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Highly homogeneous glass-ceramic component

The present invention relates to a glass-ceramic component having a low average coefficient of
thermal expansion (CTE) and a high CTE homogeneity, to the use of such a component and to

a process for producing such a component.

On pages 107-214, Bach, Hans (Editor): "Low Thermal Expansion Glass Ceramics", Springer
Verlag Berlin, Heidelberg, New York, 1995, ISBN: 3-540-58598-2, describes the principle tech-
nology for producing the glass-ceramic Zerodur®, which is produced and sold by the applicant.
Zerodur® is a lithium aluminosilicate glass-ceramic with a particularly low thermal expansion
and a high stability. Zerodur® is used as base material for a multiplicity of precision applica-
tions, for example for producing mirrors for telescopes with large dimensions, but which is also

used for producing smaller precision components, for instance stages for microlithography.

At present, Zerodur® is commercially available in the following expansion classes:

CTE (0;50)
ZERODUR® Expansion class 2 0 + 100 ppb/K
ZERODUR® Expansion class 1 0 + 50 ppb/K
ZERODUR® Expansion class 0 0 + 20 ppb/K
ZERODUR® Expansion class 0 SPECIAL 0 £ 10 ppb/K
ZERODUR® Expansion class 0 EXTREME 07 ppb/K

A process for casting large homogeneous glass blocks as green glass for producing large
glass-ceramic blocks is known from DE 102004052514A1. The method described in said appli-
cation can be used to produce glass-ceramic components having a CTE homogeneity of up to

10 ppb/K, as are commercially available at the time of filing:

CTE (0;50) homogeneity tolerances

Up to 18 tons < 30 ppb/K
Up to 6 tons < 20 ppb/K
Up to 0.3 tons <10 ppb/K

The above homogeneity tolerances mean e.g. that for Zerodur® components of more than 0.3

tons, a CTE (0;50) homogeneity of less than 10 ppb/K is not commercially available, up to 6
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tons only a homogeneity of at most 20 ppb/K can be guaranteed. Even for small components of

up to 0.3 tons, a CTE homogeneity of better than 6 ppb/K was not commercially available.

The demands made in terms of the homogeneity of a glass-ceramic component for precision
applications increase constantly, however, and therefore continuous development is required to
improve the homogeneity of glass-ceramics and the measures described to date in the prior art

for improving the homogeneity are no longer adequate.

In particular, EUV (Extreme UV) lithography (EUVL) requires substrates for masks and mirrors
which have an average CTE of less than 0 + 5 ppb/K in the temperature range of, for example,
19 to 25°C and have a CTE homogeneity of 6 ppb/K or better.

It was therefore an object of the present invention to provide glass-ceramic components which
have an improved CTE homogeneity and also to provide measures which can be used to

achieve such an improvement in homogeneity.

This object is achieved by the embodiments described in the claims.

In particular, a glass-ceramic component is provided which, at an application temperature T,
has a CTE, preferably an average CTE, in the interval of 0 + 20 ppb/K, preferably in the interval
of 0 + 15 ppb/K, more preferable in the interval of 0 + 10 ppb/K, according to specific embodi-
ments in the interval of 0 + 5 ppb/K, and a CTE homogeneity of at most 5 ppb/K, preferably at
most 4 ppb/K, most preferably at most 3 ppb/K.

These and other aspects and objects, features and advantages of the present invention will be-
come apparent upon a consideration of the following detailed description and the invention

when read in conjunction with the Figures.

It is to be understood that both the foregoing general description and the following detailed de-
scription are merely exemplary of the invention, and are intended to provide an overview or

framework for understanding the nature and character of the invention as claimed.

The invention relates to glass-ceramic components having a low average coefficient of thermal
expansion or CTE ("Coefficient of Thermal Expansion"). For the purposes of the invention, an
“average CTE” is understood to mean the average of all CTE measurements carried out on a

glass-ceramic component at various places. For the purpose of the invention, a “low average
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CTE” is understood to mean the a CTE (0;50) of 0 + 100 ppb/K, preferably 0 £ 50 ppb/K, more
preferably 0 £ 20 ppb/K, even more preferably 0 £ 10 ppb/K and most preferably 0 £ 7 ppb/K.

The average CTE for the temperature range of 0 to 50°C (CTE(0;50)) is usually reported. How-
ever, the average CTE can also be reported for other temperature ranges. For high-precision
applications, the average CTE is reported in a considerably smaller temperature range around
the later application temperature, for example a CTE(19;25) for microlithography components.
As described herein below, the average CTE can also be reported for a specific application

temperature Ta.

The average CTE for a temperature range can be determined by means of equation (1) below:

CTE [toxt] = (1/16) % (- lo) / (t = to) = Al/ (I x AY) (1)

where 1, is the initial temperature, t is the measurement temperature, |y is the test specimen
length at the initial temperature to, I is the test specimen length at the measurement tempera-
ture t and Al is the corrected change in length undergone by the test specimen at a change in

temperature At. The method is shown schematically in Fig. 6.

