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ABSTRACT

This paper describes the designing and building of a
feedback controlied Reticle Maker for the VLSI industry.
The machine is based on an innovative design of an XY
photo plotter which utilizes flexures and linear motors as
a means to raster scan a photographic plate. The accuracy
of the machine is based on Laser Interferometery and
feedback control.



CHAPTER I : INTRODUCTION
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Suppose we took two metal plates and suspended them on some springy
contraption such that each plate would swing independantly back and forth
along a straight line as in figure 1.1 .

figure 1.1 : Two independantly suspended plates with perpendicular
axes of motion.

Each plate bhas an actuator, in the form of a linear motor. Applying
current to the motor will set the plate into motion, the pattern of which
will depend on the physicail characteristics of the plate and springs and
on the input function. Spccifically, if we apply a sinusoidal input to
the motor, the plate will start oscillating back and forth.

If we oscillate the plates at different frequencies, such that one
oscillates in a very high frequency relative to the other, then each point
on one plate effectively raster scans the entire other plate.

If we mount a light pen with a very narrow beam in the center of the
bottom plate and draw a grid on the top plate and then force the plates to
oscillate as previously described, the light pen would trace a pattern on
the top plate as in figure 1.2 :
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figure 1.2 : A raster scan of a grid. this pattern is generated
when the grid swings in the X direction and the light pen advances
slowly in the Y direction.
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Now suppose we add a mcasurement device to our system. This device
will give a real time measurement of the relative position of the two
plates. I1f we replace the grid on the top plate with a piece of film and
modulate the light pen by some logic coupled with the measurement device,
then we can expose any pattern on the fiim, at will.

The most simple way to expose a picture would be to store the pixel
image as a two dimensional array in the memory of a computer. The
relative position of the plates, measured by our measurement device, is
fod to the computer as X-Y coordinates and is used to fetch the
corresponding pixel from memory. The computer can then decide on the
modulation state of the light open - on, off or anywhere in between,
depending on the value of the pixel.

If we select a laser interferometer system as the measurement device,
we gain extreme accuracy of mecasurement, way into the submicron range.
The Laser Interferometer System has two more attractive properties : since
the "measuring lLape” is a beam ol Tighti, Lhe inlerference ufl mechanics dnd
measurement is kept down to practicaily =zero. Also, a Laser
Interferometer System is perfect for relative position measurements.

If our mechanics are truly springy and flexible, then the motion of
the plates will be very smooth, free of bearing noise and backlash.
Furthermore, we may use the Laser Interferometer System to enhance the
accuracy of motion of the plates. By coatinuocusly comparing the actua?l
position of the plates to the desired position, we can generate an error
signal for use in a fTeedback loop to the linear motors.

A good application for such an accurate machine would be the making of
reticles for the VLSI industry. A reticle is a magnified version of an
actual silicon mask, where a magnification of 10X is common. In the
current silicon technology the minimum width of a wire is about 5 micron,
so for a magnification of 10X, the minimum feature size on film is 50
micron.

The film used for making reticles is a square glass plate, 10 cm on a
side. If wo divide the film into 10,000 grid lines per side, then our
image will contain 10*%*8 pixels. Each pixel will be 10 microns square and
correspond to an actual silicon area of 1 micron square.



1.2 Implementation

Implementing a machine as previously described incorporates four major
tasks :

(1) Devising a viable mechanical design. The important requirements
for such a design are stability and smoothness of motion. The
accuracy of the mechanics 1is secondary, since we are hoping to
achieve accuracy by employing feedback control. The mechanical
design should also provide for coupling the machine with a
Laser Interferometer System.

(2) Designing a laser interferometer measurement device. This is the
heart of the system. The final accuracy specification of the
machine will be strongly related to the measurement error of the
Laser Interferometer System. Here too we require stability of the
Laser Interferometer System.

(3) Designing an exposure unit . The requirements for the exposure
unit performence include a spot size of one pixel and speed of
modulation and 1light 1intensity which are compatiblie with the
speeds of operation.

(4) Implementing feedback control for the system. If we require that
our mechanics be simple enough to be treated by a mathematical
model, preferably as a second arder system, then our chances of
contolling the machine improve.

At Caltech we have set out to design and build such a machine, which
we call Flexigraph.

The Laser Interferometer System 1is based on a HP 5501-A laser
transducer system. It employes a Helium-Neon laser with )\ =6329 Angstrem

It has a resolution of approximatly 50 Angstrem and a measurement error
of 0.5 ppm.

The amplifiers .in the servo loop are KEPCO bipolar operational power
supplies model 36-5 M. This device has a frequency response of 20 kHz, and
ripple and noise which are less than 0.01% of the maximum output.

The computer used to control the Flexigraph dis a PDP 11/34 with
hardware muitiply/divide and a floating point processor. The controllers
run as stand alone code at a 10 KHz rate. The computer 1s also equiped
with an ANALOGIC ANDS~5400 data acquisition system. This system has 12
pit D/A conwerters with accuracy and noise of 0.01% and a 10 micro second
settling time for 1/2 LSB.

A1l Laser Interferometer System components were produced by milling
aluminum 6061 on a computer controlled milling machine which 1is accurate
to 0.005". The plane mirrors in particular were milled out of 1" square
aluminum 6061 bars. The reflective surfaces of the mirrors were produced
by a replication coating technique which guarantees flatness, over the
entire 7" mirror, of better than one wave length of red light which eguals
0.6 of a micraon.
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In comparison with the state of the art equipment, described above,
the mechanics of the Flexigraph on the other hand, are very crude. In
fact, the Flexigraph can best be described as simply a contraption of
welded pieces of steel tubing. As will be shown 1in chapter III, the

accuracy of the mechanics has little to do with the final accuracy of the
machine.



1.3 Specification

- - " -

The Flexigraph prototype built at Caltech conforms to the fellowing

specifications :
MEASUREMENT ERROR :
DEFORMATION ERROR :
RESOLUTION :
SERVO LOOP RATE :
MOTION DEVIATION :

MAINTENANCE :

1 part in 10%x5,

3*10**-5 radian ( 6 seconds of arc).

