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(57) ABSTRACT 

It is an object of the present invention to provide a calcium 
?uoride crystal in Which the light transparency does not 
deteriorate With consecutive irradiation by high output short 
Wavelength light over long time periods. A calcium ?uoride 
crystal in accordance With the present invention has an 
internal transmittance of 70% or more for light of 135-nm 

Wavelength or over. A calcium ?uoride crystal contains any 

one of strontium, aluminum, silicon and magnesium, With 
the strontium content ranging from 1 ppm to 600 ppm, the 
aluminum content ranging from 1 ppm to 50 ppm, the silicon 

(22) Filed: Mar- 21! 1997 content ranging from 1 ppm to 50 ppm, or the magnesium 
, , , , , content ranging from 1 ppm to 10 ppm. A calcium ?uoride 
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Mar. 22, 1996 (JP) ........................................... .. 8-093520 . . An exposure apparatus for photo-hthography 1n accordance 

Publication Classi?cation With the present invention comprises an optical system 
comprising the calcium ?uoride crystal and a stage for 
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CALCIUM FLOURIDE CRYSTAL, OPTICAL 
ARTICLE AND EXPOSURE APPARATUS FOR 
PHOTO-LITHOGRAPHY USING THE SAME 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a calcium ?uoride 
crystal and an optical system and an apparatus using the 
same. In particular, the present invention relates to a calcium 
?uoride crystal used for an optical article Which transmits 
excimer laser light used in exposure apparatuses for photo 
lithography. 

[0003] 2. Description of the Related Art 

[0004] Excimer lasers have attracted attention as the only 
high-output laser Which can oscillate in an ultraviolet region, 
and has been applied in electronic, chemical and energy 
industrial ?elds. In these industrial ?elds, the excimer laser 
is used for processing metal, resin, glass, ceramic and 
semiconductor articles as Well as for chemical reactions. 

[0005] The equipment for generating an excimer laser 
beam is knoWn as an excimer laser oscillator. A laser gas 
such as Ar, Kr, Xe, F2, or Cl2 Which is ?lled into a chamber 
is excited by electron beam irradiation or electric discharge. 
The excited atoms bond to atoms in a ground state to form 
molecules Which can be present in an excited state. Such 
molecules are called excimers. The excimers are unstable 
and immediately return to the ground state simultaneously 
emitting ultraviolet light. This phenomenon is referred to as 
bond-free transition. An excimer laser oscillator ampli?es 
ultraviolet light formed by the bond-free transition With an 
optical resonator comprising a pair of mirrors and outputs it 
as a laser light beam. 

[0006] Among excimer laser beams, the KrF laser beam 
(248 nm) and the ArF laser beam (193 nm) operate in a 
vacuum ultraviolet region, respectively. Optical articles 
must have high transparencies in such a region. Fluorite 
(calcium ?uoride single-crystal) is suitable for such optical 
articles. 

[0007] Although conventional ?uorite exhibits satisfac 
tory characteristics in general visible light optical articles, its 
optical characteristics deteriorate during repeated irradiation 
cycles of high output light having a short Wavelength, such 
as an excimer laser beam. 

[0008] The present inventors have found that the deterio 
ration is induced by the crystal structure and impurities. 

SUMMARY OF THE INVENTION 

[0009] It is an object of the present invention to provide a 
calcium ?uoride crystal in Which light transmittance char 
acteristics do not deteriorate by consecutive irradiation of 
high output shortWave light over long time periods. 

[0010] It is another object of the present invention to 
provide a calcium ?uoride crystal preferably used in an 
excimer laser optical article, particularly, for an exposure 
apparatus for photo-lithography. 

[0011] It is a further object of the present invention to 
provide a calcium ?uoride crystal Which can produce a 
highly reliable optical article. 
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[0012] It is a still another object of the present invention 
to provide a calcium ?uoride crystal Which can be produced 
With loW production costs. 

[0013] It is a still further object of the present invention to 
provide an optical part for excimer lasers having a large 
diameter of 250 mm or more, of Which optical characteris 
tics do not deteriorate during repeated irradiation cycles of 
high output light of a short Wavelength. 

[0014] It is yet another object of the present invention to 
provide an exposure apparatus for photo-lithography Which 
is capable of stably exposing ?ne patterns of 0.25 microns 
or less for long periods. 

[0015] In accordance With a ?rst aspect of the present 
invention, a calcium ?uoride crystal has an internal trans 
mittance of 70% or more for light of 135-nm Wavelength or 
over. 

[0016] In accordance With a second aspect of the present 
invention, a calcium ?uoride crystal contains strontium, and 
the strontium content ranges from 1 ppm to 600 ppm. 

[0017] The strontium content preferably ranges from 20 
ppm to 400 ppm. 

[0018] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0019] In accordance With a third aspect of the present 
invention, an optical system for excimer lasers comprises a 
lens of a calcium ?uoride crystal having an internal trans 
mittance of 70% or more for light of 135-nm Wavelength or 
over. 

[0020] In accordance With a fourth aspect of the present 
invention, an optical system for excimer lasers comprises a 
lens of a calcium ?uoride crystal containing strontium, and 
the strontium content ranges from 1 ppm to 600 ppm. 

[0021] In accordance With a ?fth aspect of the present 
invention, an exposure apparatus for photo-lithography 
comprises an optical system comprising a lens of a calcium 
?uoride crystal having an internal transmittance of 70% or 
more for light of 135-nm Wavelength or over and a stage for 
holding a substrate being exposed. 

[0022] In accordance With a sixth aspect of the present 
invention, an exposure apparatus for photo-lithography 
comprises an optical system comprising a lens of a calcium 
?uoride crystal containing strontium and a stage for holding 
a substrate being exposed, the strontium content ranging 
from 1 ppm to 600 ppm. 

[0023] In accordance With a seventh aspect of the present 
invention, a calcium ?uoride crystal contains aluminum, and 
the aluminum content is 50 ppm or less. 

[0024] The aluminum content preferably ranges from 1 
ppm to 50 ppm. The aluminum content more preferably 
ranges from 1 ppm to 5 ppm. 

[0025] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. in accordance With an eighth aspect of 
the present invention, an optical system for excimer lasers 
comprises a calcium ?uoride crystal containing aluminum, 
the aluminum content being 50 ppm or less. 
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[0026] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0027] In accordance With a ninth aspect of the present 
invention, an exposure apparatus for photo-lithography 
comprises an optical system comprising a lens of a calcium 
?uoride crystal containing aluminum and a stage for holding 
a substrate being exposed, the aluminum content being 50 
ppm or less. 

[0028] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0029] In accordance With a tenth aspect of the present 
invention, a calcium ?uoride crystal contains silicon, and the 
silicon content is 50 ppm or less. 

[0030] The silicon content preferably ranges from 1 ppm 
to 50 ppm. The silicon content more preferably ranges from 
1 ppm to 5 ppm. 

[0031] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0032] In accordance With an eleventh aspect of the 
present invention, an optical system for excimer lasers 
comprises a calcium ?uoride crystal containing silicon, the 
silicon content being 50 ppm or less. 

[0033] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0034] In accordance With a tWelfth aspect of the present 
invention, an exposure apparatus for photo-lithography 
comprises an optical system comprising a lens of a calcium 
?uoride crystal containing silicon and a stage for holding a 
substrate being exposed, the silicon content being 50 ppm or 
less. 

[0035] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0036] In accordance With a thirteenth aspect of the 
present invention, a calcium ?uoride crystal contains mag 
nesium, and the magnesium content ranges from 1 ppm to 10 

[0037] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0038] In accordance With a fourteenth aspect of the 
present invention, an optical system for excimer lasers 
comprises a calcium ?uoride crystal containing magnesium, 
the magnesium content ranging from 1 ppm to 10 ppm. 

[0039] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0040] In accordance With a ?fteenth aspect of the present 
invention, an exposure apparatus for photo-lithography 
comprises an optical system comprising a lens of a calcium 
?uoride crystal containing magnesium and a stage for hold 
ing a substrate being exposed, the magnesium content rang 
ing from 1 ppm to 10 ppm. 
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[0041] The internal transmittance of the calcium ?uoride 
crystal is preferably 70% or more for light of 135-nm 
Wavelength or over. 

[0042] In accordance With a sixteenth aspect of the present 
invention, a calcium ?uoride crystal has an internal trans 
mittance of 70% or more for light of 135-nm Wavelength or 
over and contains lanthanum (La) and yttrium (Y), the 
lanthanum content being 1 ppm or less and the yttrium 
content being 10 ppm or less. 

