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ABSTRACT

Development of laser trapping-based microprobe system for nanocoordinate metrology

In only a few decades, microfabrication technology has grown from nascency into an established manufacturing system
with submicrometer accuracy. However, no concomitant development has take place in the evaluation technology for
microparts, particularly in three-dimensional (3D) measurement, which is still in development. This realization has
recently led to increased focus on the development of technology for practical nano-coordinate measuring machines
(nano-CMMs). The key—and hence the bottleneck—in realizing a nano-CMM system is the microprobe system. This is
because for features smaller than several dozen micrometers, the probing uncertainty is considerably exacerbated by
scaling effects. This study aims to understand the interactions that occur between a probe sphere and a surface at the
microscope and to thus realize a microprobe system appropriate for a nano-CMM. To this end, this study explores the
possibility of using the laser trapping technique for a practical microprobe system.

The proposed system comprises an optically trapped silica particle of 8 pm diameter serving as the probe sphere.
Numerical analysis revealed that the stiffness of the probe system is on the order of several dozen micronewton per
meter—much lower than that of conventional probes. This soft probe can therefore detect very small interaction forces.
A fundamental study showed that close to a target surface, the surface forces produce a deviation 200 nm in the probe
sphere. Thus, the microprobe satisfies the requirements of a surface sensing probe. For increased sensitivity, the probe
sphere was oscillated to act as a vibro-probe. Consequently, this vibro-probe achieved a sensitivity better than 25 nm.

A prototype probe system was designed and manufactured. The position of the probe sphere was controlled by shifting
the focal point of the trapping laser using an acousto-optic deflector (AOD). The position of the probe sphere was
measured by detecting the light backscattered off of it. The behavior of the vibro-probe was modeled as a dynamic
mass—spring—damper system using the Langevin equation. The predictions of the proposed model were in good
agreement with experimental data. The stiffness measured using this model was on the order of several dozens
micronewton per meter. Further, it was found that a radially polarized trapping laser beam reduced the change in the 3D
stiffness of the probe in various probing directions by 14% and increased the working distance to 3.4 mm, which is 10
times greater than that of a conventional probe. Next, this probe was integrated with a prototype CMM that was
specially designed for evaluating the performance of the probe system. The dynamic properties of the coordinate stage
were evaluated by a heterodyne interferometer. The test results showed that the stage had a positioning accuracy of
several dozen nanometer.

In the analysis of the system, the principle of position detection was first investigated. Experiments revealed that the
viscous drag force on the probe increased drastically during probing due to the compression and expansion of air.
Further, it was found that the oscillation of the probe decreased and the sensing resolution was 10 nm by monitoring the
probe amplitude. However, the situation was different when the probe interacted with a flat surface normal to the optical
axis. The retroreflected and forward scattered light interfered to form a standing wave around the probe sphere and
surface. This standing wave affected the stiffness of the probe system and deteriorated the probing accuracy. It was then
found that probe accuracy could be increased by controlling the oscillating frequency, which should be set at a value
such that the probe is sensitive to damping effect but does not exhibit stiffness fluctuation. Experiments confirmed that
the optimum oscillating frequency was approximately 800 Hz lower than the resonance frequency. With this
optimization, the position sensing accuracy was +64 nm.

The damping effect acting on the probe is anisotropic; that is, it varies with the direction in which the probe is
oscillated. To exploit this characteristic, a new probing technique is proposed by which the surface position and surface
angle can be measured simultaneously. With this technique, the probe is oscillated circularly in the focal plane. And
when the probe approaches the target surface, the orbit of the probe oscillation changes from circular into elliptical. The
length of the minor axis indicates the position of the surface and the minor axis angle indicates the surface angle. This
technique was implemented and achieved a resolution in position detection of 39 nm and an accuracy in surface angle
measurement of +1.5°.

At the microscale, the oscillated microprobe experiences a change in the viscous drag force near a surface, which damps
the probe oscillation. The proposed microprobe achieved a resolution of better than 20 nm in measuring the position of
a surface and could also simultaneously measure the angle of the surface via the damping effect.
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Chapter 1: Introduction
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Figure 1.1: Micro-components.
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Figure 1.2: Trend in micro products.

Figure 1.3: Classification of dimensional measurement
method by H.N. Hansen et al.[4].
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WrI2EBTHDREELL., 7u—7DHE Z[64]. BEFY 7 b ORIIEAE6S, 66]. 70— 7L
(67, 68]. RRIEFTHE[69-7717% EfRA RIFRIC K D BIERHE,» X Z2WE L, BVEE - BEELZ R THIES
AASNTV S, £/, ERIIAEAE» I 2T 2 Z LHEVES TEEL, REA7—F4 777 ¢
DERZE[78, 7915° Virtual CMM[80-84]1Z X % HIEAHED S FHliE % EBREI TV 3,

CMMZRBRT 2 ELERRI 7T —E VIR 74, BERE, £H. A7 VB IUFIHCRATLRET
H3, 2T, KX THE 7u—7%2FhLE L-EELHAZEZEET S,

« 7U—Y¥Y V7 (Probing): EEEEZREIEIHEDI L

o« 7T —7 (Probe): 7m—E v rhicfE52RE I 5HEE

« 7'B—7EK (Probe sphere): HIEY & Bl § 2 BRIR DBEMA 2 BEFE

o 70—7 %7 b (Probeshaft): 7 0—7HREET T 2EMRNLESE

o« 7U—=7T A5 A (Probe system): VY HR—T7WRICTO—TL ¥ 7 b, Tu—TRTCEBREINEIATL

Figure 1.4: First coordinate measuring machine by Ferranti [62].



X-axis 1150 mm

Measuring range  Y-axis 1500 mm
Z-axis 1000 mm
Accuracy 1.5 + L/300 pm
Resolution 0.08 pm
Measuring force 0.2N
(a) Photograph. (b) Specification.

Figure 1.5: Conventional CMM by Zeiss[5].

1.3 F/CMME~NA/ou070—7

INEFTCCMMI TEASRPEROIRTHRZ AT 2 ORI N, EAVLNTER, ZOH
RN EBEPREMR, ¥ 2ho0eBAETHE, DFNINETLA—FVRT-ILDOH
BRI K LCCMMIZERB 23817 T &, M, THoERPMIEMOMESIC X > TREO/NLIZ
AHIEATVS, ZOBREMEOTEZENmIZEL, ZNETOCMMTIZZ OTMREEZRILT E T,
HEERPERETETORY, 2078, 28TGD L 25X WA HES2RALESZTMLTV5D
BERTH B, 7. EENTMEBDL REZTH S0, MITFHOTERBRBIREMRL Z>T5E, £
DFERE LTYR, BEOSFEENIITHD, BEEBET I 2 /a1 H 5,

ZORMABEHT 2725, 19914E12K. Takamasu 5 - K > CHRERBECMMTH 3+ / CMMD a2 v 7k &
ERABIREI N85, BETIR, 0o, HRFTPEA 70 27 FARETH) A— vt —%
DR 2 BOBERECMMT® % 7./ CMM (nano CMM) 2 BAICEER L. —EiEmILINIRD T 1 5,

1.3.1 F+/CMMEEODEIK

K. Takamasu® &7/ CMMOBEER 7 7 7 ¥ —d AT —), 77 Fax—F% F=7N, F/7u—7 <
FUYFPILTH B ERRT3[85], H. Schwenke & 13/ NYEREENLT 2CMMICB LT, 7R—7 X7 L%
FTETEECHD EBRR[86], £HF/ CMMERICH T HBOFER L LT, HEHF2HBRT 570
W RERF ) A— WA= ORBERES7—F4 777 b 2B 2 Z LEBICRETHE, TR
2. F/CMMTIRA T — VNS 3B Z LItk T, BHEOCMME BROREICMZ T, D& %H
FRBEPEZ S, 2 TCIRET HESETHEREINT RO EHELRCMMPLIRITTIAREES O 5
oWt 3,

199045/ 22 & 20004EFNTHIC 1T, 2 — 1 v S OENFFERT % Fulaic %  OREBECMMBERE S nih
B, 2000ERWHEHD S 23— vk EOEYHEFRBEBELZCMME AVLERIEY —EXZRELIICD
[48], BREDKENTF/ CMMOERLEERL T E L, KLU, IhFE TERERINHREMCMME X
D3RRI EEIC DV TRFEH L S DZ E & d T, 20074EiC1% 2 — 1 v 23 TNano CMM project’s % b D

t BEAROE VR E) 5 BEEERCMMICR T 2 i—HRGHRIEREEBI N LAV, KRN TR ZOSREDHE

ElzgHL, 7/ CMMEES,
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Table 1.1: The state of arts ultra accurate coordinate measuring machine.

Name Institute Country Capabitity Measuring volume [mm] Uncertainty [nm)
$CMM PTB German 30 25 x 40 x 25 i60
Smalt (MM NPL UK 30 56 x 80 x 50 100
micro-CMM METAS Swiss lands 3D 90 x 90 x 38 50
ISARA 100 IBS precision The Netherlands 30 100 x 100 % 40 30
ISARA 400 IBS precision The Netherlands 3D 400 x 4008 x 100 45 (1D}
Nanocord Mitutoyo Japan 30 300 x 200 x 106 2300420107
F25 Zeiss German 3D 100 x 100 < 50 258
Nano-CMM Eindhoven Uni. The Netherlands 30 53x50x4 25
UAZP-L Panasonic Japan 250 100 x 100 x 50 +150
ID-CMM NIKON Japan 2.50 400 x 400 » 100 p:i]
ALTERA nano Mycrona German 30 400 % 4D0 x 100 £(20042L/107)*
Volumetric interferometry CMM KAIST Korea 3D 360 x 300 x 300 30

*L is measuring length

DMAE L [87]. 100 nmBL T D ERHED S EHRICH I - RIEBOER» S 7—T4 77 7 FOHHKRE LUK
EEOHIZHEL Tw3, BEECICRFENZEREIBRRIN TRV, ZHvork7udes M
&2 T% { OMARBEBCMMOERBEICAIT THAZMEL TCH % Z LIZR TN 58, ZOMicd
CMMOBEBEICHIT T, 70 =TT AT LARMEBIRDO AT =R L2720 THE  DFAEIZRTINTY
%[88-116], LATIT, FF2DDRENE T/ CMMIZDWT, ZDRBERNT 5,

4 ¥1) A ONPL (FE 73228 RT, National physical laboratory) Tld, b B ERBERZCMMDBEFEICH
F R SELD L E 41, Small CMM % BH¥E L 7-[88-90], fERDERBECMMEZRIAL., fER7u -7 A7
LORbYIC, ZEFEE ZOFLICeA 7 Ta—7 20 )% (®1.7@), TEFFOEES LI 7Ta—7
ROk s k)it L, TStz O TCERBOEMEZHRET S Z L TAbbe DRELZ TR T 5, T
B IEBEREM TH 2 Inve™THEI N X Y -7 L —Ailky F &N, YUV SALT7L—4F
WWREBESI NS, 29 LT, B ROBERMZ 23 L8 TE 3, /2, 7R—T7 AT AIE~<4{ 7 QEDMT
MNP a—72A0Tw3, EVPHPEEEEYV Y TAHZHAVTEY, eV IHEOD
TR ODEEREBEL VI THEIN S (M1.7C). D7 =TT AT LIFFCEENCEREENTHR
G, 0.1 mNBEOHIENZERL T3, BIfE, I @ 71— 7IIBS precision engineering L DISARA &
2T A2 F ST 3[109],

K4 OPTB (B T2 %EAT. Physikalisch-technische bundesanstalt) Ti&, uCMM & FEIEiL 5 > X 7 A H5FH
FEINTWB[100-101], T7X7Y V7 ESREEMI0mmD Y =7 Ry — L AuTERELLZK->Tw 3,
FIHEAHEDP ZRRETEHIC, hverMZ T LA 0o —7 L —LZ2BALTWS, HIERIZT
U—7YAFAREAESN, AtuuY—7 L —h LBEBINLHEYSBE TS, A tuaY—TL—

CMM zaxis | :
N interferomener probe body.... tungsten carbide tube
. 3 \//
3 mirrors on
reflecior cube

frame

B o

\ ./ targetdises |
W N o B . e 8 (LEVGSEEN
T T mniate p / e 4 ;
component - spesn Be-C( stip 1 mm probe ball carbide
methology on stem

tube

frame

(a) CMM system. (b) Picture of the system.

