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Abstract: We have been developing new fabrication tools based on opt ical radiat ion pressure
and related phenomena to develop a flexible and accurate microfabrication technology. In this
paper, the laser trapping probe for the nano_CMM for assessment, in addit ion to microma2
chining technique using a small part icle controlled by opt ical radiat ion pressure and laser ag2
gregat ion technique are discussed. As the posit ional detection probe for the nano_CMM, an
opt ically t rapped silica part icle with 8 mm diameter in forced oscillat ion state is used. A
probe sphere retains a stable posit ion when applied with t rapping force by Nd: YAG laser
light formed annular and is forced to oscillate by the driving force changed by modulating the
intensity of LD emission. Experintal results show that this vibrational microprobe has the
possibility to achieve positional sensing accuracy of less than 25 nm. As a new micromachin2
ing technique, nano_removal process using an opt ically trapped micro_grain is proposed. The
laser t rapping force enables not only to stably trap the diamond grain with asymmetrical
shape but also to freely control the position with spinning. Using this micro machining tool,
the machining experiments of hydrocarbon film are performed. AFM observation confirmed
that the fine groove with depths of about 3~ 4 nm can be fabricated. As an addit ive process
based on radiat ion pressure, a laser microst ructure fabricat ion using laser agglomerat ion phe2
nomena of colloidal particles aided by radiat ion pressure is invest igated. By controlling laser
beam scanning in slurry containing KOH solut ion and SiO2 particles with a diameter of 140
nm, colloidal particles are aggregated and adhered firmly to a silicon wafer subst rate. Using
this laser agglomerat ing process, two_dimensional grid microstructures at the pitch of 5 mm
can be fabricated.
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1  Introduction

  Technical t rends of microfabrication include

increasing diversification and complexity of process2

es, combination of different processes, and mult i2

functions, as seen in various type of microsystems

such as micromechanical system, microopt ical sys2

tem, three_dimensional LSI, MEMS( Micro_Elec2

to_Mechanical System ) , MOEMS ( Micro_Opto_

Electro_Mechanical System) , etc. Nowadays, a

variety of physical/ chemical material removal pro2

cess technologies are used, for example, micro laser

processing[ 1] , fine electro_discharge machining[ 2] ,

ultraprecision machining[ 3] , micro_lathe machin2

ing
[4]

and application processes of semiconductor

technology such as photo_lithography[ 5] , etc. On

the other hand, assembling and bonding technolo2

gies are becoming increasingly important with the
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widening gap between design and implementa2

t ion [6], which is accompanied by decreasing mini2

mum feature size and increasingly complicated mi2

crocomponents. The establishment of assessment

technologies for three_dimensional micromachining

accuracy is also an urgent issue. We have been de2

veloping new fabricat ion tools based on opt ical radi2

ation pressure and related phenomena to develop a

flexible and accurate microfabricat ion technology.

For instance the laser t rapping probe
[ 7]

for nano_

CMM (Coordinate Measuring Machine) for assess2

ment , and micromachining technique using a small

part icle controlled by opt ical radiat ion pressure[8]

for the material removal process. The laser t rap2

ping technology[9] is useful for micro_assembling

and bonding also[10] . As another approach, we also

carried out a study on the aggregation and accumu2

lat ion of nano_part icles by laser beam irradiation on

the silicon wafer surface in slurry, which contains

fine Silica particles ( SiO2)
[ 11] . The work reported

in this paper mainly deals with the laser t rapping

probe for nano_CMM, in addit ion to micromachin2

ing technique using a small particle controlled by

optical radiat ion pressure and laser aggregat ion

technique.

2  Laser trapping probe for the nano_
CMM

  In order to obtain and maintain compat ibility

of standardized microcomponents in pract ical use,

it is necessary to assess the geometrical propert ies

of micromachined 3D shapes based on coordinate

metrology at an accuracy of nanometer order. For

this a nano_CMM which is 1/ 100 or 1/ 1000 the

size of a conventional CMM has been proposed for

the coordinate metrology of microparts by posit ion2

al probing. Fig. 1 shows the concept of the nano_

CMM. In the use of the nano_CMM, the dimen2

sions and other geometrical propert ies of the mic-

roscale 3D shapes of microcomponents must be e2

valuated in the nanometer order by probing the

measurement points using a three_dimensional sens2

ing microprobe. T he microprobe must satisfy harsh

specificat ions such as probe sphere size in the mi2

crometer order, 3D posit ional detect ion sensit ivity

of higher than 10 nm and measuring force of less

than 10~ 5 N. New probing techniques for achiev2

ing nano_positional detect ion using a microprobe are

therefore required. To answer to this need, we

have developed a new probing technique for the

nano_CMM, called a laser trapping probe, whose

principle is based on the single_beam gradient_force

optical t rapping technique
[ 13]

and the vibrat ional

technique[14] driven by radiat ion pressure as an ac2

t ive sensing method.

