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Optical Properties of 3-D Nanostructure-arrayed

Polymer Surfaces

Student: Cheng-Chung Tu Advisor: Professor Chang-Ping Chou

Institute of Mechanical Engineering
National Chiao Tung University

ABSTRACT

With the improvement of technology, the demand for entertainment by human
beings becomes higher and higher;:therefore, the characteristics of light
obviously become the important; topic. Anti-reflection film is usually
manufactured by coating method. However, recently the use of anti-reflection
(AR) structured surface has been proposed.as an applicable alternative based
on both the theoretical and the "experimental study. In this article,
antireflection structured surface was analyzed by the finite difference time
domain (FDTD) method in the visible light spectrum and has been
successfully fabricated on plastic substrate by nano-imprint process. The
optical properties, include transmittance and reflectance were inspected. In
addition, two kinds of metal thin films (gold and silver) were coated on the
3-D sub-wavelength nanostructure surface to examine their optical properties.
It was found that the metal-coated AR structures perform well with very low
reflectance in visible range and low transmittance in infrared range. This
special optical property can be applied in window film to reduce the heat

caused by IR absorption. The FDTD numerical calculation was used to



analyze the AR structured surface by the designed profile 3-D conical
structure(moth-eye structure). It showed the antireflection (AR) effect
(reflectance<1%) when the aspect ratio of the 3D structure was larger than 0.8.
In the nano-imprint process, hot embossing and UV curing process were
applied to generate 3D nano-structure on plastic substrate as PMMA,PC and
PET. The optical property of the fabricated polymer film showed good
agreement with the simulation result. In addition, the metal thin films on 3D
nano-structure showed much better optical reflection performance compared
with the films coating on the flat PET substrate. It also showed that the
reflectance of 25 nm-thick silver film on the moth-eye structure can be
decreased from 47.6% ( the reflectance of flat silver film with 25nm-thick ) to
10.6% at the entrance wave length equal to 550 nm. The results are very

useful for the commercial application of window film product.
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o
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FeF AT R DAL > RE AL DI W E AR DEE

2o 4o 1.6 #r7 > APMMAZAH % 1 1 umenSi0 % B ek 3% 2
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— o AeR LT o F RPN RER A A4 223 Rl o B A
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FenfEas s 4 [15] o
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£ 200~300nm > » fj}u{fgﬁ SRR FRFLLAFEY > 3 Xk
RenF g f EflenfE T 2] A& mﬁi\‘%fﬁiﬁ/j&{— fap ik
Bo@ iR BHGHE e

AT AL S W 5 230nm sl gl e AR A
HPRBRBEL LRI B w Al & RSl 50 S s R @

e EAes A 2%kE R §F & (electronbeam) ~ F % B
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RBER L v s 2 RAHG A oA A 2003 EA
Fraunhofer # 3 ¢ w1V, Boerner # % ¥ & » f % 2 ifRE
(holographic exposure ) t4fzk4r t @l iFddpdd - 2 B = o<
BOAEHCE 0 @ o PMMA A4 B iFds s, p g L 1 Al kg
gt e~ B0 4 g IR (surface-relief structure) & >
1 T 48 (electroforming) = 4 #-4 ¢ iF A W 2 & S+ o
[16] -

AR AU R F R HFIAT K B B RIET
WOpERLE Bk B MR > 3R A FTPigE M Fraunhofer £ 3 ¢ s B
B o B G BT S R AM LG o Xk
FMF o gt b L W R AR EHEINE LR D5 E o AT

BHAGBUE BT AT ER T 2- K 123D E A EBE

-

W LB TIE i A A ET R o
1.4 =% B éh

Fy 3D AL LA FRE e AT I - H RS
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W AERME AT LA & o FlE DIk ok o

AR RS e - R £ HEOTR T RE RS T AT

1y
=

RN AR BRI (IR b)) ke pF o S R T Lk

—_

ay

S0 KRR R R %
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EE YRS L LT

it

FI* g AR A2 THEF g g ~I81TEd AL
R Fraunhofers 7 [ > JI| % BadbiZ & & cn@ g Fuk 300 H 402 5k
FHRA[LT] > d BFHEL 7 P WS HRT PR FRFHEETRC
SR kF hRRFEWUT2Z LR o s B FEF SRR B
( sub-wavelength structure ; SWS) 2_ 3k &t it B30 dF < 1967 #
C.G.Bernhard ¥ £t % @ Jit » B P AR F 5 5 B SEPE > blde
LR o (moth-eye) > W E 5 AR 30 A FFo7id * g V9T A