To determine an average CTE, the length of a test specimen of a glass-ceramic is measured at
the initial temperature to, the test specimen is heated to a second temperature t and the length |;
at this temperature is measured. The average CTE [to; t] for the temperature range t; to t is ob-
tained from the abovementioned formula (1). The thermal expansion can be determined by
means of dilatometry, i.e. the determination of the change in length of a test specimen as a
function of the temperature. An instrument for determining the average CTE is described, for
example, in R. Mueller, K. Erb, R. Haug, A. Klaas, O. Lindig, G. Wetzig: "Ultraprecision Dila-
tometer System for Thermal Expansion Measurements on Low Expansion Glasses", 12" Ther-
mal Expansion Symposium, Pittsburgh/PA, P.S. Gaal and D.E. Apostolescu Eds., 1997, the

contents of which are incorporated in their entirety into the present application.

In addition to this conventional determination of the average CTE, a determination of the aver-
age CTE as indicated in EP 1 321 440 was carried out in the examples for the glass-ceramic,
since the true CTE at a particular temperature may be given incorrectly when considering the
average CTE in a temperature interval. A CTE-T curve oscillating around the zero line may sug-
gest a low average CTE, whereas the "true CTE" at the particular application temperature may

lie outside specifications. The "true CTE" at a specific temperature is understood to mean the
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value lying on a CTE-T curve at this temperature. The contents of EP 1 321 440 are incorpo-

rated in their entirety into the present application.

The CTE is determined as a function of the temperature for this measurement method. The

CTE(T) is then defined according to the formula (2) below:

CTE (T)=(1/1p) x (2 1/ T) 2)

To produce a Al/l;-T curve or an expansion curve or to plot the change in length Al/l; of a test
specimen versus the temperature, the temperature-dependent change in length in the length of
a test specimen from the initial length |, at the initial temperature t, to the length I; at the temper-
ature t can be measured. Here, small temperature intervals of, for example, intervals of 5°C or

3°C are preferably chosen for determining a measurement point.

Such measurements can, for example, be carried out by dilatometric methods, interferometric
methods, for example the method of Fabry-Perot, i.e. the measurement of the shift of interfer-
ence fringes of laser beams reflected from the surfaces of a measurement sample during ex-

pansion, or other suitable methods.

The selected method for determining the Al/l;-T measurement points preferably has a precision

of preferably at least + 0.10 ppm, more preferably of + 0.05 ppm, most preferably of + 0.01 ppm.

Furthermore, a glass-ceramic is usually defined by the possible deviations from the CTE aver-
age which make it still usable for the planned application. This deviation from the average CTE
is reported as a range (e.g. "0 + 10 x 10/K" or "0 + 10 ppb/K" for a range of from -10 to 10
ppb/K around an average CTE of 0 ppb/K). For the purposes of the invention, a "low average
CTE" is understood to be a value of at most 0 + 20 ppb/K, more preferably at most 0 + 10
ppb/K, most preferably at most 0 + 7 ppb/K, according to specific embodiments at most 0 + 5
ppb/K.

According to the invention, the glass-ceramic component has a high CTE homogeneity. Here,
the value of the CTE homogeneity ("total spatial variation of CTE") is understood to mean what
is termed the peak-to-valley value, i.e. the difference between the respective highest and the
respective lowest CTE value of the samples taken from a glass-ceramic. For the purposes of
the invention, the value is reported in ppb/K, where 1 ppb/K = 0.001 x 10%/K. The CTE homo-



10

15

20

25

30

35

WO 2015/124710 PCT/EP2015/053576
-5.-

geneity over the entire glass-ceramic component is at most 5 ppb/K, preferably at most 4 ppb/K,

most preferably at most 3 ppb/K.

Furthermore, a glass-ceramic component can be characterized by the zero crossing of a CTE-T
curve. If the zero crossing of the CTE-T curve of a glass-ceramic component lies at or in the
proximity of the application temperature, the change in length given potential minor fluctuations
in temperature around the application temperature is minimal. For precision applications, it is
therefore generally the case that a glass-ceramic component having a zero crossing matched to
the application temperature is used. The position of the zero crossing of the CTE-T curve can
be set by correspondingly adapting the ceramization of the glass-ceramic. In particular, the
CTE-T curve can have at least one zero crossing in a range of Tp + 10 K, preferably T, + 5 K.
Preferred application temperatures lie in the range of -60 to 100°C, more preferably of -40°C to
+80°C. Particular embodiments of the present invention relate to glass-ceramic components for
application temperatures Ta of 22°C, 40°C, 60°C, 80°C and 100°C, which have a zero crossing

of the CTE-T curve and/or tolerances as described above.

According to one embodiment of the invention, the CTE-T curve of the glass-ceramic has a gra-
dient at the zero crossing of < 5 ppb/K?, more preferably < 2.5 ppb/K?, even more preferably < 2
ppb/KZ.

Glass-ceramics for precision applications should also have a good internal quality. It is prefera-
ble for glass-ceramics to have at most 5 inclusions per 100 cm® more preferably at most 3 in-
clusions per 100 cm®, most preferably at most 1 inclusion per 100 cm®. For the purposes of the
invention, inclusions are understood to mean both bubbles and crystallites having a diameter of

more than 0.3 mm.

According to one embodiment of the invention, glass-ceramic components are provided which
have a diameter or an edge length of at most 800 mm and a thickness of at most 100 mm and
which have at most 5 inclusions, preferably at most 3 inclusions, more preferably at most 1 in-

clusion in each case per 100 cm® with a diameter of a magnitude of more than 0.03 mm.

