mMsfAneAandnuauzvadlaTETvuludanaulasenluaiiaseunis
NFTUIUNTATBURUUTEMBEN IAEEDIaNATaUTWAUWMALIANTS
LARBULUULDENAILAS VY ULNUTBSTY

A COMPARATIVE STUDY OF OMNIDIRECTIONAL ANTI-REFLECTION
$i0, NANOSTRUCTURES PREPARED BY ELECTRON-BEAM
EVAPORATION WITH GLANCING ANGLE DEPOSITION TECHNIQUE

$gniqyau Ussuiusg
RATTAGAN PRACHACHET

ﬁwmﬁwua‘ﬁtﬂuéqwﬁwaqmsﬁnmmwé’ngm
YSeyeyrinenAraasuniiudin mwﬁmﬂﬁnéﬂszqné
MedTENd AInendEns
soniumaluladnszaaunanaiauymisaiansed
N.A. 2561
KMITL-2018-SC-M-030-028



nsAnwauanwuzvaslassaiuluganoulaeenlannnsendae
N3TUIUNIIATOURULIEMEENSRIEA1BIaNATaUIINAUWATIANS
LARBULUULDEIYULAS N ULAUTDISY

A COMPARATIVE STUDY OF OMNIDIRECTIONAL ANTI-REFLECTION
SiO, NANOSTRUCTURES PREPARED BY ELECTRON-BEAM
EVAPORATION WITH GLANCING ANGLE DEPOSITION TECHNIQUE

Sanayaul Usey vy
RATTAGAN PRACHACHET

ﬁmmﬁwus‘ﬁﬁ]udfawﬁwmmsﬁﬂmmwﬁnqm
Yy InerAansuindadin arvndvidndussend
AAvNENd AzIneAans
anndumAlulagnszaauna L IIRamMIITANIAN U
W.A. 2561
KMITL-2018-SC-M-030-028



A COMPARATIVE STUDY OF OMNIDIRECTIONAL ANTI-REFLECTION
SiO, NANOSTRUCTURES PREPARED BY ELECTRON-BEAM
EVAPORATION WITH GLANCING ANGLE DEPOSITION TECHNIQUE

RATTAGAN PRACHACHET

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENT FOR THE
DEGREE OF MASTER OF SCIENCE IN APPLIED PHYSICS
DEPARTMENT OF PHYSICS
FACULTY OF SCIENCE
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2018
KMITL-2018-SC-M-030-028



COPYRIGHT 2018
FACULTY OF SCIENCE
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



ANEINEIANERS
sovumaluladwszassndndnummsainnssds
Tususasineniinug

Wtaingiinus msﬁﬂwmmé’nwmumaa‘[mm%wn‘[u%éﬂaulﬂaanlﬁﬁﬁLm‘%‘auﬁaansvmums
LﬂaE’J‘ULLU‘Ui"LMEJ?I']iﬂ’JEJa”IEJLaﬂGﬁEJUTJNﬂULVlﬂuﬂﬂ']’iLﬂaE]ULLUUL’eJENllﬁJLLau
N ULNUTOISU

A comparative study of omnidirectional anti-reflection SiO,
nanostructures prepared by electron-beam evaporation with glancing
angle deposition technique

Fotindnm UNa15gNYId Uy nes

ez 58605070

Yy WemansuvITudn (viEndYsegne)
1AV Wand

¢ a a 4
mmswﬂ“nmwmuwus NALAS. USEEU Uimﬂi
E]']’\l'liﬂVlUdﬂ‘d'l’JVIU’IUWUSTJN A48 MeUseV

AMZNITUNITHDUINEITNUS aneilade
a o '3 4 U
AT.NYINY 198N ’;It?( H&Wdﬂ/ﬁ
Jsgsaunssunas

KA. ATAY TP TAURUS
AIQ/UAIT

n3.3938 Buday .
AFINNS @

”f (" \ P S
PN I ¥ \/\,/
T8 aUsenu

S
r\
/

WAL.AT.USEEI, USEUAS 2/ A— 'Twﬁ""
NIFNNT

W/ mau/ U fisou ’mﬂﬂiﬂ 6 NINYIAN W.A. 2561 4381 09.00-12.00 .
fauiiaou o voq 307 91MIInsanduanual 1 9 3




WadaIngtwus n1sfnwAuanvuzvedlastaiauluginaulaeenled
MATEUAIUNTEUIUNITLATBULUUTELNEAITAIYA

BidnaseuiuiumaianisindeunuuLBeayuuasyy

WH T8I

yarnAnw W9EITINIYIN Use vy
eV G EE o) 58605070
Useyayn Wemansudndie Wanduszend)
AN Wand
N.A. 2561

¢ a = 4 aa
919158 NUTNWIINYITNUS HALAS. U7 YIUAS

¢ = a S 1 a !
21938NUINN N TNUTIN  A5.UF vieUseyy

UNANYD

uAfeihjsimnduiiduudanalaoanted (5i0,) iWelfiuandinisdesiuamenindu
waaroenszanlutasemesdiu TngSuannsfiner dnvaenianten nue st Uil dudid
Taseasraunluivildeduiifnimvesduiigudeiniafu 1.22 mnuuusiasmendamans
paeLnatia Rigorous Coupled-Wave Analysis (RCWA) 31nn1531899nui1lassasiaunlu
A DINVUIN VAU UANGNAN WAL TTULATENI NI UTLUNAY 50 kag 60 WILWUAT
mMuSIRY wagThnTsieeuiiemuiaty 112 wiluies 9antuiinisindeutuiiduung
Faneulreenlesiilassaaululagldnsruiunisindeuntussmeansdieddidnaseu
FAUMATANITLARD U UULEEYY (OAD) hastnATANISLARDU L UULBEIYU ALY ULN Y
5995UBzLAABY (GLAD) lnavinnisusunaalunisiadeuwindu 9, 17, 25, 34 uag 42 Wi
Welrlatuilduiidanumnunnseiy ndmniunssdeusnvaeniesnen massuilsy
MENdeIganIsAudLanATOURUUARINTIA (FE-SEM) hagnsiadouauianiuamiemailn
aralnslulaung (Spectrophotometry) waz awlalasalnUadauleluns (Spectroscopic
ellipsometry) MnHamM A ITinUITUidLUdaneulneenlenitlasiaduiluwuuus
indeafiivefidudnisdesinunastadslutismuondiugsiign wifu 94.4% uazilaula
UnsdunisazNiousauiianig (Omnidirectional anti-reflection properties) ﬁﬁﬁqmmmz
dunsumaihludszgndldiluiaulesiunisasiounas

ANEIATY : NTLATDUKUULDLIYN NITARBULUULDLILLLAL N ULHUTDITUTMEIATY
Faneulaeanlan wadla Rigorous Coupled-Wave Analysis auUfvasiunisaenouseu

NANIY



Thesis Title A Comparative Study of Omnidirectional Anti-Reflection
SiO2  Nanostructures Prepared by Electron-Beam

Evaporation with Glancing Angle Deposition Technique

Student Name Rattagan Prachachet
Student ID 58605070
Degree Master of Science (Applied physics)
Department Physics
Year 2018
Thesis Advisor Asst Prof. Dr. Prathan Buranasiri
Thesis Co-advisor Dr. Mati Horprathum
Abstract

In this research, we aim to develop a thin film of silicon dioxide (SiO3) on a glass slide
to increase light transmission of the glass slide in visible light region. We have first
determined the refractive index and thickness of SiO. nanostructure performance using
Rigorous Coupled-Wave Analysis (RCWA). The results showed that the optimum
refractive index and thickness are 1.22 and 112 nm, respectively. The diameter of the
nanostructure and spacing between each individual nanostructure are 50 and 60 nm,
respectively. Subsequently, the SiO, nanostructures with different morphologies
including vertical align, slant, spiral and thin film were fabricated by electron beam
evaporation with oblique angle deposition (OAD) and glancing angle deposition (GLAD)
technique on the glass slide and silicon wafer substrate. The deposition time is varied
from 9 to 42 min. The morphologies of the prepared samples were characterized by
field-emission scanning electron microscope (FE-SEM). The transmission and
omnidirectional properties of the samples were investigated by UV-Vis-NIR
spectrophotometer and variable angle spectroscopic ellipsometer (VASE). The results
showed that the SiO, nanostructure with spiral-shape has the highest average luminous

transmission and omnidirectional transmittance properties.

Keywords : oblique angle deposition, glancing angle deposition, silicon dioxide rigorous

coupled-wave analysis, omnidirectional anti-reflection
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2.1.1 SS5UVINVDILLES

ﬂﬁaﬁmaﬁiimnmmumuquwgLﬂa’mULLm 2 ] A lown mwgﬂauum (Wave
Theory) watslae Tadasn ga (Robert Hooke) Baupuusniiviinisfnwismafisnuures
uasdaneg MiAnenmadenvueanasslnefduus uazaSafioy sesinud (Christian
Huygens) I mguinauuasnldlunisesurengnisaediounagngnisinm snvedsldly
N1983UN8NSWNA 2 Wud (Double Reflection) wazwulwanlsiutulundnupalad ngud
#eufe ngufeuniauas (Corpuscular Theory) Faiaualng (o Lo T2y (Sir Isaac
Newton) Inetaifigaidslasdafesduidos n1snsgananas (dispersion) Ao WaIw17
Usznousaenasdinigg auninvesuadusias fanunsonsedulisinestiutuasiuoonly wu
LasdunaRnINBImesuT taguasdihauinendmesdus, Sldmestud uinan saundds
avfotiudeindiognnuusis seun Teifa 84 (Thomus Yung) témutsingnisainsunsnaen
maumwwamwﬁﬂﬁum anti eafafu fu isdwa (Augustin Jean Fresnel) latnns
Ansgivessesinud wildlunisesursnsidenuuvemasanadald uazanuisoldauds
msidundunuvnsvesuasiiauslaslssia faf TunisduiamuenUagavesuasasviou
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W1sad (Michael Faraday) 91ntludl a.e.1831 — 1879 1aud LAA4N wunLIad (Jame
Clerk Maxwell) Vlﬁiwiammmﬁﬁy’wumﬁmﬁulﬂﬂmammmﬁﬂLﬂuaummﬁmmam%uaz
wandlyiiuiwandueduusivdnlndi Tnenaansaduusasuiivesaduwimanliily
quaunmﬁiumaummﬁmaqamﬁamﬂw%LLazauﬁamqLL;J'mﬁﬂmaaﬁaﬂmqﬁaﬁaﬂ'jw AAY
wsiivnludin saunnsil (1) [10]
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Wl g, Ae an ndugiunawdwantninluaniizgayyinie

g Ao anmeaumalniluanneayyiniea

AoUNEUSY §ARaN L85 (Heinrich Rudolf Hertz) laviinsnaaetnsiaaeunyuing
pauwdan i@ e lUudrrdundwdnluiUsenausme eaulugiuanueiaaudu
11N (10"% m) FaFeninfedunsunn audasediv 10° m Jadugruvesniving daguil 2.1
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X/ ;
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U 2.1 awnmsuvosnauusivdnludia [11]

fausHwnufiaduuasanunsoesinsunngmsaiii sauuarnsunsnaonvenduls
Ausdaldosureusingnisaiuasednglla wu Ysaingnisallnlndianasn (Photoelectric
Effect) e Us1ngnisfinamdondunsdmanlniihanudgemanssnviblanzudiididnnsen
nanoonanivedlansiiu Gsamnsnosuiglalag Said5n levalni (Albert Einstein) 14
waAneIfUllneuanUATeves Lund atsa tBuad gadn unasd (Max Karl Emnst
Ludwig Planck) iigafun1sidsnasainingst Tnonannin wasUseneufenguiouved
wdsrudenudsfoundasutdudt Waou lngaiuisanAwdsiuyosasviondu
wsiwdnlwdiléfannsi 2.2)
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Tneluuaslusssumpdiaudfidunirdunazaunia mnfiarsanantiinsduaiu
a ! n:l' 1 [ = = 1 [ v 1 < .
YBALLTENI AFULmANIITN Fenduudvdniniiiusenausig aunuunivian (Magnetic
field; B) uazauwliin (Electric field; E) fdulufiamisnsainiu (ExB) auinnes
Aaw (k) Aagun 2.2

@]

JUN 2.2 uansiiavnenisiadeuivesaunuliihuazauiuuimvinvesrauugmantvi

gunsAilglunisedurgnisindeunivespdunsmaniafinainisaeduiemengul
wilwanlwiweswundad (Maxwell’s Equations) wazagidungufedunsdindnluiidie
aunIneadinenans [12) lngdaunisnallusleunusdes 4 auniswdn dsaunisi (2.3-

2.6)

VeD=p (2.3)
VeB=0 (2.49)
- =0 D
VxB= J+— (2.5)
Ho [ ot j
_ _ 0B
VXE=-— (2.6)
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dle D e auunisnsedn

p  AD AVUEILULUTEY

B Ao auuiivan
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J A9 ANUNUILUUNTE LA



g, Ao anmeountninluaniizgyiniea
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A9 anmdugumkaiwantiiluanieayyinig

P v | = A a ¢ I3 N ° o =
LW@Iﬁﬂqﬂm@ﬂqﬁﬁﬂU’] LANATUFUNTUUNGLIAAMNAUNTN (2.3-2.6) @I UNTEU

inanadugaaniedaldfivszglni (p = 0) Fsaunsawansaunislacail

VeE=0

VeH=0

_ OE

VxH=¢ —
ot

= oH

VXE:_IUOE

dio A A muduvesdwnsimanlugeyginie

IMNAUNISN (2.7) azlain

. 0°E
28 —
\/ E‘ﬂo%?

