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THERMALLY STABLE OPTICAL SENSOR MOUNT

BACKGROUND

The disclosure relates to a thermally stable optical sensor mount, such as
optical encoder head used to monitor changes in the relative position of a wafer stage
in a lithography tool based on an encoder scale.

A problem that is commonly encountered in the field of precision instrument
design is the requirement to mount or attach two bodies of different coefficients of
thermal expansion (CTE) in such a manner as to maintain the relative locations of the
two bodies in the face of temperature, and accompanying dimensional, changes. In
general, the mounting method has to accommodate the relative dimensional changes
between the two bodies to prevent distortions, and constrain the location of a point of
interest so as to prevent the motion of this point relative to a reference frame external
to the two bodies.

Figure 1 shows one possible arrangement of constraints 100 that satisfies the
above requirements. Expansion of a body 105 relative to a reference frame (e.g., a
mechanical reference frame) results in relative displacement between all parts of the
body and the reference frame, except for one point known as the thermal center (TC).
This point is located at the intersection of the lines that are perpendicular to the
constraint lines. The thermal center is significant in that this is the point at which the
probe (or tool) in an instrument is located so as to exploit the dimensional invariance
of this point to obtain the required thermal insensitivity.

Figure 2 shows constraint systems 200 that constrain one body relative to the
other have thermal centers defined by the geometry of their constraints. Two example
implementations of the kinematic mount are the Maxwell and Kelvin clamps, 210/215

and 250, respectively. The Maxwell clamp geometry 210/215 is often preferred over
1
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the Kelvin clamp 220 because the TC coincides with the center of the mount, ¢.g., in a
part of the mount that is unobstructed. Figure 3 shows modified Maxwell clamp
geometries 300°, 300” in contrast with the symmetric Maxwell clamp 300. The
location of the TC can be modified by changing the geometry of the constraints C2
and C3, e.g., the orientation of two of the V-grooves. These mounts rely on sliding at
the interfaces along a direction orthogonal to the constraint direction to accommodate
relative dimensional changes between the bodies, with ideal performance being
achieved only in the absence of friction at the interfaces. In the presence of friction,
the behavior is less predictable and deviations from ideal behavior may be observed.
The stiffness (i.e., the extent to which it resists deformation in response to an applied
force) in the constraint and sliding direction is typically the same for all six points of
constraint for small relative motions. For larger motions or in arrangements that
eliminate or minimize friction in the sliding direction, the stiffness is essentially zero.
Figures 4A-4B show another approach that is often used to construct
kinematic mounts 400 utilizes compliant connecting elements C1, C2, C3 between
two bodies. The compliant elements C1, C2, C3 are designed so as to provide high-
stiffness in the constraint direction and high compliance in the remaining translational
and rotational directions. The quasi-kinematic flexure equivalent of the symmetric
Maxwell clamp shown in Figure 3 is shown in Figures 4A-4B. Figure 4A shows one
flexure arrangement C1, C2, C3 that produces a quasi-kinematic equivalent of the
Maxwell clamp. Figure 4B shows a top view of the constraint pattern illustrated in
Figure 4B. In each of Figures 4A and 4B, the respective thermal centers are shown
and are located at the intersections of the (dotted) lines defining the “sliding
direction” or the direction of maximum compliance. Based on the shapes of the elastic

members C1, C2, C3, the stiffness in the two directions, i.e., the constraint direction
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k,and the sliding direction &, , are determined by the geometry of the individual

compliant elements C1, C2, C3. In traditional implementations, the compliant
elements C1, C2, C3 are nominally identical and have the same stiffness
characteristics. Again, as in the implementation using sliding contacts, the location of

the TC is determined by the arrangement of the complaint elements C1, C2, C3.

SUMMARY

In general, one innovative aspect of the subject matter described in this
specification can be embodied in an apparatus including a mechanical reference
frame, and a rigid object mechanically coupled to the reference frame by two or more
constraints. The stiffnesses of at least two of the constraints are different from one
another. The relative locations and stiffnesses of the constraints cause a designated
point on the rigid object to remain stationary with respect to the reference frame
during thermal expansion of the rigid object over a range of temperatures.

Embodiments of the apparatus can include any of the following features. The
rigid object can support a measurement probe. The designated point can be a datum of
the measurement probe. For example, the different stiffnesses can be selected to cause
the position of a thermal center of the rigid object to align with the measurement
probe datum. In certain embodiments, the measurement probe is an optical encoder
head (e.g., an interferometric encoder head) and the reference frame includes an
encoder scale. The optical encoder head can be configured to optically monitor
changes in position of the reference frame relative to the measurement datum. The
optical encoder head can be further configured to optically monitor changes in

position of the reference frame along each of multiple degrees of freedom.
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The two or more constraints can include three or more constraints. The
stiffness of each constraint quantifies a degree of compliance of the constraint along
each of multiple directions. For example, each constraint can have a stiffness
component along one constraint direction that is different from a stiffness component
for the constraint along a second constraint direction that is orthogonal to the first
constraint direction.

The constraints can include any of flexure, solid contacts, or combinations
thereof. The flexures can include any structure dimensioned or configured to have
stiffness components that vary along different constraint dimensions. For example, the
flexures can be flexure blades having a higher stiffness in a constraint direction
coinciding with the blade and a lower stiffness in a constraint direction perpendicular
to the blade.

Another innovative aspect of the subject matter described in this specification
can be embodied in a lithography system. The lithography system includes a
projection objective for imaging an object at an object plane to an image plane; a
mechanical reference frame comprising (i) a stage for positioning a wafer at the image
plane, and (ii) an encoder scale supported on the stage; an encoder head positioned to
direct light to and receive light from the encoder scale; and a mount mechanically
coupled to the reference frame by two or more constraints, the mount supporting the
encoder head. Stiffnesses of at least two of the constraints are different from one
another. In addition, relative locations and the stiffnesses of the constraints cause a
designated point on the mount to remain stationary with respect to the reference frame
during thermal expansion of the mount over a range of temperatures.