In addition to the number of inclusions, the maximum diameter of the detected inclusions also
serves as a measure of the internal quality. The maximum diameter of individual inclusions in
the overall volume of a glass-ceramic component having a diameter of less than 500 mm is
preferably at most 0.6 mm, and preferably at most 0.4 mm in the critical volume for the applica-
tion, for example in the proximity of the surface. The maximum diameter of individual inclusions

in glass-ceramic components having a diameter of 500 mm to less than 2 m is preferably at
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most 3 mm, and preferably at most 1 mm in the critical volume for the application, for example

in the proximity of the surface.

The Figures show:

Figure 1 shows the depiction of the two-dimensional measurement of the derivation of the CTE
from the mean CTE value of a square glass-ceramic component having an area of 1.2 x 1.2 m

edge length and a thickness of 225 mm according to Example 1-B.

Figure 2 shows the depiction of the two-dimensional measurement of the CTE of a square
glass-ceramic component having an area of 1.2 x 1.2 m edge length and a thickness of 225 mm
and the position of the test specimens taken for the CTE homogeneity measurement of the

glass-ceramic component according to Example 1-B.

Figures 3 and 4 show the horizontal and, respectively, vertical distribution of the CTE values of

the glass-ceramic component tested in respect of the CTE homogeneity.

Figure 5 shows the comparison of the CTE-T curves of a plurality of differently ceramicized
glass-ceramic components, the zero crossings of the CTE-T curves of which lie between -10°C
and +60°C.

Figure 6 schematically shows the determination of the CTE (0;50).

For the purposes of the invention, a glass-ceramic is understood to mean inorganic, non-porous
materials with a crystalline phase and a vitreous phase, with the matrix, i.e. the continuous

phase, generally being a glass phase, i.e. a vitreous phase.

According to one embodiment of the present invention, a transparent glass-ceramic is provided.
As a result of the transparency, it is possible for many properties of such a glass-ceramic, in

particular of course the internal quality thereof, to be assessed better.

It is preferable to use a glass-ceramic composed of the system Li,O — AlL,O; — SiO, having the
following composition (in % by weight based on oxide):

SiO; 50 -70

AlL,O; 17 - 32

P,Os 3-12
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Li,O
Na,O
KO
MgO
Ca0o
BaO
SrO
ZnO
TiO,
ZrO,

O =~ Ol ©O ©O O Ol O o N
|
O O BN OB DN DN DN O

The glass-ceramic preferably has a proportion of SiO, of 50 to 70% by weight. The proportion of
SiO, is more preferably at most 62% by weight, even more preferably at most 60% by weight.
The proportion of SiO, is more preferably at least 52% by weight, even more preferably at least
54% by weight.

The proportion of Al,O; is preferably 17 to 32% by weight. The glass-ceramic more preferably
contains at least 20% by weight, even more preferably at least 22% by weight, Al,O;. The pro-
portion of Al,O3 is more preferably at most 30% by weight, more preferably at most 28% by
weight.

The phosphate content P,Os5 of the glass-ceramic is preferably 3 to 12% by weight. The glass-
ceramic more preferably contains at least 4% by weight, even more preferably at least 5% by
weight, P,Os. The proportion of P,Os is preferably limited to at most 10% by weight, more pref-
erably to at most 8% by weight.

The glass-ceramic preferably also contains TiO; in a proportion of 1 to 5% by weight, with pref-
erence being given to at least 1.5% by weight TiO, being present. However, the proportion is

preferably limited to at most 4% by weight, more preferably to at most 3% by weight.

The glass-ceramic can also contain ZrO, in a proportion of at most 5% by weight, preferably at
most 4% by weight. ZrO, is preferably present in a proportion of at least 0.5% by weight, more

preferably at least 1% by weight.

Furthermore, the glass-ceramic can contain alkali metal oxides such as Li,O, Na,O and K,O.

Li,O may be present in a proportion of at least 2% by weight, preferably at least 3% by weight.



10

15

20

25

30

35

WO 2015/124710 PCT/EP2015/053576
-8-

The proportion of Li,O is limited to preferably at most 5% by weight, more preferably at most 4%
by weight. Na,O and K,O are optionally present in the glass-ceramic. The proportion of Na,O
and/or K;O can in each case and independently be at most 2% by weight, preferably at most
1% by weight, most preferably at most 0.5% by weight. Na,O and K,O can in each case and in-
dependently be present in a proportion of at least 0.01% by weight, preferably at least 0.02% by

weight, more preferably at least 0.05% by weight, in the glass-ceramic.

The glass-ceramic can also contain alkaline earth metal oxides such as MgO, CaO, BaO and/or
SrO, and also further divalent metals such as ZnO. The proportion of CaO is preferably at most
4% by weight, more preferably at most 3% by weight, even more preferably at most 2% by
weight. The glass-ceramic preferably contains at least 0.1% by weight, more preferably at least
0.5% by weight, CaO. MgO can be present in the glass-ceramic in a proportion of at most 2%
by weight, preferably at most 1.5% by weight, and/or preferably at least 0.1% by weight. The
glass-ceramics can contain BaO in a proportion of less than 5% by weight, preferably at most
4% by weight, and/or preferably at least 0.1% by weight. In specific embodiments, the glass-
ceramic may be BaO-free. The glass-ceramics can contain SrO in a proportion of at most 2% by
weight and/or preferably at least 0.1% by weight. In specific embodiments, the glass-ceramic
may be SrO-free. As further metal oxide, the glass-ceramic preferably may contain ZnO in a
proportion of preferably at least 1% by weight, more preferably at least 1.5% by weight. The
proportion of ZnO is limited to at most 4% by weight, preferably at most 3% by weight.

