical aberrations of the octopole deflector 
â€¢ Gain and offset variations, which change as functions of 

writing speed, in the high-speed quadrupole deflection 
circuits 
The primary objective of the calibrations is to map the 

various fields of view onto the mask or wafer in a way that 
minimizes butting errors between the fields. Other objec 
tives are repeatability of the written patterns in spite of 
mechanical and electrical variations, and absolute accuracy 
of the electron beam position relative to the mask or wafer. 

The calibration procedures must be fast to reduce 
downtime. This rules out any manual scheme, hence the 
one used is completely automatic. Besides speed, automatic 
operation ensures that the calibration process is repeatable 
and operator-independent. 

One of the fundamental calibration problems is that no 
two-dimensional measurement standard of sufficient accu 
racy is available. This problem has been solved by produc 
ing such standards at Hewlett-Packard using the electron 
beam system. The standards consist of 125-mm-square 
plates on which a matrix of marks has been written, together 
with an accurate description of the positions of the marks. 
The isotropic scale of this description has been made con 

sistent with the one-dimensional length standard of the 
United States National Bureau of Standards. 

Calibration of the electron beam system is a sequential 
process: the stage is calibrated relative to the calibration 
plate, the octopole deflector is calibrated relative to the 
stage, and then the quadrupole is calibrated relative to the 
octopole. 

During the exposure of a substrate, the calibration func 
tions described here are applied. In addition, it is necessary 
to measure and correct for stage height, tilt, and yaw fluctu 
ations, together with substrate distortion if the second or 
higher level of a semiconductor wafer is being written di 
rectly. These additional corrections are not described in 
this article. 

Calibrat ing the Stage 
If one views the stage as a rigid body, its position in space 

has six degrees of freedom. These degrees of freedom are 
represented in terms of X, Y, and height positions, and 
pitch, roll, and yaw angles. All are sensed, and the X and Y 
positions are servo controlled. 

The stage calibrations determine the calibration func 
tions which map the sensed values for X, Y, and yaw into 
the true X, Y, and yaw values. The stage calibrations also 
characterize the pitch, roll, and height variations in the 
stage as it moves in X and Y. 

The six functions necessary to calibrate and describe the 
stage, one for each degree of freedom, are described as 
polynomials in the X and Y coordinates of the stage. The 
stage is calibrated in X and Y by fitting polynomials (Px and 
Py) to the difference between the true stage coordinates (xt, 
yt) and their apparent values (xa, ya). Thus xt = xa + Px (xa, 
ya) and y, = ya + Py (xa, ya). Because the calibration func 
tions vary slowly, and the calibration is small compared to 
the stage dimensions, Px (xa, ya) = Px (xt, yt). That is, the 
difference between the apparent and calibrated stage coor- 
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Fig. 1 . Magnif ied port ion of the cal ibration plate. This array ot 
f i duc ia l  marks  i s  used  to  map  the  a rea  cove red  by  t he  X -Y  
s tage for  ca l ib ra t ion  o f  s tage pos i t ion  and yaw.  

dinates does not matter with regard to the calibration func 
tions. Then the calibration functions can be inverted so that 
xa = xt ~ PX (xt. Vt) and Y a = Yt ~ py (xt. Vt)- These expres 
sions are used by the stage calibration software to obtain 
corrected values from desired true values. 

The X-Y stage calibration takes place in three phases, a 
bootstrap calibration, a scale correction, and a routine cali 
bration. The bootstrap calibration simultaneously cali 
brates the stage and determines the locations of fiducial 
marks on a stage calibration plate. A second calibration 
determines the average scale error in the stage. The results 
of the bootstrap (described later in this article) and scale 
calibrations are combined to produce a correct description 
of the location of the fiducial marks on the calibration plate. 
This plate and its description are used as the two- 
dimensional metrology standard in a simpler procedure 
used for routine calibration of the stage. 

Calibrat ion Plate 
The main design requirement for the calibration plates is 

geometric stability. Geometric stability during the 
bootstrap calibration procedure is the basis of that proce 
dure. The scale calibration depends on the stability of the 
plate, because the plate is used to transfer the NBS mea 
surements to the electron beam system. After the plate is 
calibrated, it must also exhibit long-term geometric sta 
bility to preserve the accuracy obtained with these two 
procedures. 

The calibration plate, which is supported at three points 
to minimize mechanical deformation, has a long thermal 
time-constant when it is under vacuum in the system. A 
thermal expansion as small as one part in ten million will 
degrade the calibrations. In the absence of a means to con 
trol or monitor the calibration plate temperature, selection 
of a substrate material with a very low thermal expansion 
coefficient is the only way to maintain plate dimensions. 
The substrate material for the X-Y stage calibration plate is a 
ceramic glass that exhibits a thermal expansion coefficient 
within Â±0.05 ppm/Â°C near room temperature. 

The stage calibration plate is also used to determine the 
pitch, roll, and height variations in the stage, so it must be 
very flat. Its working surface is polished to the quality of a 
good optical flat. Maintaining this flatness in spite of gravi 
tational sag and the stresses introduced by the mechanism 
that holds the plate to the stage requires that the plate be as 
thick (typically 6.35 mm) as the machine will accommo 
date. In some circumstances special holders are used to 
allow sufficient thickness. 