[

LazaINAUNIT (2.8) ausauansuaaslaned

A o°H
2400
V H = py¢, 2]

(2.7)
(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

warannuaaesUrdulugumaluvesaunsdmsuinsanauuliiuazamuudmananely

Tuwwwnu z 1y

0= Acos( ot - Kz+5)

A fe wauUAavIAaU
® A9 ANUALTIYY
= o
k  fo auahy
0

LAY Ao WaveInay

[

fativazlanamagvasalnsausuiasanaws i wavauuwsimanangludadl

E = Eycos(wt - Kz +96)
B =B,cos(wt - Kz +7)

(2.13)

(2.14)
(2.15)
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YIAUULNLEN FaTlmuFUNUSAUSIaNn1TN (2.16)
(2.16)

E, =¢cB,
fenmnaumsnaudl (2.14) uax (2.15) Sanwnsoidsugulagld Euler’s formula

e = cos(6) +isin (0)(1 = \/3)

(2.17)

é’aﬁfuamﬂsﬂ%’mgﬂmaqammsﬂﬁuﬁuaaaumlﬂﬂmaxaumLLaJ'Lmﬁﬂlﬁﬁqamwsﬁ (2.18) Lay

(2.19) AUAIRU
(2.18)

(2.19)

wt—Kz+r§)]

B= Byl

wt-Kz+9) |

2.1.3 Aavilinmdedaurasing

- = dx & oa ] i o o o -
LBLEIANNTENULASLAABUNOINUNITBYADITNINNBINIANUIAN G]QE‘U‘V] 2.3 e

udIvazvounauludsdinaruny (N,) wazuasuisdiueadouiidiludaiinalanaes

(N,) lngdinsiasundasfianisnisipdouiivazindounnlsainuisranaslaganoinnm

aunsaligueglusuvesanvivinilsdouiaaunisn (2.20)

N =n+ik (2.20)

e n  fie AMYlinmYeLing
k fe AdUsEavENsuge
i fo Suaulunam (V-1)
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C
y=—=z=2 (2.21)
n K

NAUNITN 2.18 Womuuali v= 11 uag o =271 ldaunisvesnduiiniountiuian

IIENIGR
|:i[a)l‘ ffz-%—bﬂ {l(wt-zn(z lk)zm‘ﬂ
E=Ee =Eqe (2.24)
(Z”k ] Hmt fzﬂsﬂ
E=Ee “ ‘e : (2.25)
(M) K"=0 h)A 0
E, exp(-2nxx/ A)
_______ A W T T RO SOA o “
J 0 TR 2 N
v/ \,"',’\[L%f‘ -~ \‘,4‘(;\,,\/,\,\
4 o AT\, (et )77 W ¢ N e’
| 4 —> fe— £33 [«—>|
; i Adr
(n) @)

'1J1'71 2.4 nananiserasunussnaunimaniniintely n) dananslusanas k =0 waz

) fnansdnsaanaulas k>0

mﬂgﬂﬁ 2.4 yansnswedeuiivasrauuiuanliihasludanans nudn Anueeay
waszdatanatluginasleg Wedlsuiuauenaduuadueinie (@guy1NeA) Faruen?
pAuaslusna i Ay 1/ iessnuasedsuiiiiuiinansemuiianas N3Y
§i 2.4(n) dwsusnansifidnuaz Tuswas (k=0) ﬂé"ul,l,:u'mé‘nl%lﬂﬁmmmm?{auﬁr:hu"im
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2.26

el T
| =EE =Eje' * '=1," (2.26)
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v a
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d&ld

NNNgNIsAEYieuing 1291 susadnnnsEnuIRULLNSdaviou faaunisi (2.27)

6. =6 (2.27)

i r
a' & A
LD Qi 3] lﬂlllmLLﬁQfﬂﬂﬂﬁ%V]U

0, AB yuTuedasyIaY

1NNYVOLENUAT (Snell’s Law) anIANUFUNUSTENINUUANNTENURAZLUANLYA AT
GHORE

Nsin(6,) = nysin(6,) (2.28)

ideaanadauaimanliinfiusne useaulninasamsusivan delaesiluly
msfimsanuasiinnnssay asfou wazdessiu dlefinisudsumnandlumandoudivuas
#1sanesRUsEnaudegvasanulniin Tneuusawnliiluegluaesinu Ao wnuvuuiuia
JeUIUANATENU (Parallel; P) wag LNURIR N FURITEUUANNTENY (Senkrecht; S) a1n
aumsiuniad TeanuduiusvesduussavsiBaonuagauesnauasviou (r) wazadudes
i (t) dledleufundunnnsenudiil

~_Es _ Ncos(6)-nicos(8) (2.29)
S EiS nOCOS( I)-I—nlcos( t) .
B neos() mens(a) 230
" E, NyCos (6, ) +nycos (6;) |
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(= Bs o 2meos(d) (2.31)
° Eis nOCOS(Qi) nlcos(ﬁt)
. ~Ee_  2nc0s(6) (2.32)
" Ep  nycos(6,)+meos(6;)

ee

dle g Ao duuszAvsuenudyamsazviouvesrduluiiafeaniuiisEinuANnsENy

r, Ao duUszdnSuenudganisavviewvesnaulufirvuuiuiassuuannseny
ty Ao duUszAnsuenUdganisdesiuvesndulufiafminiuilissuuannsEny
t, Ao duUszAnsuenudganisdesimvesnfuluiimuiuiuiissuiuannsenu

1%
o

wenanil dwmsuyuannsenuiviiuaud (6, =6, = 0) aumsanansoangulaiy

Ny -Ny

ro=o M (2.33)
Ny +Nn,
(=2 (2.30)
n, +n,
2
=0 (2.35)
Ny . n,
2
=< (2.36)
ny + n,

[y

LPUEINITORAANANURUNUSIENIN 1 1o t WA t, AUYNANNTENUVDITOEABRIAINATY

58131997 (n, =1) waenszan (n, =1.5) lanaguin 2.6

Loo Fresnel amplitude coefficients

| Brewster's
angle (r, =0)

air to glass (n=1.5)

ty

0.751

0.50
0.25

0] —
o5 4T L

~0.50 Is

=0.751

—-1.00 T T T T T T T T
o° 10° 20° 30" 40° 50 60" 70° 80° a0”
angle of incidence

JUM 2.6 LAAIAUFURUSTENING 1 1, LAz T, AULNANNTENUVDITOLADRIAINGS

5¥NI90INA (n,=1) kagnszan (n, =1.5) [13]
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AsMdNUsEaNSA1a99uYeIn1saLiau (Power Reflection Coefficient; R) wag
FUUsTANTA1899UN15d896 U (Power Transmission Coefficient; T ) @1115au1lAa1n31n

s

duuszdndidauenudyn Weosanmdwiuvesndusimantvinazuusnuiidiaeves
wouUaYn Inpduuseanamaanunisasioumilainaunis

Rz‘rprp*‘z‘rsrg‘ (2.37)
YMupAgINUALUSEANS ANa1 UM TARI UM LANALNIS

T =[tots| = [tsts | (2.38)

AetUNANNNT (2.37) way (2.38) aghean

o ‘r r*‘= n,Cos (9,) nlcos(Ht) (2.39)

> L ngcos(6,) + nycos (6,)
2

R = ‘r . n1COS(9i ) - nocos(ﬁt) (2.40)

R nOCOS(Ht)-Fnlcos(Hi) .
2

1 [ nicost, (‘t ¢ ) _ [ mos6, 2n,cos (6, ) (2.41)

3 n,cose, A nycos@; )\ nycos (Qi ) +n,cos (Ht )

2
¢ ) nlcosﬁ 2I’IOCOS 9 ) (2.42)
¢ }’IOCOS '

nocos9 + n,cos ((9 )

o,

a

NAUNTANUTLANT MFITUVBINTALVT B ULALFNU L AN AT 99IUNTADIHUY
AUNTOLEAINTINANLFNRUT TV TNYUANNTENUAUNTAS T DULAL N TR LA E 1IARY
WAIDWARDUNINDINANT A AU TR ALYINAU 1 lUANASENUAIUUNSLANTITANAYTIANLI

Wiy 1.5 Uandnagun 2.7

Fresnel transmittances/reflectances

1.0

4an

0.84
air to glass (n=1.5)

0.6 -
Brewster's
angle (R, = 0)

0.2 4 Rs

0.0 T T v T g S T 1
[ 10° 20° 30° 40° 50° 60° 70° 80° an”
angle of incidence

JUN 2.7 waneauduiusssnine Ry Ry Touaz T, AUUANNTENUYDITOEABAIAINANS

58171190107 (n; =1) uaguA (n, =1.5) [14]
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magﬂﬁ 2.7 awnyliisiaaeanny THuA WALYLLAURISEUIUANN SENU LT LNUAS
anfuRissuuannsEny Wleiansanduusyansmasunisasviou wuin SduUsvansids
NUASAEToUUIEN 4% (0.04) (??qwizgmmswuwhﬁ’u 0° UAYUANNTENY 15° Lawdl
sy Avdindsnumsasvioudindudu 100% fapannsgnuiiiu 90° lnefiyuannszny
JEWING 15° i 90° aumlw%uﬂu&g@mﬂﬁ’uﬂaivmuGmﬂiv‘vma]vavﬁaulﬁﬁﬂdmumlvdﬁw
WAUIUIUAURITZUIUANNTENUY e Lmawmimmm 59° 36’ %~1uumiavwauﬁuaqamzﬂw%
LAUYLNUAURISEUNUANNSENULAY L8997 NLAIINAADETNLARIUGTINANS muumu AN
nsenuiluasitayeuaz o sauna i unufaanduiasyunuannsevuwing [15] %mmmﬂ
nsgnuiliFendy yudrames Brewster’s angle; 0, ) annsafnilfainaunisd 2.43

tan(6, )= % (2.43)
0

dmSulunsdlnyuannsenuniyniveud duUusednsiiduunisasyauiag

duuszansmasnunsdesiainsaansulanail

2
N, -N
R, =| 2+ (2.44)
n, +n,
2
n, -n
R,=| +—2 (2.45)
n, +n

¢ (2.46)

(2.47)

o

MnANNINSETgNRANSEIUW TuguEd wud1 duUssAvsindsumsasyiouvesady
luiismeanniuissunuanasgnush i fudsyansfndanunsaziewesndulufinuuuiu
HIszuunnnseny (R =R,) wazduUsTAvEf& i un1sdesiuresrdvluiiadiantuiy
srunUANNTENUWINAU§ U AnB A&t unisdesiurespdvlufisuuuiuRassuiuan
nsENU (T, =T,) wagaruduiusvesduuseandmdununisasiiounasnisdoany &

aun1si (2.48)
T+R+a=1 (2.48)
Wle a Ao duuszAnsManureinisganausdvesfandluegfiuauenaau (1)

Inefansiaiunisganauuwasiageiu lesnnnisganiusanduandhianiziives
AINANAUARZYUA WAAIANELINTS
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oa=— (2.49)

[

nmsnaaesianidentdfedaneulaeanlen (S0, Fuluildunddudszansings
A v v v = 1% = = v
Nuvemsgandussdvesiagiesunn Jagld a=0 awnsadouaunisn 2.49 ladu

T+R=1 (2.50)

2.1.5 ANSUNSNEDAYDLLEINaENaUINWAUUIWAA

(n) ()

sU# 2.8(n) LARAILAUN LA UL AW DL EIANATENUN LUV UL (1) LAALEUNILAULAIL D
LAINNNTENUNAUUSTULRE IUULEUTDISU

NANTUINALUN9 (K=0) Li19LaI1NwRaIN BIAANATENUTOUADTENINDINIALAL
Hduu19ngn A Mgyumnnseny 6,793UN 2.8(n) eLinnIsagio Ui vessounamgyy
v 1 1 U dy a 6 v v 1 1 a 6 1 v d'
azviou 6, wavdesiudnlUluilofauuainnnssnuivseeroseninlauuasurusassuinym
B warazraulusmuwul BC wardaaniudnluluanialysiudulasdsiouiiiauu 1Annis

wnsnaen nsuasnasieuiisessiavesiinaleiinsiudsualyanuainnnssnudaduey
fuAfvivnesiauvsedaninuiisosdenulauly 2 Usensaal [10]

1. LA9AZVDUNAULWAWNAYU 180° 58 7 L5LAU LBLAILARDUNINNAINAIINTAT
sirnteylUdwnalsndarsudwnmuinnii

LY Y

2. wasazviauldnduwa wWanauedounainiinarani areaiwnuinluddiinalsi

a1l oA v 24 1

UANNYURNENUBYNT
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™~ 9 =

ATULAINAZTDUAINHIVOITOUADNYA A AULAINde UaaNNTIYn C Azilina

3

Lo ~ 2 e e Ao o g ~
A14NU (Optical phase different; 0) StW@LINAURIIAY > LUBDIINLAIINALEINIFDIY
MaAuYiAl (Optical path; L) Ingaunsaninanamiaausieil (Optical path length; AL)
INAUNIT

A
AL = nl(ABJrBC)-(ADJrE) (2.51)
NN VBIALUAA nosin(6,) = nysin(6,) (2.52)
o AD FC
azla (1)—=n—
AC AC
AD=n,(FC) (2.53)
wuAnENNTg (2.53) luaunsil 2.51) 9l
A
AL = n, (AB +BC)-n, (FC)-E

:nl(AB+BC-FC)-%

=nl(AB+BF)—%

A
=n1(G|=)-E

AL = n (ZZlcoset ) - (2.54)

N | >

(2
I U

"U’]ﬂﬁllﬂ'ﬁ%'ﬂﬂ'ﬁLWIif‘lﬁ'E]fﬂ'?J@ﬁLLaQLﬂu‘%UajWQLLaS%UNW FaENnISN (2.55) way (2.56) AIUAIRU
r,-r,=ml F2@379) (2.55)

r-r,= (m+%)i Gaile) (2.56)

[

nauMSh (2.55) uaz (2.56) Wisthanldfuaunis (2.54) agldail
1 4 1
2n,t,cosf, = (m +Ej/l (53E39) (2.57)

de m=01,23,..
2n,t,cos6, = m) Ghila) (2.58)

dle m=1,23,...
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NAUNITN (2.57) wag (2.58) lunsdifduursiiiadouaguunseanaeguin 2.8() Az

(% '
o a

A9l sadn (1) haz (2) TNASUAUATINY FITUNNAUNITNA (2.54) Az TNan19M1 AU
wanslaRsannsh (2.59)

AL =n, (chosﬁt) (2.59)

ezl latauluueInIskNINaonLkasRall

2n,t,cos6, = m) {F¥@39) (2.60)
1 Y
2n,t,cosf, = (m +Eji (Giln) (2.61)

WALAINANUFUNUS VB LWANAIIN UNUKNAR 1N AUTIAL

§=kyAL (2.62)

INNARIN AU ALYDINAUUNALAAD UV UNTLINAINAUNIT (2.59) hunuadtuauns (2.62)

2w 1% 1 a e - Y
wazk, = 7%Vl,maumimmmqW\Iasuam,l,aﬂuWammamm (0,) Avaun1s (2.63)

2
0y = 77[ (2n,t,cos6,) (2.63)
L= 5—21 = Z—Z(nltlcosﬁt) (2.64)

2.1.6 Inanlswtuvaauas

nastnalswdududuifvesnduudindnlni fifiansanesdlszsnavdosves
auuld Tnsuvsauulniliegluaesunu fie wnuvwiuiuRaszinuannsenu (P) waz
WU nAURIsTuIURnNnsENU (S) Meitldnaialiluaded 2.0.4 Felnalsieduu
Hadeiuguroasivsuendsiiemsnsdurssaualnih ffussdouuasdsUuuuiuiuen
Fadauuliivesasinisuniduszuvlassuiunils asdoninlnanlsdidadundonas
Inan 13913958 unu (Linear or plane polarized light) wadrauuluindfianisnisunaslu
Aan1ednsdunaziiwasiisiuegidy Sondn waslidlnalsgnsonasdnanlsduuudy
(Unpolarized light or random unpolarized light ) LLamﬁﬁgU‘ﬁl 2.9
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(n) @)

JUN 2.9 uansdryanualves () waslwarlsiidadunag (1) wadldlnanlsd

dleaulrivesuasannsznuasuuiiuing sihaua e wasiinnnsznuiinng
wndsluiiafannfussuiviaennnszny Sonudefiafansundwesauulniuuuiii
waslwatlsdulin S (S-polarized lisht) wardnauiubniivemasiinnnsenufinisunidludia
AU ST UREANNSENY I Senuasiiiansendsesauainfiuuuiiin wadnadlsd
wlin P (P-polarized light) Tnsasnsouansdydnuaives nanlsduda S waz P 1dfagud
2.10

Y
% >
i |
(n) ()

Uil 2.1000) Tnanlsiwduniin S waz (@) Wanlsiwduadn P

ToevhlUanunsaviliauului adlinalsd) Wusasinalsdla ¢ 35 Wun
1. nMsazvaU (Reflection)
2. miamﬂau (Absorption or Dichroism)
3. 5’?161%%‘17@ Double refraction %38 Birefringence
4. N15N58439 (Scattering)

Tunsalveanisazveulananuiwadluiige? 2.1.3 Inelunwideiazveasureludiu
vasTanauys Double refraction %30 Birefringence MAEINUNUIY

Taniilauy® Double refraction 139 Birefringence e wanfdulngjagldnieau

£y s

Vimuenans (Optical material) laun Calcite (CaCOs) waz Quartz (SiO2) Wusiu Fa3anmanil
1 (Y] PRy v = 1 . . & = a al o A [ 1
DuTanndlaseadandnlaiauuing (Anisotropic) fie avneulundninisiseesinmeiuluue
azdienng daalrenuiiiveswaslundndalamindududuanawazwinlnan lsdunauag
Tngnsnausvekadundnd A luvinduiiunaea1uln Adastinndnluluivuy
wazkuRaaInAvawulivaaassiafneiy fAs deudinmaintedmsuaunulnfiiveswas

Annslunuifainwasdsviinmdud naniednsuauiuniiv was kI al U vLn U
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TngnluTnanlsiwduresuasanunsasuuneandu 3 aia loun Inanlswduuuuids
\&u (Linearly polarization) Twanlssdunuuasnas (Circular polarization) way Twanlsigdu
LuU93 (Elliptical polarization) tnefiguuuuvasaunisauuluinansidu

2

2
E E
— +[ EXJ z[E—j —L Icos(9) = sin” () (2.65)

EOy EOX EOx Oy

Wio  E,, Ao awulniluluiwnu x

3

E,, o auulwirluwuaunu y 5=0,%,7r,?,27t,...

o0y
5=05,-0, A9 aduivs (relative phase)
nauns (2.65) wanshiiiudidnvaglnailsiwduresiasiuagfuinaduing

senIgauuliiling 2 wnu wazieuudgavesauiuluirlukuinnuy x wag wnu y F991n
aunisanusasnuninalsitusanadlaly 3 sia G1adusail

1. 0=nr=0,x2zx auwliidansnlaaziidnvazidulnanlsidunuuidady e
n=0,1,2,...

