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Single-crystal germanium is an important infrared optical material. In the
present work, single-point diamond turning experiments on single-crystal germanium
(100), (110) and (111) planes were conducted in order to examine their ultraprecision
machining characteristics. Three kinds of surface textures and chip morphologies
were observed during the brittle-ductile transition of the machining mode. The
brittle-ductile boundary changed significantly with the crystal orientations of the
workpieces. Due to the crystallographic anisotropy, micro-fractures were generated
on the workpiece surface in a radial pattern from the rotation center. However, it was
possible to produce completely ductile-cut surfaces on all crystal orientations by using
undeformed chip thicknesses smaller than a critical value, namely, the minimum
critical undeformed chip thickness, which was approximately 60 nm under the present
conditions. Compared to wet cutting, dry cutting was beneficial for ductile machining
on a few specific crystal orientations. The findings in this study provide criterions for
determining process parameters for the fabrication of aspherical and diffraction
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infrared optics using single-crystal germanium.
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1. Introduction

Single-crystal germanium (Ge) is not only a
semiconductor substrate material for the fabrication
of micro electro mechanical system (MEMS) compo-
nents, but also an important infrared optical material.
It has very high permeability and high refractive
index in the infrared range from 2 to 14 um wave-
length. Thus, it is an excellent substrate material for
infrared optical lenses with extensive applications in
thermal imaging systems, dark-field optical instru-
ments, infrared astronomical telescopes, and so on.
Recently, the demands for complex-shape infrared
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optical components, such as aspherical lenses, Fresnel
lenses and diffraction grating lenses, are increasing
remarkably. On the other hand, germanium is nomi-
nally a hard brittle material, having very low fracture
toughness and relatively high hardness. Due to this
nature, germanium is very difficult to machine. Con-
ventionally, it has to be finished by mechanical or
chemomechanical polishing for an optical surface.
However, the polishing processes are not suitable for
fabricating complicated shapes such as aspherical
surfaces and diffraction surfaces which have dis-
continuously curved profiles.

An alternative machining technology is single-
point diamond turning (SPDT). SPDT has been
known to be capable of machining optical components
with complex geometries through extremely precise
numerical control of the tool path and the microscopic
machining behavior. Conventionally, SPDT has been

Series C, Vol. 47, No. 1, 2004



30

used to machine ductile nonferrous metal materials.
In the recent decade, a few hard brittle materials
including germanium have also been demonstrated to
be machinable by SPDT®®  Previous studies have
also revealed that the plastic deformation of germa-
nium during the indentation, scratching and machin-
ing tests originates from the high-pressure phase
transformation®®, These findings provided insights
into the fundamental physics governing the machining
mechanism and contributed significantly to the ductile
regime machining technology. However, to date,
there is no available literature on the quantitative
criterions for determining process parameters for the
fabrication of precise optics from germanium. In
particular, because germanjum is a crystalline mate-
rial with strong crystallographic anisotropy, the
microscopic mechanical properties vary with crystal
orientations, resulting in significantly different pro-
cessing behaviors. The crystallographic effect will
cause nonuniformity in surface quality and eventually
limit the productivity of the ductile machining proc-
ess. ,

In the present work, we conducted submi-
crometer-nanometer level SPDT experiments on sin-
gle—crystal germanium substrates with different crys-
tal orientations in an attempt to examine their ductile
machinability for fabricating high-quality aspherical
and diffraction optics.
orientations on the machining mechanisms were
emphatically investigated.

2. Experimental Procedures

2.1 Ultraprecision machining apparatus

The experiments were carried out on a three-axis
numerically controlled ultraprecision diamond lathe,
NACHI-ASP15. Figure 1 is a photograph of the main
section of the machine. The machine has an ultra-
precision air-bearing spindle, two perpendicular linear
tables (X- and Z-axes) and a rotary table (B-axis).
The linear tables are supported by high-stiffness

Fig. 1 Photograph of the experimental apparatus
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The effects of the crystal

hydrostatic bearings and are driven by servomotors
via hydrostatic screws, allowing smooth nanometric
movement with negligible mechanical friction. The
rotary table is also supported by hydrostatic bearings
and driven by a friction drive in order to prevent from
non-driven backlash movements. Laser hologram

. scales are used to accurately position all these tables.