Another innovative aspect of the subject matter described in this specification

can be embodied in another lithography system. The other lithography system
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includes a projection objective for imaging a mask at an object plane to an image
plane; a mechanical reference frame comprising (i) a stage for positioning the mask at
the object plane, and (ii) an encoder scale supported on the stage; an encoder head
positioned to direct light to and receive light from the encoder scale; and a mount
mechanically coupled to the reference frame by two or more constraints, the mount
supporting the encoder head. Stiffnesses of at least two of the constraints are different
from one another. Additionally, relative locations and the stiffnesses of the constraints
cause a designated point on the mount to remain stationary with respect to the
reference frame during thermal expansion of the mount over a range of temperatures.
The details of one or more embodiments are set forth in the accompanying
drawings and the description below. Other features and advantages will be apparent

from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates the principle of thermal center (TC).

Figure 2 shows thermal centers of examples of kinematic mounts.

Figure 3 shows control of TC location through constraint geometry
orientation.

Figures 4A-4B show aspects of a quasi-kinematic equivalent of a Maxwell
clamp.

Figure SA-5B show adjustment of TC by controlling constraint stiffness.

Figure 6 shows a schematic of generalized constraints.

Figure 7 shows a schematic of measurement points and mount of and encoder
head.

Figure 8 shows a thermal center of a thermally deformed assembly.
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Figure 9 shows a flexure equivalent of a constraint pattern corresponding to
Figure 8.

Figure 10 shows a plot of displacement field showing displacement of TC for
constraints of equal stiffness.

Figure 11 shows a rigid body supported by two compliant constraints.

Figures 12A-12C illustrate the influence of constraint compliance on location
of thermal center.

Figure 13 shows parameters for deriving TC location in terms of constraint
stiffness.

Figure 14 shows dependence of normalized TC location on the stiffness ratio.

Figure 15 shows location of TC after tuning of flexures and addition of
compensating flexure.

Figure 16 is a schematic diagram of an embodiment of a lithography tool that
includes an interferometer.

Figures 17A and FIG. 17B are flow charts that describe steps for making
integrated circuits.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

In certain embodiments of the present invention, the location of the thermal
center of a constrained object is controlled, by controlling the stiffness of the
constraints. By contrast, many conventional approaches rely on controlling the
geometrical arrangement of the constraints.

Figures SA-5B show how a thermal center (“TC”) may be manipulated for a
flexure equivalent 500 of the Maxwell clamp. In Figure SA, the location of TC 512 is
determined by the location and orientation of the constraints C1, C2, C3 due to the

6
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fact that the stiffnesses for all three constraints C1, C2, C3 in the radial and tangential

directions are respectively the same k,and £, . In contrast, in Figure 5B, the radial
and tangential stiffness, k, and %, (i=1..3) are no longer equal and, as a result, the TC

moves from the location 512 determined by constraint geometry to some other point
514 determined by the relative values of the stiffnesses. Though the example used
above has three constraints C1, C2, C3 (and six associated stiffnesses) this method is
general and may be extended to situations having more than the exact number of
constraints, e.g., to situations of overconstraint.

This capability provides an additional “knob” for the designer of optical
sensor mounts, for instance, in the solution of design problems that require the
simultaneous optimization of multiple performance requirements, e.g., thermal
stability, dynamic performance, decoupling from base distortion, etc. These
requirements are often conflicting, thus, making it difficult to realize them
simultaneously. An example of this would be the commonly encountered situation
where interference with another component or feature makes is difficult to place a
constraint in the desired location or orientation, thereby resulting in an inability to
place the TC at the desired location based on constraint geometry alone.

Embodiments described in this specification are configured to address the
need to manipulate the location of the thermal center in the design of an optical
encoder application, as described in detail below, so as to restore the thermal center to
the desired location while also satisfying other design constraints. This led to the
general notion of manipulating the stiffnesses intentionally to change the location of
the thermal center in a predictable fashion.

Although, the description herein describes the manipulation of the location of

the thermal center in a two-dimensional plane, the same principles may be extended
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into three-dimensions. Further, although the stiffness manipulation described herein is
based on adjusting the stiffness of constraints composed of compliant members by
changing their dimensions, other mechanisms of stiffness control can also be
envisaged. For example, the contact stiffness of Hertzian contacts may be adjusted by
manipulating the preload, stiffnesses of compliant elements may be adjusted by
varying axial loads, changing the boundary conditions (clamping, load locations,
materials), exploiting the thermal dependence of the modulus of elasticity, etc.)

The mathematics that support the qualitative descriptions above is now
described. The mathematical treatment presented here is general and applied to a body
with any number of constraints. This analysis is based on some assumptions: (i)
Deformations of the constrained body in the plane of the constraints are not accounted
for. The assumption here is that the stiffness of the constraints is significantly lower
than that of the body thereby warranting its treatment as a rigid body. (ii) The analysis
is constrained to a two-dimensional constraint system, although in principle it may be
extended to a three-dimensional system. The formulae derived here are verified by
means of finite element simulations.

Figure 6 shows a generalized constrained system 600 including a body 605

ITERE]

with N total constraints C1, C2, ..., CN. The location of each constraint “i” is
defined by its coordinates (x,,y,) in the global coordinate system with origin atO .
Similarly, the coordinates of the thermal center TC are given by (X, ¥, ) in the same

coordinate system. The stiffness at each constraint ; is represented in terms of the
radial (or normal) and tangential stiffness &, and k&, respectively. Further, the radial

stiffness is assumed to be oriented along the x axis of the local coordinate system.