42 gF SRR BB R B e 2 o |k R R A
oo ‘%Tﬁj‘j’iﬁ?{* fop MW PEnbuE i
21 X A& "-F'.'-’f#_}%’* WPUE S B R R

1973 # P.B. Clapham~ M. C.Hutley = + **Naturedf 7| - &= 7 ¢

BARIETpRR A R SE[18] ) WA 2 HF e iz gl

I3 4w b 5 ke (photoresist) » 14 4 1 3 N ELIE D] A £ ]

A2 PR 2 44 5200nmE L BEEEF D dop 2
P b - 0 TR R S R S ko o]

219757
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R12.1 4 i s8Rk B A (a)Naturedp 7] @ 00 b8P & G 2

B (b) F 55 % 3 BI[18]

£ 1982 Wilson® 4 » & 321t — o #AR Sk B FuF S

BT B g Tl
';ﬂ%ﬁﬁﬁﬁ?ﬁ%$i
E:mig%c’ﬁﬂaf IRES
it R ) Bl & W g
AR N RTF B RGBT G R RIS
( gradation of refractive index ) - it Jg#r#| & 53 ¥ kTt 10 L

oo i ok fE2 G P (moth-eye effect )
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B 22 @)% 6 B4 3 BT ED b bt ot 5 2 X F
(mlkwimMﬁ$ﬁL?4%&ﬁﬁ%ﬁﬂﬂ

2115 £ B2 LEE ﬁg,ggq I ;,-'5

B A gy *'h”? EE!"—TT@* PR R RS- FR
E"f"JC';?ﬂJ@”ABT‘i&g_'gD‘&I{ ‘:E/ﬁ—p\%?}g'g;g%\ﬁﬁ

FHARA T2 24 S S BT L~ R o Bk H
B 12 4524 % & M.G.Moharam#? T.K.Gaylord® =+ §% p 19813 1995k
FROGEH HP & S Y- M Dk AR EITREFA
WE 2 I H o R R R TR WA H A 2 A
£ 5% Bt B 473 2 Bt 8 & % (RCWA) 4ot 4
FrMaxwellid #5 = F25% o R m 444 = Bz 4587 A > 1% a4

G EER KBRS R AT R R F L RSB S o
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Flt R L i M L QSR oV - 2 a0
FLEmuAesmn AR UiEa ] R RS AT G
Mk S S AR b B Ap AT T A 3 Az A M A

» H ¥ & 719874 Yuzo Ono ~ 1999% 2001 & # ~ K. Hane#& # -

g

1992 # M.E. Motamedi ~ 1997 Philippe Lalanney ~ 2000+ K. Hadobas
FoaA I BARBEPNTF AR HETF HFWTT P22

E S TS PO

2.1.2% i & B2 Qazie
batp AL FEpe B oK Hane k4t 0§ & d 719997
Rl 7+ ddc® (electron beam lithography ) 14 2 il i# chp &+ &
( SF4 fast atom beam ) & FEFAT » & Add' B o A + & I 978
R H[20] 0 R AR N E g FH RS s Bl R B
(two—dimensional sub-wavelength structure ) - 4cB@]2.3%77 o =X &
LS A R G Ak~ RR S350 nm ~ P 2RSS 150 nm > ff
£200~2500 nm#= ¢ R § =gk £ B A4 Gt £ 400 nm
FeZo BB 0 VLR AR RAE 05T 907 MP0.5 9% 0 BE T E

S B B A B89 TE R A R chE St o
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T § ki \ ' I
Litetthil i
2} 11111 PR orf (b) s
g L§ i ’ il P 1 «====-- Silicon substrate
i -Jd ESAaERE H DEF
| Wi AT R RN '
N U BRI
L U T I e—
At s A YY) S
'!E!n;“h { § 03 )
i b 1 ERAE o [
i gf ",'f-i, : L} e 02
{1 Mt
i 01}
0.0 : ' '
500 1000 1500 2000 2500
Wavelength (rm)

Bl 2.3 (a)iE 0 om0t £ B 42 SEM & i@l (b)# fhir &

B E SR F o R H F20]

?ﬁ:}%-%“é‘ﬁ 7 2000 # = < K.Hadobas & 4 » & 3 £ 7 % &
g+ R Fr (optical intgr_f-er’eﬂcé*}ithography) BT A f B 4{# i
FI[21] 2 oK B4 E“ﬂ/ﬁfa lFHJ.I;R’ ﬁﬁﬁﬂ 200nm~/# & 35~190nm