The glass-ceramic can also contain one or more customary refining agents such as As,03,

Sb,03, SN0, SO42, F', CI, Br or a mixture of these in a proportion of at most 1% by weight.

Transparent glass-ceramics with low coefficients of thermal expansion are known in this system,
and commercially available products such as Zerodur®, Zerodur® M (both SCHOTT AG) and
Clearceram® (Ohara) can be mentioned by way of example. These glass-ceramics usually con-
tain approximately 50 to 80% of solid solutions with a high quartz content, also known as (3-
eucryptite solid solutions, as the main crystal phase. This crystallization product is a metastable
phase which, depending on the crystallization conditions, changes its composition and/or struc-
ture or is converted into a different crystal phase. The solid solutions with a high quartz content

have a thermal expansion which is very low or even falls as the temperature rises.

One embodiment of the invention relates to glass-ceramic components having a large volume.
For the purposes of the present application, this term is intended to mean a glass-ceramic com-
ponent having a mass of at least 500 kg, preferably at least 1 t, more preferably at least 2 t, in

one embodiment of the invention at least 5 t, or edge lengths (width and/or depth) in the case of
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rectangular shapes of at least 0.5 m, more preferably at least 1 m, and a thickness (height) of at
least 50 mm, preferably 100 mm, or in the case of round shapes a diameter of at least 0.5 m,
more preferably at least 1 m, more preferably at least 1.5 m, and a thickness (height) of at least
50 mm, preferably 100 mm. In specific embodiments of the invention, the glass-ceramic compo-
nents can also be even larger glass-ceramic components having, for example, a diameter of at
least 3 m or at least 4 m or greater and a weight of 10 to 15 tons. The maximum size of the
glass-ceramic components depends on the size of the melting tank. However, it is also possible
to cast larger glass-ceramic components with a diameter of 8 m and having a weight of between
40 and 60 tons. In particular, the invention also relates to rectangular glass-ceramic compo-
nents, in which it is preferable that at least one surface has a surface area of at least 1 m? pref-

erably at least 1.2 m?, more preferably at least 1.4 m?.

It is generally the case that large-volume glass-ceramic components having a considerably
greater base than height are produced. The process according to the invention is also suitable,
however, for producing large-volume glass-ceramic components with a high CTE homogeneity
which have a shape that approximates a cube or a sphere. In addition to the volume and the
weight, a glass-ceramic component of this type can also be described by a shape factor R=h/d,
where h corresponds to the height of the glass block and d corresponds to the diameter. While
the shape factors in the production of some large-volume glass components, such as lenses or
telescope mirrors, generally lie below 0.1, there is also a demand for large-volume glass com-
ponents having shape factors of above 0.1, for instance in the range between 0.1 and 0.3, for
example prisms. A further embodiment of the present invention therefore relates to large-
volume glass-ceramic components having high shape factors, which can lie between approxi-
mately 0.1 and 0.3 up to at most approximately 0.5. Here, the shape factor R=h/d is defined as
the ratio of height h to transverse extent d, with the transverse extent d in the case of a cylindri-
cal shape being the diameter thereof and in the case of a cuboidal shape being the diagonal

thereof.

A further embodiment relates to precision components with relatively small dimensions, in par-
ticular in the case of rectangular shapes with edge lengths (width and/or depth) or in the case of
round areas with diameters of at least 100 mm and/or less than 500 mm and a thickness of less
than 50 mm, preferably less than 10 mm and/or at least 1 mm, more preferably at least 2 mm.

Precision components of this type can be used in microlithography, for example.

Components for microlithography are commonly used under standard clean room conditions, in
particular at a room temperature of 22°C. The CTE can be adapted to this application tempera-

ture. However, components of this type are subjected to various process steps, for example
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coating with metallic layers, cleaning, patterning and/or exposure processes, in which tempera-
tures which are higher than those that prevail during later use in the clean room are present. It
is advantageous if a component of this type has a low thermal expansion not only at the later
application temperature, but also under the thermal loading caused by the process steps. The
present invention therefore also relates to components in which the temperature interval which
satisfies the CTE tolerance of 0 + 20 ppb/K, preferably of 0 + 15 ppb/K, more preferably 0 + 10
ppb/K, has at least an extent of 10 K, preferably at least 15 K, more preferably at least 20 K.
Furthermore, according to this embodiment of the invention, preference is given to components
having a CTE which is optimized to an application temperature of 20°C, 40°C, 50°C, 60°C
and/or 80°C.

In the following, measures are described which can improve the homogeneity of glass-ceramic
components. Here, each one of these measures already leads to an improvement in the homo-
geneity. According to the invention, these can be employed individually or as a combination of

two or more thereof during the production of a glass-ceramic component.