Under precise numerical control, the linear tables can
be moved at 10 nm per step and the rotary table can be
rotated with an angular resolution of 0.001°. To iso-
late the machine from environmental vibration, the
main section of the machine was fixed to a granite
bed, which is supported by a set of air mounts.
2.2 Diamond tools

A straight-nosed cutting tool® made of single-
crystal diamond was used for machining. The machin-
ing model is schematically shown in Fig. 2. The tool
cuts longitudinally with periodical transverse feeds
hence regular micro grooves can be produced on the
workpiece surface. For this tool geometry, undeform-
ed chip thickness (%) is uniform across the entire
width of the cutting edge. Thus, the relationships
between the surface texture and the undeformed chip
thickness are unam’biguous and readily studied. The
relationship among the undeformed chip thickness 7,
the cutting edge angle » and the tool feed f can be
described by Eq.(1) :

h=f-sin x ‘ (1)

By using a sufficiently small cutting edge angle x
and/or a small tool feed f, it is possible to thin the
undeformed chip thickness % to the nanometric range
over the entire cutting region. This tool geometry has
been used by one of the authors to fabricate large-
diameter aspheric lenses of single-crystal silicon®®. In
the present experiments, a diamond tool having a 1.2
mm cutting edge, a —20° rake angle and a 26° relief
angle was used. Using the —20° rake angle was to
achieve both high ductile machinability and low cutt-
ing forces when cutting hard brittle materials®. The
tool edge was examined by an atomic force micro-
scope (AFM) and the edge radius was estimated to be
~50nm. The cutting edge angle of the diamond tool
was adjusted using the B-axis rotary table.

Diamond Tool

f Feed direction

Fig. 2 Schematic of the machining model
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Table 1 Experimental conditions

Tool material Single-crystal diamond

Tool shape Straight-nosed tool
Rake angle —20°
Relief angle 26°

Work material
Crystal plane

Single-crystal germanium (Ge)
(111), (110), (100)

Depth of cut a 5 pum

Feed rate 2.86 ~28.6 pm
Cutting edge angle « 1°

Undeformed chip thickness # 50, 100, 200, 500 nm

0 ~ 94 m/min
Dry, kerosene mist

Cutting speed
Cutting environment

2.3 Work material

Single-crystal germanium substrates with (100),
(110) and (111) surfaces were used as workpieces.
These substrates are optical-grade pure germanium
with no doping. The Mohs hardness of germanium is
6.3, which is between the hardness of silicon (7) and
that of most glasses (5-5.5). The workpieces are 30
mm in diameter, 15 mm in thickness and obtained with
ground finishes. The workpieces were bonded on
diamond-turned aluminum blanks using a heat-
softened glue and then vacuum-chucked to the
machine spindle. For removing the damaged layer,
precuts were performed with other diamond tools,
providing mirror-like surfaces for experiments.

2.4 Machining conditions

Machining conditions used in the experiments are
summarized in Table 1. Depth of cut ¢ was set to 5
pm and cutting edge angle » was set to 1°. Undeform-
ed chip thickness % was set to four levels: 500, 200,
100 and 50 nm, by changing tool feed f in the range of
2.86 - 28.6 pm. The rotation rate of the machine spin-
dle was fixed to 1000 rpm, consequently, the cutting
speed changes in the range of 0-94.2 m/min during
facing cuts. Dry cuts and wet cuts using kerosene
mist as coolant were performed respectively. A
Nomarski differential interference microscope, a
scanning electron microscope (SEM) and a laser
probe scanning three-dimensional measuring
machine, Mitaka NH-3SP, were used to examine and
measure the machined surfaces. The cutting chips
were observed using the SEM.