Fig. 1  Conceptual drawing of nano_positional detection

using laser trapping probe

2. 1  Pr inciple of vibr ational micropr obe

An optically t rapped small dielect ric particle in

air is used as a microprobe sphere shown in Fig. 2.

It is sensit ive to external force generated by inter2

act ions with a workpiece and has the same dynami2

cal properties as a posit ional detection probe. Fig. 3

shows the principle of the laser t rapping probe for

nano_CMM using opt ically forced vibrat ion

method. As the source of the trapping beam, Nd:

YAG laser light formed annular is used. The probe

sphere retains a stable posit ion against gravity

when applied with t rapping force ( Fig. 3( a) ) . Im2

proving the stability of the trap using annular beam

trapping technique, a probe sphere can be forced to

oscillate by the driving force exerted by radiat ion

pressure. As the source of the driving beam, the

light from the laser diode ( LD) traveling through

the center of the annular beam is used ( Fig. 3( b) ) .
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The driving force is changed by modulat ing the in2

tensity of LD emission. An opt ically trapped small

dielect ric particle in forced oscillat ion state is useful

for the posit ional detect ion probe ( F ig. 3 ( c ) ) .

Consequently, a posit ion can be detected based on

changes of oscillat ing frequency ( Fig. 3( d) ) .

Fig. 2  Successful trapping of a silica particle in air by

using an objective

Fig. 3  Principle of the laser trapping probe for nano_

CMM using optically forced vibration method

2. 2  Vibr ational micropr obe system

Schemat ic diagram of the laser trapping probe

system based on the opt ically forced vibrat ion tech2

nique is illust rated in Fig. 4. The system is com2

posed of a trapping opt ical system, a driving opt i2

calsystem for opt ically forced oscillation of a probe

sphere, a detecting opt ical system for monitoring

the oscillat ing status.

Fig. 4  Schematic diagram of the laser trapping probe

system based on opt ically forced vibr at ion tech2

nique

The light with wavelength of 1064nm is emit2

ted from Q_switch/ Nd: YAG laser and is annular

shaped by an obst ruct ion. The laser beam is fo2

cused by an object ive with N. A. of 0. 95 on a silica

part icle with 8#m diameter. The modulated light

with wavelength of 687 nm from LD is joined with

the YAG laser light . The backscat tered YAG laser

light from a trapped part icle passes through IRTF

with eliminating LD light , then detected using

PD. Oscillat ing condit ion is monitored by the out2

put signal from PD. Posit ioning of a workpiece is

performed using an xyz_stage with positioning ac2

curacy of 5nm, which is driven by PZT actuators.

2. 3  Posit ional detect ion pr oper ties

In order to verify the performance of the vi2

brat ional microprobe as a posit ional sensit ive probe,

we conducted an experiment to approach the probe

sphere to a glass microsphere with 168#m in diam2

eter. F ig. 5 shows investigation of positional detec2

t ion using the change of vibrational status of the

probe sphere by approaching it to a glass micro2

sphere. In this experiment , the probe part icle is

forced to vibrate at a frequency of 500 Hz. F ig. 6

shows measurement results of the peak power in

Fourier spect ra of the voltage output from the pho2

todetector changing with the vibrat ion status for

verifying positional detection principle. While the
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probe sphere is moving from z = 0 nm to

z= 4 900 nm, the spectra keeps a peak at the

modulat ing frequency of 500Hz.However, we can 2

recognize that the peak vanishes at z = 4 925 nm.

On the other hand, the probe sphere returns to z

= 4 900 nm, then the peak appears again. T hese

results show that our method has the possibility to

have posit ional sensing accuracy of less than 25 nm.

Fig. 5  I nvestigation of positional detection using the

change of vibrational status of the probe sphere

by approaching it to a glass

Fig. 6  Measurement results of the peak power in Fourier

spectra of t he voltage output from t he photode2

tector changing with the vibration status for ver i2

fying positional detect ion principle

3  Micromachining technique based
on radiation pressure

  The work reported here deals with a material

removal process and an addit ive process based on

radiat ion pressure. The former is a new micro_ma2

chining using an micro_grain controled by opt ical

radiat ion pressure and the latter is a laser mi2

crost ructure fabricat ion using laser agglomerat ion

phenomena of colloidal part icles aided by radiat ion

pressure.

3. 1  Nano_removal process using optically

tr apped gr ain

As shown in Fig. 7, if the laser t rapped part i2

cle is moved, spun or oscillated by the opt ical radi2

ation pressure, the micro_machining which removes

the amount of atomic order, namely the depth of

cut is as small as several nano meter, will be able to

be performed.