A glass-ceramic is generally produced as follows: suitable raw materials are melted in a suitable
composition, refined, homogenized and then hot-formed to form a glass blank or green body or
the green glass. The "green body" of a glass-ceramic is understood to mean a vitreous body
which has been melted from a suitable composition and which can be converted into a glass-

ceramic by treatment with a suitable temperature programme.

In particular, the influence of the batch production on the homogeneity of a glass-ceramic com-

ponent was examined.

Firstly, it may be advantageous to set the grain size distribution of the components of the batch.
This can have an influence on the melting properties and should be selected such that it is pos-
sible to achieve unproblematic melting and therefore the most homogeneous melt possible.
Surprisingly, it is not advantageous for good homogeneity to select all components in a particu-
larly fine grain size. A mixture of components of different grain sizes has proved to be advanta-
geous, for example a division of the grain sizes of the components into at least two, for example
three, classes. Division into 4 or 5 classes may also be advantageous. By way of example, the
batch can comprise

- 10 to 15% by weight of a fine fraction having a grain size of a class 1, i.e. a mean grain di-

ameter of 1 — 50 um,
- 60 to 85% by weight of a medium fraction having a grain size of a class 2, i.e. a mean grain

diameter of 10 — 250 ym, and
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- 5t0 10% by weight of a coarse fraction having a grain size of a class 3, i.e. a grain diameter
of 100 — 1000 pym.

It is preferable to select starting components which can be readily melted, where possible the ni-
trates, carbonates or phosphates, if appropriate also the oxides, of the raw materials required,
for example quartz powder, aluminium oxide, aluminium hydroxide, aluminium metaphosphate,
aluminium orthophosphate, magnesium carbonate, magnesium phosphate, zirconium sand, zir-
conium oxide, zinc oxide, titanium dioxide, lithium carbonate, lithium nitrate, potassium car-

bonate and potassium nitrate.

It has furthermore been found that it is advantageous in the production of glass-ceramics to

control the accuracy of the batch composition.

The batch of the starting components is generally weighed out in charges. In the production of
optical glasses, a charge size which corresponds to approximately 10 to 25% by weight of the
later quantity of the glass melt in the melting tank has proved to be expedient. It has surprisingly
been found that smaller charge sizes can lead to an increase in the homogeneity of the glass-
ceramic component when producing green glasses for glass-ceramic components of high ho-
mogeneity. According to the invention, in one embodiment of the invention, it is therefore the
case that batch charges which correspond to less than 10% by weight, preferably less than 5%

by weight, of the later quantity of the green glass melt in the melting tank are weighed out.

It has furthermore been found that the weighing-out operation should be performed at least with
an accuracy of preferably at least + 0.3% by weight, more preferably at least + 0.1% by weight,
most preferably at least + 0.05% by weight, since even relatively minor differences in composi-
tion and therefore the formation of striae (streaks) and deviations in homogeneity can be avoid-

ed by this measure.

Furthermore, for introducing the batch into the melting tank, the batch can be moistened, in or-
der to avoid loss through carry-over in particular of finely particulate components. For this pur-
pose, at least 1% by weight, more preferably at least 3% by weight, water can be added to the

batch, for example. It is preferable for at most 10% by weight water to be added, however.

In addition to avoiding the carry-over of finely particulate components, it is possible inter alia for
the water or OH content of the melt and therefore of the resulting glass-ceramic to be set by

moistening the batch. It has surprisingly been found that a higher OH content can have an ad-
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vantageous effect on the homogeneity of a glass-ceramic. It is assumed that the presence of
the water molecules makes the molecular bonds of the components in the melt less firm, and as
a result the melt has a lower viscosity and can be homogenized more easily and more effective-
ly. The relatively low viscosity can also bring about better refinement, and therefore it is possible

to obtain glass-ceramic components with a particularly low number of bubbles.

Common LAS glass-ceramics have an OH content of approximately from 0.03 to 0.05 mol/l. It
has been found that the setting of the OH content of the glass-ceramic to a content of at least
0.06 mol/l, more preferably at least 0.07 mol/l can prove to be advantageous for the CTE homo-
geneity of a glass-ceramic. The OH content is preferably at most 0.15 mol/l, more preferably at
most 0.13 mol/l, further preferably at most 0.12 moll/l, further preferably at most 0.11 mol/l, fur-
ther preferably at most 0.10 mol/l, further preferably at most 0.095 mol/l. To determine the OH
content, a plate of the glass-ceramic having a thickness of 0.57 mm was measured in an infra-
red spectrometer and the OH band of the IR spectrum was determined quantitatively between

2.7 and 3.3 uym with respect to a calibration measurement and converted into the OH content.

The OH content of the melt can furthermore be set by hydrous starting components. By way of
example, it is preferred according to the invention not to use aluminium oxide but rather alumin-
ium hydroxide in a proportion of at least 50% by weight, more preferably at least 80% by weight,
of the total content of aluminium oxide as starting component. According to specific embodi-
ments, exclusively aluminium hydroxide is used as starting component. Moreover, the OH con-
tent can also be set by using other hydroxides, for example Mg(OH),, LiOH, KOH and/or other
hydroxides.

After the components have been weighed out, the batch is mixed by means of a conventional

stirrer and then transported to the melting tank and introduced therein.