Figure 1.7: Small CMM from NPL[89].

(c) Probe system.

§ euspen2009 T X Nano CMM projectd> & %  DIFRMBEBRRI N,



{10}

Fig, 1. Metrology-frame of the zCMM {1: compact laser inter-
ferometer, 2: second ram, 3 first reference cuboid, 4: second
refurence cuboid, 5: reference mirrors, 6 3D-boss-micro-probe, 7;
opto-tactile micro-probe, 8 invar frame, % measurement volume,
10: aluminfum frame}

Fig. 1 Iropto-tactile micro-probe (1: vertical mark, 2 mireor,
3: microscope, & #0CI, % =, 3 CCD, & optical fibre, 7: light
spuree, & probing sphere, 9: image of z-turget mark, I0: x,
yimuge of probing sphere

(a) CMM system. (b) Picture of the system. (c) Probe system.
Figure 1.8: micro-CMM from PTB [100].

LZII3ODBREI F—BEOMFITo N, Tu—T AT LT3 Zerodur® TES N7z F 22— ¥y 7 BED {1
T%hfkb\%®ﬂ@ﬁ%xFDHV—7V—A®%@Cﬁﬁéhfw%&o@?@ﬁkioTxukﬁﬁ
RAIEL T3 (H1.8@). 70—7 R TALIZ2D2HE I, Opto-tactile micro-probe & 3D-boss-micro-probe T
H2, 2 TRIFICOVTRR, BHFIZKETB3S, Opto-tactile micro-probe Tk, XYHHIIHKT7 74
SRR E HV: 3 (X1.8(c)), BRI 7 74 NZHELTEZ AR L, ZOBGEEEEZCCDE VY TE
Z¥FT 5, Yy INICEML L E0ERMBEO XV EREET 5, 28t 7 7 A N oREORICHED S
Y ARET L. SelfEk & AARICZEER 2 RT3, 20 70— 7 D3RITTARED X 130.7 yumTH %, 2DD Opto-
tactile micro-probe (Z FI£F Werth-messtechnik#t & b Bk 41T\ 5[119],

1.3.2 YA/ O070—7HFEOEA

K. Takamasu°H. Schwenke & X, F/ CMMOERIZAT R OLBELRBEZRDO OB TS0 —T A TLTH
2 L RRTV2[85, 86], EBE. %L OFEEEIFIRICIY HATH 3 bOOHGEREHRE T2 70 —7
yx%Ai*F&khE%%éﬂTm&mnoua Aficiz, HEOwA 7o 7o — 7 HEEEEE R
B, w47 7Tu—7IBTAERE2ELDE, CMMO VR —=TFavy st Tu—7 T u—-7 D20
wKMENS, AL CciEary s b Fa—T7ionTi) o, KRX TN a7 ow TR %
W, FELLIESERI, 123%h ik FEHoNTn3
1990ERDIBDIZ. F/ CMMOBRK EFETLT, Ta—7 Y AT L0 OBA LH -7, FIAIX, K
Takamasu 5 (E P& DI T u—TREPEZR I k> THRIEL. BMREECENT 3RE L —FIC

Ko THIE L2[124,125], — AT, ZORHRLAEEL 70 —7 L LCOEHEN 2O, ETER/ANPLS
R LR ey BT —7TH 5, NPLEIT TR 4 T ¥ DEindhoven KFETH & v PEI 70 —77%8
BRI Nz, ok, ErPoEu2EREICHET 201, HEAREVYEAVED, XTIZHV
720 L728, BRIz v P EPIVEFEAVEVDTAY - 2 HOAARRREOEHELER > -
[126,127], = DEindhoven® 71 —7 b E L 25#E#4 . XPRESS precisionfl:’> 5 GANNEN series’ & L TiR7E &
NTV%[128], R Furutani 5, 780—7v ¥ 7 P ORHNCHIEARR, fidmcERIEAOREZ WY {77
xR D T, BRHEOERENMER - 72[129], EEE,. HADOEERMRSUIERT
(AIST) Ti&, E¥ ¥ ZA\WT, R Furutani & [ARD S R 74T 70— 7 OREREOEHEMZHA TV 3
[130,131]. A A A DMETAS (Swiss federal office of metrology and accreditation, FHll o= 2H5HT) T 13 BEME
BIRTBHE Yy PR, 7 REMTIC > TER L. Z0EM2BHFER L 4 THIE L 72[107, 132,
133], % DFEEIRTCH 4 B PR Bomic £ TEBML 72[107), 7u—7HRIZELVE-RZAVTWS 55 &

t GANNEN seriestd HAZED"THEICHE L TE D 3D metrology DFRREH I L1 ) BERBAD S NT 13
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Chapter 1: Introduction

(a) Takamasu probe[124]. (b) NPL probe[90]. (¢) Eindhoven probe[127].  (d) Eindhoven probe[127].
(capacitive sensor) (optical sensor)

" Probe (galym)

(e) Eindhoven probe[127].  (f) Furutani probe[129]. (g) AIST probe[130]. (h) METAS probe[107].
(PZT sensor)

(i) PTB 3D-boss probe[100].
Figurel.9: Micro-probe system structured based on hinge and so on.

Light sources
aned detectors

=

55, Three
displacement
SRS
Transparent
ehustic body
Figs balt

Metal tilm

(a) Ikeno grass probe[136]. (b) Oiwa probe[138]. (c) Takaya probe[139].

Fibe ]
- iber probe

]
FX1 incidentlight -+ L l *t*—w...ﬁww
FY1 :

FX2

-:._l ST
x | Prede 4 |
: 1 i \ ( "_,.._ —
(d) Murakami probe[140]. (e) Ji probe[142]. (f) NIST probe[143].

Figure 1.10: Micro-probe system based on optical fiber.



TR IARY VAT VvRRAVETU—TRO A 7 a{bicEH LTV 3[133], PTBTId, 3D-boss-micro-
probe LR L, Er Y Db hicy U ar oEEE AV 7100, 134], EEAIC E XY R T T Wheatstone bridge
HB%E A, BIEOEEENLE— 57134, oy PR7u—71R10mAd—5d L RZnUToO#
EOEER R LI, —AT7u—T7EIEE mBETHH, XiHRoF/ cMmM7 e —7 L LTREA D
THB, INETIR, Tu—TBREBMET 5D ICMEMSEMRHERO NV E—BRE EBHV N, 7
n—?%@ﬂﬂ%#@%ﬁﬁ&#%ﬁ@&b»zvﬁ&&oho%;Tﬁ$\747mmm%@%%&m%
v 24[135]. BUMERCIRETRAVPKENIC 22 2 L2FA LT 7 20RO ENHE L —FIic X HERIR
63 B EMfi[136, 137). § ¥ 7 AT ¥ 74 ¥ OFGmsRIRI[133]7% EBRESI RO TV S,

—7C. PTBDOpto-tactile micro-probe I D iz, K7 7 A N FA L 70 —T7 v 27 L 5% CRRE
XNTVD, T.OiwabidN7 7A NEKZHBLZ20RIC7u—7REES LT, 7u— 7RO HIE R ZEMZ
EREICHETE 3 TRE LE[138], 7. Y Takayadld, 5umBEDN7 7 4 /NHEMHICERES yum 7 1@ — 78K
2RHHE L BB EORAERE N X 3MNITHEL, 7u—T7Rro0R) 2R 57 n—
7R RE L 72[139], H. Murakami & ZE30 yumD K7 7 A /NS0 um DB T 2 B L, MR D 7 7 A N
DF-bBEXRFMCBEEL., 2RTORA 7a7ua—72EHL TV 3[40, 141], K7 74 N7 a—T7 28
LLTwBEE. BMEEEOMENE L WEWVW) I ETHD, £ T, HIiLIENET 74 7SICFBG (Fiber
Bragg grating) 2T, 7 7 A NDUOTHERDARY P E LTRINY 2 FHEZREL2[142), TX VA
ONIST (EISLEEHER RTRFZCFT. National institute of standards and technology) TH X7 7 A =2 FH\Wwic 70—
T RAFLEBEFELTVS[143], L L, BIRTIR, 7 74T 0—71%, ZESTROBREAEEL 3Kt
M AR EERICEIC W E, 7T -7 v 7 FORIEMELZ LEE L LTEITo N5,

INETE Y I VEIOBERKIC O WTRR, fiF, RrAT7y THOTe -7 REINTWS
F 7 A — L OEREEIERICSPMAIH 205, ZDOSPM7 0 —7 %2 REIV T u—T AT LBHEEIN
Tw 3%, K. Mitsui5 iZSTM (Scanning tunnel microscopy. A b v 2 IVEEMER) Bt ORICES L T u—7
LPIEEREICEC Py R LEBRREEO e -T2 RRE L [144], T v — 7 TRRF (DTU) DL. De
Chiffre 5 |2 HE % DCMMIZ AFM (Atomic force microscopy, & FRIANBESE) D4 v F L AA—2E) i), 3K
TEREE O B AR O HISE % T - 72[145], T. Masuzawald Vibroscanning probe % 2% L 72[146, 147], T D7
ﬂ—fﬁHLm@Kﬁ?i5&9?—7&1VV%%07U—7QMIL\Elfi?ﬁiofm%b\%

W i Wt

i ]
P — | } L
be‘ 21

. .';‘ -
2 N’ R

Tt
' # taci wetty
sty encader

(b) Mitsui probe[144]. (c) Dai probe[148].

(d) Dai CMM probe[149]. () PTB-THT probe[150].

Figure 1.11: Micro-probe system based on SPM cantilever.
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*
% fvees

i S e lory o gt
i 0 o0 1 B e

{b) NPL probe
[R.K. Leachi% X b $2{#].

Figure 1.12: Micro-probe system based on vibration system.

(a) Mitutoyo probe[153]. (c) Insitu Tech. probe{155].

