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Figuring with subnanometer-level accuracy by numerically controlled
elastic emission machining

Kazuto Yamauchi, Hidekazu Mimura,® Kouji Inagaki, and Yuzo Mori
Department of Precision Science and Technology, Graduate School of Engineering, Osaka University,
2-1 Yamada-oka, Suita, Osaka 565-0871, Japan

(Received 25 February 2002; accepted 27 July 2002

A numerically controlled elastic emission machinifiM) system has been developed to fabricate
ultraprecise optical components, particularly in x-ray optics. Nozzle-type EEM heads, by which a
high shear-rate flow of ultrapure water can be generated on the work surface, have been newly
proposed to transport the fine powder particles to the processing surface. Using this type of EEM
head, the obtainable spatial resolution in figure correction can be changed by selecting the suitable
aperture size of the nozzle according to the required spatial frequency. As a result of test figuring,
1 nm level peak-to-valleyp—v) accuracy is achieved throughout the entire spatial wavelength range
longer than 0.3 mm. In addition, the microroughness of the processed surface is certified to also be
approximately 1 nmg-v). © 2002 American Institute of Physic§DOI: 10.1063/1.1510573

I. INTRODUCTION racy is considered to be high compared to that of the CCP
method. Currently, the achievalpev figure error is as small
Recently, ultraprecise figuring technology is in great de-as a few nanometers. However, the two methods described
mand in many scientific fields. Particularly in third- above utilize the mechanical effects in material removal,
generation synchrotron radiation sources or next-generatiowhereby a crystallographically damaged layer, such as plas-
extreme ultraviolet lithography systems, ultraprecise mirrorgically deformed or amorphous layers must be introduced, so
with figure accuracy higher than nanometer orffsak-to- they can not be applied in fields such as Bragg diffraction
valley (p—v)] are required= Currently, many figuring optics in which the crystallographic nature of the polished
methods are being intensively studied in order to realize theurfaces is utilized. In contrast, elastic emission machining
required figure accurady.® Computer-controlled polishing (EEM) can yield atomically smooth surfaces without intro-
(CCP), the principles of which basically originated in Pre-ducing any crystallographic damatfe’? In this method,
ston’s semiempirical theorefhis the most popular figuring chemical phenomena between the surfaces of the work piece
method. In this method, small tools such as the small pitctand the fine powder particles are utilizEd? One
polisher are employed to realize the desired removal depthanometer-level accuracyp{v) can also be achieved as
profile with respect to the premachined surface error heightong as the supply rate of the fine powder particles to the
Tool velocity, dwelling time, and pressure can be employedvork surface is precisely controlled to be constant. The re-
as the parameters to be controlled in figuring. The dwellingnoval rate in EEM directly corresponds to the supply rate of
time is selected in many CCP systénfs® because of the the fine particles that are reactive with the atoms on the work
ease of generating numerical data for controlling the tookurface® A removal rate of 1 nm/min is obtainable in EEM,
scan. The tool pressure has also been selected in the multithich is not so low compared with other figuring methods
tool polishing machiné.However, in those systems, figure with nanometer-order accuracy.
accuracy of 10 nmg—v) seems to be the achievable limit, The aim of this study is to realize an ultraprecise figuring
because of the difficulty in keeping many kinds of processsystem having the accuracy of 1 nmp<{v) and 0.1 nm
parameters, such as slurry concentration, temperature, afot-mean-squarérms)]. In this study, nozzle-type EEM
conditions of the tool surface, constant. The removal rate ifmeads, by which a high shear-rate flow of ultrapure water can
practical polishing is set to be 0.001-1 nm/min according tdbe generated on the work surface to transport the fine powder
the desired accuracy to be realizZgtf The volumetric re- particles, has been newly proposed and incorporated in the
moval rate is related to the tool size. As a result of currendesigned machine. As a result of the test figuring, 1 nm level
technical achievements, the spatial resolution of figuringaccuracy p—v) is achieved throughout the entire spatial
which depends on the tool size, is larger than a few millime-wavelength range longer than 0.3 mm. In addition, the mi-
ters. On the other hand, ion-beam sputtering, which is a drgroroughness of the processed surface is certified to also be
process, has been developed as a method of computapproximately 1 nmg—uv).
controlled figuring. The process parameters, such as gas

pressure and ion current, are kept constant more easily thqp REQUIREMENT OF ENVIRONMENTAL
those in the CCP method, so that the expected figuring aCCIC'LEANUNESS