The orientation of the local coordinate system is described by the angle & which
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represents the angle between the x axis of the local coordinate system and the
corresponding axis of the global coordinate system. As is customary, rotations in the
counter-clockwise direction are assumed to be positive.

The stiffness at each constraint K, may be described in terms of the stiffness

5 tensor in the local coordinate system of that constraint and is given by

ky O
k1 =[ gl A j (0.1)
Ti

The stiffness in the global coordinate system for the i ™ constraint is then
given by

k? =R(6,)k"R(-0,) (0.2)

i

10 where the rotation matrix R (6, )is given by

O ) 03

—sin(6,) cos(6)
Substituting (0.1) and (0.3) in (0.2), gives an expression for the stiffness in the
global coordinate system % in terms of the stiffnesses in the local coordinate system

k'’ given by

o €087 (6,)ky +sin’ (6, )k, cos(0,)sin(6,)(ky —ky,)
kY = i (0.4)
cos(0,)sin (6, )(ky, —ky) 08’ (0,) ky; +sin’ (6, ) ky,

The location of the thermal center (x;., y,- ) can now be derived on the basis

of a force balance in the x and y directions. The force that is generated at each
constraint in a given direction is the product of the deformation of that constraint and
the corresponding stiffness. The displacement is in turn proportional to the change in

20 differential temperature AT between the base and the constrained object, the
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differential CTE « and the distance of the constraint from the TC. The expressions for

the displacements in the x and y directions, Ax,and Ay, respectively are given by

Ax, = aAT (x, +x;¢)

(0.5)
Ax, = aAT(yi +yTC)

The force developed at each constraint F,is then simply the product of the

5 stiffness tensor and the displacement vector as given by

(el
l Fyz’ l Ayz

Substituting (0.5) in (0.6) gives an expression for the force components at each

constraint
{sz} iy aAT(xl. + xTC) 0.7)
Fyz’ l aAT(yi"'ch)

10 Now applying force balance in two directions, i.e., ZFXZ. =0and ZFW. =0,

i

and simplifying the two simultaneous equations in terms of the unknowns x,. and

Vpe yields

N N N
xTCZkll (‘9i)+chzk12 (‘9i)+zk11 (Hz')xz' +Zk12 (‘91'))/1' =0
=1 i=1

i=1 i=1

(0.8)

N N

kZZ(Hi)+Zk21(0i)xi +Zlk22 (‘91'))/1' =0

i=1 i

M=

i

N
xTCZkZI (‘91) + Vre
1

Il
—

Where &, (6,)and k,, (6,)represent the diagonal terms of the stiffness tensor
15 k;” and k, (6, )and k,, (6,) represent the off-diagonal terms. Rewriting in matrix

notation in the form Ax = B for yields

10
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Mz

i

4 B

'MZ

Solution of these equations results in the coordinates for the position of the

thermal center x,. and y,. in the same coordinate system in which the locations of

the constraints C1, C2, ..., CN are defined. It can be seen that the location of the
thermal center TC is virtually independent of both the change in temperature and the
coefficient of expansion as expected. Some coupling may occur for very large
changes in temperature. It is a function of the constraint geometry and stiffness to first
order. The equations above do not include the rigid body rotation that accompanies
any dimensional change in the presence for asymmetry in the constraint stiffness, but
this rotation in general is likely to be small for small changes in temperature. The
magnitude of rotation is proportional to the temperature change AT and the CTE « .
This rotation must be taken into account and its effect upon the particular application
analyzed to determine the impact. In many practical applications, e.g. athermalization
of the location of the optical axis of a rotationally symmetric optical system, these
rotations are of no consequence.

The analysis described above may be extended to the three-dimensional case,
i.e., for the purposes of controlling the location of the TC in three dimensions. In this
case, each constraint has three stiffness components and in general six equations are
required to solve for the location of the TC and three rigid body rotations. These
equations may be obtained by setting the force balance equations in the three
coordinate directions and the moment balance equations about the coordinate axes to

zero. The stiffness transformations also now involve three rotations.

11
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The techniques described above can be applied to a mount for an optical
encoder head used to monitor changes in the relative position of a wafer stage in a
microligthography system based on an encoder scale. Multiple optical encoder
systems, including interferometric encoder systems, are disclosed in U.S. Patent
Publication No. 2011/0255096 Al by Leslie L. Deck et al. and entitled
“INTERFEROMETRIC ENCODER SYSTEMS,” the contents of which are
incorporated herein by reference. The thermal performance of an encoder head can be
a key performance parameter and the techniques disclosed herein provide a means for
controlling thermally induced dimensional changes to achieve desired performance.

Thermal instabilities in the encoder head assembly primarily arise from three
sources: optical path length (OPL) changes induced by changes in refractive index of
the optics and physical dimensions of the optics, gross motion of the optics and gross
motions of the entire optical assemblies that results in changes in the position of the
measurement datum. Techniques described in this specification control the thermal
instabilities motions arising from the last contributor.

Figure 7 shows a schematic representation of an encoder head assembly 700
(also referred to as an encoder head, head or encoder.) The encoder head 700 includes
two interferometer assemblies (interferometer 1 and interferometer 2) that are
attached to the encoder mount, which in turn attaches to a structure of a machine in
which the encoder 700 is used. In the example illustrated in Figure 16, the encoder
head 700/1826 is used in a lithography tool 1800. In this example, the encoder mount
of the encoder head 1826 mechanically couples to a mechanical reference frame of
the lithography tool 1800 that includes the encoder scale. For instance, the mechanical
reference frame further includes an exposure base 1804 and a mask stage 1816, when

the encoder scale is positioned on the mask stage 1816. Alternatively or additionally,

12
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the mechanical reference frame further includes the exposure base 1804 and a wafer
stage 1822, when the encoder scale (or an additional encoder scale) is positioned on
the wafer stage 1822. Referring again to Figure 7, the head assembly 700 has two
measurements datums, M; and My, corresponding to Interferometers 1 and 2 that
sense displacement in the XZ direction and YZ direction respectively. (The Z-
direction is normal to the page.) The Interferometers 1 and 2 are insensitive to
displacements in the remaining orthogonal in-plane directions, e.g., Interferometer 1

is insensitive to displacements in the Y direction, and Interferometer 2 is insensitive in
to displacements in the X direction. In general, the mount design preferably satisfies
several requirements simultaneously.

