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Single-crystal calcium fluoride (CaJis an excellent optical material in the infrared range and the
ultraviolet range. It is an indispensable substrate material for the 193 and 157 nm wavelength laser
optics for future large-scale semiconductor photolithography systems. Due to its delicate nature, for
the most part the CagFelements have been fabricated using conventional pitch polishing combined
with interferometry and local surface correction to form the desired flat, sphere or aspherical
surface. In the present work, the feasibility of generating high quality optical surfaces gro€aF
single-point diamond turning is examined. The development of this technology may provide the
possibility of fabricating aspherical and diffractive optical components in an efficient way. The
machining experiments described in this article were done on a high-stiffness, ultraprecision,
numerically controlled diamond lathe with a sharply pointed single-crystal diamond tool. The scale
of machining was varied from the micrometer level to the nanometer level. It was found that at the
micrometer level, machining was significantly affected by the crystal orientation of the workpiece.
The crystallographic anisotropy causes nonuniformity of the finished surface texture, microfracture
topography and brittle—ductile transition boundary conditions. The results also indicate that by
controlling the undeformed chip thickness below a critical value, namely, the minimum critical chip
thickness(85 nm), a uniformly ductile-machined surface could be produced. Under the present
experimental conditions, a surface with a maximum hei@y of 18.5 nm and arithmetical mean
roughnesgRa) of 3.3 nm was obtained. @004 American Vacuum Society.
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[. INTRODUCTION chromatic aberration correction of 193 nm stepper lens sys-
tems, and stepper lenses for future 157 nm systems. Some of

Calcium fluoride (Caj) is a transparent colorless crystal )
(Cap) P 4 these Caf elements have already been fabricated for proto-

with a fluorite-type crystalline structure. It has extremely

high permeability and a refractive index from the im‘raredtyp_(l?hand pre;l)rodeJcnon I|tho%r(a:1pfhl_éc Ienéels._ fl db
range to the ultraviolet range and excellent color-aberration e optical performance of Caks strongly influenced by

compensation capability. Therefore, GaE not only an op- its surface quality. As shown by previous reports, laser dam-

tical substrate material for infrared imaging systems, but alsG9€ Performance for Cafs strongly dependent on prepara-
an indispensable lens substrate material for future large-scafien of the surface and the transmission performance for
semiconductor photolithography systems. With 193 and 15#2aF depends on the surface ff{ughf{%m the other hand,
nm lithography systems being developed and Cedmpo- CakF;, is nominally a brittle material, Wlth very low toughnes_s
nents utilized to replace fused silica (S)QCaFR, is becom- 0 fracture, low hardness and a very high thermal-expansion
ing the most commercially important material within the op- coefficient. Due to these drawbacks Gas very difficult to
tics community. Fused Si) the primary optical material machine for high quality optical surfaces. For the most part
used for 248 and 193 nm lithography, has more than 99%/cri¥aF> optical elements have been fabricated using conven-
of bulk transmission at 193 nm; at 157 nm, however, itstional pitch polishing combined with interferometry and lo-
transmission drops to less than 5%/cm. On the other hangal surface correction, by hand or computer controlled, to
Cak, has bulk transmission greater than 98%/cm at 157 nmform the desired flat, sphere or aspherical surface. This tech-
Currently, Cak is the only robust highly developed material nique is successful when the workpiece material is amor-
with sufficient transmissibility at 157 nm. Specific applica- phous, but fails when polishing single-crystal GaBince its
tions for Cak include 193 nm excimer laser components, hardness is dependent on crystal orientation making material
removal anisotropic. Normal polishing thus results in a lobed
dCorresponding author; electronic mail: yanjw@mail.kitami-it.ac.jp structure with three high zones and three low zones for the
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{112} crystal surfacé.For this reason, it becomes difficult to
polish surfaces with small figure errors, particularly steeply
curved surfaces such as aspherical and diffractive optical el-
ements, which are required more and more in recent optical
systems for system miniaturization and improvement of im-
age quality’

An alternative polishing method called magnetorheologi-
cal finishing (MRF) has been developed to overcome the
limitations of traditional pitch polishing techniqués. In
MRF, material is removed by hydrodynamic forces generated
by the flow of a magnetorheological fluid. By modifying the
dwelling time or removal rate at each point on the surface to
compensate for variations in material properties, MRF can
produce extremely accurate optical surfaces on,CeF

