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Abstract

Abstract

With the development of MOEMS (Micro-Optical-Electro-Mechanical System) ,
the demand for miniaturization of the optical element is increasing. As lens is one of
the most crucial element of the optical system, miniaturization of the lens has become
the research focus. In recent years, many research institutions and universities have
been conducting the research about the microlens and many microlens fabrication
methods have been proposed. Among them, the photoresist reflow method has
become the focus of many researchers’ study. Based on the deep ultraviolet
lithography, a new photoresist fabrication method is proposed in this thesis. The
microlens arrays were fabricated based on surface tension when heating temperature
is over glass transition temperature of SU-8 photoresist. The main contents of this
thesis are summarized as follows:

1. The microlens fabrication methods were researched and analyzed and the
domestic and foreign research status and progress of microlens fabrication methods
were investigated. The SU-8 resist fabrication process has been studied. Based on the
conventional photoresist reflow method, a new method for fabricating the microlens
has been proposed in this thesis. The theoretical analysis of the formation mechanism
of microlens has been conducted. Theoretically, the influence factors to control the
morphology of the microlens were discussed. The fabrication process tolerance and
consistency were analyzed. Based on the proposed photoresist fabrication method,
several experiments have been made to explore and study the effect of various process
parameters on the morphology of the microlens.

2. The morphology of the microlens was measured by three measure methods. The
measure methods were with the surface profiler, optical microscopy/scanning electron
microscopy and the built up optical setup, respectively. According to a large amount
of experimental data, the effect of various process parameters on the morphology of
the microlens has been analyzed. The effect of the width of photoresist microstructure,
the height of coating photoresist, post-baking procedure on the morphology of
microlens have been discussed and analyzed. The focal length of microlens were
obtained by two methods and the optical performance has been analyzed and
evaluated. Finally, the fill factors of the microlens array were analyzed. It is

concluded that this fabrication method has the following advantages: 1. The
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ultra-long-focal-length microlens arrays can be fabricated by this method. 2. This
method has good reliability and large process tolerance. 3. The fill factor is very large
and the largest fill factor in experiment can be up to 98.5%.

3.The formation mechanism was also studied by simulation based on finite
element method (FEM). The simulation of microlens has been carried out by Surface
Evolver. The experimental result agrees well with the result of simulation, which
proves that the assumption that surface tension is the most crucial impact element of
MLA’s formation procedure is correct. It is concluded that the formation mechanism
of microlens is that the unexposed photoresist reflowed to form a spherical lens shape
which minimized the energy of surface due to surface tension. The formation

mechanism was validated by the simulation of software.

Key words: Microlens and microlens array; SU-8 photoresist; Lithography; Surface

tension; Surface Evolver
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2.1 RUEHENEPHEREB S’

2.1.1 FERIE

P GE N e 2 i AR A Y I e 2 ORI E & B, IXM 7 ik DM 5, i
A&, NMHZ . X REVWOEFAAEARIR LIRS Ho@ 8 5 1 R A e M 55 ik
JE T BB RIS, I BIERIEROES, LR EEZ BRSNS 5
PP AT AR TR B S IR 3R R o SRS 0F Tl b A8 (-1 1 RS 5 e %)
FRA, AT RAE R MR R iR B DL B T EIRRE R, X
195 L HAS B O R, DAL 1 SR S P Bl ) (R AR R B s AR MRS B 2] 1 3R
EIFPSANS AT R IR E T GBSl A, RSP L SAT A R
RS R] LG R I, (EAR IR I TR A S A SRR, 65 HR
WG, L2 fr b B, BisS5Rem, RXESCHUA Rz, XA
B Al A A LA ] . T BRSO EXE USEBD OB S RS od i S
Tob JE& PR SR A TR A ], XA A AR E OB S L2 E R E. A
H T IRV R A s A (R O B 32 6 2 B T2 E sz i, i HLHL ek ffy A7 — %€
IR, AR A AIRAE R IE 1 B A KR40 (ZKREDD MRES, 15
TR B R L AT AR KR JRI R A

AR ST o s A5 ) A T A i 3 ) P T2 R A M T A R A /N e
b VR AR 5 AT 5 3k B I x D P e 1 RO I I A B o s BILX 1o e
A Rz, SRR AOE SRR L2 EENE, PR EABK RN RE
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AR5 AR AU A 3 A 5 A7 ' 20 5 B I S A Rl e SR s B s 85 30
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Mask Replication
Negative Negative

photoresist photoresist

Wafer Wafer

(a) Expose (d) PDMS molding

Exposed area Unexposed area

Negative
photoresist
Wafer Microlens

(b) Post Exposure Bake

Negative
photoresist
Wafer

(c) Cooling (e) Light propagation path in a microlens

2.1 ToE B SR ]

HIE 2.1 RTUUR Y, ARSCR VA B el i BRI s & i, 28 a3 id
IAERIE I N IR G2 IK B, AR TSR AR R et T, v A Ja 1
MEBBEE o AT7 IR E RGOS B R IR T ROE B AT 1 ST flo& Bt
SIS A - OB R AL A R R HP RS A2 s A P TR
o BREE R TR ST RT DOE 2 T2k e, RN XA RSHEF SR L Z
FEA SR, WA, BEG RTS8 ] U B2 1. SoES S fai i m
SR f A TR B Il A I B P S A7, 3 SR A 2 Pl A 1 5 TR B RO A ) LA
LA K B2 T E e € 1o SOBEBE AR SUME 2R, A # A Rl i
AR AEIC R, YR 52 e, AHIRI A 20 T B S IR R D D6 2 e
FERE R RIS, SCHES ARASIR X S 18] () 5 i A AE T2 R A i, AR Y
TEFAAR B R R ML e —E 1, XA, A S ME R A AE ] — RO
ZI MFER L2564 T RHE R, BT EBOCZI AL T ES T LLse B il
BB ARSI o £% ERTUUE Y, A iR RS S RS A AT DA 2%
i, XA UK g B T ZE R
BRI R

