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Abstract—As different tool materials are hard to machine by
routine micromachining techniques, Focused lon Beam (FIB)
technique is used for fabrication of microtools. This paper aims
to comprise a detailed review on microtools fabrication by FIB
and a step by step procedure of fabricating microtools is
explained. Operating parameters are briefly described to show
their significance for microtools fabrication. The operating
parameters of FIB machining presented here do not only give
information about material removal rate but also helpful for
achieving desired surface finish of microtools. In addition, new
geometry of micro end mill cutter is also proposed.

Index Terms— Focused lon Beam (FIB) Milling, FIB system,
Microtools Fabrication.

[. INTRODUCTION

Focused ion beam (FIB) technology is an extremely
important tool in semiconductor device manufacturing. It is
an invaluable tool for failure analysis and design work [1], as
well as lithographic mask repair [2], cross sectioning of
devices [3], maskless implantation [4], [5] and ion beam
assisted etching [6], [7]. FIB machining finds increasing
applications for producing precisely located micro scale
integrated circuit features. Recent FIB systems provide a
unique capability for the microscopic examination of IC
artifacts for failure analysis, by the addition of scanning
electron microscope (SEM) facility [8]. In addition to the
removal of material through micro machining, techniques
have been established for the precise deposition of material in
patterns. Recently FIB technology is applied to produce
objects with feature sizes at micro/nano scale.

Several IC manufacturing techniques apply only on
silicon. However, miniaturization needs to be applied on all
materials. A suitable machining technique is needed to
manufacture micro/nano features on all materials. FIB
machining satisfies such requirement. It addresses the issues
related to machining of polymers, insulators, semiconductors
and metals. Apart from the applications of FIB technology in
semiconductor industries, it has found its profound utility in
the field of mechanical engineering too. Fabrication of
microtools for microlathe machine and micromilling
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machines is the most important one. Moreover, atomic sized
probes are also easily manufactured by FIB annular milling
technique [9]-[11]. In short the area of applications and the
materials on which the FIB technology is applicable is really
endless [12]-[14]. This paper is the review of microtools
fabrication using FIB technology. Here, the manufacturing
procedure of microtools has been explained with FIB
operating parameters. Moreover, the different alternatives of
microtools fabrication using FIB technique have been
analyzed for required cutting edge radius and surface finish
of tool face.

A. Basic Principle of FIB Technology

In FIB technology, ion beam with specific intensity and
diameter is directed to substrate material for micro/nano
fabrication process. When an energetic ion hits the target
surface, various ion-target interactions like swelling,
deposition, milling, implantation, backscattering, nucleation,
etc can occur [15]. However, some of the interactions are not
completely separable and may lead to unwanted side effects
that need to be understood and avoided for a specific
application. The most important interaction for milling is that
the energy transferred from the ions to the target substrate is
high enough, leading to a collision cascade involving
substrate atoms at or near surface where sputtering or
redeposition are the two governing effects that cause removal
of material [16]-[18]. The sputtering yield, defined as the
number of atoms ejected per incident ion, is a measure of the
efficiency of material removal. The yield is normally in the
range of 1-50 atoms per ion and is a function of many
variables, including masses of ions and target atoms, ion
energy, direction of incidence to the surface of the target,
target temperature and ion flux. For material removal by
collision cascade, the optimized energy is in the range of
10-100 keV.

B. FIB System

The basic components of a FIB system are normally an ion
source, an ion optics column, a beam deflector and a substrate
stage [19]. Fig. 1 schematically shows a FIB system with a
two-lens (or twin-lens) column. The Liquid Metal Ion Source
(LMIS) has been widely used to provide reliable and steady
ion beams for a variety of ion species [20], [21]. Generally
Ga' ions are used as LMIS. The application of the critical
Taylor voltage on the liquid metal cone extracts positively
charged ions, which makes the beam.

The FWHM (full width at half maximum) is commonly
used to describe the diameter of a FIB, in which the ion
intensity is highly non-uniformly distributed; frequently, its
intensity is close to a Gaussian profile. The FWHM is defined
as the distance between the locations on the intensity profile
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at which the intensity reaches half of its maximum value [22].

II. FIB MILLING

For FIB milling, the Ga' ion beam can either digitally
raster scanned in a serpentine pattern over the rectangular
region to be milled or line scanned over a line which can then
systematically stepped to form a rectangular region as shown

in Fig. 2.
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Fig. 2 Scanning of a rectangular pattern

Material removal by FIB machining relies upon the
process of sputtering to erode target surfaces and as a ‘cold’
process FIB machining has advantages over methods which
heat substrates causing unwanted thermal damage, even
melting. The depth etch rate for a sputter yield of Y surface
atoms per incoming ion, using a probe of current | is given by

(1),

1)
dt Aple )

where A is the etched area, p is the density of target
material, M is atomic mass of target material and e the
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electronic charge [23].