/nanomachining a7
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Another alternative method for machining Gab single- ()
point diamond turnindSPDT). SPDT is capable of ultrapre-
cision machining of optical components that have both com-
plex shape and high accuracy. This technology requires the
use of extremely rigid, ultraprecise, numerically controlled
machine tools under strict environmental control, and single-
point diamond tools with extremely sharp cutting edges.
Conventionally, SPDT has been used to machine ductile non-
ferrous metal materials for mirrors and prisms, and sd on.
Recently, a few semiconductor substrates, such as silicon and ® Cutting direction
germanium, have also been demonstrated to be machinable )
by SPDT8~1° However, to date, little focus has been placed _ , o _
on the single-point diamond turning of CaF Ezé:‘.{nichfnngggfs aofa) the single-point diamond turning setup aiwi the

In the present work, we conducted single-point diamond 9 '
machining experiments on CaFon the micrometer/
nanometer level machining scale in order to examine pos- h=f sink )
sible conditions for fabricating high-quality optical surfaces. '

Because CafFis a highly brittle single-crystalline material It can be seen that there is a trade-off betwéamd sinx.

with strong crystallographic anisotropy, the microscopic me-That is, one may use either a small tool feed or a small
chanical properties vary with the crystal orientations, andcutting edge angle to obtain an extremely small undeformed
result in significantly different processing behavior. Thechip thickness. Usually, it is industrially beneficial to use a
crystallographic effect will cause nonuniformity in surface small cutting edge angle rather than a small tool feed for
quality and eventually limit productivity of the machining high machining efficiency® By using a sufficiently small
process. Therefore, in this study, we primarily investigatedcutting edge angle, it is possible to thin the undeformed chip
the effects of the crystal orientation on the machining mechathickness to the nanometric range over the entire region of
nisms. cutting, enabling ductile regime machining of brittle materi-
als.

Single-crystal Cajspecimens witl{111) surface orienta-

Il. EXPERIMENTAL PROCEDURES tion and dimensions of 50 mm diameter and 5 mm thickness

Single-point diamond turning experiments were carriedwere used as workpieces. The workpieces were prepolished
out on a three-axis numerically controlled ultraprecision diato remove existing microcracks and bonded on diamond-
mond lathe that has an air-bearing spindle, two perpendiculaurned aluminum blanks using 50 °C heat-softened glue and
hydrostatic-bearing linear tables and a hydrostatic-bearinthen vacuum chucked to the machine spindle. The rake angle
rotary table. Laser scales were used in the machine to meaf the diamond tool was-20°, and the relief angle was 6°.
sure and control displacement of the tables, thus enablinghe tool rake angle is the angle between the leading edge of
motion resolution of 10 nm per step. A schematic of thea cutting tool and the perpendicular of the surface being cut.
machining setup is shown in Fig(a. If the leading edge of the blade is behind the perpendicular

A straight-nosed cutting tool made of single-crystal dia-of the surface being cut, the angle is positive; if the leading
mond was used in the experiments. The cutting model i®dge of the blade is ahead of the perpendicular, the angle is
shown in Fig. 1b). The undeformed chip thicknegl), that  negative. Generally, tools with positive rake angles are used
is, the thickness of the work material to be removed pemwhen cutting ductile metals. The purpose of using a negative
revolution of workpiece, is independent of the depth of cutrake angle tool in this work is to generate a high hydrostatic
(a), and is determined by the tool fe€f) and cutting edge pressure region ahead of and beneath the tool, which is es-
angle(x), according to sential for ductile mode removal of brittle materidls.
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Fic. 2. Schematic of the CaR111) surface machined at undeformed chip
thickness of Jum. The numerals and arrows indicate the crystal orientations
along the corresponding cutting directions.

¢ Cutting direction

The undeformed chip thickness was changed from a few
nanometers to 1.nm by varying the tool feed from 1 to 60
pm/rev and the cutting edge angle from 0.1° to 1.5°. The
depth of cut was varied between 1 andguB. The spindle
rotation rate was constant at 1500 rpm. Face turning was
performed, with a corresponding cutting speed of 0-235.5
m/min. In order to avoid the influence of thermal efféts
and possible chemical effects on the machining process, no
coolant was used, and dry cuts were performed.

The machined surfaces were examined using a Nomarski
differential interference microscope and a scanning electron
microscope(SEM), and measured using a surface profiler,
Form TalySurf, and an atomic force microscq@é-M). The
chips removed from the workpieces during machining were
collected and observed with the SEM.

