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Study on Resolution Improvement of Liquid Crystal Spatial Light Modulators

for Electronic Holographic Three-dimensional Displays

Recently, three-dimensional (3D) displays attract much attention due to development of augmented
reality and virtual reality technologies. However, 3D displays based on conventional stereograms cause
visual fatigue and discomfort because they cannot satisfy all depth perception cues. To overcome this,
electronic holographic displays are desired. They can reconstruct wavefront and direction of object light
by displaying interference fringes (holograms) on spatial light modulators (SLMs).

Electronic holographic displays are not in practical use because their field of view is very narrow. The
field of view of electronic holographic displays determined by the maximum light diffraction angle of SLM.
Conventional liquid crystal (LC) SLM with 3-pm-pitch pixels has been suggested, however, the field of
view is 10.5° and it is not practical. The field of view of 30° is required, and this means that SLMs must
have 1-pm-pitch pixels. Therefore, an objective in this paper is realization of 1-pum-pitch SLM.

First, we simulated LC alignment in 1-um-pitch pixels based on elastic continuum theory to
investigate LC-SLM model containing such small pixels. Figure 1 shows the simulation result of 1-pm-
pitch pixels. In this figure, the curve continuous lines are the equipotential lines and the short straight
lines are L.C alignment directors. Focusing on the LC alignment in the OFF-state pixel, the L.C directors
are rotated by the leakage of electric field and the

3 : : : LC rotation due to leakage of electric field and
penetration of elastic force of LC. From this result, we clarify enctration of ehastic foree of LC
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that individual pixel driving is difficult when the pixel pitch 10 S
is 1 pm. To solve this, we investigate LC materials and pixel 08
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0.4
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(FLC) has been suggested. FL.Cs can modulate amplitude of . . .
Figure 1 Simulation result of 1-pm-

light by controlling the azimuth angle of the L.C directors by . .
pitch LC pixels.

applying direct current voltage. FLC material is expected to

change LC alignment sharply between ON and OFF-state
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of electric field must be suppressed. As pixel structure  Figure 2 Simulation result of dielectric

that meets these requirements, we suggest dielectric shield wall structure



shield wall structure. This pixel structure has dielectric Press 014 UV
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result of dielectric shield wall structure. Dielectric walls

Glass substrate (a)

suppress the leakage of electric field, and the
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penetration of LC elastic force is blocked. From this

result, we clarify that individual pixel driving can be g

realized by dielectric shield walls.
We employed optical nanoimprint technology for 400 nm
fabrication of dielectric walls because this technology (b)

can form nano scaled polymer structure by dielectric . .. ] )
POty Y Figure 3 Fabrication of dielectric walls by

terials with high t ratio. Fi 3 h th . .
materials with high aspect ratio. Figure 3 (a) shows the nanoimprint technology: (a) procedure of

procedure of nanoimprint technology. First, ultraviolet ] .. ) .
nanoimprinting and (b) cross-sectional view

SEM image.

(UV)-curable resin is coated on the glass substrate. Next,

the mold presses the resin, and the resin is polymerized

by UV-exposure. Finally, the mold is peeled off. Figure rﬂ&.: 0.2 BM partition plate
3 (b) shows the cross-sectional view of polymer walls ' 2 e
fabricated by this technology. m

In the dielectric shield wall structure, it 1is LC alignment

considered that the LLC alignment is unstable because
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of the effects of the wall surfaces. This surface effect is T—»
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dominant in the whole of the thickness direction in the (a) (b)

LC layer. From this reason, we suggest dielectric walls
with partition plates (Figure 4 (a)). The partition Figure 4 Dielectric shield wall structure
plates divide LC into rectangular regions. We expected  having partition plates: (a) top view and (b)

that LC directors become parallel to the long axis of cross-sectional SEM image.
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the LC rectangular regions with spatial anisotropy for

X

Polarization
direction

minimizing elastic alignment deformation. Figure 4

(b) shows the cross-sectional SEM image of the

dielectric shield wall structure having partition plates

LC alignment LC alignment

formed by the nanoimprint technology.

10 pm
To evaluate the LC alignment uniformity, we

(b)
Figure 5 Photomicrographs of LC cell having

observed the fabricated LC cell including dielectric
walls with partition plates using a polarizing
. . . dielectric walls with partition plates. The
microscope. The observation results are shown in
angles between LC alignment and incident

Figure 5. In Figure 5 (a), the angle between LC
light polarization are 45° (a) and 0° (b).

alignment direction and polarizing direction was 45°,
and in Figure 5 (b), it was 0°. The LC cell exhibited uniform bright state in Figure 5 (a) and uniform

dark state in Figure 5 (b). This means that uniform LC alignment was achieved. From these results, we



clarify that dielectric shied wall structure with partition
plates can achieve uniform LC alignment.

We also experimentally examined individual pixel
driving by 1-dimentional 1-pm-pitch pixels. In the
fabricated LC cell, we used 1-pm-pitch stripe-shaped
electrodes that are connected two different terminals and
interdigitated (Figure 6 (a)). If one terminal is OFF
state, and another is ON state, these electrodes can
reproduce OFF and ON-state pixels alternatively.

Figure 6 (b) shows the observation result. When all
electrodes are OFF state, we can see the lattice dielectric
walls. When one terminal is ON state, individual dark
and bright lines are appeared. This result shows that

individual 1-pm-pitch pixel driving was achieved.

1 um
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Polarization
direction

OFF state

LC alignment

5 um

ON state (6 V)
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Figure 6 Examination of 1-pm-pitch pixel

driving with 1-dimensional pixel array: (a)
1-um-pitch 1-dimentional stripe electrodes

and (b) observation results.

