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Broadband and Omnidirectional Anti-Reflection Using Tapered
Indium-Tin-Oxide Nano-Columns for GaAs Photovoltaics
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Institute of Electro-Optical Engineering, National Chiao Tung University

Abstract

We demonstrate a practical photovoltaic application of ITO nano-columns serving as a
conductive AR layer for GaAs solar cells. The characteristic ITO nano-columns, prepared by
glancing-angle deposition with an incident nitrogen flux, offer omnidirectional and broadband
AR properties for both s- and p-polarizations, up to an incidence angle of 70° for the 300
nm-900 nm wavelength range. Calculations based on a rigorous coupled-wave analysis
(RCWA) method indicate that the superior AR characteristics arise from the tapered column
profiles which collectively function as a graded-refractive-index layer. The conversion
efficiency of the GaAs solar cell with the nano-column AR layer increases by 28% compared
to a cell without any AR treatment.. Moreover, nearly 42% enhancement is achieved for
photocurrents generated at wavelengths that are transparent to the window layer.

In the first session of my thesis, the growth mechanism and microstructure are analized.
Glancing-angle deposition was employed. for preparing microscale and nanoscale porous
materials based on nucleation formation. and ‘self shadowing effect. However, the
characteristic ITO nanocolumn structure presented in this work is rather unique, where the
formation involves either catalyst-free or self-catalyzed vapor—liquid—solid (VLS) growth
assisted by the introduced nitrogen. The ITO columns become uniformly oriented at the end
of deposition, following the direction of the incident vapor flux. The columns also become
thicker (~100 nm), with a thinner tip ~30 nm in diameter, and resemble tilted cones with a
total length of 1y m and a density of 5x10°cm?. The transmission electron microscopy (TEM)
image reveals the core/shell structure of an ITO nano-column. Energy-dispersive
spectroscopy (EDS) analyses show that the outer shell has a higher tin content than the core
region, indicating the occurrence of tin-doped indium segregation. In the second session, the
GaAs solar cell with ITO nanocolumns was characterized under the AM 1.5g illumination
condition and external quantum efficiency (EQE) is analyzed.
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THRRTECEY BRI HBEES IBRRE o BB RmR R E LT e
AR ETI ML - LR AT EMIE T s L AL G B EH o e
FH A EAFLEEMP)E M EHF L EMIIY %) - L EME R 22 ET I IR
AAEDALEM AETPF LT o ALEM HETLTET S o LEMHP LS
- EERAELRE AP I AL F B EF AT o BARED LG R AITY T G A

TR T BERIES >R EF P enpd T2 B g d TF o A2 FT

EH

(diffusion) 2 /&4 (drift) o 4r% 4 n 3| L #E484c p 3| L E44pd > #-2< pn £5 (pn
junction) > & F Bindi o A A kT T HopniEea VAL T IR 0 B TR

ﬁ' ’loa_,/rr ,’1;;\. f%ﬁ‘;gif""’

ARHFIRpAAIBRTE OB ERIWP 0 FEH AL IE AT ERE
RILE SHEEFOTEHEEE R P REBTHRY THEXY Az B TP FEE

BlETRHE > RS TR OEREAIR AT S BEAR T2 guF (TN o
2-1 * i s R AR

- B REFDE BT PSR TR12]5 4o Bl 2-1 #fm > & 7 bR a Rk K
(Cover glass) ~ # P % ¥ & (Transparent adhesive) » i&@ k& éhi®* A3 H 2 s B T4 2
[ SR EE SR & RS R e B LAl RV e R, -
% - a4k 4 (Antireflection coating) » B hat3&§ kv e fh > Ljgd L5 24
SRR RE PR R F bpa g Ao L S A pne L FHEEE o d p AT E
%2 (p- type semiconductor)% n 3] < #48(n-type semiconductor)= » 2 ¢ % p-n o

(p—n junction) > ¥ M-k T EETAE A T I THRHAR F AR TEOTIER TR

o

(Front contact)d *t & 7 ;&% i i » ¢ K3 +dp2 R ehBl % > T T & (Back Contact) 7 2
imm}é];[,l‘z—\»*#, Elm_l_—%’\‘;jg_gé );‘; VLPI{:’FJJ:,};E‘J‘W”&E ’ljj:%-ét,lo g;}f_’m{__’

