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(57) ABSTRACT 

The invention is directed to the trimming and grinding of 
disks to make lens blanks and/or lenses for lithographic 
Stepper camera optical Systems, and in particular to disks 
made of calcium fluoride (CaF2), metal fluorides of general 
formula MF where M is calcium, magnesium, barium and 
Strontium, and other materials Suitable for use in optical 
Systems 
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Figure 2 
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Figure 3 

Prior Art 

--- 

  



Patent Application Publication Jan. 27, 2005 Sheet 4 of 11 US 2005/0016446 A1 

  



Patent Application Publication Jan. 27, 2005 Sheet 5 of 11 US 2005/0016446 A1 

Figs 5a (upper) and 5b (lower) 
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Figs 6a (upper) and 6b (lower) 
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Figure 7 

BR for cube with 0.1 MPa pressure or lateral face 

| lub, uuu] o , il 35 til? oui?ì 

Patent Application Publication Jan. 27, 2005 Sheet 7 of 11 

(e=0) Rotate Orientation O < b < 90 
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Figure 9 

rystal after trimming - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
N 
N 

W - - - - - - - - - - - - - - - - - 

- - - - - - - - - - - - W - 

mm Trimmed from Top 

  



Patent Application Publication Jan. 27, 2005 Sheet 10 of 11 US 2005/0016446 A1 

Figure 10 
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Figure ll 
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CAF2 LENSES WITH REDUCED BREFRINGENCE 

PRIORITY 

0001. This application claims the priority of U.S. Provi 
sional Application No. 60/489,321, filed Jul. 21, 2003 and 
titled “CaF LENSES WITH REDUCED BIREFRIN 
GENCE. 

FIELD OF THE INVENTION 

0002 The invention is directed to the trimming and 
grinding of disks to make lens blanks and/or lenses for 
lithographic Stepper camera optical Systems, and in particu 
lar to disks made of calcium fluoride (CaF), metal fluorides 
of general formula MF where M is calcium, magnesium, 
barium and Strontium, and other materials Suitable for use in 
optical Systems 

BACKGROUND OF THE INVENTION 

0.003 CaF is used for lenses in short wavelength litho 
graphic Systems which require the lenses to have a high 
transmission at these wavelengths. For example, litho 
graphic Systems operating at 157 nm and 193 nm may 
require the use of CaF2 lenses in place of high purity fused 
silica lenses (“HPFS”) lenses used at wavelengths above 200 
nm because of the Superior transmission properties of CaF 
at wavelengths below 200 nm. 
0004 For use in optical lithographic systems, it is impor 
tant that the CaF2 disk used for the lens (or disk made of 
other suitable material for the wavelength utilized) used for 
the lens have minimal levels of birefringence and homoge 
neity, and, because CaF2 is crystalline, that the CaF2 disk be 
a single crystal, oriented in a Specific direction. The bire 
fringence (“BR') and index homogeneity (“IH') are deter 
mined by the thermal history of the CaF disk and any 
residual thermal Stresses. In Some cases the disk may be 
given one or more Secondary annealing StepS. However, 
even with a long and careful annealing process, there will 
always be Some residual thermal Stresses. This invention 
explains one method to mitigate these effects and achieve 
even lower levels of BR and IH. 

0005 The invention is directed to the trimming and 
grinding of CaF2 disks to make lens blanks and/or lenses for 
lithographic Stepper camera optical Systems. Although the 
examples and discussion herein focus on CaF2 disks, it is to 
be clearly understood that the principle behind the invention 
can be applied to disks of other materials, for example disks 
of high purity fused silica (HPFS), magnesium fluoride 
(MgF2) and other materials. The principle applies to wave 
lengths shorter than or longer than those that are currently 
used with CaF optics. 