A first requirement for head assembly 700 relates to controlling the motions of
the measurement datums M; and M; relative to a fixed datum on a machine frame in
the respective sensitive directions. For example, motion should be controlled in the X
and Y directions for M; and M, respectively. The noted machine frame, also referred
to as a mechanical reference frame, is part of a machine in which the head assembly
700 is used.

A second requirement relates to minimizing or accommodating the thermally
induced strain between the mount and the optics within. This may be important with
respect to minimizing motion of the optics relative to the mount and OPL changes due
to stress induced index changes, stability and maintenance of the integrity of bond
lines, etc.

A third requirement relates to minimizing or accommodating relative thermal
strain between the mount and the machine frame (also referred to as the mechanical

reference frame) to which the device is mounted. This may be critical to preventing
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the buildup of large stresses and consequent deformation of the mount as well as non-
deterministic motions of the mount.

A fourth requirement relates to minimizing the gross motions of the various
optical elements. This may be a secondary consideration in this application due to the
unique measurement principle which rejects common mode motions of the optics that
are characteristic of thermal expansion for measurements of displacement in the X
and Y direction (as disclosed in U.S. Patent Publication No. 2011/0255096, by Deck
ct al, the contents of which are incorporated herein by reference.) This situation does
not apply in the out-of-plane (Z) direction.

A fifth requirement relates to providing a mount with adequate stiffness to
meet the dynamic performance requirements.

In some implementations, the required control of the measurement points M1
and M2 is addressed by locating the measurements points M1 and M2 at locations that
are invariant under temperature change, in conjunction with the unidirectional in-
plane sensitivity of Interferometers 1 and 2 (indicated by the double-headed arrows in
Figure 7.) This is achieved by a predetermined arrangement the constraints C1, C2
and C3, e.g., the connections between the encoder mount and the machine frame (also
referred to as the mechanical reference frame), one possible arrangement of which is
shown in Figure 7. The constraints C1, C2 and C3 are depicted as half-circles with the
hatching along the straight edge representing the attachment of the constraint to
“ground” which is the machine frame in this case. The constraints C1, C2 and C3 may
be thought of anti-friction bearing assemblies which contact the assembly within
notional cutouts at the points shown. These constraints C1, C2 and C3 have high

normal stiffness at the points of contact and virtually zero stiffness and friction in the
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tangential direction, i.e., no resisting force is developed at the points of contact in the
tangential direction during expansion.

Figure 8 depicts the behavior of an encoder head assembly 800 under thermal
dilatation. As shown in Figure 8, there is one point on the encoder mount 805 that is
invariant under dilatation. This point is referred to as the thermal center (TC) and is
chosen to coincide with the measurement point M,, thereby virtually eliminating the
thermal sensitivity of this point to in-plane motions under thermal dilatation. As
further shown in Figure &, in addition to the TC, there are two lines of unidirectional
invariance which are also determined by the geometry of constraints C1, C2 and C3.
These are represented by the lines AA' and BB' along which expansion is
unidirectional and occurs along the respective X and Y directions only. The required
thermal insensitivity in the Y direction of the other measurement point M; is achieved
by arranging for the line AA' to pass through this point. As a result Interferometer 1
experiences virtually no motion along its sensitive direction, the thermally induced
motions being restricted to a direction coinciding with its insensitive direction.

The techniques disclosed above can be applied in the absence of unbalanced
change in the tangential forces at the points of constraint induced due to the thermal
deformation. The tangential forces stem from friction or tangential stiffness at the
constraints C1, C2 and C3. In the presence of unbalanced forces, rigid body motions
of the body are required to equalize the forces and achieve static equilibrium, which
effectively changes the location of the thermal center as is described below.

The first and third of the requirements described above can drive the design
towards one that results in unbalanced forces and a consequent shift in the thermal
center from the desired location. This situation arises from the need to accommodate

differential thermal expansion at the various interfaces as described below. The first
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interface at which differential expansion must be accounted for is between the mount
805 and the optics. This is accommodated by choosing the material of the mount 805
such that the CTE mismatch between the mount 805 and the optical components is
minimized. This is achieved through a choice of a titanium alloy (e.g., Ti6Al4V) with
a CTE of 8.5-9 ppm/K to match the CTE of the BK7 optics of ~ 8.4 ppm/K. The third
of the requirements described above is addressed by providing a means of
accommodating the relative strain rather than eliminating the relative strain. This is
necessitated by the fact that an alumina machine frame has a CTE of ~ 5.4 ppm/K,
which is significantly different from that of the titanium. The accommodation is
achieved by means of strategically located flexural elements that provide the
constraint in the required direction while simultaneously providing the compliance
required to accommodate the differential thermally induced dimension changes and
doing so in a manner that eliminates the non-deterministic behavior of friction at a
sliding interface.

Figure 9 shows a flexure equivalent of the constraint pattern for an encoder
head assembly 900. This equivalency is based on the notion that a rolling element
constraint has a very high stiffness in the normal direction at the point of contact with
the mount 905 and zero or very low stiffness in the direction perpendicular to the
normal. The flexure blades C1, C2 and C3 depicted in Figure 9 are arranged so as to
have a high stiffness in the constraint direction which coincides with the plane of the
blades C1, C2 and C3 and relatively low stiffness in the direction perpendicular to the
blades C1, C2 and C3. Also, much like the rolling element constraints, this
arrangement of flexures C1, C2 and C3 also allows for small in-plane rotations and

out-of-plane rotations to a lesser extent. In summary, for small deflections, the
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flexures C1, C2 and C3 offer the same constraints and degrees-of-freedom as the
rolling element or sliding contact, albeit with different force characteristic.