BB SR LRHERG HA 2 BRINEE e PR R VRIS TN D

-

TR A B R TR KR Y RN R Te A by LAt R

11



Mot ek X T iR > ARG 2 RMAET g o

Sunlight

Close-up of a PV cell

Antireflection coating

Transparent odhesive
Front conlacl
Cover ‘Im’7 7 / Curre nt —

Z Back contact

Closeup

n-rype semitonducior "_ Frent contact Curre nf —

i

n-Type semiconduciar

p-type semiconducior

p-n junciian

p=type semiconductor

E il— T T
-@ = glegiren Bock conteoet

W 2-1. AAXBaLehn e da kiick i &AL Rk A (Cover glass)
% P 4% % & (Transparent adhesive) ~ #uF % & (Antireflection coating) @ =~ & dp 38Q]
~ & %+ ¢4k (Front contact) ~ & ¢ #&4 (Back Contact) » % f # £ % &3k p-3) %

n-A X EH . FRBRE AN RS Lo ”F“%%‘c} MLl SRR ST

(=) 34k 3 ek et F (Photon collection)  § {7 ¢ i ¥ 10 tfr Stk B e -
- BAF R RS HA TR R MRS G T ¥ E & (broad spectral

response) % * 4tk & & (angle of incidence) & 4F4 > H4v x Har T 5w fejek

[
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(=) H4kF F eng F 225 (Internal quantum efficiency) » F 707 27 10k ¢ &3
X R A Ll > AlfrauEaRY RO MR AL ks RIEXT S A S GuE

AP ARG FEFETORTEBEHP R S F TR BAEARSE - AT TEkg
THEREBESEOELEE O ORFEFIAIBARTA Y IR BBV FI LG LKA D

SR

(Z) # 43+ g fagmwed (Carrier collection) » | (e 2 L # B3 S ha e B4

B T AREIA AR N i m?jﬁﬂfﬁf“ Fo @ Phoc kg d nsy e e f kT

BAADT IR CETINEENEFRRE AT R F TR BT LG S AR o

TFELFFT A BE o wWE MBI AT oF n A2 AL EMARGS - Lop
4L ¢ #(charge neutrality )o%# n )& p A& Rl € 7) = pn 4% (pn junction) °
Aol 2-2 47 o o HIT 0 RF EAUEA B 0 A FHFICIEA KD Al om RIFF 2 oA
—%’ﬁawﬁ?ﬂﬁgﬁhmonﬂ%ﬁa$¢$ﬁ£%4%%ﬁ4 Th¥ @ p A
TG HTEFRMPIREN AL LR A F oD AFLTFFID AFERFT i} K
7 Z % (depletion region) » + £z F" % /= % (space charge region) - %] 5 5 #8 &2 <X 4 %
AR T ahiE? - Fn VRLITFEED AL ?,Ta’?vjﬁ»gz'i* p2z (bulit-in) TH- -

FRLFRPETHY 0 AThe p UF - FrHEF LWL FFRAAL T -Tib

HoRF RPN ETHFDP T »n FES (drift) ApHE > Tk € Fs p 2T HD

%@épﬂi%ﬁoxﬁ{ﬁ’%%%éiiﬁ CAr RART A L T S e 0 Flo P E

THHFEL n A Fe p AF RS T I E_#73) ek Tk (photocurrent ) o % KR4k
¥

224

v kT Be A8 n A% e p AFH ¥ pn - WA T BREELF v RE

(reverse bias) RT3 w » AT TN o
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++| - -
++| - -
wt + Depletion— p-type
+ 4 region —
++| - -
++| = -
++| = =
++| - -

- lH:,v — T‘,v U X P ‘rir P

Bl 2-2. - @IS TELHE-F n32EMEp AL EMEFAP AL ENY DT F g

DAL EMN i T T RDF LTI > F 2 o p A X HMORIG DT RIFT
FE R o d WP I AEF G AT PERTLHE . AP ETHDERREFY 0 2 3 AT
TH+FRFDERE >+ fiaz £ % (Depletion region).c