A pattern of gold fiducial marks on a chromium 
background is fabricated on the flat surface of the calibra 
tion plate using standard thin-film technology methods. A 
portion of a calibration plate is shown in Fig. 1. The stage 
calibration uses three sets of features in this pattern. The 
coarsest lines in the pattern form the coarse-scan fiducial 
marks. These marks are easily found by the fiducial-mark 
finding routines (see box on page 34), even though large 
uncertainties exist in the position of the marks. The arms of 
the coarse patterns are interrupted at their intersection by 
an octagonal beam-shape-measurement structure (Fig. 2), 
which is not used in the stage calibration. Within this octa 
gon lie fiducial marks with 5-/Â¿m-wide arms. The X-Y stage 
calibration depends upon these marks. 

Midway between each of the large fiducial arms are lines 
broken where they would cross other perpendicular lines. 
These interrupted crossings are optical fiducial marks. The 
two segments of the interrupted line serve as alignment 
marks pointing to a segment of the unbroken line between 
them. Some of the stage calibration plates are sent to the 
NBS, where the distances between these marks are deter 
mined by semiautomatic one-dimensional measuring 
machines of known scale. These same distances are mea 
sured again by the electron beam system to determine the 
isotropic scale error. 

Bootstrap Cal ibrat ion Procedure 
The essence of the bootstrap calibration procedure is to 

use the same measuring machine (X-Y stage, interferome 
ters and electron beam) to measure the same object in differ 
ent orientations. When the object is moved with respect to 
the stage, apparent differences in measurements are reflec 
tions of the inconsistencies in the measuring machine be 
cause the object, the stage calibration plate, is the same. 

If the substrate could be placed on the stage in arbitrary 
positions and orientations, this method would make it pos 
sible to calibrate the stage in every respect except scale, 
which must, of course, be derived from a standard. The 
stage will accommodate maximum-size square substrates 
in four positions that differ by 90Â° rotations. As a result the 
bootstrap calibration procedure cannot detect, and hence 
cannot correct, fourfold rotationally symmetric errors in 
the stage. Increasing the number of different orientations of 
the calibration target on the stage increases the order of 
symmetry of undetected errors. Applications requiring 
calibration of less than the full square area of the stage can 
use the same bootstrap software system with translations 
and/or more rotations. 

The calibration target bears a square matrix of 25 rows of 
25 replications each of the fiducial mark pattern. The 625 
patterns are measured automatically using the beam and 
the fiducial mark system. Using the stage, each mark is 
moved beneath the beam axis and the octopole is used to 
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locate the mark relative to its expected position under the 
axis. The stage position and beam deflection at which each 
mark is found are recorded. The calibration plate is re 
moved from the machine, rotated, reinserted, and the appa 
rent positions of the fiducial marks recorded. This proce 
dure is repeated for all four 90Â° rotations. 

Computer programs are used to accept the data from these 
views and determine not only the positions of all of the 
marks on the calibration plate, but also calibration func 
tions for the stage. In the example above, this involves the 
determination of 1250 fiducial mark coordinates and 50 
stage calibration function parameters. The calibration can 
be viewed as a minimization of the apparent calibration 
error as a function of these variables. The quantity 
minimized is the sum of the squares of the distances be 
tween the apparent and model-predicted locations of the 
fiducial marks, in all of the orientations. 

The details of the algorithm are beyond the scope of this 
article, but the results of the calculation are straightforward 
and the important point is that, while the results of the 
calculation are identical to those acquired by the minimiza 
tion of squared-distance error, the calculation is direct 
rather than iterative, and can analyze the bootstrap stage 
calibration measurements in less time than it takes to col 
lect the data. 

Routine Stage Cal ibrat ions 
In contrast to the bootstrap procedure, which requires 

rotating the calibration plate on the stage, the routine cali 
bration is readily integrated into the processing stream by 
substituting a previously calibrated calibration plate for a 
substrate to be written. The routine calibration can restore 
more effectively the metrology of the stage than the 
bootstrap procedure can determine it absolutely, because 
the routine calibration, which is based on the calibration 
plate as a standard, has no undetected error components 
such as the fourfold rotationally symmetric error compo 
nent of the bootstrap procedure. 

The stage rotates slightly as it moves along the ways, and 
this stage yaw is a nonrepeatable function of the stage 
position. The yaw angle must be determined each time the 
stage is moved so that the octopole and quadrupole deflec 
tion can be rotated to match the stage. This yaw angle, the 
angle between the octopole coordinate system and the stage 
coordinate system, is also measured and corrected in the 
octopole calibration. The stage calibration includes com 
ponents of the general system calibration that are depen 
dent on stage coordinates. If the stage-dependent compo 
nent of the yaw angle is represented as a polynomial in 
stage coordinates, then the constant term belongs in the 
octopole calibration because it.does not depend on stage 
coordinates. In other words, the average yaw angle is part of 
the octopole calibration, and the stage-dependent yaw varia 
tions are part of the stage calibration. Suppressing the con 
stant term in the stage yaw calibration has the desirable 
consequence of making the yaw angle reported by the stage 
driver independent of the particular octopole calibration at 
the time the stage is calibrated. 