SUMMARY OF THE INVENTION 

0006. Using an implicit or explicit knowledge of the 
residual thermal Stresses in a CaF2 disk, either from mea 
Surement, modeling, or experiment, the trimming and grind 
ing of the disk to produce a CaF2 lens for short wavelength 
lithographic applications is optimized according to the 
invention to reduce the birefringence and inhomogeneity. If 
the final CaFlens has different radii of curvature R1 and R2 
on each side of the lens, the choice of which face of the 
initial disk to associate with R1 and R2 is determined in Such 
a way as to minimize the birefringence and indeX homoge 
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neity in the finished lens. If the thickness of the lens is 
different from the thickness of the original disk, the choice 
of how much material to remove from the top face vs. the 
bottom face is determined in Such as way as to minimize 
the birefringence and inhomogeneity of the finished disk. 
The determination can be done using designed experiments 
and/or trial & error, measurement, or modeling. This opti 
mization of trimming and grinding will be of increasing 
importance as the Size of the lens increases. Calculations 
Supporting the invention assume a diameter of 300 mm, and 
the invention would be more essential as the diameter 
increased. The invention also allows the use of a shorter 
annealing cycle to save time and reduce the cost of the CaF 
disk, because the thermal Stresses thus produced can be 
eliminated through appropriate trimming and grinding. 

0007. The invention is directed to a method of preparing 
an optical lens Suitable for use in optical lithographic 
Systems utilizing a Selected wavelength of electromagnetic 
radiation including: 
0008 providing a disk of an optical crystal material 
having a Selected crystallographic orientation and Suitable 
for use at a Selected wavelength of electromagnetic radia 
tion, Said disk having a top face and a bottom face and a 
thickness, 
0009 determining the crystal orientation of the optical 
crystal material at both the top and the bottom face of the 
disk and comparing Said measured values to the Selected 
crystal orientation. 
0010 trimming optical crystal material from one or both 
of Said faces So as to maximize the amount of the optical 
material with minimum tilt relative to the selected crystal 
orientation. 

0011. In another embodiment, the invention is directed to 
a method of preparing an optical element Suitable for use in 
optical lithographic Systems utilizing a Selected wavelength 
of electromagnetic radiation, Said method comprising the 
Steps of growing a metal fluoride Single crystal according to 
any method known in the art and recording the temperatures 
during growth; determining the temperature profile within a 
crystal as it is being grown; determining the crystallographic 
orientation of the grown crystal, using the temperature 
profile to determine the thermal Stresses within the crystal; 
using the thermal StreSS data to build a birefringence model; 
using the birefringence model to determine the parts of the 
crystal that should be trimmed away to form an optical 
element Suitable for use in an optical lithography System; 
and trimming the crystal to form Said optical element. 

0012. In yet another embodiment, the invention is 
directed to a method of preparing an optical element Suitable 
for use in optical lithographic Systems utilizing a Selected 
wavelength of electromagnetic radiation, Said method com 
prising the Steps of Selecting a disk of a single crystal 
material made by any method known in the art, annealing 
the disk by any method known in the art, recording the 
temperatures during annealing, determining the temperature 
profile within a crystal as it is being annealed; determining 
the crystallographic orientation of the annealed crystal; 
using the temperature profile to determine the thermal 
Stresses within the crystal, using the thermal StreSS data to 
build a birefringence model; using the birefringence model 
to determine the parts of the crystal that should be trimmed 



US 2005/0016446 A1 

away to form an optical element Suitable for use in an optical 
lithography System; and trimming the crystal to form Said 
optical element. 

0013 The invention is also directed to an optical element, 
for example a lens that is Suitable for use in an optical 
lithographic System. The lens is prepared from a Selected 
optical material Suitable for use in the lithographic System 
by trimming material along the top and bottom faces of the 
element in order to minimize the birefringence of the 
element. 

BRIEF DESCRIPTION OF DRAWINGS 

0.014 FIGS. 1 and 2 herein are representations of prior 
art FIGS. 1B and 7 from U.S. Pat. No. 6,562,126 showing 
traditional and improved Setups of a Bridgman Furnace for 
manufacturing CaF2 crystals. 