A software package, TRIM (TRansport of lons in Matter),
has been widely used for predicting the sputtering yield for
many different ions at a wide range of energy. TRIM is a
comprehensive Monte Carlo program, which calculates the
stopping range of ions (10 eV-2GeV per atomicmass unit)
into matters using a quantum mechanical treatment of
ion—atom collisions [24].

III. MICROTOOLS FABRICATIONS

A. Microtools for Microlathe Machine

Development of cutting tools with micro/nano level
features is a difficult task. The diamond indenters having
facets at micron level features can be either machined by
laser or ion beam machining. The resolution of ion beam and
laser beam puts a restriction for the production of micro tools
with nano level features. Diamond cutting tools having nano
level tool geometrical features can only be produced through
focused ion beam machining.

Lu Z and Yoneyama [25] describe a micro machining
system and emphasize the need for miniaturization of cutting
tools in order to achieve the potential of the micro lathe. The
Micro cutting tools with dimensions in the range of 15-100
pm can be easily manufactured by FIB sputtering. Complex
geometric features like tool nose radius, rake angles and
relief angles are controlled in nm range. Variety of tool
geometries were produced with the help of FIB sputtering
technique on the tool materials such as tungsten carbide,
high-speed tool steel and single crystal diamond [26].

Comparing with high-speed steel and tungsten carbide tool
material, diamond requires significantly longer machining
time due to higher C-C surface bonding energy. With regard
to FIB fabrication process the steel and carbide require
smaller time for shaping. A 25 pm wide threading tool made
up of steel or carbide can be fabricated in 3-5 hrs using a 2 nA
ion beam. Use of commercial 20 nA ion source would reduce
the fabrication time to less than 30 min for most tool
geometry [26]. All tool materials were machined to have
approximately 0.05 um cutting edge roughness and 0.04-0.09
pm facet roughness, which is similar in magnitude to the
cutting edge roughness. Fig. 3 shows the procedure for
shaping a two tip micro-threading tool. Arrows in the
diagram shows the direction of ion beam. First step shows
end facing operation with which the face of the substrate
becomes perpendicular to its axis. Second step shows the
removal of material from two sides with small taper angle.
This taper angle is intended for clearance angle on tool side
faces. In third step of material removal centre portion is
depleted of material by ion beam. Here also taper is produced
for clearance angle. In fourth step the substrate is shown
rotated by 90° on its own axis and ion beam removes material
to produce two tips of micro threading tool. The procedure
shown graphically in Fig. 3 [26] for production of two tip
micro threading tool implies that the cutting edge near to ion
beam is rounded off due to truncation of gaussian beam
profile and other edges away from the beam become more
sharper. Hence, it requires careful attention to produce all
cutting edges with same cutting edge radius. The procedure
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explained by researchers in Fig. 3 needs one more fifth step
of material removal from side, like step two, to make the
cutting edge, which has remained rounded at the end of step
four, sharper at the end of all operations.
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Fig. 3 Procedure for ion milling a micro-threading tool
[26]

Fig. 4(a) shows low magnification perspective view of
single crystal diamond tool connected to carbide shank. The
cutting edges are fabricated near approximately 30 um from
the tool tip. Fig. 4(b) shows the high magnification scanning
electron micrograph of the same diamond tool in perspective
view to show the fabricated cutting edge and other facets.
These kind of microtools are used for manufacturing micro
solenoids (micro windings), Cu and Al mirrors used in CO,
laser and other micro machining applications.

1.0 mm

20 pm

Fig. 4 (a) Low
magnification view of single
crystal diamond tool [26]

Fig. 4 (b) high
magnification scanning
electron micrograph of
same diamond tool [26]