The green glass is melted in a plurality of steps:

melting,

- optionally, homogenizing,

- refining,

- optionally, further homogenizing,
- optionally, a standing phase,

- casting.

After the batch has been melted completely, a first homogenization preferably takes place. The

melt can be homogenized by bubbling, by thermal means or by mechanical means. Thermal
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homogenization here is understood to mean that the convection of the melt is promoted by in-
creasing the temperature or different heating of the tank surfaces. Thereafter, the temperature
of the melt is increased to approximately 1600°C for the refining operation. This can be followed
by a second homogenization phase. By way of example, the melt can be kept at an elevated
temperature for a number of days, with the duration of the holding time being dependent on the
volume of the melt. It is assumed that the melt is further homogenized on a molecular level dur-

ing such a holding or standing phase.

Then, the green glass is cast in metal moulds, as are described, for example, in DE
102004052514A1. The casting mould is then moved away laterally from the region beneath the
melting tank and moved into a furnace for controlled cooling. The controlled cooling to room
temperature is effected at a sufficiently low cooling rate in order to avoid stresses and the for-

mation of cracks.

The glass block thus produced is preferably subjected to a visual inspection for freedom from
bubbles, freedom from cracks, etc. This can be followed by a first machining operation, in par-
ticular the removal of the surface regions, before the ceramization of the green body to form the

glass-ceramic is carried out.

During the heat treatment referred to as ceramization, the green glass or the glass or the green
body is converted into a glass-ceramic by controlled volume crystallization. During this heat
treatment, crystallization nuclei of the same type or a different type are formed in the glass in a
first conversion step ("crystallization nucleation"). Crystallization nuclei or crystal nuclei are un-
derstood to mean submicroscopic crystalline aggregates of a characteristic size. In a second
conversion step ("crystal growth"), if appropriate at a slightly higher temperature, crystals or

crystallites grow from the crystal nuclei.

The present invention also relates to the use of the glass-ceramic according to the invention in
astronomy, for example as mirror supports for large segmented telescopes or monolithic astro-
nomical telescopes or else ultra-light mirror substrates, as precision components, such as
standards for precision measurement technology, mechanical precision parts, e.g. for ring laser
gyroscopes, coil springs for the watchmaking industry, in LCD lithography, for example as mir-
rors and prisms, and also in microlithography, for example as mask holders, wafer stages and

reference plates, and also as substrates for mask blanks and mirrors in EUV lithography.
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The entire disclosures of all applications, patents and publications, cited above and below, and
of corresponding German applications DE 10 2014 002 253 filed February 21, 2014 and DE
102014211700 filed June 18, 2014, are hereby incorporated by reference.

It goes without saying that the features of the invention mentioned above and those still to be
explained herein below can be used not only in the respectively indicated combination but also
in other combinations, without departing from the scope of the invention. The present invention
will be illustrated below by a series of examples. However, the present invention is not limited to

the examples mentioned.

Examples

Example 1:

The starting compounds named in Table 1 were weighed out with an accuracy of + 0.1% by
weight (% by weight, based on oxide). In this case, the size of the charge weight was 4% by
weight of the total weight of the melt. Before being introduced into the melting tank, the batch

was moistened with 8% by weight water.

Table 1:
Example 1 Raw material Grain size fraction
SiO; 56.1 Quartz powder Medium/coarse (5:1)
AlLO; 255 Al(OH), Medium
Al orthophosphate Fine
P,0s5 71 Al orthophosphate Fine
Li,O 3.5 Li,COgs Coarse
Na,O 0.2 Na,O Medium
K20 0.5 Potassium nitrate Coarse
MgO 1.0 MgCOs; Coarse
ZnO 1.5 ZnO Fine
TiO, 2.2 TiO, Fine
Zr0O, 1.9 Zirconium sand Coarse
As;03 0.5 As,03
Sum total | 100.0

This composition was melted in a melting tank measuring 28 m® for a period of time of several

days, with the temperature being kept at approximately 1600°C. The decomposition of As,O3 in
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the process forms refining gases, which carry along small gaseous inclusions and homogenize
the melt. During the refining phase and also during a subsequent cooling phase, the glass melt
is homogenized further. In particular, controlling the temperature of the tank surface induces
convection of the melt, in order to promote the homogenization. During a subsequent cooling
phase, which can similarly last for several days, the temperature of the glass melt is reduced to
approximately 1400°C, and the latter is then cast into (a) cylindrical casting moulds having a di-
ameter of 15650 mm and a height of 350 mm (Example 1-A) and (b) rectangular casting molds
having an edge length of 1.3 m and a height of 350 mm (Example 1-B). The blocks of the green
glass thus produced were ceramized under the following conditions after removal of the mar-
ginal regions: firstly, the blank was heated at a heating rate of 0.5°C/h to a temperature of be-
tween 630 and 660°C. The heating rate was then reduced to 0.01°C/h and heating was contin-
ued until a temperature of between 770 and 800°C was reached. This temperature was main-

tained for 80 hours. Then, the blank was cooled at a cooling rate of -1°C/h to room temperature.