0015 FIG. 3 is similar to FIG. 2, but in this case 
illustrating the Stack of crucibles in the lower furnace Zone 
where cooling and/or annealing can occur. 

0016 FIG. 4 illustrates the calculated thermal profiles 
from a simulation of a 4-disk proceSS 
0017 FIGS. 5a and 5b illustrate an example of optimal 
trimming/grinding of a disk whose temperature contours 
slope “down” 
0018 FIGS. 6a and 6b illustrate an example of optimal 
trimming/grinding of a disk whose temperature contours 
slope “up” 

0019 FIG. 7 illustrates model results of the birefringence 
of a cube with 0.1 MP pressure on two lateral faces, where 
the crystal orientation (0, (p) is rotated about (p from 0->90 
degrees and 0 is constant at 0 degrees. 
0020 FIG. 8 illustrates model results of the birefringence 
of a cube with 0.1 MP pressure on two lateral faces, where 
the crystal orientation (0, (p) is rotated about 0 from 0->90 
degrees and p is constant at 45 degrees. 

0021 FIG. 9 illustrates model results: the average bire 
fringence of a disk after trimming. 

0022 FIG. 10 illustrates calculated (using the model) 
and measured birefringence. 

0023 FIG. 11 illustrates calculated (using the model 
described herein) and measured homogeneity. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0024. A brief discussion of homogeneity and birefrin 
gence is useful in understanding the invention. Homogene 
ity, a measurement of the index of refraction, is a property 
of a crystal, and what is important is to have the homoge 
neity uniform across the crystal. Therefore one wants to 
maximize homogeneity (i.e., minimize inhomogeneity). 
Birefringence is proportional to the maximum difference of 
the index of refraction of two different polarizations of light 
passing through a crystal. Homogeneity is concerned with 
the average of the two different index of refraction mea 
Surements and its uniformity acroSS the crystal. Homogene 
ity is measured in ppm. Perfect homogeneity is Zero ppm (0 
ppm). 
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0025 The disks utilized in practicing the invention can be 
made of a Single crystal optical material of general formula 
MF, where M is Ca, Mg, Ba or Sr; or of formula MF where 
M" is lithium (Li) or potassium (K). The single crystal of 
optical material can be made by any method known in the 
art, for example, the Bridgeman-Stockbarger method or 
improved/modified versions thereof. The disks can be of 
Selected diameter and thickness, and are formed during the 
crystal growing process. Alternatively, an ingot of crystal 
material of Selected thickness and Selected length can be 
formed and the disks cut from the ingot. The disks of the 
Single crystal optical material can be made to have a Selected 
orientation, for example, along the 111,110 or 100 axis 
of the crystal. 
0026. The invention is directed to the trimming and 
grinding of CaF2 disks to make lens blanks and/or lenses for 
lithographic Stepper camera optical Systems. Although the 
examples and discussion herein focus on CaF2, it is to be 
clearly understood that the principles behind the invention 
can be applied to disks of other materials, for example disks 
of high purity fused silica (HPFS), magnesium fluoride 
(MgF), barium fluoride (BaF), strontium fluoride (SrF), 
lithium fluoride (LiF), potassium fluoride (KF) and other 
materials. The principles apply to wavelengths shorter than 
or longer than those that are currently used with CaF2 optics. 
0027. The birefringence (BR) of a crystal can be opti 
mized by judicious trimming using both BR measurement 
data and also an understanding of the Stresses causing the 
BR from a model. The model can predict the BR after 
trimming and thus verify the trimming before it is done, 
either experimentally as a development tool or to augment 
the accuracy in production. The advantage of using the 
model rather than experimentally cutting up crystals, mea 
Suring the results, and optimizing based on experimental 
data is that the crystals are extremely valuable (>S100,000) 
and we are Seeking to maximize the utility of the crystals and 
to improve them to meet even higher specifications than are 
currently in place. Consequently, the decision of whether to 
cut up a S100,000 crystal to produce one worth S200,000 
needs to be done with as much information as possible. 
0028. The CaF crystal blanks are typically cylindrical 
disks. The BR which is usually measured involves trans 
mission through the face of the disk. This can be improved 
by also measuring the BR horizontally acroSS the diameter 
of the disk. This can be done around the entire circumfer 
ential area of the disk. This additional BR data from the 
circumferential measurements are combined with insight 
from a thermal stress model to determine how to trim the 
disk. The advantage of this method is that the grinding of the 
disk to make a lens involves the top and bottom Surfaces and, 
by measuring the BR transversely, one can identify high BR 
regions at the top and bottom and grind way more from one 
Side or the other to achieve the required thickness of the 
finished lens. 