B. Microtools for Micromilling Machine

Micro end mill cutters are made with nonplanar facets by
ion sputtering process as shown in Fig. 5 [27]. The end of the
tool is bombarded to create a facet with a normal direction
oriented 7° with respect to tool axis. This inclination of facet
is intended to provide a clearance angle during machining.
The sputtered facet edge closest to the ion source is rounded
having a radius of curvature on the order of 1.0 um. This
rounding is due to the part of Gaussian beam intensity that
extends outside the user defined pattern boundary. However,
continued ion sputtering makes a sharp edge on the order of
0.1 um on the other side of facet furthest from ion source.
Because of truncated ion beam intensity distribution due to
shadowing of the tool facet, a sharp edge is produced, which
is a cutting edge. As the incidence angle of the ion beam with
tool facet changes from 45° to normal, the sputtering yield
and in turn efficiency of cutting facet varies. Fig. 6 shows the
fabrication of two fluted endmill cutter. If four fluted tool is
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required, tool should be rotated 90° four times [28].
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Fig. 5 Fabrication of micro endmill cutter [27]
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Fig. 6 Schematics of cutting edge formation

C. Cost Saving in Micromilling Tool Manufacturing

Wire Electro Discharge Grinding (WEDG) was
considered as a cost saving alternative for microfabrication
[29]. Fabrication of micromilling tools using WEDG and FIB
sputtering has been analyzed and effect of FIB process
parameters studied by researchers. For that tool blank of
tungsten carbide was fabricated by WEDG and cutting edges
were formed by FIB sputtering. Fig. 7 shows basic steps for
the tool blank preparation using WEDG technique adopted
by Ali and Ong [30]. Initially, the end of the rod was faced in
order to ensure the flatness of the cutting tool tip. Then the
diameter of the rod was reduced to 20 um from 300 pm by
moving it downwards (z-direction) with rotational speed of
3000 rpm. The diameter of the workpiece was determined by
the wire position in x-direction. The workpiece moved down
along z-direction with controlled speed and after required
length of machining retracted back.

The profile of material removed by sputtering is shown in
Fig. 8. The multiple ‘step-sputtering’ was used where eight
rectangular boxes with different dimensions were
superimposed as shown in Fig. 9. First, the box H was milled.
Then the box G was milled which also milled the area of the
previous box H. Similarly, when the box F was milled, both
of the boxes H and G were milled again. In this way an
inclined channel (cutting edge) was cut. After completion of
sputtering on one side, the mandrel was rotated 180° and the
process was repeated for the second cutting edge. Including
the setup time, the FIB sputtering approximately takes about
3 hours.
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Fig. 7 Schematic diagram for the preparation of tool blank
using WEDG technique [30]
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Fig. 8 Cutting edges of the micromilling tool [30]
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Fig. 9 Schematic diagram of FIB step-sputtering to form
the cutting edges of the micromilling tool [30]
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IV. OPERATING PARAMETERS OF FIB SYSTEM

The quantity of ions delivered to the substrate per unit area
is known as ion doze. It is a function of beam current, dwell
point spacing and dwell time. Ion doze can be translated into
depth of sputtering for a given substrate material. The pixel
doze, the number of ions per unit area, is determined by the
Ga' beam current, dwell time and pixel size. The total Ga"
doze is determined by the Ga™ beam current, the area of the
machined region and machining time. The process of tracing
closely spaced parallel lines for sputtering is called scanning.
Each line is composed of an array of points, which are known
as pixels and distance between adjacent pixel points is called
pixel spacing. During scanning ion beam remains directed at
a pixel point for a period of time, which is called dwell time.
The time required to reposition the beam from the end of one

scan line to the start of next scan line is called retrace time. If
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the beam completes scanning of one full area, it is known as
one raster. After completing one raster beam starts scanning
again until the assigned doze is completed.

The angle between ion beam and surface normal is known
as incidence angle and it has a dominant effect on material
removal rate. Increasing the incidence angle increases the
sputtering yield until it reaches its maximum near 80°; then it
decreases very rapidly to zero as the incident angle
approaches 90°. Actually, the amount of sputtering is
dominated by surface collision cascades. Roughly speaking,
as the angle of collision between the ions and target atoms
increases from normal incidence, the possibility of the target
atoms escaping from the surface during the collision cascades
increases and eventually this leads to an increased sputter
yield. After reaching a maximum, the sputter yield decreases
again as the ion approaches glancing incidence because of the
increase in reflected ions and the fact that more and more
collision cascades terminate at the surface before they are
fully developed [31], [32]. The incidence angle at which
maximum material removal rate occur, varies from material
to material.

Experiments have been conducted to evaluate the effect of
dwell time on substrate material keeping the total raster time
constant [33]. As the dwell time increases the total number of
raster decreases and shorter dwell time has shorter raster
time. The short raster time is compensated by increasing the
total number of raster per operation keeping the total raster
time constant. It is concluded through experiments that
shorter dwell time produces more accurately defined
geometry than longer dwell time for the same amount of total
ion doze. Shorter dwell time also reduces surface and
subsurface damages. Poor geometries are formed with heavy
ion doze and longer dwell time because of redeposition of
sputtered material. In case of shorter dwell time, each scan
removes redeposited material from the previous scan to
produce a superior quality of work geometry [34]. Shorter
dwell time in the range of 1-10 ps was found appropriate by
experimental work [30].