FARY VEEHIEAO /-7 2R L7z, ZHUCB7z X 5 i, PTBDG. Dai b IZAFMA v F LN —IC
BIZH Dy FLAA—2RT, K PHEET7ARY MESOHIEZRARICITZS 7u—T7 23 L
[148], REEDAFMD & H AT I THRHEEB2BET 5, Tk, BRCREZMY 475 2L ccMM7 r—
7L LTCOIGAZITo TV 5[149], PTB-IHTOHFEBER TIX, SPM7u—7 L EMKD 70 —7%2 AWwTER
HAZTS =D, ¥ F L N—DOEHE IC Wheatstone bridgeEl# 2 fHAA A, BEHCAEZR/-ETEREL 72
[150], S5 DSPMA ¥ F L o8—% w7 I TiE, fEROSPMET % W CSIOSHHOERER 7 —
(15112 ETHREORWHIENTRE R D, FRETARY MEROFZDHRICRDDOH LI XYy
FD—HT, 3D u— 7 TiREWEDIHEDD LR T —T AT A RIS ERITNIER S e
[52]c L7255 C, NI EHEDHDF /MM T u—7 L LTIIAHED S DERVKRETDH 5,

Tu—7RBENILTEERARSCLIFEST, BELEELRESE L (ETT 5152, 22T,
Mitutoyott (3iRE) 70 — 72 BE L %2[153], =Y F a7 u—7ZER30 umBED 70 —7 2 REHICD
i}, FLVEFICI-TIHET 2, 20REBRARCECLYEFOESERZAALCHIET 5, BAMIC
RET2 70— 72HEHIEEIES £, HARRAK X TUREPHRET %, ZOREICL>TREZHR
He4 2, L L—FHEEOZD, SHEIIEIEIN TR, Z 2T, NPLOR. Leach 5 (X Triskelioni&
ZHOWTE SN ZBRHERBER2 bORE /v —THEZT > TV 5[154]), 3RO Y PILHODIAA6 DD L
VP F 2 T—F ko T 7u—7REEICHEE N LTCEESEICIREII S Z L8 TESL LIHIFEL
Tw3, BEfEoEWIu—7v %7 b BLO 70 —TROBEFKZToTCw 5, 72 YA DnsituTec Inc.
T, BE 70— 72 BICRESY, BEXS5mm. K7 mREFHEZ AV, IhzREITRGE—
FOZz BRI IERZT>TWB[155], TNZHVEZ ETRERICRVETARY P REEORHESHIF S
NTw3, TNLOEE T —71F, HEEEORBIC L HERERTE KL LT, EEFICHRF
ENTw3, UL, BEHAIC L 2RBREOKEEL A 7 aiftE@@ii i ER D & 1T 5[156],
7. B Tu—-THREOI L. FA4 VDA, WeckenmanniI PRI BRI 7 v — 7 L BIEER DO b v %
NEFRZHMALE 70— 72 REL 157,158, 2RI X DB 2ER L, FAREHHO 2 7% & R
TR DRIE b ABEIC L 72[158], ¥ 7. T. PleiferiZCMM 7’1 — 72 7 ~oL 7 i 2 AR M ERE L &
HREE D FREIE HIRE LT 5[159],

Pk, w4 7u7lo—7EfoBRIcOoWwTE LD, TNETREBEEINZA, 7u 7 u— 713K
2t BB SPMAEL, 7 7 A NE, IRETEDL4ODH T Y —ICHETE, HIE2OIXESHERE. BE
220k~ A 7 LR TH B, BHEBS N TV A ERZRI2ICE L7,

1.3.3 Y/ 70O070—-7DFEBER EERERR
F/)CMMOEEETHh v 7ura—7EERoCcMM 7 u— 7 CidlRN o EEIELET S,
TR~ 7usu—7REOEBEILOWTE LD S,



Table 1.2: Specifications of proposed micro-probe.

Copability Probe dismeter Shaftiength  Resolufion Repeatabifity  Stiffness

Messuring force Measuring rangs

K. Takamasu feixd 1 mm < 5 mm - 1.5 um - 0.19% N 0.4 mm
R, Furutant 3 - - 31 nm - - 1 mN -
NPL Hinge probe 30 350 pm 15 mm 3om . 10 Nfen 0.2 miN x; ’;ﬁs‘m
Elndhoven hingiz:mbe o 500 pm Bmm 1om sz ;5%& fi?::? < imi 25 ym
AIST 3D 400 pm 5 o 58 2800 N 200 pN ~
METAS Rubby 30 100 pm - - 5nm ;!0 Nim 500pR 25 um
METAS Glass 3D 40 pm 250 ym - Snm 20 Nfm 500 uN 25 ym
P8 Opbtactile 20 25 prn 0.1 pm Ol Nm a few pit 0.4 mm
e wwes 3 xeem asem 0N SISO OUm  Tosan -
T. Gl 3D 1.2 mm 15 mm 0.5 pm 0.36 g . 0.4 mi -
Y, Takaya  Fiber probe « ni?abe: Bum - - 100 nm 24.2 yNim - -
#H, Murakamni 20 B0 um - 15 nm - - 835 um
H R 30 280 pm Smm 60 i - B 0.1 uN -
P18 ACP 3D 50 pm fmm - S nm - - -
Mituboye 3B 30 gm 3 - 01pm 015 N afewum
Southern Taisan Unl 30 0.3 mm about 7 mm - 48 nm 0.1 mi
A, Weckenmann 30 0.3 mm - inm 3nm - -

7O0—7REERE HEEROCMMT, HENRVI mBEICHT 2 70 —7E1mmTH B EEZLBE, Hl
ENRPIOmmYU T TH BT/ CMMTIEZD 70 —7RIFKIOmU T THBZ LPEE L, ME7Tu—
FTOREIE., T — T REEROEERBRE T 7RI YT 4ILH B, NSIKH B X HiIL[60]. BEES 01—
TTRAERBICHET ALERH D, CORICRETIAEI IRERT S0, Tu—T&Z2NEL L,
T —7HER7 bVEERBICHZ Z EBEELE RS, HEE, HLBIRATLIIK, 7Te—7HEXY
FUVBFHATH 2BE, MERY FAVOAED o [rad|BRIUT, BEZ de L2 5,

e = r,§2(1 - COSQ }

mzc7ru—74%fe LT, +okiilt: EREZZFONERH S, LELAMS5, FumTRVWEREL
D27 —7TROMLTIZBEEOINITERZ2 D> THBB TR, ZN2FET3FELREINTVLEY
[160]. T o RBEZFE>THRWL,

(1.1

SHEE, RERBIRLFEVDIDIF AV E2—FDN—FFL AZIBBEIR7Y VIS LI, TXYAOEHEER
EGravity Probe BOY ¥ £ BR a—7IHVLNEFEELT TADRT Y V7 (938 mm, EERE <19mm)TH 5 L Eb 5,
[BEY 4 T R, Vol.12 (2009) pp.64.]

1 Prof. RK. Leach (Private communication), 2009410 H 28 H@Teddington
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Adhesive
Figure 1.13: Probe compensation. Figure 1.14: Sticking of probe to surface.

7A—TRT4YY Tu—TDRT =B, 70X — VA —FWETELE, AT—VHRICL>TTS
o—7OEEN LY S e —TREAER & DRENDPIEWICE-TL 5, AT —NVERL . WEOE
RIVPNE K B Bicon, XEAPERES EHPEEAR D)oL REBRIPCEEREN L L) ICERL
BOBZEREY, ZOkD, BEmD 70 —7TCREmOEIBHITERIN TR, R TOF 2
BEABFEEL., BHumbTic% 3 L oRECEE LBENSICH LT 2Hm2H 5 (R1.2), £7%. EJC.
Bos 5 IZ ko THE XNz & I ic[161], HEMEE X v -7 IIRERZHZ R T,

BN ~wA7u/F/)A-brA—=FTid, MEERADBE I 70Xy — NV EELRD, Tu—7 0
filic X 5 BERERTERL, MR —-7TRBCREMEENNEI 250, FLLITTHEME
SEUCHEART S, B X AHMEMOMEELE S L, Tu—7ROFIER I D DIAARETREE
n, NEBERHEENPFHEET S, HEHOEEEHRIYRETRER Y, LrL, BEHAEZT IR, 7
v —7HRIGHIEHE AT 2 Z L35 K | ¥, BOBEREOIC T a—7IcEEZ 59 5 Rl
RO ITIIBEMT %, BR 70— 72IER ICET % L & OB XHertzian DI TR D 51 5[162],

-1 15Fe* V"
R P EYS S

(1.2)

I T, omalIEMEBOBRKESN. FREIEN., rid7a— 7288 viZRAT7 Y VB XTEZY VIR TH
3, HEMERO DI 7a—THiEEZTIF2 L, 7u—73 %7 FDbARIC X BEHEENRET S,
3RTEFE nFToA7uTu—TORRICBOTRLEBEZEL 30N 0 —E v IRED]
RIGHESHTH 5[163], METASD 70— 7 (K1.9(h)) iZ3XTLEHEZ BN E L O3RILOEH LERE VY
ZROTEmOEAEQ TR R R L 2[127], TNE T, 2RILOEFEIHBIENINTVREHD

D, 3RILOFEHFHIFEEL LB o, EEHF R/ v —T G I OEELER L 5, NPLORE)
TR—7TCREFEEERL TR INT 3L, IREAED TRBIBETDH 5, A. Weckenmann® b ¥/ %
LVER 7 v —7 Tk 7/ u—72REATHRHTE[158], SEHER LICHIfFPFE SN S,

riced47ua7ra—TIcB I s HESERFIR L, ZORIKEL ODMEERH 3, XitRowAf 77
D—TICEBRINBEEERIICE LD,

Table 1.3: Required specifications for micro-probe.

Probe digmeter 10 pm
Shaft length 1mm
Resolistion inm
Measuring force < 100 uN
Stiffness 10 N/m
Measuring range 10 ym Micro parts

Figure 1.15: Concept of laser trapping probe.
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1.4 FHROEM

1.4.1 MREEZFO—73>+E7H[164-166]

HIEN SR 7Y XA— b, 70— B0 mmicET 2 £, A7 —WVHIRIC k> TRIZEHEROMHAEA
BEYEZEICRD ., fEROBMAEMR /o —TOFE 2 AumBERE e — 72w 3 2 LIZRECR
%, F/CMM7u—7OEROLEDIL, DA 7R TOREE ) £ wd LAZERE 7 v —7 Db
kD SN, NISOEBPIIMOFRA» LI B L H i, ~BNETR—TTRATFLE 7T
I ko TTa—THRERET B L hoTw 3, ¥, 7Tu—TREAEHOEMDO LY > VT,
FPa—7T %7 METLICH B2 VY CTRAIT 2 b O0%V, AFETRETZ 7/n—71k. ok
O—7LiERY, L—F Ty TEM167] TR T 2 EZHICRAE T2 b0 TH B, Su—TREHE
HidEEpe3. UL, 7u—7REBEEOHEHHEERT /v — 7 RE»ELT 5, 207u—7
REM 2 2T ECERBEICEHH L RENEBE2KHT 5,

K70 —TOBEEIIRD2OTH B, DEDREMAETv -7, L—F Iy TEMTHRI I LTS
BEFI. 25 umb T Th D, RERICBEIhvL 70 7a—7 L) bI0FBEMED T u—-TRE2E
3, b5 —oli. BUBRETH 2, 7Tu—7REMBIRT 2 NHENTH 270, HER L 7u—7 L DH
DHEERANZpNA —F OBEBE T/ 0 — 7RI T & 3 AHEMES D 5,

1.4.2 WHEEMW

KIS TRET 270 -7 Tk, 10mBEO 70 —7FTH Y, A7 —IFRIC K> TREARE R &R
RCRELTEAESNEZEICENS, ¥, ERITDIVTREREF LY, REHZRBREICRET
%z Lk, AFETIR. UT2HROBENLET 2, (1) 7u—7REAEVREO <A 7 0t —FH
BRI BIT A EREERZED., QBVEEBIVBERZR > ERCRVWELIFHEYL 707 u—T72H
%% 3, ¥, AR TEBOINGRER., BRAC /0 —TROEL 224 7 nflicfEoT, v 707