When the two translational degrees of freedom of the 
stage are calibrated relative to the beam axis, the angle of the 
stage relative to the octopole can be measured directly by 
moving the stage to a number of positions in the octopole 

Software for Octopole 
Calibration 

T h e  c a l i b r a t i o n  o f  t h e  o c t o p o l e  ( i n c l u d i n g  d e f l e c t i o n ,  a s t i g  
mat ism cor rec t ion ,  and  focus  cor rec t ion  v ia  the  dynamic  focus  
coi l ) ,  is  performed automat ical ly by a program that is parameter-  
d r iven.  Th is  a l lows f lex ib i l i t y  in  spec i fy ing  to  the  program such 
data loca target dimensions, target construction, init ial target loca 
t ion and var ious search and measurement cr i ter ia (scan lengths,  
etc.).  I t  is assumed that approximations for the major terms (A10, 
A01, BIO, B01) of the deflection function exist. A primitive version of 
the  program computes  these.  

T h e  p r o g r a m  r e a d s  f r o m  m a s s  s t o r a g e  t h e  s t a n d a r d  r u n  
parameters and al lows the operator to make any changes dynam 
i ca l l y .  Us ing  the  s tage ,  t he  p rog ram then  moves  a  ca l i b ra t i on  
target  to the beam axis.  The f iducia l  scan program is  invoked to 
locate the target, and after calculation of the actual offset from the 
beam ax is ,  the target  is  re located by a  s tage move.  

The program then repeats the fol lowing sequence of operations 
for  each coord inate point  wi th in the f ie ld of  v iew.  
1 . Using the stage, move the target to the new coordinate point. 
2. Using the f iducial scan program, locate the target at that point. 

The f iducial  scan program calculates the octopole voltages for 
t h e  s e a r c h  p a t t e r n  a n d  a p p l i e s  a n y  k n o w n  c o r r e c t i o n s  f o r  
ast igmat ism and focus errors .  

3 .  Measure the beam spot  d iameters  a t  the coord inate  po in t  by  
scann ing  the  beam over  the  ta rge t .  I f  t he  ma jo r  ax i s  o f  the  
el l ipse is greater than a given tolerance, a through-focal series 
i s  pe r fo rmed  i t e ra t i ve l y  to  co r rec t  t he  beam spo t  s i ze .  The  
t h r o u g h - f o c a l  s e r i e s  i s  a  s e q u e n c e  o f  b e a m  s p o t  m e a s u r e  
m e n t s  t a k e n  a t  v a r i o u s  s e t t i n g s  o f  t h e  d y n a m i c  f o c u s  c o i l  
d is t r ibuted about  the presumed foca l  po in t  o f  the beam. The 
results of the series are used to compute the corrections to be 
applied to the st igmator (Va, Vb) and to the dynamic focus coi l  
(V,). The f iducial scan program is used to locate the target with 
the  cor rec ted  beam.  

4. The values used for deflect ion (Vx, Vy), ast igmatism correct ion 
(Va, Vb), and focus (V,) are recorded in mass storage with the 
point  coordinates. 

Upon complet ion of the sample measurements, the f i le contain 
ing  the  s tored va lues  is  read by  the  program and func t ions  are  
f i t ted to the def lect ion,  ast igmat ism, and focus data values.  The 
new func t i on  coe f f i c i en ts  a re  then  used  to  upda te  the  sys tem 
data. A summary of the run including input parameters and results 
is  produced.  

field of view and computing the average angle between 
their apparent coordinates in the octopole field and their 
known stage coordinates. This angle measurement is re 
peated with each of the fiducial marks in the field, and a 
smooth angle function fitted to the stage coordinate data. 
This function (Pa(x, y)) is a polynomial similar to Px(x, y) 
and Py(x, y). 

This simple procedure is complicated by the fact that the 
stage yaws during the calibration. The solution is to rotate 
the calibration data to a standard apparent yaw angle, 
and then, when the yaw angle is reported, to add to the 
smooth angle function a correction Aa derived from the 
deviation of the X' laser from its expected value. The two X 
interferometers normally differ from each other by <1 /am, 
so a satisfactory approximation is that the X and X' lasers 
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are identical. This yaw reference condition will not be free 
from yaw, but the yaw calibration will correct for any yaw 
present in this standard approximation. In a manner similar 
to that for xt and y, above, the apparent yaw angle aa = at - 
Pa(xt, yd- 

The angle calibration data is collected using the same 
calibration plate in only one orientation. For each fiducial 
mark on the target, the stage is moved to a number of 
different positions in the periphery of the octopole field of 
view. Let dmp be the deflection vector for the mth fiducial 
mark in the pth position. Let Dp be the mean vector over 
fiducial marks of vectors dmp. An estimate Am of the yaw 
angle of the stage at mark m relative to the mean yaw angle 
over the marks is given by 

Table I  
Octopole  Plate  Vol tage Components  

A m  =  
S[(dmp-Dp)x(dmp)]  

[dmp â€¢ dmp] 

If Ama is the apparent yaw angle derived from the X and X' 
interferometers at mark m, let Aam = am- Ama. Then, fitting 
a polynomial Pa (x, y) to the Aam as a function of the stage 
coordinates x and y of point m, one obtains at = aa + Pa (x, y). 

In summary, when the stage reports its position, it has an 
X value that is the sum of the value from the X interferome 
ter and the X-calibration function. The stage reports a Y 
value equal to the sum of the Y interferometer value and the 
Y-calibration function evaluated at its current position. The 
angle is computed as the sum of the stage yaw calibration 
function and the current apparent stage yaw as computed 
from the difference between the X and X' laser inter 
ferometers. 