[0043] The calcium ?uoride crystal may further contain at 
least one element selected from the group consisting of 
strontium (Sr), aluminum (Al), silicon (Si) and magnesium 
(Mg) 

[0044] In accordance With a seventeenth aspect of the 
present invention, an optical part for excimer lasers com 
prises a calcium ?uoride crystal having an internal trans 
mittance of 70% or more for light of 135-nm Wavelength or 
over, and containing lanthanum (La) and yttrium (Y), the 
lanthanum content being 1 ppm or less and the yttrium 
content being 10 ppm or less. 

[0045] In accordance With an eighteenth aspect of the 
present invention, an exposure apparatus for photo-lithog 
raphy comprises an optical system comprising a lens of a 
calcium ?uoride crystal having an internal transmittance of 
70% or more for light of 135-run Wavelength or over and 
containing lanthanum (La) and yttrium (Y), and a stage for 
holding a substrate being exposed, the lanthanum content 
being 5 ppm or less and the yttrium content being 10 ppm 
or less. 

[0046] In accordance With a nineteenth aspect of the 
present invention, an exposure apparatus comprises an illu 
minating light source, a stage for placing an exposed mem 
ber and a plurality of optical articles provided in a light 
optical system and/or a projection optical system, at least 
one of the optical article comprising a calcium ?uoride 
crystal having an internal transmittance of 70% or more for 
light of 135-nm Wavelength or over. 

[0047] The illuminating light source may be an excimer 
laser light source. 

[0048] In accordance With a tWentieth aspect of the present 
invention, a method of making a calcium ?uoride crystal is 
characteriZed in that the calcium ?uoride crystal has a 
transmittance of 70% or more for light of 135-nm Wave 
length or over. 

[0049] In this method, a step for mixing, melting and 
cooling calcium ?uoride and a scavenger may be repeated at 
least tWice. 

[0050] The scavenger may be Zinc ?uoride, bismuth ?uo 
ride, sodium ?uoride, or lithium ?uoride. 

[0051] The calcium ?uoride crystal in accordance With the 
present invention can be produced at relatively loW cost and 
used as a highly reliable optical article. Deterioration in the 
optical characteristics of the optical part for excimer lasers 
using the calcium ?uoride crystal does not occur during 
repeated irradiation of shortWave, high-output light for long 
time periods. The exposure apparatus for photo-lithography 
can stably expose ?ne patterns of 0.25 microns or less for 
long time periods. 
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[0052] Further objects, features and advantages of the 
present invention Will become apparent from the following 
description of the preferred embodiments With reference to 
the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0053] FIG. 1 is a graph illustrating transmittance char 
acteristics of a calcium ?uoride crystal in accordance With 
the present invention; 

[0054] FIG. 2 is a ?oW chart illustrating a production 
process of an exposure apparatus fabrication; 

[0055] FIG. 3 is a cross-sectional vieW of a puri?cation 
apparatus; 

[0056] FIG. 4 is a cross-sectional vieW of a groWing 
furnace used in a single-crystal groWing step; 

[0057] FIG. 5 is a cross-sectional vieW of a groWing 
furnace used in a annealing step; 

[0058] FIG. 6 is a schematic diagram illustrating an 
exposure apparatus in accordance With the present inven 
tion; and 

[0059] FIG. 7 is a schematic cross-section vieW of an 
embodiment of an optical article used in an exposure appa 
ratus in accordance With the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0060] First Embodiment 

[0061] Various calcium ?uoride crystals Were produced 
under different production conditions in the present inven 
tion, and subjected to KrF and ArF excimer laser irradiation 
for long time periods to evaluate optical characteristics. 
Some calcium ?uoride crystals having excellent character 
istics Were shaped into an optical disk article having a 
thickness of 10 mm and subjected to excimer laser irradia 
tion. 

[0062] Some calcium ?uoride crystals Were colored by 
1X10 cycles of laser pulse irradiation With an output poWer 
of 30 mJ/cm2 and 1-hour y-ray irradiation at 1><104 R/H. 
Both colored and non-colored samples exhibited the same 
absorbance or transmittance of 248-nm or 193-nm light, 
Which is the Wavelength of an excimer laser. Thus, the initial 
transmittance of such a Wavelength cannot be used as a 
standard to select durable products, because the initial 
transmittance does not suggest future deterioration in use. 

[0063] The present inventors have found as a result of 
analysis of products not deteriorated by the test set forth 
above that the transmittance of 135 -nm Wavelength light can 
be used as a standard to select durable products. When a 
calcium ?uoride optical article having a transmittance of 
70% or more for light of 135-nm Wavelength or over, 
regardless of laser and/or y-ray irradiation, Was used in an 
excimer laser optical system, the optical system could stably 
emit laser light. 

[0064] FIG. 1 is a graph illustrating vacuum ultraviolet 
transmittance characteristics of a calcium ?uoride crystal 
having a thickness of 20 mm in accordance With the present 
invention, as Well as a conventional calcium ?uoride crystal 
having the same thickness for comparison, in Which the 
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horiZontal axis indicates Wavelength and the vertical axis 
indicates transmittance. The number 1 of the vertical axis 
indicates 100% transmittance Whereas the number 0 indi 
cates 0% transmittance. FIG. 1 demonstrates that the trans 
mittance of light of 135-nm Wavelength or over is 70% or 
more in the calcium ?uoride crystal in accordance With the 
present invention Whereas it is approximately 30% in the 
conventional calcium ?uoride crystal. A calcium ?uoride 
crystal having a high transmittance of vacuum ultraviolet 
light exhibits high durability against ArF or KrF excimer 
laser light. 

[0065] Further, it is found as a result of elemental analysis 
that calcium ?uoride crystals having excellent optical char 
acteristics contain strontium (Sr). The strontium content of 
a calcium ?uoride crystal having excellent optical charac 
teristics ranges from 1 ppm to 600 ppm, and preferably 20 
to 400 ppm. A strontium content over the upper limit results 
in a disordered crystal structure. On the other hand, When the 
strontium content is less than the loWer limit, optical char 
acteristics Will deteriorate due to other impurities. 

[0066] The calcium ?uoride crystal in accordance With the 
present invention has an etch pit density of 1><105 or less and 
a high quality crystal structure. 

[0067] Results of elemental analysis of calcium ?uoride 
crystals having excellent optical characteristics demonstrate 
that calcium ?uoride crystals containing magnesium (Mg) 
also have excellent optical characteristics. The magnesium 
content of a calcium ?uoride crystal having excellent optical 
characteristics ranges from 1 ppm to 10 ppm, and preferably 
1 to 6 ppm. A magnesium content of over the upper limit 
results in a disordered crystal structure. On the other hand, 
When the magnesium content is less than the loWer limit, 
optical characteristics Will deteriorate due to other impuri 
ties. 

[0068] The calcium ?uoride crystal in accordance With the 
present invention has an etch pit density of 1><105 or less and 
a high quality crystal structure. 

[0069] FIG. 2 is a ?oW chart for illustrating a production 
process of a calcium ?uoride crystal used in the present 
invention. FIG. 3 is a schematic cross-section vieW of a 
puri?cation apparatus used in the puri?cation step, Which 
comprises a puri?cation furnace chamber 301, a heat insu 
lating material 302, a heater 303, and a crucible 304 for 
purifying calcium ?uoride 305. FIG. 4 is a schematic 
cross-section vieW of a groWing furnace used in the groWing 
step, Which comprises a groWing furnace chamber 401, a 
heat insulating material 402, a heater 403, a crucible 404 for 
groWing calcium ?uoride crystal 405, and a crucible loW 
ering mechanism 406. FIG. 6 is a schematic cross-section 
vieW of an annealing furnace used in the annealing step, 
Which comprises an annealing furnace chamber 501, a heat 
insulating material 502, a heater 503, and a crucible 504 for 
annealing calcium ?uoride crystal 505. 

[0070] Apreferable production process in accordance With 
the present invention Will noW be illustrated With reference 
to these draWings. 

[0071] RaW calcium ?uoride poWder and a scavenger are 
mixed. Mixing is preferably performed by rotation of a 
container ?lled With calcium ?uoride and the scavenger. 
Examples of preferable scavengers include Zinc ?uoride, 
bismuth ?uoride, sodium ?uoride and lithium ?uoride, 
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Which have higher reactivities With oxygen than a ?uoride 
crystal Which is grown. The scavenger reacts With oxides 
contained in the raW synthesiZed ?uoride to form more 
volatile oxides. Among these ?uorides, Zinc ?uoride is 
preferable. 

[0072] For example, a Zinc ?uoride scavenger can covert 
calcium oxide formed in the presence of Water into calcium 
?uoride as shoWn in the folloWing equations: 

[0073] The amount of the scavenger preferably ranges 
from 0.05 molt to 5.00 mol %, and more preferably from 0.1 
mol % to 1.0 molt of the calcium ?uoride. The formed ZnO 
can be ejected in a high temperature atmosphere in each 
production step. 