T 37 5w YN, A A ) o
2. 5:??’?’"' aunylniawsilaaedidnuazidulnailswdunuuianay Lile

o T St 9m = 3 <
Ep =Ep 20801 5=E,?,7...a}zLUuIWmiiLszjstiul,mmaﬂamwgumumm

w 3z 7x 11 o
(counterclockwise circular polarization) W& o :?E?ETE sz dulnanlsiwdunuu

’Nﬂamwuqummﬁu (clockwise circular polarization)

' T 37'[ & = & a ' o
3. & iy 0,5,71',?,271'...?18 nsmuaNMileannaiuazdulnanlswduluy

193
2.2 anuiilasduieanunisieaauiaudasiunisasiiou

& a ¢ ) Y a = a ' o a & =
A15.AFRUNANUINUNTELT DUTYULAADUAIUURIVDILEUTDIS UM T UNTZINNTD

W UIRITUNTANTYTela WieUaeiun sasyiauns oL iNaNURANISADINIUAITUEIIAAULES
YouHLTBITU Inganunsonansgunimilonaswmnnsznuiduyy 6, = 0 vestuilauiniouas

vunszanlédagui 2.11 [10]
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No
ny Transparent film
n, Substrate

JUN 2.11 uansuasiiannssvuasuuiiauunsiedoul Juunsean

PNANMNEZTOU (p) UAZENINEIHIY (1) NEUNUSAUAIFNNTT
ptz=1 (2.66)

IDANTNALNDUVDINAL UL ILARINIFNNIT (2.67)

1 2 1
n?(n,-ny )’ cos? =4, +(n12 . nonz) sin® = 8,
p= i = 21 (2.67)
n; (n2 +n, )2 cos’ 551 +(n12 +n0n2) sin’ 551

LALANWEINY (7)) VBIHAN U LA ILERIAIEUNTS (2.68)

2
s AN NN, (2.68)

n? (n, +n,)’ -(nZ-n7)(nf - g )sin® ;51

PNAUNITEN ALY (p) bazanndisiy (1) vestuilauuianeitiuagifiuinian

3 '

FuiiuAaiiniuetuilduLaz i uTasTuLaEAINANINTAII KA (0, ) Tuaun1si (2.63)

1
A v A

aA1N5aNsNtU 2 nSminall

1. diemnuiaradumavinnauiugues 7 w3esidin (6, = 2mn)

2/1—7r(2n1t1c05¢9t )=2mz

(2.69)
2n,t,cosf, = mi
dle m=1,23,..
Suaemniean 0,=0 Feduenuvunesiiduiiviildanssadiady
tl:i m=1 (2.70)

2n,



TnefanINaLNoY FIaUNIs

n, -y

n, +n,

2. Wepnusaaduavduiuinaves 7 vise 3illa &, = (2m+1) 7z

2—Z(antlcos@t )=(2m+1)x
-3
2nt,cosd, =| m+— |

Lﬁa m=0,1,2,...

1% & v & A dogyva a a &
ALEIRNAIRMN 4, = 0 AaliumunuTeIiduviAAnT Ay

e dan 1Nz noy FaaunIs

2
Ny

2
N, +nyn,

20

(2.71)

(2.72)

(2.73)

(2.74)

TunrsiedauRNauvu1I 09 UNISAL N ULNDLANNITADIN I UL AV DILNUTDITUTU

Ny =Ny,

We n, Ap ANPUERNLLAIIBIDINIA
n Ao Advlinlasesiay

n, Ao ANRYURNLALENYOILAINIOLALTDITU

anusnesnkuuiabminannasvioutes Ngnauduaudlalnedonardviiinmua swasildy
WATLHUTDISU L9U NT¥AN MNUIZEN TI1USONIANPRIN LY aslaulAInaunIS
(2.74) Mvuals p=0 azla

(2.75)

NEUNT (2.75) 15en31 Weulvresanses (Strong’s Condition) WWuiaulanlaifinas

agviou Ap wasanunsadasululanaun 100% [10] F9ldlun1sAulAnudwnLrkaslu

nsfivaadaulyAluiLaIaz NoUNAILE1IRAUANIITUILNEIALAEIWNTY Tneasfaaduly
dll v 1 dyd a6 L% = a LY 4 . . v

muoulesmeluiiie Aanursavdesdinunudsial (Optical thickness; t,) PNAUNTST
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=1 (2m-1)i (2.76)

Y 4n an, 4an " 4n,
F992y AN ULUNITENTNEDABLUURNANLIDLAINNNTENUNNURIVDINA LU
lnguasinNNIENUILABIMNAIRINTURIVHANU wazdadusanavesuasluildy (o))

foudularinuuiuAres 7 seaunisn (2.77)

2
5, =77[2n1t1 = 1,3%,...2m- D 2.77)
dle m=1,23,...

way 6, Ap AUAIRaYDIkadluay

A fB AUYIIAALLEILLEINA
n P9 ARV IHEY

(3

t, Ao ANUNUIDITUREY

(3

apiiuinnisiadsuildudesiunisasiouilatiunsdesriuuasue s usea¥ Uty
Juegiutiaduvdn 2 Jadeiiddy A

1. adivnmvesiiduwaziauiy fidsuaneanmasviou

2. munuTe WauTidmanosralavesnaslufidudvilfAnnsunsnasnuuy

wNag

2.2.1 watanlglunisarulriaudesnunisasiau

Tunswdeutuilduuisiendmduildutesiunisasfouiiafuandinisdesi
ANEAALLESTY da1ansavialalne M SRt Aty I MY I URSN FULKUSe3Y Lay
ALY T UGN N NSl ana s udaT e Tuaunis (2.75) way (2.76) 910
msfunaniosmusliuiusessudunszaniimdoiinumniidu 1.5 nui Ardaiivnimues
Fanildlunisiedoufiduazsosdanyiniu 1.22 udlumufuaiaud lif fanlafislefuiin
Wiy 1.22 el olildduiidu it duivinmwiiu 1.22 aunsavildlnemsindeudu
fldslassasrsuludiimnumsugedaesiliadadfumestuiiduiias Tnglun1siases
Wenadadiinm nsazoulaznisdeulawesiidulostiunisasiouiiilaseadneunly
Tulianuseldaunisveunsauaiivsegruiorlunisesuildavdoddannisnig
adinenansanmedaduguildlunisduinsagiinsmzifield ldnanisiwanasnis
3Lﬁ§1$ﬁﬁgﬂﬁaﬂLLﬁuﬁﬂ Fafivane3s Teun Effective medium theory (EMT), Transfer matrix
method (TMM), Rigorous coupled wave analysis (RCWA), Finite element method (FEM)
TnsustaziSasiuuuhassmndamansfiuandnsfuiuiusia aue uazgUiswosian las
Tuuisedaziaueiinsinssvifldudostiunisaysiou 2 35 Aoldun Effective medium
theory (EMT) wag Rigorous coupled wave analysis (RCWA)
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2.2.1.1 wialla Effective medium theory (EMT) [16]

EMT fo inadafldlunisdruiumdsdsnindimaindeluliuing (Effective
refractive index; ny ) ¥4 Sub-wavelength structure (SWS) AfidnsnanudaUsuinsues
fanansedoudiuinnit 1 viin FamaiadmanedmiuTagladidnesin Wenisimmumean
Suiinmdnaadsluusunsviniy lalanunsauaveniiesguing aunn Lagn1siniseeiives
Sub-wavelength structure ¢ wansldiiaaunsfi (2.78) waz (2.79)

1 _(-f), "y (2.78)
Eupp & f.e, +(]—fy)el
tow = (1= 13 Jer + fy [ Ly +(1- 1) /] (2.79)

A |

o g, Ao anmeeunliihwesnarniiddilinmgs (agasiadov)

Y

'
o

6, PO anmeaumsliihvasinansdilienduirnme (@)
e 18 anmuaumslwingwawdslulinnsseuine g, fU &,
g Fo anmpaun1aliriveteInie
g, PO aNNBNNWUTNIVBIUNUTOITU
f, way f, Ao dasnduudslTumsvesiagivennialulbuilouy x way y

sosldfimmimdnnisiiugiues EMT sndasunvugunistudiielilumsdiuaam
FyilrnmdawaiadeluySuns 3unin Effective Medium Approximations (EMA) Tnsuuadu
3 sUuuy il

1. Maxwell-Garnett iuguuuusial Mdlumsmumamdsivnmdnandsly

USnsdwiivianlndidnnin Insanuiguliiduidnvasduiomsatu (homogeneous)
fiuszneuseaissznay 2 vllauansiaiu leaun Jagasiedevuazeinia lasdguuuy
aunsfaannsi (2.80)

(n% -nf) (n;-n7)
(n§ﬁ+2nf)_( _ 1)(n§+2nf) 280

= = v AW o a =

e n, Ao Awvivinmdwmaislulsuns
n, A8 ARYLRNMYDIDINIA
n, Ao Avviiinmuesianaisnieu

f, 79 9RTIAIUTIUININTVDIDINA
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2. Bruggeman Lﬂugmwﬂumiﬂ"mmmﬁ’%ﬁﬁnmé’mamﬁaiuﬂ%mwmséﬂw%’u
o Aa o a £ = a Yo & A v I3 & a )
Jagniduuszdninisganduwas (k) lneauudgrulvidulidnvasidulomeaiy
(homogeneous) NUsgnaumIBaIsUsenay 2 vila laun Jagaisiioukazeinia Loyl
sUBUUENNIST (2.81)

Y

[ (ne) |
;fi m =0 (2.81)

3. Lorentz-Lorentz LﬂugﬂLLUUIumaﬁwmmméﬁ’ﬁuﬁﬁ’ﬂmé’mmaﬁaluﬂ%mm
dmsuTuiaunUsznaumeansusznauuInni 2 ¥8a lnsauudliiduildnwusiduiids
e (homogeneous)

() (1) (i)

eff 1 2

L= T (2.89)
2 ) )

= Y ! a a
e f, Ao dnsidideUsniniuesenie

f,(=1- f,) Ao damrduudausumsvesianasiafoy

2.2.1.2 wialia Rigorous coupled wave analysis (RCWA) [17]

RCWA fo matiafildaunismsadinmansunissnnamni sagiiounas n1sdewiu
vos¥aniifintsdnidesinegiadusudeu (Periodic) suassiuliilasiuns Afinsidaiuyes
LA WU AR (Grating) wieldlumsdnwaudivasawedlassadiaunluiidnisdases
etraduszideu Ineldvdnnisitugiuues EMT uaymuduiusseninauuuiindnuas
awliivesauuudmaniniiadaunnsi (2.90)

¥ - -
F(xz)= X Aexp(ik,,x+ik,,z) (2.90)
m=-¥
e A @8 Reflection coefficients in the upper halfspace

2.3 ¥anaulaoanlan

Faneulaeanlen (Silicon dioxide) Wuasusznouszninesndaneu (S wazse
gandiau (0) ufmiudugasmanadl fie SO, Ineddaneuduerneunals uavdouseusy
90NTAY 4 BzReY YWusE fuLUULAnSEEnTea (Tetrahedral) wasdaunienfuseiuszlan
laus (Covalent bond) fupgaudeuss Fafinmueniuseszrinedanaunazesndaumiifu
0.162 UIULATLAYAINYIINUGE TENI1908NTLAUTURBNTLAUNAU 0.262 Ulwuns 1Ju
Tnsaadrendnidunuundnsemane figud 2.12 daauand@lidlai fenmduauiugs
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[
wa A

\Wesandatosinswaunduiunitelszanu 8 Bidnnseulias (eV) JanaantRnugIunes
FaneulneanleAuanifianisned 2.1 [18]

JUN 2.12 wanslassasavesddnaulasenlyn [19]

M990 2.1 MuaasauaulAvasdanaulasenlen

1Ased319KEn BAnUFIU
ANATUNUIL UL (g/cm?) 2.18
ARTLANLA 1.45
AraBULal (°C) 1700
YDIINLAUNAIU (eV) 8
a e ASIENTGN

2.4 n1sasuianuisluguuInig

9 YV W

Biltlunsiadouilanuslugaamnssudilvg) amrsoudslidu 2 nszuiunis
fail
1. nszvruntamaaulaglet@siall (Chemical vapor deposition process : CVD) g
nsindeufiondunisuandivesyesarsiaiiluantugfeviUufAsenadfunateduansing
AABUAIULLNUTENF Fefag193Tmaindoulasleiduni laun nsindouselaaiiing
91fBAI1U5U (Thermal CVD processes) n1siaanunlgletailngandunanaun (Plasma-
enhanced CVD processes: PECVD) Dudu
2. nsgviunsiadeulaglewdsil@nd (Physical vapor deposition process: PVD) fig
mandeulaenisvinlfermeuvieleseuvesansnaiunareanindaresansnafundinais
Juletlenszaeviedsdulimad luiafatuiuisve udusesiulasanunsautsesnidu 2 35
il
2.1 Watlaneda (Sputtering) Ao nstadeuilduluaniizagginiaivinli

losouvesufaorineunsuiuithaisindeunsyunnaueuniavesasindouiidinssinu
gonuAToUAIUULKLIBIS UL INenuAnduRlduung
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2.2 Fn3zmeans (Evaporation) As nsdeuilauluan1izanyinialagly

g

AMNUSIUNTONS UL INNBL aYIN IR zRaNYBYaTsiAR o UL AsuAn U INY BTN aNeL T u
lowsevesnainareidulandifansyagliindevasuuwiusesiuilininnisnenyudu
a9

2.5 AslAfaULUUSEMEaNSRed1dLanAsau (Electron beam evaporation)

N13LARBULUUITIME A sAIBa1BLanasou Aenishindanudvaisiadaudigdn
diannseu laeadianaseuinainnistounszualiiliveainisanuauinusingnisal
wesieeiinddliatuvesdidnasou (Thermionic emission) udtsdulidianasoundeuily
Huddlaadelimnasuuimivesansindovdwssgegnelunwurvinadniizonin asd
1T (Crucible) iledBidnaseurudnfuiamihe sansindevaz nemwdsnusaiideglusy
Jundsuainudewinliansiadeunasumasaunsyienatewdule (Evaporation) n3e
seufin (Sublimation) 3ulURnfuususessy Taesdnsin1sindeuvesasiadou wagAnumun
vosduflduaegnfalaesnTaadulin QCM (Quartz Crystal Microbalance) WUUSEUUNATESS
(Real-time) Bsannsaldlunsindmsmaiedeunazmiumuivesitduls Tnginlunsiadey
wuusgieanseadianaseutiouldlumuanaimnssy laud nasiadoulBeuas (Optical
coating) N15lAABUIAUAINeARAL i uLAY LagnisindeugUnsaldidnnsednd 1Juduy
Heosnniduileimanuigrige Wsnsnsiadeugaaziiedenmsmugy tapazdenldly

mandevasiidulanzeenledsingg ldun SOz, Ta:0s, MFz, ALOs, TiOz wag ITO \Jugu

I I Rotation substrate
/ . " &

Qcm
1
Vapor flux ~
J

e
et * )
Ve

9
>

t 1

P

Evaporation source

JUN 2.13 NINLEAINISATEULUUSEIMEANTMEE1BIaNAToU
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2.6 nsaasuianursuuuldleasudng (lon-assisted deposition, IAD)

mawadeuiidulussuugaayinauuuldlessutis Wunszuaunisilinisseniuly
el osnnanunsnmuaunNdulazUSinaesAanlviussuuldgadunszuiunisd
THlunsusuiasunuanTivesildy o1y Aty mdadinm nsdeariunas
wazanUAmalnii Wudu Tawefonszuiunmsnisdivlessuvesmad lulussuuiiosyay
BaunusessulunisidndsanusniewiinisiadousasnsiiinUsunalessuvesingliiu
szmanaspdouluszninsedeu wu nsilessuveseendiauliiuaisiadouiifinuse
lﬂﬁmysaiﬂﬁammmleiJLﬁaqmﬂﬂwiLﬂﬁauaawuma@aws Fensiulessureuiaeandiau
L"i’fﬂﬂdﬂmawmimﬁauﬁﬂ’uﬁzﬁamgiﬂiv‘iﬂﬁﬂémﬁlﬁﬁmﬁmL'%EJQﬁaﬁwmwuuadﬂiﬂamm
897y Tnonsiedeuilduuisuulfleseutasdulngaz 9lunsedovarsiduasussney
sonlamiieldlunsiaufduuiaduas [20]