In this paper, we studied on the SLMs having 1-um-pitch LC pixels to realize practical electronic

holographic displays. We clarified that individual pixel driving is difficult due to the leakage of electric

field and the elastic force of LLC from adjacent pixels when the pixel pitch is 1 pm. To solve this problem,

we investigated LC material and pixel structure. FLC is suitable for amplitude-type SLM because it

achieves higher resolution than NLC. We also proposed the dielectric shield wall structure and clarified

that this structure enable individual 1-pm-pitch pixel driving by the simulations and experiments. We

also established an LC alignment technique in lattice shaped dielectric wall. These results can contribute

realization of 1-um-pitch SLM for electronic holographic displays with wide field of view in coming

information-based society.
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1 1 1
fetastic = Ekll (divn)? + Ekzz (n - rotn)? + Ek33|n x rot n|? (2)
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1 1
fetectric = ED -E = EEE -E (3)
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VBECHL, CZFCRLEZAHIAAF—EEMSLSHEIALF —FEE T
FEEDZ ThIE X w29,

F= f(felastic = fetectric + fs0 + f5‘¢) dv (6)
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L—¥a VICHR DS W CREGEEDIRPEER O T v 71 ) v 78I, s DEAMN D X
Uy MECOWTHE 2T, E6ic, 774 v 7Y v b EfizACCEERY —L F
BEMEIE AL, SRy — 0V FEEIE 2 6 3 2R T oFREE L T2 L L b
I, ISR O ERE) LM T REREIE NI d5 1) 2 AN A R I o W TR S 5.
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BROD WL A WIEIT 2 72012 1d, HomE M & B % [ — IO R AL I R
T 5 2 & RIS L CRETIANCE R 2 HINT 2 J7i5[46] 7 L35 2 b L5 23, TRk
DS DAGHR 2 MIH 3 5 72 D 1T Id, BRGNS LIRS E W 5 2 LU ETH B,
WFE L MBEOMICEEZZT 2 2 LIk ) SHIFFEIT 228, Wi 2BEOMELE LT

BROSMOBIR DG, BIRL T256LFEKE T 2513 FXLONS. HFE L HHE
OICEEZIFEAL, EMZ 0V & LGS, M 41iCnRLizXdic, BRod L
IR L2 A5, HFREMD S EAROBEICH 2 > TERPHIME NS 720, i
JE DR X HICERABHINE s\, BRDBEZ BT L LHGP 5V & Lizs;
BBV TH[ARRORENGEL 5.
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W EBCIA 7T FC o UC T R iSRS &, 28T 2 BSRACYI DM /T iIconwTy I 2L —
vavE{Tork., ZOMDEMT 242, 243 TIT o 72 AHZHA SIM DY I 2L —
vaviFLUTH5.
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4 4.2 (ZECHT IS PAT I SR, X 4.3 RGBT 5 1N L CIEAR 3 2 J7 )l
FEFEOY I aL—va VERTH L. X 42 @)DREEADHAEERIHLY, E
1T = FEENERIC B WTHICZ2 5 X 512504 L, OFF AREEDHZE~D b 2L L 23 #Ii|
INTWEZLHbrsb. i, WMPHRHEKT L ICoManil &b, WihDH
PEF DG D W X, HE S & O L 2B KB L Tw 5. ) 4.2 ((b)ICR L7267
M5 L 0, OFF IREEDHFHE TN 7 M i3IRIZ 0 TH - 72—77 T, ONIREDOHFE
i 2n DFFHY 7 PR LN e b a 5, FERIC, X 43 1R LZBLHT RN L
THERT2HEELTOLATD, BRO D H L &R0 HM: ) Ot 1] & h,
OFF REDHFBOMML 7 bz LA CHAONZ b5, Uloy T2 —
vavEERXY, FERY - FEEGEIC X Vil S & O L 22 BREI S ATREIC 72 B

L 2B 72 [46].
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43 FEBIRY — L FEEELE D35

43.1 FEEY — L FEEREEDOG ST A — X

HEAEEOFBR Y -V IR EED 27200121, BEOEEZEL L, [KWIFEERE
TEME T E X 77T, BEOEICERICEH G L s iz, BEES I
BEN ke 7 s, KAHMEEZED 2720 IC3EDIREZHL T4 ER8H 5 C
Ehb, EROY—VFHREAFMAEII L — VA7 OBRICH 5.

X oI, BERMICE T 3D T v A1 Y v 58, BIEAINCN§ 2 28 ik
BB 5 25, Ty ) v OEE L IREFEEOEERN AR EHO 2T B 201,
BEDQRIMZIRT v h Y v &L T v A Y v &Ml (4g =45 =10"5]/m?) L L7
GaovyIialb—vaviiReznZnX 44 L 451083, 2oy Ialb—vay
Tk, TvA) v EE L REEBOBREAMEIC T 5 0, BolEekd L (IF
100nm), ERBZDLFLICONHETRMEL Lz, BT v h ) v 27%Eogs, K 44 1
ML72X 91T, ON REEDHIFR OBER T DM EHER L IC < < 72 b, ON IREEDH
F ORI A Y 7 F A L 72 2 & A3 . BN DM DA A — 254,
2.5 THARTz X 51 0 REHTRBAEL, RAHESMET T 5. 2ok, BRAHOT
vAY) v EEERFH LT, BESEROESESE IR 5 X oL, HmENTEH—
R HBRONDE LI T B EHREEND. Tvh ) v IIRERFHCEA, K
451K L7z &9 1C, ONREEDHR TH—RAMHAM GO N5 =TT, 87 v A ) v
7 &M DGE L B L T OFF IREDQWHZBEONAM Y 7 F 23N L 7. i, BEDORME
DT vAHY VTN 2R3 2 X 5 @< 23, 7 v Al v ImERT WA IR
b LB RICK VISP EHEL, (HY 7 Pl 2720 THBLEZOLNS,
LAEofERE Y, 7T vh ) v 7))k ON REEDHEIZE DO HD M 2 A —I1c3 2 —75 T,
OFF IREE DR T I MECH Z /R FEF L TR 7 P AL 2w X S5 icd 2@z 2 f
T2 LBbh o7z, OFF REEDHFZE~DERD b H LI, BEolEe LFFER IR
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52 L0, mOCOLHIRIER & RN T — 2100 2 M523 5 72912 1d, BEDIE,

BERWMOT v A ) v 7, BEMEONFHERZRENICRENT 2 LE 1D 5.