[0074] (Puri?cation Step) 
[0075] The mixture of calcium ?uoride poWder and a 
scavenger is melted in the crucible in the puri?cation 
furnace set forth in FIG. 3 by energiZing the heater. The 
calcium ?uoride melt is gradually cooled While loWering the 
crucible to groW a crystal. Unlike the single-crystal groWing 
step set forth beloW, no strict temperature control is required 
in this step. Thus, the formed ?uoride crystal may have 
crystal grain boundaries. The surface layer of the ?uoride 
crystal, i.e., the section crystalliZing last, is removed, since 
impurities adversely affecting optical characteristics are 
concentrated in this section. The resulting crystal is placed 
into the crucible again to repeat several times a series of 
operations including melting, crystalliZation and impurity 
removal. 

[0076] (GroWing Step) 
[0077] The puri?ed ?uoride crystal is transferred to the 
crucible 404 With strontium ?uoride (SrFZ). The amount of 
strontium ?uoride is adjusted so that the strontium content in 
the calcium ?uoride crystal is Within a range speci?ed 
above. After the ?uoride crystal is melted by heating the 
crucible 404 to a temperature of 1,390 to 1,450° C., the 
crucible 404 is loWered at a rate of 0.1 to 5.0 mm/hour to 
gradually cool the melt. 

[0078] (Annealing step) 
[0079] The groWn ?uoride single-crystal is annealed in the 
annealing furnace set forth in FIG. 5 by heating the single 
crystal to 900 to 1,000° C. It is preferred that the annealing 
be performed for 20 hours or more, and more preferably for 
20 to 30 hours. 

[0080] In this production method, the bulk density does 
not change substantially before and after crystal groWth, and 
a high packing density of the ?uoride crystal can be achieved 
in the crystal groWing furnace. 

[0081] In this production method, the bulk density does 
not change substantially before and after crystal groWth, and 
a high packing density of the ?uoride crystal can be achieved 
in the crystal groWing furnace. 

[0082] The resulting ?uoride single-crystal contains 
reduced impurities of no greater than 10 ppm of, for 
example, Water, iron (Fe), nickel (Ni) and chromium (Cr) 
and contains 1 to 600 ppm of Sr. 
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[0083] The transmittances of the resulting calcium ?uo 
ride crystals are measured to select only those having 
transmittances of 70% or more for light of 135-nm Wave 
length or over. An optical article is made from the selected 
calcium ?uoride crystal. 

[0084] (Shaping & Additional Treatment Step) 

[0085] The calcium ?uoride single-crystal is shaped into 
desired optical articles, e.g. concave lenses, convex lenses, 
disks and plates. Antire?ection coatings may be provided on 
the surfaces of the ?uoride optical articles according to 
demand. Preferable examples of antire?ection coating mate 
rials include magnesium ?uoride, aluminum oxide and tan 
talum oxide. These antiref lection coatings can be deposited 
on the optical articles by resistive heating deposition, elec 
tron beam deposition or sputtering. The optical articles 
obtained With the method in accordance With the present 
invention do not substantially contain Water and have excel 
lent adhesiveness to antire?ection coatings. 

[0086] (Optical System & Apparatus Fabricating Step) 

[0087] An optical system suitable for excimer lasers and, 
in particular, ArF excimer lasers can be provided by com 
bining the various lenses obtained. A combination of an 
excimer laser light source, an optical system having lenses 
of calcium ?uoride and a stage for moving a substrate 
provides an exposure apparatus for photo-lithography. As 
excimer laser light is irradiated to a light sensitive resist on 
a substrate through a reticle pattern using the exposure 
apparatus, a latent image corresponding to the reticle pattern 
forms on the resist. 

[0088] The strontium content in the calcium ?uoride crys 
tal may be controlled by another method as folloWs: A raW 
calcium ?uoride poWder containing a large amount of stron 
tium ?uoride is prepared and mixed With the synthesiZed 
calcium ?uoride poWder in an appropriate ratio. The puri 
?cation step set forth above is repeated until a desired 
strontium content is achieved. The strontium content may be 
determined by ?uorescent X-ray spectrometry, ICP emission 
spectrometry, or ICP mass spectrometry. 

[0089] (Exposure Apparatus) 
[0090] An exposure apparatus using an optical article in 
accordance With the present invention Will noW be illus 
trated. 

[0091] Examples of exposure apparatus include reducing 
projection exposure apparatuses and life-siZe lens exposure 
apparatuses. A preferable exposure apparatus for exposing 
an entire Wafer is a stepper of step-and-repeat system Which 
exposes a ?eld in the Wafer and then moves the Wafer to 
expose the adjacent ?eld. A micro-scanning exposure appa 
ratus is also preferably used. 

[0092] FIG. 6 is a schematic vieW of an exposure appa 
ratus con?guration in accordance With the present invention. 
The exposure apparatus comprises an illuminating light 
source section 21 and an exposure mechanism section 22, 
Which are separable from each other. The illuminating light 
source section has a high-output illuminating light source 23 
such as an excimer laser, a mirror 24, a concave lens 25, and 
a convex lens 26. The concave and convex lenses 25 and 26 
act as an expander and expand the laser beam to almost the 
siZe of an optical integrator 28 Which is provided for 
uniformly illuminating a reticle. A mirror 27 is provided 
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between the convex lens 25 and the optical integrator 28. 
The exposure mechanism section 22 has a mirror 29 and a 
condenser lens for collimating the light beam from the 
optical integrator 28. The exposure mechanism section 22 
further has a reticle 31 in Which a circuit pattern is pictured, 
and a reticle holder 31a Which holds the reticle 31 by suction 
?xation, a projection optical system 32 for projecting the 
reticle pattern, and a Wafer 33. The reticle pattern projected 
through the projection optical system 32 is printed on the 
Wafer 33. The Wafer 33 is held on an XY stage 34 by suction 
?xation and stepWise transferred at every printing along the 
XY directions on a table 35. An alignment means 36 is 
provided in the exposure mechanism section 22 for perform 
ing TTL alignment. A typical exposure apparatus is also 
provided With an autofocus mechanism and a Wafer transfer 
mechanism in the exposure mechanism section 22. 

[0093] FIG. 7 is a schematic cross-section vieW of a lens 
assembly used in the projection optical system of the expo 
sure apparatus set forth in FIG. 6 as an embodiment of an 
optical article in accordance With the present invention. The 
lens assembly consists of 11 lenses L1 through L11 Which are 
separately arranged. The calcium ?uoride optical article in 
accordance With the present invention can be used as lenses 
and mirrors set forth in FIGS. 4 and 5, and as mirrors and 
lenses of a mirror-type exposure apparatus. It is preferable 
that surfaces of these mirrors and lenses be coated With 
antire?ection ?lms or re?ection-enhanced ?lms. 

[0094] When a calcium ?uoride crystal containing a speci 
?ed amount of magnesium is produced, magnesium ?uoride 
(MgF2) is used instead of SrF2 in the growing step set forth 
above. The resulting ?uoride single-crystal contains no 
greater than 25 ppm of oxygen, reduced amounts of impu 
rities, such as Water, iron (Fe), nickel (Ni) and chromium 
(Cr), and 1 to 10 ppm of magnesium (Mg) The transmit 
tances of the resulting calcium ?uoride crystals are mea 
sured to select only those having transmittances of 70% or 
more for light of 135-nm Wavelength or over. An optical 
article is made from the selected calcium ?uoride crystal. 

[0095] The calcium ?uoride single-crystal is shaped into 
desired optical articles, e.g. concave lenses, convex lenses, 
disks and plates. Antire?ection coatings may be provided on 
the surfaces of the ?uoride optical articles according to 
demand. Preferable examples of antire?ection coating mate 
rials include magnesium ?uoride, aluminum oxide and tan 
talum oxide. These antire?ection coatings can be deposited 
on the optical articles by resistive heating deposition, elec 
tron beam deposition or sputtering. The optical articles 
obtained by the method in accordance With the present 
Invention do not substantially contain Water and have excel 
lent adhesiveness to antire?ection coatings. 

[0096] An optical system suitable, as set forth in FIG. 7, 
for excimer lasers and in particular ArF excimer lasers can 
be provided by combining the various lenses obtained 
(optical system fabricating step). A combination of an exci 
mer laser light source, an optical system having lenses of 
calcium ?uoride and a stage for moving a substrate provides 
an exposure apparatus for photo-lithography, as set forth in 
FIG. 6 (apparatus fabricating step). As excimer laser light is 
irradiated to a light sensitive resist on a substrate through a 
reticle pattern using the exposure apparatus, a latent image 
corresponding to the reticle pattern forms on the resist. 