0 —7HERTEODNETHAI A 7 ud—FHEEDHRICOVWTEB 2RO 5 LILFET S,

12



Chapter 2: Laser trapping technique

£28 L—HYrSy Tl
21 #=
AR CTRET BHRBHE /0 — T OBEREMTHE L —F b7 v TEIFKOWTE L0 5, HEHEKR

ST OYBENEREL 5 2, HHEEE I X 2 HEEHoMAEmIc OV TRRS, REIL, L—F 5y 7
Bk ko070 -7t LTOHENLRIERIDWCOM&E LB 3,

2.2 JNIEE[169-174]

ZRICYERH D, ZIIEBFET B L, BEMBRICHENEREZRIET, CONDELRIEIRBLEOE
HZE2BEDRBELTHHAIGNS, ZDHIZMKEE (Optical radiation pressure) % 7z (36 (Light pressure)
EWEEL, CIZ3005E N BRTD S DRI TR IE Z 72 A Newton 3T HI L. Z41%J.C. MaxwelliZ X > THGR
HicZRMLENHEEEDNTW S, BT, T 7 DPM. Lebedevd 19014E I F1& TS O FEERI e I E
IR L72[168F, L—F F 5 v 7id, Z DIT0EB D19704EIZA. Ashkinll & > THIO Tirbivlz, KET
X, ETEBUHEEERNICERT 5,

Y EEE X R T O2BEEZFo, BRENICIIEZEES O E D ERIEL LR 2 L CEBRCERL
23, L L, RO, Btk EoNEHRFER I HE, BEFREZEALTIC O TREHE
Y, ZZTEIHEEIE LCoONERZ, 8. BRI X 2 HBEHERZRIT T 5,

2.2.1 BEOREREE
YIRBRIETH D, 1.C. Maxwellll X > TERLE N7z, MaxwellD FRERIFZU T D420BoRICE > T
FHINS,

ae ), : 2.
§€8 A ;aﬁ&(&w &) as écg d““ffa'a{ a5 (2.1b)

i
E d8=— i
#A‘ g{} -g:;;’ﬁi (2,1C) %ﬁg’ Cis ”’{} (2.ld)

(2.1a)

727 L. EIZES (Blectric field) DHRE. BIIBEHAEE (Magnetic flux density)., ¥ X NJiZ BB (Current
density) TH %, 7. pldBRBE, WIBEREE (Permeability). ¥ & LReldFHEBEK (Permittivity) TH 5,

FoR=ILDOEA AM Ampereid, H2.1@ICRT & I IC—HHBCORVHMEIAZE 2, BIRIPMED H
BEBIE U ERECEOBDICE > TESNS & LT, J.C. MaxwelliZ, 3SR LT, 7 & ZBHRSTN
%D T=0) BEBLT2BHEELHEBEZMEI ZL2RRAL. IR ENBREELL, Tho2E
WFEOBERERQRI)DIIICE LD,

77 5F—DEA BRSEEDO L) —DDEFERTH 5 R(2.1b)lFaraday DRI & b E b s, H2.1(b)ICR
FEIic, U ABoBRCIcHEA T 3 FBEME N (Induced electromotive force, emf) 1%, FEIERCE WG & T 5B
7-EBRAZ B HROBHZEMIKE LwEWLI bOTH S, Thid-2F D, KREAEMT 28513 2T
TRAEBERFEODIERRTATH S,

BKICETZ3HIRDER KF Gaussid, BAOTENEZHRMTCRR T2 L)1, BMICK>TRETZE
WOEZHZEBALE, 22T, BHEORWIAAPKE H L34, BHE CH L -ERNICHE %

S EHWAOO/ANNG [=VUEF (19084F)) THRDOADEREIERT 5,

t ik H HERE OBREE L (= 4nx107 N-s¥/c?) & EBREE NI Lo Tpu=prpeTRI NS, AT, dBHEEOFEEE: (=
8.8542x10-2 CY/N-m?) & B H eIl L > Te=greeTRI NS,
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v //

(a) Ampere’s law. (b) Faraday’s law. (c) Gauss’s law for electricity. (d) Gauss’s law for magnetism.
Figure 2.1: Maxwell’s equation[169].

BLEBERYuTtHBEL, K210 LS CHEEAZEZ, ZIRKA. MHTIEHBEC X>TRET
2BHERQ.I)ICE D EZ 7,

BKICETZHVADEN FERICESRIC VT, BBEESHO L) IWRCIAZPREHR LR (| BRIZ
BIBAL T3, koC, FMEAIKTRAT ARG LR T 2B EHEICEL (., RQR1H2E 3,

DX ICEBHEDRIBOLIZZN AR I, BRIICIC. Maxwelllc X WELF ED SN,
SHTIZ. REDIFEIDAVDTOLERREAFEE LTHESETRQYD I IEZSNS,

foim%+3 Vxﬁu—‘ﬁ
v (2.2a) é (2.2b)
V-D=p (2.2¢) V- B=0 2.2d)

20, HIBUEHE, DREREE., pRBERBESLINIREREETHS, /-, BEREELES. B
X ORGSR E LG OBERIZ
D=E=sE+P

(2.3a)
B=uH = y;(H+M) (2.3b)
J=0E+], (2.3¢)

I TIENED S HIME N BRIET, BERRBDIZLALDESTRI=0EZEZ 6015, PIIBLELSMH
BE (X7 RBICOBEE), MIRHEETH 3, AQ3)0 5, EBHE LHFETBEEOBRRIE,

P =g, xE @2.4)

THBI EWLNB, I T, yIBREZFE (Electrical susceptibility) TH H . . IS, H—BLUFE
HRBEICBWT, e=e (1 +y) OBRZE>, EREZREISELLTIOFELERD, EETIRHOTH
%, ¥%, AHT2E5BEENREZV L ECFEREVERVELZR T L E, FESBEERIRQCHD X

JICHMTIE R RD,
P=g,xE+¢e,dEE +¢,fEEE + - 2.5)

L, FERAFERRIRET 3,

222 HOIRILFEN
HDOBEMERD ) DZFNVFEEWIF,
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D B £ Hoya
W= [E—d+ [H-—dt="E + H 06

wkhEzon, MERERNIIVYEE, B2HIBSHNIIVIERICEY Y5, £k, oz
FoFnE R A > 74 77 b+ (Poynting vector) & FEIZHL,

S=ExH 2.7

TRENDG, CORAL VT4 VIR7 PASEZ XV EEWORERIX

fzywe-V«Sm{}
o 2.8)

THh, BREBOIZNFEENE L2, BRIBBEORIC L>T, R4 V74 v I 7 FPASKERBIC
EET 2, ZOSONOREEHRERITICN T 2 FEREIZBAEEE D OXBENICEFELL, XATRIN
3[170],

1=(8)=2 |2 [
2 &}EEQJ (2‘9)

EolR2 & i, Kk (Ef. FEE, BEE) 2N REALRIET, &, FEEL Bk
B iz Fn,
f,=pE+JxB (2.10a)
P
f =P-VE+—xB
a PR (2.10b)
£, =uM VH+ M x (VxH) (2.10c)
Eh3, 22T, BlcRQ10)ida—L >V H (Lorentz force) £ bt s, (2.10b)DoP/OHIFHEE T DIREE
TIBENC & 3 Z A B (Displacement current) & FEIFI, K(2.10a) i iR % L BRERICHY T 5,
&, BEBECERT2H2ENT 270, RQIZHMICEL S, FBEAOES, HEBEREIZILLT
EZzoN57:0, AR3)zHVE L,

P
f, =P VE+4,~xH o

L%, RQHDELESHEFD L.
f #aaz{(ﬁ VE+ 1, 2 x ﬁ}
ot 2.12)

DEICEFT B EBHEES, 2z 7 MVOESEREZHWTERERE TS L.

1 3
f,=¢ x{V(—Eg)+%»(ExH)}
R IV ot @.13)

Ehb, TDXICHITE-oTHERICAT 2 113288 D 5, EIIEFOBEGR CLERXTY Y

I Lo TERAT 2 2B L, ABLH (Gradient force) & FEIEN %, HBEIX, XOBEWAHICRZ F Lz
FORA VT4 VIR M NVOBICNT B2 ERT 2, KOEHRIS/ATREL L6, JOHE
EHEZELTHB L Z 5, ZOHIUMEEHL DT 31 TH B EELTT (Scattering force) & IFIXNL 5,
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223 HFIcLkDA
RIZ. ¥%E T (Photon) & LTEZ L EDOHRBEHERZE LS, KFICL>TEZONBNBHER. ¥
HERTHTFRRIZINAMEA (K8, B, 8E2 O K> TEFRBT 2 EBBOELICER T 5,
EF o> L2V XE L EERplX
E=hv (2.14)
= =1k
P (2.15)
TH B, 7277 L. hiIPlankER. viIXDREB. BLURIN2TH 2, KIZERR7 L TH B, HTFOE
FEIENT 2., HFBRET 2, 2%D, F=dp/dtTH 3, &, RR22ART LI T, KR AHLZDE
FOEF RO YRR BB L 7 BAI, TR RIET ik, AR, BRBOER7 MrveEnE
nko\ k’k?é k\

f == Rﬁ(ka ’—‘ky} (2.16)

Th 2, Ric, BEEAD D7 —23ITH 3 E— LB EAT 2 hEE LS, DETIMRET 5 EH)
BRRQ15)TH 2, & WRELZE-LFCEEINIHTFREIINVTS S, Lo TURTRDYIEFIZIEA
EREPALES
r=0L
4 (2.17)
LEING, 22T, QRNEEECHEASEERL, 02 520OEEZIS, ZOWENLREWRIZ, AH
Je o BAT SR b OEBN RIS 3 ERIC R B HOEIETH B, WHRIC AR L 7 B0 BELR K Y
TONLEMEDRBE L EIC Lo TRESHEING 2O, ZOFEIFIQILHNS,
TiE. RR3CRTELALYWEAOBRICEREIONRB AR T 28E8%2E 25, WEAWLEZRBEIIKHT S
BA (R=1). BRI K> TWEAICE
2n,]

F & —cosf
A (2.18)

DHBMERT 2, 727 LOIAEATH S, Kic, KEER, FEETR+T=1) OHEICYFIERT 2 HF
. BEEERE Yo, THERIEETS L,

F= -{{nikcesg +n,co88 ~n,Tcosg)
¢ (2.19)

Incident fight o Reflected Hght

(a) Reflection.

Incident fight “fe Reflected fight

Figure 2.2: Optical radiation force driven by one photon. fight
(b) Refraction.