5%10**-2 micron ( 5%10**-8 of a meter).

10 kHz.

2 to 10 microns (0.2 to 1.0 micron on silicon).
The Flexigraph prtotype hés been 1in existance for
over half a year, and though it has been

appreciably abused, realignment - or readjustment
were not found necessary.

The remainder of this paper details each of the major implementation
tasks enumerated above and discusses results obtained when testing the

prototype machine.

Chapter II describes the mechanical design of the Flexigraph.

Chapter III describes the Laser Interferometer System and gives an
analysis of the measurement error.

Chapter IV describes the exposure unit.

Chapter V describes the feedback control.



1.4 Related Documentation

A1l documentation pertaining to the Flexigraph has been published as
internal working papers at Caltech. These documents are in the Display
Files of the Computer Science Department and may be found under files
1480, 1482, 1561, 1617, 1973, 3515.
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CHAPTER II : THE MECHANICAL SYSTEM
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The basic concepts of motion of the Flexigraph are best illustrated
by the following top view drawing :
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figure 2.1 : A top view of a carrier plate suspended on four major
- flexures. The plate can swing back and forth in the Y direction.

A bridge 1ike structure is suspended on four major flexures at (1),
which in turn are suspended on four legs at their other edge at (2). The
legs extend downwards and attach to a frame supported by the floor.

Each flexure has two vertical grooves milled in it as demonstrated in
figure 2.5. These grooves serve as pivots when the flexure 1is bent

sideways. The location of these grooves is denoted in figure 2.1 by small
triangles.

The bridge is not rigid, but rather consists of two tuning forks
clamped back to back, thus creating a carrier plate at the center of the

structure. The arms of the tuning forks serve as minor flexures which can
bend outwards or inwards.

If we try moving the bridge in figure 2.1 in the Y direction, the four
major flexures will bend and their inner edges, that is the edges to which
the bridge is attached, will move along an arc as seen in figure 2.2
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figure 2.2 : The arced path described by the major flexures as
they swing. Note the increased distance between the flexures as
they swing away from the resting position.
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When the bridge moves 1in the Y direction, the distance between the
adgos of each major flexure pair increases, due to the arce in which they
travel. To accomodate this increased distance, the arms of the tuning
forks must bend outwards, thereby generating an inward retaining force.
This force adds to the retaining force of the major flexures, with the net
result being a spring like action which tends to center the bridge.

The geometry of the Flexigraph when the bridge is displaced from its
resting position is illustrated in figure 2.3.
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figure 2.3 : The geometry of the flexigraph when displaced from

the resting position.

Most importantiy. due to +the symetric layout of the mechanics, the
center of the bridge travels along a straight line.

The combined retaining force . is non linear. This can easily be seen
from the following analysis:.

Munor ¥ lexure ~\/ g

figure 2.4 : Analysis of the flexigraph retaining force.
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The tuning fork exerts a force perpendicular to the minor flexures.
The component of this force which adds to the retaining force is
Fxsin(a+b). In other words, the further the system is from its resting
point, a+b becomes larger and a greater percentege of the force 1in the
minor flexure 1is converted into a retaining force. Moreover, the minor
flexure force itself is proportional to the square of the displacement of
the bridge because the fork 1is deflected by the amount by which the
circular swing of the major flexure differs from a straight line.

Putting all this together, the main retaining force on the moving
bridge is proportional to the cube of the bridge displacement.

The effect of this non linearity proves to be advantageous, since the
force is negligible in the vicinity of the resting position, but will
serve as "bumper" at the end of the bridge journey.
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2.2 Flexure Analysis

Imagine a flexible hinge as shown in figure 2.5. This is a drawing of
a major flexure made of aluminum sheet. 7To get 1long fatigue 1life from
aluminum, the stress within the flexure should not exceed 7000 PSI. Youngs
modulus for aluminum is 10,000,000 PSI. Thus the maximum tolerable strain
is 7000/10**8 = 0.001 .

Consequently, 1if we restrict the deformation of the flexure down to
one part in 1000, we can expect a reasonable fatigue life. A deformation
of 1 : 1000 also establishes the minimum permissible L/T ratio for a given
deflection angle 8. When the flexure is curved, its outer cord is Jlonger
than its 1inner cord by T#%8 and the strain 18 § = (T*8)/2L . The Tactor of
two comes in because the outer cord lengthens and the inner cord shortens.
Thus for a flexure of approximatly 50 cm and a film of 10 cm, the bend
will be 5/50 = 10% or © = 0.1 radian which is about 6 degrees. We must
therfore have L/T = 0/(2*S) = 0.1/{2*10%xx-3) = 50:1.
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figure 2.5 : analysis of a bending tlexure. Note the groove in
the flexure which serves as a pivot.

Now 1let us consider twisting of the flexure, as seen in figure 2.6.
When the flexure is bent, it will undergo twisting to support the weight
of the moving structure. In fact, the torque will be the weight supported
times the maximum deflection distance of the center of the bridge.

The torque provided by an incremental flexure dX, is proportional to
X*%2 because parts of the flexure farther from its center are deflected
farther and thus not only provide more force but also have a greater
moment arm. The total torque developed is the integral of the incremental

torques : twfy -

w/2
Which 1is proportinal {fo W*x3 | Thus, by making the flexures wide
enough we can achieve any desired stiffness. .
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figure 2.6 : Analysis of a twisting flexure. the twisting is due
ta the moment generated by the mass af the displaced hridge.
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2.3 Z Axis A]1gnment

- . o~ . -

The torsional force in the flexure may cause dipping of the bridge as
it travels, thus causing Z axis misalignments. There is a neat solution
to this problem. If the flexures are clamped to the frame at an angle to
the floor, as illustrated in figure 2.7, then the plane of motion of the
flexures 1is also at an angle to the floor. This means that as the bridge
is deflected from its rest position, the flexures tend to "climb up", thus
compensating for torsional dipping of the bridge. ’

Lej | o ﬁrp;;fg':f.a/ﬂ'-MfIQg I‘! L-—eg
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figure 2.7 : When the flexures are tilted to the floor, the bridge
will ¢limb up as it is deflected from the resting position.
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2.4 Momentum Conservation
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When the bridge 1is set into motion, momentum conservation applies.
This means that whenever the bridge moves in one direction, the frame will
tend to move in the opposite direction 1in order to to maintain zero
momentum for the system as a whoele. In order to isolate the frame from
this unwanted motion, a secondary contraption is added to the system. It
is clamped to the flexures as illustrated in figure 2.8 :
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figure 2.8 : The modified version of the flexigraph with an added
contraption to balance the momentum,.