ARSCIE I A 2 BB G RAL FAWGE B55 1 1 T 2 ), PR3 3o 0 R Bl 1) 47
PE G2 52 52 A TR ARG 556 14 s T, 3K gl B2 SR G HIT i R Sk D 2 AE A
AE EATBCRANRE,  DAB ORI A Bl A b, B L2 A = R AL,
111 AR I A 2 AT LA S AT i T o i DA, 25 rat o e 8 2 Ry
MRS T ERE SN AEI RIS, XTI AR BOE I B AR AR LA, 32
WEZAE, Bt RPN RREXRRIRE, ZAAGIBA, feki e

IR e 2
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TR e i, HBIE AR R € 1, EBOLE 2 M B EE AL
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J28:4: )20
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M LZEEM.
MBI

PR AR SR R AR R E OB SR R MBS, A T SR B SR B B
JeEEREE, FTBLE RN, S RMOE B LRI R AR, KIS B
WoMIES . WE 2.1 1 () 1, wRIE D e o s, KAETLE.
o B ) fR B A 22

f=— (2.1

n—-1

n s SRR R o R BUE B ARl EIR AT BUE
THOZE 458 10 £R PR 102 B 1 it 2 2 A2 RE BE o R B A R AT DGE S DR A it 2~ 42 Rk 3
o EARIRA, KRR 0P e 2 e 32 R 5K 71 B 2 e — S BRI R
AR, AN S5 AT LR 2R 5K 77 1 BAT R K it 2 AR R B B . AR IR
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AEEMANEIRR, AR RIA T E AT LA B RO AR OB 8
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RAVEROE T, I8 I X HERE S w] LLSCHUGE 55 s I HERf A IXRE, 243
BN, et BB RGN, AU LRI ARG FIN, S
BERIE 5 E FETC %, A TR] LLIE I X6 21 i 8 R A R S oE 8 5
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AR 2o A B, iRl mrgt, ezl JakE, AR EAR RS ]
Mt E B A1, A A SR JE I b PR B T2, T2 2.1 Fs.
R MWE G FEIITERE 5 H A A28 T Z M BRSO R AR DA K

2.2.1 R RIEEE

purt ] R A b o G | P R P ot O =1 A SN 1 S e
RO SRR W, B i, SRR R I R AR e A RN, S B i A 4 B
, JCHRIEMRTE . SRR SE R AR BORAAL, SRIGFI B AL B, Rl tE
43 hn] LS 2 B 7 A U,

PR AN 57 S B AL AN 6 52 S E AN [R] 0] 43 R TE DG 2 e FR A P E I - Bl
JEAR R AR, BREIRA LR IEER; k2, BGEEERA BV,
ARSI LR AR

UMD CZ I VERE ) R B A . o HEER, XTLORE, BUREE, RO/,
FhPRE, ProkiEFIR MK 5. R R AR LE S X 5 AH 48 B T RFAE e
SRR BE R s B /NG SRR IR o XA RS, iy . X b
JE R ARG BB G IX B FERR O DO ) B, T REIE R EEREE B, D)
JR RN LU FE R, FL A FR e it o BURRBE R AR = — A R TR B
B WA B RN R, T A SR IR SR AN RIRGR 2 A, BRI )
FURR B 0 oy B ST R M/ 80 R mT DU B 2 RSB, e B Bl 1 R 4
B I/ BB o v (R RV PR 22 1 e U S B DG 2 I ) R FE RSO, RPN,
IR JRE P 5 AEASERRSE , JGZIB R 2 03, IR, R
BN, AN VERRET o B PERAD IR R AR SR T, B EA 2 2 FBUE Y
BT o HUMPE R TR 2 7 B R B AR e PLihEe I APl E FkdiRe
WEIBOLT, EVERI DR, HRBE . %) e AR PR S M R =
T E IR RIEVERE OB Bk B IE M %, fEARSTHIF LT, FIFH R 7
PR Z I AE R [mI e i 7= 28 iy b iR AR i . AESE3eh, FRAIE S SU-8 Yl
A T B I E M K o

SU-8 JEZI i A& —Fh RS g 2L A M e ke, SU-8 T2 4 A WLER S IR AN
TEAGTVE T AV T . SU-8 S5 2.2 Fow, BUONHA- T A 8
MNEH], AR SU-8 IR, HRABRREERIAR, SU-8 IR/ AA RIS,
U1 SU-8 2025+ SU-8 2050~ SU-8 2100 %5, H4 Frif (IR, n] LUEFRAHRLT) SU-8
TS . SU-8 MIMEEMEREWIZE 2.1 FT7R
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T\:'JLB
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O e
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O @) O O