Octopole Cal ibrat ion 
The octopole deflector deflects the electron beam within 

a field that may be as large as 5 mm square. Within this area, 
the placement of the beam must be within 0.07 /Â¿m of its 
required position, and its diameter must be maintained at 
0.5 /Â¿m or less. Calibration of the octopole is necessary to 
fulfill these requirements. 

To a close approximation, octopole deflection is a linear 
function of applied voltage, and the maximum error due to 
nonlinearities is about 2 /Â¿m over a 5-mm-square field of 
view. However, this level of accuracy is not sufficient to 
meet the electron beam system specifications, and therefore 
the nonlinearities must be characterized so that they can be 
compensated during exposure. This characterization is 
done during the octopole calibration procedure. 

Without octopole calibration, not only would beam mis 
placement occur, but also the beam diameter would vary 
over the field of view. Typically it can increase from 0.5 /Â¿m 
at the center of a 5-mm-square field to 1.5 /am at the edges. 
The other purpose of calibration is to characterize the elec 
tron optical aberrations that cause this increase in diameter 
so that they too can be compensated during exposure. 

The octopole has four entry ports. Two of these, Vx and 
Vy, are deflection voltages; their major effect is to deflect the 
electron beam to a position (x,y] in the writing plane. How 
ever, another significant effect of Vx and Vy is the introduc 
tion of aberrations, thereby enlarging the electron beam 
diameter. 

The remaining two octopole entry ports are the stigma- 

tion voltages Va and V^. Their major effect is to alter the 
beam shape, thus providing a means of compensating for 
the aberrations introduced by Vx and Vy. The side effect 
caused by Va and V[, is a small change in beam position. 
Table I shows how the voltages Vx, Vy, Va and Vb are 
distributed among the octopole plates. The deflection volt 
ages Vx and Vy are applied antisymmetrically, producing a 
highly uniform deflection field when a = V2 - 1. The 
stigmation voltages Va and V^, on the other hand, are 
applied to the plates symmetrically, thus producing a 
highly nonuniform field that can correct for astigma 
tism. For a 5-mm-square deflection field, the maximum 
required deflection voltage is about 80V and maximum 
required stigmation voltage is about IV. 

The dynamic focus coil is controlled by the voltage Vf. Its 
major effect is to alter the beam shape, and its side effect is to 
cause small changes in the beam position. 

The octopole calibration derives a transfer function for 
the octopole. Then, given the required deflection coordi 
nates (x,y) of the electron beam, and the constraint that the 
beam diameter maintain its undeflected value at any point 
within the deflection field, it is possible to compute the 
required values of Vx, Vy, Va, Vj, and Vf. There are good 
physical reasons for assuming the following forms for the 
calibration functions: 

Outer Cross 

Inner Cross 

Fig. cross Individual pattern on calibration plate. The outer cross 
is used for coarse beam posit ion measurements and the smal l  
inner cross is used for X-Y stage cal ibrat ion and for f ine beam 
pos i t ion  measurements .  The oc tagona l  a r rangement  is  used 
for  measur ing  the  beam shape.  
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v  =  

vb = boo 

vf = foo + fio* + foiY + iz 

Vx = A00x + A01y + A20x2 

bnxy + b02y2 

+ f02v2 

A02y2 

+ A30x3 + A21x2y + A12xy2 + A03y3 

Vy = B10x + B01y + B20x2 + Bnxy + B02y2 

+ B30x3 + B21x2y + B12xv + B03y3 

(2a) 

(2b) 

(2c) 

(2d) 

(2e) 

Thus the output of the calibration procedure consists of 
values for the ajk, bjk, fjk, Ajk and Bjk coefficients that allow 
the electron beam to be deflected accurately and without 
enlargement within the 5-mm-square deflection field. 

In the calibration procedure, a test target on the calibra 
tion plate is moved to a series of known locations in the 
writing plane, using the X-Y stage. At each location, the 
corresponding values of Vx, Vy, Va, Vb and Vf are measured 
and stored. The calibration coefficients are then evaluated 
by forming a least-square-error fit to the empirical data. 

Fig. 2 is a drawing of the test target. The target material is 
silicon, onto which a 100-nm-thick layer of gold has been 
evaporated and patterned to form two concentric crosses. 
The resulting video signal when the target is scanned by the 
electron beam is largely due to the difference between the 
backscattered electron coefficients of silicon and gold. 

The target may be used to measure the values of Vx and Vy 

Elliptical Spot 

Ell iptical Spot 

Writ ing Plane 

Fig.  an The in i t ia l ly  c i rcu lar  e lect ron beam is  d is tor ted to  an 
e l l ip t i ca l  c ross-sec t ion  by  as t igmat ism and de focus ing .  The 
m a g n i t u d e  o f  t h e s e  e f f e c t s  i s  m e a s u r e d  b y  a d j u s t i n g  t h e  
dynamic  focus co i l  vo l tage,  wh ich sh i f ts  the appropr ia te  por  
t i on  o f  the  beam enve lope  up  o r  down the  beam ax is  to  the  
measurement  target  p lane.  

corresponding to a given X, Y position by scanning the 
electron beam around the perimeter of a square that inter 
sects the four arms of either the outer cross (for a coarse 
measurement of beam position) or the inner cross (for a fine 
measurement). In general, the test target is found by a two- 
stage process consisting of a coarse search followed by a 
fine search. The search routine makes extensive use of fidu 
cial search programs developed by Hsu (see page 34 of 
this issue). 