The major change to the original bridge is that the flexure is no
longer clampped to the leg of the frame at its end, but rather somewhere
in the middle of the flexure, Each flexure has now become a double
flexure. When the bridge moves 1in one direction, the secondary
contraption moves in the opposite direction to balance the momentum. This
is because the linear motor is attached to the bridge at one end and to
the secondary contraption at the other end. ’

If the ratio of lengths of the two parts of the flexure, shown as b/a
in figure 2.8, is set to be equal to the ratio of the bridge mass to the
secondary contraption mass, then the clamping points of the legs remain
stationary while the other parts are moving, and the frame 1is virtuaily
isolated from the motion. We can control the length ratio by moving the
clamping point of the leg, or we can vary the mass ratio by adding weight
to either of the two parts.

This design change also provides an elegant solution as to where the
tinear motors are positiond. As can be seen in figure 2.8, the permanent
magnet of the linar motor is attached to the secondary contraption, while
the coil is attached to the center of the bridge.

One more point to notice 1is that the argument regardind Z axis
alignment, which has been prescnted earlier, does not apply to a balanced
system as described above. However, a balanced system seems to be a more
important goal than the ability to correct Z axis misalignments by tilting
the flexures.
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2.5 Flexigraph Setup
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By taking two units as described previously, and mounting them one
above the other and perpendicular to each other, we obtain a system with
two perpendicular axes of motion. The two units are mounted on the same
frame, but if the momentum balancing alignment is performed carefully, the
frame should be isolated from vibrations deriving f rom the motion of
either axis.

The Laser Interferometer System and exposure unit components are
mounted on the carrier plates of the two bridges. The bottom carrier
plate houses the laser interferometers and the light pen. The top carrier
plate houses the retroflector mirrors and the film plate. The advantage
of this setup 1is that the laser interferometer system will measure the
relative position of the two bridges. In other words, regardless of any
particular motion pattern, the laser interferometer system will measure
the position of the exposure point relative to the film.
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2.6 Summary

1)

2)

3)

4)

The proposed mechanical design provides for:

An oscillatory motion along a straight line. The motion is very
smooth and free of bearing noise and backlash.

A retaining force which dincreases rapidly when the bridge
approches its end of travel.

Decoupling of the frame from vibrations generated by bridge
motion.

A relatively simple way to compensate for Z axis misalignments.
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CHAPTER III : THE MEASUREMENT SYSTEM
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figure 3.1 : A top view of the measurement system.
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figure 3.2 : A side view of the measurement system and the
exposture unit.

OPTICAL AXIS : The vertical line describing the center of the 1ight source
beam.

EXPOSURE POINT : The point on the Tr1lm plane where the opt1cal"ax1s
intersects it. Note that this point is subject to the relative motion of
the bridges.
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CENTER OF FILM : The -exposure point when all flexures are at their rest
position.

FILM PLANE : Plane of film surface.

MOTION AXES : The geometric lines describing the motion of the X bridge
and Y bridge. :

MOTION PLANE : The plane which passes through center of film and is

parallel to both the motion axes. In other words, the motion plane
describes the motion of center of film.

MIRROR AXES : The geometric lines normal to the mirror surfaces.

MIRROR PLANE : The plane which passes through center of film and is
parallel to both the mirror axes. :

LASER AXES : The geometric lines describing the segments of laser beam
from the interTerometer to the mirrors.

LASER PLANE : The plane which passes through center of film and is
parallel to both the laser axes. . .
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3.2 Ideal Alignment

Under conditions of ideal alignment, the following statements hold
true :

1) The film plane, motion plane, mirror plane and laser plane, all
exist and coincide.

2) The mirror axes are perpendicular to each other.

3) The 1laser axes are respectively perpendicular to the mirror
surfaces.

4) The laser axes intersect at the exposure point.

Misalignments may be internal to the measurement system, as when some
components are permanently displaced from their ideal position, or may be
due to external forces rising from non linearity in the motion of the
bridges. Not all misalignments will introduce errors. For example, if
~the four planes do not coincide but are still parallel, no error will
result.

Comments Follow concerning those major types of misalignments which do
introduce errors. To make our analysis systematic, we shall cover all
degrees of freedom of all system components, and thus examine all possible
misalignments. :
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3.3 Motion Misalignments

The first observation we are to make is that the horizontal alignment
of the motion axes, relative to the other components, is irrelevant to the
measurement.

; Ymv'*ton ’

: qf Py '-ﬁz | |
X /450‘-_-—-) S ' ' o X lmo'hon
. S o | .
~° |

5
|
R | o
oy Jaser o . | ;

figure 3.3 : Analysis of motion misalignments.

We illustrate this point by applying some arbitrary motion vectors, X
motion, Y motion and noting that the exposure point has moved from Pl to
P2. The Laser Interferometer System can be regarded as an analog computer,
which performs a vectorial sum of the motion vectors and transforms this
vectorial sum to the mirror coordinate system. Since only the vectorial
sum is relevant, the Laser Interferometer System will measure correctly
regardless of the alignment of the motion axes.

The same argument may be extended to deal with the case of bridge
motion which does not follow a straight Tine. As 1long as there 1is no
relative rotation between the wmirrors and the laser axes, our analog
computer model holds.

However, two types of errors may result from non linear bridge motion.
First, if the motion deviation is along the Z axis, this will cause the
distance from the light source to the film to change, thus affecting depth
of focus. :

The second type of error will occur if there is relative rotation
between the bridges while in motion. Any such rotation will change the
angle between the laser axes and the mirror axes. The resulting error is
the same as for the case of laser-mirror and/or laser-optics misalignments
and will be discussed below when examining these components.
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3.4 Film Misalighments

We shall start with the case of the film not being parallel to the
laser plane as shown in figure 3.4 :
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figure 3.4 : Side view of a system with the film plane not
parallel to the measurement plane.