At a selected dose and accelerating voltage, small pixel
spacing and large dwell time leads to deep sputtering depth.
Similarly, high accelerating voltage, large aperture diameter,
short pixel spacing and long dwell time are required to
achieve higher MRR [35]. Investigation also includes
prediction of sputtering depth and material removal rate
(MRR) for given accelerating voltage, ion dose and pixel
spacing.

V. DISCUSSION

In this paper FIB milling of micro single point cutting tools
and micro endmill cutters has been explained. Variety of
micro single point cutting tools has already been fabricated
using FIB milling technique. But for micro endmill cutters,
there exists some alternatives, which can be helpful for
researchers in concerned area. In this section it has been tried
to show probable developments, which are overlooked in the
fabrication of micro endmill cutters using FIB technique. Fig.
10 describes FIB milling of two fluted micro endmill cutter. It
produces the same geometry of cutter shown in Fig. 6, but the
relative orientation between ion beam direction and tool

WCE 2009



Proceedings of the World Congress on Engineering 2009 Vol 11

WCE 2009, July 1 - 3, 2009, London, U.K.

surface is different. This method requires calculation of dwell
time at each position on substrate for material removal rate.
The hatched portion shown in Fig. 10 is required to be
removed by FIB milling to produce straight fluted micro
endmill cutter with two cutting edges.
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Fig. 10 Fabrication of two fluted micro endmill cutter

Fig. 11 again shows fabrication of micro endmill cutter
with two cutting edges. Fig. 11(a) shows milling of first
cutting edge. For milling of second cutting edge specimen is
required to be rotated by 180°, which is shown in Fig. 11(b).
Fig. 11(b) shows proposed geometry of micro endmill cutter
with two cutting edges. Compared to the cutter geometry
shown in Fig. 6, cutter with geometry shown in Fig. 11(b) is
stronger. It is clearly indicated from Fig. 11(b) that material
removal is half of the cutter shown Fig. 6. Hence, from
strength point of view, cutter shown in Fig. 11(b) is stronger
than the similar two fluted cutter shown in Fig. 6. Fig. 12
shows proposed geometry of four fluted micro endmill cutter,
where it requires rotation of 90° after milling of each cutting
edge by FIB. Similarly, other geometry and different number
of cutting edges can be fabricated using FIB milling. It seems
easier to control tool geometry like rake angle and clearance
angle for the proposed geometry of micro endmill cutters
shown in Fig. 11 and Fig. 12. One important factor that is
always neglected is the resharpening of micro cutters by FIB
milling. The proposed geometry of micro endmill cutter
seems more compatible from cutting edge resharpening point
of view.

Operating parameters discussed in the previous section
can be correlated with the microtools fabrication technique.
Relationship between ion dose and milling depth can be
established for various tool materials keeping other operating
parameters constant. In turn parameter optimization can be
done for maximizing material removal to achieve the desired
surface finish on tool face. One critical aspect in microtools
fabrication by FIB technique is cutting edge radius and nose
radius. Setting of proper operating parameters generates

sharp cutting edge and sharp nose radius. Sharpness of

cutting edge radius and nose radius also depends upon the ion
beam position relative to tool blank. In addition to above
mentioned scope of work, attention is also required to
produce specific shape of flutes in case of micro endmill
cutters. Three dimensional shapes of flutes are possible to be
fabricated. Researchers have done work to produce three
dimensional contours [36], [37], which can be extended to
fabricate flutes with three dimensional shapes on micro
endmill cutters.
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Fig. 11 Alternative of fabrication of two fluted micro
endmill cutter
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Fig. 12 Fabrication of four fluted micro endmill cutter

VI. CONCLUSION

Detailed review of microtools fabrication by FIB milling
technique has been presented in this paper. Procedure of
micro tools fabrication has also been explained. Proposal of a
new geometry for micro endmill cutter has been carried out in
discussion section with the procedure of its fabrication.
Operating parameters of FIB milling discussed in this paper
are helpful in parameter optimization for microtools
fabrication. In short, this paper gives complete idea about
microtools fabrication by FIB technique and shows
versatility of FIB milling in terms of type of geometry and
type of material it can fabricate.
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