K 2.2 SU-8 1k 2E 451 =

2.1 SU-SICRIR IRk
SU-8 o6zl | Btk | & W | MIREE | e | K
K Y% | cSt A | 8 GPa | g/ml 2H 2H
JEC W/mC ppm
SU-8 2025 | 63.3 4500 bh 2.0 1. 219 0.3 52
SU-8 2050 | 71.65 | 12900 bh 2.0 1. 233 0.3 52
SU-8 2100 | 63.3 45000 bb 2.0 1. 237 0.3 52

SU-8 JZIR BAMREZ I . W5 H SU-8 7] LLAKSZ ZRIEF) . B BB
Ty BA REFRIIATE, XTSRS AR, HUERE R4&F, ATYE KA
WISCEELER XTELE e, W LUR BB B, R IEEIR BN, w] AR = 98
bthehity; BATECPRE, P, IREJREES) JerE Ly, I AHIEROE
I

2.2.2 R A8

FEARSCH, EFE SU-8 R L HIRE A E NS . SN T ¢ SU-8 Jie i
SR BRURE B I R ORI 55 R 51 (1 38 S PR RN 2R [ B8 D7, S Tei 25 BREEE B 3R T 1 vk
TSR A, SERG R, A DIRRSRIE B, SR A IS e i A B IR
200°C IR _BAERE 30 4Bk By 2o mE 2R TH ¥ 71 o
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2.2.3 FER

IR AREIB VR (2 B a6 — R A R ZI R R L2 R I T7
EEEAWIEVE WAE. RIEE . RENEMBEFNEEY, Ho, iRk
(RO fg B, AT AR G 3t DRAIE SR (0 J52 S (R 8 SR AT — Bk, IR 2, ASSCR
P IR 00 o IR B0 6T - B T SU-8 HOZG B2 AN ST e ik . SU-8 JIZH
J3 P8 5 Tt T E (R 0% AR R i 18] 2.3 s

240
220
—8—5U-8 2075
200 —A—SU-8 2050
1804 ——5U-82035
—8-5U-8 2025

i
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o o o o
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o
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S
o
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o
L
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Spin Speed (rpm)

K 2.3 SU-8 JEZIRE I 5 5 e FEGdk L F) 5k 2%

N7 LB PR 7 2 T 532 A 5 1 S, R 36 5 Y6 21 5 4 e L 2 1 A £
FEREFr b o WERSIRE TS ARAAAE S, AT A SR SRR D X
FAMIRIFN . 105, MABTEEAR G, B2 R ARSI e & B2 L
Ja S5

2.2.4 Akt

HI L FR) T A A2 25 B FBE v B8 7K 0 R 7 i A EL T 4 o AR SC PP R LA AR %5 (1 I
FEIE IR SR B B8 . ARFDCZIRIEEE, & EA R AT A, BEE
ZIJEFE BTN, Hi g I BEE B0, ATHL [R] 506 2R RE K 5C R sk 2.2 i
o N IJEREE R RTH R A, 2B AR, AR
S St G gt A IR 7y, BRI N AT BRI B IR, EAR SR
B, ARG R ET ] 65°C, ORIFAHNIN [A], FRRIEREEH NS 95°C, f&
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FERT AT A, AUMLE R, KRR R R . WRETHE, JeRIBAR T
IR, FTLLRERMAG ERU, 25 EE R EIATINAGERE, ERREIR
HEEN

2 2RI AAVR BRI R
JERE ek LR TE) (43

(65°C) (95°C)
25-40 0-3 5-6
45-80 0-3 6-9
85-110 5 10-20
115-150 5 20-30
160-225 7 30-45

225 Byt

HEOL M I BOE R SRR AR N B I e 2DE I Z Fo SU-8 SRS
MRS AT bE 2R e A

In (é) = —ax (2.2)

Ly R FIHERKEE, L, WO R B a HEIE, L, RFEIRAE G 06 B R AR IR SR
JZo ARG ROCZIR R EA KR TRBGREEL, N, Ay SU-8 B & ELE 5
(1o FEASZEG Y, RO, EH R T LEIDEZINL, FREREKZ 365
nm, XM SU-8 FIEKER 250 oK. A T A&BRGH] LURIEBR G S
M ) B P IR PR AR B B RO AN RN Y %) T 102 R 45 M4 B TV s R 2 34 ol
SO RO B UCE AR R SU-8 Y ZIM (1) JEE B e B, JHE R & () e B R
* 23 Fow.

2.3 BOGERERRICR

JERE (KO

BEH=E (mdcm?)