2.7 nsnaianay [21]

fduursildannnszuaumsindeunismisindeuaisuuiiafansosiulussuy
GRIBTMGNLG mmsmamlé’ﬁagﬂﬁ 2.14 mﬂ'gﬂﬁ 2.14(n) wag (v) Lﬁamil,ﬂ%auﬁa&ﬂugﬂmaa
9¥AOUNIBLULANANNAIGHIVBIUH TR ITUBEABN VR TIAF BB NA MUl U BE MO
Tunanfiveiuniusesdu (Substrate lattice) Bsaziinduiuszvaing sninafu TngazBen
ozmoUIA R adatom lunsiifleymevinardindsusnn faerilozponaunsoindeud
Wlglnadananselunefmivesneudug uarlwiuesforfuozneuaisindoumaidufions
gnozpaumsindeuid i lnivussilieraeamganuiusesiundiotdzseimenduvie
9199z IMIiUsEAeNTingAeant1 91n3UN 2.14(p) ileezmoniinissusiu d1e199z13y
f\]‘UﬂUL‘UUF’] ey ﬂammeumum%mulﬂuama‘vmﬁm (Triplets) dovnoy (Quadruplets)
videguLUUdY mmmwmaammamm Poufien Tatn1sTufiuredeyneuIrl uag iy
AUNUILLIUYD 0 MDA ILAYENTINITARDY (Deposition rate) Ingn1ssausaiuly
SnwnriiBonininiedauedoa uanaasudt 2.14 (o) vildAnnduerseuiaaiss (Quasi
stable islands) \AnTu nntunguesnonaziuiulntuunatsidunduiouiiiendt nnsle
\Jungufiou (slands growth) LAAIFINIT 2,14 (@) Laznwdl 2.14 (2) Immﬁamjuamamﬁ
muwmim%u%Lﬁmmi%uﬁ’uﬁuamamémﬁwﬁaaﬁﬂﬁazmammﬁmﬁuﬂduﬁauﬁﬁmumimj
Bond msnufuvesnguesmnen (Coalescense) ansfanind 2.14(w) luvazfinguesnen
AU d¥mauIzUsENgAfIARI8YaRMal (Liquidlike behavior) 5¥1319N1559UFR UYBY
nauezmay warlnsdaseesnlulawaninegn (Crystallographic orientation) NMTIUNAY
fureseznauintusgrsmngannaunseinsrufureanguesnouinnsidouse fusgis
oo (Continuity) f;fﬂgllﬁl 2.14(%)
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(n)
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.
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Substrate

@)
Substrate

(A)

Islands of atoms

Substrate

()

Islands growing

Substratc

()

Suiw _.ratc

(@)

Cross-section

IsIar{
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g‘tJ‘VI 2.14 uanstuneunsARTEY (1) Single atom arrives (¥) Migration Re-evaporation

(m) Cillision & Combination of single atom (1) Nucleation (3) Growth (2) Island shape
(

%) Coalescence wag (%) Continuity
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2.7.1 msnasuuuULBeeu (Oblique angle deposition)

nsLade uilduuuuThllszneuvasarniadouaginyuannse nufuiuAavo sy
sosfulunuvuiudulnd (Normal line) lasnsindeulduiidnuzvesiiduunaiinioulsd
iimssaudiuetlsmunty fasuil 2,150 uilunsaifidesmsiedeuilduundiddnuas
Hulassadeunluasdonihnisuuguseninseymeuasindeuiidmimnnsznufuususessu
1Andn 75 8aen 1381 MsiAdeuluUBeas FasUfl 2.15() TnensiedeuiuuiBeaas
odmaiAnUsIng MsaliFendn U591 30iUATaUeIERoNaSARDUTE NI N TAN LAY
59950 (Shadowing Effect) waz n15317an1sideuivesosnouvesasindou (Adatom
Diffusion) fAntuluszminansiafion Seitduunsiildannsindoudemadia OAD 1 agld
Fuflguiidaunguuasiiasadrssedvuluuns Tnowsuluiuagdeshyufuiuioung
TUpufiemauannsenuresansiadey fasud 2.16

=t

rrms W an !
acMm i
1)
i B/
9 bl
Vapor flux : o v B o
A CI ! v J
v’ il I
© Q8 LTS

Evaporation source Evaporation source

(n) (@)

JUN 2.15 (n) M3afauiauuIwuUIRlY kae (1) NMSIARULUULAEIYY

|
Incident vapor flux® Adatom diffusion

. Shadowed region
\3&\;\\

\\u\\i'l \

5UN 2.16 nszulunIsiinUsingnisal shadow effect kag ad-atom Diffusion 984015

Y

WwasuMemAata OAD
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31n3UN 2.16 @1u1saAuIMyUNITBgsvaIwiauly (4) lalasn1sAuinain

AUNNSNNALRANENT HIFUNITA 2.91 way 2.92 [22]

tan(ﬁ)=%tan(a) (2.91)

[ 1-cos(a)
B=a-arcsin T (2.92)

o =

d' & = |
W g AD HNﬂWiLE]ENGUENLLVNU']Iu
o fo yuszwmisaeuaasndeuiuduUN AU LIRS

o))}

aun1sf 2.91 5unda Tangent rule WuARAISTIMINZ A MFUNITAUI AU VDILTIUN
TuinN9LLUYBHLTRITUNREATT 60° (0 < 60°) WaraunI1si 2.92 138n31 Cosine rule
JuaunsNmuzdniuAI LI Mg 0w U518 83 Y8 IWHUTITUNINNIT 60°
(6> 60°) WAFUNITNEDIAUITAAIUIUYLNITBEIVBIRTIaululonUTngn1saluads
& ! ' 1 [ . v o ' a 7
Y9I0¥ABNAIAROUTENINNITANGUKLTBITU (Shadowing Effect) Lalieaaenafe it

ldanunsaesurgnaves amnueas ndsnuraternauanadaulazliuduyasiagudas vl

o

2.7.2 NMIARDULUULDEHUAZULKLIEISU (Glancing angle deposition)

uan9NNITLBuNYe N uTes ULl A AmTulAssa sun Tund Sl S nnile
Jadefidmalilassairanluidnvasiuand1eiu fe rnmdisoulunismyuurusesiy
(Rotation speed) 13umvafiaiiin MsiaRoulUUBs LAz L ULHYTOITUTNEZIAT U
(GLAD) uansleifaguil 2.17(n) Falagvialumnimsiedeulngmsidesyuuslaiviin sy
ses¥uraizndeu (OAD) asRndutuliduveuvisTuiiflassaisuuuurades Woamnms
AnUsngnisaluatavesoyniaasindey sevinenisanguauTesiulas MIsinnsadoud
vospzmanvasansindoulufianinfiol win1sadeudeweia GLAD agvhlsléduiidumes
wisluiiilassasauuuuinss esnasadevautsannnszny Ssiuiiveususessy
InlagsourinlminusngnisaluadsuesornadasiniousenINnIsANguNusesuLagnis
finmsindeuiivesoznenvesaAdouynfiania fagudl 2.17() Sﬂﬁy’aé’qmmmmuau
anvazlassadiaunluliidugusisineglalaenisusuanusiseulunisnyuinusessu
(Substrate rotation speed; ¥ ) [23] 2191191 NIUNYULAUTDITULUUTY gl dTuRguid
Tssasraunluwuuuiande KUl 2.180) wasnsdvsuusiusesiuuuuids azsililddu
HdulaseadanTuluuusienss fagui 2.18()
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Rotation substrate

Q
[+ Q
J
. o 5
[
Cd
4
Shadowed region

(n) ()

JUN 2.17(n) Msiedausuussmeansieddianniousuiumainn1snaeuiuy GLAD (1)
U39 N130IUATIY08EARLANTARBUTENINNITANFWAHUT 0I5 ULAZNTINANITIARBUNVEY
DLADUYDIANTLATBUNNAANIY

o Aliidl

(n) @)

dvudey
JPoved

(% v
o v

JUN 2.18(n) PuNAUTNLATIATINUUULIINGELD kay (1) TUREUIRTATIAT 1L UULYIATS

L

a a o [
2.8 MUAYNLNYAUVDY

11T A./. 1993 Eric B. Grann. et al. [24] 1avINn1SAN®IANAIINIILEIUD N THRIND
YUIABNNTIANNENIAAULES (Sub-wavelength gratings) ¥adinIARIRTAIAIAlABIENAIAAN
WAe2 (Uniaxial dielectrics) wazAaanladiannasn 2 A1 (Biaxial dielectrics) naldinaiia
Rigorous coupled wave analysis (RCWA) 1USeuLiis uduinaila Effective medium theory
(EMT) Fadwmeilanldlunismssiinmdmaaasluusunng (Effective refractive index; )
Yaslassadevesianidvuinanniinauenindusas (Sub-wavelength structure) NTARA

aa 1 a I3 = a Qll )

AeUBN 1 47 NANANITNAABINUIN tnATA RCWA tTudnmadaNauisauiutalunismn
| v oA v v QII a . Qlldaa aa
A iininginaladslulsuinsees Sub-wavelength gratings NfifiAA18UDAN 1 Lay 2 I

Wasnnilnanisdnassnlnalfssiuiumetin EMT sounlud a.f. 2002 K. Narasimha Rao.
et al. [25] lovin1sAnwaudRvesilauuianeanilaseasiessduunluasves 2 3ag lawn
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F3euvenles (CeOy) wardanaulneenles (S0, nswseudemeiliansszivieas uad
ﬁflﬂémﬁiéﬂﬂﬁwmiauﬁqmmﬁﬁmﬁ’u A9 200°C, 300°C way 400°C Wisuiisuiuildud
lilévhniseu lunsdves S0, nudh Ardsiivinimvesduiidudiuiu iogamgiluniseu
Windu 910 1.45 89 1.48 devinnsinautanisdesuuaiunuin Aduitldlaianiseud
Wesidudnnsdesnunasgefian uazinisdesinunaddugiudsanilalolan (Ultraviolet
region) wagg1umuawsiulad (Visible region) @1’@5u¢iamﬁqlﬁﬁmﬁwmmauﬁ’aﬁuaﬂéu
ustaneulaeenlodilel flunsimuandinuaddifugunsalingg Tnsanzmsadey

Jasfunisaznouwas 1wt a.A. 2003 Y.-P.Zhao. et al. [26] Lavinn1s@nukareanwuuiay

s

y1alasaas1auludanaulnesnlenmenaian1siaaaukuy OAD kay GLAD nunduiaua

D

Lefiaaunguginas m1u5950U (Rotation speed) lun1snyuniusossudinasodn vy
Tasaadaunly 1wy nsdlfilimyuudusesiuazriililalassaiisuTunuuuviades nsdifivyu
uriusesfunuutide psansiazrilildduiiduiidlassedsulusvuuvianden uaznsdl
fvsunsusessusuEfennane xRl it ui s i lassas sulusuuwiings W
fu fefun1sindeuduildudiemaia GLAD Fsldsuarmuisunisiiunisisonaziinly
Uszgndldlunisiedeulluidudasiunisasiounas seuilud a.e. 2011 Hernant Kumar
Raut. et al. [27] I&vimissiuniutasAnvifeifuausineuasveslassadaunlulunis
sonuuuiuildudesfunisazsiou lngnuinlassadsunludiindaiinmdin uas fnuau s
fily fi9 Gradient refractive index (GRIN) stasannisasviouiiusinnsessa vilrnsdes
ruLAseINTEININTL uenantunuaNTRTimsmddunedeuduiduiiilasadauly
fiddapitelrldfduannisasvounintiuasfesdaudilunsanmsasionlugasmnueaiy
1314 (Broadband anti-reflection) fiaud@lunisannisagiaunniianig (Omnidirectional
anti- reflection) uaz agdedlinavausidelnailawtureuasdlouasnnsgnuluimvuiy
fulduunfuagiiyunnasenutionq seunlul am 2014 (28] Katherine Han ag Chin-Hung
Chang léin1ssiusinsasinenuudasmsadinmansitdlunis@nsau dinaasnes
Sub-wavelength structure Tun1stuiussenatddmsuildaudesiunisasiouvesead
wasefing wuiiivadie EMT uagivadia ROWA Humadadignihurldlumsdnunduiidunes
Tassa$rsunluegenirns Sanaia EMT f96f Ao arunsndrasaiemeadviinmues
Fulgulfegnusududdaldannsossynionsiudnunsmsnienmvesduiiduls dedulu
nseenuUULieAnwanTAnLaostuildulassasauluduiaieuldinadia ROWA
desnaunsadiaesdulssaninisdesinuuas duusedninisasiounas uazautanis
deauu liandnsarnismenmvedasiasiuiuiiinisdadssiegralussdeu Toun
ArUTRstUTlAY srevvinsevitaienTy warruaveaduiugudnans
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Unn 3
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9N1993Y
Tuunilazdnausisnisinasamenmnmans nsimssusunNduuIsdanaulaeanlen
MyBaTEandiniamentn audiniawasvesiaudediangunsaiuazarsialnly sumns

v
v a

WNsAiunuIde il
3.1 wssua1sAliuaianaunsalilldduiunisvaass

3.1.1 asndifildluntsneans
1. thendreanu
. ﬁﬁﬂgu (Distilled water: DI)
. 92891 (Acetone: C3HgO)
lolglwunausanagea (Isopropyl alcohol (IPA): CsHsO)
. firgerdneu AnLUIais 99.99%
. nelulnsiau mmu%ajm%f 95.5%

~N O OB~ W N

. fanoulaeanles (Silicon dioxide: SiO»)

.2 Yanaunsainlglun1sneasg

99
- UnnesUUINRIN
= 1
AN TR NISDTEGATRIE
. ogiitluuvlayd (Aluminium Foil)

. AudanAy
. nszanalan
. WHUTANBIUSTUIU (100)

1
1
2
B
4. NSYANYNIY
5
6
7
8. 30sdansleiin

3.2 d@01UNAIueIuIY

[
a v [

lumsideasell ITelasuanueuaTwiInaudinaluladiaznouiinmasu iy

(NECTEQ) vipeUfiRns3deflauunadaias (OTL) dwsuaniun aunsaluazansinil s3um3

v v
v

AMwuzinasanIsa el deluasadl
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3.3 YUABUNISANIEUNIUIRY

Anwdneusn1eMen Nt uilauuedanaulneanlennilasas19un UL U UL
ASINAINAADNITADINIUBLAIVDINTZANAYBUUIIADINIAMAAIEAASTAILLNANA
Rigorous Coupled-Wave Analysis (RCWA)

4

= I A aa ¢ % 1% -
wsuduilauuTineulasenleanilasiadeunlumenssuiunisinfouluussiney
aseuddianaseusIuiumAliANslAdauL ULB By (OAD) uagialianIsiAdou