 Cutting direction

[ll. RESULTS AND DISCUSSION
A. Crystallographic effect on surface texture

First, the effect of crystal orientation on the machined
surface texture was examined. A facing cut was performed at
a tool feed of 60um/rev, a cutting edge angle of 1° and a
depth of cut of 5um. Under these conditions, the unde-
formed chip thickness was approximatelyutn. Figure 2
shows a schematic of the machined surface. The surface tex- ()
ture differs ?Igmﬂcamly aCC,Ordmg_ to_the CrYStaI On,entatlon' Fic. 3. SEM photographs of the three types of surface regions shown in Fig.
There are six dgmaged regions distributed ina radlf_:ll patterp (a) [112], pitted region{b) [ 112], cloudy regionic) [101], clear region.
from the workpiece center. Three arms of slightly pitted re-
gions are observed along thEl2], [121], and[211] orienta-

tgniand th@ arms of cloudy regions are algng[rlﬂal], and [TOl] orientations, respectively, corresponding to the
[121], and[112] orientations, whereas the s{01) orien-  three types of regions in Fig. 2. In Fig(a3, microfractures
tations corresponded to damage-free clear regions. of up to a few tens of micrometers in size are observed, and
Next, detailed SEM observations were performed on varimost of the microfractures appear to be triangular. Cross-
ous orientations of the workpiece in order to examine thesectional surface profiling results showed that the depth of
microfracturing mechanism. FiguregaB-3(c) are SEM pho-  the microfractures averages in the range of 50, far
tographs of the machined surfaces along [th&2], [112], larger than the undeformed chip thickngdsum). In Fig.
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Fic. 4. Schematic indicating the relationships among the cutting directions
the cleavage planes and the slipping systems during machining of the Ca
(112 workpiece.

1G. 5. Nomarski micrograph of the surface machined al[)h_m] under a
continuously varied tool feed. Critical tool fedd can be identified at the
brittle—ductile transition boundary.

3(b), microfractures are more dense, but the size and the

depth of the microfractures are distinctly smaller than thos®ing systems will be restricted by each other due to their

in Fig. 3@). In addition, the contours of the microfractures intersection. A similar phenomenon has been confirmed in a
are twisted, and exhibit a plastic flow appearance. Howeveffansmission electron microscop{dEM) investigation of

in Fig. 3(c), the entire surface is smooth, with periodical tool the subsurface damage layer of silicon wafers generated by
feed marks but no microfractures. diamond turning® The restriction between two symmetrical

Because other conditions are the same, there is no douBltiPPiNg systems results in a decrease in the microscopic duc-
that the above differences in surface texture are caused Bifity of work material. Therefore, the material removal
the crystallographic effect. As shown in Figal, the cutting mechanism along thg112] orientation may involve both
direction always changes with respect to the crystal orientathe restricted slipping along the two symmetrical slipping
tions as the workpiece rotates. Consequently, the direction agfystems and the cleavage fracture along the_I](J_AJDB)
the principal cutting force changes with respect to the orienplane, which would lead to the surface texture shown in
tations of the slipping systems and the cleavage planes of theig. 3(b).
crystal. The resolved tensile/shear stress acting on the
cleavage/slipping planes changes during machining, and th . . .
behavior of these cleavage/slipping planes determinegé%ﬁtr?l:fgl:ﬁgg'& effect on a brittle—ductile
whether brittle fracture or plastic deformation occurs.

CaF, has a fluorite-type crystal structure, in which the Crystal orientation influences the degree of priority be-
cleavage plane i4111} and the preferred slip system is tween slipping deformation and cleavage fracture, thus it de-
{001}(110).Y7 The relationships among the cutting direc- termines the ductile machinability. The ductile machinability
tions, cleavage planes and slipping systems are schematicaffj @ brittle material can be represented by the critical chip
shown in Fig. 4. In Fig. 4, the surface to be cut is parallel tothickness(alternately termed the critical depith,), which is
the (111) plane (ABC). V;, V,, andV; indicate the cutting the maximum value of the undeformed chip thickness for
directions anng[llE], [TOl], and[HZ], respectively. As is achieving ductile material removal. In the preser_1t experi-
known from the cutting principles, the principal cutting MeNtS, the value ofl; was measured by performing face
force, whose direction coincides with the cutting direction,Uring under a continuously varied tool feéat constant
dominates the material removal mechanism. When cuttin§utting €dge angle. In this way, the critical tool feed at
along [112] (V,), the resolved tensile stress acting on theWh'Ch the brittle—ductile transition occurs can be |dent|f|ed.
cleavage plane (1)1(ADB) becomes predominant; hence, -srrr:ienéjésf:?irl;:g iiall;&gted frorf, according to the relation-
brittle fracture will immediately occur along these planes. Igigure 5is a Nor.na{rski micrograph of the surface ma-
The triangular microfractures shown in FigaBare thought : — ) )
to have formed along the cleavage planes_()lf(fll), and chined along[112] with the above method. Cutting edge

— ) anglex was kept constant at 1.5°. From top to bottom of the
(111) (ABD, ACD, and BCD). When cutting alond 101] hotograph, the tool feed decreases continuously. As the tool

(V2), the shear stress acting on the slip system (010}ceq decreases, both the number and the size of the microf-
[101] becomes predominant. According to Schmid law, thisractures keep decreasing and the critical tool feed at which
slipping system is liable to be activated; thus, slipping deformicrofractures began to disappear fis=5.5 um/rev. The
mation occurs, leading to a ductile mod_e surface as shown igritical chip thicknessl, calculated fromf is 140 nm.