3. Results and Discussion

3.1 Machining regimes

Germanium is a highly brittle material. At room
temperature, dislocations are difficult to move;
hence, germanium responds in a brittle manner. In
order to investigate the brittle-ductile transition
behavior during the machining process, both the cut-
ting chips and the machined surfaces were examined
at various undeformed chip thicknesses.
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(a) A=500nm

(b) A~=100nm

(¢) h=50nm

Fig. 3 SEM photographs of the cut surfaces at various
undeformed chip thicknesses

Figure 3 (a)-(c¢) is SEM micrographs of the Ge
(111) plane machined at undeformed chip thicknesses
of 500, 100 and 50 nm, respectively. The micrographs
were taken on the <110> orientation of the workpieces.
In Fig. 3 (a), the surface is severely damaged with
numerous micro craters and cracks, the size of which
ranges in the order of 1 to 10 pm. In Fig.3 (b), the
surface is generally smooth, but dotted with a few
micro-fractures in the order of 1 pm. In Fig.3 (c),
the surface is extremely smooth, without any micro-
fractures. The parallel lines seen on the surfaces are
the tool marks corresponding to the periodical tool
feeds.
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Figure 4 (a) - (¢) is SEM micrographs of the
chips corresponding to the machined surfaces shown
in Fig. 3. The chips in Fig. 4 (a) consist of 1 - 10 pm
particles and micro blocks, irregular in shape, with
fractured appearance. These chips indicate that brit-
tle fracture is predominant whereas almost no plastic
deformation occurs during material removal. The
chips in Fig. 4 (b) consist of needles and sticks with
similar shapes. This kind of chips is akin to that
generated in the machining of hard metals and is
thought to be formed by periodical shear.deformation.
The chips in Fig.4 (c¢) are in the form of long and

(a) %2=500nm

(b) A~=100nm

(¢c) A=50nm

Fig. 4 SEM photographs of the chips at various un-
deformed chip thicknesses
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continuous ribbons similar to those of ductile metal
cutting. It is evident that plastic deformation occur-
red dominantly and no fracture took place in this
machining regime.

The brittle-ductile transition in above machining
process is considered to originate from the stress state
transition in the cutting region. When undeformed
chip thickness is large, there exists a concentration
region of tensile stress near the cutting edge, whereas
most of the upper region is under a low-stress state®.
Due to the low fracture toughness of germanium,
cracks will be immediately initiated in the tensile
stress concentration region as the tool advances
before any plastic deformation occurs. As the un-
deformed chip thickness is decreased, the scale of the
low-stress region decreases. Moreover, since a com-
monly available diamond tool usually has an edge
radius of a few tens of nanometers or larger, an
extremely small undeformed chip thickness
approaches the same order of the edge radius. The
effective rake angle induced by the edge radius
becomes a higher negative one than the nominal tool
rake angle. Thus, the material in front of the cutting
edge is downward suppressed and the compressive
stress component becomes predominant®. This situa-
tion provides a stress state similar to the hydrostatic
stress state under sharp indenters in an indentation
test®. Immediately below the indenter, the material
forms a radially expanding core, exerting a uniform
hydrostatic pressure on its surroundings.

As known from the theory of plasticity, the
magnitude of hydrostatic stress determines the extent
of plastic deformation prior to fracture®®. In other
words, hydrostatic pressure determines strain at frac-
ture, which in turn determines material ductility or
brittleness. Bridgman proved that various nominally
brittle materials are capable of ductile behavior under
high external hydrostatic pressure?. Therefore, with
sufficient hydrostatic pressure, plastic deformation
will become preferable to crack generation even at a
low temperature, and ductile regime material removal
can be achieved. The hydrostatic pressure under the
indenters in indentation tests is sufficiently high (~16
GPa) to make brittle materials such as silicon and
germanium undergo plastic deformation®. It was also
pointed out that a diamond-cubic to metallic phase
transformation occurs under hardness indenters and
in other situations where high hydrostatic pressure
exists, which facilitate silicon and germanium to
undergo plastic deformation®. In the same way, high

hydrostatic pressure will also be generated in ultra-

precision machining and facilitate the ductile regime
material removal®?t3),
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Fig. 5 Measurement of the critical tool feed for brittle-
ductile transition