[0097] The magnesium content in the calcium ?uoride 
crystal may be controlled by another method as folloWs: A 
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raW calcium ?uoride poWder containing a large amount of 
magnesium ?uoride is prepared, and mixed With the syn 
thesiZed calcium ?uoride poWder in an appropriate ratio. 
The puri?cation step set forth above is repeated until a 
desired magnesium content is achieved. The magnesium 
content may be determined by ?uorescent X-ray spectrom 
etry, ICP emission spectrometry, or ICP mass spectrometry. 
The internal transmittance of 135-nm Wavelength light can 
be determined With a vacuum ultraviolet spectrometer. 

[0098] Second Embodiment 

[0099] Some kinds of impurities, Which are contained in 
calcium ?uoride crystal in trace amounts, may improve 
optical characteristics of the calcium ?uoride crystal com 
pared to a calcium ?uoride crystal not containing such 
impurities. An example of such impurities is aluminum. 
HoWever, a large amount of aluminum in the calcium 
?uoride crystal causes aluminum oxide formation, e.g. 
A1203, and the included oxygen inhibits improvement in 
optical characteristics of the calcium ?uoride crystal. On the 
other hand, When the aluminum content is extremely loW, 
excessive amounts of transition metals adversely affecting 
optical characteristics tend to remain in the calcium ?uoride 
crystal. Thus, the preferable aluminum content ranges from 
1 ppm to 50 ppm and more preferably from 1 ppm to 5 ppm. 
A calcium ?uoride crystal containing the above-speci?ed 
amount of aluminum exhibits the high transmittance set 
forth above. Further, the oxygen content can be limited to 25 
ppm or less and the transition metal content can be limited 
to 1 ppm or less. 

[0100] In the present invention, the contents of impurities 
adversely affecting optical characteristics, eg oxygen, tran 
sition metals and Water, can be decreased Without excessive 
repetition of the puri?cation step, and the resulting calcium 
?uoride crystal has a high transmittance for light of 135-nm 
Wavelength or over. 

[0101] There are some impurities other than aluminum 
Which improve optical characteristics When they are present 
in trace amounts in the calcium ?uoride crystal. One 
example of such impurities is silicon. HoWever, a large 
amount of silicon includes oxygen as silicon oxide, e.g. 
SiO2, in the calcium ?uoride crystal and inhibits improve 
ment in optical characteristics of the calcium ?uoride crys 
tal. On the other hand, an extremely loW silicon content 
results in excessive amounts of transition metal inclusion 
Which adversely affects optical characteristics. A preferable 
silicon content ranges from 1 ppm to 50 ppm and more 
preferably from 1 ppm to 5 ppm. Acalcium ?uoride crystal 
containing an above-speci?ed amount of silicon exhibits 
high transmittance as set forth above. Further, the oxygen 
content can be limited to 25 ppm or less and the transition 
metal content can be limited to 1 ppm or less. 

[0102] In the present invention, the contents of impurities 
adversely affecting optical characteristics, eg oxygen, tran 
sition metals and Water, can be decreased Without excessive 
repetition of the puri?cation step, With the resulting calcium 
?uoride crystal having a high transmittance for light of 
135-nm Wavelength or over. 

[0103] The production process of the exposure apparatus 
in the second embodiment is the same as the How chart set 
forth in FIG. 2. 

[0104] RaW calcium ?uoride poWder and a scavenger are 
mixed. Mixing is preferably performed by rotation of a 
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container ?lled With calcium ?uoride and the scavenger. 
Examples of preferable scavengers include Zinc ?uoride, 
bismuth ?uoride, sodium ?uoride and lithium ?uoride, 
Which have higher reactivities With oxygen than the ?uoride 
crystal Which is groWn. The scavenger reacts With oxides 
contained in the raW synthesiZed ?uoride to form more 
volatile oxides. Among these ?uorides, Zinc ?uoride is 
preferable. 
[0105] For example, a Zinc ?uoride scavenger can covert 
calcium oxide formed in the presence of Water into calcium 
?uoride as shoWn in the folloWing equations: 

[0106] The amount of the scavenger preferably ranges 
from 0.05 mol % to 5.00 mol %, and more preferably from 
0.1 mol % to 1.0 mol % of the calcium ?uoride. The formed 
ZnO can be ejected in a high temperature atmosphere in each 
production step. 

[0107] The mixture of calcium ?uoride poWder and d 
scavenger is melted in the crucible in the puri?cation 
furnace set forth in FIG. 3 by energiZing the heater (puri 
?cation step). The calcium ?uoride melt is gradually cooled 
While loWering the crucible to groW a crystal. Unlike the 
single-crystal groWing step set forth beloW, no strict tem 
perature control is required in this step. Thus, the formed 
?uoride crystal may have crystal grain boundaries. The 
surface layer of the ?uoride crystal, i.e., the section crystal 
liZing last, is removed, since impurities adversely affecting 
optical characteristics are concentrated in this section. The 
resulting crystal is placed into the crucible again to repeat a 
series of operations including melting, crystalliZation and 
impurity removal several times. 

[0108] The puri?ed ?uoride crystal is transferred to the 
crucible 404 set forth in FIG. 4 With aluminum ?uoride 
(AlF3) or silicon (Si). The amount of aluminum ?uoride is 
adjusted so that the aluminum content in the calcium ?uo 
ride crystal is Within a range speci?ed above. After the 
?uoride crystal is melted by heating the crucible to a 
temperature of 1,390 to 1,450° C., the crucible is loWered at 
a rate of 0.1 to 5.0 mm/hour to gradually cool the melt. 

[0109] The groWn ?uoride single-crystal is annealed in the 
annealing furnace set forth in FIG. 5 by heating the single 
crystal at 900 to 1,000° C. (annealing step). It is preferred 
that the annealing be performed for 20 hours or more, and 
more preferably 20 to 30 hours. 

[0110] The resulting ?uoride single-crystal contains 25 
ppm or less of oxygen, and reduced impurities, for example, 
Water, iron (Fe), nickel (Ni) and chromium (Cr). 

[0111] The transmittances of the resulting calcium ?uoride 
crystals are measured to select only those having transmit 
tances of 70% or more for light of 135-nm Wavelength or 
over. An optical article is made from the selected calcium 
?uoride crystal. 

[0112] The calcium ?uoride single-crystal is shaped into 
desired optical articles, e.g. concave lenses, convex lenses, 
disks and plates (shaping step). Antire?ection coatings may 
be provided on the surfaces of the ?uoride optical articles 
according to demand. Preferable examples of antire?ection 
coating materials include magnesium ?uoride, aluminum 
oxide and tantalum oxide. These antire?ection coatings can 
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be deposited on the optical articles by resistive heating 
deposition, electron beam deposition or sputtering. The 
optical articles obtained by the method in accordance With 
the present invention do not substantially contain Water and 
have excellent adhesiveness to antire?ection coatings. 

[0113] An optical system suitable for excimer lasers and in 
particular ArF excimer lasers, as set forth in FIG. 7, can be 
provided by combining the various lenses obtained (optical 
system fabrication step). A combination of an excimer laser 
light source, an optical system having lenses of calcium 
?uoride and a stage for moving a substrate provides an 
exposure apparatus for photo-lithography as set forth in 
FIG. 6 (apparatus assembly step). As excimer laser light is 
irradiated to a light sensitive resist on a substrate through a 
reticle pattern using the exposure apparatus, a latent image 
corresponding to the reticle pattern forms on the resist. 

[0114] The aluminum content in the calcium ?uoride 
crystal may be controlled by another method as folloWs: A 
raW calcium ?uoride poWder containing a large amount of 
aluminum is prepared, and mixed With the synthesiZed 
calcium ?uoride poWder in an appropriate ratio. The puri 
?cation step set forth above is repeated until a desired 
aluminum content is achieved. The aluminum content may 
be determined by ?uorescent X-ray spectrometry, ICP emis 
sion spectrometry, or ICP mass spectrometry. The internal 
transmittance of light of 135-nm Wavelength or over can be 
determined With a vacuum ultraviolet spectrometer. 

[0115] Third Embodiment 

[0116] Contents of speci?ed elements other than the ele 
ments set forth above must be limited to a predetermined 
amounts in order to further enhance the crystallinity. Such 
speci?ed elements include La and Y, and La and Y contents 
are preferably 1 ppm or less, and 10 ppm or less, respec 
tively. By limiting the La and Y contents, durability of the 
excimer laser improves, the calcium ?uoride crystal is 
prevented from coloring and the etch pit density (EPD) is 
reduced to 104 or less. Further, the calcium ?uoride crystal 
is more durable to heat With loW distortion. 

[0117] At the present stage, a number of repetition of the 
puri?cation step before the single-crystal groWing step is 
one of essential conditions for obtaining the calcium ?uoride 
crystal having the excellent characteristics set forth above. 
HoWever, such repetition of the puri?cation step increases 
the calcium ?uoride crystal production time and thus inhibits 
the decrease in the production cost. 