Figure 2.3: Generation of optical radiation pressure.
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DRRICT2 B, 7721, o XBITATH 2, NFIE. REER, BBET, AFHAK, BINEREICLoTE
69 523, RHREBIZL->TOHEILL, 2% h KEER, BBET 2 EICHENENS, XRINEEZRL &
WA, FORE X UTIEER (R(2.22)(2.23)) DFresnel DIRMBIHRIZ L > TEHEZ 5N 5,

23 L—Y Sy TIEMIOELYHNEE

HBHEZFMALTA 70t -5 oY T 2E8Mi2 L —VF Iy TERES, L—F Ty 713
19704E12 7 X U 1 DA. Ashkinll & > THID TER I N72[175], BTN T 32200 =L 2 HWTKFTH
YRFLUVHNFEZHERL, 2%, 19715 ICESR P, BRPBEET T, TAPSBE—-E—AZHWV b
7 v 7 (Levitation trap) {ZEh U 72[176], £7z. 19864FIC Ed 5 B—E— A% FWT, B&10nm ~25 pm
DR Y 2 —FRLF &2 K TIRITTHNCHIPE L 72[167]. A. Ashkinld Z 41 % Single-beam gradient force optical trap
WEATEDS, B, b~ E Y2 v b (Optical tweezers) 7 £ LT, fbd b 7 v 7 HE L XA X
N5, RRAKEBHEZRAWEEL DO 7y TEMiZRT, KFATIE, ZoXEVEey F2AVEeA Y
A —FOYEHBRENRE EREBE, 20700, KRXFTE, DEIAEZRIVL-F Iy T LS,

L=+ 7y 7TOERMUE, SE0CAMABPHRESINTER, £F, A AshkindSN7FUY 7D 7 v 7R
NINLTESR, N A7 7/ 0P —~OFFB»INz, XA F 7700 =BT RN o
L—yavEMit LCHvENE XHIKED, BT 2L —F dHHREINT W B[178-181], S.M. Block
B¥ R vaEed 7n - EBMUBEEM 2T L9182 VL—F Sy TR2EERERN v
Fa—Y L LT, v 7= B L7323 VY ODNATEADIGHADBEA & 2o 7-[183, 184], —7H.
I Ishimaru & IZ26R T 5 <A 7 v PEDRE 2 TN % v &~ b (Evanescent light) ZFlIfH L TEREL
[185], F7z. ®A 7 uBRBNRE Lt 5 v THOBHTPREDEBHEAR[186-190], uTASIIFRIIZ)IE
HERBLZET 7y Tk 524 7 a0 BEER[191-1931° v 4 7 o RAEOREIE[194]. KitEHlE
[195]. EE#ENBIE[196)7% E0fTbilz, L—Y Iy 7Tk, F/RTFr o~ 7 ut—3ofiigE ciks
25 O EIRETH 225, MieB ALY LR EEDEREZL — VIR LTEHTH 2 0EBBH -7, L
L, V=Y RAXy F 2UFFIETERICHBEZ ISP, KR TV E v l DT (Cage) ZEAHTI &
KXo TEBMATO M7 v 7HEBEINTWAB[197], b7 v 7I R FAE O BIERR T BRI
ATRBIC 72 > T K % L[198-205], 7u—7HEMimBAKERA & 74 D [206-210]. 3RFE. PFM (Photonics force micro-
scopy) & L IEN B BEESIIBLICTERL RVICET 51801, i, REEIIRRD J1 25 0 BRI A
BERIPAERIZL. WE213,214]IC X 2 TREMBA L ko7, HRIFTIZ, NRE2IEEHM. R
BTLHZBILTEDLLYD, (LEFFIHINAD, 204 3oFHEEBAI N, {LEWE%
EUWRE 7 v 7L, BEOE% WGM (Whispering gallery mode) “CHIE L 72#1[215]. + o7 v 7 LWE%
Ramanf{#LIC X > TWEHEE L T\ 540[216,217]. F7=3T4E, Super-continuum white light[217]. 7 = & b
L —[218]. Besselt'—A[219,220]% EDFH LW IEEZE AW AEFIEMOREIN TS, SEERIC, SLM
(Spatial light modulator) 7 £ DXFEEREIBRORBREBIHE Y, HROBEHEFEIC L 2L F + 5 v 7OH#HIIE
ATFTHNTE D[221-223]), ThidFu 574 v 7 b F v 7 (Holographic optical tweezers, HOTs) & FEIE {1
%, £72, INFTOBRMOGTIZR L, K7 743156, 224,225), T 3%y k¥ K226, RE TS 7R E

Tweezers Yap Levitation trap

Figure 2.4: Various types of the laser trapping technique.

PARRCTIRET T 7 v 7 (Atom trapping) RRERME T T v 7 (Magnet-optical trapping)ic D W TIFE K L %2\,
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>~ (Surface plasmon) [227]% £ &k % b 7 v EV b RBEI N, ZORABEEY 005 %, HimBiTic k-
TEHE—L LHBENFOBBRSHESPICE>TETE), L= 7y 78/ MLICGHENTH 50
[228,229]1b % B, ZDEkHic, L—F v FHETEBEALEED, BEEEME £ LDV E 2 —RIHHES
HIRE T 3 O T I N7z [230-233],

L=+ Iy Z7RECERTTONBR233], WP TRFHCI->THENES LAY, BlicBR7 L)
. EYSBICBLWTROREE LA, AE TR, CMM 7R —7RIBHT 270, KRHPEE T ) LE
BHs, BEFTOF Iy TRINFETITDERINTWL 308, MEMITA L \0[215,234-240], ZDFELF
Hid. WD Van der Waals T 7 EQRBENIC X > TERICHEANICTKEBELTE Y, L—FONBHED A
KL AHRBEL VO TH B, WE, PRBARKRFTOLV—F 7y 7dfTbhs XHicih, EEE
SHETOMI Ly avi LTHRONUAD 22 EEHZEDRD T BT,

24 L—YhNZv7RE

2.4.1 EAR[FEIE[172-174]

L=+ Fy 7id, HEHEZME LT E23RGMICHET 3, B2sicndns k)it —9s
PRI AS T B BRI EIT L, BRERTRBEESEICIER T 5, BEMAE TR ARHEDOS < 25E@E T
T B0, BEREOHRS D% ke LA S i L BT 2 A<, RET B RBREZ TRCEL
BhEEHNEERICNTy THERY, XL —FICX>TER2ZHIET2HE. P 7y 7HEIREEN, L —F
DL —HF ARy MBI EFE B HRIKERT %,

WHE R Lo TORIcERT 2 HRBELD LA L LTikbi s, BiFE, XofaimicEs, &
ZRHOEHEBEHEIZE, L—FF 5y TR, E-2%2BIEN - BT, ZogihzfAL
WA BT 5. HEICH LTRHREE— A2 HVIUE, Ty 7ENERROK AT LIRS 1
%, HEHFEICELT, L —FoBENIC o TRFRTESFIHIN, L—F ARy +2 64 L Tt
MEICHEEINS,

2.42 {R}X1EA

— I RS SN ABE L W TEHEZI NS, L2 L, HETHzCHIRREHLTE ). 20k
BN~ DOERREIEIC O RD3B, ZDXk I, KOFLEEEEL D >TEBESI NG\, 5 (207
M) G T 2 a2 E 2B, BERY PLVERE, BRI Vv RkET B L,

E(z.1) = E exp(kz - wxt) (2.20)
LEEE, 220, o FHADERT 52200EHBICTITTEIS L,

Trapping laser

Hghd
Optical radiation pressure

Figure 2.5: Principle of laser trapping.

* SPIE Optics&Photonics 2007@US SanDiego!Z THfE E 417,
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Bz =E N+E (.0 (2.21a)
E_(z.0) = E_exp(kz - o) (2.21b)
E (z4) = E exp(kz ~f +8) (2.21¢)

ERBTES, a2 0o 0BEOMEETH S, DM EFKICERFE ¢=mn=0,1,2- ), HBARLL
BT 5, i, BEREEWELL, e RICHREE L 5,

L— DRI AT, HEFPHRI R Ao cliflidng, B8, mLHEEmLS
RGBT 2 L —FE— A 0HENOREZHE L4 LEE2EDHTI EBEHINTVE, EN6ZD
FERERNICA LN TORY, BEFHINEOB I TURENLETH S, 7 7NN (Radial polariza-
tion) &k, 2SR T & 5 i, REHAMMEHT 5 € — o 0l N LTS A RICiREIT 2 HomETH
D, WEE, HIREEO T K241, 24210, FIEEW[243]. 7 4 b= v Z 5524418 K WFR24517% ERA L 72
TANIBECE>TERUETH 2, TEIPTVEHRENBRIC, HAARICELAZFOE—L2T
22 2@ (Azimuth polarization) £ E 9,

L—HF Sy T OAEZEZLS ., HFIERE— L2 AT A, RR6ICTT &) KERELEDEE
B FEETIRpRIERSEAEBREET 2, 7Y 7IUVREOBERETOE Tp)E. 7Y A RNIZL TR
ks, 2T, AFYEICR U E IR REE & BT SO icahins, ko X 5 KBt
DL EHENBKREL 2B, plEEESEETREEVNRELRD, ZNZTHICNT 558 - ZiEFEiIFresnelD
RIBNKEE ., rnZHOCTUTORTRD 5 Z & HEKB[169],

R, = (2.222) R =|ef (2.22b)
T,=1-R, (2.22¢) T,=1-R, (2.22d)
i sinficosf - singeosy - -sin@cosg + singcosf
7 sinBcos8 +singcosg (2.233) * sinfcosg+singcosd (2.23b)

M2 73 ASAKE LRS- BEROBGREZRLEZDDTH 30, pREIEDHVBEBENIEL, £oTEHIDA
HEBROBEI L. ARNEET 2, BICsEETRE OBRSBBHEANCEFE TS, Ok Hic, AH
L —FRERREIC X o> C 7 — 7RI T 2 BEHEIR R E S Z{LT 5[246,247],

25 #Es

ARETIE, KBHE 70— 7 ORRNZFEE L 25 0RHEOERB XL —F + 7 v Z7EREIZ DWW
R, V=FtF v T7ORBHRERZRE L 7,

Y p———" I
o T ) \\’
g 0.8 Trancemitiance, p-pol. ,/%
£ francernittance, s-pol. s 5/
& hY %
2 06
5‘5 /o }
g 04
= %
§ Reflectance, ppol. ~_ 5
92 Reflectance, $-pol. ~ .- iﬁ
ﬁ 3, 5
g is 3¢ 45 &0 75 o
Incident angle fdeg.]
Figure 2.6: Effect of polarization in laser trapping. Figure 2.7: Fresnel reflection (n=1.44).
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F3F MEBTICLIERFETO—

3.1 &E&
V=¥ oy TEREAVEY 70 7u— T 0EANEEE XU e -y SIRICHET 3 ERREN
B OBEIC O \WTEEBET 2 FVWTHRETT 5,

3.2 MBEETO—T7ERRRHE

L—HF b+ T v TOBERITFEIZS CREINT 3[248-258], REMICIZ, BERIBIIE[248-2501° T
matrixiE[251, 252], FDTDE[255,256]TH %, L —H + 7 v 7 OBMEBITIEARE R ISOLBEREZ BT 5
bOTHD, 2B TBRE &) ic, EHRHEEIZN L WEOMEEATHRET 5, HBELERIWEFET A XL
HHEEOA—F I L D BRKBERD, HE OIS LTHIIDZWRLIF (r <V15) I3Rayleigh®El, KE W
BT (r= 1) EMieBELIC OB I N B[169], AHFFTHE S ¥4 Xi3HIaTH 5,

A 70— T OEAPNEEZRE TS, L—F 7y 7RECREEDGE LBIRGFRICK S 20, JERIC
B 2 HFRIESEICED . X, BESHE LCEELR B L TR BAEAV TV 5, b K
B IE AL 7 v E—ASE 55 A, BHICRITIE. Super continuum white light, 7 = & ML —FoLR
PBessel E— LR ALEFLEBEINTVS, 22T, iV -2l LTEMML, 7e—78Ric
PEF 9 5 Wi FE 2 JEROEENE &2 Fl W TEIT T 5,