The test target is also used to measure beam shapes. To a 
close approximation, the beam cross-section is elliptical 
and may be quantified by its major diameter a, minor diame 
ter b and orientation angle <f between the major diameter 
and the x-axis of the stage. To measure its shape, the beam is 
scanned radially over the eight silicon-gold edges at the 
interior of the large cross. The beam diameter in each orien 
tation is deduced from the maximum gradient of the video 
signal as the beam traverses the silicon-gold boundary. By 
symmetry, it is to be expected that the diameters measured 
on opposite edges are equal. The eight measurements may 
therefore be reduced to four by averaging opposite pairs: 
these four correspond to 0Â°, 45Â°, 90Â° and 135Â° scans and are 
denoted by d-Â¡, d2, d3 and d4. It may be shown that a, b and if 
are then given by: 

A/2 Â± 

<p = l/2 tan'1 (C/B) 

where A = da2 + d22 + d32 + d42 

(3a) 

(3b) 

B = - d32 

C = d22 - d42 

Fig. 3 shows the envelope of an electron beam under the 
influence of astigmatism and defocusing. The electrons are 
focused to two vertically separated, perpendicular line foci, 
and the cross section of the beam is, in general, elliptical 
(the exceptions to the elliptical shape are at the two line foci 
and at the circular disc which lies halfway between them). 
The magnitude of the defocus aberration is quantified by 
the height of the circular disc above the writing plane. The 
astigmatism is quantified by a magnitude and an angle: the 
magnitude is the separation between the upper and lower 
line foci, and the angle is the orientation angle of the upper 
line focus. 

These quantities are measured by building up a three- 
dimensional picture of the beam envelope from a series of 
cross-sections parallel to the writing plane, and at different 
heights above and below it. Each cross-section is measured 
by energizing the dynamic focus coil appropriately (this 
shifts the beam envelope along its axis) and simultaneously 
scanning over the target to make beam diameter measure 
ments. Typically, the through-focal series consists of 11 
such measurements which may be processed to determine 
the magnitudes of the defocus and astigmatism aberra 
tions, and hence the required values of Va, V^ and Vf. 

To calibrate the octopole deflector, a number of points 
(typically 25) distributed within the octopole field of view 
are sampled. The test target is moved to each point in turn. 
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Flyback 

Fig.  4.  Simpl i f ied schemat ic of  the four quadrupole def lect ion 
p la tes and the i r  dr ive c i rcu i t ry .  

At each point, a through-focal series of beam diameter mea 
surements is made, and the results are used to derive the 
required values of Va, Vb and Vf. These defocus and astig 
matism correction voltages are then applied, and the values 
of Vx and Vy needed to center the beam over the test target 
are measured. 

The result of the sampling procedure is a set of 25 values 
of x and y, and 2 5 corresponding values of Va, V^ Vf, Vx and 
Vy. The data is fitted to functions of the form of equations 
(2), and optimum values of the calibration coefficients are 
derived. The software used to perform this calibration pro 
cedure is described in the box on page 29. 

Quadrupole  Cal ibrat ion 
The quadrupole deflects the electron beam in a raster over 

a 64-/j,m square field. Because the quadrupole field of view 
is small, the corresponding electron optical aberrations are 
negligible, so three simplifying assumptions may be made: 
â€¢ The behavior of the quadrupole is independent of the 

octopole deflection 
â€¢ Quadrupole deflection causes no growth in beam diame 

ter, and 
â€¢ The relationship between applied voltage and quad 

rupole deflection is linear. 
Fig. 4 is a simplified view of the quadrupole and its drive 

circuitry. The quadrupole consists of four plates, labeled 
P+, P-, Q+ and Q-. Plates P+ and P- are connected to the 
symmetrical outputs of one driver amplifier Ap and the Q 
plates are driven in a similar way by the other driver 
amplifier Aq. The driver amplifiers have input voltages Vp 
and Vq. 

During exposure, the electron beam is scanned over a 
64-/Lim-square area following the raster pattern indicated in 
Fig. 4. Vp and Vq are generated digitally in such a way that 
each raster line consists of 128 points. The 128-line raster 
therefore consists of (128)2 = 16384 separate points. By 
using the beam blanker, the electron beam may be switched 
on or off at any of these points. 

The frame-scan and line-scan times of the quadrupole 
raster depend on the clock frequency in use during a given 
exposure. This, in turn depends on the beam current, beam 

L i n e  # 1 2 8  
P o i n t  # 1  

Optic 
Axis 

N o m i n a l  S p o t  _  
Diameter d,,m 

L i n e  # 1  
P o i n t  # 1  

L i n e  # 1 2 8  
P o i n t  # 1 2 8  

P4 P s O  

64 fim 

64 jxm 
_ L i n e  # 1  

P o i n t  # 1 2 8  

Fig. each If the quadrupole is calibrated, four points, one in each 
corner of  the raster scan, wi l l  def ine a square centered about 
the opt ic  ax is  as shown in  (a) .  However ,  i f  the quadrupole is  
uncal ibrated, the same four points wi l l  def ine a paral le logram 
whose center  is  o f fset  f rom the opt ic  ax is  as shown in  (b) .  

diameter, and resist sensitivity, and in general varies from 
exposure to exposure. 