Built-in
electnc field

Caoncduchion band

Valerce bard

M2-3. pn#e 2 kTEHETLE - bp AL BHE 0L FWRAR £ 0P RS
WA ENETHRE A S THSIE o F S e L BH R AL TS TR

THeonUBHS THF o pURHBE > I LTk
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R A 3 A kS o s L EM pn S B pn Z MG BT A

2 g SO o 4oB] 2-3 417 0§ - B0 E J A 1 (Energy Gap) ik + 5T
LgEmp o £ d k3 R+ (Valence Band) F +7% + e 8 1 4 (Conduction Band) + -
+ 7 pd g3 -7 F H(electron-hole pair) * & F fe@ iF B 71X HH pn g 25+ p &

% ¥ (build-in potential )iF* @ 2 3> T+ BT FALApF > w L A @35%]4: *’?fﬁﬁﬁﬁ

KRFET pn KF REFTEFONETHES T AR » SRR AA L T -
T4 8if & (recombination) #AA B » A3 LFim o LEiAR &d pn - B A
BAGD P2y EABTRA AL TR ok @kehpn - B B BRI
PR e g 03 fhER(short circuit) £ fstan@i: TR (short-circuit current )

AL FRED pn - RS H A APl FeALATHY R B ¥ (open circuit): B

‘i

&
EH

T e p AFRAMENADTF > 02w TR T F @+ p REBIRARD B
EHREMT - BF T g s ,‘T‘A{Fﬁﬁéiﬁ (open-circuit voltage) » iz B B & B~ AL
% T & (photovoltage) s *7/1 ~ 1B T ¥ A BH 5 % K4 (photovoltaics) = o
MEFEZ R AZRFRT R HEPM AR L ERUN e £F pn S BB RS g
Sofe s AT R P 2 (quasi-neutral ) Wi o 4 G FpEE TR R ART P R
(ATEE MERTINLIE S LA RTIE L S AT IS S AR rnE AR R = s £ R
Ahon BT ERFHCELF-TF B ARIIFTLRFOE G 20 p AFAk
BRUEE G o0 AETY BRESRTHFEIL D ARHICTIN PR p AT DTS
7 .
Ba 22 opn - Mok R TR HA R Kk p Az BT
2R RPN FETFOEST I
2.n-3#T P PFS @ii\"" TF PR T O
3.p AET Y HRBF DO HEPF T F OPFATR I
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2-3 X Bk RGEE

2500 |
- 5762 K black body
2000 - -
- AMO
_~AMI1.5¢
g — 1500
25
55
ZE
- 1000 |-
500 |-
0 1
0.0 0.5 1.0 1.5 2.0
Wavelength
[um]

Bl 2-4 HBXakFHLrdResHBand RSB idw afidgs 2 Lo B R G5 5T62K >

A

OROREE S ed R K AT Ra o S it N BRn e koA 0 0
SRR e B A 2P kAR L MO E TS E A F A SR E LA
T F IRTE B iRT o

Afpdrg SHETA TR E R B E SBLIFHPAER 0 AT DR INE L PR LD

FR A2k Eau £

B RS N PE R L G FFRR B ROk

AT BB A G OER S G5 5T62K 0 4oBl 2-4 om0 X Bk A B Pl ok eh T dapE
Brrghpd 2P g AT AL AL Y a5 1303W/m e A F HE A G &

REBEROPIRERLTEZL S F FE(airmass) o ~ § FE 7 F vk G (AM0) » Edp s 5

R ERIIB RSO A GHEEE X ZRERYFELE A FER L1 k& AMD

Hip B R HEE BHTIP IR G PR Ap 3o 9 s T oriR L 3l ko s g
G 925W/m2°i%ﬁ‘ﬂkﬁ‘?vg"]ﬁ_*’?"‘ FHRHIBEDERR > Fo 28tk F 2 r 2 F 12 €

WA F P L R R EF B R 00 400 2 HEARS PR F S L5 (0) ¢
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Jodk oh 0 900 ~ 1100 22 1400 nm s fc I B -k F #rid 4 1R 4§ ¢ R ol i