[0118] Some kinds of impurities improve calcium ?uoride 
crystal characteristics When they are included by trace 
amounts compared With When they are not included. 
Examples of alloWable impurities in the calcium ?uoride 
crystal include strontium, aluminum, silicon and magne 
sium. HoWever, excessive amounts of impurities form their 
oxides in the calcium ?uoride crystal and the included 
oxygen inhibits the improvement in the calcium ?uoride 
crystal characteristics. On the other hand, if their contents 
are signi?cantly loW, the calcium ?uoride crystal tends to 
include undesirable amounts of other transition elements, 
Which deteriorate the optical characteristics. Thus, the pref 
erable contents are 1 to 600 ppm for strontium, 1 to 50 ppm 
for aluminum, 1 to 50 ppm for silicon, and 1 to 10 ppm for 
magnesium. When strontium, aluminum, silicon and mag 
nesium contents are controlled Within the ranges set forth 



US 2001/0008540 A1 

above, the oxygen content can be limited to 25 ppm or less, 
and the transition metal contents other than Y and La can be 
reduced. 

[0119] In accordance With the present invention, as set 
forth above, the contents of impurities adversely affecting 
optical characteristics, e. g. oxygen, carbon and Water, can be 
suppressed, and the calcium ?uoride crystal has a high 
transmittance for light of 135-nm Wavelength or over being 
75% or more. 

[0120] Apreferable production process in accordance With 
the present invention Will be illustrated With reference to the 
draWings. The production process until the exposure appa 
ratus assembly in this embodiment is illustrated in FIG. 2. 

[0121] Fluorite ore or synthesiZed raW calcium ?uoride is 
prepared. RaW calcium ?uoride poWder and a scavenger are 
mixed. Mixing is preferably performed by rotation of a 
container ?lled With calcium ?uoride and the scavenger. 
Examples of preferable scavengers include Zinc ?uoride, 
bismuth ?uoride, sodium ?uoride and lithium ?uoride, 
Which have higher reactivities With oxygen than the ?uoride 
crystal Which is groWn. The scavenger reacts With oxides 
contained in the raW synthesiZed ?uoride to form more 
volatile oxides. Among these ?uorides, Zinc ?uoride is 
preferable. 
[0122] For example, a Zinc ?uoride scavenger can covert 
calcium oxide formed in the presence of Water into calcium 
?uoride as shoWn in the folloWing equations: 

[0123] The amount of the scavenger preferably ranges 
from 0.05 mol % to 5.00 mol %, and more preferably from 
0.1 mol % to 1.0 mol % of the calcium ?uoride. The formed 
ZnO can be ejected in a high temperature atmosphere in each 
production step. 

[0124] The mixture of calcium ?uoride poWder and a 
scavenger is melted in the crucible in the puri?cation 
furnace set forth in FIG. 3 by energiZing the heater. The 
calcium ?uoride melt is gradually cooled While loWering the 
crucible to groW a crystal (puri?cation step). Unlike the 
single-crystal groWing step set forth beloW, no strict tem 
perature control is required in this step. Thus, the formed 
?uoride crystal may have crystal grain boundaries. The 
surface layer of the ?uoride crystal, i.e., the section crystal 
liZing last, is removed, since impurities adversely affecting 
optical characteristics are concentrated in this section. The 
resulting crystal is placed into the crucible again to repeat a 
series of operations including melting, crystalliZation and 
impurity removal several times. 

[0125] The crucible is heated to a temperature of 1,390 to 
1,450° C. to melt the crystal, and the crucible is loWered at 
a rate of 0.1 to 5.0 mm/hour to partially cool the melt. A 
single-crystal can be obtained in such a manner. 

[0126] The groWn ?uoride single-crystal is annealed in the 
annealing furnace set forth in FIG. 5 (annealing step) In the 
annealing step, the crucible is heated at 900 to 1,000° C. 

[0127] It is preferred that the annealing be performed for 
20 hours or more, and more preferably 20 to 30 hours. 

[0128] In this production method, the bulk density does 
not change substantially before and after crystal groWth, and 
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a high packing density of the ?uoride crystal can be achieved 
in the crystal groWing furnace. 

[0129] The transmittances of the resulting single-crystal 
?uorides are measured to select only those having transmit 
tances of 70% or more for light of 135-nm Wavelength or 
over. An optical article is made from the selected calcium 
?uoride crystal. 

[0130] The calcium ?uoride single-crystal is shaped into 
desired optical articles, e.g. concave lenses, convex lenses, 
disks and plates (shaping step). Antire?ection coatings may 
be provided on the surfaces of the ?uoride optical articles 
according to demand. Preferable examples of antire?ection 
coating materials include magnesium ?uoride, silicon oxide 
and tantalum oxide. These antire?ection coatings can be 
deposited on the optical articles by resistive heating depo 
sition, electron beam deposition or sputtering. The optical 
articles obtained by the method in accordance With the 
present invention do not substantially contain Water and 
have excellent adhesiveness to antire?ection coatings. 

[0131] An optical system suitable for excimer lasers and in 
particular ArF excimer lasers, as set forth in FIG. 7, can be 
provided by combining the various lenses obtained (optical 
system fabrication step). A combination of an excimer laser 
light source, an optical system having lenses of calcium 
?uoride and a stage for moving a substrate provides an 
exposure apparatus for photo-lithography as set forth in 
FIG. 6 (apparatus assembly step). As excimer laser light is 
irradiated to a light sensitive resist on a substrate through a 
reticle pattern using the exposure apparatus, a latent image 
corresponding to the reticle pattern forms on the resist. 

[0132] The lanthanum and yttrium contents may be deter 
mined by ?uorescent X-ray spectrometry, ICP emission 
spectrometry, or ICP mass spectrometry. The internal trans 
mittance of light of 135-nm Wavelength or over can be 
determined With a vacuum ultraviolet spectrometer. 

EXAMPLE 1 

[0133] Calcium ?uoride poWder Was prepared by the 
reaction of calcium carbonate With hydro?uoric acid. The 
prepared calcium ?uoride Was mixed With Zinc ?uoride 
(ZnF2) as a scavenger in an amount of 0.7 Wt % of the 
calcium ?uoride. The mixture Was heated to 1,390 to 1,450° 
C. in the crucible in the puri?cation furnace set forth in FIG. 
3, and gradually cooled by loWering the crucible to crystal 
liZe the melt. The top layer of the calcium ?uoride crystal 
Was removed by several millimeters. The heating, sloW 
cooling and removing steps Were repeated a number of times 
to prepare various calcium ?uoride crystal blocks having 
being heated, cooled and puri?ed a different number of 
times. 

[0134] Each block Was placed into the crucible in the 
single-crystal groWing furnace set forth in FIG. 4, and 0.1 
Wt % of ZnF2 Was added. The crucible Was heated to 1,390 
to 1,450° C. While the furnace Was evacuated to 6x10“4 Torr 
or less until the ?uoride mixture Was melted. Then, the 
crucible Was further evacuated to 2x10“6 Torr or less at a 

temperature of 1,390 to 1,450° C. for 11 hours. The crucible 
Was loWered at a rate of 2 mm/hour. The crucible Was cooled 
at a cooling rate of approximately 100° C./min thereby. 

[0135] The calcium ?uoride single-crystal Was placed into 
the crucible in the annealing furnace set forth in FIG. 5 With 
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0.1 Wt % of ZnF2. The annealing furnace Was heated from 
room temperature to 900° C. at a heating rate of 100° 
C./min. While evacuating the furnace, maintained at 900° C. 
for 20 hours, and cooled to room temperature at a cooling 
rate of 6° C./min. 

[0136] The internal transmittance of the resulting calcium 
ride crystal Was determined using 135 -nm Wavelength light. 
ring of the calcium ?uoride crystal Was observed. 

[0137] After 1><104 pulses of laser beam irradiation With 
an output poWer of 30 ml/cm2 and 1-hour of y-ray irradiation 
at 1><104 R/H, the decreased transmittance for 193 and 248 
nm Wavelength light Were determined by coloring observa 
tion. Coloring after 106 and 107 pulses of laser irradiation 
Was also observed. Results are shoWn in Table 1. 

TABLE 1 

Internal Decreased 
Sample Transmit- Coloring Transmit- Coloring Coloring 
No. tance (104) tance (106) (107) 

1 65% observed 2% observed observed 
2 70% none 0% none observed 
3 78% none 0% none none 

4 80% none 0% none none 

5 78% none 0% none none 

6 80% none 0% none none 

7 65% observed 1% observed observed 
8 60% observed 2% observed observed 

Figure in parentheses indicates pulse numbers. 