A

3.2.1 XREHNE (Ray tracing method)

BERZFEHRENRL LAV —F Lt 5 v 7ONEEMEIX19924FEICA. AshkinlZ k> TE & & 517:[248], A
AshkinlZ SRR FRE 2 ZE L. H. Kawauchi 5232 1% 7 9 7 IVRJEIC A L 72[250], AFI T,
Z DA. AshkinDIRE L 7= Tk 2 BICBITET I,

HHOEFEIT T, ABE— L2508 L ESBONBRE LTHRY.. BB OTHF 2 SRR FEIRD
2, ZOWBMORY FPANET BEE, 22 IH CEEHIE) 252, BRICTRTONZ2EHET 3, £7.
L —REPEE o RIS AR AEOTR I AR L L 3ICRET S, I AR OVTELS,
K3 1CRTE I, ASLAERIZRO NS CoEL 2 BT, KEEEZR, BEXRETL T2 L, REEH
PR TS ZDI/NT —IZP, PR, PT2, PI?R, + * + (FELR+T=1) LIBET 5, 2BOAQR.17)TH
ENE I, L—IFRNT—PORICT ko THRET B HBHEIZnP/cTH 57D, AGEOHETITEIE <
HFz. NEHEOHESTH L EEICE S DFid

L {”‘P R cos ~26) + 2-—-«721?’* cos(ar+ nﬁ)}
[N e [N
G.1a)
F, =0- [-»f—sm(xmw) Zg’f-?‘z}?"sin(a&—nﬁ}}
¢ w0 © (3.1b)
L% B[259], IS DADENFAIEREEEZAWT,
F, =F, +iF, (3.2a)
E, ==—~—~{1+Rcos28}+t—RstS- z*“zx"eﬁ“*“”ﬁ
€ e (3.2b)
ERY, FreBREFTA L.
P P pinog L gz 1 )
F, p; [+ Rcos26}+i ¢ Rsin28 ~ T (1 7o 53)
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Chapter 3: Numerical analysis for fundamental properties of the probe based on laser trapping technique

ZIT, a=20-r) f=@2P)THB I EIXHFER LT, FIOEEB X UVBEFICEBHET3 &

Fr =F +iF, (3.40)
2 o
F = fﬁf.{; + Reos26) T {QﬂSZ{? e+ Rcoszﬁ}}
< 1+ R +2Rcosdr (3.4b)
P 2P [ pinng - TISin2(6 - 1) + Rsin20)]
£ ¢ 1+R" +2Rcos2r (3.40)

LB, EHERIIGRITHT RN TH 2HENF.. BEHIEIARICEE LN TH AL NFE2ET, T
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Figure 3.1: Optical path of optical ray (a) Bird view. (b) XZ plane.
at arbitrary incident angle. Figure 3.2: Geometrical model to analyze axial trapping force.
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* Subsection 2.4.2 in page 19.
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(a) Bird view. (b) Ray incident plane.
Figure 3.3: Geometrical model to analyze transverse trapping force.
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Figure 3.4: Comparison of analyzed trapping efficiency by means of ray tracing method.
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Figure 3.8: Polarization effect to trapping efficiency.
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Figure 3.11: Analysis of axial trapping position shift due to shadow effect.
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Figure 4.1: Configuration of Linnik interferometer. Figure 4.2: Displacement of probe sphere by wall.
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Figure 4.3: Experimental setup of the optical system integrating the laser trapping system and Linnik interferometer.
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Figure 4.4: Adjustment of reference mirror.
33



ﬁ% 451 s A A, 4.6 BEEE S NEMN 25 2 KO THROEELZ R Y, ME(b)-(d)ICiZ
B, K. B30T BHOBLEZR LT3, RFNHDRIights & KLeftiz 70— 7ROELDLEZ K
159 I—J.(a)“C“ IALl. AR1E LTR L7, 7., HED)-@)IiZRE4) &L D RkDTHRFEEELZ DY TR
T, R@E2)DOCFD/$F A —F iz LT, OCFOMEIZHRME & KREDOHEIRE (|, H P oRILE THE
X NTE D[287,289-292]. MNMAREEZERET 2DRBHTIEIAR YV, Z I TAPFETIE, K. Creath [290]
DERERSEIn=17E L, ZHEIZTOWT, K4.5@DHENTT 2 5% R, BEOEB L bd
2, ¥7-. ZOWPRBOEBLERAE XS —HKL B, KL RO 7o — 7ﬁ®ﬂ§bﬂ%1§<w5b
EHRERCES, Ric, XEHCELTTH 5, XEibN4.6(a)% B2 LHARBOEAMNR NS, L%
235, FENLMEDOZLE (M4.6(b) FERBMEE I AL DY, BRICRTEEBR SN, ZOERIIZT
0 —7ERIEIR. HeNel —F D734 AV b, 7a—THEZXIFA4 FH IR LICBWTWS Z L, SRMEIC
REHAOLTOwALIE, BEIS-—OFABLEBEZONS, HREL OBELE—BIER oL oD
®®\ﬁﬂ%&xMME%h%k O, TOVATFLERACTRERHOERE T 7,

4.2.5 AIERHTIREME ORIE
A70—7% M REMERHOTEEERIET R 7o -y 7257,

EB N47@ITTEIIC, I ABROELD 5 XEAF A6 pmbLBCZhmIc 7u - 72535, %
D, XEHRIC—E7u—7RE2N 5 AR»SHEL T, XiF, XEAMMIC 72—/ Lk, HIENRICIZ
NISTIC & > TREINT WA EERE AV, MEHEZY =5 7L LHFRT, H7ARDAHERIT168+8.4
umTH 5, HIAREXYZAT—Y RICEEI N, 70— 7RI UTENLEMR 25X 5,

100 s = Right R —
. Left ¥ -
80 | "7 =~ Theoretical curve - 1
s i 3 % w
£ ! 3 ;
o -
@ 3 » B
g 40 ; * _"."\o‘)'
E 1 i 1
S i
20 Wit
Lx S
g e \L. = s
1) 100 200 300 400 500
Dispiacement of reference surface [nm]
(b) First brlght frmge
100 g ———— o e Right
St = Left
80 e “ha ot e < Theorsical curve
g P / ;.\\'.\.\ !
% L 7 e
4 i ¥
g %« ok
= y
a7 By % -
x| /A Suicin
E .
0“. - --K,A,g‘wfh..,_‘
0 100 200 300 400 500
Displacement of reference surface [nm]
(c) Flrst dark fringe.
100 r:_;.\...._.._...._._... T c—— e U ‘”’";.'"_T"'_'_’_"‘“’.
80 ):'. P
¥ . & 4
£ o . Y
E @
‘% ' §
- S e A
2 | \ £ +- Right
N = N '
% ~ - Theoretical curve
g AL | R, e, TP L O S RS S— )
0 100 200 300 400 500
Fri tt Displacement of reference surface [nm]
(a) Fringe pattern. (d) Second bringt fringe.

Figure 4.5: Intensity fringe pattern change by probe sphere displacement along with axial direction.
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Figure 4.6: Intensity fringe pattern change by probe sphere displacement along with transverse direction.
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Figure 4.8: Interference intensity change at first bright fringe when probing to standard glass sphere surface.
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Figure 4.9: Detected coordinate on the standard glass sphere.
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Figure 4.11: Optical system for axially oscillated probe.
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Figure 4.12: Probe signal of axially oscillated probe.
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Figure 4.13: Position sensing with axially oscillated probe.

* Subsection 5.2.1 in page 47.
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Chapter 4: Experiment verification of surface position sensing with the laser trapping based probe
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Figure 4.14: Probe transverse position measuring system. Figure 4.15: Optical system for transversely
oscillated probe.
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Figure 4.16: Probe signal for transversally oscillating probe.
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Figure 4.17: Position sensing with transversely oscillated probe.
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Chapter 5: Design of the prototype probe system
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BINFETIERIN TS,

£9. WmB L UPSLMIZERMERIRTTWIELE S Z LB TE, BISSLMTIERERED AR Y P 2
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b7y TEMiNOBAGIIZA B, BD X CHWSNTW R FENFEEREARTH 3, AODIFHKEET
WCHEERIRE 2 5 2 TRUNRETRF2REIY, OFAEL2EZS I LTE—L2REAT 5, EEER
W2ZEZ 52 & CRITFIER2 NI, BRIEHEE D T8 7 AOM (Acousto- optical modulator) & LT3
A3 Z ENTES, AR TIEIDAODEAWT, Tu—7ROMERBEZTI,

AODD 2R3 [302], AODIZZ DH D Y ZFENFFIR (Acousto- optical effect)® FIFH L 7z iR 4%
Th 5, TIOMERTFICELY 77 F 22— 2 AOTHEEEEE 252 %, K5.1@KR AT X i, #HOH
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Figure 5.1: Acousto-optical effect[3028¢].

R = sin® -’fi(—iiw)zw
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-7 RAFADOEAMEEEL 2L, BIUTOAKERE L -0 ARHEIEE Lot Bk XA
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EHAODDIRIE R BB HHICRELTVS, 774" 5 MKz a VX —F Ly X &> TERE] mm
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E— ARSHA mmIZJET 5 1L5[233], N—F= v 7R AL —FERTHYL VAL AHT S, N—E=Y
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Chapter 5: Design of the prototype probe system
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Figure 5.2: Optical system of the probe base on the laser trapping technique.
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5. ‘)1/—lzvx“?ﬁéﬂawTAOD@{Er’j@ﬁé;ﬁ%vvi‘@ﬁ%m%5@%%?5’94&&6:?5’ LT, Ny
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BEMICH L2135 mradf@lA T %, 2 b, FFEEERAAMCNT 2 HEAAZELANE

A8imrad} =~§§AfIMHz} (5.3)

EVIHIBEREED, LY XDV —TF ARy MMUBEAIE Y S —VHE ETOEMNAe EHETHD
WL v X OE RS Lens2 DE S EREL K D |

Ax[mm] = »}_j: Ax'[mm] (54)

2

B, EVE—LETOARY FOZBMNEIZLensIC K > TRORICI Y BEZI NS,

Ax[mm] = franAB[rad] (5.5
. RNGI)GAHGHEHAVWB L,

527 3
Ax|mm] = [MHZ1x 10
=5 5.6)

2T, AODFIANDREAEBERZ, 77072 avP xR L —YDANEBICX->THIBIZN T3,

D7 7vI¥avyarl—% OIiRIEL Veplil N LTAOD F 7 4 SO EHEH X 18 MHZE VT 5, 77V 7
TarvPzrl—¥ DEERIEV V] EADERIEZ, AF[MHz]=18 x 103 V [mVer| TH 3, ZOBEKREZN
FhoL vy XOEREE, i=62mm, £=2564mm, f=1.8mmZFE I 5L

Ax{nm]=13.2V[mV,_,] (5.7
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%, AHiCIEPD, QPDZ V> 7z, PDIZ4E TR, T 2 TIEHQPDIZ DV TR %, 457817 + + 54 A —
F (Quadrant photodiode) I¥PDZ&4 2> DFEFICHE L, BIALER T T BAKILEO FEMERFRZ
AT BZEMNTES, ZOBERMSADRRICR>TED, 4007 4 F ¥4 4 — FHT & #5ig - EERR
Lk ZMUAREEIC Lo THAR Y DX, YOEEIZH L, 7u—T7RONBMEET DO 70— 7KDL
M ARBEUSTE 5[204], £7-. DI, 70 —71E% (Probesignal) L1k, ZOXRHIBOBNIETE2ET,
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V= b+ Iy 77— TERBIRICE WD L —FIBERRE L T340, BREEDETRHED~
DA —THBEING, BIEL —TEEZEL T2ICEEVEEHAR T 7 v 7HEIPERING, 3ED
BAEMATIC X > CplR KB R 5 2 7 VR, E— A FRBICEREL R ZLERRE—-L5 8T &
BAED LSy THROREERZ ROHE L7, 4B TIHEN AR 7 ZAWEH Y — LI X > Ol b
5w PREIUGICHETE T, L L, BRI TRAVAE—LDRFSTOBEEZREICL>TE)
- ONFEZEOYRIILEINL Y, /-, 7F P 2L ¥ X (Axicon lens) Z VWi E— L2 ERT
2 FHEHEBEINTED[303,304], ERMICIEDEEZB LI LPHES, L2LEE, 7FavLvX
DRIBEDE— LEROBESRICEEL, FVFEBIFLNLR G, 22T, AAETR 7P 7REED
BAZBRE L7, 79 7NVREEIREERSHIE — ARTHE L TOEEIo s L TBEPRICAZE LTV 5[305], E—
AL TIZ DM E ) E— LW EE B0, BEWIZBHLEY, T — 4 E25[243],

Half-wave piate

I ik 3  — {Jgﬁ axis
i M LT oes (a) Photograph. (b) Configuration.
Figure 5.4: Quadrant photo diode. Figure 5.5: Polarization conversion fileter.