432 BEREEODERG S T A — & Dl

BERSE o WIAER I, N TR S % 7 7 U AR Si0, 7x & OMENCIKTET 5.
AKIETIX, R %E b ozKetic T 272018, 2RO DMELE D b IR & 2R iR
TH540 L LT, BEDIFREBERTOT v A1) v /i DR L% (T .

AT A= R LT 2 0L, HiFEE O M ERE) & BN ORI o —
Mx EENICEH T 2 A H 5. £ 2 CTRFC T, AR L W FHii YT A —
RHERT DM 46 ICZDERETNT. K 4.6 @A LEAHEI RO, 10 um &
FOMAMHERE SIM ZHEL 2D DTH D, ZDL %, ONIREDMHFE L OFF RED
B3RS HACH A T35 EIc B U B RH & 3 5. 2 OfitHMn 2 & ARMAHS 7 F
1 LB X5 IR T 2. B L L 220 2 X 4.6 (b)ICR 3. BUE(L L 72 f7AH
SIEICE VT, ONRREDHFR ICEH W TEA 1 ICUE WK % ON JRAE O [j55  n 255/ 1H
%, OFF IREEDHEFRIC I\ TS 0 ICULVFHIE % OFF JREE D Hi R 0 AIZAFHHIE & Z 11
IFNEZL . BEEZESLEREGOT v A ) v 27 i X W E—2 06 2MF 5 huik
o Ty, EFRO LI AR TR kb 2®, /NSRS, ), HE
T L QM L 7R B 2 B L, RN CH— R 03 b N B E IR e R
DRI L Y, HAKELS RS, b, HAY Ial—va veEROT L R
T, BB L 2R WP T 1 R 0ICHE L RBZLIZENTH 5720, KX
TRFFRREL 10%& L7z, T, ONIREDHFE TIE 0.9~1, OFF {REEDHFE T
X 0~0.1 OBULAIHS 7 b 24 L 8B 2N E Nt 72 5. £7-, EE
DI EEFCTE Rz, ZOFMIAIEFEBICEE T RvE Lz, flxd,
300 nm MEDOREREE A H T 5 1 um ¥y F OMFEIC I W TIL, HFEOIFICN 3 5 A28 58
WOEEIRRKTI0%E 725, BEOMRDZRE L ARz EH§ 22 L6, 20
PR b X ) Ikt 52 L CERDO Y — N PRI &AM EZ ML L 72
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BEDIROREEZ KD D Z LB TE 5.

BEDIR L BERMICH T 2T v A ) v 7B RRE ST 27201, TvAh) v g
% 10° J/m>~102 J/m?, BEDIEZ 100~300 nm D#iFH T & &2 O MALH > I =
L=y a vE{iTo, ZNENOEMFICR L CrEHERE R L. ZoRE2X 4.7
IR Y. B 4.7 (a)2s ON IRRE D His8 D A 28GRI 2 7R L T 2 23, $XRCOBEDIRICE
W, TV AY Y IEREDG R & B ICAEFTEE MR NS LA s. L, TV
Y v ZRREDSTRT L, BERH OSSR O ELAER T A3 mlEE L 7 < 7%
D, TORMHES 7 FRELNRL BB I LEERLTVS, ZORLY, ¥XTD
BEDIFICEWT, TV A1) v ZBRED 104 Im2 L FIC72 % &£ ZNENOREDIRIC BT 5
BRAEICEST S 2 ERbholz. —7, 4.7 (b)IC7R L 7= OFF JRHE o W] 55 o 7] 248 Fi 1
WaAB L, BEDQIEA 100~200 nm DGAIXT v ) v ZHREHTE < 72 % & A& FEE
PMEF L7 ERbrd,. ORI, BEOEINEEICIT OFF JREDHFEITH L
TEABD NN T 20D, BORMOT v ) v 7RG 7% & OFF JREEDHZFE D
WD AIEE L, OFF REEDEFEOMAHY 7 P AWML= L 2R LT3, BEDIED
250 nm M Lo EIREROONHLAIHI SN G720, Ty A Y v 7EERTEL ko
7256 T b AIATEEA T N ENOBEDOIEORKEE & - 72,

47 (a) & (b) X D BEDIEAY 100 nm DHE L 250 nm OEEZHH L, ON IREEL
OFF JREEDHZE DA AFHI ZFl— 27 7ic7uay F L72b D %X 48 1T/ d. X 4.8
(Q)EEDIEA 100 nm DFEERL TS, T v A ) v Z5EE2 10 J/m? LU C ON ik
RE D H 3 O A AR S R AN D 90%IC3ET 5 23, OFF JRAE D3 o n] 28 FFEIZ 0
L7, [FRRIC, TV AY Y IERED 102 T/m?2 D & & (3 OFF JREE o [H5 o ] 28 it
23 90%IC1ET % A3, ON JREE D H] 35 D A 25T DS 60% 2 TIK T L7z 2 &L A3b 5.
Z ORI, BEORBA T ABERERO Y —A FIEIFREL, BEoXRHICHE T 3
TYAY v IEREEREEETH ON IREEDMHFE & OFF JREE D 35 o A28 HEIS % 1

VFTBIENRTERNILERLTRS,
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48 (b)IFEEDIEAS 250 nm DL EDHIRZ R L Tw5b. T v A Y v I@ED
10 J/m? AN IC 3BT ON kA& L OFF RAEDMHIFE O /5 CRIZAFHEIH O R AMETH 5
TS%ICIET 2 Z L bh 5. BEDIEA 250 nm OH &, il LERS 5l
57-%, BERHOT vAY) v 7igEx5 < Liz5ATd OFF HREDMHFEIC I W T
MmosfERe e N5, £72, TV A Y v 7iRE%E55< 375 2 & T ON REDHFHE O AAH Y
1A —(L X 7, ON REED[HFE & OFF IRAEEDHEFE Dl /7 1< 5\ TiRA D AIZS I &
motz, TORERIY, BEOIEE 250nm, T A ) v EEE 100 Im AT T AL
T, BEFOMIC BT oA R R L, BEN YR MHER S REL 72 5 2 L atb
222 72[59]. FRRDFIEIC L b, BEMEIOIGFEHR 40 L R 5A46TH, BEDlEe