ME e Ak NG ARG R AL O 4B 25 fTR o 4 F F

|k

AirMass=($ ) (2-1)

¥ 0=48.2"pF > A F R A AML 5o EAp s Ao R pF S B R RATT] - B G iR o

PRESNE OB RERKET 0 A E N BT R - BEE BBk

VY- B E55d b+ 2 2 SRS Lo B B BB ROEIHETE » L9859

T E s AMLOD > ¥ % B R FREEA I H i T8 E S REFORE o 5 B el R fofgst

koo BIAES AML.5G > H PR atss B 5 1000W/m’ > B ® >t & 24731 % B av T8 & B on g pliE e
R i o

AM=P/Py = secB, p—

6,-ZENITH ANGLE ’?

AM O

AM 1.0

EARTH

B 2-5. *HXHNTHEM - B9 05 XHRELd ~ifehd &> S0 F ~ itk B d ~ b
1k hk 0560 BRPF LRI B TRS AN 2 24T 482 B &S M5 A
AP ER A FTEAMETELZ B E MBI A F RSB aEg B &
TG TSR R BEAL

Z2-1F M p T2 2 §F R R H G~ e iR [13] 0 ip Yy ARE 2 heh s
Brav k2Rl P R BRI R 285 0 2 U B a8 S 2 2 iRt
WL P R DIHBATE > AP R A 0B FEREFRRE UHEERIB TS A

ZRY AR YRR AR AR SBTEFE FA LR EIEE > B B FR
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KA T A Fl s H B AP B sltd e~ Sk ko gAML BD R o
ik R R Rf TE AR IR AN G F Ak

Flph 4 2 &AM 5GER S B AR > H 3 A 5 1000W/m” o

Solar Condition Standard Power Density (Wm-2)
Total | 250 - 2500 nm | 250 - 1100 nm
WMO Spectrum 1367
AM 0 ASTM E 490 1353 1302. 6 1006. 9
A1 CIE Publication 85, Table 2 969. 7 719.4
AL 1.5D ASTM E 891 768. 3 756. 5 584. 7
AL1.5G ASTM E 892 ) ' 963. 8 951.5 768. 6
AM1.5G CEI/IEC* 904-3 1000 987. 2 797.5

% 2-1. EFAE R k¥ mpéﬁéﬁﬂﬁﬁ "’Wﬂf R o AL BE 2Rk BRI R
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e
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#
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Sk
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_th
l“b
=
W
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i
e
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Jls
4y
Sk
a
o

A5 [14] 0 BiRl A AT 2 RITBST LT R FRP o

D-4-1 fi He e % B R i
AFREEIBRNTE AR ROERE LI EER FRRREDRRIP o FEF
A i+ 2 ® Newport 2 @ #r#liz 1000W Class A s AMI.5G -8 < it £ E R 5 > K2 K

NREL £ 4 it R f S 3 10 (52 R o dlim BB A B iy R ena LB F £ 1 2960 ) 0

A ARETRIPFAPT Y Newport SRR S B i T L RE KRRER > TR

i F R [-VE RSB labview T feARdr ¢ ST 0

s

Keithley 2400 # =% ;=
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PR SRR S e

Solar cell I-V Measurement

1KW
Power Supply
Class A £ ==
AM1.5G E= e
= .
Solar I
Simulator — :;
s *%ﬁiﬂﬁ9ﬁ#%@°iﬁéiﬁ  HEBRE R 5+ Keithley 2400 Hcis

THREFRET AP T HFEOE R gﬁ%}?@f‘lm Ba > 58T % labview #2538 k& & o

SRR R0 8 B A ﬁéﬂ @27 - R Ik R BRI A
Bl oo ite gymd@m&;%%?éﬁﬁ%awﬁﬁgﬁg%,y@@ﬁ%
BRI E 3T R 0 MRS BRI L o o 3 kS kR Rce B RS 0 KB 44k
AR ERIOHER -