X = (L +1)-( +1,)
I+1,+1 +1,

yg{lli+!d]-(f&+f€}
L+l +1 +1,

* Subsection 4.3.1 in page 41 and subsection 4.4.1 in page 44.
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AR TIRIRE) 70 — 7 X 2 8RB Z 4TI 55, BEAT & D BBEHE 70— 71k Ehb o TRERVITRE
BeRb, 20kzd, AL 7 77 v EEBOHELZZIFRT L, SINEMEL %3, 22T, 7’u—7EF5
DSINHZHET 27D, Uy 74 VEHBEZEAT S, Tu—T7E5RKL 2 EAEED /4 X227,
ZNIC > T ERHBE?SLT 5, uy 74 ViEHIZ, Wbwi~Tudf v EifizHeTE D, &Y
BEPSERETORBERTOA 2T 2 HETH B, 2OFREZIHAT 2, RIHES % Sxsin(wr+a)
TH2EL, BHES Zsin(rf) THB LT3, BRIESZ2OICTTO L0 DRMEL RS, Z
heBEEcEET 3L,

Ssinet + csinfet + B = S ool o) ~emBimi v w + )

5 (5.82)
B st 10 = sin{ 8 — ) - si;(&;x o+ G

Intensity

: L Dis
(a) Linear polarization. (b) Radial polarization. (c) Inteﬁ?i?_\,fn;)ﬁﬁle.

Figure 5.6: Cross-sectional intensity distribution of radial and linear polarized beam.

lytica (d) Analytical data 5

(a) Experimental data of
linear polarization. linear polarization[306]. radial polarization. radial polarization[306].
Figure 5.7: Comparison of intensity profile of laser focus.

(c) Experimental data of
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Figure 5.8: Constructed unit of the micro-probe using laser trapping technique.
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Figure 6.1: Coordinate measuring system with the probe unit.
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Table 6.1: Geometrical property of the coordinate stage.

Nano-pasitioning stage
Photo datector Dimention {(HxXWxD} S12xG10%500 {men}
Weight 360 ky
Youxis Y-avis L-axis
Biroke £ 20 nan + 20 mm 3320 mm
Resohdion 40 nm 4G nm 35nm
Hologeam grid Accracy £ 4.5 e £4.5nm +3.8nm
Rupeatabilty 34, 5nm 4.5 3.0nm
Pitch 4% Pich 0,24 aroses 0.28 arceec 0.28 arcses
Yaw (.26 aresen £.22 wremee {1.28 arcses
Rolt .18 arcsec {1.28 arcsec .28 arcses
R Horlzoedal 8¢ nmidGmm 0 o4O 230 mrddlrmm
: : Verlical 150 nid0mm 1A% onddOmm 0 a4 Omm
Figure 6.3: Structure of linear scale.
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Figure 6.4: Configuration of heterodyne interferometer.
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Figure 6.5: Configuration of linear scale calibration with heterodyne interferometer.
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Figure 6.6: Repetitive stage motion for comparing linear scale and heterodyne interferometer.
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Figure 6.7: Frequency characteristics of coordinate stage examined by means of hammering test.
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Figure 6.8: Thermal drift of coordinate stage.
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Figure 6.9: Positioning resolution of coordinate stage.

Table 6.2: Positioning repeatability of coordinate stage.

X Y z

1 0.977 0.998 1.000
2 0.975 0.998 0.999
3 0.976 0.999 1.000
4 0.976 0.999 1.001
5 0.976 1.000 1.004
6 0.976 0.999 1.005
7 0.977 0.999 1.007
8 0.977 0.998 1.007
9 0.978 1.000 1.007
10 0.978 1.016 1.008
Max 0.978 1.000 1.008
Min 0.975 0.998 0.999
Repeatability 0.003 0.003 0.009
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Chapter 6: Design and evaluation of the prototype coordinate measurement system

(a) 100 nm interval for X-axis.

(b) 100 nm interval for Y-axis.

Table 6.3: Positioning accuracy of coordinate stage.

(c) 100 nm interval for Z-axis.

Stage Command  Difference Stage  Comwond  Difference Stage  Command  Difference
1st 88 98 -10 1st 88 93 41 ist 2 % -5
Znd 260 197 3 2nd 204 198 8 208 208 18
£ 310 295 15 3rd 69 297 2 3d 301 297
4h 394 393 1 4th 394 396 -2 ath 7 396 1t
5th 489 492 -2 5t 488 494 -7 Sth 518 495 20
Aoouracy 15 Acruracy 12 Accuracy 20
(d) 500 nm interval for X-axis. (e) 500 nm interval for Y-axis. () 500 nm interval for Z-axis.
Stage Commang  Difference Btage Commsnd  Difference Stage Command  Difference
15t 475 492 17 3 451 54 -13 15t 503 495 ?
982 983 -4 2nd 68 589 -1 206 992 991 1
Id 1458 1473 17 3rd 474 1483 -10 3rd 1492 1486 5
4th 1965 1966 -1 ah 969 1978 5 #h 1967 1982 -15
Sth 2453 2458 -3 Bth 2458 2472 47 Sth 2480 2477 13
Accuraicy 7 Acguracy 17 Accuracy 15

(a) 100 nm interval for X-axis.

Table 6.4: Lost-motion of coordinate stage.

(b) 100 nm interval for Y-axis.

(¢) 100 nm interval for Z-axis.

Position *&’M Difference Position fmm Difference  Position &Wmﬂ Difference
100 88 104 16 100 88 104 16 100 95 97 2
w200 203 3 00 204 200 4 20 205 218 13
300 310 312 2 00 309 3 2 30 301 313 13
w6 3% 398 4 400 394 397 4 400 407 404 3

(d) 500 nm interval for X-axis.

(e) 500 nm interval for Y-axis.

(f) 500 nm interval for Z-axis.

Approach

Position *@Wm‘ Difference Position . - Differance Position " pproach Difference
500 475 467 8 500 483 477 5 500 503 297 5
1600 982 977 5 1000 o88 975 13 1000 982 991 3
1500 1458 1455 3 1500 474 1462 ¥4 1506 1492 1488 4
2000 1965 1963 i 2000 1969 1964 & 2008 1987 1862 5

Table 6.5: Positioning resolution of coordinate stage.

X-axis Y-axis Z-axis
Resolution 38nm 5.6 tm 20nm
Repeatability 3nm 3nam 9 nm
Accuracy 7 nm 17 nm 23 nm
Lost motion 16 nm 16 nm 13 nm
Thermaldrift 1231 nm/C 622 nwy/C 2087 nn/C
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(a) SEM image. (b) AFM profile. (c) SEM image. (d) AFM profile.
Figure 7.1: Carbide (a)(b) and silicon (¢)(d) substrate with periodic groove pattern.

Table 7.1: Success trapping probability on various types of substrate.

No. 1 2 3 4

Structure type Flat Patterned
Surface property*'?  2nmRq S8nmRq  800nm x200am 800 nm x 200 am

Material Sificon Carbide Silicon Carbide

Trapped probability 0% 0% 0% 85%

*! Surface roughness for flat surface
*2 pitch x depth of groove for patterned surface
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* Subsection 4.3.2 in page 39.
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Chapter 7: Investigation of properties of vibro-probe

Table 7.2: Axial trapping efficiency.

Trapping beam condition Minimum trapping Axial trapping  Simulated axial
Intensity profile  Polarization power [mW] efficiency  trapping efficiency
) Gaussian Linear 121 0.013 0.20
Experiment 1
Annuiar Linear 64 0.025 .25
. Gaussian Linear 95 0.017 0.20
Experiment 2
Annular Radial 38 0.041 0.37

¥ N.A.0.95, W.D. 0.3 mm

(a) Gaussian beam of linear : (b) Annular beam of linear (c) Annular beam of radial

polarization with objective of polarization with objective of polarization with objective of
NAO0.95. NAO.80. NAO0.80.

Figure 7.2: Laser trapping in air.
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(a) Probe signal. (b) Frequency spectrum of probe signal. (c) Response amplitude linearity.
Figure 7.3: Probe signal of transversally oscillating probe
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Figure 7.4: Probe signal of axially oscillating probe
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Figure 7.5: Probe signal of axially oscillating probe
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(c) Amplitude linearity for X-axis.
Figure 7.6: Probe signal detected by QPD for oscillation along either X- or Y-axis.
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Figure 7.7: Frequency spectrum of probe fluctuation due to brownian motion.
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Figure 7.8: Frequency response of transversally oscillating probe.
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Figure 7.9: Frequency response of axially and transversally oscillating probe.
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Figure 7.10: Stiffness of probe system.
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Figure 7.11: Frequency response with variable trapping laser power.
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Figure 7.13: Acrylic acid resin box
for vacuum environment.

Figure 7.12: Intensity stability of trapping laser power.
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Figure 7.14: Frequency response with variable atmospheric pressure.
Table 7.3: Relative viscous drag coefficient for variable atmospheric pressure.
Pressure [kPa] 100 10 3 1 .1
Relative viscos
drag coefficient 1 0.77 8.50 0.40 0.24
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Figure 8.2: Viscous drag coefficient change near surface.
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Figure 8.3: Damping of probe oscillation during probing to surface.
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Figure 8.5: Affected probe signal by standing wave.
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Figure 8.6: Spatial pitches of standing wave.
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E, = E,coslkz +8) (8.3)
E, = E,cos{~kz 4+ +8) (8.4)

Eh), InSDEREDLEEREZ, BERZNS L,

H(z) = L[l + acos(dmz/ A)] (8.5)
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* Subsection 3.2.2 in page 23.
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Figure 8.8: Estimated probe behavior in the standing wave.
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Figure 8.9: Periodic shift of resonance frequency of the probe due to the standing wave.
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Figure 8.10: Frequency response of probe oscillation for difference resonance frequencies.
# : : ; : 180
® 35 by 7 e, v; .......
% S L o Mﬂ{}mwa* ng FBO b et e -
£ L e 3ty kgfser iy 128 e 230" kglme
g 25 O = 4t lgises 0 § P = 3x10” kgl
g, SR Z oo b Ll Dm0l
# 2 : ;
§ 5 § b
3 .1 £
E o5 »
N ; H § o L ;
o 1000 2000 3000 4000 5000 8 1000 2000 3000 4500 5000
Oscillating frequency [Hz Osciliating Fequency [He)
(a) Response amplitude. (b) Phase delay.