This has two effects : If the film plane is not paraliel to the motion
plane, then the depth of focus will be affected. This misalignment will
not be treated in the current analysis. The second effect is a cosine
error resulting from the fact that the measured distance and true distance
do not coincide, as illustrated by figure 3.5 :
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figure 3.5 : A cosine error resulting from film plane and laser
plane not being paralilel.
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Since X-measured = X-true * C0S(a) , the image will be scaled up by
1/C0S{a) along the X-axis. To deal with cosine errors, we shall use the
following approximation :

x= I+3
Tigure 3.6
Hence : .

x*= 1+ €F => (1)
(1+¥)= 1+ €2 = ()
l+2%+ %= |+ &F (3)

If we set 3-:. A g* j;hen (3) becomes :
|+ E*+ 4t = |+ E + Errer = (4)
Evror = &% (5)

Since £ <K1  then 174€7 s certainly negligible and therefore
X = 141/2€* is a reasonable approximation. In other words, a displacement
of & causes an error of 1/2§8%.

To evaluate & we should first set an accuracy standard. We shall
require that the total error across the entire film (100 mm) is less than
one tenth of a pixel (1 micron) : .

L= 107 107 = 1077 (6
Our alignment specification, in terms of & , becomes :
Error<S = hLekd=> €< s1072 (1)

Returning to our film misalignment, this means that if the ratio of
height deviation to film size is better than 1/200, the cosine error is
negligible. On 100 mm film, we can tolerate deviations of up to 1/2 mm.
Considering the film plate is flat to within 28 microns and the plate
holder s milled to an accuracy of 0.005 inch, the 1/2 mm reguirement is
easy to meet. :

We note that the previous analysis applies to rotations of the film
around the X or Y axes. N
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Rotation around Z axis will merely displace the image on the film. Ve
note hawever that X,Y or 7 ratations hehave differently when due tno
dynamic non linearities. For one thing, they involve mirror rotations as
well, since the film and mirrors are rigidly connected. In any case,
these errors are treated later on.

Translations of the film in the XY plane are the natural motions of
the system and produce no errors- errors are due to how we measure, not
what we measure. Translations in the Z axis are not treated here.
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3.%5 Laser Misalignments

- - - - - -

There are two classes of laser misalignment : the first class contains
severe misalignments resulting in the deflection of the returned laser
beam to such a degree, that it misses (or nearly misses) the detector. If
detection is broken, The Laser Interferometer System stops the measurement
automatically and reports the problem.

The second class 1involives all misalignments which do not interfere
with continuous detection. We shall be dealing with this class only.

The laser axes may be misaligned relative to the mirror axes, and/or
the optical axes. In the former case, we again find the already familiar
cosine error, in one of the forms illustrated by figure 3.7 :

S A"KM"'/”’}_"

figure 3.7 : Various laser misalignments relative to the mirrors.

Again we require&<= 5*%10%*-3 = 1/200 . We note that the deviation
angle a between the laser plane and the mirror plane also determines the
deflection of the returned beam relative to the detector. Therefore, the
distances traveled by the X and Y taser beam being 50 cm and 100 cm
respectively, the deflections may be calculated by distance*t, Which
yvields 0.25 cm and 0.5 cm. Since the beam diameter is 0.7 cm we have a
situation as in figure 3.8 :
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figure 3.8 : A deflected laser beam as seen by the detector.
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Concentrating on the right part of figure 3.8, we notice it is on the
verge of detection being broken, since the detector must recieve at least
20% of the original bean. We assert then that by virtue of having a
continuous detection, the cosine error resulting from Jlaser-mirror
misalignment 1is negligible.

A different kind of Tlaser misalignment (Abbe offset) may be found
relative to the optical axis as demonstrated by figure 3.9 :
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Tiyure 3.9 : Misaliynment of exposure point relative to Taser origin.

As Jong as there is no relative rotation, this misalignment may only
cause an origin shift. But once rotation is introduced, the situation is
complicated as seen in figure 3.10 :
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figure 3.10 : Analysis of Abbe offseﬁ.

When there 1is a relative rotation of 8, the exposure point moves on
the film from No to N, and the laser origin moves from Mo to M. We can
regard this rotation around an arbitrary point as though the origin has
been translated from Mo to M, and rotation has occured around the origin.
Now if the exposure point does not coincide with the laser origin, it will
be deflected on the film along an arc around the origin and this
deflection will not be accounted for by the Laser Interferometer System :

osvre pbm?l dbes ot comcde



figure 3.11 : Analysis of Abbe offset.

If. the distance between the Taser origin and the exposure point is D,

then the deflection equals D*@ . Let us examine ©. Rotation of the
bridges during motion may result from a sudden "jump® ar from mechanical
jnaccuracies. Jumps will tend to spend most their energy on X-Y

translations which are unrestrained. Their contribution to rotation will
be small due to the rigidity of the bridge-frame connection. Mechanical
inaccuracies, especially those due to flexures of unequal length, will
rotate the bridge as seen in figure 3.12 :
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figure 3.12 : Unequal flexures will cause the center of the bridge
to be deflected by an angle of X .
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When the flexures are bent to angles &1 and 2 , the center of the
bridge 1is deflected from G to F , due to X1 being unequal to X2 :

X, = R,(l—-COSGl) X;_*'-'-RZC/ “COE;@,_) (8)

£z (-%)/2 = (R, (1-cocs,) - Ry(I=o56))o)

Now Ot = d1/Rt = (1/2 film size)/R1
such angles we might as well take 01 = 62 .