[0138] Table 1 demonstrates that a calcium ?uoride crystal 
having an internal transmittance of 70% or more is not 
colored and has a 0% decreased transmittance, and so is 
preferably applicable to an optical system for a KrF or ArF 
excimer laser. Durability of the calcium ?uoride crystal 
having 70% or 80% internal transmittance is further 
improved. 

EXAMPLE 2 

[0139] A series of calcium ?uoride crystal crystals having 
various strontium ?uoride contents Were produced as in 
Example 1. Coloring and decreased transmittance for each 
strontium content Were investigated. The results are sum 
mariZed in Table 2. 

TABLE 2 

Sample Sr content Coloring Decreased Coloring 
No. ppm (104) Transmittance (107) 

St-1 700 observed 2% observed 
St-2 600 none 0% observed 
St-3 380 none 0% none 

St-4 200 none 0% none 

St-5 100 none 0% none 

St-6 20 none 0% none 

St-7 1 none 0% observed 
St-8 <0.5 observed 1% observed 

Figure in parentheses indicates pulse numbers. 

[0140] Table 2 illustrates that a calcium ?uoride crystal 
containing strontium Within a range of 1 to 600 ppm has a 
0% decreased transmittance and excellent durability to a 
KrF or ArF excimer laser. A calcium ?uoride crystal con 
taining strontium Within a range of 20 to 40 ppm exhibits 
further improved durability. 
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EXAMPLE 3 

[0141] Each internal transmittance, coloring, decreased 
transmittance and EPD of calcium ?uoride crystals having 
various strontium contents Were evaluated. Results are 

shoWn in Table 3. 

TABLE 3 

Sample Internal Sr content coloring Decreased 
No. Transmittance ppm (107) Transmittance EPD 

St-9 75 400 none 0% 104 
St-10 80 100 none 0% 104 
St-11 s0 20 none 0% 104 
St-12 70 1 none 0% 105 

Figure in parentheses indicates pulse numbers. 

[0142] Table 3 demonstrates that a calcium ?uoride crystal 
containing 20 to 400 ppm of strontium exhibits excellent 
characteristics, particularly decreased transmittance and 
EPD, and thus excellent durability to an excimer laser. 

EXAMPLE 4 

[0143] Calcium ?uoride poWder Was prepared by the 
reaction of calcium carbonate With a hydro?uoric acid. A 
ZnF2 scavenger in an amount of 0.7 Wt % Was mixed With the 
poWder. The mixture Was placed into a crucible in a puri 
?cation furnace, heated to 1,390 to 1,450° C., and cooled by 
loWering the crucible to crystalliZe the calcium ?uoride. The 
top layer of the calcium ?uoride crystal Was removed by 
several millimeters. The heating, sloW cooling and removing 
steps Were repeated a number of times to prepare various 
calcium ?uoride crystal blocks having being heated, cooled 
and puri?ed a different number of times. 

[0144] Each block, as Well as aluminum ?uoride, Was 
placed into the crucible in the single-crystal groWing fur 
nace. The aluminum amounts Were varied. ZnF2 Was added 

in an amount of 0.1 Wt % as a scavenger. The crucible Was 

heated to 1,390 to 1,450° C. While the furnace Was evacuated 
to 6x10‘4 Torr or less. Then, the crucible Was further 
evacuated to 2x10‘6 Torr or less at a temperature of 1,390 to 
1,450° C. for 11 hours. The crucible Was loWered at a rate 

of 2 mm/hour. The crucible Was cooled at a cooling rate of 
approximately 100° C./min thereby. 

[0145] The calcium ?uoride single-crystal Was placed into 
a crucible in an annealing furnace With 0.1 Wt % of ZnF2. 
The annealing furnace Was heated from room temperature to 
900° C. at a heating rate of 100° C./min. While evacuating 
the furnace, maintained at 900° C. for 20 hours, and cooled 
to room temperature at a cooling rate of 6° C./min. Coloring 
and decreased transmittance of each calcium ?uoride crystal 
Were observed. 

[0146] After 1><104 pulses of laser beam irradiation having 
an output poWer of 30 ml/cm2 and 1-hour of y-ray irradiation 
at 1><104 R/H, the decreased transmittance for 193 and 248 
nm Wavelength light Were determined by coloring observa 
tion. Coloring after 107 pulses of laser irradiation Was also 
observed. Results are shoWn in Table 4. 
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TABLE 4 

Sample Al Coloring Decreased Coloring 
No. Content (ppm) (104) Transmittance (107) 

Al-1 100 observed 2% observed 
Al-2 50 none 0% observed 
Al-3 20 none 0% observed 
A1-4 10 none 0% observed 
Al-S 5 none 0% none 

Al-6 2 none 0% none 

Al-7 1 none 0% none 

Al-8 <0.5 none 1% observed 

Figure in parentheses indicates pulse numbers. 

[0147] Table 4 demonstrates that a calcium ?uoride crystal 
containing aluminum in a range of 1 to 50 ppm has a 0% 
decreased transmittance, and exhibits excellent durability to 
a KrF or ArF excimer laser. Durability of a calcium ?uoride 
crystal containing 1 to 5 ppm of aluminum is further 
improved. 

EXAMPLE 5 

[0148] Each internal transmittance, coloring, decreased 
transmittance and EPD (etch pit density) of calcium ?uoride 
crystals having various aluminum contents were evaluated. 

[0149] Results are shown in Table 5. 

TABLE 5 

Sample Internal Al content coloring Decreased 
No. Transmittance (ppm) (107) Transmittance EPD 

Al-9 75 5 none 0% 104 
Al-10 80 2 none 0% 104 
Al-11 s0 1 none 0% 104 

Figure in parentheses indicates pulse numbers. 

[0150] Table 5 demonstrates that a calcium ?uoride crystal 
containing 1 to 5 ppm of aluminum exhibits excellent 
characteristics, particularly decreased transmittance and 
EPD, and thus excellent durability to an excimer laser. 

[0151] By shaping the single-crystal in Al-9, an optical 
part (lens) was prepared, an excimer laser optical system 
was fabricated, and an exposure apparatus using an excimer 
laser for photo-lithography was assembled. A?ne pattern of 
less than 0.25 pm was exposed using 135-nm wavelength 
light. Photoresist patterning could be stably performed for 
long time periods compared with conventional processes. 

EXAMPLE 6 

[0152] Calcium ?uoride powder was prepared by the 
reaction of calcium carbonate with a hydro?uoric acid. A 
ZnF2 scavenger in an amount of 0.7 wt % was mixed with the 
powder. The mixture was placed into a crucible in a puri 
?cation furnace, heated to 1,390 to 1,450° C., and gradually 
cooled by lowering the crucible to crystallize the calcium 
?uoride. The top layer of the calcium ?uoride crystal was 
removed by several millimeters. The heating, slow cooling 
and removing steps were repeated a number of times to 
prepare various calcium ?uoride crystal blocks having being 
heated, cooled and puri?ed a different number of times. 

[0153] Each block and silicon were placed into the cru 
cible in the single-crystal growing furnace. The aluminum 
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amounts were varied. ZnF2 was added in an amount of 0.1 
wt % as a scavenger. The crucible was heated to 1,390 to 
1,450° C. while the furnace was evacuated to 6x10“4 Torr or 
less. Then, the crucible was further evacuated to 2x10‘6 Torr 
or less at a temperature of 1,390 to 1,450° C. for 11 hours. 
The crucible was lowered at a rate of 2 mm/hour. The 
crucible was cooled at a cooling rate of approximately 100° 
C./min thereby. 

[0154] The calcium ?uoride single-crystal was placed into 
a crucible in an annealing furnace with 0.1 wt % of ZnF2. 
The annealing furnace was heated from room temperature to 
900° C. at a heating rate of 100° C./min. while evacuating 
the furnace, maintained at 900° C. for 20 hours, and cooled 
to room temperature at a cooling rate of 6° C./min. 

[0155] Coloring and decreased transmittance of each cal 
cium ?uoride crystal were observed. 

[0156] After 1><104 pulses of laser beam irradiation having 
an output power of 30 ml/cm2 and 1-hour of y-ray irradiation 
at 1><104 R/H, the decreased transmittance for 193 and 248 
nm wavelength light were determined by coloring observa 
tion. Coloring after 107 pulses of laser irradiation was also 
observed. Results are shown in Table 6. 

TABLE 6 

Sample Si Coloring Decreased Coloring 
No. Content (ppm) (104) Transmittance (107) 

Si-1 100 observed 2% observed 
Si-2 50 none 0% observed 
Si-3 20 none 0% observed 
Si-4 10 none 0% observed 
Si-5 5 none 0% none 

Si-6 2 none 0% none 

Si-7 1 none 0% none 

Si-8 <0.5 none 1% observed 

Figure in parentheses indicates pulse numbers. 