0029 Prior technology would take a CaF disk, measure 
the birefringence BR and index homogeneity IH over the 
face of the disk, and use the disk depending on whether it 
appeared to meet the requirements for the lithographic 
Stepper camera design. In Some cases a more expensive 
design might be used to accommodate lenses which would 
appear to have higher BR or IH. 
0030 The advantage of the present invention is that the 
BR and IH of the final lens are understood to depend on how 
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it is cut out of the disk and how the two Surfaces are ground. 
Depending on the curvature of the contours of thermal 
Strain, optimizing the trimming/grinding results in an 
improved BR and IH. 
0031. By using optimal trimming and grinding it is 
possible to accept larger thermal Stresses and hence a faster 
annealing cycle. This reduces the manufacturing cost of the 
CaF2 disk without affecting the BR and IH in the finished 
lens. This “win-win” Scenario is described in the paragraphs 
that follow. To produce a CaF2 lens of given dimensions and 
radii of curvature R1 and R2, with birefringence BR and 
indeX homogeneity IH within certain tolerances, and with a 
manufacturing process of minimal cost and maximum out 
put, the trimming and grinding of the lenses should be 
optimized to accommodate the larger thermal stresses (ther 
mal gradients) possible. 

0032. In practicing the invention, the orientation of the 
disk from the proceSS is recorded. Experimentally, if one has 
enough disks, one can run a designed experiment and 
determine the BR and IH in the final lens after a given 
amount of material öHtop and ÖHbottom is trimmed from 
the top and the bottom of the disk and radii R1 and R2 are 
ground onto top & bottom. However, the number of experi 
mental runs can be significantly reduced using computa 
tional models of the process. It is also possible to measure 
the BR and IH on the same disk after incremental amounts 
are trimmed from top and bottom, ÖHtop(i) and ÖHbot 
tom(i), to optimize the final trimming (or to follow this 
procedure on a Subset of disks to determine the optimum 
trimming for the rest). (See FIGS. 5(a) and 5(b) and the trim 
lines illustrated therein by numeral 10 and the arrow.) In 
many if not all cases the experiments will need to test 
whether R1, R2 should be ground onto the top or bottom 
Surfaces respectively. 

0.033 Because the thermal stresses and temperature con 
tours may change with process conditions, if raw CaF2 disks 
are purchased by a lens fabricator it may be useful to have 
a characterization of the disk from the original manufacturer, 
including, but not limited to, how the disk was cut from a 
large ingot (as illustrated in FIG. 1) or the placement of the 
disk in a Stacked Sequence (as illustrated in FIG. 2), as well 
as the orientation (labeling the “top” vs. “bottom” of the 
disk). Note: FIG. 3 is similar to FIG. 2, but modified to 
illustrate a Stack of crucible in the lower part of the furnace 
where it can be annealed. The numerals in FIGS. 1-3 
represent elements as described in U.S. Pat. No. 6,562,126 
and reference should be made to this patent for their mean 
ing. Thus, part of this invention includes the transferring of 
this information from the manufacturer of the original CaF 
disk to a customer who will trim and grind the disk to 
optimize BR and IH. In some cases both manufacture of the 
disk (including, but not limited to, crystal growth, annealing, 
and measurement of the initial disk) as well as trimming and 
grinding of the disk to make the final lens will be done by 
a Single company, and again this invention notes that an 
improved BR and IH can be achieve by sharing of infor 
mation between the disk manufacturing Step and the lens 
fabrication Step. 