5 cm/50 cm = 1/10 radian. for
@, and (9) becomes :

£= (R=Ry) (I-C0s®) /2 (10)

The angle & is determined by : o = 2*E/L where L is the bridge length,
L = 100 cm therefore :

: -5
= (Ri=R2) (I~ 945) /10> = (Ri-R)5™ 10 (11)

Even if we take R1-R2 to be as big as 1 cm, X will be as small as
5*%10**-5 radians ! Returning to our misaligned exposure point, we get :

Error = D¥d = p= 10 /50w05=2 cp (12)

It seems we need not be too concerned about unequal flexures.
However, rotation of the bridge can also be caused by unequal spring
constants in the arms of the tuning forks, as demonstrated by the
following figure :

é/f““;“~“‘ Cﬁrmer Fb*e R .
Mingy F/e»ure\

MaJO r 'F/CXUV‘e

figure 3.12.1 : Unequal spring constants in the arms of the tuning
fork will cause bridge rotation. The system on the left has equal
spring constants while the system on the right has K1 > K2.
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Now the deflection angle ¢ is given by :
A= (Pa-P1) /2 (13)
In the worst case, K1 >> K2 and hence 01 >>» 02. Applynig this to (13)
we get :
A= ¢,,/2. = ¢ = d/L = R(/*COSO)/L, = (14)
A= SOcm (I=95)/50 cm = 0005 ragian (15)

assignig this value of worst case o into (12) we get :

b= 10"% /503 = 02 mm (16)
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3.6 Mirror Misalignments

Rotations of the mirrors around X,Y or Z axes will cause cosine errors
dependent on the angle of rotation. As we have seen 1in the previous
section, this angle is extremely small. Unsurprisingly, translations in
X,Y and Z introduce no errors. Nevertheless, it 1is the mirrors which
introduce the most severe error in the system. This happens when the
mirrors are not perpendicular to each other, as in figure 3.13 :

N,

* Y 10§S€v#
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figure 3.13 : Deformed geometry caused by non perpendicular mirrors.

This will cause the geometry on the film to be deformed such that
rectangles will appear as parallelograms. The problem is, we are faced
with a sine error, since maximum deviation equals (film size)*SIN(a).
Because for small angles SIN(a) = a, the error is no longer negliqible~ a
deviation of & causes an error ' offand not 1/2E%*2 as was the case for a
cosine error. In other words, in order to keep our standards :

g > Error =5 S>» &=c = o< /O~Sfacl/o\n (13)

" This means the mirrors should.be aligned to within 10**-5 radian which
is about 2 seconds of arc.
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3.7 Variable Cosine Errors

- . on = v e e

Cosine errors scale the image up or down, depending on the specifics
of the misalignment. When cosine errors are constant, due to permanent
misalignment, the scaling is constant, all proportions are preserved and
unless we measure the dimensions of the 1image, we will notice no
deformation.

However, when & cosine error is a result of a dynamic misalignment,
such as rotation during motion, the angle of deviation will most likely be
a function of X and Y. as a result, distinct regions of the image will be
scaled differently, and non linear deformations will be found.

Suppose the bridge dips as it travels. Looking at it from the side we
could see :

Bl SRR - ;

figure 3.14 : Dipping of film as a result of non Tinear bridge motion.

This is an exaggerated diagram. The center of film is actually
Timited to move only between the two small arrows. Such a Jjourney would
result in a true grid appearing on fiim as one of the following :
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figure 3.15 : A true grid subject to a variable cosine error.
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A different kind of deformation may be found as a result of a sudden

Jump, caused by backlash in the system. Suppose a bridge, when seen from
above, performs such a jump :

figure 3.16

Since the mirrors are rigidly connected, a scaling of both axes will
occure between Yo and Y1, and a true grid will appear on film as seen in
figure 3.17 : c .

Yo - R  Bridge gunp

figure 3.17 : A rovation of the fiim between Yo and Yi.
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A similar deformation will be found if the light source suddenly
drifts, resulting in an unaccounted for motion of the exposure point, as
seen in figure 3.18 :

{ﬂ"t Seurce
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figure 3.18 : An image shearing effect caused by light source drift.

The difference between the last two cases is that for a light pen
drift the scaling is the same on both sides of the deformation region-
only an image shearing effect is found. :

The deformations appearing in figures 3.15-3.18 1look quite
discouraging. The drawings themselvs have in fact been quite exaggerated.
In reality, our 10**-5 accuracy standard guarantees a maximum deformation,
across the entire film, of less than 1 micron. In other words, the
measurement error of the Laser Interferometer System is on Lhe order of 1
part in 10%x5,
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3.8 Summary Of Errors

We have seen three types of errors :

COSINE ERROR : Due to permanent or transient misalignments. The permanent
cosine error is Timited to 1 micron over the entire film by virtue of
having continuous detection. The transient cosine error is much smaller
than the permanent one, since the angle of rotation of the bridge is
Timited by the geomtry and rigidity of the machine. Permanent cosine
errors will cause image scaling, while transient cosine errors will cause
image deformation as well.

SINE ERROR : Due to mirrors not being perpendicular to each other. This
error will cause geometry deformation. In order for this error to be less
than 1 micron over the entire film, the mirrors should be aligned to
within 2 seconds of arc.

~ABBE OFFSET : Due to the exposure point not coinciding with the laser
origin. If the distance between the two points is less than 0.2 mm, the
error is negligible.
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3.9 Alignment Routine Outlines

. - - -

Based on the error analysis presented in this chapter, the following
steps were taken to align the Flexigraph :

1) Using an optical bench, an autocollimator and two precision cube
corner references, the mirrors were aligned to be perpendicular to
each other. The alignment apperatus is diagrammed in figure 3.19.
The autocollimator and cube corners each have a specified accuracy
of 2 seconds of arc. .The axes deformation is therefore 6 seconds
of arc, or 3*10**-5 radian.

'»Cuée corners —, ) |
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figure 3.19 : Mirror alignment apperatus using an autocollimator
and two cube corners.

2) Using a distant wall as a target, all laser bed components (laser
head, beam splitter, beam bender) were aligned to produce two
parallel beams as illustrated by figure 3.20. The accuracy of
this alignment is 1 : 10,000 or 2*10**-4 radian. Note -that the
previous cosine error analysis requires an accuracy of 1 : 200
only. ‘
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figure 3.20 : Alignment of the laser bed to produce two paral]ei
beams.
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The hridges were aligned, leveled and balanced by mechanical means
to produce as smooth a motion as posible.