BERMOT v 71 ) v gz mits s 2 L BSA[RETH 5.
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4.4 BERHEICEX T 72EHEAMNDO R Y v + OBE

B S — v FEERG L, H3R & EEROMICHHERDOEL RS 5720, 2 RITDHFHR
BeHCldks ik e e b, FEFEZ ERMICTIRTTn5, SLM OfEl 7o v 2 %%
JET 5 &, FEEDEBELERL 225 LI ZTEA L R T 0E70 5 20023, BERDE 234
FIRICHFET 2720 ICRBDOFEADPREEL 2 2 e VI NG, £ 2T, BEEICHK
miE A DORY v P 2R T ZMERH L EFEZONS. T TIE, BEREICKRT S A
U+ OAE EIEDS, & — v FRIERCHEZREENC & D X 5 RgE e 52 5 DHICOnT
MEt %2175

A2V v b DOMBICOWTIIERA RN Z = B3FEZ LS, BOFLICRY v b %
RTBEA L, BORETZHSICRY v b ERTEZEAED22CRlENE. 2oL
EDD, TD2DODNX—VICEWTEGED v — LV M IR Z RS 5. X 491CC
LONR—v DY Ial—vavETAERT. K 49@)FEOFIICRY v P EFT
2 EEREE, X 4.9 (b)) IFBEDRZATRITICAY v F 2 BT R EOETLTH DL, ZDOV
lal—vavTld, FHENET 7V ABIELZIE L CHEFEEEZ 30L& LD,
AT HE o CTHEDE(E 200nm & L7z, HEFREMOAREZ 212 800nm & L, XY v F DlFE
ELHLDYIalb—YaYETATD 500 nm & L7z, EMEECH XL 2R T 100
DFLFNE AT LTI E L7, BEREORRMEICE VT x i 5 z fli~ 10°
fHWZHEf & L7z, 2D2 2 2L —3 a v Tl 3 RICH s 70 22 © O EL IS A1 43 A5
ZEIR T 2N D B L LT FIRITARERE L L, sHE O Lo 2D ic 3~
TORMICEWTIRT v A ) v 7 Lz M 2 2oy 2 21—y 2 v T
W7z 1760-1 & L, WEEDIEX T Tum & L7, ONREDQOHZEDOET(EL 4V, OFF
REDOHFEOELZ 0V & L, 8 20 OFF IREDHZRICHH T 7z ONREDOHFE L,
ON JREEDHFEICFH L 7= OFF REDEHEZNEFNICOVWTY I alb—Y 3 v &fTo
7z.

g e LT, ™ 4.101ICRA ) v FBRWEAEDY I 2L —v a VEERZRT. X 4.10
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@iE¥yIalb—vavETLERLTNS, X 410 (b)id OFF REDOHEFEICHE N
ON {REEDMFE, (c)iF ON IKREDHFICPH £ 4172 OFF REDOHFEDOEEEZRL T3
23, ONARREDEFE TIAIMHY 7 F 2341 L, OFF IREED MR TIIMAHY 7 b 28 0 &
Flcehrd, BRI L OMVEEIAERL TV Ze3bhr s

BEDHFLIC A Y v P 2B T EHEDY Ial—vavETARK 411@0)IC, ¥ Ia
L—Ya VEERZDL)BLOC)IIRYT. K 411 (b)Y A5 L, 0D ONIREDHFET T
ThE, AUy FERBALTHED 4 HEICE T EOMICAAHY 7 F 238 L Tw 3
T eHbrsd. KTy WU RE R OMHPEA 2D, Tl 243 TiEmL 72 &
20T, WA OBLFAJT ISR L CIEAS T 2 7 FNCE RSB R O P E A K & w2 L o8B
ThdrEz2ZOLNS. K 4.11(c)TIE, F.0D OFF JRAEDEFE 23 JEPH D ON K HE D[
DB XY, MR nfBEE CHALZ L3 b2 B

BERRSE ORI A Y v P EFR I EEEDY IaL—va vET ALK 412 (a)
I, Yial—vaviEREO)BLRCIRT. K 4120)TREAY v rOb ZHED
A OES THAHAHEA T % 23, B % OFF IREED IR O A 131313 0 ZHEFF L 7=
X 4.12(c)icHB\TdD, HF.0D OFF IREEDEZR DA 1T D T ICHEA7ZD, BED LT
2V y P EFIEGEDOR 4.11 (o)L T 2 LMHOER I E N T WD 2 & 25D
5.

P EDKEEREDLS, Bohic 2 Y v F 2T 72856 & L T, BEDORAEEDIC R
Uy BRI EGBEOHBEERED S — L FRIRRE W LB bh oz, TR, 2.5
Tigam L7z & 91, ENELAD 4RI SHZREOZELR I TH 5720, ThbD
HEFIC A Y v b 235 255 EBRO S W L L0 MM O G AREL LT v
ZEPHHTHLLFEZDLND.

