FLATNESS MEASUREMENTS OF THIN, PLANE-PARALLEL OPTICS
FLOATED ON A HEAVY LIQUID

Ulf Griesmann', Guandou Wang', Johannes A. Soons?, Eric C. Benck’,
Jivoung Chu'?, and Jaeswoong Sohn?
National Institute of Standards and Technology,
Gaithersburg, MD 20899, USA

']
amsung

INTRODUTION

The measurement of flainess errors of uncon-
strained thin parts with low uncertainty is a con-
siderable challenge, because their form is signif-
icantly affected by the forces applied through the
mechanical fixtures holding them. Forces due
to mechanical clamping, chucking in vacuum or
electrostatic chucks, and gravity cause surface
deformations that must be either eliminated or
calibrated.

Absolute tesis can sometimes be devised, that
permit the separation of instrument errors and
mounting-induced errors from the form errors of
the part under test. Well known examples are
the three-flat tests used for the calibration of in-
terferometer reference flais (see e.g. [1, 2, 3] and
the references therein). However, error separa-
tion procedures cannot be found for all situations
and it is particularly difficult to characterize defor-
mations of a surface due to mounting forces with

an absolute test.

We describe a method of separaling the in-
trinsic (or unconstained) flainess errors of flat
precision parts from mounting-induced deforma-
tions. Mounting-induced deformations are es-
sentially eliminated when the part is floated on
a heavy, high density liquid. The unconstrained
flatness error of the part can then be mea-
sured directly. The densities of saturated ague-
ous metatungstate solutions are close to 3 g/em?,
which is substantially higher than the densities of
many borosilicate crown glasses and important
materials with low coefficient of thermal expan-
sion (Tabie 2), that are used to fabricale precision
optics. We iliustrate the method with interferomet-
ric measurements of the unconstrained flatness
errors of silicon and fused silica wafers with a di-
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meter of 300 mm.
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An important example of thin, flat optics that must
be characterized with very low unceriainty are
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photomask substrates and blanks for extreme ul-
traviolet lithography (EUVL) at a wavelength of
13.5nm. Photomasks contain the layout of an
integrated circuit which is projected, usually de-
magnified 4:1, onto the wafer surface by an imag-
ing system. EUVL photomask substraies are
square with a standard width of 152 mm and
a thickness of 6.35 mm. Several low thermal
expansion materials (LTEMs) with coefficients of
thermal expansion <0.083x107¢K~! are used to
make EUVL photomask substrates. Within a
quality area of 142mm x 142mm, the peak-io-
valley flatness error of front- and backsides of an
unconstrained EUVL photomask substrate must
be as low as 30nm for the highest quality sub-
strates to achieve the very small pattern place-
ment errors required in EUV lithography. These
and other characteristics of EUVL mask sub-
strates are described in a standard published by
the Semiconductor Equipment and Materials In-
dustry (SEMI) organization [4]. The method de-
scribed here was originally developed for mea-
suring the unconstrained flatness error or EUVL
photomask blanks and substrates [5].

LITHIUM METATUNGSTATE SOLUTIONS

Lithium metatungstate  (LMT), the lithium
salt of metatungstic acid with the formula
Lig[HoW12045]-3H:0), is highly soluble in water
and other polar solvents [6]. Aqueous solutions of
LMT are available commercially for applications
requiring separation of materials with different
densities, e.g., to separate of fossils from miner-
als or to separaie valuable minerals from sand
and clay {7, 8]. Density and viscosity of the
tungstate solutions at room temperature depend
on the concentration. We chose o use nearly
saturated LMT solutions with densities of about
2.85 g/ocm®. This density is about 30% higher than
the density of silica glass and ensures sufficient
buoyancy. The properties of the commercially
available agueous LMT solution that are relevant
for this application are summarized in Table 1.
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TABLE 1. Properties of saturated aqueous lithium
metattungstate solutions at room temperature.

Name Lithium Metatungstate
Abbreviation LMT
Formula EL.%(_’;{HQWQO&)}GHQO
Density p [o/cm?] 2.95

pH 3.2:4041
Viscosity 1 [mPa-s] 3641

n {832.8nm, 16.6°C) 1.5888£0.0002

Metatungstate solutions are stable only when
they are acidic [6] (see Table 1). Many glasses
are resistant to corrosion when in contact with
an acidic solution, but the corrosion resistance
of the materials floated on the solution must be
considered before a measurement.

The refractive index of a saturated aqueous LMT
solution at 2.85 g/cm® was measured at 632.8 nm,
the wavelength of many phase-shifting interfer-
ometers used for form measurements, using the
minimum deviation meihod as described by Bur-

nett and Kaplan [2]. A hollow prism with plane
parallel windows was filled with the LMT solu-
tion and the deviation angles of light passing
through the prism at minimum deviation were
measured with a goniometer.  Deviation an-
gles were measured for light from a helium-neon
laser at 632.834nm and for the red spectral line
emitted by a cadmium-argon low pressure dis-
charge lamp at 643.847 nm. The measurements
were made at the laboratory room temperature
of 16.6°C. The refractive index of the saturated
LMT solution at 632.8nm and its standard un-
certainty, calculated from the standard deviations
of the angle measurements, is 1.5888=:0.0002.
Since the index n was measured at two closely
spaced wavelengths A, an estimate for the dis-
persion near 632.8nm could alsoc be obtained:
dn/d) =(-7.5+£2.6)x10"°nm~!. The refractive
index of the saturated LMT solution at 632.8 nm
is much higher than the index of water (1.332,
see [10]) and even slightly higher than the refrac-
tive indices of some glasses. For some materials,
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especially low thermal expansion materials (see
Table 2), the index of the LMT solution can be
matched to that of glass by diluting the solution

with water.