Fig. 7  Concept of optical r adiation pressure microma2

chining

We verified the motion controllability of laser

trapped particles. For the diamond grain with non_

spherical irregular shape, it is not easily trapped

with stability comparing with the spherical part i2

cles, however, some of the irregular shape part icles

are stably t rapped and spun. It is considered that

the non_spherical and asymmetricalpart icles shape

causes its spinning. The spinning ratio is up to 300

r. p. m. at high speed.
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Fig. 8  Experiemntal r esults for the case of silica sphere

Next, we performed the machining experi2

ments of hydrocarbon film. Fig. 8 and Fig. 9 show

the machining experimental results obtained by

AFM observat ion for the case of silica spheres and

spinning diamond grains, respectively. T he rectan2

gular bright parts in Fig. 8( a) and Fig. 9( a) mean

posit ioning markers which allow us to find the ma2

chining areas and the moving traces of the machin2

ing particles. T he traces which look like hook are

observed nearby the markers in both Fig. 8( a) and

Fig. 9( a) . T he positions and the shapes of those

traces conform to moving path of the part icles.

T his fact shows that the t rapped part icle. s move2

ment fabricates those t races on the surface of hy2

drocarbon film. The cross_sect ions of the t races are

shown in Fig. 8 ( b) and Fig. 9 ( b) . The groove

depths are about 34 nm and 23 nm, respect ively.

In no rotat ion case of the silica sphere, the width

of the t race is seen to be about 3#m narrower than

the part icle diameter 5#m. On the other hand, in

the rotat ion case of diamond grain, the width of

the t race is about 4#m, which is almost the same

value as the average grain size 4#m. From these re2

sults, the non_spinning part icle as well as the spin2

ning part icle seems to have the feasibility of micro_

machining.

Fig. 9  Experiemntal results for the case of rotating dia2

mond grain

3. 2  Micro_addit ive process using col loidal part i2

cles aggregat ion

The principle of this microstructure fabricat ion

method is based on the laser agglomerating process

of colloidal part icles with diameter less than the

sub_micrometer order. The dynamical behavior of

one part icle in a focused laser beam is thought to

cause concentration of colloidal part icles. Focused

laser light irradiated into colloidal part icle solut ion
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Fig. 10  Laser agglomerat ing process of colloidal part icles

is also believed to create this situation. F ig. 10

shows the fundamental mechanism of the laser ag2

glomerat ing process. In the init ial state, colloidal

part icles are dispersed in the solution ( F ig. 10( a) ) .

When the laser light is focused above a substrate

surface, each part icle irradiated by the light moves

to the focal point ( Fig. 10( b) ) . At the focal point

on the subst rate, the complicated phenomena of

both heat process and condensat ion is consid_ ered

to take place. T he concentrated laser energy causes

water evaporat ion by heat . Condensation of part i2

cles is brought about by rapid lost of solut ion owing

to evaporat ion, which binds the part icles together

( Fig. 10( c) ) . Consequently, colloidal particles ag2

gregate and adhere firmly to the subst rate.

We used silicon wafer as a work substratum,

which is deposited with a thermal oxide layer of

1 000 nm in thickness and cut into 10 mm@10 mm.

The power of Ar+ laser light is controlled within a

range up to 200 mW. Slurry used for laser agglom2

erat ing process contains KOH solution and SiO2

part icles with a diameter of 140 nm. By controlling

laser beam scanning, we tried to fabricate two_di2

mensional grid microst ructures at the pitch of 5#m

by the laser agglomerat ing process. Fig. 11 shows a

SEM image of a fabricated microst ructure. T hough

certain defects and fluctuations of lines were seen,

the results confirmed that the laser agglomerat ing

process may be applicable to microfabrication.

Fig. 11 SEM image of two dimensional grid microstruc2

ture fabricated using laser agglomeration process
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4  Conclusions

  Fundamental characteristics of the newly de2

veloped laser t rapping probe int roducing an optical2

ly forced vibration method were experimentally in2

vestigated. We have achieved three dimensional

trapping of a microprobe sphere in air with the an2

nular beam generated by using an obstruction. T he

probe sphere in annular beam trapping was oscillat2

ed using the LD laser light with the sinusoidal

modulat ion. We suggested that our method has the

possibility to have an accuracy of less than 25 nm

from the measure_ments of the vibrat ional status

while the probe sphere is approaching to the glass

microsphere.

We proposed a new micro_machining technolo2

gy such as a material removal process and an addi2

t ive process based on radiation pressure. The laser

trapping force which is as small as 0. 1 nN enables

stably trapping of the spherical part icle. Further2

more, that force enables not only to stably trap the

spinning diamond grain but also to freely control

the posit ion of the spinning grain. By traversing

the laser t rapped particles such as silica sphere and

diamond grain on the hydrocarbon film, we ob2

served the grain trace with the depth of several

nano meter by the use of AFM. This fact suggests

the feasibility of the opt ical radiat ion pressure mi2

cro_machining. The fundamental characteristics of

the forming process of agglomerated marks were

experimentally invest igated. Experimental results

show that the laser agglomerating process may be

applicable as an addit ive process. Agglomerated

marks with a thin width of about 1#m were suc2

cessfully created by cont inuous process. By control2

ling the laser beam scan, it is possible to fabricate

two_dimensional microst ructures at micrometer or2

der precision using this laser agglomerat ing pro2

cess.
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