The plate holder was$ mounted on the Y bridge and the light source
support on the X bridge. Using a precision flat plate and a dial
indicator, the film plane was aligned to be parallel to the motion
plane.

The Jaser bed was mountied ovn the frame. Using autoreflection on
the X beam and passing through a height target with the Y bean,
the laser bed was aligned, as illustrated by figure 3.21 :

S - P — i

figure 3.21 : Alignment of laser bed relative to the mirrors.

IThe X interterometer was mounted and aligned using the HP target.

The Y interferometer has was mounted. Using the HP target we
aligned its height and by auto reflection we aligned its angle to
the wirror,
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CHAPTER IV : THE EXPOSURE UNIT

L L E L p e ———
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The exposure unit consists of a light pen and a film plate. The light
pen is mounted on the bottom carrier plate of the Flexigraph and the film
on the top plate. By oscillating the top plate and advancing the bottom
plate slowly, the light pen raster scans the film. There are 10,000 scan
lines over a film of 10 cm. Thus for an oscillation frequency of 1 Hz,
the exposure time for a 10 micron pixel is 10 micro seconds.

The requirements for the light source are therefore :
1) Spot size of 10 microns.
2) Exposure time of less than 10 micro seconds.
3) Modulation speed on the order of 1 micro second.
The requirements for the film are :
1) High resolution.
2) Flatness.
3) Cleanliness.

4) Film sensitivity which is compatible with the speed of operation of
the Flexigraph.

The film we chose to work with is KODAK high resolutin plate type 1-A.
The resolving power of this film is better than 2000 Yines per mm, or 20
Tines per pixel. The flatness of the plate is specified such that all
points on the giliass surtace beneath the emulsion 1ie between two parallel
planes separated by 28 microns. The plate also has an anti halating
backing and 1is ultrasonically cleaned prior to packaging. The spectral
sensitivity curve of the film is shown in figure 4.1,
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figuré 4.1 : Spectral sensitivity curve for type 1-A plates.

£,

Unfortunately the emulsion on these plates 1is extremely sSitow.
However, since these are the only commercialy available plates that
provide high resolution, flatness and cleanliness, it was decided to use
them despite the slow emulsion. .
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4.2 The Light Pen

It had been proposed to use an LED as the light pen of the Flexigraph,
the argument being that since a pixel is so small, the amount of Tlight
required to expose it must also be small. Therefore, provided the film is
sensitive cnough, an LED should do the job.

To verify this point we carried out a few experiments using a green
LED since the type 1-A plates are most sensitive to green light, as can be
seen from figure 4.1 . Incidently, the film is not sensitive at all to
the red light of the Helium-Neon laser.

The first experiment was to test the spot size produced by an LED when
focused through a microscope, as in the following set up :

’_-<--———-Focusmg Mlc:foSco,oe |

t::..:'_—:.:: <-—?7}/fe I-A ,o/afe

o—— loox  Microscope

1

3¥t

Gcfeeri [_ED“‘"‘*% L

figure 4.2 : An exposure experiment to determine the minimum spot
size which can be achieved by focusing an LED trough a microscope.

This experiment yielded spots of 40 micron on film. Since the set up
was very crude, it seems that 10 micron spots are easily obtainable.

The second experiment was to determine the exposure time required to
produce spots of adequate density. The set up for this experiment is
itlustrated in figure 4.3 : .
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figure 4.3 : An exposure experiment to determine minimum exposure
times for an LED using type 1-A plates.

Driving the LED with a 60 mA current, the minimum exposure time was
established at 5 seconds. Since this result is 5 orders of magnitude too
slow, we clearly face a problem.

We now have two possibilities :
1) Increasing the sensitivity of the plates.
2) Increasing the intensity of the Tight pen.

As mentioned previously, the type 1-A plates are the only plates of
this class which are commercialy available. It seems therefore that our
only resort is to find a stronger light source. Perhaps the best solution
is to use a green laser, since lasers arce compatible with the required
modulation speed, and can be designed to practically any intensity. Since
we were aware of ongoing commercial efforts to devolp a laser light source
for reticle making applications, it was decided not to develop a light
source for the Flexiyraph proluiype.



38

4.3 Summary

2)

3)

The film selected for the Flexigraph is the KODAK high resolution
plate type 1-A. These plates are commercialy available and fill
all requirements of resolution, flatness and cleanliness.
However, the emulsion of the plates is very slow.

Experimentation with LEDs proved that though we can achieve small
enough spots, the light intensity of an LED is insufficient and an
LED is incompatible with the speed of operation of the Flexigraph.

The probable best choice for a 1light source is a laser gun.
However, the Flexigraph prototype built at Caltech does not
contain such a light pen.
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5.1 Mathematical Model

B e e T

The Flexigraph is charcterized mechanically by the presence of inertia
(mass), stiffness and viscous damping {the major and minor flexures),
shown schematically in figure 5.1 : '

< p

FO BN 7

1 M B |
| pAcANZ

¢ v

figure 5.1 : Modeling of the flexigraph as a second order system.

By Newtons second law of motion :

F(t)s Fs@)= FI@E) = MYZ (1)
Since Fs = =KX and - Fd = -CV by assignment we get :
Fity= m$x + CH + Kx (2)

Systems described by such an equation are generally refered to as
Second Order Systems. A more convenient form of (2) 15 :

[ X] . — r R
X+ 23WaX + Wh X = Wi F&) SN
Where Wn = V K/M 1is the natural frequency, and E; is the damping

factor.

We can gain substantial mathematical insight into the behaviour of a
system by working with the transfer function of the system. The transfer
function is defined as the ratio of the Laplace transform of the output to
the Laplace transform of the input, with initial conditions equal to zero.
The Laplace transform of (3) is :

X(s) (8% + 23 WnS + Wh') = Wi FE) (4)

where X(s) 1is the Laplace transform of the output X(t) and F(s) is
the Laplace transform of the input F(t). The transfer function 1is by
definition : 2
C ey~ X&) W 5y
GE)= Fe) = Tstr2zwnSt wnt
We can write the output response of a system as:

X(s) = G(s) * F(s) (6)
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In other words, the output X(s) is dependant on the input F(s) and on
the physical characteristics of the system, lumped into G(s). In an ideal
system we would Tike X(s) to depend only on the tinput F(s) and keep the
machine interference G(s) to a minimum. The fact is that physical systems
do interfere with their surroundings and that in the real world G(s) never
reduces to the unity function.