BEDZFAEITICAY v b RFFEGAICE T E R Y v + OIF & EFHEHKE) o Szt o
BARZBH S 1cF % 7221, AU v MiE% 200 nm 2> 5 900 nm T 100 nm & X & TZ
Lxe72h 0, FEOWRECEY I 2L —3 3 v &2 T 7. HZEES) M7 1 o 77 i
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13, 432 CTEFRL 2 A FEEE BERERO W ICIER U CER L, HSRERI 63
AR OB G ER Lz, kb, BELR ) v F O & & ® Tl AT E ko
%G, HERTHEH L 2R Y v P OES O HOEALENLD GO TRMEIATL
T80, ZOYIab—va VY TIREPLRY v P EET RN ORE ST E &
L7

vial—vavIZLYRDAEAY v b OlF L AIAFHEHOBEGREX 4.13 1TRT.
OFF JREEDMFE TIX, AV v }F DIE%E 400 nm LA ICF 2 & & T 50%LA_E o> A 2S5 FHI
FHERRRECH B C e b ol TDY I alb—Y a Y TREDOEKEERT v A v
7EMERGE L 72729, ON RFE DR @ Al Z G K < 72 o T\ 5. ON HREED ]
FRONETEBEZILL T892, 432 Tilam L7z L HiC, BOREICH T LT v
AV TBEERENSS T ELERD B,

A2V vy P THEL ZERD DI L RO WS DG E RTERICEHAT 2 7291,
A Y v MEAKZE < 700 nm #E D E D ON IRAE D i 1P % #1172 OFF IRAE IR D {7
SR LAY 2 2L —v 3 VEERZX 4.14 1ITRT. K 414 (DN E A D
&, AV v Pzl L CEEEREATOOEBICN L TGEEZEZ TS, M 4.14 (a)D
IROTERRER 7> O Wi I 351 2 RS EC A1 & BRI A% K 414 (b)ICRT. AU v o
o cld, BEGEZL b 72 R IR IRNE & Rk, BT smEoERD DN L
LM DTS DIEIDORIEARE L 2. 2D bbb, BFED L DM LS % EH
T30, AV v bidm 2 _KNSL T 2R0ERD 20, AT BN L

HEBLTCAY v MEEZRETILELD D &2 5[60].
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45 1 RICOFEMR T —n FEEREE O FAF L Al

42 T, FHEMAEY —V FEEREED 1 um vy FHEFEROMVE Z A[fEic T 5 2 &
Zylal—vaVICXWHALICLD, ThETIHEERS — L FEERGED X
5 M T ER e T A7 P A E RS T, A ISR L 22137, 2 C

T, FEEY - VERSEOEH 7o v 2 2L, FBIREED © — v PR % 28R
WICHEZ S 2 7=, Bz | XoTOHEFEEIIHOFEEMR S — v FPEERLE 2 5F L
7z,

451  FEEHEME L ORE & ERTFNE

B 415 1IC/FR L 723 L DG %2 R T, EiE 3.3 THWAZRA 74 7 Ro&E
e RO ERL, 20 FICE AR 2EEXHAMT 22 LICX Y, 1 XITOMEIC
WU CRAICER L 2EBEZHMNT 22 LB A[feThH b, v — IV NIRZHERT 572
DIC, s LT 4.15()ICmd X 9 ICBEREE D e Wk O IR E 2 6 3 2 #
LA S EHL L 72, R DS 2 1 L 72 2 v i, BRI EC IR (AL-1254, ISR #1)
IR L, 7€y 7B XY y B RIS S 5 X D i L, ImTTA%E y
fima e L= iIE, 243 TRLE LS ICEEDR TS L CERT 3 1o
bR LEBROMELIKE WO TH L, FERGERAILEEREZH T 277 A
HEARAEBRAL, TERICIIRA N4 FIROBMAEHT 247 ZHRKZHH L 72, B
D iE 700 nm CTEMB O EEEEIX 300nm & L7z, ETEROMIZ 7+ Y V757 4
EFHOCTERL AR =TI VEIA Llum ik b XLz FEaiky—nv
FEEREGE 26 T 3G L DEE1X, K 4150)CnT X5, S LEEMmEZAET 2
TR EIC 1pym vy FOREEE AR L 72, BEOE X3 11um TH L &b, K
MEOE X IEkED eV LRILTH S, RN BEEE 255 S ¢ 20D H
22 8hn, FEMRITIIZRARY 1 —F A4 — PR ZEH L 72, Bl R o
AR L, yElGEIC T vy 7B 2 L 72, FEBIZE AR Z B2 7008, —ik
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fIC A b 74 FIROBEREE D X 5 RIERICH LT, STt stEs 69 2
[61],[62]Z & 25, it V2R T — R % EBATRE T H 5. RN E7

(LCC #t) 72, E7 DIEITEAEIZEDIE 550 nm T 023 TH Y, WHEDE
EAR11pm TH 2 Z L5, BLHITHEICK LT 45°DEMRME 2 AH L7254, piW
Jel sRHEDNMAMAEIZ093n s, CZrbiEmRBEREEET 2L 87%L kDL
25, AR A 72IRAE T e VICEERIN L, Bt % 8l5 35 2 & T,
TR b D 2R B P R D MO ER B & G35 & & AHRETH 5.

HEROBEREGIX ) 2 A v 7V v FEAR[63], [64]iC X b TEAMR FICTER L 72, 7
AV v B BRI 2 HAEICN TS 2 2 ERTRETH 0, EWIRIREY
BT A7 RS OGS 2 TP AIRETH 5. AL TRHAL2F /24 v 7Y
Y MO FIEE K 416 ()T, £3, BEREICT 72 Uk ERS L T 2RI
(Ultra violet, UV) E{UBIIEE / ~— %A 3 2. FEERICHEM L 72 UV BE{LEHE O
LD HEFEHRIL 3.8 TH Y, EHTFILIKE 590 nm T 1.5107, #IE 633 nm T 1.5085
Thot. R, TORERGEXEH L€ — F%, UV B{LBEZM LT, Uv
LI E DR y — v FEEREE OTBIRIC R 2 K S ic Lk, 2ok EDFEIIF
0.5 MPa, i LATITFEfEIZ 10 B TH o7z, E— A FEM LN T2 % UV LG %
UVETENT LT, "2 —VvERoTTEAIEE., 0L ZD UV BELK
Rl3365nm, M 1J/em? TH o7z, mBRICE—NVFEZRDOI T C LT, EREIC
W SR BT 2 2 e B TE 3. Ak, 7/ 4 v 70 v MElTTIE, B L 72
fRiCE— F 2 W LA CHMIESE 2 B 3 2 720, g0 TS E T 2. 5%
Dy —n FehRicd 2B T O LT BEBRDOY I 2L —v 3 VICX Y IRET%
1757z,

X 4.16 (0)ixF /7 4 v 7V v T X 0 HAR B IcER E w2 B E o E R R T
WH$% (Scanning Electron Microscope, SEM) HI{RTH 2. Z DHiffD 5, BEfEE D

A 1.1 um, TE2S 180nm DEWT A7 ML CEERGESK CE 22 L bh 5
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¥ 72, UV HE{LEIEDIREDE X1 330 nm TH - 7=.