25-40

150-160

45-80

150-215
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85-110 215-240
115-150 240-260
160-225 260-350

2.2.6 fEUdt

TEARSEIGH, JEHME AR : 1. SRR SU-8 Yzl 7873 22 Bk,
TS G BESE R 2, (R DR BRI AAE B L i (TG T
AR RIRIRES, BT 3R 5K 1A 5 (0 EE (9 B 5 77 1 E D BUsOE S it . 5
ML, SN T B IR P A AR G54, S R B B I # Ke JiE i #
) 5 5L (R 9% R ANk 2.4 s

R2 AfGHENTRIFIE IR

JERE (KO AL TE] ()

(65C) (95°C)
25-40 1 5-6
45-80 1-2 6-7
85-110 2-5 8-10
115-150 5 10-12
160-225 5 12-15

227 HERILTZE

AT AR A ) T 206 SU-8 JeZI R M B i o iE 8%, arab & n]
DA 25 3 S A B, mT DLUSE I R B S T3 bR fEARSLIGF, 158 PDMS 1E
NE AR PDMS FERR S B SR A2 50 5 [ A A ZE B A 8 P g A 256
A5y 5 10: 1 AFIEEAB, PDMS FIE LR ETEH 2 25-150C,
WA A T ORI R, ANTR 2 kB4 . [E46 /S, PDMS A 37 BIASE A )i T
JLEN-55°C-200°C. FEEALZ /T, PDMS & —FhEE EEERAMAE, 7 LABE R
3, BRI =440, FikfE, B&1 PDMS AR, BAR
UF A, BT CATE R Ik 72 T DA AT I T BT 75 4544 « PDMS EERZ IR IR A )
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AR IR 2.5 B
% 2.5PDMS (25°C) HIWEsE
FE (cps) UL S FL PEL 26 I LB
(psi) (Q/cm)
3900 900 1.43 2.0X10%5 2.7

TEVRA PDMS FEAZH 73 A AL, F4E 29218, J6 50 23 <k N PDMS H1,
HH TR A S A VR A I B, oI SO AR R O, BRI PDMS 1
R/ RIARAETN 4 5. EEFEM A HE PDMS LA IE.

FESLEGH, HiERNET B2 R METTLAME PDMS WiEI7E ez b,
i ZI A PDMS JRON B S HER, 78 50°C FUIEE R 6 24 /N PDMS 4L
AR ERGE, BT IHAMEEE, PDMS A BLEFA I SU-8 J6ZIiR b 2=,

2.2.8 LWAHAE

ASCRYE IR SIS RIAT T AL, N T IREZMEE, Wit T 2R
WK, MRKERREKER, EAEMEE. SI7ERMES KRS M 30 ek
B 390 ek, TAIEEAE 30 oK. BRCIIEE M 100 ek 2] 150 ek

2.3 AEMGE

KRBT A S MO T BRI, R T L S R B s I
SR, AT B SRR ST TR IR T E RS R LS G T 2
%, AR, SU-8 Mo R ILMEFHHIME, PDMS BI85 i 2 il
SRR, RN AR B AT TR 5T, R T R
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B=F XWERNONBS 54

3.1 BRI E

N7 EAOE B B R TSR 2R P, AR SR BATR =Rl 77 72 R 3R B
OB A S H . B, B S (Surface Profiler) HIifUEHE KM, 3K
FHCE B T ) — e AR bR, Il X S R I b B, AT T DA B FE S
B Hh Z AR A SRR R G B . SR EEE . S OUE R R
() 2 2 M Sl o AR I 2 T, PR 3 A /N RS, i DA - Bl 2 & A= g AR
123, et Z4EAL PRt S T R AR BRI Ol o (BIRERSAIAE 5 e it
W, BAR R T BRI ROE SR AL B . S S B O R AR R
PR I EREMEREE . WES R e 5. EEME . HUR S T174b
AL o R A2 T e e A v DRy 5 0 B P A ) b s RS AR T A B 45, A
IR T, HTHRARMEIER BRI/, A —E RN, A8k
Sk 8 p A2 KT 2 T ) DU LT T (X33 PR~ AR ), 2 s a2 A N 22 25040 1)
Zo M HRN TIRIEFREAREM AR L, kiR, B ANE T ER
R AR IR .

A B, JEI 62 B EE (Optical Microscope, OM) Fl4 i 1 1 B Tl %

(Scanning electron microscope, SEM) X lids 85 ) 1k i AR #8% T 2 A7 F0 RO 2%,
PAFOE G KN B TR . A8 DG 2 A A AR 1T B, AT DL B R L 0k
FHRWIEE, AT DO I0E 8 0 R 3T EDWH S MEVPA o (H A HRS BRI, Al
€ & B S RES, St R R SMEGRMNEE, SERIRKPINZE.
FA 9 PR R AR T DA SN S SRS 1 ) R S A0 B R T 3, A8 A4 FE T R AR
Bl A R 1R AT DA B TBORAS R A m i 0 H, AT DAL s 2
JUT A Z RIS B WS, /N FE AT Inme. 2.SEM BB KRR, B
U BIRRES , 4R35 ) HE R LS STAR, AT DL B SRR B AR B R I RS A S5
B2 HT SU-8 IR S HEALF, BERIIASGES ZITE 0 BIME, bR EAE
Khzs b—ZEdE e, XMW 7= R,

N T IRAFOE B B G RRE, ASCHEEE T — P n] DU S 0z B SR AR I R
PGS, MG B AR 3.1 Fiow o e B AR O K 5 28 QK72 633nmD),
—MNEBH, — CCD AL, — NP —GIHEN. JFEHLEOCRN# K H
O, EIEE AR AR PAT O, PATF E E SR A e AR R,
ik CCD PRI R G a2k g, @il S HRESAE, TR H £
P IR E, 7T DL E B AT OGE I 0E B R A1 ) B S R0 B R )
[ ERE o« X TR JT 2 BR A2 WT AT B ) SRAS O 5 IR AR R, 8 fh 2500 Ab 2
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BB L. A AR R OB ST B R, 5 RSB B i B A A —
BUEE R, B PRI A D4 02 B i