However, the choice to use of flexural elements now opens the door to
constraints with finite stiffness in the tangential direction (perpendicular to direction
of constraint) and the possibility of an undesirable shift in the location of the thermal
center. Figure 10 shows that this expectation is realized. The plot 1000 of the
displacement field corresponds to a simplified finite element analysis of the constraint
pattern of the encoder 900 where all the constraint stiffnesses are assumed to be equal.
The displacement of the thermal center (Actual TC) from the location dictated by the
geometry of the constraints (Desired TC) is visible in the expanded view of the vector
plot 1000 in the vicinity of the (Actual) thermal center. It is evident that the (Actual)
thermal center has shifted in both X and Y directions. The primary contribution to
motion in the X direction is due to a rigid body rotation about constraint C3. In other
words, the primary cause of this motion is the moment produced about C3 due an
unbalanced force that acts along AA’. The unbalanced force in-turn results from the
unequal deformation of the flexures of C1 and C2 along the X direction. The thermal
deformation is proportional to the length and since the lengths from the location of the
thermal center enforced by the geometry, i.e., line BB’ to the locations of C1 and C2
along AA’ are unequal, a force imbalance results which causes the mount 905 to
rotate until the forces achieve equilibrium. As a consequence, the (Actual) thermal
center moves in the X direction. Any method that equalizes the forces can prevent this
shift. The shift in the Y direction from the position dictated by the geometry occurs
for a similar reason.

This unbalanced change in force can be prevented in several ways. In some

implementations, the contacts are arranged to have “zero” tangential stiffness thereby
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preventing any change in force. This situation may be closely approximated by a
constraint with a rolling element as described above. This is however not always
practical, especially in the encoder head applications 700, 800, 900. In other
implementations, the constraints are disposed with finite and equal tangential stiffness
symmetrically about the thermal center. This results in a balanced change in the forces
on the body thereby preventing a rigid body motion and a consequent shift in the
thermal center. For example, unbalanced forces acting along AA’ can be eliminated
by disposing constraints C1 and C2 symmetrically about BB’. This is an option that is
precluded by the location of other components and the overall allowed envelope of
the systems 700, 800, 900.

In some other implementations, the stiffnesses of the constraints are adjusted
to produce a zero net change in force. This can include the introduction of additional
elements to produce compensating forces. This strategy can be used in embodiments
of the thermally stable encoder head, for instance. In yet some other implementations,
the geometry of the constraints is adjusted to pre-compensate for the shift in the
thermal center. In other words, the constraints are intentionally misplaced relative to
the ideal geometry to produce the desired invariance. This strategy may not be used in
design of sensor mounts when the locations of the constraints had been pre-
determined to meet specified interface requirements. Moreover, the unbalanced
change in force can be prevented by using combinations of the two aforementioned
implementations.

Figure 11 shows a diagram 1100 of a rectangular rigid body 1105 constrained
at the two ends by elastic supports. The diagram 1100 is used to illustrate techniques
of selecting appropriate stiffnesses for the constraints C1 and C2. In this example, the

elastic supports are depicted as springs. For the purposes of this example, the stiffness
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of the constraints C1 and C2 in the Y direction is assumed to be the same for both
supports and may be assumed to be zero for now. However, this stiffness would likely
be high to provide constraint in this direction. This stiffness may be ignored for the
time being as it does not have a component in the X direction by definition. The
purpose of the compliance in the horizontal X direction is to provide a means to
accommodate the thermally induced dimensional changes of the rigid body 1105.

From symmetry arguments, it is easy to see that if the stiffness &, and k, are equal,

then the point on the body 1105 that remains invariant in the direction along the long
axis is midway between the two supports, because the thermal center coincides with
the geometric center.

As shown in Figure 12A, expansion results in a change in the dimensions of
the constrained body 1205, but there is no net rigid body motion of the body 1205. If
on the other hand, the stiffnesses are unequal, as shown in Figures 12B-12C, then a
rigid body motion results which cancels the motion due to the dimension change at
one location between the constraints C1 and C2 rendering that location invariant
under thermally induced dimension changes. Cancellation of the thermal expansion
by the rigid body motion can be used to create a point that is invariant relative to a
reference frame external to the body.

An expression for the normalized (or parametric) location  of the thermal
center may be derived from a force balance equation. As shown in Figure 11, the
value of the parameter £ ranges from O to 1, the extreme values corresponding to the
locations of the constraints C1 and C2 at either end of the body 1105. A thermal
center location midway between the constraints C1 and C2, i.e., at the geometric

center would correspond to 8 = 0.5 . The expression for £ in terms of the stiffness of

the two constraints k and &, may be derived with reference to Figure 13. Let the
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thermal center be located some distance /, from the constraint C1 with stiffness £, .
Then based on the definition of £, /, is given by
[ =pL (0.10)

and

5 L=(1-p)L (0.11),

where L is the length of the body 1305 and /, is the distance of the thermal center
from the constraint C2 with stiffness k,. Further, assume that the body 1305 is made

up of a material with a CTE ¢ and undergoes a temperature change AT . The change
in temperature and the CTE are assumed to be positive in this example.
10 Referring again to Figure 13 and noting that in general the two constraints C1

and C2 deform by A and A,, and generate forces F,and F, which are given by

F = kA, = kal, AT = kaAT BL

(0.12)
F, =k,A, =k,al,AT =k,oAT (1-B)L
Static equilibrium requires that F; = F,. Equating the expressions for the forces from
15 (0.12) and solving for £ results in
ky
- (0.13)
o k +k

Dividing the numerator and denominator by £, results in an expression in terms of the

ratio of the stiffnesses y = k, [, that is given by

p=—— (0.14)
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The results of limit testing of Equation (0.14) are summarized in Table 1 and a

plot 1400 of B as a function of the stiffness ratio y is shown in Figure 14.