3.2 Brittle-ductile transition boundary

In order to determine process parameters for
fabricating optical components by ductile regime
machining, it is important to know quantitatively the
critical undeformed chip thickness (dc) at which the
brittle-ductile transition occurs. The measurement of
d. can be accomplished by performing facing cuts at
gradually varied tool feed while keeping the cutting
edge angle constant. In this paper, the tool feed f was
changed by 2 pm per step at a cutting edge angle of 1°,
thus, the undeformed chip thickness % was changed by
30 nm per step. In this way, the brittle-ductile transi-
tion boundary can be measured. An example of the
Nomarski micrograph of the surface machined under
such conditions is shown in Fig. 5. As the tool feed
decreases from the left to the right, the cutting mode
transits from brittle to ductile. Micro-fractures begin
to disappear at a critical tool feed f.. The value of the
critical undeformed chip thickness d. is then calcu-
lated from f: by Eq.(1). In Fig. 5, fc=3.5 pm, thus dc
=60 nm.

3.3 Crystal orientation effects

Measurements of dc were performed on different
circumferential orientations of the workpieces. Fig-
ure 6 (a) - (¢) shows the plots of critical undeform-
ed chip thicknesses d. versus the orientation angle of
Ge (100), (110) and (111), respectively, under dry and
wet conditions. The orientation angle is the angular
deviation of the measurement point from the orienta-
tion flat (OF) that corresponds to <110>. In all the
figures, periodical variations of d. are observed during
per revolution of the workpieces. In Fig. 6 (a), there
are 8 peaks, 4 deep valleys and 4 shallow valleys. The
maximum value of dc (demex) wWas 270 nm, and the
minimum value (demn) was 60 nm. Orientations corre-
sponding to demn are 45, 135, 225, and 315°. These
orientations are the most difficult to be ductile-ma-
chined for the Ge (100) plane. In Fig.6 (b), d
fluctuates more significantly than that in Fig..6 (a).
The demax was 450 nm, while the demin was only 60 nm.
Orientations corresponding to demin are 60, 120, 240,

JSME International Journal

33

500

—0—Dry
400 —o— Wet| |
300

SJAARRAARA
NATRATALIAATR

Critical undeformed chip thickness
dc (nm)

N,

0 . . .
0 45 9 135 180 225 270 315 360

Orientation angle ¢ (°)

(a) Ge (100)

500

400

Critical undeformed chip thickness
de (nm)

Ry

0 5 N ) N cmint

0 45 90 135 180 225 270 315 360
Orientation angle ¢ (°)

(b) Ge (110

500
2
[ —0— Dry
_g 400 —o— Wet
= —
B
5 ~ 300
E g
§ < 200
= f\_ fﬁ\_ A
g 100 po—
E ed
© Xa
0 L L 1 cmin 1
0 60 120 180 240 300 360

Orientation angle ¢ (°)
(c) Ge (11D

Fig. 6 Variations of the critical undeformed chip thick-
ness with crystal orientation angle

and 300°. In Fig.6 (c), the variation amplitude of d.
is 'smaller than that in Fig.6 (a) and (b). Three
valleys appeared at 0, 120 and 240°, corresponding to
the dcmm of 60 nm.

These results illustrate that the brittle-ductile
transition boundary varies significantly with the crys-
tal orientation angle. On the other hand, despite that
the variation patterns of dc versus orientation angles
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are significantly different among the (100), (110) and
(111) planes, the minimum value of de, namely, demin,
for all these planes was at the same level, approxi-
mately 60 nm. This value is slightly smaller than
those of the single-crystal silicon wafers®"?, indicat-
ing the higher brittleness of germanium. Moreover, a
comparison between the results of dry cuts and wet
cuts in Fig. 6 shows that the dry cuts correspond to a
larger dc at a few specific orientations. However, the
value of demin shows no obvious difference between the
dry cuts and the wet cuts.

Germanium has a strong directional covalent
bond with the diamond structure. The cleavage plane
is {111} and the predominant slip system is {111}
<110>. During the SPDT process, cutting direction
always changes with respect to the crystal orienta-
tions as the workpiece rotates. The direction of the
principal cutting force changes with respect to the
orientations of slipping systems and cleavage planes
of the crystal. Consequently, the resolved tensile/
shear stresses acting on the cleavage/slipping planes
change during machining, and the behavior of these
cleavage/slipping planes determines whether brittle
fracture or plastic deformation occurs.