4olf] 2.4 407 o - HEAF BERELF SR H k£ oF

b

SRR I SARTL PEERECER S MR LS & 225

4

A

6 3k SRR RIFD AR A -

F2.4 # 4% & 5 LR 3 F 242 AFME GRl[21]
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2

l a=10 & unstructured
1 d (nm)

o 74
l id 120

Y= H 1
200 300 400 500 600
A (nm)

B2.5 7 FiFERSE X B LD B R E B FF S55E521]

2001 # p AL A+ & ﬁﬂK.Haneffi%* fi* B3 REEDE &
% v 48H#% (ordered anodi¢ porous alumma OAPA) HeB FHi22]
wﬁﬁﬁ%ﬁkiﬁﬁ%#iﬁi@@% ﬁ-%ﬁﬁimm+¢%
Pend ke Lo i m}%r% 4 (SF, fastatombeam) kAh %] =

BB g o Ao BI2.697F o

(1) Mask fabrication {2) Pattern transfer
(a) First anodization (e) Mounting alumina layer
~Alumina ..-' NNANON é,SiIicon
< Aluminum =

() Romovmg upper layer and
{b) Removal of alumina layer adjusting pore diameter

(¢) Second anodization

(d) Removal from Al sheet

RIRIUATRIAY

B12.6 BiEF it grHom Mol s L 1T =0k £ Bt A2 B[22]
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K Hanecdz#r @l iT ) kehpnk s34 - R 5 5 &I 5 5100 nm~ &
ot =124 4 0 A7 LR R (400 nm<A<800nm) P F BT
4090 M 1.6% 2+ 0 I F I Bt g & k12, (rigorous

coupled-wave analysis ; RCWA) 2 #its B Sk & s st

Mo deB2.79 7 o

1 Tl E
(e 0-3'1 ------ Si substrate (measured)
0.5/ —— SWS (measured)
. .., =—e=SWS (calculated)

" 400 500 600 700 800
Wavelength (nm)

R12.7 (@) # HL ek f g - 4Efis (b)F =ik & 42 SEMR 1 ]
(c)=x it & ‘f;”f#ﬁ 5 Sk ¥ R [22]
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& 72003# £ F # $k#r4 ~ & ioStephen Y. Chousc 0 7 & 3 32

i

SWe

?;TE 1% 5K %] & 4 %] ( nanoimprint lithography ; NIL )& 3¢
[23] S # et p A R F 0 < 2 3R 2=
Menz £ FUF SRR 4K 0 JER 9 5520 nm ~ ¥ #/200 nm -
4oB2.8%75 o ¥ LR P T 0k SF T M F|< 59 0 4o

2,947 o

tri-layer resist { after NIL )

F2.8 (a) 2 4 B a2l % & ff ehp 5 o it 7] 2 Wi inAe

(b)#” =t L & ik S5 42 SEMA ] [23]

05~
P
\\“
04} S~
| it SV bare Si
posf T
2
3
= 02}t
&
01
SAS Si
400 500 600 700 800

F12.9 =ik £ 4ok SHa 42 F ot % 3 B (23]
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2003 # 4g, B Fraunhofer® 3 @

(holographic exposure) 17 3% % #] |

TiLr S A7 F 7 XL P 9T g

kE® o B 45

1417

) 'I‘,l

Al SRE

27 v

s

2 4o B2.10%7 7 [24] -

e T# ( surface-relief structure )
T 4% (electroforming ) = ;* #-4 &

s (stamper) o f R RIT A

V. Boerner % f|* 2 if gk
EfLk S RIS F < G 3l

1
=

Jn] S pE ‘e__'___?_» ,g\nﬁ

G of ki
L4 - K
FARE A W T & B R

EAEAL A FR

Photoresist Plate

Holographic Exposure

Development of
Surface-relief Structure

Replication mto Metal
by Electroforming

Repeated Production of
Stampers from one Mast
Structure

—
|

'
!

!
aAA~A

v

L,

FI2.10 17 3 ol % el (v oo i 42[24]

Bl 2.11 & rug;

PMMA A #H 4o & o @ Tk S0

25
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A 2% T (Hg FoFal% MT) o

1+

B 2.11 & i & jieen AR 2452 SEM ¥ . 1[24]

10 Reflectance (%)
. l'-‘ - <
8 '.; ---------------------
. = == Flat PNDA Reference -
6 |- Comumercial AR Coating on PMMA
d —— Moth-eye Embossed m PMMA
2
400 500 600 700 800
Wavelength (nm)

B 2.12 & PMMA At % & (T35 S0 9717 & 5 5 6 3% B)[24]
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22 FF b2 k8 T8 P
221 E»x A FR2& (EMT)