¥ #] External Quantum Efficiency (EQE)#E:# BRehP ch i3t A 47 X B & #3072

ook £ eron Stk A Bl AT BB BRI 0 AT @i £ R
FAeA eIy 0 2 H AT R TR TR & m#@ Bae it AvRib g £ T F

e
=
e

P e £ A B RRER Y R BRI S T 0 B R

B DR ERA D PR B LTS R B



e Lighs Monochromator
Source

Detector

Xe)Eiasm ik » BigH kL

B 2-7. EQE ¥ B EPRIZEHE - et o PRI L e 75 4 (
R BT A ko e S A i
Tap R o R PR Giapi s B2 E R ER -

+4A0ARE 5

= 2N

25 S BT # 2 Enk w{%l i {‘
| | I
RS
+
FSC RSh v
O

B 28 ~HairiRIBEEL - 182 BT Ale-pniircd 2 mTIe
(Series Resistance) %2 ¥ ¥ 7 re(Shunt Resistance) et » 7 # 30 4 45

& = 188 A LB on(leak current) s o

RPN FREFE G FE

Fren~

CEE N LRV IER 1 L e Rt s (P2 =
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B BERL RV B B a e P @ [V RRB R S T BB R
s R Rl % o

BI2-8 55— * 2 Aiid Bl R0 DB TR 282 3§ ABRTIR Lo ¥ 14
AR IRA L i T A R [V B RIEL BT AT S pn S AR AT S
SRS PRI MR P RN [V BRI A4 T ST i
ot giFaitomp st sdr B4 £ 8 i T re(Series Resistance) 2 ¥ 8 & F2 (Shunt

Resistance) e+ » ¥ *¥ v o7 L E R Ik JEfuin+ /) 2 - &8 A~ LB T it (leak

current) éhiFA > 134547 & f7 2 TR L= (Kirchof ' s voltage laws) ™ 1 (8 3] % 2 LB ¥
IR ?EZJ*’E’%J TRVl BN A
W) V + JAR,

J=J,-J,(e ™ _1)-
Rsh (2_2)

JscTFZ B Rr RESMAL BRI A L - BEOE &R iR R AR
cHEaTAr ke fF o T S8 HERM 0 5 X EWT R TS (Ideal factor) » k 7k %

§ ¥ #ic(Boltzmann constant) » J ¥2V A Sl 5 K15 g7 ¢ s TN R ﬁ%lt",?,@ o

=

T AT YR B BT R AR L (Rs=0) > BT 1 o 7 5
TIR 2L F & (Rar>o00) » 1T T HFRL I £ > Bt (2-2)58 7 o i
v
77D (2-3)
2-5-1 * B R # 2RIS* FHELIT
AHTA TR LANR A BB ERT e m - RV E R

B2-95% - BB BN T8 FiPs

i

Fod PAPREFHEMINIEL T BEATY hER
¥ 5 2L v lse (Short circuit current) ~ B E &% & Vo (Open circuit voltage) ~ L3
7]+ FF(Fill factor) ~ ##»c%F 5 (Conversionefficiency )~ # =« # F ﬁiaa] a3 B Ve(Maxima
power voltage) ~ & % # ¥ ﬁa?l 212 st Iw(Maxima power current ) » T % < i T # & B

A2 a4 w1 E 0B BT e (Series Resistance)# # 2 ¢ r= (Shunt Resistance)
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4.0 Maximum

f power point (Vyp, Ivp)

3.5
3.0
2.5 :— Parameter Value
5 C Isc 367A
3% 20 Voo | 0604V
3 - Ty 350 A
1.5
C Vimp 0.525V
Lo
0.5
0.0 C 1 1 | - | 1 Il 1 1 | Il 1 1 Il | 1 11 1 | Il 1 1 1 | 1 Il 1 l |1 1 1 |
Voc
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Cell voltage
V]

B 29 HBairsrRETo]VEPREETAB - JddRMAPFTNEFTEREDT [« - F

ﬁé-?,@ Voo ~ Sv 3 F]F FF ~ f# 20k '~ B~ 74 F ﬁ%ﬂi?@ Vie ~ B = # 2 ﬁ%}ﬂ!f{’,ﬁ» L °

a. 28 7 i I (Short circuit current)
ERTIACHETE BT FORET 1"«%\' %K?,!P"iﬁ‘éﬂg‘fﬁﬁﬁﬂi?,ﬁ o L PFN