0034 FIG. 4 illustrates the thermal profiles from a simu 
lation of a 4-disk proceSS. There would be a similar variation 
in 4 disks cut from a single large ingot, or in a Setup with 10 
disks as shown in FIG. 6b. 
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0035 FIG. 5 and FIG. 6 show alternatives for trimming 
and grinding a conveX curve to one face of a disk while 
leaving the other face plane. A different BR and IH distri 
bution in the final lens will result, depending on whether the 
conveX curve is ground from the upper or lower Surface and 
how much is trimmed from the upper and lower surface. The 
BR and IH distribution will also depend on the shape of the 
temperature contours and hence will be different for the two 
disks shown in FIG. 5 and FIG. 6. The reference numeral 
10 and the arrow indicate the trim lines. The material within 
the trim lines defines the trimmed disk of material, the 
trimmed material being outside the trim lines. 

0036) Once the crystal orientation through the disk is 
known, the optimum trimming may be adjusted So as to 
maximize the amount of crystal with minimum tilt relative 
to the desired orientation. It is known that the BR of a CaF 
crystal depends on orientation and that for crystals grown for 
a 111 orientation a small deviation can have a significant 
impact on BR. If the crystal orientation is measured for both 
top face and bottom face of the crystal, the Strategy would 
be to grind away material for the convex Surface from the 
Side whose orientation as one moves from the center to the 
outside tilts the furthest from what is desired. There can be 
a benefit to this preferential trimming for other orientations 
(such as 100) as well. For example, at 157 nm the stress 
birefringence is aggravated by So-called intrinsic birefrin 
gence and the intrinsic birefringence for a 100 crystal may 
be optimized by Selectively grinding away a curvature to 
reduce the amount of crystal tilted away from 100. 
0037. This trimming process could be done in two or 
more steps. First, the flat faces of the disk would be trimmed 
So that the axial centerline of the disk is more closely aligned 
with the measured crystal orientation. Second, the optimum 
trimming process described above is applied to the disk, 
yielding a lens blank with improved crystal orientation. In 
Some cases the initial trimming to align the crystal orienta 
tion can be further optimized if the orientation varies slightly 
acroSS the crystal face, by optimizing a figure of merit 
including, for example, the cylindrical geometry and the 
eventual radii of curvature to be ground. 

0038. Details above which use a “convex curvature as an 
example apply equally well to concave Surfaces, making the 
necessary changes. 

0039. In addition to trimming and grinding the top and 
bottom surfaces, it may also be that the BR and IH can be 
Significantly reduced on Smaller pieces by cutting the disk in 
half or into quadrants. This kind of cutting is destructive 
compared to incremental trimming of the crystal and calcu 
lations of StreSS within the crystal can ensure that this cutting 
is optimized without costly experiments. 

EXAMPLE 

0040 Any crystal growing and/or annealing process 
known in the art can be used in conjunction with the 
invention; for example, the processes described in U.S. Pat. 
Nos. 6,395,657 B2; 6,309,461 B1; 6,562,126 B2; 6,332,922 
B1; 6,620,347; 6,238,479 B1; and other patent known to one 
skilled in the art that describes the growth and/or annealing 
of metal fluoride Single crystals. During the growth and/or 
annealing process temperature distributions are recorded 
and used as described below. This data is then use to 
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determine how a crystal will be trimmed to produce one 
Suitable for lithographic use, particularly <200 nm lithog 
raphy. 

0041. The invention uses a sequence of models. The first 
is the Thermal Stress Model in which one calculates stress 
from thermal gradients present during a crystal growing 
and/or annealing process, whichever is the last. Thermal 
Stresses can be "frozen” in a crystal as the temperature is 
lowered during the cooling portion of a crystal growing or 
annealing cycle, and the Stresses give rise to birefringence. 
In addition, the data obtained will depend on the crystal 
orientation. 