Because of the simplifying assumptions, the transfer 
function connecting the input voltages Vp and Vq and the 
resulting beam position (x,y) is linear: 

Vp = P10x + P01y + AVp 
Vq = QIC* + QoiY + AVq 

(4a) 
(4b) 

The quadrupole calibration procedure determines the 
parameters P10, P01, Q10, Q01, AVp and AVq. Because of the 
high-speed circuitry involved, these parameters are func 
tions of clock frequency, a fact that has two consequences. 
The first is that the calibration may have to be repeated as 
often as once per substrate, since different substrates will in 
general require different dosages. The second consequence 
is that the calibration must be performed while the quad 
rupole is deflecting the beam in a raster at the same fre 
quency as that used for substrate exposure. 

It has already been mentioned that the electron beam may 
be switched on or off by the beam blanker at any of the 
16,384 points within a 64-/xm-square block. To calibrate the 
quadrupole, all but four of the points within a block are 
switched off. Fig. 5a shows the four points that are on, 
shaded and labeled as P2, P3 and P4. If there is no 
octopole deflection, these four points will be arranged 
around the optic axis. If the quadrupole is exactly cali 
brated, they form a square with 64-Â¿Â¿m sides centered about 
the optic axis. If, however, the quadrupole is uncalibrated 
so that the values of P10, P0i, QIQ, Qoi> ^Vp and AVq are not 
known accurately, the four points form a displaced paral 
lelogram whose center is offset from the optic axis as illus 
trated in exaggerated form in Fig. 5b. 
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Smal l  Cross of  
Tes t  Targe t  

Optic Axis 

F i g .  6 .  W h e n  t h e  b e a m  i s  d e f l e c t e d  f r o m  P ,  i n  F i g .  5  t o  a  
pos i t ion near  the opt ic  ax is  (center  o f  the f iduc ia l  mark) ,  the 
er ror  (Ax,  AyJ between i ts  ac tua l  pos i t ion  P- , "  and the opt ic  
axis can be measured by scanning the beam across the mark 
along A- A ' and B-B '. 
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To calibrate the quadrupole, it is run with the test target 
centered about the optic axis and at the required clock 
frequency in the way described above. If the quadrupole is 
correctly calibrated, point Pa (Fig. 5a) can be brought to the 
optic axis by shifting the scanned raster a distance (32â€” Vid) 
fj.m in the X direction and (32-V2d) Â¿cm in the Y direction, 
using the octopole deflector (d is the nominal spot diameter 
in /urn). With an uncalibrated quadrupole, however, shift 
ing the scan in this way would bring point Pj' (Fig. 5b), 
not to the optic axis, but to a point Pj" as shown in Fig. 6. 
The coordinates of Pa" may be measured by scanning the 
raster in the directions A- A' and B-B' with the octopole, and 
using the fiducial-mark locating routines to evaluate Ax and 
Ay. In this way the unshifted coordinates of PI' may be 
measured. 

In a similar manner, the coordinates of P2', PS' and P4' 
may be measured. The measured coordinates of these 
points, together with the corresponding values of Vpand Vq 
may be fitted to equations 4a and 4b to give the values of the 
parameters P10, P01, Q10, Q01, AVp and AVp. 
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Digital Adaptive Matched Filter 
for Fiducial Mark Registration 

by Tsen-gong J im Hsu 

F a s t ,  a c c u r a t e  d e t e c t i o n  o f  f i d u c i a l  m a r k s  o n  s u b s t r a t e s  i s  
necessary to attain high levels of throughput, pattern registrat ion, 
and  equ ipment  ca l ib ra t ion  in  an  e lec t ron  beam l i thography  sys  
tem. This is general ly done by processing an electronic waveform 
y ( x )  b y  f r o m  t h e  d e t e c t i o n  o f  t h e  e l e c t r o n s  b a c k s c a t t e r e d  b y  
the f iducial mark and its substrate (Fig. 1 ) as the electron beam is 
scanned across the region where the f iducial mark is est imated to 
be .  By  co r re la t i ng  t he  occu r rence  o f  t he  s i gna l  caused  by  t he  
mark electron the deflection voltages required to position the electron 
beam a t  the  loca t ion  where  the  s igna l  i s  de tec ted ,  the  pa t te rn  
coord ina tes  can  be  es tab l i shed accura te ly .  

Discern ing the por t ion of  the waveform caused by the f iduc ia l  
mark are of ten d i f f icu l t  because considerable levels of  noise are 
also present, the mark may be covered by a layer of resist, and the 
contrast  between the mark and i ts surroundings may be low. This 
d i f f i c u l t y  i s  o v e r c o m e  b y  r e c o g n i z i n g  t h a t  t h e  d e s i r e d  s i g n a l  
s h o u l d  b e  a n  o d d  o r  e v e n  f u n c t i o n  w i t h  a  c e n t e r  o f  s y m m e t r y  
cor respond ing  to  the  loca t ion  o f  each  a rm o f  the  f iduc ia l  mark .  
A l s o ,  t h e  t h e  s u b s t r a t e  i s  m e c h a n i c a l l y  r e g i s t e r e d  o n  t h e  
system's X-Y stage, the approximate locat ion of  the f iducial  mark 
i s  a l ready  known.  Th is  reduces  the  search  a rea  and  hence  the  
t ime requi red for  detect ion.  