Note that the location of the thermal center moves toward the dominant
constraint and asymptotically approaches the location of that constraint as the
stiffness ratio approaches extreme values. This is in keeping with physical intuition in
that if one of the constraints is infinitely stiff, then the point about which expansion
occurs will take place at the location of the constraint and all the dimensional change

will be accommodated by the more compliant constraint.

Table 1 Limit case testing of Equation(0.14)

Case y=hk/k p
k, = o0 y—>0 0
k, > y = © 1
k =k, 1 0.5

Note that Equation (0.14) is independent of both the change in temperature (as is
required for the thermal center) and also the CTE of the material. It is purely a
function of the ratio of the stiffnesses. This last attribute cannot be overemphasized as
it provides enormous design freedom especially in design scenarios with multiple
objectives. For example, the dynamic performance (resonance frequency) of the
system in the X direction is dependent on the absolute value of the stiffnesses (for a
given mass) while the thermal center location is dependent on the ratio, thus making

it possible to achieve multiple objectives simultaneously.

This strategy has been used to advantage to position the thermal center at the

desired location in the encoder head in two different ways. The translation of the TC
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in the X direction has been largely achieved by increasing the flexure blade thickness
of C2 as is evident when comparing the plots of displacement field 1000 and 1500 in
respective Figure 10 and 15. In both Figures 10 and 15, the controlling stiffnesses

(corresponding to the stiffnesses &, and k, in the simple model described above in

connection with Figures 11-13) are the stiffnesses in the X direction of the C1 and C2
constraints. The increase in stiffness results in the motion of the TC towards the stiffer
flexure as indicated in panel (b) of Figure 12. In this manner, the TC is moved in the
positive X direction in Figures 10 and 15 by increasing the stiffness of C2 or

decreasing the stiffness of Cl1.

The adjustment of the location of the TC in the Y direction is somewhat more
involved. In this case, the controlling stiffnesses are the net stiffness of C1 and C2 in
the Y direction at one end of the rigid body and the Y direction stiffness of C3 at the
other. In principle, the Y location should coincide with the line AA’ as this is the line
that joins constraints C1 and C2 (as shown in Figure 8, for instance.) However, due to
the finite stiffness of C3 along BB’ and the relatively large deformation of C3 during
a temperature induced dimensional change (due to the relatively long “throw”
between line AA’ and C3), a significant unbalanced force is generated that results in
motion of the TC in the Y direction due to the finite (high though not infinite)
stiffness of C1 and C2 flexures in the Y direction. In contrast to the previous situation
where the TC was not close to either of the compliant members (in the X direction)
with a B 0of 0.3 or 0.7 (depending on the coordinate system adopted), the requirement
in this case is to place the TC right at one of the elastic constraints in the Y direction,
e.g., along the AA’ line, corresponding to a # value of very nearly to 0 or 1 (again
depending on the coordinate system adopted). Examination of Figure 14 shows that

this corresponds to the flat regions of the curve 1400 where even large changes in the
22
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stiffness ratio y do not produce significant changes in 4 . In other words, increasing

the Y direction stiffness of C1 and C2 or decreasing the Y direction of C3 even

substantially has very little impact on the position of the TC.

An alternate approach is required and the approach taken here is to place the

desired location of the TC at a favorable value of g (0.17 or 0.83) by introducing an

additional compensating flexure above the line AA’ as shown in Figure 15. This value

of 2 is in the region of the graph with a significant non-zero slope, thereby providing

the required sensitivity to effect the required change. Another way to view the action
of this compensating flexure is to view it as a device that provides a compensating

force to cancel the unbalanced force generated by the deflection of C3.

Although, the description herein describes the manipulation of the location of
the thermal center in a two-dimensional plane, the same principles can be extended
into three-dimensions in a straightforward fashion. Further, although the stiffness
manipulation described herein is based on adjusting the stiffness of constraints
composed of compliant members by changing their dimensions (such as by using a
flexure blade), other mechanisms of stiffness control can also be envisaged. For
example, the contact stiffness of Hertzian contacts may be adjusted by manipulating
the preload, stiffnesses of compliant elements may be adjusted by varying axial loads,
changing the boundary conditions (clamping, load locations, materials), exploiting the

thermal dependence of the modulus of elasticity, etc.)

Lithography tool applications
As noted previously, the techniques disclosed herein can be used to for
mounting of one or more encoder heads in, for example, a lithography tool.

Lithography tools are especially useful in lithography applications used in fabricating
23
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large scale integrated circuits such as computer chips and the like. Lithography is the
key technology driver for the semiconductor manufacturing industry. Overlay
improvement is one of the five most difficult challenges down to and below 100 nm
line widths (design rules), see, for example, the Semiconductor Industry Roadmap,
p.82 (1997).

Overlay depends directly on the performance, i.e., accuracy and precision, of
the metrology system used to position the wafer and reticle (or mask) stages. Since a
lithography tool may produce $50-100M/year of product, the economic value from
improved metrology systems is substantial. Each 1% increase in yield of the
lithography tool results in approximately $1M/year economic benefit to the integrated
circuit manufacturer and substantial competitive advantage to the lithography tool
vendor.

The function of a lithography tool is to direct spatially patterned radiation onto
a photoresist-coated wafer. The process involves determining which location of the
wafer is to receive the radiation (alignment) and applying the radiation to the
photoresist at that location (exposure).