Example 1-A

A glass-ceramic plate having a diameter of 1.5 m was cut from a cylindrical ceramized block (a),
and the CTE homogeneity of said glass-ceramic plate was determined as described below. Fur-
thermore, the CTE homogeneity of smaller rectangular glass-ceramic components having an

area of 110 x 110 mm and, respectively, 150 x 110 mm was determined.

Table 2:
Example 1-A Example 1-A Example 1-A

Dimensions of glass-ceramic com- cylindrical form: rectangular form | rectangular form

ponent diameter: 1.5 m (150x110x5)mm | (110x110x5)mm
height: 0.23 m

Weight of glass-ceramic component | 1.03 t 284 g 153 g

OH content [mol/l] 0.087 0.087 0.087

Average CTE (0;50) [ppb/K] 0.0 0.0 0.0

Average CTE (19;25) [ppb/K] 3.0 3.0 3.0

CTE homogeneity [ppb/K] 3 2.5 2

Inclusions > 0.3 mm

- Average number per 100 cm® 1 0 0

Inclusions > 0.03 mm

- Average number per 100 cm® 3 1 1

- Maximum size [mm] 0.5 0.05 0.05
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Example 1-B

Further blocks of the green glass from Example 1 were ceramized under the same conditions as
described in Example 1, but with the following holding times to optimize the glass ceramics for

different application temperatures Ta:

Table 3:
Ex. 1-B-a Ex. 1-B-b Ex. 1-B-c Ex. 1-B-d

Ceramization holding times [h] 70 110 140 170
Figure 5, curve no. 1 2 3 4
Zero crossing(s) of CTE-T curve 5c =2C o°C

20°C 32°C 40°C 58°C
Application temperature T, 22°C 30°C 40°C 60°C
CTE (T,) [ppb/K] -4 5 0 -3
Temperature range around T, in
which CTE deviates at most + 10 8 - 31 23 -39 26 - 33 47 — 82
ppb deviates from 0 ppb/K [K]
Extent of temperature range [K] 23 16 7 35

Test specimens were taken from the resulting glass-ceramics, the CTE-T curve of said test
specimens being shown in Figure 5. The glass-ceramic plates having edge lengths of 100 x 100
x 5 mm which were produced from these glass-ceramics likewise had a CTE homogeneity of 2
ppb/K.

Example 1-C

A rectangular lass-ceramic plate having edge lengths of 1.2 m was cut from the ceramized rec-
tangular block (b), and the CTE homogeneity of said glass-ceramic plate was determined as

described below.
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Table 4:

Example 1-A Example 1-A Example 1-A

Dimensions of glass-ceramic compo- | (1.2x1.2x0.235)m | (150x110x5)mm | (110x110x5)mm
nent (widthxdepthxheight)

Weight of glass-ceramic component 0.86 ton 284 g 153 g
OH content [mol/l] 0.088 0.088 0.088
Average CTE (0;50) [ppb/K] -12.2 -12.2 -12.2
CTE homogeneity [ppb/K] 5 4 3
Inclusions > 0.3 mm

- Average number per 100 cm® 3 1 1

- Maximum size [mm] 1.5 0.4 0.4

Casting and ceramizing a rectangular shape of a glass ceramic is more difficult in view of the
homogeneity of the resulting block of green glass and glass ceramic component since the flow
of the glass during casting into the in particular the corner portions leads to unfavourable cur-
rents and thus to increased inhomogeneity. However, according to the present invention it is

possible to cast large rectangular blocks with outstanding homogeneity.

Figure 1 shows a two-dimensional representation of the CTE homogeneity of the rectangular
glass-ceramic component from Example 1 having edge lengths of 1.2 x 1.2 m. To determine the
CTE homogeneity, 64 test specimens were cut from the glass-ceramic component and meas-
ured separately. Figure 2 shows the positions of the 64 test specimens taken. All CTE values
measured lay between -15 and -10 ppb/K and thus correspond to CTE(0;50) 0 + 20 ppb/K. The
CTE homogeneity was 5 ppb/K.

Furthermore, the CTE homogeneity of smaller rectangular glass-ceramic components having an
area of 110 x 110 mm and, respectively, 150 x 110 mm was determined. Figure 2 shows the
positions of the test specimens taken for this determination. Figures 3 and 4 show CTE values
for the individual test specimens of the test specimens taken in the horizontal (Figure 3) and, re-
spectively, in the vertical (Figure 4) direction. The tolerances brought about by the measurement
are shown in Figures 3 and 4. The CTE homogeneity was 3 ppb/K (110 x 110 mm) and (150 x
110 mm), together 4 ppb/K.

Example 2
A glass-ceramic raw glass melt was melted as described in Example 1 and cast into a round

casting mould having a diameter of 4.5 m and a height of 350 mm. After cooling, the marginal
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regions were removed and the raw glass block was ceramized: firstly, the blank was heated at a

heating rate of 0.5°C/h to a temperature of between 630 and 660°C. The heating rate was then

reduced to 0.01°C/h and heating was continued until a temperature of between 770 and 800°C

was reached. This temperature was maintained for 80 hours. Then, the blank was cooled at a

cooling rate of -1°C/h to room temperature.

A round glass-ceramic disc having a diameter of 4263 mm, a thickness of 80 mm and a weight

of 2.89 ton was cut from the ceramized block, and the CTE homogeneity of said glass-ceramic

disc was determined as described in the table below.