Electron Beam 

y(x) 
Backscattered Electron 

Detector 

Mark 

Fig. 1 .  The signal for detect ing the f iducial  mark is generated 
by scanning the electron beam through the vicini ty of the mark 
and detect ing the number of electrons backscattered f  rom the 
mark and i ts  subst rate.  

Signal  Detect ion 
Thus,  the  prob lem is  to  de tec t  a  par t ia l l y  known s igna l  in  the  

presence of addit ive noise. The signal f (x)  is considered to be an 
even or  odd funct ion wi th a center  of  symmetry located at  x  = xc 
and to have a value of zero for values of x outside the range from 
xc-w/2 to xc+w/2.  Here xc is  the center l ine coordinate of  the arm 
of the fiducial mark and w is the width of the search area. The noise 
n ( x )  i s  es t ima ted  t o  be  s t a t i ona ry  wh i t e  no i se .  The re fo re ,  t he  
wave fo rm y (x )  =  f ( x )+n (x ) .  

Adapt ive matched f i l ters can be used to detect the even or odd 
s igna ls  embedded in  no ise .  I f  y (x )  i s  app l ied  to  a  space-var ian t  
l inear  sys tem whose b lock d iagram is  shown in  F ig .  2 ,  i t  can be 
shown that  the output  o f  the sys tem is  

- w / 2  
z ( x )  =  I  y ( x - x ' ) y ( x + x ' )  d x '  (1) 

w h e n  t h e  s y s t e m  h a s  a n  i m p u l s e  r e s p o n s e  o f  y ( x + x ' )  a t  x  f o r  
- W / 2 s S X ' s Â £ W / 2 .  

By multiplying the signal and noise components in equation (1 ), 
the average output of  the detector can be obtained as the sum of 
the averages of four product terms. Because of the nature of n(x), 
i t  can be shown that the average of the noise product term is zero. 
A lso,  the averages of  the s ignal -noise product  terms wi l l  cancel  
e a c h  o t h e r ,  l e a v i n g  o n l y  t h e  a v e r a g e  o f  t h e  s i g n a l  p r o d u c t :  
f ( x + x ' ) f ( x - x ' ) .  

To analyze the nature of the average of the signal product term, 
def ine at  funct ion g(x '  =  f (x+x ' )  wi th in  the in terva l  w centered at  
x  and equal  to  zero  e lsewhere.  Separate  g  (x '  in to  i ts  even and 
o d d  p a r t s .  T h e  e v e n  c o m p o n e n t  g e ( x '  h a s  m i r r o r  s y m m e t r y  
about  x and the odd component g0(x ' ;x)  has rotat ional  symmetry 
a b o u t  x .  F i g .  3  s h o w s  e x a m p l e s  o f  g ( x '  s e p a r a t e d  i n t o  t h e i r  
respect ive even and odd par ts  for  var ious values of  x .  Note that  
t he  even  and  odd  pa r t s  a re  o r t hogona l  ove r  t he  i n t e r va l  f r om  
x - w / 2  t o  x + w / 2  a n d  t h a t  

f ( x + x ' )  =  g ( x '  =  g e ( x '  +  g 0 ( x ' ; x )  ( 2 )  
f ( x - x ' )  =  g ( - x '  =  g e ( x '  ( 3 )  

for -w/2=sx'Â«w/2. 
Thus ,  by  mu l t ip ly ing  equat ions  (2 )  and  (3 )  and  remember ing  

that the average value of  the product of  two orthogonal funct ions 
is zero, the output of the system is equal to the difference between 
the  energ ies  o f  the  even and odd components .  That  i s  

Z (x )  =  Ee(x )  -  E0(x )  (4) 

Since the average even and odd component energies are both 
pos i t i ve  fo r  a l l  va lues o f  x ,  i t  fo l lows f rom equat ion  (4)  tha t  the  
expected value for  the output  at  the point  of  symmetry,  x  = xc is  
equal  to  Ee(xc)  i f  the s ignal  is  an even funct ion,  and is  equal  to  
-E0(xc)  i f  the s ignal  is  an odd funct ion.  

Also,  the energy detected for  x = xc is greater than the energy 
detected for any other value of x.  Therefore, i t  fo l lows that,  when 
x  =  xc ,  the  ou tpu t  o f  the  de tec to r  i s  a  max imum i f  the  s igna l  i s  
an even funct ion or  a  min imum i f  i t  is  an odd funct ion.  

It also can be shown that the signal-to-noise ratio at the location 
wi th  maximum z(x) |  is ' /2VES/N0 where Es and N0 are the total 
energy of the signal f(x) and power spectral  density of the stat ion 
ary whi te noise n(x) ,  respect ively.  