Crystal orientation effects cause surface
anisotropy in finished surface texture. Figure 7 (a) -
(¢) is micrographs of the workpiece centers of Ge
(100), (110) and (111), respectively, which were
machined at an undeformed chip thickness of 160 nm.
Because this undeformed chip thickness is beyond the
demn (60 nmi) and below the demax, micro-fractures
occurred on some orientations, while on other orienta-
tions ductile-cut surface were obtained. As a result,
micro-fractured regions distributing in a radial pat-
tern from the workpiece center were produced. The
distribution patterns of the micro-fractured regions
agree exactly with the positions of the valleys on the
d. curves in Fig. 6.

3.4 Uniform surface generation

The crystal orientation dependence of the ductile
machinability becomes a critical problem for most
optical fabrication applications, where the finished
surface must be unifofmly smooth and completely
damage-free. These requirements, however, can be
satisfied by using an undeformed chip thickness below
the minimum critical undeformed chip thickness de min.
Such an extremely small undeformed chip thickness
can be immediately achieved by adopting a sufficiently
small cutting edge angle » and/or a small tool feed £,
as shown in Fig. 2. .

As a test cut, a Ge (111) workpiece was machine
under the conditions: x=1°, /=32 ym and ¢=>5 pm.
These conditions determine an undeformed chip thick-
ness of 55 nm, which approaches the highest material
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(b) Ge (110)

(¢) Ge (111)

Fig. 7 Micrographé of the workpiece centers machined
at an undeformed chip thickness of 160 nm

removal rate in the ductile machining regime. Figure
8 is a Nomarski micrograph of the workpiece center
after machining. Under these conditions, the ma-
chined surface was uniform in texture, with no micro-
fracture across the entire surface. Figure 9 is a laser
probe scanned three-dimensional topography of the
finished surface. Although periodical tool-feed marks
left by the diamond tool can be clearly seen, no micro-
fracture appears. The surface roughness is 58 nm Ry,
and 7 nm Ra, respectively.

The above results demonstrate an important fact
that the crystallographic anisotropy effect in material
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Fig. 8 Micrograph of the workpiece center of Ge (111) at
an undeformed chip thickness of 55 nm

Fig. 9 Three-dimensional topography of the Ge (111)
surface machined at an undeformed chip thickness
of 55 nm

removal mechanism can be significantly eliminated by
decreasing undeformed chip thickness down to the
range of a few tens of nanometers, the same level as
the tool edge radius. This phenomenon is also consid-
ered to originate from the hydrostatic pressure gener-
ated in the cutting region, ahead of and beneath the
cutting tool, due to the negative effective rake angle
caused by the edge radius. Under high hydrostatic
pressure, the resolved tensile stresses on the cleavage
planes of the crystal will be significantly counteracted
and become insufficient to initiate cleavage fracture
even for those orientations that are most difficult to be
ductile-cut. Therefore, the high pressure phase trans-
formation®® and the plastic deformation will domi-
nate the material removal mode despite of the change
in crystal orientation. From this aspect, it is indicated
that the hydrostatic stress state in the cutting region
is essential for the ductile machining process of sin-
gle-crystal germanium, and that the hydrostatic stress
state maybe achieved by optimizing the effective rake
angle of the cutting tool.

4. Conclusions

Single-point diamond turning experiments were
carried out on single-crystal germanium (100), (110)
and (111) planes in an attempt to examine their
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ultraprecision ductile machinability. Three kinds of
surface textures and chip morphologies were generat-
ed during the brittle-ductile transition of the machin-
ing regimes. Ductile machinability exhibits strong
crystallographic anisotropy, leading ‘to micro-frac-
tured surface regions distributing in a radial pattern
from the workpiece center. The minimum critical
undeformed chip thicknesses for obtaining completely
ductile-cut surfaces on all the three crystal planes are
approximately the same (60 nm). Below this bound-
ary condition, uniformly ductile-cut surfaces with
nanometric roughness can be obtained with yielding
plastically-deformed continuous chips. Compared to
wet cuts, dry cuts are beneficial for ductile machining
on a few specific crystal orientations.
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