0042. The Thermal Stress Model for CaF, described 
herein was obtained using FLUENT software (Fluent, Inc., 
Lebanon, N.H.) that is used to determine the temperature 
distribution (profile) within the crystal as it is being grown 
or annealed. The Software enables one to form a detailed 
Thermal Model of a full growth cycle or of an annealing 
cycle. It generates a transient, axis-symmetric model of 
approximately 30,000 nodes and can depict the radiation 
heat transfer in a furnace, including metal fluoride proper 
ties, for example, CaF2 properties. The data So obtained can 
be saved by computer as a temperature profile of the 
growing and/or annealing process. 
0043. The temperature profile is used to determine the 
thermal variations within the crystal as it is being grown or 
annealed. Temperature variations give rise to thermal 
stresses. Thermal stresses are calculated a C matrix as 
shown below for a CaF crystal. In the matrix “o” represents 
normal StreSS, "t” represents shear StreSS, "e' represents 
normal strain, “y” represents shear strain, “AT is the 
temperature minus a Selected reference temperature (typi 
cally the average temperature during the thermal process), 
and “C” is the coefficient of thermal expansion. 

Stress Stress/Strain Tensor Strain 

Oxx C1 C12 C12 O O O exx - a AT 
Oyy C12 C11 C12 O O O sy - a AT 
Czz C12 C2 C11 O O O e - a AT 
xy O 0 0 C () () Yxy 

tyz O O O O C4 O Yyz 
xz O O O O O C44 yxz 

0044 CaF2 has three (3) elastic constants (C, C, C). 
For an isotropic material C=% (C-C). (CaF2 is an 
anisotropic material. The model can be used with either 
isotropic or anisotropic materials.) As the crystal orientation 
is shifted, the “C; matrix” is transformed. 
0.045 Once the thermal stress data has been obtained, the 
data is used to build the Birefringence Model, calculating the 
birefringence and indeX homogeneity from the Stresses. This 
model building and the calculations are carried out using 
ANSYS software (ANSYS Inc., Canonsburg, Pa.). The 
ANSYS software, which does the C matrix calculations, 
calculates the Stresses from the temperature results from 
FLUENT. The results are dependent on the wavelength of 
light being used and the crystal orientation. The ANSYS 
Software enables one to model anisotropy, StreSS relaxation 
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and other parameters. It can also perform thermal analysis 
Such as during the annealing process, but not during the 
growth process. The ANSYS software also allows for arbi 
trary crystal orientation and anisotropy. 
0046 Birefringence and homogeneity are calculated 
using the following AB (change in birefringence) matrix 
equation where AB, gives the photoelastic effect and AB = 
A(1/n) for uniaxial stress, O(bar) is the average sigma 
through the crystal, and “n” is the index of refraction. The 
StreSS-optic properties of CaF are defined by three StreSS 
optic coefficients q1, q2 and q. As the crystal orientation 
is shifted the “q-matrix” is transformed. 

AB q11 q12 q12 () () () i? Ory 
ABy q12 qi q12 0 0 0 || Oyy 
AB. q12 q12 q 0 O 0 || Ozz 
AB, ?o 0 0 g o O Oy 
AB, 0 0 0 0 q44 0 || O. 
AB 0 0 () () () q44 CF, 