The removal mechanism in EEM is chemical, as men-
2Electronic mail: mimura@up.prec.eng.osaka-u.ac.jp tioned previously, so that the avoidance of the introduction of
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Head holder Work table B
. (axis-symmetrical work etc.) Nozzle type
Head setting column Work table B EEM head

Work table A
Process

Work table A
(cylindrical work etc.)
Ultrapure water

Ultrapure

X stage 4 water
= hydrostatic
Ultrapure water screw
hydrostatic guide

FIG. 2. Schematic view of numerically controlled y, 6 stages. The
(@ guides, bearings, and drive screws are hydrostatically supported by pressur-

ized ultrapure water to avoid metal contact.
— i
Process chamber\ . . .
7 ‘\‘{ < for the axisymmetric optical components. The strokes of

: ‘s‘ < andy stages are 600 and 200 mm, respectively. A hydrostatic
i

1

supporting system utilizing ultrapure water is applied to the
guides, bearings, and drive screws of the stages to avoid both
organic contaminants from the lubricant and the metallic dust
produced as a result of the mechanical friction.

IV. ELASTIC EMISSION MACHINING HEAD

In EEM, the fine powder particles that are reactive with
the atoms on the work surface are mixed into the ultrapure
water and supplied to the work surface along the streamline
of the forced flow. When the surface of the powder particle
and the work surface come into contact with each other and
then separate, there is an appreciable probability that the at-

(b) oms of one surface will adhere to the other surface. A nozzle-

type EEM head has been newly developed to transport the
FIG. 1. Schematic drawing_and pho_tograph of EEM ap_paratus in ultracleagine powder particles effectively to the work surface. To re-
room. Workpiece and a mixture fluid are completely isolated from room . ove the powder particles which are chemically interacting

atmosphere by a stainless-steel vessel to avoid the oxygen s(mghe- . .
matic drawing andb) photograph. with the work surface, shear flow with a rate of more than 1

Base block

the following two types of impurities is very important in the
development of an ultraprecise EEM system. One is organic
contamination on the processed surface, which acts as a
blocking mask against the chemical reactions utilized in
EEM and leads to finished surface microroughness. The
other is dissolved oxygen in ultrapure water, which is so
active that the processed surface is destructively oxidized.
Particularly for the Si substrate, the oxide growth rate may
be higher than 1 nm/min, depending on the process condi-
tions.

Nozzle head

Work surface
I1l. NUMERICALLY CONTROLLED ELASTIC EMISSION
MACHINING Specifications
. Gap of slit : G 50pm~200pm
A schematic and photograph of the EEM system are Width of slit : W 0.5~20mm
shown in Fig. 1. All of the stages are enclosed in the ultra- Incident angle : 6 35° ~90°
Facing distance : D 1mm~2mm

pure water vessel to prevent the introduction of oxygen gas
and organic materials such as oil vapor. Two worktables,
which are constructed with a commany, andé stage, are
Ins.talle'd, as seen In Fig. 2. Worktable A'is used fpr flat,FiG. 3. schematic drawing of nozzle-type head and its typical specifica-
cylindrical, and toroidal x-ray mirrors. The other one is usedtions.

Initial velocity of fluid : V.~ 100m/s
Pressure ~10’Pa
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Automatically Channel A
Controlled valves

Process chamber

Gear
pump

Plunger
pump

| I Channel B

Pressure transmitters
Heat exchange unit

P-V:2.47 nm
RMS:0.21nm
FIG. 4. Schematic diagram of pressurized fluid supply system. The mixture ( )

fluid, which is composed of ultrapure water and fine powder particles, can a
be pressurized without any increase of the concentration of impurities such

as dissolved oxygen and organic materials. (nm)

2.0
m/s um is required. The head can easily satisfy this require-
ment. A schematic and typical specifications are shown in 0
Fig. 3. The facing distance, which is about 1 mm, is so large 2.0 £
that the removal rate is not sensitive to the gap fluctuation 500
due to vibrations or temperature changes. The aperture size (nm)
of the slit is a very important parameter in figuring proper- (rm) 250 250
ties, because it governs the size of the processing area and P-V:1.01 nm
affects the spatial resolution of figuring. The slit size should 070 RMS:0.12nm
be selected according to the desired spatial resolution. (b)