452 FEKOEEEZERLZRMRY I 2L —Yvay

MBI IR 2 5 2 5G4 C b B QMO ERE) 03 AT RE A & D 0D D B 72
DIT, AAIEL 23V OfEICH D &, IR LN A RfEE v I 2L —va v
L7z, SHEMREEDEEERIL 3.8, EEDE XX 330nm & L7z, ONIREEDHZE & OFF
REEDEHE N LRI AFIREEEZ Y T 2L —vavTbi0ic, FEBERENELLE
ONRFEL OFFREED 2liFEEET AL LTV Ialb—va v ifroTz,

4 4.17 (@) EaAC A0 AT & BROAA DL T 2L — a VEERZ/RT. ONIREED[H]
FCTIBEEAINNC X VRS EEICT D E2Y 5 T2 DICH L, OFF JREE D5 O i
Wy E RN T W22 L0 0, BERD 25810V THHEET L 0T L 7 5KE)
HUREL 72 b 2 e 3bh 5. X 4.17 ()X DOBLH 5 BN AT R EAMR % AG L 72
BHED ONIREETOMMN i ZR L T3, ONIRFEDEFEICEH T B4 7 i3 0.6n
ENEWETH 57, T EEIRORHICE W TP HE S L TEH D, ONIRE
DEFEND TR CTORMBTERICEEICED RO THS, £/, ONREDOHEZED
A IS —CTH 2B & LC, BERAIOT v A2 Y v 7 IO <, ¥ 4.17
(@) & VB CERBILL Y, IREICHME N ERSMGE PN —IC ko722 L 3E %
b, BEECREAFMICDBRBILNSS Z &b, OFF IREEDMEFEIC S N I B
FERREML T2 2 ERATHEINS,

FHLL 7272 L OB T, K 417 (IR T X 91T, ER X B 72w 72
RECTERT I EZBETLZ2L20, K 417 QDA HOY IaL—va v
fER D O EA R R A TR RBE o Ned@E a B L7z, Z OfER %K 4.17 (d)ITR
T, OFF JREEDHFE D FEEFKIZFLAD T IET L7228, &F L L TEWEE R 7.
—7J7C, ONREEDHFRIZTHLOEEBENMEL o/l &b, FRIL At IT X
D, EFEOMIIREATHETH B LBy T aL—va vICX VRS .

e LT, FBEEOEEZBRELZGAEDOY IaL—Y a VEIRZK 418 ITRT.
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VRIS B 2 350003, WAREIC T R BIEAHINE N3 X 5 i ON JRRE D HFEE M I
DEEZHIML TV ZzDiTx L, EEZRELZZSGEIX 3V OBELEZHINT 2 2 & T,
ON JREED R, Z BREN [BECTH 2. X 4.18 (D)IT/R L2tz A5 &, BEERH 3

B L HE L T, ONJIREEDEFE & OFF IREED IR DAH s & b I —IC 7272 2
EBb5. HIMINERIIERFZIER 5 L5 Cathid 6720, BELZREST 5 C
LI XY EFEMICHINE W B BRI A —IC e B L RIS, BHEHE~OEBERO b
M LAHI I NG 720, KEDES 2K 2 Z L 03EE L\,

453 1 ZICOMFEEH 243 2 FEEM S — 1 FEERGIR G & L DBl

TERMEE DL v & BENEE 2 3 2 £ )V R TESREAR T Bl L, @il x
Bl L, M 419 CZ0BEMETELRT. ZoBl%E T, MERMHEZL v X
(LCPlanF1100 X /0.80 LCD, Olympus t£) %#fEH L, St o BHERiC X » #ET 2
INEZHIEL CHZE L. K 419 @RIEREED v VOBIZHERA R L CEY, BE
AT D A b 7 4 7R OBUTBEROALE % /R LT 5. BEEIINHT L O JE 732210
L0, AH L 72 EMRFENEOIRERZN L, Bt F2iE#ET 5 2 L Cafksiis Rz 3.
BEXHIMT 2 LRSS EREST A E A E, AFSLomEREXHTFI S NS 20, BT
TRIRENMELS B2, 2o epb, BT LMY L ZBEBNERL 254, X b
T4 TIROBICKRFICETE#AMT 22 T2um ¥y FOWHBABEINS T T
H5., LHrL, {EREEDLTIX, AT ROBMBICKHLTOV &3V ERAI
FIM L 724525, ONREEDEMZIT T <, OFFIREOEM LOIEL o7z, Z DfEE
lZ, OFF REEDEM LD ELA ON REEDHFEDFZEIC L YV EELL 722 L 2RL T
%,

X 4.19 (b)ICFEEAR Y — v FEEGE O & OBIEE R 2R 3. (RO EFEEE DY
LHER LT, BIEHMATOBE AR N X 9 IC Rz 228, SHIZHEBEERMEIE T 2085
oA L3 KEte, BEEIC X 20TIC X b, EELENEA Lz EBFRTH B &
FE2oNs. FEAMBIOEREIC X o CREEICHME W 2 BEEIRAD T2 2 L 2EE
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L, 0V &7V OEEZHML 2#%, ONKREDEM LA % > 72—7J7 T, OFF K
REOBMEIRHZ WEETHo2 LD D

B EENE IC X 2 FER(K T OB 2l R < 720, BEMERIC X 2 8IS R 5
TBIEHNNAT O E @RI 2 BEAMP OFEERDE Rygns® BH L7z, EBFEDLL

1:1

Rtrans@%%%ah\ﬁ 6':2_‘_\“?—.