Microlens array
0 o
lens L CCD camera
: 0000

Laser light source 000400
00000
00000

( 00 n:.::-() )

00000
00000
00000
0000
000
00
0

Guide f@

3.1 AR E

3.2 SEWER R

3.2.1 IR E R TR X HIE R

A B A TR AL AT I R R AR TR E R RS fER
e, BAMEH =R R TR, =M S HR IR, RIEAKEE (K
WRT T AT, FEIKRFEBETRN LA R, HvE Wk 7 E
BiAE YIRS A SO IR 58 RST N 30 TICK 21 390 oK, ST Ta] B & 30 Tk
SR AR, A€ R B JeZIE S T OB R A e B — A
Y, RTINS JE, SRR AR A5 BRI , 1T 1)
MG E BRI EIE . A0E S RS AE 30 A1 210 flok 2z A, Ha&R T
B A e B s T4 0E B R TAE 240 A1 390 WOk Z TR, HR i A
BETE A — AN 58 BE R IIE - 210 FIOK B8 LA 240 FIOK 58 B I oE S R e BR an &1 3.2
JR o BRI 210 TOK TERE F ITOEBL R BT, mERRIR IS 240 Tk T8
THIRCEBL R AT LAE H 210 BOK 98 T I RGE Be R i 2 — > se BRI, 1
240 WOK RUE T BIBGE S i o0 B — ANl s e BT . 5%
B ANRET R e B (R I (4 i R RS K, R 5k 77 A A2 RASE i 21 [ g
Ly PO — MR EY, REWERGAEN AR, 132850,
eI WARNE bR W TTE vA L [p e s e e AP R Sl L1 o A ke = - A B ] N
B .
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0.0

054

Depth(um)

0 20 40 60 80 100 120 140 160 180 200
Lateral distance(pm)

K 3.2 L & Fr AN R S B R B

O A 0 T AR A RO B A 1 T RO AT Ak A R Y, AR 55— B Y,
PAPRACE e AR Ay — AN EAR A B9, AR ¥ I 56 BER B A1y PR R 2R, 3K
AITAT LAAS Y AR 2 3K

w

r=— (3.1)

2sin6
r A ROEGE R R AR, w RMIEBRIIKFE, 02RMOEFEREAA, W
K 3.3,

5um
NSRL/USTC 20 kV 2.5 kX L

] 3.3SU-8 Y% B i B Bk I ) SEM ]

BT OT, WoES R A A =R RS BESME S AR A
R R, MARZMIEG R, B~ (3.1 A, S f iR —
SERUERITTIE T, WSS ih 5 AR A RE 5 1K1 98 BE R EE

L B PO BT SR R R, SRS T ROE B R A RS . Eid ARk
PEANS S5 IR A S AL B, AT 2 1 Ro& Be ) i =R A2 AR Rl flod B 98 J5E (1224
thek, i 3.4 fros.
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2500 I ! I ! I ! I T I T I ' I ]

2000 -

1500 -

1000 ~ .

Radius (um)

500 -

T T T T T T T T T T T T T
30 60 90 120 150 180 210
Width (um)

] 3.4 o B ) Hh AR5 26

Wi E 3.4, KIMOE B MR LA RANGE B E I ARIE R &, T
—Fhfa %o R o 7 SR IRATINAS B ROE B 10 Hh 2 PR P ME, REEIFEA E
B2 = AN  FRAT T X e AT T A, B 3.5 R 2R = LA I A
Rz R 1 il 2P AR AIROE B M e FE I - Rt A K 3.2 .

r=41.99%¢515-87.36 (3.2)

WLEMLE (Coefficient of determination, COD) &M =& & 2%, HE
EHEER 1, UELA I EE R . ARG, WAEREPE 099, EIA
TG BRARGF , XA 4T LA SR B DUE A& S AR R . il A0 (1.2
AAF (3.2) B Ee, w7 CAHENT, TOAS 2B SHR0E S I % B R L,
Wb A AR € G2 R BEFRIIAES T 2 tF BEROE B2 1) 95 FE AR A T A2 4k
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| I I I | I I
| |
| ]
80 . -
o
0
[@)]
[0)
S
o 60 - -
T
<
|_
40 .
| ! I ! | ! I ' | ! I ' I !
30 60 90 120 150 180 210
Width (um)

Kl 3.5 TiE B ) i A AN UL 75 h 2

I GO EA B ESE, FAER T RO SRR AR . o s

fib A OO B3 55 ST I RN R, ] 3.5 s ARIEIE 3.5, FUIWGE B H

FA B TS 0 55 PE AR AT A8k, 22— RO EOC R, AR IRATH R R B A
ZEeg s, HRRWARX (3.3),
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PERE LU 1Y, X REASCHERGE SR Rz — o A T HAR RS, iR
T (B0 oK) A KR (210 RoKD AIAEXS bRt 220K, 3 1 B 4 221
B PR NMYOE RS AE 18] T ZERBRFEL, iy DAL — B AE R AE 2, RIS A,
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3.2.3 e itim B BRI AR IE SR A2 MR

FEASCHY, TETEUR 2 0 S BE A 100 BIOR IR, i kit A3 B 2 M = 3538 i
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FERIAE, X RoEE LT 5A .