Fig. 3(c). However, when cutting alondl12] (V3), two slip These measurements were also performed on other orien-
systems, (01Q)L01] and (100j011], become symmetrical tations of the workpiece. Figure_6 isa NoLnarski micrograph
to the cutting condition. In such a case, slipping may occurpf the surface located betweghl2] and[101]. It is evi-

but the slipping deformation along the two symmetrical slip-dent that the critical tool feed, indicated by the brittle—
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Fic. 6. Nomarski micrograph of the surface betwe{éj_’lZ] and [TOl], 10 pm
—_

machined under a continuously varied tool feed.

Fic. 8. Nomarski micrograph of the CaR111) surface machined at an
ductile boundary, changes significantly with the crystal ori-undeformed chip thickness of 17 nm.
entation. Figure 7 shows a plot of the critical chip thickness
d. versus the crystal orientation during one revolution of the . . .
workpiece. In Fig. 7, periodical variations df, can be ob- machined under conditions &f=0.5%, f=2 um/rev anda
served. Six peaks, three deep valleys and three shallow vaF 1 #m. These conditions determine an undeformed chip
leys, appear during one revolution of the workpiece. Thefhickness of 17 nm. Under these conditions, the machined

peaks occur at th(aOTl) orientations, corresponding to the surface exhibits uniformity in texture, with no microfractures

clear regions in Fig. 2. The shallow valleys appear at theiCroSS the entire ;urface. Figure 9 is an AFM image_ of the
— . . . . ._same surface. Periodical tool-feed marks left by the diamond
(112) orientations, corresponding to_the cloudy regions in

Fia. 2 the d I { thEL2) orientat tool can be observed, but no microfracture is seen. The maxi-
re;g.poﬁ dir?g §)e$h\éap?t¥es do?ggirois i Figonzen'?hfnriéi?r;ummum height, namely, the peak to vallé®y), of the surface is

., 2 ) - .. 18.5 nm, and the arithmetical mean surf rough(fRasi
critical chip thickness at the peaks is lufn, and the mini- 8.5 nm, and the arithmetical mean surface roug S

o o . 3.3 nm, respectively. Figure 10 is a SEM photograph of the
nmmum critical chip thicknessde min) at the deep valleys is 85 chips removed from the CaRworkpiece during the above

machining process. The chips are generally continuous and
_ o _ partially curled, similar to the chips generated when cutting
C. Ductile machining for a uniform surface ductile metals at the nanometric ley@IThe appearance of

For optical applications, a machined surface must be unithese chips indicates that Gafominally a brittle material,
form and completely damage free. These requirements cdtgs been removed from the workpiece in a completely duc-

be satisfied by decreasing the undeformed chip thickness béle manner. _ _

low the minimum critical chip thickness yi,, as indicated The above results demonstrate an important fact, i.e., that
in Fig. 7. Such an extremely small undeformed chip thick-the crystallographic anisotropy effect in the material removal

ness can be immediately achieved by adopting a sufficientifp€havior can be significantly eliminated by decreasing the

small cutting edge angle and/or a sufficiently small tool undeformed chip thickness to the range of a few tens of

feedf, as can be seen in Fig(t) and Eq.(1). nanometers. This phenomenon is due to the size effect in the

Figure 8 is a Nomarski micrograph of the Gasurface

1400 o1 (110 [(o1] [o11]  [110}  [101]

1200 |

d:. nm

1000
800
600
400
200

Critical chip thickness

.................................................. d

cmin

0 = — — — - = _
[2] (21 Ry (121 [p21]  2i1y  [112)
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Fic. 9. AFM image of the topography of the surface shown in Fig. 8. The
Fic. 7. Plot of the critical chip thickness vs the crystal orientation during surface has a maximum heigkRy) of 18.5 nm and arithmetical mean
one revolution of the CaH111) workpiece. roughnes$Ra) of 3.3 nm, respectively.
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thickness. The minimum critical chip thickness for fabricat-
ing a completely ductile-cut surface on Ga@11) was 85

nm. Under this condition, the generation of optical surfaces
with nanometric roughness is possible. Based on the present
experimental conditions, a surface with a maximum height
(Ry) of 18.5 nm and an arithmetical mean roughn@a of

3.3 nm was obtained.
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