G{s) 1is unique. For a given system, there is only one transfer
function. The question is, how do we arrive at G(s) *? Given that. the
input function F(t) is the impulse function d’} by definition F(s) = 1 .
Assigning into (6) we get : )

- Wn*
XE) = —SITIxwns 7 wn
In other words, we can hit the system with an impulse and record the
output response. This response is the transfer function.

(7)

The quadratic equation S°+2¥WnS+Wi'= 0 1s called the characteristic
eqution. It has two roots in the complex plane since S, introduced by the
Laplace transform, is a complex variable. By definition, these roots are
also the poles of the system. The location of the system poles 1in the
complex plane has a strong relationship with the transient time response
of the system.

The poles, being complex numbers, have a real part s and an imaginary
part jw. Moving a pole of a system along the real axis will change the
decay rate of the system response. The more negative s becomes, the
faster the decay rate. For s = 0 there is no decay, and positive real
parts are associated with unstable systems in which the output increases
without 1limit, as seen in figure 5.2. However, for second order systems,
the real parts of the roots are always negative, as can be seen in (8) .

S>o ~

s<<0 S<Ko

figure 5.2 : The decay rate as a function of s, the real part of a
system pole.

Moving a pole along the imaginary axis will change the frequency of
the system. For jw = 0 the (reguncy is zero and the system will not
oscillate. As Jjw changes from zero the frequency associated with the pole
increases . Poles always come in conjugate pairs, and figure 5.3 shows
the combined effect of the imaginary part of the pole on the system.
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figure 5 3 : The frequency as a function of Jw, the imaginary part
of a system pole.

For a second order system such as the Flexigraph, there are two poles
of the form:

P, Pp = -3 Wh ¥ deVl -3 (e)

The magnitude of the imaginary part of the poles is W=Wnli=¢% This
term is called the damped natural frequency of the system. It 1is the
frequency of the actual oscillations of the system.

For a given Wn, if 0<§ {1 then W# 0 and the system is under damped and
will oscillate. If 3 = 1 then W= 0 and the system is critically damped
and will not oscillate. if¥>1 then the system is over damped and will not
oscillate. Typical time responses of second order systems as a funct1on of'S
are illustrated in figure 5.4 :

figure 5.4 : Typical time responses of second order systems.
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A typical root locus plot for a second order system as a function of g
js presented here as figure 5.5 :
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figure 5.5 : Typical root lucus plots for second order systems.
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5.2 Charcterization Of The Flexigraph

- Y e ow . e A o e e A . -

How far 1is the Flexigraph from an ideal second order system ? A good
initial indication may be obtained by taking time response snap shots of
the system and comparing them to the model. It is easiest to apply an
impulse input to the system because when the forcing term F(t) is an
impuise, its Laplace transform 1is F(s)=1 and the transfer function
G(s)=X(s)/F(s) reduces to G(s)=X(s). '

The time response of the Flexigraph to an impulse input is shown in
plots 1,2 and 3. The dominant effect in plots 1 and 2 is an underdamped
second order system withof the order of 1 Hz. On it is superimposed a
second osciliation of about 5 Hz with a much smaller amplitude and a
damping factor which 1is close to zero. A blowup of this oscillation is
shown in plot 3.

The 5 Hz oscillation is obviously not part of the desired system. It
must be due to effects not accounted for by our model. - After some
experimentation with the Flexigraph, the source of this oscillation was
discovered. Whenever excited with a 5 Hz input the system would begin +to
shake wvigorously making it visually apparent that the legs of the frame
were the cause. It seems the true model for the Flexigraph 1is our
previous second order system, mounted on an inverted pendulum, as seen in
figure 5.6 : :
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figure 5.6 : Modeling the flexigraph as a second order system
mounted on an jinverted pendulum.

The 5 Hz oscillation appearing in the plots is the oscillation of the
pendulum, ‘

We are now dealing with a fourth order system. Mathematically this is
a very unattractive task and the approach adopted was therefore to try to
eliminate the pendulum effect. w
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5.3 Structure Changes

The structure of the legs was changed in order to cancel, or at least
dampen the legs' vibration. Dampers were added between each pair of
opposing legs, via an added support structure as drawn below :
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figure 8.7 : The support structure added to the flexigraph to
eliminate the leg vibration.

Rubber dampers were inserted at all point of connection between the
supports and the legs, denoted by (1) in figure §.7

The time response snaps were repeated, and are presented in plots
4,5 and 6.

Plot 4 shows the time response of the modified Flexigraph to two
different inputs- an impulse input and a step input. It is clear from the
piot that the situation has improved dramatically but the problem does
persist to some degree, as the blowups io plots 5 and 6 clearly show.

By comparing plots 3 and 5, while taking into account the difference
in scale, we can see that the amplitude of the vibration was reduced by a
factor of approximatly 6 and the rate of decay-increased by a factor of
approximatly 2. At the same time the frequency of the vibrations went up
from 5 Hz to approximatly 8 Hz.
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5.4 Error Signal

It has been previously shown that the output of a system X(s) is
dependant on G(s) and on F(s), the Laplace transform of the input F(t).
What will F(t) look like in the working enviranment af the Flexigraph ?

It was decided to operate the Flexigraph as a raster scan generator.
This means that one axis will be made to swing back and forth by applying
an oscillatory input signal dinto dts  Tincar motor. During cach
oscillation the film will sweep once across the exposure unit, thus
potentially exposing one grid line on the film. The second axis of the
Flexigraph is made to move very slowly in one direction, thus advancing
the exposure unit from one grid Tine to the next.

The frequency of the oscillating axis is Tlimited by the maximum
velocity allowed by the laser interferometer system which is 6 in/sec.
Since this comes out close to the natural frequncy of the Flexigraph, it
was decided to oscillate the system at a frequency of 1 Hz.