@ 7 1993 # Raguin & * ] * % »c 4 & 1= 4 (effective medium
theory ; EMT) A {74k 84 6 S H[25] 0 A S&IDE 2D e

Ranfa EERF A1 B A G BHEd b a TV s AT
dofe 5 RS oS FRIEF A B B RIRD 34 N E o
“ 3 A A F TR S > o BI2.13()H T o PR B ek Bl i ehdk G
e ;T*U‘?\wwfr%‘ AP R TG R ’ﬂ"%“f Foek ehth R AT
B R G snendB g R Vo T T M T { F ok Btk > 4ol

2.13(b)# 7

Structured Surface Effective Medium

Ig

Multi-level Profile (a) Film Stack
-
% —_— n(z) l z

n n

] 5

Mg

Continuous Proefile {(b)  Gradient-Index Film

BI2.13 %2/ FILem2 & o e B W(a) 7 & 53 chir b4 5045 3¢
(b)idk 3 ety & 47 5 5 H058 [25]
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222 E#mépmsm: (RCWA)
BT AR 2 E 4 G 34 (surface-relief) S auZam it o

- AR ALY Bt 48 £ A 23 (rigorous coupled-wave analysis |

RCWA) » & £ % /i #8% (EMT) % 4c 124 47 {2 - RCWA 3+
BB LE Y B A T e R o B 2 AR S AR

f: > 423 (Maxwell’s equations) ki ¢ ch= fj% o & <1981
# Moharam 4 % Gaylord~ ¥ » 7 =t " RCWAIR 2 4~ 47T 5 £ b
HEBHEA5[26] 0 2 & 1 * g Lk 4T F SRR 2 IR o @ {8 X 1982
k3 ihé* ¥4 o 53k (surface-relief . grating ) & {7 ¥E 8432 35 & 47
[27] B %7 4 o K4 o 47 3835 AL A o #X75 41983 # Enger & 4 E_%
S B AR E A @3 N1-DHE e (grating) [28] ¢ 2 151986
# Moharam + fF * 12 RCWA = % ¥ 8% 7 B # F ( high
spatial-frequency ) & = A}i& ¥, (rectangular-groove) 4 m ¥ 3tk
# (surface-relief grating ) i& {7 A $5[29] » 4 Tt k4 5 a0 # BgIR 01 R
F 5+ % (zero reflectivity ) € & |+ o 11 e /F*’%‘fa"‘ A 4%k A0 1D
6 L B .

% 711991 % Southwell 4 i& 72D B4 54F 3[30] » 12 BRPR 5 fis 50
T B A G R E S A it S 7 R R Y B

4 F bR EE S > oB2.14%5% 7 o S E > [ F A S BIREN 6
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Bl 2.14 £ 6 B PE LI 2 KPR (475 F 5 145
(b)47 54 % % 3.42

(b)

e GOUARE PILLAA
¢

B 215 (a)= AL 7| 242 5 p L&A G (b)F A 25 2 - 24
F bt 2. SEM & HRI[30]
| 7 1994 & Moharam ~ ¥ ¢-%+ - =t ;& £ (2D subwavelength )
=~k ip (binary grating) %1 > 4 5 W RCWA{rEMT 832 3% i&
F (31 e AT o BHER T (0=00,30°,45°) 5 A fEIL% A
APFOREFRAERENLE AL IO E o SEFRA A

WhHATE D ek S50 RApF o E 2.7 RCWAZ EMTR i & 47 = o
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kg A I A Ao F12.1697 7 -

20 ¥ v 1 T L) T 1 T

[ s RCWA (i = 907)
L D'—“HCWHW=U.]

*-—02vDEMTE¢=D’}
H—HE-DEMTwzm

-
4]
T

Power Reflected (%)
1=

41}
T

0‘10.20.30.40 SID.G'U.?'O
F12.16 RCWAS EMT# f632 44 = M7 b » 5 & B

2 5 A1 RI[31]
22.3 7 A L 42 (FDID)

3 "UpFE £ 42 (finite difference time:domain ; FDTD ) #_d Yee
w1966F “rie 4 o I BB ER L B AT G AN L A4

FEoR et ZR T B RER S BRE K E G

3
By

B PRy

5

BHA (5 B3 h T B Sl E A 17[32]  B12.17 8 Yeeds i e

~

Il

E
u. f=
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E
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a z
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DA ESRE G DAH Y AF BB RSB EHE A

d o & B2 BT B BT 4L ST p A GEY 4 g R

e (4ed I ehk S FEF e TARB e Y LB 24
TSR - RAS AR B (%) MR el o T Ak

T SUCE B A 0 gt £ 12 400nm (5 g 0 Ao 2,19
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B0 ! 1 i ""F..d
et [
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‘.Iu' I.
- H ] | | | 1r|h
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2 4 &5 B & B0 2 3 4 5 6 T @8 90