3.2.4 WIBEBRAFFE T

LA BB A A B AR A AT DAAS B ROE R R L MR A B DG AR
Vo ARG B T I ROE B Fr an & 3.8 Fos

31



& 3.8 BB OG- B B

P (R 98 A2 120 WOK IIBE BERES I, v LUE M GE B HEZI BE 55, T
B EHOE B M Z RN, EIAVEAREE . M0 AR RGBS AR R AR, IR
PG B A 5 i m] SR PEAR G

WGP G R PATC B IEBE S, WA T ERGE S G ERE, 14D
OB B B R AR E % KFEHIBE MR MIER R ER R 3.9
B

K 3.9 BB RER R

ME 310 ARG, BERRGERENRERRE MRS, KEERME
B RER SRR —FEHL, B THESNRIARTERNITE, B LRERIE
R ELAR AN LR (1 98 BEAS AT REAZTERR /N, P BUEAT — 3@ R/ Al OB R LU
SRR A T OB B — BUEARGS, REERRNIN EER—E,
HIR R B S 10 RO A T ReB B2 O RSTBUN, Fr DAIE W) SR SR I ROR BT, A3

32



B SKRESIRNMES i

PERIRGE B R A R K2R

6000 T T T T T T T T T T T T T

5000 - -

4000 -

3000 -

F (um)

2000 .

1000 _

T T T T T T T T T T T Y T
30 60 90 120 150 180 210
Width (um)

Pl 3.1 s il e AR TH SRR 2 B PR U e AR R

FEARSCH, REMIEG BRI 55— M5, Hodsim R L
Lﬁﬁ#ﬁﬁﬁﬁ,%ﬂ%&ﬁ(m)ﬁﬁ,fﬁﬁiﬁ¢,ﬁﬂﬁﬂﬁh
4 PDMS, PDMS B 55 REUE 1.41, 85 Hir & 2 4 fh 2 12 50 8, kAl
T T RoE S AR 55 A I R RO ERE, MM s CCD
FANL, ATRAS SRR R B, A ERRAR RGBS I R . AR5 S0 211K 100
oK B EMIROE S AR, W 3.11 Fro. JTHIEL R R 2 R i 5 12
BRI, B A REARR DI E R E A R B, W LUEH, W
B ZEAARE /N, P 2 ZE A AR R IR E . UG IRZEMERET K
(1. HRAE S 3.1 WIS R, ASCHIVE GRS s BELIA R 1 4465 Tk, 64
I 2 AR A RO B e A 55 R AR ATIE 650 AOKEY, Wy LA
A, ASCHIE BORE B AR R I KT A R RO R B AR, Gl 2 R AR
(T B2 AV R OB R IR B R AR IR A 2.1 =oK™, AN ARSI 32
BHOROE SR ERRE, QRASON HI T 3 R BCE /N eE B — ZARE, TSRS
SEORHIEREE . i bA, 3l A 7R AT BRI B A AR B OB 5, IR AR
H B LA R AN — KRR

3.2.5 AR F

33



B SKRESIRNMES i

PRI A A SR FH AP S R B 300 B B 1 VR I E OB B B 51, i B 1) S 4 4
P R] AIAEARAR /N, BT DAAR 75 AR 0 s 45 B ) PR B 7 DL ] DAROR . AR S
K IETT TS TAE AR S kI E RE SRS, BRI 50 B m 2]
300 K, BETERIEBGA Pkl 2502 4 HeRR 10 ek, B RERZERETRN
TR A LAR B 97.4%, NIEEIZRFE AR 7 i K] LUA 2] 98.5%, i 3. 12
Fin o i FREARE v O i, A7V IR 0% B2 R 51 1) 3 78 R 7 R AR R
WK, AEWIET 1, REFH TR TG CZI R R R OB S RS R
Rl AN REE R L, A R T3 s Gl R 2R

3.12 NI MIESE (EAFT: 98.5%)

33EENG

AR BRI A SLIG A B BT T RGN B, vl T =R E OB R
Jiids HREERIE T EEAT TR oM. SR)5, S m R s, Jre
XHEEAN R OE BN, B RIFIRAN T o 70 1 S A I 98 FE XTI B
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BOE MERORFEUGR

RYE S BN, BAMRBOCZI OB B s L - 7 T 5 L 3
AR LI, REBCHDEZIIE A TRaPRE, hFRimsKk Ay, St R
YA A T ASEHL R T RE T iR o AR, 3RA TR i 5k /)
RO B ) Y ) e E EE RS R 2R o Surface Evolver 3CPF AT AT AL A Sy
R SK AT MR AFARA A I RE o

4.1 Surface Evolver ¥ {-/+48

Surface Evolver #1452 HH 3 [ B J& 7514 K 2 1¥) K Brakke ZU# T K 5 (11221,
Surface Evolve )45 & W Jé 7rik K7 Re il 5 AW JE 75 I8 BHs S A W 1 H - J LA
R E D H /MR 4 (the Minimal Surface Group of the Geometry
Supercomputing Project) fJ—#75. H AT AT o] LAFEM 42k T #8048 H .