What kind of error signal will be produced by osci1lating one of the
Flexigraph axes ? The error is due to the motion axis and the measurement
axis not being aligned as shown in fig 5.8:

A

%, Measure ment o

,-‘j:&

figure 5.8 : Measurement and motion axes not perpendicular to each
other. o

When the film is swept hy a sinusnidal motion, the distance from the
mirror to the interferometer changes as seen in figure 5.9, and will aliso
follow a sinuscidal pattern.
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figure 5.9 : When the measurement: and motion axes are not
perpendicular a stationary interferometer will notice a changing
distance to a sweeping mirror.

This effect is best demonstrated by plot 7. As one axis swings with a

sweep of 20 mm, the error read from the perpendicular axis is approximatly
60 micron.
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5.5 Frequency Response

1 - -

Since we are dealing with an oscillatory error, it is important for us
to examine the frequency response of the Flexigraph. By applying a
sinusoidal input with a varying frequency to the linear motor, the
magnitude and phase shift of the output are recorded to produce a polar
representation of the frequency response, given in plot 8. This plot is
the frequency response of the flexigraph around the resting position, with
all flexures initially at zero deflection.

Typical plots for a second order system as a function of the damping
factor: are illustrated in figure 5.10 :

.
)
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figuré 5.10 : Typical time response plots for second order systems.

An  examination of ploL 8 reveals a natural frequency at 0.85 Hz. Its
presence is signaled by the bulge of the outline, representing a maximum
point on the magnitude scale. The difference in frequency from a natural
frequency of 1 Hz to 0.85 Hz is due to plots 1-6 being of the mechanical
system only, while the frequncy response in plot 8 being of the mechanical
system and linear motor as well.

In fact, the effect of the Tinear motors is clearly evident in the
damping they contribute to the system. If we simply short circuit the
motors and try to deflect the bridge by manually pushing it, a
considerable resistance is created by the coils. This damping can be seen
in plot 8 by the fact that the magnitude of the response at the natural
frequency point is only 2.0.

Somewhere between a frequency of 1.4 Hz and 2.0 Hz occurs the
breakoff point of 3 Db, recognized in plot 8 by a magnitude of 1less than
0.707. We "also notice that for frequencies above 3.0 Hz the phase shift
is practically 180 degrees and the magnitude is nill.

5

In fact, the results of this measurement are quite disappointing. Any
controlier built for the flexigraph will have to deal with fregquencies
higher than 3 Hz, and must therefore be capable to compensate for the low
magnitude and high phase shifts that  the flexigraph. exhibits at these
frequencies. :
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5.6 Closed Loop Experiments
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The most simple and obvious way to apply feedback control to a system
is by using a proportional controller as shown in block diagram in figure
5.11 :

o&fpuf‘}

Flexig mplj

figufe 5.11 : A block diagram of a proportional controller.

The reference input is constant, since we want a straight line, and
may be taken for convenience as zero. We are simply feeding the linear
motor with an amplified version of the error sinusoid.

The results of applying such a controller to the Flexigraph are shown
in plots 9,10 and 11.

Plot 9 shows an uncontrolled error signal (open 1loop) with an
amplitude of 40 micron. Superimposed on it is plotted the same signal
when the proportional controller is applied. We can see that the error
has been improved to slightly better than 50%.

In plot 11 we see the same controller with a higher gain. The open
Toop error signal in this case is 60 micron and it is reduced to approx 18
micron, an improvement of 70%.

The results obtained with a proportional controller were encouraging
enough to implement a proportional-derivative controller, as seen in block
diagram in Tigure 5.12 : ‘
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figure 5.12 : A block diagfam of a proportional-derivative controller.

The reference signal is again kept at zero and the linear motor is fed
with an amplified version of the positional error and the velocity error.
In this case we are penalizing the system Tor developing any velocity,
since the reference is zero.

The results obtained with this controller are shown in plot 11. For
an open loop error of GO0 micron, the controller has generated a  straight
Tine to within 5 microns. A closer look will reveal two more interesting
facts.

The first 1is that the Flexigraph has some instability, since the
closed loop error is better than 2 micron for the first four seconds of
operation and increases to about 5 microns thereafter. We may also note a
slow climb in the graph for the first few seconds. This is due to initial

conditions which are overcome slowly due to a large gain used for the
velocity error.

The second fact to note is that most of the remaining error is a
sinusoid of approximatly 10 Hz. It 1is obviously an occurance of leg
vibration. The fact that the frequency of the leg vibration is changing
all the time, from 5 Hz to 8 Hz and now to 10 Hz is not surprising, since
applying a contreller changes the system, and is very 1likly to shift any
of the natural frequencies. This effect 1is well demonstrated when
comparing plots 2, 4 and 10. These plots are all impulse responses of the
same system, but the difference in system parameters produces different
natural frequencies. :

Nevertheless the results are good. Even without enhancing stability,
a 5 micron error on film means a 0.5 micron error on silicon, since the
reticies are exposed at a magnification of 10X. Improving the stability
of the Flexigraph seems to promise reducing of the error to 0.2 micron on
silicon.

The results discussed so far were obtained for a limited film swecep of
approximatiy 20 mm. How will the Flexigraph behave if we try to expose
larger pieces of the film ? Plots 12,13 and 14 show results obtained for
a fiim sweep of 60 mm which is about 60% of the film size.
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In plot 12 we see an open loop error of 200 micron. Superimposed on
it is ploted the response of the proportional controller., The error has
been reduced by 50% to approximatily 100 micron.

Plots 13 and 14 show the proportional-derivative controller with
different gains for positional error. The 200 micron error has been
reduced to 10 micron on film, or 1 micron on silicon.

Plots 13 and 14 demonstrate again the instability found previously,
and it is more pronounced here. Also we again see the leg vibration this
time at 12 Hz, and observe = that it totally dominates the
proportional-derivative controller response. This vibration is also very
pronounced for the proportional controller and even for the open loop.



51
5.7 Response Improvement

At this point it 1is obvious that to improve the results of the
Flexigraph control to better than 5 micron (0.5 micron on silicon), we
should either try to eliminate the leg vibration, or to improve the
frequency response of the system. It is obviousl