[0157] Table 6 demonstrates that a calcium ?uoride crystal 
containing silicone in a range of 1 to 50 ppm has a 0% 
decreased transmittance, and exhibits excellent durability to 
a KrF or ArF excimer laser. 

EXAMPLE 7 

[0158] Each internal transmittance, coloring, decreased 
transmittance and EPD (etch pit density) of calcium ?uoride 
crystals having various silicon contents were evaluated. 
Results are shown in Table 7. 

TABLE 7 

Sample Internal Si content coloring Decreased 
No. Transmittance (ppm) (107) Transmittance EPD 

Si-9 75 5 none 0% 104 
Si-10 80 2 none 0% 104 
Si-11 80 1 none 0% 104 

Figure in parentheses indicates pulse numbers. 

[0159] Table 7 demonstrates that a calcium ?uoride crystal 
containing 1 to 5 ppm of aluminum exhibits excellent 
characteristics, particularly decreased transmittance and 
EPD, and thus excellent durability to an excimer laser. 

[0160] By shaping the single-crystal in Si-9, an optical 
part (lens) was prepared, an excimer laser optical system 
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Was fabricated, and an exposure apparatus using an excimer 
laser for photo-lithography Was assembled. A?ne pattern of 
less than 0.25 pm Was exposed using 135-nm Wavelength 
light. Photoresist patterning could be stably performed for 
long time periods compared With conventional processes. 

EXAMPLE 8 

[0161] Calcium ?uoride poWder Was prepared by the 
reaction of calcium carbonate With a hydro?uoric acid. A 
ZnF2 scavenger in an amount of 0.7 Wt % Was mixed With the 
poWder. Magnesium ?uoride Was added to the mixture. The 
mixture Was placed into a crucible in a puri?cation furnace, 
heated to 1,390 to 1,450° C., and gradually cooled by 
loWering the crucible to crystalliZe the calcium ?uoride. The 
top layer of the calcium ?uoride crystal Was removed by 
several millimeters. The heating, sloW cooling and removing 
steps Were repeated a number of times to prepare various 
calcium ?uoride crystal blocks having being heated, cooled 
and puri?ed a different number of times. 

[0162] Each block Was placed into the crucible in the 
single-crystal groWing furnace. ZrF2 Was added in an 
amount of 0.1 Wt % as a scavenger. The crucible Was heated 
to 1,390 to 1,450° C. While the furnace Was evacuated to 
6x10 Torr or less. Then, the crucible Was further evacuated 
to 2x10“6 Torr or less at a temperature of 1,390 to 1,450° C. 
for 11 hours. The crucible Was loWered at a rate of 2 
mm/hour. The crucible Was cooled at a cooling rate of 
approximately 100° C./min thereby. 

[0163] The calcium ?uoride single-crystal Was placed into 
a crucible in an annealing furnace With 0.1 Wt % of ZnF2. 
The annealing furnace Was heated from room temperature to 
900° C. at a heating rate of 100° C./min. While evacuating 
the furnace, maintained at 900° C. for 20 hours, and cooled 
to room temperature at a cooling rate of 6° C./min. 

[0164] Coloring and decreased transmittance of each cal 
cium ?uoride crystal Were observed. 

[0165] After 1><104 pulses of laser beam irradiation having 
an output poWer of 30 ml/cm2 and 1-hour of y-ray irradiation 
at 1><104 R/H, the decreased transmittance for 193 and 248 
nm Wavelength light Were determined by coloring observa 
tion. Coloring after 107 pulses of laser irradiation Was also 
observed. Results are shoWn in Table 8. 

TABLE 8 

Sample Mg Coloring Decreased Coloring 
No. Content (ppm) (104) Transmittance (107) 

Mg-1 20 observed 2% observed 
Mg-2 10 none 0% observed 
Mg-3 8 none 0% observed 
Mg-4 6 none 0% observed 
Mg-S 3 none 0% none 
Mg-6 1 none 0% none 
Mg-7 <0.5 none 1% observed 

Figure in parentheses indicates pulse numbers. 

[0166] Table 8 demonstrates that a calcium ?uoride crystal 
containing magnesium in a range of 1 to 10 ppm has a 0% 
decreased transmittance, and exhibits excellent durability to 
an KrF or ArF excimer laser. 

EXAMPLE 9 

[0167] Each internal transmittance, coloring, decreased 
transmittance and EPD (etch pit density) of calcium ?uoride 
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crystals having various magnesium contents Were evaluated. 
Results are shoWn in Table 9. 

TABLE 9 

Sample Internal Mg content coloring Decreased 
No. Transmittance (ppm) (107) Transmittance EPD 

Mg-8 75 10 none 0% 105 
Mg-9 s0 6 none 0% 104 
Mg-10 80 3 none 0% 104 
Mg-11 70 1 none 0% 104 

Figure in parentheses indicates pulse numbers. 

[0168] Table 9 demonstrates that a calcium ?uoride crystal 
containing 1 to 5 ppm of magnesium exhibits excellent 
characteristics, particularly decreased transmittance and 
EPD, and thus excellent durability to an excimer laser. 

[0169] By shaping the single-crystal in Mg-9, an optical 
part (lens) Was prepared, an excimer laser optical system 
Was fabricated, and an exposure apparatus using an excimer 
laser for photo-lithography Was assembled. A ?ne pattern of 
less than 0.25 pm Was exposed using 135-nm Wavelength 
light. Photoresist patterning could be stably performed for 
long time periods compared With conventional processes. 

EXAMPLE 10 

[0170] Calcium ?uoride poWder Was prepared by pulver 
iZing raW calcium ?uoride containing large amounts of 
impurities, i.e., 12 ppm of yttrium and 5 ppm of lanthanum. 
The calcium ?uoride poWder Was mixed With 0.7 Wt % of 
ZnF2. After the mixture Was heated to 1,360° C. in a crucible 
in the puri?cation furnace, it Was gradually cooled by 
loWering the crucible. The top layer of the calcium ?uoride 
single-crystal Was removed by several millimeters. The 
heating, sloW cooling and removing steps Were repeated a 
number of times to prepare various calcium ?uoride crystal 
blocks having being heated, cooled and puri?ed a different 
number of times. 

[0171] Each block Was placed into the crucible in the 
single-crystal groWing furnace With silicon. ZnF2 Was added 
in an amount of 0.1 Wt % as a scavenger. The crucible Was 

heated to 1,360° C. While the furnace Was evacuated to 
6x10 Torr or less. Then, the crucible Was further evacuated 
to 2x10‘6 Torr or less at 1,360° C. for 11 hours. The crucible 
Was loWered at a rate of 2 mm/hour. The crucible Was cooled 
at a cooling rate of approximately 100° C./min thereby. 

[0172] The calcium ?uoride single-crystal Was placed into 
a crucible in an annealing furnace With 0.1 Wt % of ZnF2. 
The annealing furnace Was heated from room temperature to 
900° C. at a heating rate of 100° C./min. While evacuating 
the furnace, maintained at 900° C. for 20 hours, and cooled 
to room temperature at a cooling rate of 6° C./min. 

[0173] Table 10 includes data of internal transmittance, Y 
and La contents of each calcium ?uoride crystal. 

TABLE 10 

Sample La Y EPD Decreased 
No. Content (ppm) Content (ppm) Coloring Transmittance 

La, Y-1 5 11 106 observed 3% 
La, Y-2 1 10 104 none 0% 
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TABLE 10-continued 

Sample La Y EPD Decreased 
No. Content (ppm) Content (ppm) Coloring Transmittance 

La, Y-3 1 3 104 none 0% 
La, Y-4 0.5 1 104 none 0% 

Figure in parentheses indicates pulse numbers. 

[0174] Table 8 demonstrates that each calcium ?uoride 
crystal containing 1 ppm or less of La and 10 ppm or less of 
Y has an internal transmittance of 70% or more, and a 0% 
decreased transmittance, and is preferably applicable to an 
optical system for a KrF or ArF excimer laser. 

EXAMPLE 11 

[0175] Various amounts of AlF3, SrF2, MgF2, Si and ZnF2 
Were added in the puri?cation step. Other conditions Were 
the same as Example 1. The range of the impurity contents 
of the resulting calcium ?uoride crystal are summarized in 
Table 11. 

TABLE 11 

Content 
Impurity (ppm) 

La 0.3 to 2 
Y 1 to 10 
Sr 1 to 400 
Al 1 to 10 
Si 1 to 10 
Mg 1 to 5 
C <20 
0 <20 
Ce <1 
Fe <1 
Pb <1 

[0176] Table 11 demonstrates that since the Sr, Al, Si and 
mg contents are limited to the speci?ed ranges in accordance 
With the present invention, the oxygen and carbon contents 
can be reduced to 25 ppm or less and Ce, Fe and Pb contents 
can be reduced to 1 ppm or less Without repetition of the 
puri?cation step. 