EXPERIMENTAL SETUP
The wafer flainess was measured with the
“eXtremely accurate CAlibration InterferometeR”
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TABLE 2. Densities and refractive indices at
632.8nm of several glasses and low thermal ex-
pansion materials.

Name glolem®] |

Fused silica [11] 2201 1.4570
Schott BK7T 2.51 1.5151
Schott SF5T 4.06 1.6685
Corning ULE 79727 2.21 1.4840
Schott ZERODUR' 2.55 1.5404
Ohara CLEARCERAM-ZT | 2.53 1.5477

FIGURE 1. Experimental setup using the XCALI-
BIR interferometer at NIST.

(XCALIBIR) at the National institute of Standards
and Technology (NIST). XCALIBIR is a versatile
phase-shifting interferometer operating at a wave-
fength of 632.8nm. For the flatness measure-
ments of floating wafers, the interferometer was
configured so that the reference flat of the interfer-
ometer could be mounted above the photomask
in a horizontal orientation. A photograph of the
XCALIBIR setup is shown in Fig. 1. The left side
of the photograph shows the collimator lens as-
sembly, which creates a collimated test beam of
just over 300 mm diameter. The aluminized fold
mirror has a diameter of 460 mm and sends the
test beam downward to the reference flat, which
is visible below the fold mirror in Fig. 1.

A tray machined from an acetal plastic filled with
LMT solution was used to float the wafers. Fig.2

shows a 300 mm diameter silicon wafer floating
on 2 lithium metatungstate solution. In prepara-
tion for a flatness measurement, 200 mL of fresh,
saturated LMT soiution was slowly poured into
the tray to avoid the formation of air bubbles and
63
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FIGURE 2. A 300 mm diameter silicon wafer float-
ing on a LMT solution.

FIGURE 3. Forces and moments aclting on a
plane-parallel plate floating on a liquid.

the trapping of bubbles at the botiom of the tray.
The wafers were then lowered onto the liquid by
hand. Three plastic pins were used t0 prevent lat-
oral movement of the floating parts during mea-
surements. The space between the pins and the
wafer is a few tenths of a millimeter to ensure that
no force is exerted by the pins on the wafer. Mea-
surements were made immediately after lowering
a part onto fresh LMT liquid to avoid problems re-
sulting from water evaporation and crystal forma-
tion between the edge of a part and the restrain-
ing pins.

While the hydrostatic pressure at the bottom of a
floating wafer is constant, a pressure gradient ex-
ists af the edges as shown in Fig. 3. The pressure
gradient results in a u iformly distributed edge
torque M thatis balanced by a bending moment
of the wafer. The deformation can be calculated
analytically for thin plates [12]. The details of the
derivation are described in {5].

The equation describing the deformation of a thin
plate floating on a fiquid by the hydrostatic pres-
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sure gradient at the edge is:

6(1—vgpy | 5 _ Py } 22
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(1)
where p, is the density of the glass, p; is the den-
sity of the liquid, v is Poisson’s ratio for the glass
and E its elastic modulus. The maximum (peak-
to-valiey) deformation w,, of a square flat with
width L is given by:

3(1 — \gp, [ Py )\ ,
= 200 (Lo Lo g2 g2)
E \4;/1 Gpi’

Many optical components have a circular shape
and it can be shown that the maximum (peak-to-
valley) deformation of thin, circular plates with a
radius R by hydrostatic pressure gradients at the
edge is described by an equation similar to Eq. 1:

. 2
6(1 —-l/)gf)g Py (){{) R (3)
E dp 6Bpy

Wy =—

For fused silica v = 0.17, and £ = 73GPa. A
fused silica wafer with a 300 mm diamet

is floating on a saturated aqueous LMT solution
will have a quadratic deformation of 3.1 nm (peak-
valley). Similarly, a silicon wafer with a 300 mm
diameter (p = 2.33g/cm®, v =0.28, E = 185 GPa)
has a deformation of 1.1 nm due to the hydrostatic
pressure gradient at the wafer edge.

WAFER FLATNESS MEASUREMENTS

Fig. 4 shows the unconstrained flatness error of
an early 300 mm diameter silicon wafer. The
wafer shows the characteristic waviness of a
wafer that was cut from a silicon boule using a
inear wire saw. The wafer in Fig.5 is made from
silica glass and polished with conventional opti-
cal polishing methods. The refractive index of
the LMT solution was higher than the index of sil-
ica glass and the reflection from the back surface
of the wafer was attenuated, but not completely
eliminated. The attenuation of the unwanted re-
flection was found to be sufficient for a flatness
error measurement of the wafer front surface.

CONCLUSIONS

The flatness error of thin, flexible plane-parallel
paris can be measured with low uncertainty when
they are fioated on a LMT solution, because the
part is supported by a uniform pressure that does
not distort the shape. The density of saturated
lithium metatungstate solutions is sufficiently high
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FIGURE 4. Unconstrained flatness error of a
300 mm diameter silicon wafer floating on a LMT
solution.
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EIGURE 5. Flatness error of @ 300 mm diamster

s
Ui
silica glass wafer floating on a LMT solution.
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to permit lower density glasses to be floated on
the heavy liquid. Several important materiais with
ultra-low thermal expansion can also be floated
on LMT solutions. A small quadratic form error re-
sults from the hydrostatic pressure gradient at the
edge of a floating plate, which leads to a bending
moment. The plate bending can be predicted with
an analytical model.

'Disciaimer: The full description of the proce-
dures used in this paper requires the identification
of certain commercial products and their suppli-
ers. The inclusion of such information should in
no way be construed as indicating that such prod-
ucts or suppliers are endorsed by NIST or are rec-
ommended by NIST or that they are necessarily
the best materials or suppliers for the purposes
described.
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