During exposure, a radiation source illuminates a patterned reticle, which
scatters the radiation to produce the spatially patterned radiation. The reticle is also
referred to as a mask, and these terms are used interchangeably below. In the case of
reduction lithography, a reduction lens collects the scattered radiation and forms a
reduced image of the reticle pattern. Alternatively, in the case of proximity printing,
the scattered radiation propagates a small distance (typically on the order of microns)
before contacting the wafer to produce a 1:1 image of the reticle pattern. The radiation
initiates photo-chemical processes in the resist that convert the radiation pattern into a

latent image within the resist.
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To properly position the wafer, the wafer includes alignment marks on the
wafer that can be measured by dedicated sensors. The measured positions of the
alignment marks define the location of the wafer within the tool. This information,
along with a specification of the desired patterning of the wafer surface, guides the
alignment of the wafer relative to the spatially patterned radiation. Based on such
information, a translatable stage supporting the photoresist-coated wafer moves the
wafer such that the radiation will expose the correct location of the wafer. In certain
lithography tools, e.g., lithography scanners, the mask is also positioned on a
translatable stage that is moved in concert with the wafer during exposure.

Encoder systems, such as those discussed previously, are important
components of the positioning mechanisms that control the position of the wafer and
reticle, and register the reticle image on the wafer. If such encoder systems include the
features described above, the accuracy of distances measured by the systems can be
increased and/or maintained over longer periods without offline maintenance,
resulting in higher throughput due to increased yields and less tool downtime.

In general, the lithography tool, also referred to as an exposure system,
typically includes an illumination system and a wafer positioning system. The
illumination system includes a radiation source for providing radiation such as
ultraviolet, visible, x-ray, electron, or ion radiation, and a reticle or mask for
imparting the pattern to the radiation, thereby generating the spatially patterned
radiation. In addition, for the case of reduction lithography, the illumination system
can include a lens assembly for imaging the spatially patterned radiation onto the
wafer. The imaged radiation exposes resist coated onto the wafer. The illumination
system also includes a mask stage for supporting the mask and a positioning system

for adjusting the position of the mask stage relative to the radiation directed through
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the mask. The wafer positioning system includes a wafer stage for supporting the

wafer and a positioning system for adjusting the position of the wafer stage relative to
the imaged radiation. Fabrication of integrated circuits can include multiple exposing
steps. For a general reference on lithography, see, for example, J. R. Sheats and B. W.

Smith, in Microlithography: Science and Technology (Marcel Dekker, Inc., New

York, 1998), the contents of which is incorporated herein by reference.

Encoder systems described above can be used to precisely measure the
positions of each of the wafer stage and mask stage relative to other components of
the exposure system, such as the lens assembly, radiation source, or support structure.
In such cases, the encoder system's optical assembly can be attached to a stationary
structure and the encoder scale attached to a movable element such as one of the mask
and wafer stages. Alternatively, the situation can be reversed, with the optical
assembly attached to a movable object and the encoder scale attached to a stationary
object.

More generally, such encoder systems can be used to measure the position of
any one component of the exposure system relative to any other component of the
exposure system, in which the optical assembly is attached to, or supported by, one of
the components and the encoder scale is attached, or is supported by the other of the
components.

An example of a lithography tool 1800 using an interferometry system 1826 is
shown in Figure 16. The encoder system is used to precisely measure the position of a
wafer (not shown) within an exposure system. Here, stage 1822 is used to position
and support the wafer relative to an exposure station. Scanner 1800 includes a frame
1802, which carries other support structures and various components carried on those

structures. An exposure base 1804 has mounted on top of it a lens housing 1806 atop
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of which is mounted a reticle or mask stage 1816, which is used to support a reticle or
mask. A positioning system for positioning the mask relative to the exposure station is
indicated schematically by element 1817. Positioning system 1817 can include, e.g.,
piezoelectric transducer elements and corresponding control electronics. Although, it
is not included in this described embodiment, one or more of the encoder systems
described above can also be used to precisely measure the position of the mask stage
as well as other moveable elements whose position must be accurately monitored in
processes for fabricating lithographic structures (see supra Sheats and Smith

Microlithography: Science and Technology).

Suspended below exposure base 1804 is a support base 1813 that carries wafer
stage 1822. Stage 1822 includes a measurement object 1828 for diffracting a
measurement beam 1854 directed to the stage by optical assembly 1826. A
positioning system for positioning stage 1822 relative to optical assembly 1826 is
indicated schematically by element 1819. Positioning system 1819 can include, e.g.,
piezoelectric transducer elements and corresponding control electronics. The
measurement object diffracts the measurement beam reflects back to the optical
assembly, which is mounted on exposure base 1104. The encoder system can be any
of the embodiments described previously.

During operation, a radiation beam 1810, e.g., an ultraviolet (UV) beam from
a UV laser (not shown), passes through a beam shaping optics assembly 1812 and
travels downward after reflecting from mirror 1814. Thereafter, the radiation beam
passes through a mask (not shown) carried by mask stage 1816. The mask (not
shown) is imaged onto a wafer (not shown) on wafer stage 1822 via a lens assembly

1808 carried in a lens housing 1806. Base 1804 and the various components supported
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by it are isolated from environmental vibrations by a damping system depicted by
spring 1820.

In some embodiments, one or more of the encoder systems described
previously can be used to measure displacement along multiple axes and angles
associated for example with, but not limited to, the wafer and reticle (or mask) stages.
Also, rather than a UV laser beam, other beams can be used to expose the wafer
including, e.g., x-ray beams, electron beams, ion beams, and visible optical beams.

In certain embodiments, the optical assembly 1826 can be positioned to
measure changes in the position of reticle (or mask) stage 1816 or other movable
components of the scanner system. Finally, the encoder systems can be used in a
similar fashion with lithography systems involving steppers, in addition to, or rather
than, scanners.