Wavelength in microns
B 2.19 % & & it F2 & 55 ([38]
£ RCenF S biE 5 e e R RS 2 R E R

AR ER O R A LRI AR

Erdt

A M B AR ER R SS R L SR
Sid 5 AR RE CSOTE E S RS DT E o AF

SERER M RIS B A F S Mo e PR AR ORD

o
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g R P T T N a ] S, S
’}ﬁ’ Shwzv ﬁf'l-ﬁ-?ﬁ&[35]‘%§fﬁ AR RS R EE.“

T Ak B hi g [36]
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=
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0 T~ —
o 5 10 15 20 25 30 35 40 45

THICKNESS OF Al;03 IN ANGSTROM UNITS

B 2.20 &£ 121.6nm ¥ i & -5 =& Bt @ [34]

- E T SRR A R H I kR IR R R
Stepftfl s A EF F DEBF A MR ESF Y AR §FF LA
48— K EE g Y 48[34] 0 4B 2.20 "EEFRT A LR
20-30A > & L ABVIAA o LB BEaendi bt 135 0 R ETE LT
AT WEARE B OF B AR > 4of] 2,20 0 k£ & 121, 6nm B
WIgERPEF S5 5 63% 0 @ f— o] PFiE K Bt Ak bk R TR 3

A% — 2288 F BF R F136% 0 — P 28 R F1 2% @ § k& AT
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160nm F¥ > 3e & F 1 K $20 F S5 2 5 1] a2 8 Si0 £ AL203 o
PTG AR IR (e v R R IE S AN "K" B E T % S 1
MgF2 2« LiF &k &% > 4o@] 2. 21 > 48+ 7 & 5 & e MgFe ¥ 13 4r - 2

HIF S o

100 T I ,
90-Al+MgF, (1=250A)

"l D e B

Y a0 L

-q: 70 ;’/ ;’H i e =

ey / - !

éeu / .-‘I ! o | -
30 / { ""4.} '

i i P

Eau T | |
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WAVELENGTH IN ANGSTROM UNITS

| Al+MgF, (1= 330.&1

B 2.21 Al v+ MgF2 % (25nm~38nm) 2. ~ & & & B[ 34]

4 7% 700nm "4 F B PE B A A kR G MehE B

e --)

G AR oY SRR 3 I AR L R T
SR ERTE 0 BAEH e enE o WL 10 gt 0 KRR R SR E
MR e d NE AT § AL AR ek (diffusion barrier)
BT A Y chg 1Y o 3B AR R STELAEEE R B o
SULT Lk B Pl b kR (B ik B T30 00% 0 1t degr
Cag eSS N SO S S| B I 8 s s} i "S F4EE & bnm/sec T 48

- 30sec *TE B A ek B A 0 Ak B )3 340nm 0% ¢ kR 0 KOS
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FAEFTED 72.9% 4e® 2.190 A Ak £ 100nm~200nm FF 0 4Lk

234 [3T] 0 B4 7 e i AL 0 % oF KL BLPF U g T

L
i

it
B3R S5 nB B AR T BT F L2 T T
DEAE 2 HEERL o FEE 5 R D AL03 T I e B A R 0

FHoAEE EFFEFTHENET @ A0 e T U AL
Cu~Cr~NiCr & & KM g F L2 B L i®H o

% 600nm *2 + (Infrared Reflectance and Emittance of

Silver and Gold) 3 & & 3 [38] 32 99% » z 4%:# ¥ 30A/sec
AYEPFR B0secw » 7 BT URET T B A ET

BeoReh B A8 £ hF S50 g B AV Ieani® & 2 A W TRl E

=

0.7% 1% B8R HREF RE"PRFHFR N 4EggF > d 20H 47
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B 2.24 % PET = ﬁ,’%ﬂ rﬁ(aﬁ"ﬁ#:‘: (b)% 5 5 [40]
MGG R PR R ‘:CFL ‘ 28 “”f#ﬂ* HEFRHFPILD R+ A
I AR I e R Ffzﬁui—ﬁ »fPET ¢ 4340 8 B R 7 _2nm~20nm
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e 320nm F =z o e 1650nm ed MR E ST 0 F BB S 2 T 5 h
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