An apparatus for transmitting pressure to the mixture
fluid is shown in Fig. 4. It is Composed of two channelsFIG. 5. AFM observatipn of preprocessed and EEM-process@dBisur-
which are alternately operated by automatically controllec{?ces' Observed area is 500 #500 nm: (a) preprocessed surface afit}
valves to supply the pressurized fluid continuously to the
nozzle head. In this apparatus, the mixture fluid is charged
into the inner area of the bellows by the suction of the geathe nozzle-type EEM head to numerically controlled figur-
pump, and then pressurized by the tap water forced into thiag.
outer area of the bellows by the plunger pump. The mixture
fluid is completely isolated from the tap water so that the
pressurized mixture fluid can be kept sufficiently clef_:m. V. NUMERICAL CONTROL SYSTEM

To test the performance of the EEM head, atomic force
microscopy(AFM) observations of EEM-processed surfaces  Figuring is performed by scanning the head in the area to
were carried out. The measured profiles of as-received ange machined at a suitable speed, as shown in Fig. 8. The
EEM-processed surfaces are shown in Figs) and 5(b), software used for the calculation of the scanning speed based
respectively. The microroughness of the preprocessed surfag@ the rms-figure-error-minimum algorithm was coded here.
was 2.47 nmp—v) [0.21 nm(rms)]. In contrast, that of the The thickness to be removed (r,) is calculated from the
EEM-processed surface is drastically improved to 1.01 nnpreprocessed and the required surface profiles at sampling
(p—v) [0.12 nm(rms)]. In addition, removal volumes of ten pointr,. The square sum of the figure errors of the finished
independent stationary spots were compared over a period glirface is expressed as
100 h to evaluate the stability of the removal rate. The op-
eration parameters and results are shown in Table | and Fig.
6, respectively. The removal rate is confirmed to be stable ,\20'0

EM-processed surface.

within a few percent. Figure 7 shows the relationship be- % 16.0
tween the dwelling time and removal depth. The relationship T, "™ o ° R
. . . . . .0 = P [ PY [ ]
is exactly linear. These results indicate the applicability of =, ¢ d d d
£
TABLE I. Experimental conditions. - 8.0
Work material Quartz glass % 4.0
Powder particle 0.um ¢Si0, E
Fluid concentration 10 vol.% 0.0 . - . . . s . .
Dwelling time 15 min 0.0 24.0 48.0 72.0 96.0
Nozzle head conditions Time (h)
Aperture size 10 mmx200 um
Incident angle 90° FIG. 6. Reproducibility of removal rate. Removal volumes of the stationary
Initial fluid velocity 30 m/s spots are measured independently for 100 h. The fluctuation is kept smaller

than a few percent.
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4.0 TABLE II. Process parameters and conditions.

T 30 / Test A Test B

E 3

: Work material Quartz glass Si

B 20 Powder particle 0.um? Sio, 2.0 um? Sio,
3 Fluid concentration 10 vol% 10 vol%

= / Processed aredxyY 25 mmX21 mm 4 mmXx4 mm
z 1.0 Feed direction Y Y

5 Feed rate ~200 mm/min ~200 mm/min
e= 0.0 . Distance between 10 wm 10 um

0.0 2.5 50 1.5 10.0 12.5
Dwelling time (min)

neighboring feed linea X
Total processing time 16 h 11 h
Nozzle head conditions

. . . . Aperture size 10 mre200 um 1 mmx200 um
FIG. 7. Linearity between stock removal and dwelling time of EEM head. Incident angle 350 350

High linearity is very important for precise figure correction and is easily , .. - .

realized with the EEM head. Initial fluid velocity 30 m/s 30 m/s

m n 2

_ N et calibrated by the three references method, which has nanom-
E_Z M(ry) 2 N(r- [ @ eter accuracy in the long spatial wavelength rarigel0
mm). The other is a Michelson microscopic interferometer
with a system error smaller than 0.1 (nms) in the area of
view of 5 mm square. They are applied for figure testing
according to both the required area of view and the spatial
resolution. Experimental parameters are shown in Table II.
JE ) Figures 9(a)and 9(b)show the stationary spot profiles ob-
5_“:0 (1=123,.n. ) tained using heads with the slit aperture sizes of 260<10

) ) i mm and 20@m <1 mm, respectively. The larger spot is suit-
The scanning rate of the EEM head is proportional o thepe for high-speed and relatively low spatial resolution fig-

inverse of the dwelling time; . The figure errofrms)ofthe iny | contrast, the smaller one is suitable for figuring in
processed surface can be minimized by this algorithm. the short-wavelength range close to the submillimeter level.