T,
Rirans = % (15)

2720, Toppld T RCOBMOETLE 0V & LBAEOBIENICE T 2 EEEK, Toyld
2+ 74 FIROEME AT ON IRFEE OFF JREEL L =5 A 0B NIc BT &K
Th 3. ZoTid, BEAIITOEERZ BN OEEECRES 2720, EE
FINh 0 @R A EIEHNAT & FE L WA 1 & 7220, BIEANT OFEER SR L 72
G 1 AT oRfiE 22, 2oz ehb, EMPEERIEIC X 2B BB T 2RI 72
IREECHEEAMNICH: S EEBOK T oA Z BT 2 & T 3,

X 4.20 iCEMOBHIHF (x il H) OFE@ELLOFERE L 2ERE2RT. K
420 ()l PERDHFBEEDFERTH 255, EIEAINIC X Y OFF IRAEEDFEM_E D iE K
bW L7272, BROSTFET 2HREEROEBRLS TR/ L Bbr s, TR
X, PEROHEFEMETIX, 1um ¥y FOEFROM L 72BRE 0 HEE L 72 2 FA2RL T
W5, —J7, X 4.20(b)ICR L 72358 > — v FEERLE O Y6 D@ E A TlE, 2 um
vy FCHHEDO N X — v RN Z L5, HENICIE, BRI & T L 72 EKE)
BEBRL 56, HIEEO X 5 mERELo AR o N5 3T TH 525, ZofRT
RO MY, ZAEDO XS B2 =M o Nz, 2D X ) mEEEL D
FonBll e LT, SEHEMEROMGRAIED o T2 tEZ NS, BIFICHH
L= v X ORERIRFUL, 0B R 550nm & L7z 4 V) —oafEae o R [65] &
D, 04um TH 3. 1um DIFEDMHFED O ELERE) D% FHili 3 2 1< 3R +47 7%
fURETH 2 2 L b, FBEMEE % 72 B TR D X 5 Ri@EEREN %15
52 LpHEECH Y, MO XD RiEBEISAARONZ LRI NS, B Lo
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TR S EX B o ¥ — 1 0 FEAl 1 R4 © B 3 2%, OFF JRBED B b 0B K 238 % Flind %
ZIEFREOERRECH o7 &2 b, FEERY -V VEREICEY lum ¥y F

Hij &
DEFE DN L 7 BRE) 23 FIRE & 72 2 & & AAFEBRIYIC/R X 1172[66].

454 FHBHEEZHET B A ONEMIC X B LD B

TR 74 v T4 AT AMOAMHMSIM & L Cofl@zEL, FRLAT
NARCE BT EBE L 72, FRLZESEVIE Tum €y FOBME [um v
FOERGEZ AT 0, BEXZHML TOARWVIREETIE 1 ym vy F O ICH
KT 2EFAHPEEINZ R TFHEINSG. 72, AP T4 THROEMERHAIC
ON/OFF JRHE & L 723541%, W2 2um ¥y F O T 75729, 2um ¥y 5D
PAHZEFIC R T 2 HHTE B SN B 13T TH 2.

421 I OB L 726 R 2n 9. iIE He-Ne L — % — (05-LHP-
151, MELLES GRIOT t) #ff/H L, fESE#Ef 25 100mm oL v X% — L%
MhL7z. LY RICAWT 2L —F—tov—unft (EHRE) ZDed 5L, fihlLd
LD —LRED'BE XL A Y —Rzgld, LI O T 2 58I XA L b kv b s

[65], [67].
, A
D'=—— (16)
n,DIZ
ZR = a1 (17)

WAL 2L —F —HoEEIZ 633mm, £ —4%1F08mm TH 57, fi/hl 7z

7ZL, LYXDIGER L —F —HD v — LEIER[68]IC D W TIZH L T 5, fii/hL
7oL —F =W L OEFRMEICY T, SOmm #inz2 27 ) —v FiciEgs s &
T2 —vEBELZ. kb, FRLAZERELDZ T4 TROBMHITE X A
50 um, AEA 20 A TH 570, BHHBHEHOKZ XIZ50um x 20 um TH 3. HiFHEEE

XODMNL 72— LD BRE WD, BEHEIBICU 0oL —F =Nt %
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DEFWRHELZEEL, A7) —v RICOXEBHHEEL > TREINS,

B 422 iICRA 27 Y —v ECBIEINEHF X —vZ2RT. M 422 (idTXTOE
fi% OFF JREE & L 7258 0T 42— TH Y, X 422 (b)I3FEM%E 2 HIC ON/OFF ik
BB L72GB ol 2 —vZRLTwa, FULOHZ WS 0 XEHHETHY, BT
(y BT 1) (SR 2 BT, BORRCEIT AR v P23 A TW2Z & 225, 50 um
ORECREI NG EHLEMICL2EITETH L LEZLLNS. (L) E T
5 ¢, (TREBIHEINLD o AEICETEREN . 0 REWFTHED S DFREEIE 17 mm
THY, A7V —v iR VOHRED 50 mm TH 2 Z L h LR T 2L, RIFMIZ
19°TH 5. ZofElF, HEZ 633mm & LTRHEVWEHLZ, 2um ¥y F OB
WICX o TEL ZEPTEDARE (18.5°) LILWETH »72. ZOFFEL Y, FHEAKS —
IV FEERE R BT A M ICE W T Lum ¥y F OEZEAMICHEI L, 2 pum
FONEFPRIR L - LRI Nz, T2, K 422 @)EOG)DMTICENT, 0X
B2 5 41 mm BN 2 DALEE U 72 o RIFTA X 39°TH o572, 1uym ¥y FD
NE—=ICE VAL BRI NOAREIL, 393°TH L b, BIEINLEHT AR Y b

X lum vy FOBMCEMEICL b0 THL LHMTTE 2,
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4.6 A& T-IRBEERSIE PN O W ShIC ) Il AEI-Be i