0047. If measurements are done along the Z-axis of a 
crystal, then the AB matrix reduces to a 2x2 

AB, ABy 
AB, ABy ABy 

0048. In this case the birefringence is proportional to the 
difference of the eigenvalues, that is, BR-8n-Ön; and H 
is proportional to the Sum of the eigenvalues, that is, 
H-%(ön-Ön). 
0049 FIG. 7 illustrates the birefringence of a cube with 
uniform pressure on two lateral faces So the O+constant=0.1 
MPa. The BR is measured along a vertical path (Z-axis), the 
pressure is along the X-axis resulting in O=0.1 and the 
crystal orientation is 0=(0, (p, where cp is at 0, 45 and 90 
degrees as illustrated. FIG. 8 shows that the birefringence 
goes through a minimum at 45 degrees. 
0050 FIG. 8 is similar to FIG. 7, illustrating the bire 
fringence of a cube with uniform pressure on two lateral 
faces, except that in FIG. 8p is held constant at 45 degrees 
and 0 is rotated from 0->90 degrees. FIG. 9 shows that 
minimum birefringence occurs at 0=54.74 degrees. AS in the 
case with FIG. 7, FIG. 8 illustrates that the birefringence 
varies as the crystal orientation shifts from <100> to <111> 
to <110>. Minimum birefringence occurs when measured 
alone the <111 > direction. In FIG. 8 the inserts designated 
<100>, <111> and <110> illustrate the birefringence in a 
crystal where the darkest areas have the lowest birefrin 
gence. AS one can See from the illustration the <111> 
orientation> has the lowest birefringence. 

0051 FIG. 10 illustrates the calculated and measured 
birefringence for a crystal oriented in the 100, 110 and 
111 directions. As one can see from the illustrations, the 
Same thermal profile produces different birefringence pat 
terns depending on how the crystal is oriented. It should also 
be noted that the magnitude of the birefringence also varied 
and the trend is captured by the model. In both model and 
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measurement, the lowest birefringence is denoted by the 
color blue (numeral 20 in the Figures), intermediate values 
by green and yellow (numeral 30) and the highest values by 
red (numeral 40) 
0.052 The birefringence measurements, such as those in 
FIG. 10, were made using a Hinds EXICOR(R) 450AT 
instrument (Hinds Corporation, Hillsboro, Oreg.). Actual 
measurement data and the model results were originals done 
in color using the standard Hinds Corporation Color Scale 
with blue representing areas of low birefringence and red 
representing areas of high birefringence. When the color 
figures are viewed as black-and-white reproductions it is 
best to observe the patterns which will be similar between 
the color and black-and-white copies. However, in black 
and-white reproductions the areas represented by blue and 
red, low and high birefringence, respectively, will appear 
dark and areas of intermediate birefringence, represented by 
yellow in the color figures, will appear as light. FIG. 12 
illustrates calculated (using the model) and measured index 
homogeneity. 
0.053 Having generated a “picture” of the birefringence 
and indeX homogeneity using the Software described above, 
one can then determine how best to trim a crystal or disk to 
obtain maximum performance with minimum birefringence. 
That is, the data will instruct the user where, on the top 
and/or bottom face, to trim and how much trimming will be 
required. 

0054 Using the method described above, the birefrin 
gence and indeX homogeneity of CaF2 crystals are modeled 
as a function of annealing conditions and crystal orientation 
using several CaF samples. FIG. 4 is an illustration of the 
temperature contours near the annealing point of the disk 
Samples. Calculation of the effect of trimming a cylindrical 
CaF2 crystal was done using the model and thermal gradi 
ents of FIG. 4. 

0.055 The resulting average birefringence as a function of 
the amount trimmed from the top and the bottom was 
modeled and is shown in FIG. 9. In this example the original 
cylindrical crystal is approximately 67.5 mm thick. The 
birefringence of the crystal trimmed to 47.5 mm is approxi 
mately /3 of that of the original crystal. As shown in FIG. 
9, a lower birefringence results when more material is 
trimmed from the bottom of the crystal disk than when 
material is trimmed from the top of the crystal disk. This 
occurs because the bottom experiences larger thermal gra 
dients and hence a larger residual StreSS occurs in the bottom 
of the crystal. FIG. 6 shown that after trimming 20 mm of 
material from the top of the disk the birefringence is 0.0902 
and that after trimming 20 mm of material from the bottom 
of the disk the birefringence is 0.0723. Lower values of 
birefringence (units nm/cm) and index homogeneity (units 
ppm) are desired and hence in this example trimming from 
the bottom is preferred The difference between top and 
bottom trimming illustrated in FIG. 9 approximately 25% 
and is significant because is can enable meeting the Stringent 
Specifications required in the microlithography application. 