Preprocessed and processed surface profiles by a head
VI. FIGURING PERFORMANCE with the slit aperture sizes of 200mx10 mm(test A) are

In order to evaluate the performance of figure correction,ShOWn in Figs. 1Q(aamd 10(b), respecyvely. The size of the
two experiments of figuring are carried out. One is a test oprocessed area is 30 mmx30 mm. Figure errors before and
spatially long-range correction of the figure error. Another is
that of spatially high-resolution figuring. The figure measure-
ment ability limits the figuring performance so that the fol-
lowing two types of interferometers are employed in this
study. One is a Fizeau interferometer with the reference plate

whereN;(r;) is the depth to be removed at point by the
processing at point; for a unit time and; is the dwelling
time to be calculated at the point. Optimizedt; (j

=1,2,3,...,m is obtained from

Measurement Shape  profile Objective surface

of processed measurement of profile

spot profile preprocessed
surface ( a)
v

Calculation of the depth
to be removed

Calculation of dwelling time
distribution
v (b)
Conversion to the feed rate
FIG. 9. Stationary spot profiles obtained using nozzle-type EEM heads. The
of EEM head : . 8 o -
profiles are measured using a microscopic interferometer with the area of

view of 5 mm square. The profile of the larger spot is obtained by the
FIG. 8. Procedures for numerically controlled EEM figuring. Premachinedstitching several shots of the microscopic interferometer imagm®sslit

surface profile is measured in constant room temperature. Thickness to kgerture size of 20@umx10 mm and(b) slit aperture size of 20@mx1
removed is calculated and converted to the distribution of the dwelling timemm.
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10°
8.00
10°
(nm) z
0.00 §
250 10°
210 & -
N |
COPR X g [TV SRR : & |
e rof" et 10’ 10° 10"
070)) 0.0 00 + Spatial wavelength (mm)
P-V:7.8nm RMS:1.3nm FIG. 12. PSD curves of preprocessed and processed surfaces.

(a)

o
%y 00700 ~\~Q

P-V:3.21nm RMS:0.32nm

(a)

P-V:2.0nm RMS:0.3nm

(b)

FIG. 10. The preprocessed and processed surface profiles measured using
Fizeau interferometer. Figure errors before and after figure correction are
given in the figure as botlp—v and rms expressionga) preprocessed
surface profile andb) processed surface profile.

after figure correction are 7.8 nnp€v) [1.3 nm(rms)]and

2.0 nm (p—v) [0.30 nm(rms)], respectively. The typical line
profiles of the predicted and figured surfaces are compared in
Fig. 11. These two profiles are found to be in good agree-

ment with accuracy better than 1 nnp<{v). Figure 12
shows power spectral densitfSD)curves. The nozzle head

with the slit aperture size of 20@mx10 mm is found to P-V:0.98nm RMS:0.14nm
realize the spatial resolution of 3 mm. Figure 13 shows the
surface profiles before and after the figure correction in 4 (b)

mmx4 mm area figuringtest B). Figure errors before and

after figure correction are 3.2 nnp{v) [0.32 nm(rms)]and FIG. 13. Preprocessed and processed surfaces profiles measured using

0.98 nm @—v) [O'_14 nm (rms)]’ respeCtlveIY' Figure 14 correction are given in the figure as bgth-v and rms expressionga)
shows the comparison between the line profiles of the prepreprocessed surface profile afiid processed surface profile.

5.0

5.0
40 4.0
Preprocessed surface profile o Preprocessed surface profile
E 30— 5 30 ,wa\’.
> Processed surface profile K]
g 20 profy £ 20 ——
\/\‘/\/\ ,,\\\,\ m Processed surface profile
0.0 Predicted surface profile 00 o Preditted surface profile
0.0 50 100 15.0 200 0.0 1.0 2.0 3.0 40
Position (mm) Position (mm)

Michelson microscopic interferometer. Figure errors before and after figure

FIG. 11. Comparison between typical line profiles of preprocessed, preFIG. 14. Typical line profiles of preprocessed, predicted, and processed sur-

dicted, and processed surfaces. faces.
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10 e = (4) A figuring accuracy close to subnanometpr¢) order
s Pt was achieved over a spatial wavelength range longer
? than 0.3 mm.

PSD (nm)
P
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