Figure 8.11: Frequency response of probe oscillation for difference viscous drag coefficients.
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Figure 8.12: Behavior of probe oscillation when probing to flat surface (£,~=2200 Hz).

Table 8.2; Detected coordinate for various

Table 8.1: Detected coordinate for 2300 Hz and oscillating frequencies.

1000 Hz of oscillating frequency.

Ditected coordinate on the Z-axis
Datected coordinate difference from the first detection QOscillating frequency [Hz] Average [um] $.0. fniml
Trial 2300 Hz 1000 Hz 800 <20.78 3378
ist Gom gnm 1100 +0.020 7
2nd +500 am -3 nm 1400 0,000 14
Brd -1 nm +50m 1700 -0.007 21
dth +559 nm +1nm 2000 +1.648 %
Sth +580 nm +2 nm 2300 -0.251 251
2600 2.221 36
2-900 «3&99 216
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Figure 8.13: Dispersion of detected coordinate for flat surface.
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Figure 8.14: Detection property for tilted surface.
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Figure 8.15: Employed surface having roughness of 21 nmRa.
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Figure 8.16: Employed surface having roughness of 120 nmRa.

Table 8.3: Sensing repeatability for surfaces having certain roughness.

Sample 1 Sample 2 Sample 3

RMS 142 nm 26 nm < 1nm
Roughness
Ra 120 nm 21 nm < 1nm
Relative amount of light
scattering per one of silicon 0.09 1.2 1
wafer
Sensing repeatability (p) 86 nm 32 nm 32 nm
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Chapter 9: Probing technique for simultaneous measurement of surface position and angle
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Figure 9.1: Principle of surface sensing using circular motlon
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Figure 9.2: Optical system and setup for circular motion probe.
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Figure 9.3: Position sensing detector.
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Figure 9.7: Probe orbital change during probing.
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Figure 9.10: Damping of minor axis length of elliptic orbit.
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Figure 9.11: Experiment of measuring surface angle.
Figure 9.1: Accuracy of angle measurement of surface.
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Figure 9.12: 2D coordinate measurement using circular motion probing.
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Chapter 10: Conclusion
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Figure I1.1: Axial measurable range of standing wave.
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Figure I1.4: Measurement result of micro-lens by using standing wave.
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Figure IT1.2: Probe displacement due to shadow effect.
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U—7i 52 2B IBOTCEETHY. Bk, —VE2EBL AVWHEOHER M 2T 556, ¥
FosiRoBEIc+ohEBE 2o IR 2RI T2 L0EBH 5,

IV #gEME7O0—7 ORE

24 7 0BROBEICNIET 24D, =75y F74—b ETRARFEEO 70 —7Y AT A2V
HIEDHRIE X LTV B[91, 346], RERDHFES A FLTIR TR =TT AT LOTBMTINEERT %, fIX
12, SIOS MeBtechnikit ONMM-1Cld, BREER R F - AT b I & R HEIEEMER., JR 7 B,
BT, MR 7y e—7Bi0cMM7 u—72EB8 L, vV FLRRIERZEBRL w5, LL, In
5D T —T T AT LRBEBERBOBELRD Y, ZOEICHEDEERVBRLRS,

AL TRETZHBEE v -T2V 3 &, fROEEHEICMZ, 7u—7EEIC X 2HRAE
(BRI DSRRECH B, 7z, 7u—THRERFICEEAETH D, RROEERE 70 — 78 L Kk
ginTa—7% A3 2 L CEEOKH TR R FA—EER T 2 3 WlEESH 5, 2T, Bl
WHIZHDO 70 —F A ¥4 5 A% MEL T,

FERAVTVARR 7 u —7TRICERBEH 2T 2, B—RVF /7 F2—T[B3471° 7 4 A A —[348]%
H Y f1F 3 /8B X T'CVD (Chemical vapor deposition) $°PVD (Physical vapor deposition) 7% & THRE E ¥ 575
EBEIONS, TU—TRAIA FRFAEBICAVSDIc, AROEER XUBRER>Tv-72%
QAT AEMFE LW, 22 TCAHETRTFRS Y a vERAWEAEZRAT 5, E4HNICIZFIB-CVD
(Focused ion beam induced CVD) ¥[349]% Fi\> 7z, FIB-CVDTIZ Xy F ¥ 74 2 DBEIC L > TSi0x § 7
27V, A—RYBEEDTFRIY a VHHEETH 585, AHAETIE7 = F ¥ F L (Phenanthrene, Ci4Hio) 7
2 % V2 72DLC (Diamond like carbon) DEEEFZ ML L7, 72 F ¥ FLYBHT YT AL TV E—LTHREE
n, BT ENLT 7 R EEREZEODLCHRE T 5. AFETIMLAEADLCO E 7 — (Pillar) D&/
ZIX80 nmBE I NTB Y, ¥ 2/ (Young’s modulus) 13600 GPaZ %2 3[350], TDX I icHerE LT+
Syle A= LEBERER RO,

MIFE FIBKXhYVavyaniz7/u—-7REECHOELZMIL, #ER~{/nv=tal—JF%
FWwT, 20#EIc 70— 7HRERBT 5, 20K, 72N T EFIBOEZRET vV N—IZ#A L, FIB-CVDIE
kot /u—7RICEE TR a v L,

BE HVIALAVE—L R LHIC1200MEH L, ERSumO Y ) AR EICDLCY 7 — 28 L%z, 20
¥ 5 — DSIM (Scanning ion microscopy) % MIV.LIZR T, FARI(Q)D &b 3 & I ICEZEH200 mm, RIHJ3
umD ¥ 7 —BEER T E T,

t E. Langlotz: “Precise measurements with nanomeasuring machine NMM-17, Microparts Interest Group Workshop, NPL,
Teddington, UK, 27-28 October (2009) &
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Appendix

(a) Top view. (b) Bird view. (c) Fabricated stylus.
Figure IV.1: SIM image of Probe stylus for measuring nano-surface structure fabricated by FIB-CVD.
DI, AL TO—TRILFARAVE I LT, A—DY AT L - EERTHEN, EEAER
K OHRFPRBE L TT A2 WEESH D, A 7afGDR T -V A ¥ ¥ —7 = — X 2 REETRE el >
AT LDHARFTE B,

V ITvIEH

REICK W T ERHEEZHRE L7, MEMEE CHERIIIEMT 22 LItk 25 v EVIRIRIC
EoT7u—-TROREIEET 5, TOWELZFHT 2 Z L, RKAMNEL2ESBRICHRHTIEETH -
7oo BETHRRA LI ISV EVIHRIAIAE[OEMEERIC L >THRET 20, ZOREBERHET
BIARICEKES 5, 8ETIE, FTHOMEBERHZfT 7208, 22Tk, Ty YOiElZ2fTI,

KR KV@IKRTYYarvyz oBHEE2FHL -y POEEFHZITY, 7a—7ROBE A EIZ
PIEEICEE L L, HRAEEHRI1700 Hzic 5 U, Bi#RIZ1000 Hz, #RIEIZH190nm & L 7%=, IREOMAHEN
WWEBL., (75 BN L E2BEL Lz, £/, 70 —7DE5I25mDEy FTHEL, &£70—
V7RI pmfERE L Lz, BEEEOEBIIAZBCHLHOEXYZE LV ATV DETH 5, EENER K
Hg, 70 —7ROER4 umEEIEL &,

BR RVO)ICERHESOEEE, ARC)ICEEmDSIME & KB L 2K2 7Y, mX & bZEGR» S DK
BRLTWVS, BRED, Ty PPV TI Y EY FOREINNI k), BERE S imBETN
T3 LHPHERTE S, FHINEXZ y PO TH 2720, VY EVITROBRRDEMEZRIIEZ DIz
(VY EVTHIRMBEOBEA LD I DI WIRRRBIZ A>T 370 TH 2 ETRTES,

XA, ERHERE 7o — 7T oMBRE IS Y Y SR OBREENE SN, Ty VAT
VEVIIBEINIZWEWLS X RERBE SN,

' E % Edge 1 QU  Silicon wafer

T Ix t_&
8 L
& 10 +4 pm @ ‘::;’;’:wu_-_‘”"’ D |
g: _ I +4‘ia_m

sl LR Sg000 G000

i \ . FEdge2

Probe %, - ~ ./.'
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x-position {um]
(a) Bird view. (b) Detected coordinate. (c) Comparison with SIM image.

Figure V: Measurement of edge of silicon wafer.
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VI EBEUAbG

« J63E (Light speed)
¢ = 2.99792458 x 108 m/s

o 75 v 7 4 (Plank constant)
h=6.62606896 x 10-3* J-s

. R = v EH (Boltzmann constant)
ks = 1.380658 x 102® J/K

o B2 FEER (Permittivity of free space)
g0 = 8.85418782 x 10°12 N/V2

« BEZ2h)BERHE (Permeability of free space)

o BRDRELREL (Viscosity of air)

po = 4m x 107 N/A2

Table: BEFIKZER DYHEME

e
FT BOAEEES £ wEAE [T
Toprpeartupe  Soturated vepor prossure  Dansity Vigonsity  Dyraelc ¥iscoshy

k] by Jyfng Pars ms

& Ga1592 8.4302 LI x Wt 559 x 10°
86 G.04735 0,293 1.1 % 18° 404 % W°
100 gab1s 85877 1.26 % 15 2,30 x W%
12 6.1985 4% 137 % 38 138 % 1%
10 03614 1966 140 % 30 a7 % 0%
160 05481 3258 198 = 307 8459 % 30°%
180 5.003 5158 136 = 1% £302 « 10°
fii] 1555 FR62 168 % 1t 238 ¢ 10
b 232 1182 174 % W 04.543 x 197
23 2348 16,75 182 % 30° 2,508 x 16°
W 4684 B 131 % 18° 40808 » 1%
300 8,503 4620 282 % 1% 65,0458 x 1%
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Table: ZZR(CNRE) DY tE0E

BE B “#RER BRERER
Tempeswtre  Density Viscosity Dytsenic visousiy
¢ wgfn? Pass s
-408 1984 135w 1wt a8 x 18%
50 1,533 146 % 3 593 % 30
-2 1,348 152 % 10t 220 % 5¢°
B 1258 £73 % 107 .38 % 10°
0 1366 182 % W* 156 % 30°
40 1581 181 % 30 175 % 3%
[ L6 241 % ¢ 1.96 % 3¢
88 0.968 23bw 237 % 10
W a5 248 1S 138 % 0*
1 0866 228 x 163 262 x 1%
140 BEX? 235 % 30° 2.85 % 10%
150 27859 243 % 107 308 % 10°
I 4.754 258 % 35° 3330 3
e 6722 159 % w0 359 % 19
25 4.652 208 % 1t 482 100
00 0,556 285 % 307 445 % 107
80 6598 ERYE'S | o 568 % 307
406 4508 3.26 = 10% §45 % 15°
S0 0442 3.58 % 1° AR o
05 531 3.86 % 10% 5388 % 3
800 .38 %438 % 1* 137 % 30°
o] 0.5 484 % 10° a3 % 1%
8266 «a32 5.4 % ¥ s xwt
1900 0,304 358 % Wt 278 % g5t
%00 0383 605 % 10 251 % 1"
o] 8,448 545 % 167 486 % 10°
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