MUULD UL AZ UK UTDITUTMLATOU (GLAD)

S 2

FLATIEANWUSNNIENNVBITUNANUNTANe Ul on ln Nl lassas1aun lusme

napsgansIAIdBLanasauLuUdensa (FE-SEM)

S

a ¢ wa O s aa 5 %] v a
')LﬂﬁqgwaNUfﬂVVNLLaQﬂaﬂ%uwaﬂJUqﬂ%aﬂ@u‘lﬂ@@ﬂl%ﬂmﬂiﬂﬁﬂaiqﬂ‘UWIUQUULV]ﬂu@

Spectroscopic ellipsometry Wag UV-VIS spectrophotometer Lamduilauil
e BuAMsdo i IULAIUDINTYINGINER

JUM 3.1 unuialansdunaunsaiiuiy

3.3.1 NISANYIANWAENINNIEATNVRITUNANUITEnaulnoanlunniilasead1aun
TULUUBIASINEINAaRDN15E 9 INIULEIVDINTLANAYUUUINADINNANAAENS

Tuauideiiazldinaiia Rigorous Coupled-Wave Analysis (RCWA) Tunnséuaas
Wodludnsdesinunamestuilduunadanoulnesnlediillassadrsunlunuunyianss a7n
msdnwtadenisneainveslassairanluivasundasld Toun vuadusiugudnans
(d) svozrnesyminaurieuntu (s) wasmnumuvestuildy (1) Tnefmuiaainanudusiug
sywinauuulmdnuavauns i vesaunuulmanlniih innnsemutuiidy Failuuusans

MNEAMAIFUN 3.1 uaginthsansldauiegun 3.2
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— Space(s) Period(p)

I ThE s (R ' '

e 15

JUN 3.2 wuudaswmnimeniwvedlesiaisnlu@dneulneenledainnisiwailesidud
NsdeIrULERIBINALlA RCWA

= APy NS M P T Comm
9 =
File Scanning _(_Q) L]
— Structure p = !
(ﬂ) —_— [T ] s __ __—_
(1) | " L] 1017,
(:\]) —_—p Lx D W ¥ 7__5___
(m) —————— Fimunder gratng? () Yes (®) No
(iU) ——— P Crating depth: A | Filmthi ] |
({’]) .—T'Gratlng rad (bottom):| 1 [Grating rad {top}] .05 [}
— Source p
(ﬂ) '_—"wavelength(um) 4001_1]_3 pol. angle (o) l__ﬂ‘_]‘—
(%) - phi_inc (0] _ 0| telainc@) | 0 €=
LX] Domain of incidence: p ~
Substrate 3
(a)—
— Ci il parameter:
Number of harmonics: Mx 3 My il 3 Number of sliding layers for gratting profile (kr) 5
Plot fields? O 'Yes, @No

Calculate _; < (ﬂ)

JUN 3.3 drudsgnaunelunthsnnisidnulumsduanisdesiiuiawiemailn RCWA

(n) USuandvilinumuesianseunriaunly

(@) USumsuiiwnivaunaunly

(A) USUA AR URNLAVDIULNUTDISU

() U‘iUﬂ’]ﬁNUiuﬁVIﬁﬂTﬁﬂﬁlﬂaULL?N

(3) Ususzy vVﬂﬁyM’JNLLVNU’]IUI‘LJLLU’JLLﬂu X
(@) USuseozunesernauwrisnlulunuaunu y
(%) LABNANWULNITIALTYIRIVOIUAIUI LU
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%) lHondnvazlATEs e sisuIly

a) @entuildunelduriouly Quuddeiidunsdilisduiidunelfuviounly
fy) USumnuanusonusnveaisuly (um)

9) Ysurwnvessmiuiaunlusuans (bottom) wagauuy (top) (um)

£ Usupnugnaauuas (um)

5) USuyuil (¢)

71) Usulnanlsieduvasuasiinnnszny (0° =P-polarize, 90° =S- polarize)

al) USuyaeen (0)

o)) @onduviafiudannnsenuduilda

(
(
(
(
(
(

'
| o o o

A) Jumdad

)

(
(
(
( TMATUNITAIUINL

¥

3.3.2 nsmssuturanunsBanaulneantan
a S o s Aaa ¢ P P %
nsasouduidauuiradanaulesenlosnilassasrsurluaruisawsaulaain
NIZUIUNISARBULUUTLNEEISAIYEIDLANATOUTIUNUMATANISLARDULUYU OAD Wae

GLAD n1gldssuuage1nia su DVB-SIC WdnlanguS¥n Denton Vacuum Inc.
WARRISUN 3.4
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Quartz crystal
control (QCM)

Substrate holder

lon gun
Crucible

(A)

JUN 3.4 LATRAATOURUUSTMBANTIREABLEaNAToUS I AUWATIANSIAG O ULUY OAD Uag
GLAD mglaszuugaainie (n) LASLARRUTAL (1) WamuANTEUY kay (A) gunsalniyly

& dl
LAIDNLARBDU

Tngawsaaglidutunsunane Tunswseuduilauddnaulasenleniiilassadiawn

Tussguit 3.5
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MANUALDINLAHUTDITUNYUDNTL UG INA

\ 4

WIENLN LTS ULazasiadounelusEuy

5 T ———— -

4 \
[ . o . . 1
! wssntuaudua (Cryogenic pump) :
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3.3.2.2 wWIsNmkusassukazansmaaunieluszuy

1. 110159 abHU095UT T uuIdedldunuse sy 2 vlln Ao WHUTFANOULAY
nszandlan uanhinfaduiauausessu (Substrate holder) fagu#t 3.7 antuhluiiase
Twesaamdou

Glass slide

Substrate holder

Silicon (100) wafers

FUN 3.7 kaneNIsAALHLTOTUIUTI AU RITY

2. dansdeudaneulaeenladussgalulumienasuans (Crucible) fsgun 3.8

JUN 3.8 uansansindeuddnaulaeenlennussaasiulumevasuans

4. hanuazealaensaeduniglunIaandeu
5. Yo wpseandeundiinniswisussuuneluasesaiauliduszsuugyaine
TUENTOLENITEUUUBINTEUILNSIATOULUUSEABENSMEaDIANATOU
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3.3.2.3 msildszuungluedsandeudugyyinie

9 v

nsiliszuungluaisnadeudugyginiaduaiuisavilalaenisanaiiusiy

A & 6 ¢ o
AeluAsawAdnuUseuIn 3 x 10° 1185 1ga U1TaBEAININANITHIIUTDINTZUIUNNS
LARDULUUTELAEANTMYE1DLANATOU AaguT 3.9 FaliTumeulunisinseudall

Y Y

O VENT O

—Q @
TC3

ROTATION

LOW VOLT 1 LOW VOLT 2

() CrRYo PUMP

REGEN PURCE

D>Oo<t——>0<

M.P PURCE

FORELINE
FILTER

M.P VENT

g
®
P>o< Do

MECH PUMP

JUT 3.9 LARIKUAINNNTTINLVDINTTUIUNMSATD ULUYTIMEASIEa1B1anAT0Y

1. msm’%auﬂmmwfm

1.1 Wadunalsns (rotary pump) Wislianuiunisluanasisuszunn 80
fadves lavauisadunnainnameluanda

1.2. 1 Unnaa5iau (regeneration valve) Lﬁaaﬂmmé’umaiu%mmmLﬁu(ﬁ"w
quisUszana 80 Jadves

1.3, YadrTiaunazdunalsns ‘Wﬁﬂﬁ]’lﬂﬁ?uLTJﬂﬁ’mﬁE]LEﬁUS%UUEjEnyyI’m’Iﬁ

1.4, Anavdiuenmbusi seldanmgluiufioungf 10 waly



41

2. MSASEUTTUUENINANTYIUATILARDU
9 YV v

2.1 \Undunalsn3 (rotary pump) auarusiunieluszuvanasdsszana 80
Nadnes

2.2 Lﬂﬂaqéa@mmqmﬂsﬁ"ﬂ (rough vacuum valve) \eanmnudunisluiedes
wasvaulaUsEI 80 Jadves

2.3 Yadragyginiee wé’amﬂﬁmﬂmwa‘aqm@mmq (high vacuum

valve) aupuaunglupiosedoussmeans anaseglurasuszuna 3.0x10° Jaduanne
nSeuvinnisiadiou

3.3.2.4 n1sMsAaaullduunsdanaulaeanlan

'
=

ey MswleuszuvanyInIAn1sluaIaLafoussusaslaN1svNIsIAGeY

% £%

Aauu1Tanaulneanlyndaditunaunadl
1. ANSTHIAUELDINEIUTDISUAQEa leauYaIRNwaIsSNaY

| o = g as Y A o & a aa Ao v o
fewrinisindautuilduuisseslinismalidazetanuiiganeulaznsz il du
wHuRISUMelasauvesilwaisnoy evinmsiuludukasiuaoasuuiiuiviilinistn

NN VRINANAVY Inedidauly fan1s19 3.1

A15199 3.1 nanaaulylunisynanydsaakkUseIsUAEaTlepauYeIineeIsna Y

Rouly eaziden
ANUANABDUNITIAREUY 3.0x10° nas
ANAUVULIIINTTLATOU 2.0x10”° nas
PnINsIMaresinveIsnay 13 sccm
w5l 120 Laad
nszuallin 1 wouuus
1180 5wl

198N5YANNEEDIRLH LTS UAEaNleauYaIRwasnawUsEnaulUmedunaunaralUl

1.1 Waaindvyuiiniuniusesiy

1.2 Waaindelwlvundsiniialessu (ion beam controller) hazgunsal
muqmﬁ”w (gas control unit)

1.3 Wandrloutwensnewinunmasiidnloseuiiuuna 13 sccm

1.4. Jpainglass (drive current, Id) wietrenszualniilvtuueain ion sun
TnodsAldn 1.0 A uazendndluisia 120 v 191nan 5 undi

15 oasunan 5 Wit nsdnaindiavue
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2. MsARaUNFdulAgNTEUIUNMTARBULUUISNEE1SA8a1DIaNATaU

Tunsirdeutuilanu1sdanaulneonlea Nillaseas1 9w lulag N8 UIUNNSIARBU KU

1 o a & A 2 o &
FELNYAITINIYABLANATIU NLQ@UI?JT;Uﬂ'ﬁLﬂﬁ@U NU

=] & G a s aa ¢ aa o
MN19190 3.2 LLZ‘WNﬂqﬁLﬂaaUsﬁuwaN‘Uqﬂ‘ﬁaﬂE]‘lﬂ:@l@@ﬂi‘?ﬁﬂmﬂiﬂiﬂaﬁqﬁuqi‘UIﬂﬂﬂiS‘U’JUﬂ']ﬁ

AADULUUTLIYAITAIEADIEANMTOU

Rouly eaziden
ANUAUNDUNITIAROU 3.0x10° o3
AR UVULITINSLARDU 1.0x10° o3
PRIINISLAROU 0.2 WlUUATADIUN
1380 9, 17, 25, 34 way 42 Wi
AN 100, 200, 300, 400 waz 500 WluLUAT
Bh 5 W19l
Au3aseulun sy UL USRIy 0, 0.2 Uag 30 FaUMBNY

o
Y

= a6 aa ¢ Al o a
ﬂqiLﬂaa‘UcﬂuwaNUqfl"ﬁaﬂ@lﬂ;@l@aﬂl“ﬁﬂwuiﬂﬁ\‘]aﬁqﬁuqiuc[’@EJﬂ?gU'JUﬂ’ﬁLﬁa@ULLUU

<

segaIsaItadldnasaulsenaulusiedunsunsalul

2.1 vnsriisunsuninadeu Tuedesrrvennsedoulasivunsvdnd
daglann slinvesansiadou

2.2 Weaindnaufindunuiazseauduanslunionadouanadszunm
3x10° 1§ ndrntudaaindaenszualaliesestuingdiinasowi nnsguansidue
5 Wi

23 leguansasuiian neluaminyeiaissmualmsiaauLiialziing
\wiauans lneAegqaenszudliiiiiieiddidnnsousiendsnuliunasadeu Weans
wndeuldsuanufouivaniindouseme Tihmaladawes elwasndevsanetulufe
fuuusesiu lnesvuniadovaziindnenondlunisenumanamniazdninisideuvesdy
HduvnugyhmIedeusistamisagiualdanasuanima Juihlfaunsaauaueamunls
MuABINTT wagilloldaumuimuiiiivun Yadamefinileitiaisiadou uagannising

NHNUAAWIINTUREINGLAToIAIUAY

3.3.2.5 U1FUIIUBINIINLAIDILARDU

a

1. selvigaumginieluszuuiAsodniiouanadmdeyuszanns 50 °C iieamungll
nmelulazneuenszuuilalndlAssiu
2. Yondaaniags viasantudanainuseninssuunglunisuniou

funguenszu (Vent) evdegloinianiguenszuuiingnngluszuuiaiaantou
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3. Wemusun18lulAaLAdaU YINAUAMUAUUSIEINIANIEUDN HILATDY
wAsuazanarTunusenunldlilunasaAutuau

3.3.3 LA3093IBAATIEH

3.3.3.1 NR93aNIIANDLANATOULUUEDINTIA (Field emission scanning

electron microscope: FE-SEM)

ﬂé’aqa;amiﬁﬁﬁLﬁﬂmiamwueﬁaamm (Field emission scanning electron
microscope: FE-SEM) §u S4700 Hanlagu3emem1d (Hitachi) Usewmagiu anuninnseg
audwalulaglulasdidinnselind (TMEC) uansfsguil 3.10

5U# 3.10 LARINEBI9aNIIAUBLENATEULUUABINSIA (Field emission scanning electron
microscope: FE-SEM)

ndo49anssAUBLANATauLYUdBINTIAdNEaN N1591199u Ao 1Suarnunasiiiile
Slnaseudintindedidnasewainldvasn nqudinaseuiliazgnissiigauiulnii
wiounsdidungudianaseuliidnvazilud lned18ianasouaznsinlduunuiiaves
fegelagynalnauINLimanUuszI UeNS -1ne WiainbilAndidnaseunie )l wazasgn
[y s & L = ] ! 4 o v &
nsafulngiguges ianUanludyaalidinedwislulvssuvaianin laglunuidded
ayldnanaganssAUBLanaTauLUUEDINT 1Al UNITIAT IR NYAEIATIAS 1IN 19N 18ATNT DY
fduur@aneulaeenlen N15ATIERNEMIAIUNUIVBITUTELAINNINFATINN LazUUIA

YOIVBAHUHUAUINANUAL TE ULV TN TN TUAINAN LR

3.3.3.2 awnlaslnladinas (Spectrophotometer)

= wa ) | & a s A A ag v a s dll
NFANYIFUUFANITEADINTULE IV DIV UNAN Lﬂﬁaﬁﬂ@mieﬁﬂa aLUﬂImﬁIWI@ﬂJW]@i LAIB

'ﬁu Cary 7000 Universal measurement spectrophotometer (UMS) U3 ¥ % Agilent

a

technologies fagU# 3.11 @ uiidsaunsal niteidegunsaiiazszuudaniey Aud
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wmelulaBsiinnsolinduazaoufininesunaw i (NECTEQ) aeagil dafnaudinalulad
SannsednduazAsuialnosuierd Tneviin1sinlugienue1aAauLas 200-2000 Uy
w3 FdlusuddeiaslfindesanlnsinlndimeslunsinAndesidusnisdositunas (%T)
Yoslsuiindovasuunszan Tnguusgusuunsindu 2 sUiuu fe Slenasmnnsznuauiy
FuLdudnfvoaduaiy (0 eee) tiieldlunisiasisiilediduinisdosdiunasiasnig
nouauswolnarlaistu msufuynvestunudug (80 - 80 aan) wieldlunisiiaaes

AUURANTADINULAITOUNANTINIUNDUNITIA A9

sUN 3.11 iesesanlasinlafiwasiasaauiamesaiunanita

1. n1sAsIzilasigunnisdaskinunasazlnanlsisdu

11 vdusnsmisluededaslviuthiidued fedior fuumdsindauasvioly
LadnnnsenurLuiuduUnvesduiy 0 o) TngiuunldSsdfinnnsenudulnanlsi
Furia S uazlnailsiwtuvia P

12 seanlUsunsuldaulaeyinn1sie base line vosunasindnuaiioudiv
pmAlas AU UANISERMRILLABR N Aaz ALY 100%

13 Saosfuinsdesrunaivosduny

1.4 utuiindaya

2. NN5AATIZINITADINIULEITAURANIS

2.1 thiurmannsluedsslaglivinfiduey fimfeafuumseilauauas sy
Tssdnnnsznushyuiudulnfivestunusaud -80 - 80 asm Taadmualdisdfinnnsznu
Hulnanlsiwtusda S Wosanazuansnsassiouvosnaslafinindsdunuvuuduiisznunn
nsgvufidaadaUngmssiiuuianes
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2.2 faaluswnsuldanulneinn1sin base line vosnnasnwlawadAguniu
anAlngALUSISuURNTaR UL N AIEIANYINAY 100%
2.3 Jaasigudnsa0 N ULAIUDITUIY
[ LY =1 4
2.4 \iuduiindeya
lpgdunaun1su Tuguve Ui inaUnn s lunTIAT e RRAE NN SOLERAS
oiagui 3.12

Source

RS~ mmme

Detector

~—
.