We claim: 
1. A method of preparing an optical lens Suitable for use 

in optical lithographic Systems utilizing a Selected wave 
length of electromagnetic radiation, Said method comprising 
the Steps of: 
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providing a disk of an optical crystal material having a 
Selected crystallographic orientation and Suitable for 
use at a Selected wavelength of electromagnetic radia 
tion, Said disk having a top face and a bottom face and 
a thickness, 

determining the crystal orientation of the optical crystal 
material at both the top and the bottom face of the disk 
and comparing Said measured values to the Selected 
crystal orientation, 

trimming optical crystal material from one or both of Said 
faces So as to maximize the amount of the optical 
material with minimum tilt relative to the selected 
crystal orientation. 

2. The method according to claim 1, wherein one of Said 
faces is flat and one of Said faces is convex. 

3. The method according to claim 2, therein the optical 
material of the flat face is trimmed So that the axial center 
line of the disk is closely aligned with the measured orien 
tation of the crystal. 

4. The method according to claim 2, wherein optical 
material is removed from the convex face along the Side of 
the convex face whose orientation, in the direction from the 
center of the disk to the perimeter of the disk, tilts furthest 
from the Selected crystal orientation. 

5. The method according to claim 1, wherein Said disk is 
a single crystal of a metal fluoride material of formula MF, 
and M is Selected from the group consisting of calcium, 
barium and Strontium, and mixtures of two or more of the 
foregoing in any proportion. 

6. A method of preparing an optical element Suitable for 
use in optical lithographic Systems utilizing a Selected 
wavelength of electromagnetic radiation, Said method com 
prising the Steps of 

growing a metal fluoride Single crystal according to any 
method known in the art and recording the tempera 
tures during growth; 

determining the temperature profile within a crystal as it 
is being grown; 

determining the crystallographic orientation of the grown 
crystal; 

using the temperature profile to determine the thermal 
Stresses within the crystal; 

using the thermal StreSS data to build a birefringence 
model; 

using the birefringence model to determine the parts of 
the crystal that should be trimmed away to form an 
optical element Suitable for use in an optical lithogra 
phy System; and 

trimming the crystal to form Said optical element. 
7. The method according to claim 6, wherein the metal 

fluoride has the formula MF2, an M is selected from the 
group consisting of calcium, barium and Strontium, and 
mixtures of two or more of the foregoing in any proportion. 

8. The crystal according to claim 6, wherein the grown 
crystal undergoing trimming to form an optical element is in 
the form of a disk formed in the growth proceSS or a disk cut 
from a Single crystal ingot. 
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9. A method of preparing an optical element Suitable for 
use in optical lithographic Systems utilizing a Selected 
wavelength of electromagnetic radiation, Said method com 
prising the Steps of 

Selecting a disk of a Single crystal material made by any 
method known in the art; 

annealing the disk by any method known in the art; 
recording the temperatures during annealing, 
determining the temperature profile within a crystal as it 

is being annealed; 
determining the crystallographic orientation of the 

annealed crystal; 
using the temperature profile to determine the thermal 

Stresses within the crystal; 
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using the thermal StreSS data to build a birefringence 
model; 

using the birefringence model to determine the parts of 
the crystal that should be trimmed away to form an 
optical element Suitable for use in an optical lithogra 
phy System; and 

trimming the crystal to form Said optical element. 
10. The method according to claim 9, wherein the metal 

fluoride has the formula MF, an M is selected from the 
group consisting of calcium, barium and Strontium, and 
mixtures of two or more of the foregoing in any proportion. 

11. The crystal according to claim 9, wherein the grown 
crystal undergoing trimming to form an optical element is in 
the form of a disk formed in the growth proceSS or a disk cut 
from a Single crystal ingot. 
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