[0177] While the present invention has been described 
With reference to What are presently considered to be the 
preferred embodiments, it is to be understood that the 
invention is not limited to the disclosed embodiments. To the 
contrary, the invention is intended to cover various modi? 
cations and equivalent arrangements included Within the 
spirit and scope of the appended claims. The scope of the 
folloWing claims is to be accorded the broadest interpreta 
tion so as to encompass all such modi?cations and equiva 
lent structures and functions. 

What is claimed is: 
1. A calcium ?uoride crystal having an internal transmit 

tance of 70% or more for light of 135-nm Wavelength or 
over. 

2. A calcium ?uoride crystal containing strontium, the 
strontium content ranging from 1 ppm to 600 ppm. 

3. A calcium ?uoride crystal according to claim 2, 
Wherein said strontium content ranges from 20 ppm to 400 
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4. A calcium ?uoride crystal according to either of claim 
2 or claim 3, Wherein the internal transmittance of said 
calcium ?uoride crystal is 70% or more for light of 135-nm 
Wavelength or over. 

5. An optical system for excimer lasers comprising a lens 
of a calcium ?uoride crystal having an internal transmittance 
of 70% or more for light of 135-nm Wavelength or over. 

6. An optical system for excimer lasers comprising a lens 
of a calcium ?uoride crystal containing strontium, the stron 
tium content ranging from 1 ppm to 600 ppm. 

7. An exposure apparatus for photo-lithography compris 
ing an optical system comprising a lens of a calcium ?uoride 
crystal having an internal transmittance of 70% or more for 
light of 135-nm Wavelength or over and a stage for holding 
a substrate being exposed. 

8. An exposure apparatus for photo-lithography compris 
ing an optical system comprising a lens of a calcium ?uoride 
crystal containing strontium and a stage for holding a 
substrate being exposed, the strontium content ranging from 
1 ppm to 600 ppm. 

9. A calcium ?uoride crystal containing aluminum, the 
aluminum content being 50 ppm or less. 

10. A calcium ?uoride crystal according to claim 9, 
Wherein said aluminum content ranges from 1 ppm to 50 
ppm. 

11. A calcium ?uoride crystal according to claim 9, 
Wherein said aluminum content ranges from 1 ppm to 5 ppm. 

12. A calcium ?uoride crystal according to any one of 
claims 9 through 11, Wherein the internal transmittance of 
said calcium ?uoride crystal is 70% or more for light of 
135-nm Wavelength or over. 

13. An optical system for excimer lasers comprising a 
calcium ?uoride crystal containing aluminum, the aluminum 
content being 50 ppm or less. 

14. An optical system for excimer lasers according to 
claim 13, Wherein the internal transmittance of said calcium 
?uoride crystal is 70% or more for light of 135-nm Wave 
length or over. 

15. An exposure apparatus for photo-lithography com 
prising an optical system comprising a lens of a calcium 
?uoride crystal containing aluminum and a stage for holding 
a substrate being exposed, the aluminum content being 50 
ppm or less. 

16. An exposure apparatus for photo-lithography accord 
ing to claim 15, Wherein the internal transmittance of said 
calcium ?uoride crystal is 70% or more for light of 135-nm 
Wavelength or over. 

17. A calcium ?uoride crystal containing silicon, the 
silicon content being 50 ppm or less. 

18. A calcium ?uoride crystal according to claim 17, 
Wherein said silicon content ranges from 1 ppm to 50 ppm. 

19. A calcium ?uoride crystal according to claim 17, 
Wherein said silicon content ranges from 1 ppm to 5 ppm. 

20. A calcium ?uoride crystal according to claim 17, 
Wherein the internal transmittance of said calcium ?uoride 
crystal is 70% or more for light of 135-nm Wavelength or 
over. 

21. An optical system for excimer lasers comprising a 
calcium ?uoride crystal containing silicon, the silicon con 
tent being 50 ppm or less. 

22. An optical system for excimer lasers according to 
claim 22, Wherein the internal transmittance of said calcium 
?uoride crystal is 70% or more for light of 135-nm Wave 
length or over. 
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23. An exposure apparatus for photo-lithography com 
prising an optical system comprising a lens of a calcium 
?uoride crystal containing silicon and a stage for holding a 
substrate being exposed, the silicon content being 50 ppm or 
less. 

24. An exposure apparatus for photo-lithography accord 
ing to claim 23, Wherein the internal transmittance of said 
calcium ?uoride crystal is 70% or more for light of 135-nm 
Wavelength or over. 

25. A calcium ?uoride crystal containing magnesium, the 
magnesium content ranging from 1 ppm to 10 ppm. 

26. A calcium ?uoride crystal according to claim 25, 
Wherein the internal transmittance of said calcium ?uoride 
crystal is 70% or more for light of 135-nm Wavelength or 
over. 

27. An optical system for excimer lasers comprising a 
calcium ?uoride crystal containing magnesium, the magne 
sium content ranging from 1 ppm to 10 ppm. 

28. An optical system for excimer lasers according to 
claim 27, Wherein the internal transmittance of said calcium 
?uoride crystal is 70% or more for light of 135-nm Wave 
length or over. 

29. An exposure apparatus for photo-lithography com 
prising an optical system comprising a lens of a calcium 
?uoride crystal containing magnesium and a stage for hold 
ing a substrate being exposed, the magnesium content rang 
ing from 1 ppm to 10 ppm. 

30. An exposure apparatus for photo-lithography accord 
ing to claim 29, Wherein the internal transmittance of said 
calcium ?uoride crystal is 70% or more for light of 135-nm 
Wavelength or over. 

31. A calcium ?uoride crystal having an internal trans 
mittance of 70% or more for light of 135-nm Wavelength or 
over and containing lanthanum (La) and yttrium (Y), the 
lanthanum content being 1 ppm or less and the yttrium 
content being 10 ppm or less. 

32. A calcium ?uoride crystal according to claim 31, 
Wherein said calcium ?uoride crystal further contains at least 
one element selected from the group consisting of strontium 
(Sr), aluminum (Al), silicon (Si) and magnesium (Mg). 

33. Acalcium ?uoride crystal according to either of claim 
31 or claim 32, Wherein said calcium ?uoride crystal has an 
etch pit density of 104 or less. 

34. An optical part for excimer lasers comprising a 
calcium ?uoride crystal having an internal transmittance of 
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70% or more for light of 135-nm Wavelength or over, and 
containing lanthanum (La) and yttrium (Y), the lanthanum 
content being 1 ppm or less and the yttrium content being 10 
ppm or less. 

35. An exposure apparatus for photo-lithography com 
prising an optical system comprising a lens of a calcium 
?uoride crystal having an internal transmittance of 70% or 
more for light of 135 -nm Wavelength or over and containing 
lanthanum (La) and yttrium (Y), and a stage for holding a 
substrate being exposed, the lanthanum content being 5 ppm 
or less and the yttrium being content 10 ppm or less. 

36. An exposure apparatus comprising an illuminating 
light source, a stage for placing an exposed member and a 
plurality of optical articles provided in a light optical system 
and/or a projection optical system, at least one of said optical 
article comprising a calcium ?uoride crystal having an 
internal transmittance of 70% or more for light of 135-nm 
Wavelength or over. 

37. An exposure apparatus according to claim 36, Wherein 
said illuminating light source is an excimer laser light 
source. 

38. A method of making a calcium ?uoride crystal char 
acteriZed in that said calcium ?uoride crystal has a trans 
mittance of 70% or more for light of 135-nm Wavelength or 
over. 

39. Amethod of making a calcium ?uoride crystal accord 
ing to claim 38, Wherein a step for mixing, melting nd 
cooling calcium ?uoride crystal and a scavenger is repeated 
at least tWice. 

40. Amethod of making a calcium ?uoride crystal accord 
ing to claim 39, Wherein said scavenger is Zinc ?uoride. 

41. Amethod of making a calcium ?uoride crystal accord 
ing to claim 39, Wherein said scavenger is bismuth ?uoride. 

42. Amethod of making a calcium ?uoride crystal accord 
ing to claim 39, Wherein said scavenger is sodium ?uoride. 

43. Amethod of making a calcium ?uoride crystal accord 
ing to claim 39, Wherein said scavenger is lithium ?uoride. 

44. A calcium ?uoride crystal having an internal trans 
mittance of 70% or more for light Which has a Wavelength 
of 135 nm or over. 

45. A ?uorite having an internal transmittance of 70% or 
more for light of 135-nm Wavelength or over. 

* * * * * 