Source

- Ti

Ny
Sample O\

e

[
e

D

Detector

Detector

()

JUN 3.12 wanen1susuguvastunuiioinesidudinisde sinuuasewaiaaunlasinle
W3 (1) MIAeTIeinIsdesinukawazinalsiedy (1) NM5IATIENNITA0INIULAITOU

NANIS

] ¢ & & ! 1 ° ° ! a s & &
NAYDIANUDILTUANITADINTULEIAILITOUINIANUIUAIANRAYLU DL UR

nMsdoauaslutRNDLTIL (380-780 Uluns) ladsaunis
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gww)

9T,y = (3.1)

%Eu)

dlo T (1) fie andesidudnisdosiu
E(1) fla Arndesnuuaseindduing (Relative Solar Energy) Wanan1519% 1

J
mewnwan nlag Y E(A) dawiiu 100
A

a

3.3.3.3 dwnlasalaUedaulgwuvs

AMTIATIERAINML AdudEnm uararduUseAndnisgandu Tasldiaes
awnalatndaulams JA Woollam Co., Inc.) wansasudl 3.13 I§uammeyiasiziain
e UuRnIsmalulagilduuinduas gudmalulagddnnselinduaraeuiomesuiaif
(NECTEC) Sandnmisvienuves fie nsinmanudasunvamednatlaeduveuasiin
nIumINERAUTasiounnIngfivhniste udthuiinsgisalagiinaninnisinieu
fukuuiaomsmeamilaatuaniusunsudasfemaudeyansiussdusznauuas
Tassadauaniivueasiig

JUN 3.13 uanuesosanlasalaUandqulowms

Sample

(n,k)
B

Input polarization Output polarization

JUN 3.14 uansnisildsuwdadnanlsdvesuasiiagiauaindinais
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mn’gﬂﬁ 3.14 wanensdsuutadinailsiwduresuasfisessefnvasiinats 2 via
dlowaannnssnuruIn v sine war azveumsinueanlaeiifianawulai (E ) Taeily
Seuadwanlsdazvtouanianhassfeteiaa (phase) warlauudgn (Amplitude) Vs
wastiuazasunaslumumasiinisuas (Optical Constant) %ﬁa@gﬁ?uﬂ%ﬁmﬂiﬁﬁwﬁ@

vouvailaiife wafudounuasly (A) ves E, way E, uazuouddgaideundasld (V)

Fasendduwusnag fe wan(Auazene( V) 3ndu Ellipsometric Parameters Tngdaunis

#ANLALLA
A=0_—0 (3.3)

e

I_I
I_l

tan¥ === (3.4)

]

Fasnazmedulsyavsnisas oty (Complex Reflection Coefficient) p laain

&

dlo 5, Ao wafdsuldaslddmiu P-component (s311UTUTW)

p=tany -exp(iA)=

5, fe wlamUasuniadludmsu S-component (szuuRIRIN)

Tunsiasgsighomedaaalnsalededaulowm3azsinnisiamauasuuasinan
lsieduanmsdsunanas tendagnvasnasas iouilaonunaniee1eiiyusineiy udan
Kaflia1nn133n (Experiment data) uufloufuAmainmssiaednuae mMInien nvesfidy
(Model) Fsazfigntoyavosiidulnovnliuasiiaudifidnvasfitmyeglulusunss WVASE 32
vouerdosaalasalaladavlnimms Mndulfaunsmsednmanidvmnzaniuiidunldly
nsAwInaNTANIaLES kA Aaurw maYiinm waemdulssansnisganau tneildy
anouluruided farulusslawaglaidiliih deduled aduussndnisgandutesuin
vidowiiugud Jeaunismsadamansildlunisdnna fio aun1sned (Cauchy equation)
Fuduaunisimnzaslunsmadvilinmusasmineaauluiuainueadiuag sy
¥lL3n wansdsaNnsTl 3.6

n(/1)=A]+/1—2+;t—[‘1 (3.6)
e A ,B. uaz C  #9 Cauchy parameter

[

n(/i) A AsvTinest U g S uA e ARLLAS

way A AD AN IAALLE
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oldramun adsiinm wagaduuszandnisgandu mnsantsiieuiiey
HATDENAINNITTIALAZNI TR NWULNINEAINLETT AU YNABIVDIAN TRV AYD Y
Wémﬁlﬁﬁ?u%%ua@ﬁummim'a”Lﬁm‘w'%aLﬂwﬁ’uiwdwmamim%uLﬁauﬁy’qaaq Tngnlnalae s
ﬁummmmdmuﬁ’amm‘?\lémLLawhmﬁmqLLmﬁlﬁ%ﬁmmgﬂﬁmmm G?fqmmmgﬂé’aw'%a

AulNALABI1INNITIUS UL B UEUAEWA1901191AAY Mean squared error (MSE) LaR9A3

Aunns 3.7
MSE2 _ 1 ZN: ‘//imod _(//iexp Aimod _A?xp (3 7)
2N —-M o olP '
i=1 Wi Al
go N IMURURINIEA (W) waztaas (A)

Ao
M Ao Funuiiusiusulukuudiaes
Ao drulesuunnsguvestayailiainnisin
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NANISALEUINUIRY

fduus@dneulneenled (S0, Wuildueenlyandamaudfuiauls ey

e

a a = ¥ = wa ] ' aa =% & va 6
ﬁfﬂl@@lﬁﬂ(ﬂiﬂ UAIIUATUNTUEY A SHANUNNITEDINTULEINA [29] %QLUUL%G)N@I%W&MU’N

9 Y

) o

a

Fanoulaoonledgninuldusslonilunirgaamnssuiivarnvas Tnelaniz nuisomauas
W @ududuitnmieossruuiduutaratedu [30] wienswaunduiiduuufe i
Tassadrsulufiofiunisdomwunaslifuususesdu Tunsimuniieldisuduszdnsam
dmsunsdesinasiiabuasutuladefidde e dduilfm (n) waganumn ()
vosduitdy TumAdeiassiaunduiiduusdaneulasonlsdifiothluussgndlddmiuiida
vtestunsazsiouniomofivaudinisde s unaewiusossuiidunszan Taeiduan
N15ANEINITITUUUT 189N NAENAIE@ASAL8INATLA Rigorous Coupled-Wave Analysis
(RCWA) Tun1ssraeslodidunnisdosmiunamosnszandivinisiadeufidy aannisanen
Hadenmanenmiidananesduivinimosduisuielila Seulvfianzaunlunisindeu
Mnturn sTaTuRdu1aBaneulneenlsafiilasiataunlulne M 3eNaINNTTUIUNNS
\AFRURULSEL MR IMEE1BIanaTauNINAUmALANTSIAdoULUUB B (OAD) wazmalln
M5IARBULUUIB BN M ULHL IO UIAIZIATEY (GLAD) Wila@inwinaveslaseaiianis
nMenndidwadeduiinaasmesiidy Tnalunuisetazudsnsanweandy 2 d ldud

41 msAnwIENEMETNe TRt SN sBanaulmeenles s sad 1 unTunuy
winssTidsrasenisdesthunamesnsyaninglduuudaowmnadnmans

4.2 N5ANYINISLASENLALNITIATIEHANWAE IASIAFTIININNL ATNLAL ANU RN 1WA
Yosuilduusdaneulasenlusiilasadaunly

4.1 N1SANEIANHLZNIINIEAINVRITUNANUITAnaulnoanluanililasiasg
U ULV U9 SINdINanaN1SaD NI ULEIVDINTZaN A TULUUT1aDINIg
AAAENS

Tneshldudlunisiedeuduiduiitetdosiunisasstoundariiunsaessiunaslsiiy
NsEantiu aunsafuaLiieni AN FuTiRnILAE ALY D ST UTId LTI TaL AU L1
aavlpraunisifiansanld Tnsanunsasnamadatiinmye suilduldanaunsi (2.75)
MnmsAunUI Adsitnvwestuiiduildlunsindouasuunszaniuay desiiangain
sy 1.22 wailesanauiteidonswaunduildufignefiunisdessinunaslugiann
woaLiu (380-780 urTutuns) FataINALNITNITUNT NADALUURNA I aaunST (2.76) 7
Fustug Susndtiin e tuildy Ay warAueeaLLEs Wefinsanfieuenay
waainiy 550 wiluwes Sadurnueninduasiine uauosiea en Ny wenaTan agsiTwle
munvestuilguTiv i Andeulunsunsnaenuuuingraiinnnueinaunas 550 wily
RS AAWYINAU 112 W luuns
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TunsWannduilduudaneulasenleddmiunisussgnaduiidudosiunisasiou
Arelunisiiuasidudnisdesnunaslinunszan nstedsuwuuimlUTuilduazinisises
L% = ] 1 o vyal 1 v a v 5 a) 6 d‘ 1 o dl' o
FYesansAdaURg kLY Y lvliAAvirinivestulauigavintiu 1.45-1.46 [31] ey
Tnszaniilesidusnisd iUl aanfAvedanmI Avtwn eIt uiau T aLyindu 1.22 @9
ausavilalasnisedsutuidulmdulaseasiaunly 97093 T8ARIULINUI NISIARDY
fauunadneulasenleanilassaiunlutudimalituild uaungugaasiiadvilinm
YITUNANaNAINAU 1.05-1.3 [32, 33]

T ULV SAN Y AN BULNINIININY D9 LATIFS 19U LA BUYIINISLAR DU

d‘l = U v d' o b2 v a v 5 a) 6 = B 1 [y} v
oA dnwLlATIas19M 198 N AN I e Au TN estuidudianyindy 1.22 el
LUUINABDINIPMAANEASTMIEWNATA RCWA 91NN1SANYIANBAENIINIE ANV IATIAS19UN
Tunaguudasly laun vueveaduiugudnaie (d ) szggvineseninauriaunlu (s) uag
ANuUUBITUaY (1)

4.1.1 MSANYINAVIIVUIATURNIUAUENAILAZITEZYN9TE NI 1auTisuN T

nENN15VeY Maxwell-Garnett faaunisdi (2.80) auduaunasiilélunismimdad
VA sUsinnsue st Uil duius fusdutivn o sianeulneenled Adtiinmues
9117 LAz SR @I uBIUsHIRT eI Tudaneulaeenlesuazeinia fetlunis
maaqﬁ%qﬁwmimiﬂ%’wmmaqLﬁumu@uéﬂmqLLaziwzmqiszLm/iauﬂum’ﬁu 10,
20, 30, 40, 50 Way 60 WINUIAT LA8MAUA LT ILYLH19TEWINTMTIUTUTLL LAY X AU

sroe1eTEnIslianlulukuILAL y (S, = Sy = S ) Lazilanununvestuilauasiiiniy

112 W luwns eanmtaulanyilaaissdnninyasduildudannidu 1.22 Ingaunsakand

AMNNITIABITNYUEN NN NVBITURENLAGIFUN 4.1
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FUM 4.1 A NUUUTIRDIRN BAENNNIEATMTBIAAN (N) NTUTUTWIAYOLHUNUAUDNANS
wag (1) NIUSUTTEENIsENI WAy

NNFUT 4.1 @sinsaiansmNdRus s i sm s AL asLazide ST using
dosinuuasestuiidunnsdaneulaoonlediilasiai s Tusuuiisessdivhmandouuy
nszananmMsdnaedldnssui 4.2 Taeuanenisususiudsannuuudiassiazdesiosnly
13797 2 AIARLIN A

e VV10-10
e \/10-20
e \/10-30
s \10-40
- V10-50
Visible range . V10-60
= = = V20-20

A=380-780 nm - - - V20-30
= = = V20-40

= V20-50
V20-60
—— V30-30
— V30-40
e /30-50
s VV30-60
- = = V40-40
- - = V40-50
- - = V40-60
. —— V/50-50

400 600 800 1000 1200 V50-60
- = = V60-60)

Wavelength (nm) - = = Glass

-
o
o

©
©
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11949191 380-780 nm

Wavelength (nm) Energy (W/m? mm) Relative Energy
380 513.14 2.06
400 749.95 3.00
420 1003.24 4.02
440 1136.67 4.55
460 1387.34 5.56
480 1456.28 5.83
500 1425.25 571
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720 1180.45 473
740 1140.92 4.57
760 828.63 3.32
780 1065.90 a.27

Total Relative Energy 100.01
Average Transmission 0.00
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Sample No. Diameter (nm) Space (nm)
V10-10 10 10
V10-20 10 20
V10-30 10 30
V10-40 10 40
V10-50 10 50
V10-60 10 60
V20-20 20 20
V20-30 20 30
V20-40 20 40
V20-50 20 50
V20-60 20 60
V30-30 30 30
V30-40 30 40
V30-50 30 50
V30-60 30 60
Vv40-40 40 40
V40-50 40 50
V40-60 40 60
V50-50 50 50
V50-60 50 60
V60-60 60 60
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Abstract

The tantalum oxide (Ta,0s) thin films were prepared by the ion-assisted electron-beam evaporation system. With the fixed film
thickness at 200 nm, the deposition conditions were performed based on oxygen flow rate the ion assistance during the film
deposition. The prepared thin films were characterized by spectroscopic ellipsometry in order to determine their physical and
optical properties. From the ellipsometric measurements, the physical structures of the thin films and the optical dispersions were
constructed, and then analyzed for the results of film thickness and optical constants. The thin films were also measured by the
UV-Vis-NIR spectrophotometry for the optical transmission. The measured transmission was analyzed with the Swanepoel
method, whose results also yielded the thickness and the refractive index. Finally, the thin films were examined by the scanning
electron microscopy (SEM) in order to observe physical microstructures. This study explored the physical and optical analyses
based on the spectroscopic ellipsometry and the spectrophotometry, with the confirmations from the SEM micrographs. The
results from the analyses would be compared and thoroughly discussed.
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1. Introduction

Tantalum pentoxide (Ta,Os) thin films were have been widely studied due to its high index of refraction, low
absorptions, and essential transparency. There have been used in several optical applications, i.e., anti-reflection
coatings for solar cell [1] and multilayer optical coatings [2]. Ta,0Os thin films can be prepared by various methods of
physical vapor deposition (PVD) or chemical vapor deposition (CVD) such as electron-beam evaporation [3], ion-
assisted deposition [4], reactive magnetron sputtering [5], laser deposition [6], and sol-gel [7]. For most optical
coating applications, the Ta,Os thin films are usually prepared by the ion-assisted electron-beam evaporation which
typically yielded high quality dielectric films with enhanced packing density. In most researches and developments,
however, the optical coatings usually need the most accurate optical measurements and characterizations for the
physical and optical properties, i.e., the film thickness and the refractive index. These properties of the transparent
thin films can usually be determine either by spectroscopic ellipsometry or spectrophotometry based on Swanepoel.
Both of which are a nondestructive and powerful technique to investigate the optical response of the optical Ta,Os
thin films.