45 TlE, 1 RICDEFRAHNIC B CEHEER S — v FERIEIC XY, B3R & Oz
KBS T 5 2 L 2R L 7. TR OBERE O JEHIC O HGBIRAYIC LR R % RS
52 EHRWEETH 57288, A b T A TIROBERGE I L TR TAT ISR R 3 5 PHE 28
BHolZhb, THEMRCEFAMEIAEL THY M RAEHL Tk, LaL,
RS TT 4y ITAATLAHD SIM IZ 2 RITOMEHREET L L i, B
423 IR T X IR TR T IIE R b v, REECF T RIS L CHE 72 BER
(x-z ) X LT HIMMITFATICRS D T2 b, BTIROERE DN TIX
WAL AEL I N2 C AT I NS, RifiCid, FEMARY — FEERELH T 5
FTICBWTH RN 2 K 2 72012, #1Ik O BEREE O PR © o gl %
HID A c U, WG EC W IR D AT & B A 7z

4.6.1 IETIROFEER T —n FEEREE DO RRSLECA

ETIROFFER Y — v FEEGE LB T 2 e V2R, BRI T cllgt %
T & THRFIRDOFEMRS — v FEEREENICE T 2 BRI 28I L 72, X 4.24 (a)
BLOGIAFR L 72V OfEEZ RS, (i LEE, O <TH 5. Bk
(AL-1254, JSR tb) 13 FEMRDAICTER L, BEE & FERZHEE S ¢ 5201 Bk
e L CEElReR K ) 1 —HR A — P ERZFEHL 2. REO)EX X 1um TH Y,
WEMENZ E7 (LCC #h) ZfEM L 7. WA ZIEAT BRI, IR OBERENICZE R
JERTERE NS Z e BB IN720, TERICGRHBZFE T Lz0b, BFERICEL Z
ETRIEEREL T o LI CRA 7. I FIRDFFEEMREEL 45 DR+ 7 4 TIRDEE
Mg L [FRRICH 2 A v 7 ) v R EINIC X DIBA L 72, X 4.24 (c)ITTERK L 72 BERSE o W
[f SEM [Hifg % /~3. R X Y IE 200 nm T 1 um ¥ v F O IR DBEREE SR & L7z
ZEBbrb

4 4.25 I IR DEERNE 2 F 3 % Wlh& Vv DEARICHR T C OB Rz R, K
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4.25 ()X ELA 5 AN U CRYE T R 28 45° & 7 2 L, (b)IXECIAIJT 1A & AR5 18 2541
T (BT A S AR R D 7 3 28 0°) 1078 5 Bl CHISE L 72, ¥ — il im 235 &
NCTW75E, 45°BLE O LA R E CEMMEL O RCRERZL L, BT %2 i@EE
T 5720, HNTY—RIIREXS SN 5. —J7, 0B M O 54 3R CIRENZLe 5,
BETFICRINE N 5 72, TN T —GIFREXRONLI1ETTH S, LaL, X 425
@IXEINICEE 2 D, (b)IFEBIICIHS < o7z, C DGR, WAECH 23— i
FTHZRWTWARWI EEZRLTWS, 20l it FERICoOARAEEZE T 58
&, T ROBERGENTIC BT — RIS 2 KT 5 2 e LW L ZRL T
W3, 2T, MTEERENTICE T 2RI 2 BT 57201, BEDKHICH
W TR LI 2 Z20E 2 5 & ) AU RIS I O W CRRET 24T o 72

4.62  JEANCHHI 22 A3 2 FEER S — v FRERGE O AL ECH

AR IAREE O JETH IC 35\ TSR D BCIAIT %2 ZEL 3 2 2 7201 1E, B IS iR A I v 5
DX BHGERBETH D, £ T, W7 G % BRSO K ICIB T 5 2 & TR
a D FC Al D ZEACICER A 72 & ITTARE DB AR ic X 0, #oT7m & PATIC
Wmzhim X ¢ 2 EH 2 HT 5([61], [62]. FRL KAV ORELK 4.26 (a), (b)iC
R, BERGEP ORI % ZEL X ¢ % 720, FIEERO R E O FL 7 A LTl
M7 FERRE D PATIC 72 2 X 0 ICE e V2 FRL L 72, X1 4.26 (o) 3PS 2 /3 5
BERGE OWIH SEM HIRCH D, R X D IE2S 0.1 pm, & X 2% 0.07 um D 7z i &
B E NIz 2 L Hbh B

fRFEIT AN L CRERACMI 23 45°L 0°DIRBECHIE L 72451 % 2 2 X 4.27 (a),
(bR T, B —REREERANERL 2854, (138 2IRE, (Ob)i3H—ERE
%513 TTHLD, EBOLO R -RIEEN L o 2 a0, Wl G R A T

LAY — UV VEEREIC B VLT R RIH S EH L 2\ L dib o 7z,

bR REMGEER AT T, BRI 238 < 720, IO R AEI L EL ST B L
FExbid., L L, KD O #E 72 s e o srRE AT <k, BRI o B R
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TIHJEDF, AR D BEREE D R DRE D HIC 72 0, SECA 2 EL S iz 2 &2
THRINDE, 2o Lhro, WREDEZITH (ZEITH) REAICHE DR % L 5E
TED L BMEPLETHLLEZLND,

4.63 [BUEYIY e i3 5 aFdE A S — A FREREE O SEC T

58 o R REIE C b WL BC R 2 ZEL T & 5 720102, X 4.28(a), (D)ICRT XD
Mg EED I EHY) O M e A3 2 iSRG 2 Z R L 72, [BHEY) 0 it EHE o Bem i
DELFTTIANCRT L CHAT R I MICERE 3 5. WRERECIA J7 1S AT 72 H D BEREA G < 72 %
2@, ZORMEICHK L CTHREATATICARS 5 &3 2 IMREEN BN Y, K
FrapE—ta s 2 e xWifF I 5. MUY e F 3 2 BERE O Wi SEM [HifR %
4 428 (c)icns. LUV RIZER % > — v P32 08237 <, Y] 0 RS A
B2 xRk b0, KFARIEELE L TIHNTY — L FEEX D
0.17 um | & L 72.

4.29 IV D iR EA T 2l A OB R 2R T, B 4.29 (a) 2SR EBCIAST
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