Surface Evolver J& —/N B EINFE T, B REUSHRHE £ R % ki ML R
[flf€. Surface Evolver 7] LAfisE R IHAR, #E KRGt Er:, FHitEAMKE )
MERTH A RE . R LA — el SR P SR KB R, BRI, & —
P2 =ZMES . FP AT RUE— N S e M R T . fe
T f /MU B R BE A T FRIEAGESCILR . Hggm T LUERIK ). B, 3
JrhiEe. FH P R IA S 5 e EAHARTE . 29 omT DL T s A7 B I 4
B, WATDURIER TR, BIWARRIAR. Surface AJLAAGHEAT & $h
gttty I B L ARRRL R U ARLR . TR U Sl A
PRE I 242 d iR 4 BRI AT LSRR GR TR 70 2 0R . 3R 10 AT LA
AT RPN 8], WL — AR T, KRR RI A L — R YT A HIHS
7%[A] . Surface Evolver X fFREWFI A IR T 0 7 7EFEMYS RIAER I HAE. &
138 RESE Z PP REE N I RS Re B/ DI RSP ARIRES, FEnT DU S R T
TEAM ARG SR A 7B s s R P is AT RIF, FHP AT
L HAME S IHLR . Surface Evolver J& N —4EM “4ERIR M w5 1Y, (H2E
AT LSS T — B 20 TSR R AL 38 B iy 4R i B o FU i B B PR AT
DA 3 AL R4 e, I SRR e R 0N it 16 () A8 44, AT DA 285t R B R s i 2%
RIIAE,  [FI AT AORAE A Z A SO R 20, B34 PostScript.

Hai A1k, 5T Surface Evolver N FHALFE: 7EARE JJ¥A8E T 1 K Fi Ak
B BB AR A A0, 1 BAN T B 7 ) T AR e @S- 360, o SRS 7 Ak e A

37



FITE OB S KPR R

AEAA BRI Y, SRR A BRI 7% 00, Tt 5t Akl S i)
T 575 B8 I R0 T 2R SC - DY T A4 14 25 1] DX 4 53 7 3100 621, Tt S Yk R AR R
P63 041 THETAE AL B AR TZARTO), Bl 70 58 G Wt dF , F 7 AR e ) A A 0],
THEAT SRR RS, BBk AL, ket Th i Ay AT 22K

Surface Evolver #27 IAH& £E T Bt AL 34 [n] @i | BE A RGN, AN 24 XT
— L8 HAK R R IR VR ) B B TSR TV, BRI 1 RS 2R I B EUE ST RN IR RE
B MR FAFITTIE AT LIARYE B R € n) 8, 38 AR B T LAAT 6 2715 R
. TAEESI A R ECA AR AL B P AT DL S SO R s, s ORI IR B 7T
YR, 45 E BTN R IIGR AR R I L E A S 6 2640 & — BT AWK
(AR, T EL s A A & A, TR H & AT I D RE .

Surface Evolver [FJA] BEPEIR 5%, Surface Evolver HA MK CiEEHSE,
FA] DAE 2 FhE R 48 N84T, U Microsoft Windows, Linux, Unix I Macintosh.
XEWREE R B EEME A C ESETIRERIERS . B LM 32 f7FH 64 fir
ARG

4.2 B EMSEER T

ARSNGB AR SO S WSS 2 = AR, o 82 i i 5t
& HVBA I AN 2 S5 B S 2 I 43 A A T T B o ) e e AR R
WISEA R EZ —, KA TR BRI 152 A%, Rk 28R il
A5 B/ NS R A R /N . TR AIRPER, 7225 2R 1 )
AR B AR 2 32 BTN S e A T T U4t ik 25 i =2 i L Fin s /)
EEARA X REH-FE R (Young-Laplace) Ax. #-HiFhifi At 4.1
I

AP=y(%+%) (4.1)

1

Ry PR, T A7 0 T (4 TS SCH K R T AR L 10 O
BRI RO, FONTE— A FIRAT I, FIBIR, = oo, R, = ) Jirh

d EWEEF AT TG, 6 THPRES AR . R MR AR (4.0, it
BRI (4.2):

__ 2ycos6
T d

AP (4.2)
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a) Vsy b)
YVsy

. Yo
) »

4.1 fE = AR IR H K /)

FE= ARSI AR T sk I W s B 4.1 91, yey 2 RN R 2 [A] 2R
5K ST, vy RIBARA AR Z B R 5K T1, ys R RAR AN 1A 2 18] () R TR 5K 77 -
EE 41 (o, BRI — MBSO N =AM, vV AR BT T —A
M. B 4.1 (b) & —FReaRiE oL, B f 2 90 BERIR %, XK
/P, WM EREEA R LK, XM RER. ETHRARK, 7
A B R K AT LRI

Ys. — Ysy = YLycos@ (4.3)