In this study, we therefore focuses on the fabrication of the Ta,Os thin films with the ion-assisted electron-beam
evaporation. The fabricated films were thoroughly investigated for the physical structures and optical characteristics
based on the spectroscopic ellipsometry. For further validations, the thin films were also examined by
spectrophotometry with the Swanepoel method to obtain the film thickness and refractive index. This study further
compared and discuss the results of both techniques in order to establish the most optimal analytic technique for
such thin films. Finally, the overall results were confirmed from the SEM micrographs.

2. Experimental

Thin films of tantalum pentoxide (Ta,0s) were deposited on silicon wafers and glass slide substrates by the ion-
assisted electron-beam evaporation system. The chamber obtained a vacuum state by a mechanical pump and a
cryopump with a base pressure of 3x10° Torr. The Ta,Os films were e-beam deposited with an operating pressure of
~5%107 Torr. From high purity Ta,0s material (99.99%), the thin films were prepared at 200 nm with the deposition
rate fixed at 2 A/s. The deposition conditions were performed based on oxygen flow rate of 0, 6 and 12 sccm, with
the ion assistance during the film deposition. The distance between the rotating substrate holder and the e-beam
evaporation source was 600 mm.

The thickness and refractive index of the Ta,Os thin films were analyzed by spectroscopic ellipsometry on the
films deposited on the silicon wafers. The measurements were performed in the photon energy range of 0.75-5.5 eV
at an incident angle of 70°. The ellipsometric analyses were performed with mathematical modeling based on
physical structures and optical properties of the thin films. The transmittance spectra on the films deposited on the
glass slides in wavelength 340-1400 nm were measured as thickness and refractive index by Swanepoel method.
Finally, the film thickness was confirmed by FE-SEM technique to compare with the SE and SM result.

3. Results and discussion
3.1. Spectroscopic ellipsometry analysis

From the measured ellipsometric data at photon energy range of 0.75-5.5 eV, the thin film thickness and the
optical constants were determined from the ellipsometric parameters [8] according to the ratio of the Fresnel
reflection coefficients for p-polarized (r,) and s-polarized (r;) waves from equation (1).

r

p=-—L=tan(y)exp(iA) (1)

Y.

N
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when I is relative intensity of the reflected lights of the two polarizations and A is the phase difference between
the coefficients. The proposed physical model was constructed in order to describe physically possible Ta,Os films.
The model assumed that the thin films were ideally homogeneous of Ta,Os with a surface roughness on top as
shown in Fig. 1(a). From the Tauc-Lorentz optical models, the experimental ellipsometric data were fitted and
represented as the ellipsometric parameters, i and A, for the different samples, as shown in figure 1(b) ,1(c) and
1(d), respectively.
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Figl. (a) Schematic representation of the proposed physical models for the SE-modeling procedure. The experimental and modeled values for

three different samples with the varying oxygen flow rates (b) 0 sccm; (¢) 6 scem; (d) 12 scem respectively as measured at 70° incident angle.

From the graphs, the ellipsometry data and the modelled values were in good agreement for all samples because
the mean square error function (MSE) were minimized during the model fitted. The values of the film thickness and
the refractive index of the studied films at wavelength 550 nm were listed in Table I. It can be seen that when the
oxygen flow rate was varied, the refractive index results at 550 nm were still nearly identical.
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Table 1. Shown the values of film thickness and reflective index at 550 nm obtained from fitting the ellipsometry
data with model, with three different samples explored reflective index are decreased with the increased oxygen
flow rates.

Oxygen flowrate ~ Roughness Thickness  Total thickness Reflective index

(sccm) (nm) (nm) (nm) (n)
0 2.67 211.64 214.3 2.04
6 2.46 217.11 219.5 2.05
12 2.63 227.64 230.2 2.01

3.2. Spectrophotometric analysis

The spectrophotometric technique was used to measure the transmission spectra of the thin films. From the
transmittance spectra of the Ta,Os films in figure 2(a), strong absorption from wavelengths below 320 nm was
observed from all three samples. The transmittance spectra of the Ta,Os films shown peaks and valleys that were
associated with the interference effects. The optical properties of the thin films could be evaluated from the
transmittance data with a calculation based on Swanepoel method [9]. First step, the calculation of the maximum Ty
and minimum T,, transmittance enveloped curves in a computer program, as shown in Fig.2(b) for the Ta,0Os thin
films prepared in this study.

100F b) Ty
- R i 1 \
X AT : /
N TR = T, ]
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= ——0 scem o
= 2 —— 6 sccm = 20f b
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Fig. 2. (a) Interference fringes of thin film transmission of Ta,Os thin films deposited on glass substrate; (b) Transmittance enveloped curves in a
computer program

From the enveloped curves, the substrate refractive index (n;) can be given by the following equation (2).

n =—+ ——1 (2)

when T is the transmission spectrum of the blank substrate
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The refractive index values (n) are calculated from equation (3).

IRG
n=|N+(N>-n}) 3)
T, -T 241
where N =2n, L/ — s
T,T, 2

If n; and n, are the refractive index at two adjacent maxima (or minima) at /1, and ﬂQ , it follows that the film

thickness is given by the expression equation (4).

N V=
d 2(/11”2 7 /12"1)

The values of thickness and reflective index of studies films determined are listed in Table II.

(4)

Table 2. Values of difference Transmission maximum (Ty) and Transmission minimum (T,,) at wavelength 550 nm of Ta,Os thin films. Three
different conditions were performed based on oxygen flow rates corresponding to transmission spectra. The calculated values of film thickness
and reflective index based on Swanepoel method.

Oxygen flow rate . T Thickness Reflective index
(sccm) (nm) (n)
0 0.897  0.742 2714 2.01
6 0.891  0.767 272.0 1.82
12 0.907  0.758 257.9 1.89

3.3. SEM measurements

The cross sectional SEM micrographs (Fig. 3) show high-packing structure and thickness of Ta,Os thin films. Then
it can be seen that the thickness increase when increase oxygen flow rate. The occurrence of thickness are not due to
oxygen flow rate but occur from human error.

(@) O, =0 scem (b) O,=6 sccm

Fig. 3. Cross-section FE-SEM image of Ta,Os thin films based on oxygen flow rate. (a) 0 sccm; (b) 6 scem; (¢) 12 scem
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3.4. Results analyses

From the physical structures of the thin films, the results of the film thickness from different techniques, i.e,
ellipsometry, Swanepoel method, and the SEM micrographs, were compared, as shown in figure 4. It can be seen
that the thickness calculated from ellipsometric measurements was nearly identical to the result from the FE-SEM
micrographs. On the other hand, the film thickness values obtained from the Swanepoel method were incorrect and
the error percentage was as high as 25%.
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Fig. 4. The comparison of the film thicknesses of the prepared films based on different analytic techniques.

Next, from the optical properties of the thin films, the refractive index data obtained from the ellipsometry and
the Swanepoel method were compared in Figure 5. The figure also includes the results from the references [10-14].
It can be seen that the refractive index calculated from ellipsometric measurements were similar to the reference
values than those from the Swanepoel method. This confirmed that the ellipsometric results were in preferable to the
Swanepoel method to deduce the optical properties of this films.
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4. Conclusion

In summary, the Ta,Os thin films have been prepared by the ion-assisted electron-beam evaporation on the
silicon and glass substrates, based on different conditions of the oxygen flow rates. The prepared thin films were
thoroughly measured and investigated with the spectroscopic ellipsometry (SE) in the range of 0.75 to 5.5 eV. The
measured SE data were analyzed based on physical structures and the optical dispersions of the thin films. This
study proposed the physical model based on the homogeneous Ta,Os layer with the surface roughness. On the other
hand, the analyses proposed the Tauc-Lorentz optical model to represent the optical dispersions. The SE results were
closely investigated in comparison with the spectrophotometry and the Swanepoel method. The SEM micrographs
were also used to confirmed the actual film thickness. The results showed that the SE measurements of the optical
coatings were somewhat complicated and needed experienced mathematical analyses, while the Swanepoel method
was more simple and quite fast to obtain the results. Although both techniques could be used to determine the film
thickness and refractive index, the ellipsometric analyses proved to offer the best results and were preferable for thin
films characterizations with the smallest error percentages when compared with the Swanepoel method.

Acknowledgments

This work was carried out with the help of Optical Thin-Film Technology Laboratory (OTL): Thin films group,
the National Electronics and Computer Technology Center (NECTEC) for supporting their facilities. Researchers
would like to thanks to faculty of science, department of applies physics, King Mongkut’s Institute of Technology
Ladkrabang for financial supports.

References

[1]C. T. Wu, F. H. Ko, and C. H. Lin, Appl. Phys. Lett. 90 (2007) 171911-171913.

[2] L. Chen, H. Nishimura, K. Fukumi, J. Nishii, K. Hirao, Appl. Surf. Sci. 253 (2007) 4906-4910.

[3]N. Arshi, J. Lu, C. G. Lee, B. H. Koo, F. Ahmed, Thin Solid Films. 546 (2013) 22-25.

[4] M. S. Farhan, E. Zalnezhad, A.R. Bushroa, Materials Research Bulletin. 48 (2013) 4206-4209.

[5]1S. C. Wang, K. Y. Liu, J. L. Huang, Thin Solid Films. 520 (2011) 1454-1459.

[6] G. Stanciu, M. Filipescu, V. Ion, E. Andronescu, M. Dinescu, U.P.B. Sci. Bull. 75 (2013) 1454-2331.

[7] M. Oubaha, S. Elmaghrum, R. Copperwhite, B. Corcoran, C. McDonagh, A. Gorin, Opt. Mater. 34 (2012) 1366-1370.

[8] R. Yusoha, M. Horprathumb, P. Eiamchaib, P. Chindaudomb, K. Aiempanakita, Procedia Engineering 32 (2012) 745 —751.
[9] E. R. Shaaban, 1. S. Yahia, E. G. El-Metwally, Acta Physica Polonica. 121 (2012) 628-635.

[10] L. Gao, F. Lemarchand, M. Lequime, OSA. 20 (2012) 15734-15751.

[11] L. C. M. Lavras, A. J. Damido, N. A. S. Rodrigues, Revista Brasileira de Aplicagdes de Vacuo. 21 (2002) 25-30.

[12] L. Gao, F. Lemarchand, M. Lequime, Thin Solid Films. 520 (2011) 501-509.

[13] A. Z. Subramanian, C. J. Oton, J. S.Wilkinson, R. Greef, J. Lumin. 129 (2009) 812-816.

[14] D. S. Hinczewski, K. Koca, 1. Sorar, M. Hinczewski, F.Z. Tepehana, G.G. Tepehan, Sol. Energ. Mat. Sol. C. 91 (2007) 1726-1732



PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Omnidirectional anti-reflection
properties of vertically align SiO<
sub>2</sub> nanorod films prepared
by electron beam evaporation with
glancing angle deposition

R. Prachachet, B. Samransuksamer, M. Horprathum, P.
Eiamchai, S. Limwichean, et al.

R. Prachachet, B. Samransuksamer, M. Horprathum, P. Eiamchai, S.
Limwichean, C. Chananonnawathorn, T. Lertvanithphol, P. Muthitamongkol,
S. Boonruang, P. Buranasiri, "Omnidirectional anti-reflection properties of
vertically align SiO<sub>2</sub> nanorod films prepared by electron beam
evaporation with glancing angle deposition," Proc. SPIE 10714, Third
International Conference on Photonics Solutions (ICPS2017), 107140S (5
March 2018); doi: 10.1117/12.2300959

Event: Third International Conference on Photonic Solutions, 2017, Pattaya,

SPIE. Thaiand



Omnidirectional Anti-reflection Properties of Vertically Align SiO>
Nanorod Films Prepared by Electron Beam Evaporation with
Glancing Angle Deposition

R. Prachachet *?, B. Samransuksamer °, M. Horprathum ¢, P. Eiamchai ¢, S. Limwichean €,

C. Chananonnawathorn ¢, T. Lertvanithphol ®, P. Muthitamongkol ¢, S. Boonruang ¢, P. Buranasiri @
8 Department of physics, Faculty of science, King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, 10520 Thailand;

b Department of physics, Faculty of science, King Mongkut’s University of Technology Thonburi,
Bangkok, 10140 Thailand;
¢ Optical Thin-Film Laboratory, National Electronics and computer Technology Center,
Pathumthani, 12120 Thailand;

d National Metal and Materials Technology Center, National Science and Technology Development
Agency, Pathum Thani 12120, Thailand;
¢ National Electronics and computer Technology Center, Pathumthani, 12120 Thailand.

ABSTRACT

Omnidirectional anti-reflection coating nanostructure film have attracted enormous attention for the developments of the
optical coating, lenses, light emitting diode, display and photovoltaic. However, fabricated of the omnidirectional anti-
reflection nanostructure film on glass substrate in large area was a challenge topic. In the past two decades, the invention
of glancing angle deposition technique as a growth of well-controlled two and three-dimensional morphologies has gained
significant attention because of it is simple, fast, cost-effective and high mass production capability. In this present work,
the omnidirectional anti-reflection nanostructure coating namely silicon dioxide (SiO2) nanorods has been investigated for
optimized high transparent layer at all light incident angle. The SiO, nanorod films of an optimally low refractive index
have been fabricated by electron beam evaporation with the glancing angle deposition technique. The morphological of
the prepared sampled were characterized by field-emission scanning electron microscope (FE-SEM) and high-resolution
transmission electron microscope (HRTEM). The optical transmission and omnidirectional property of the SiO; nanorod
films were investigated by UV-Vis-NIR spectrophotometer. The measurement were performed at normal incident angle
and a full spectral range of 200 — 2000 nm. The angle dependent transmission measure were investigated by rotating the
specimen, with incidence angle defined relative to the surface normal of the prepared samples. The morphological
characterization results showed that when the glancing angle deposition technique was applied, the vertically align SiO;
nanorods with partially isolated columnar structure can be constructed due to the enhanced shadowing and limited addtom
diffusion effect. The average transmission of the vertically align SiO, nanorods were higher than the glass substrate
reference sample over the visible wavelength range at all incident angle due to the transition in the refractive index profile
from air to the nanostructure layer that improved the anti-reflection characteristics.

Keywords: Anti-reflection, electron beam evaporation, nanorod, omnidirectional, silicon dioxide

1. INTRODUCTION

Omnidirectional anti-reflection coating have been proposed as a method for improving the performance of the optical
devices such as lenses?, photovoltaic®4, light emitting diodes (LEDs) 57, etc. The top layer of nanostructure thin film is
required to reduce the reflection of light for several wavelength and incident angle.
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Various methods have been used to fabricate the nanostructure thin films including photolithography®®, chemical
etching*®!!, and plasma-enhanced chemical vapor deposition*?13, However, these methods have limitations of large-area
deposition and uniformity. To overcome this point, the physical vapor deposition (PVD), including electron beam
evaporation*1® and reactive magnetron sputtering'®?, with glancing-angle deposition (GLAD) technique was established
as a nanostructures fabrication method on large-area. In details, the vaporized particle flux of coating material was inclined
over than 75° with the plane of substrate that continuously rotated with constant speed*®. The self-shadowing effect and
limited adatom diffusion cause of the inclination made the thin film had high porosity and became nanostructure®. In case
of material selection, MgF and SiO, were commonly used for anti-reflection coating cause of its low refractive index!%,
However, the SiO, got more interested due to the lower cost.

In this work, we reported the fabrication of vertically aligned SiO, nanorod thin films via electron beam evaporation with
GLAD technique. The length of SiO, nanorods were varied from 80 to 420 nm in order to realize the omnidirectional anti-
reflection property in visible spectral range. In addition, the morphologies and optical transmission were also determined.