As is well known in the art, lithography is a critical part of manufacturing
methods for making semiconducting devices. For example, U.S. Patent 5,483,343
outlines steps for such manufacturing methods. These steps are described below with
reference to Figures 17A and 17B. Figure 17A is a flow chart of the sequence of
manufacturing a semiconductor device such as a semiconductor chip (e.g., IC or LSI),
a liquid crystal panel or a CCD. Step 1951 is a design process for designing the circuit
of'a semiconductor device. Step 1952 is a process for manufacturing a mask on the
basis of the circuit pattern design. Step 1953 is a process for manufacturing a wafer by
using a material such as silicon.

Step 1954 is a wafer process that is called a pre-process wherein, by using the
so prepared mask and wafer, circuits are formed on the wafer through lithography. To
form circuits on the wafer that correspond with sufficient spatial resolution those

patterns on the mask, interferometric positioning of the lithography tool relative the
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wafer is necessary. The interferometry methods and systems described herein can be
especially useful to improve the effectiveness of the lithography used in the wafer
process.

Step 1955 is an assembling step, which is called a post-process wherein the
wafer processed by step 1954 is formed into semiconductor chips. This step includes
assembling (dicing and bonding) and packaging (chip sealing). Step 1956 is an
inspection step wherein operability check, durability check and so on of the
semiconductor devices produced by step 1955 are carried out. With these processes,
semiconductor devices are finished and they are shipped (step 1957).

Figure 17B is a flow chart showing details of the wafer process. Step 1961 is
an oxidation process for oxidizing the surface of a wafer. Step 1962 is a CVD process
for forming an insulating film on the wafer surface. Step 1963 is an electrode forming
process for forming electrodes on the wafer by vapor deposition. Step 1964 is an ion
implanting process for implanting ions to the wafer. Step 1965 is a resist process for
applying a resist (photosensitive material) to the wafer. Step 1966 is an exposure
process for printing, by exposure (i.e., lithography), the circuit pattern of the mask on
the wafer through the exposure apparatus described above. Once again, as described
above, the use of the interferometry systems and methods described herein improve
the accuracy and resolution of such lithography steps.

Step 1967 is a developing process for developing the exposed wafer. Step
1968 is an etching process for removing portions other than the developed resist
image. Step 1969 is a resist separation process for separating the resist material
remaining on the wafer after being subjected to the etching process. By repeating

these processes, circuit patterns are formed and superimposed on the wafer.
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Encoder systems mounted in accordance with the techniques described above
can also be used in other applications in which the relative position of an object needs
to be measured precisely. For example, in applications in which a write beam such as
a laser, x-ray, ion, or electron beam, marks a pattern onto a substrate as either the
substrate or beam moves, the encoder systems can be used to measure the relative
movement between the substrate and write beam.

Other embodiments are also within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:

a. amechanical reference frame; and

b. arigid object mechanically coupled to the reference frame by two or more
constraints,

c. wherein stiffnesses of at least two of the constraints are different from one
another, and wherein the relative locations and the stiffnesses of the
constraints cause a designated point on the rigid object to remain
stationary with respect to the reference frame during thermal expansion of
the rigid object over a range of temperatures.

2. The apparatus of claim 1, wherein the rigid object supports a measurement
probe and wherein the designated point is a datum of the measurement probe.

3. The apparatus of claim 2, wherein the different stiffnesses are selected to
cause the position of a thermal center of the rigid object to align with the
measurement probe datum.

4. The apparatus of claim 2, wherein the measurement probe is an optical
encoder head and the reference frame comprises an encoder scale.

5. The apparatus of claim 4, wherein the optical encoder head is an
interferometric encoder head.

6. The apparatus of claim 4, wherein the optical encoder head is configured to
optically monitor changes in position of the reference frame relative to the

measurement datum.
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10.

11.

12.

13.

14.

15.

The apparatus of claim 6, wherein the optical encoder head is configured to
optically monitor changes in position of the reference frame along each of
multiple degrees of freedom.

The apparatus of claim 1, wherein the two or more constraints comprise three
or more constraints.

The apparatus of claim 1, wherein the stiffness of each constraint quantifies a
degree of compliance of the constraint along each of multiple directions.

The apparatus of claim 1, wherein each constraint has a stiffness component
along one constraint direction that is different from a stiffness component for
the constraint along a second constraint direction that is orthogonal to the first
constraint direction.

The apparatus of claim 1, wherein the constraints comprise flexures.

The apparatus of claim 11, wherein the flexures comprise flexure blades
having a higher stiffness in a constraint direction coinciding with the blade
and a lower stiffness in a constraint direction perpendicular to the blade.

The apparatus of claim 1, wherein the constraints comprise solid contacts.
The apparatus of claim 1, wherein the constraints comprise a combination of
solid contacts and flexures.

A lithography system, comprising:

a projection objective for imaging an object at an object plane to an image
plane;

a mechanical reference frame comprising (i) a stage for positioning a wafer at

the image plane, and (ii) an encoder scale supported on the stage;
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16.

an encoder head positioned to direct light to and receive light from the
encoder scale; and

a mount mechanically coupled to the reference frame by two or more
constraints, the mount supporting the encoder head,

wherein stiffnesses of at least two of the constraints are different from one
another, and wherein relative locations and the stiffnesses of the constraints
cause a designated point on the mount to remain stationary with respect to the
reference frame during thermal expansion of the mount over a range of
temperatures.

A lithography system, comprising:

a projection objective for imaging a mask at an object plane to an image
plane;

a mechanical reference frame comprising (i) a stage for positioning the mask
at the object plane, and (i1) an encoder scale supported on the stage;

an encoder head positioned to direct light to and receive light from the
encoder scale; and

a mount mechanically coupled to the reference frame by two or more
constraints, the mount supporting the encoder head,

wherein stiffnesses of at least two of the constraints are different from one
another, and wherein relative locations and the stiffnesses of the constraints
cause a designated point on the mount to remain stationary with respect to the
reference frame during thermal expansion of the mount over a range of

temperatures.
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fig. 3
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