BATRV =0 HWREHIHELE >~ TI-%{S PR ILRs AB1T3 00 ¥ I T IL RadgiT >t i

av
— kT ~
| = Isc_ |0(en _1)~ Isc (2-4)
TR T [« BN AT REEALTRT I o 4eB 167 > [-VH GBI s Y i (V=0)

R EL s H PR YE#{ISC °

b. B % & Voo (Open circuit voltage)

_,_
\4

BR T RS BTE LR ARET 4 RN RATR R R N TR PR

Rl =0 ¥ EmE T e o K(2-3)78F 1 EFEF
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nkT
\Q:——Iﬂl]
g 0 (2-5)
d PP wu@as V" EFRET N em A 3 0 L EF - BB OF v {oT
Lo % @ %0 o d 30 Losr A B3 (Uedp ek B) ~ MR B RGETR )T B 27 b ik 97

Voo g FlEFRE-B2-97 » -V B %d sz X $h(l = 0)ee gk o ﬂiﬁf@iﬁ%ﬂiv

# % ]+ FF(fill factor)

ER NN S S

g
=

D pE s i 4 FE Per & Voc e Iscfbfiﬁf—ﬂ_ AR

T
ek X HER A L F —1;‘@?] eyt H -V B ad sz Le s Ve o B Pe=LwxVw > @ L F]3

FF = PMP Xloo%:Mxloo% (2_6>
oc X Isc Voc X g

B 2-9¢ o s BFRE [V @ (Vg De) B REBESTE B = 2 ) cha ff > T E BT &

d. ##»cF 5 (Conversion efficiency)

fOREHOCH LA S BT RS Pt bk Pudt b avig PHAX > T &
R T AT

I, V..xIl, xFF

X
P
Flpt AR & o 2 R e Lo~ Voo s FF 122 xSk et Pm,T*u’v" MAEE NS HR R
TS
e. r %% I2 R(Internal Resistance)

- BREDIBARATURIEEAR A FRBTIN TR F RPN IR 4
RaBfFHFRaOIBa eI 2eprmEg, AprRef B 55T 12 R(Series

Resistance)# ¥ ¢ F2 Ra(Shunt Resistance) @258 » p 387 [EH3 S B aw T % £ R 3
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-V merg S 5o v d 250 (2-2)2 254110 F B ERFERTIET ST
fred s FERET PET I 4 3 & §d o Fu A 2RO SR
SO HI A AEPIDEG TIETAL R THTIERT A EHBFRTBESPE  Arg
BAERD T T OE RGA L BTSSR > d AR E AL ks
A0 RT3 R T B RLT R o

i 2-10.

BRI 2L Rk IR R e T

PRI

k=)
X
L
7\
R
DO
—
el
Tﬂ“‘\
T

d Bl 2-10 &

(2-8)

4.0

R, =200 mfl

(8]
]

h
rTTr T T T T T T T T T T T T T T T T T T T T T T

Cell current
[A]
[$%)
=]

0.1 0.2 0.3 0.4 0.5

Cell voltage
[V]

.0
0.0

PETIEABA TS [FVERDREE
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b. T E % FE Ra (Shunt Resistance)

F2od 238204 7l §RTEFCI P IMT A EREELY LR > A P

W

b

EEP*;: ‘ghl-'—f:;'—l» m;é /ﬂ %;h;g ,CEX ) r¥ @2 11 'JF]: #EF\?F?‘J%@%% > é RShE:‘C%Fﬁ%@é
¥

£ 0.2=Q > VRaBIF 7 £k > §id S BEERATH > $ 2 P & P

| BB GAT AT S
Vo
Voc — | | e nkT
R sc 0
sh (2_9)
4.0 C
Rgy, very large

35
3.0
2.5

Cell current
[A]
[§*)
=}

'U'.'U'""llll'lllllll'"Illlllllll""l
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Cell voltage
[Vl

B 2-11. TETrEHEFIHEaTs [FVERDRE § 20T 4 pF o> FF B ¢ %

BT EPET S S FL R K V/RaEH S I 7 Lo o = o
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g