Table 5:

Example 2
OH content [mol/l] 0.088
Average CTE (0;50) [ppb/K] 0.0
Average CTE (5;35) [ppb/K] 6.0
CTE homogeneity (0;50) 3 ppb/K
CTE homogeneity (5;35) 6 ppb/K
Inclusions > 0.3 mm
- Average number per 100 cm® | 3
- Maximum size [mm] 1.5

The glass-ceramic disc had the internal quality described in Table 5:

Table 6:
Critical volume Non-critical volume
Maximum diameter of the inclusions [mm] <20 <4.0
Number of inclusions per 100 cm® <1 <1
Average volume density [particles/cm”] <5x 10" <5x10°

Striae (photoelastic examination)

None verified

None verified

Stress in the volume [nm/cm]

< |-2.8]

< ]-2.8]

For the purposes of this Example 2, the term "critical volume" is understood to mean the volume

from the surface down to a depth of 2 mm.
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Comparative Examples

A glass-ceramic raw glass melts was melted basically as described in Example 1 but with the

differences as

The melts were cast into a cylindrical casting molds having a diameter of 1550 mm and a height
of 350 mm and processed and ceramized into cylindrical glass ceramic blanks having a diame-
ter of 1.5 m and a height of 350 mm as described in Example 1-A. The physical properties are

also described in Table 7 below.

Table 7:

Comparative Example 1 | Comparative Example 2

Production differences to Ex. 1

Weighting accuracy 0.3 wt.% 0.5 wt.%

Size of batch charge 12 % 12 %

Starting compounds (same as Ex. 1) Al(OH) replaced by Al,O;
Grain size

- Fine fraction
- Medium fraction

- Coarse fraction

20 % by weight
70 % by weight
10 % by weight

20 % by weight
60 % by weight
20 % by weight

Water added to batch

5 % by weight

3 % by weight

Physical properties of glass ceramic

OH content [mol/l] 0.06 0.05
Average CTE (0;50) [ppb/K] 39.9 42.4
CTE homogeneity [ppb/K] 4 6
Inclusions > 0.3 mm

- Average number per 100 cm® | 4 6

- Maximum size [mm] 1.0 1.5

Comparing the results of the Comparative Examples 1 and 2 with the Exampiles, it is shown that
by the present invention, glass ceramic components having a higher CTE homogeneity, better

average CTE and better internal quality can be produced.

The preceding examples can be repeated with similar success by substituting the generically or
specifically described reactants and/or operating conditions of this invention for those used in

the preceding examples.
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From the foregoing description, one skilled in the art can easily ascertain the essential charac-
teristics of this invention and, without departing from the spirit and scope thereof, can make var-

ious changes and modifications of the invention to adapt it to various usages and conditions.
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Claims

Low thermal expansion glass-ceramic component, which, at an application temperature T,
has a CTE in the interval of 0 + 20 ppb/K, preferably in the interval of 0 + 15 ppb/K, more
preferably in the interval of 0 + 10 ppb/K, and a CTE homogeneity of at most 5 ppb/K.

Glass-ceramic component according to claim 1, whereas the application temperature T, lies
within in the range of -60° to 100°C.

Glass-ceramic component according to claim 1 or 2, whereas the application temperature Ta
is selected from the group consisting of 22°C, 30°C, 40°C, 60°C, 80°C and 100°C.

Glass-ceramic component according to one or more of the preceding claims, wherein the
temperature interval which satisfies the CTE tolerance of 0 + 10 ppb/K has at least an extent
of 10 K.

Glass-ceramic component according to one or more of claims 1 to 3, having a rectangular

base with edge lengths of in each case at least 100 mm and a thickness of at least 5 mm.

Glass-ceramic component according to one or more of the preceding claims, having a mass
of at least 500 kg.

Glass-ceramic component according to one or more of the preceding claims, having a rec-

tangular shape and wherein at least one surface has a surface area of at least 1 m>.

Glass-ceramic component according to one or more of the preceding claims, comprising an
LAS glass-ceramic with the following composition (in % by weight based on oxide)
SiO; 50 -70

AlLO; 17 - 32
P.0s 3-12
Li,O 2-5
Na,O 0-2
KO 0-2
MgO 0-2
Ca0o 0-4
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BaO 0-5
SrO 0-2
ZnO 0-4
TiO, 1-5
Zr0O, 0-5

Glass-ceramic component according to one or more of the preceding claim, comprising a

glass-ceramic with an OH content of at least 0.06 mol/l.

Use of a glass-ceramic component according to one or more of claims 1 to 9 in astronomy,
metrology, LCD lithography or microlithography, for example as mask holders, wafer stages
or reference plates or as an optical component in EUV lithography, in particular as a sub-

strate for an EUV mask blank or an EUV mirror.

Use of a glass-ceramic component according to one or more of claims 1 to 9 as a precision
component, such as standards for precision measurement technology, mechanical precision
parts, e.g. for ring laser gyroscopes, coil springs for the watchmaking industry, and in LCD li-

thography, for example as mirrors and prisms.

Process for producing a glass-ceramic component according to one or more of claims 1 to
9, comprising the steps of

— melting of a green body,

— casting of the green body,

— ceramization of the green body to form a glass-ceramic.
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