One  advan tage  o f  the  adap t i ve  matched  f i l t e r  i s  tha t  hav ing  
complete information about the signal is not necessary to detect it. 
T h a t  i s ,  o n e  d o e s n ' t  n e e d  t o  k n o w  t h e  e x a c t  w a v e f o r m  o f  t h e  
s igna l ,  jus t  i ts  approx imate length  and that  i t  i s  an even or  odd 

y(x) Envelope 
Detector 

t(x) 

Fig. that Matched fi l ter block diagram for detecting signals that 
are  even or  odd funct ions.  
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9o(x';x,)  

9e(x';x,)  

9(x';x3) 

9o(x';x3) 

9e(x';x3) 

h-w-H 
Fig .  3 .  Examples  o f  a  func t ion  de tec ted  over  an  in te rva l  w ,  
cen te red  a t  a  va lue  xn  and separa ted  in to  i t s  even and odd 
components .  

funct ion is suf f ic ient .  This makes an adapt ive matched f i l ter  very 
a t t rac t i ve  fo r  f i nd ing  f i duc ia l  marks  in  an  e lec t ron  beam l i thog  
raphy system. As the electron beam scans across a l ine or an arm, 
the  wave fo rms  o f  t he  de tec ted  backsca t te red  e lec t ron  s igna ls  
a lways  va ry  because  o f  va ry ing  res i s t  t h i ckness  and  con t ras t  
be tween the  marks  and  the  subs t ra te .  However ,  the  s igna ls  re  
main e i ther  even or  odd funct ions,  and s ince only the centers of  
t h e  f i d u c i a l  m a r k  a r m s  n e e d  t o  b e  d e t e r m i n e d ,  a n  a d a p t i v e  
matched f i l te r  is  obv ious ly  a  good techn ique to  detec t  them.  

Another favorable property of  the adapt ive matched f i l ter  is  i ts  
processing speed.  Since the in tegrand f (x-x ' )  f (x- t -x ' )  is  a lso an 
even funct ion, one can take advantage of this by integrat ing over 
one half the interval and doubling the result. This further increases 
the  process ing speed.  

Digital  Approach 
B e c a u s e  d i g i t a l  s y s t e m s  a r e  m o r e  e a s i l y  i m p l e m e n t e d  a n d  

con t ro l led ,  a  d isc re te  vers ion  o f  the  above ana lys is  was  done.  
Br ie f l y ,  equat ion  (1 )  can be rea l ized by  app ly ing  d iscre te  input  
samp les  y [ i ]  t o  a  d i g i t a l  f i l t e r  whose  impu l se  response  a t  i  i s  
y[ i+ j ]  for  -K/2=sj=sK/2 where K is the window of  the f i l ter  (d ig i ta l  
equivalent  of  w).  The responses are then summed and averaged 
and the resul t ing output  is  

To have a  normal ized measurement  o f  the output ,  the fo l lowing 
mod i f ied  de tec to r  was  in t roduced where  E [ i ]  i s  the  energy  and  
A(y [i]) is the mean value of y [j] for i-K/2=Â£j=si+K/2, respectively. 

K  2  K , 2  

w h e r e  E [ i ]  =  ^  y [ i + j ] 2  a n d  A ( y [ i ] )  =  1 / K  ^  y [ i + j ]  
| = - K 2  j = - K / 2  

Therefore, when i = ic, r[ i ]  is maximum for an even function signal 
and minimum for  an odd funct ion s ignal .  Also,  because the abso 
lute value of r[ i ]  should be less than or equal to one for all i ,  i t  can 
be used as a  good measure o f  output  re l iab i l i ty .  

Th i s  app roach  has  cons ide rab le  f l ex i b i l i t y  because  va r i ous  
parameters,  such as K,  can be var ied to adapt  to  d i f ferent  s i tua 
t ions. For example, i f  the ini t ial  est imate of the f iducial  mark loca 
t ion is inaccurate, the search can be easi ly broadened by increas 
ing K. Then, when the mark is found, a more accurate estimation of 
i ts  locat ion can be made and the value of  K can be decreased.  

Results 
Two se ts  o f  rea l  da ta  a re  shown in  F ig .  4 .  There  i s  an  even  

f u n c t i o n  s i g n a l  a n d  a n  o d d  f u n c t i o n  s i g n a l  e m b e d d e d  i n  t h e  
waveforms of  F ig .  4a and F ig .  4b,  respect ive ly .  The correspond 
ing outputs of  the adapt ive d ig i ta l  f i l ter  system are shown below 
each 4a waveform. I t  is  c lear that the maximum output of  Fig.  4a 
and  the  m in imum ou tpu t  o f  F ig .  4b  i nd i ca te  the  cen te rs  o f  t he  
respect ive  even and odd s igna ls .  

F ig .  5  shows th ree  se ts  o f  rea l  da ta  con ta in ing  odd- func t ion  
s ignals as a funct ion of  increasing resist  th ickness over the f idu 
c ia l  mark .  Desp i te  the increased th ickness,  the min imum of  the 
output  s t i l l  indicates the center  of  the mark.  

(a) 

Even Function 

(b) 

Odd Function 

F ig .  4 .  De tec t i on  o f  ac tua l  even  
( a )  a n d  o d d  ( b )  f u n c t i o n  s i g n a l s  
embedded  i n  r andom no i se .  The  
c o r r e s p o n d i n g  d e t e c t o r  o u t p u t  
z [ l ] i n  ( a )  i s  m a x i m u m  a t  t h e  c e n  
ter  o f  the funct ion and in  (b)  is  a t  
a minimum. 
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Fig.  5.  Detect ion of  an actual  odd 
funct ion s ignal  as the th ickness of  
t he  res i s t  l a ye r  ove r  t he  f i duc ia l  
m a r k  i s  i n c r e a s e d  f r o m  a  t h i n  
layer (a)  to a th ick layer (c) .  
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