.\ﬂ

ST N 5 B $O8 RAS S I8 LAF S LB RGO T - R 6 B
R R A KA S 3 R ME M AL S E R S S /40 i e
R [15-181 & st 2]7) % IR o 4o 3-1 4757 > T @I F S 5 R 2 FF bprkk
@%gwﬁaﬁﬁﬁ$ﬂg?°@{ﬁ3*’ﬂﬁﬁ‘ﬁﬁﬂf%pﬁﬁﬁn919%]

G
e
ol
“
A‘

SR bR SR MR S o § R (Si0) % F i (SiNO) A 0
RIS ST E L P R T LR RS E RE LR SR

FF FEAEDTY o piTE K [TO ERABF T RHER LY LSBT #

-
\_

2
b=
&

AREXF2 MTILF - LG MR T SRH R A fongil o g g 4

FREAFEHEE > T ek R B R A S RERR A LTS P RER NI - b

ﬂ\EH;E?‘EJ_’ L TFBJF;F? - 7@_;5"—'-?' 7;:—3— ’fﬁﬂb %é [25—27] s “;(,2‘5 ] :IF «fl /bﬁ%ﬁ—;—g T ?iﬁ—;% 7} %‘T#-

[E3A L B RS gE A

/‘.r
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rd
)
r
=
3| o=
=

R, T

R:

B 3-1. 1/4AEERFF HBEIFARIL AN * M2 menf o & 844358 i 2 nochk 53

g kAR L 180 B 0 S PE§ A A BT W R e/ Y R SRR R G B
9?@;']?%;;%_;{}:?33@7‘%%’fg_{]}}pgﬁ(ﬂ;{,\ijﬁ{—ﬁ]km}%‘&,*1}?& R ﬁ»—ﬁ\i}'m

F ik o
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3-1 A T FARNILR K TR
R ERE Y Pt S S R SRS SR U Rl S RN
Eh1/AN A R F R o B F L4 Si0: - St~ Ti0: ~ MgF: % » B $ R chisg e » 3%
A 3-1e G-fr st T e F Y BB R o B TERATH B & i
5L FE MR P T RS T
n = /o, (3-1)
i e

SiaNe 1.72
Al:0s 1.63
Si0: 1.45~1. 47
TiO0: 2.2~2.5

% 3o F RenfaR PR 2 BTGB, B RE SR PE 0 TER P A
/4 £ B g ob o B HE S et Alion £ 3-1 B -

FARER LG R HfE SR RIT I R iR SR kiE S
TR R R B AR R I R R S et K Bt Rt enE gk
PRbacd B oA AR RS S PR BB ERR 2 TS T uE
FIEAR G endF Sk 0 AoB) 3-2 froT o
P B AR AR TS PR o HITRE SR 2 0 § AT RN A v
FRCE = Rend gt » 2 B4 4 RMFEAE SR 0 "R S o R U
TR B R B2 E G 2B IRE sk o ek WITER DA T HALE S T
LT S A S B R 0 Ao R 3-2 T e
R xR G - AR Sk LR B RS E 300nm~2500nm 0 A AT R kL BT
b b @A G 1] Wi R B R SFORGIT] 1000 T o e v

S B BTG 309610 b S A o gk e WD SR S SRR JE) 0 R R % 3T 20

27



Boood 2H 4G lm..**}]&; kot ,]}F’“&p}a BEOFA o PR ABNRMEIRT > X

&

USSR AOlE  0 BL G PR hR AL -

0.4
— Single layer
— Double layer

Reflectivity
o
N

400 500 600 700 800 900 1000
Wavelength(nm)

Bl 3-2. #F Suiens SO A R B MRLR S TR R R 0 BB iR

S R AT IR A % o

3-2 7 N Bk B RIL

1983 & W. H. Southwel1[ 16 ]3% 1 7% 447 5+ 7 #ic(Graded Refractive Index)snink b4 &
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Structural parameters of nano-columns

Column density 4.9x10° cm™
Base diameter 100 nm

Top diameter 30nm
Column length 1.2um
Tiltangle, ¢ 63.4°

Max. Position variation 36.25nm
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