TEACI) Surface Evolver ARADSLEGH, B 1] I 2 ] 2> UL U2 6 B 25
RFNET, FrLhsRFEATTRERT, B AERX PG OLT , ~FEDIRES T 0 i 1 2 il i s
RE BB IMESRIS I, BT — SRRV RARPIRES, RERERANIREE
BN GETIEYE) . Surface Evolver R N I3 A B IMUE VR A B FE 12,
FLHEAS A Runge Cutta B35 A0 HA P MPARE,  SRYEAH B i o B30 2 o
PR, P DAEEA ST R BUL AR FE A AR AL B ARG

FEFRAERS DL T, s/ MUHIE A A2 B 45 h 25 A B 2 A it T T AR B 7 201
BOR, B R AT R REE R T EOY F IR (Ha, XLk, whe
T3 BTG PR A IT [] . XA, R B ORI RE & 22 0T DME NG IR EIE R 240 CUYl
REEEMZE/NT10712, WA/ IMERRFE 1E) o (2 s/ Z 8 R N A 2 T4k Ay
e NI ERAE . EWMIEOLT, MR Z R AW/ N LK, HEHAZ
wNREE. B MG, REENR/NMOAEIRS:, £ EMEEEE EEA RN
RN EXMIE T, FEREEAPK, MRKITFERDK, RRFE
VG5 K4 53 R B /NP B TR AR L I R . 5E RO, TREE XA R SR AR
—/MER R (BRENE), TERAENEZEREFE (Hessian matrix). 2 1EE
()9 FE 50 PR R IXAIRE A S — AN o FEARSCH, 77 2 2 i 2850 PR AP KR
T ORAA 25 AT I S /DB
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EAEEE BT, AP RIS SRR 8 A HXA:
E=ywA +vsvAsy + VsiAsy (4.4)
EFERRET, A (4.4) MRS RE, FRATHAAg = Mg, 456 W-
iR AR, AR 44 TUHE N
2L = Ay, + (B pp (4.5

YLv YLv

R R AR AR A TR I AR AR, FFR AL (4.3), fE%
M ARGHIAZ BRI NREE 22
AE = YLv (AALV - COSQ X AASL) (46)

M4 A 20 (4.6), Surface Evolver HHi N 2 S5 #4146 ) LA S B Efl A 0
Yo SRR I AE Bl A O b o kT —FhiRe g IV, AER S/ MEAE 4 T A 504, 6)
5N AR ME, EZXMFEIREST, AENFES A A XA NE.

NI4T Surface Evolver JEIF S . AEASTH, R AR Y 1) 3 il 2810
=K EE, BEa AR, Wi 4.2 Fros. K7 R
WOFE B A E, KT 580 RO 5 7K P 968 B2, KT T 1 ikt N ZI I B 4]
A fE o X TASCHSEIR N &, BRI K T%6, B AR SR I A 7 1A
AR REZ, BATRBSRIAEK 58 5 1224k .

g
W

i3

K 4.2 FEHIMESELE Surface Evolver 1 {55

N T Surface Evolver #4: F B0 125 B 2
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2. P4 S FAE A 5y

3. HEATIAAE S, HPW g E &, 15 1EEA

4 K ERFEGE RS, R L 25 IF, BUAER, R AR &
A, MRIEIPYR 2, 4kE:4070i%40.

4.3 BUERS

FEARTICH, WA B v L 2 e PR B 2 R 5L AR ) K P it Y 2 Ao
BRI, BRI R R I T8 5 . AEA SO, 3 SRR I =
100 oK, VBT B8 BEM 30 TOK B 210 f0K, AR I BE R B BE ) 100 £, £R
EA MK R KT 902 . 2d— RPN R, B8] 7 KRR, RIEHR
Wi, FAVSR) 7BAURR R IS, JRHSR 1R eAe, IR R
AR 7 AR AAUAE RIS R SE PR g 45 R A LEan i 4.3 fros.
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4.3 FTULE Y, BEUEGEE AT DR SF AOAF & S Kodl, DL WIMB BRI 5K T A2 S il
45 Y i 32 R R B B IR o SISO R, T DL G s R R
PLEE, RIVeh 3RSk A RAE R, REDERIARRIRES R 2 2 s AL i — A2
AERAE B (A A () i T OROE BRI RE A /M . (EE, AR DUE H, £
T8 PEBOR I O 5 ARADLES SRR S50, 00 8 2 2R 1 72 S LU 58 FE U/ NI 00 T 1 485 2R
IZE R IBOR o il RAXFCR 22 73 1 S BT Rl e e R 2 I e — R R &4, i A
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42



FITE OB S KPR R

4.4 KEING

FEARZES, N8 T AR SON T H0E 5 A LB &, FEARE 75 221k +F Surface
Evolver /E WL 7E55—19, TREMIANY T Surface Evolver FIHF R 5,
fERIVE R, B R AR m B S 28T Surface Evolver BUBFFL# o 7R 28 75, T4
BIRIR [ RIAITK /), R H B RNl A G 2R BENE S, IR A SO & B2
HIVETTIE, AR SRIG A 34T 1 o S S, IR T BRI RE R, fe
TR B ARSI 7R B B A A, B, R DL B (R B s A S
132 IR FEAT XL, RIS S R AT & 1 SEIR S5 IR, U B T BB s 2
BRI, B0AE T AT AT th K OE G AT B o X REEL 45 SR S B B s 1 22 S
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