2. EXPERIMENTAL

The SiO, nanorods were fabricated by ion-assisted electron beam evaporation with glancing angle deposition technique
(GLAD) on the bare silicon (100) wafers and glass slide. Deposition system set the distance and deposition angle (o)
between incident flux and substrate normal were 60 cm and 85° at substrate rotation speed of 30 rpm as illustrated Figure
1. The roughly 1-3 mm pellets SiO, material (99.999%) of AJA International, Inc., was used as source material for the
evaporation process with following deposition conditions: Pre-clean the substrate by Ar ion, base pressure and operated
pressure around 3.0x10° Torr, thickness about 80, 170, 230, 340 and 420 nm controlled by quartz crystal monitor (QCM)
and deposition rate of 2 nm/s. The morphologies of SiO, nanorods on Si wafer substrate were confirmed by field-emission
scanning electron microscopy (FE-SEM, Hitachi 8030). Another, the morphology and crystallinity of SiO, nanorods on Si
wafer was characterized by high resolution transmission electron microscopy (HRTEM) performed with an acceleration
voltage of 200 kV. The optical property such as the transmittance spectra and omnidirectional transmittance of SiO;
nanorods on glass slide were investigated by spectrophotometry (Agilent technologies; Cary 7000)

Rotation substrate SiO, n?nostructure

. P
» ~
- A
AN
v

G
:'ll]
I JII |

Substrate

Evaporation source

Figure 1. Schematic diagram of ion-assisted electron beam evaporation with glancing angle deposition technique (GLAD) were
fabricated the SiO2 nanostructure.
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3. RESULTS AND DISCUSSION
3.1 Physical morphologies

The ion-assisted electron beam evaporation with glancing angle deposition technique (GLAD) can fabricate SiO, nanorods
which was analyzed morphology by FE-SEM. There are two effects of GLAD technique such as self-shadowing effect
and limit ad-atom diffusion give to vertically align SiO, nanorods. The surface and cross-section image as Figure 2(a)-(e)
and (f)-(j) shows diameter, density and length of SiO nanorods. In this experiment, when increased nanorods length effect
to the large diameter and low density of SiO; nanorods as shown as Figure 3(a)-(b). As the result of the long length SiO;
nanorods used the long deposition time that effect to increasing heat accumulate on surface of the SiO2 nanorods as Figure
3(c). At the high temperature hard to limit ad-atom diffusion make to large diameter of SiO, nanorod?'. Moreover at long
length of SiO, nanorods gives low density, because of the competition effect when growth process? another SiO, nanorods
aggregates together. Furthermore, HRTEM can confirm the morphology of SiO, nanorods including the amorphous in
SiO; structure as illustrated in Figure 3(d).
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Figure 2. the cross-sectional (a)-(e) and top-view (f)-(j) with SEM images of SiO2 nanorods were fabricated different length at 80, 170,
230, 340 and 420 nm on silicon (100) wafer substrates.
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Figure 3.(a) The relation between diameter and length, (b) The relation of density and length, (c) The temperatures during the film
growth and (d) HRTEM images of the individual SiO2 nanorod at 420 nm.
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3.2 Optical properties analysis

The transmission spectra of the SiO, nanorod films on glass substrate were characterized by UV-Vis-NIR
spectrophotometer. As shown in Figure 4(a), the results showed that all SiO, nanorod sample had the higher transmission
percentage along the measured wavelength compared with the bare glass. From the measured spectra, the average luminous

transmission (%Tayg) in visible region, in the wavelength range of 380-780 nm, was calculated from the following
expression?®;

780

[ T(E(2)
0 _ 2=380
/OTaVQ - 780
I E(2)
2=380
where %T,,, is the average luminous transmission

T (l) is the value of transmission at wavelength of 2 nm
E (ﬂ,) is the solar irradiance spectrum for air mass 1.5 at wavelength of 1 nm?*.

As illustrated in Figure 4(b), the calculated %Tayy of sample with SiO» nanorods length as 80, 170, 230, 340 and 420 nm
had respectively equal to 93.6%, 93.7%, 92.5%, 93.0% and 93.0%. From the results, the SiO nanorod films improved the
anti-reflection property in the visible region of glass which indicated from the average transmission of all sample were
higher than the value of bare glass substrate which equal to 92.1%. In addition, the nanorods produced a gradient refractive
index between air and glass by a volume density gradient that enhanced the anti-reflection property of glass substrate.
Moreover, from the results, the samples with nanorods length as 80 and 170 nm showed the highest value of the average
transmission in visible region due to the less effect from interference in the thin films.
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Figure.4 (a) The optical transmittance spectra (200-1,200 nm), (b) The average transmittance spectra in visible wavelength range from
380-780 nm.

The omnidirectional anti-reflection properties at 550 nm were characterized by UV-Vis-NIR spectrophotometer with
varying the incident angle from -80° to 80° as illustrated in Figure 5. The results showed that all sample of SiO2 nanorods
had higher omnidirectional transmission than the bare glass substrate and showed the highest transmission at all incident
angle when the nanorods length as 170 nm. This occurred because the nanorods length and the gap between nanorods were
appropriated for multiple internal reflections of light at wide range of incident angle.
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Figrue. 5 the omnidirectional characteristics of the prepared samples at 550 nm.

4. CONCLUSION

In summary, the SiO; nanorod thin films were fabricated by electron beam evaporation with GLAD technique on silicon
(100) wafer and glass substrate. The length of SiO, nanorods were varied from 80 to 420 nm to investigate the
morphologies and omnidirectional anti-reflection properties. The FE-SEM images were confirmed the thickness and the
morphologies of the thin films. Moreover, the images showed that the top diameter increased while the density per area
decreased related with increasing of thickness due to self-shadowing effect and limited adatom diffusion at long deposition
time. The HR-TEM results was also confirmed morphologies of the nanorods. The transmission spectra of SiO; nanorods
on glass substrate were measured and calculated for average luminous transmission which all higher than bare glass. The
omnidirectional anti-reflection characteristics were characterized that showed the improvement of transmission when
coating with SiO; nanorod films on the surface. In addition, the samples of 170 nm nanorods length showed the best
omnidirectional anti-reflection properties compared with the rest samples.
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ABSTRACT

Fabricated omnidirectional anti-reflection nanostructure films as a one of the promising alternative solar cell applications
have attracted enormous scientific and industrial research benefits to their broadband, effective over a wide range of
incident angles, lithography-free and high-throughput process. Recently, the nanostructure SiO, film was the most
inclusive study on anti-reflection with omnidirectional and broadband characteristics. In this work, the three-dimensional
silicon dioxide (Si0O») nanostructured thin film with different morphologies including vertical align, slant, spiral and thin
films were fabricated by electron beam evaporation with glancing angle deposition (GLAD) on the glass slide and silicon
wafer substrate. The morphological of the prepared samples were characterized by field-emission scanning electron
microscope (FE-SEM) and high-resolution transmission electron microscope (HRTEM). The transmission,
omnidirectional and birefringence property of the nanostructure SiO, films were investigated by UV-Vis-NIR
spectrophotometer and variable angle spectroscopic ellipsometer (VASE). The spectrophotometer measurement was
performed at normal incident angle and a full spectral range of 200 — 2000 nm. The angle dependent transmission
measurements were investigated by rotating the specimen, with incidence angle defined relative to the surface normal of
the prepared samples. This study demonstrates that the obtained SiO, nanostructure film coated on glass slide substrate
exhibits a higher transmission was 93% at normal incident angle. In addition, transmission measurement in visible
wavelength and wide incident angles -80 to 80 were increased in comparison with the SiO, thin film and glass slide
substrate due to the transition in the refractive index profile from air to the nanostructure layer that improve the anti-
reflection characteristics. The results clearly showed the enhanced omnidirectional and broadband characteristic of the
three dimensional SiO, nanostructure film coating.

Keywords: Anti-reflection, birefringence properties, electron beam evaporation, glancing angle deposition (GLAD),
nanostructure, omnidirectional, polarization, silicon dioxide

1. INTRODUCTION

Glass is one such a dielectric material substrate which is completely transparent. Because the reflection due to the
Fresnel reflection at a surface is about 4% (8% from two surfaces), however, in many applications, the reflection of light
is undesirable. The omnidirectional anti-reflection nanostructure thin film is a type of optical coating applied to the
surface of a substrate to reduce light reflection and to increase light transmission for several wavelength and incident
angle because the nanostructure produced a gradient refractive index between air and glass. In addition, the nanostructure
size and gap between individual nanostructures which are smaller than the wavelength of light, named sub-wavelength
structure (SWS), behave as omnidirectional antireflection surfaces!'?. There were widely used in various optical
applications such as glasses?, lenses* and some materials that we use for windows® of building.

*r.prachachet@gmail.com; phone +66(09) 6154-2955; kmitl.ac.th
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In addition, it has been applied for a cover or encapsulation for optoelectronic devices such as light emitting diodes
(LEDs)® and solar cell”. Normally, the silicon dioxide (SiO,) is a dielectric material widely used for anti-reflection
coating cause of its low refractive index and low cost. Various methods have been used to fabricate the SiO,
nanostructure thin films including so-gel method® and spin coating’. However, these methods have limitations of large-
area deposition and uniformity. To overcome these limitations, the physical vapor deposition (PVD), including electron
beam evaporation'® and reactive magnetron sputtering'' with glancing-angle deposition (GLAD) techniques have been
used. GLAD is an augmentation to oblique angle deposition (OAD). It was established as a nanostructures fabrication
method on large-area. In details, the vaporized particle flux of coating material is made the angle over than 75° with the
plane of the substrate that is continuously rotated with a constant speed. The self-shadowing effect and limited ad-atom
diffusion cause of the inclination made the thin film high porosity and to become nanostructure'?. Moreover, the
rotation speed of substrate is an important parameter in controlling vertical morphologies of nanostructure. In this work,
we reported the fabrication of SiO, nanostructure thin films with different morphologies including slant, spiral and
vertical align prepared by electron beam evaporation with GLAD technique. Our samples were fabricated on the glass
slide and silicon wafer substrates. The morphological of the prepared samples were characterized by field-emission
scanning electron microscope (FE-SEM) and high-resolution transmission electron microscope (HRTEM). The optical
properties such as transmission, omnidirectional and birefringence properties of the nanostructure SiO, films were
investigated by UV-Vis-NIR spectrophotometer and variable angle spectroscopic ellipsometer (VASE).

2. EXPERIMENTAL METHODS

The SiO, nanostructures with different morphologies including slant, spiral and vertical align were fabricated by ion-
assisted electron beam evaporation with glancing angle deposition technique (GLAD) on the p-type silicon (100) wafers
and glass slide. Both substrates were cleaned ultrasonically, washed in acetone, isopropanol and deionized (DI) water,
for 15 min in each liquid, respectively and finally dried with nitrogen gas. In our deposition system, the distance and
deposition angle between incident flux and substrate normal were 60 cm and 85°, respectively, with vary substrate
rotation speed at 0, 0.2 and 30 rpm which were employed to control the columnar microstructure of the thin films as
illustrated in Fig. 1. Then, make sure the optical properties of all samples with those of the SiO, thin films prepared by
conventional electron beam evaporation technique. The roughly 1-3 mm pellets SiO, material (99.999%) of AJA
International, Inc., was used as source material for the evaporation process which obtained under the constant film
deposition rate of 2 A/s. The evaporation process with following deposition conditions: Pre-clean the substrate by Ar ion,
base pressure and operated pressure around 3.0x10° Torr with fixed the thickness of SiO, nanostructure around 500 nm
controlled by quartz crystal monitor (QCM). The morphologies of SiO, nanostructure on Si wafer substrate were
confirmed by field-emission scanning electron microscopy (FE-SEM, Hitachi 8030). Then, the morphology and
crystallinity of SiO, nanostructure on Si wafer were characterized by high resolution transmission electron microscopy
(HRTEM) performed with an acceleration voltage of 200 kV. The transmission, omnidirectional and birefringence
properties of the nanostructure SiO, films were investigated by UV-Vis-NIR spectrophotometer (Agilent technologies;
Cary 7000) in wavelength range of 200 to 2000 nm with 1 nm interval and variable angle spectroscopic ellipsometer
(VASE).

Rotation substrate SiO, nanostructure

ars ey
el e
i 'l ' ll

S Substrate

Evaporation source

Figure 1. Schematic diagram of ion-assisted electron beam evaporation with glancing angle deposition technique
(GLAD) used for fabricating the SiO, nanostructure.
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3. RESULTS AND DISCUSSION
3.1 Physical morphologies

The SiO; nanostructures films with different morphologies were obtained when the GLAD angle was fixed at 85° and
the substrate rotation speed was varied at 0, 0.2 and 30 rpm. The morphologies of films, then, were compared with those
of the SiO; thin films prepared by conventional electron beam evaporation technique. The physical morphologies of all
samples were characterized by FE-SEM as shown in Fig. 2(a)-(d). It can be seen that the results from FE-SEM images of
the SiO, nanostructures thin films with GLAD technique showed the different physical feature of nanostructures with
different substrate rotation speed. The SiO, thin films fabricated by evaporate vapor of SiO, materials source condensed
as a compact films on the surface of substrate as shown in Fig. 2 (a). Next, the slant SiO, nanostructures thin films were
deposited with GLAD technique without the substrate rotation (0 rpm), the shadowing effect was unidirectional, cause
the slanted columnar thin films as shown in Fig .2(b). At very low speed of substrate rotation (0.2 rpm), simulate
omnidirectional flux to the substrate, the direction of ad-atom deposition was gradually changed. The non-slanted with
spiral-shaped nanostructure was observed as shown in Fig. 3(c). Finally, with the substrate rotation speed increasing, to
continuously rotating at 30 rpm, the vertical align nanostructure was observed as shown in Fig. 3(d) since the abrupt
direction of ad-atom deposition was changed. Furthermore, HRTEM was used to confirm the different morphologies of
Si0, nanostructures including slant, spiral and vertically align with the amorphous in SiO, structure as shown in Fig

3(a)-(d).

(2)

500 nim

(a) (b) ©

Figure 3. HRTEM images of SiO, nanostructures with different morphology at (a) slant, (b) spiral-shape and (c) vertical
align nanostructures
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3.2 Spectrophotometric analysis

The transmission spectra of the SiO, nanostructures films with different morphologies on glass substrate were
characterized by UV-Vis-NIR spectrophotometer. As shown in Figure 4(a), the p-polarized and s-polarized transmittance
spectra at normal incidence (0°) showed that all of SiO, nanostructure samples exhibit the higher transmission
percentage along the measured wavelength compared with that of the bare glass substrate. In addition, the results showed
that the conventional thin films, spiral, and vertical align (Rods) of SiO, nanostructures samples had similar spectral
transmission between p- and s-polarized spectra, and on the other hand, the slanted SiO, nanostructures sample had
different spectral transmission between p- and s-polarized spectra that showed the birefringence properties due to the
anisotropic nanostructures'®. From the measured spectra, the average luminous transmission (%7..,) in visible region
(380-780 nm), was calculated by the following equation (1)'°:

780

I T()E(A)
o _ =380
oTorg = 780 O
I E(2)
2=380
where %7, v is the average luminous transmission
T (/1) is the value of transmission at wavelength of A nm
E (/1) is the solar irradiance spectrum for air mass 1.5 at wavelength of 2 nm.

The calculated %T,, of SiO, nanostructures with different morphologies of conventional thin films, and the thin film
with slant, spiral and vertically align of S10, nanostructures when all samples were varied their rotations at 0°, 90°, 180°
and 270° with fixed the polarization spectra were shown in Figure 4(b). From the results, the SiO, nanostructure films of
all sample improved the anti-reflection properties in the visible region of glass (original at 91.7%). Since the gap
between the SiO, nanostructures is smaller than the wavelength of visible light, and thus make very small optical
scattering!”. The nanostructure produced a gradient refractive index between air and glass as well. Moreover, the slanted
Si0, nanostructure sample showed birefringence properties that affect to the p- and s-polarized with rotating of the
sample. The s-polarized spectra at 0° and 180° had an average transmittance of 92.9% that is higher than the
transmittance of the sample at 90° and 270° (92.6%); conversely, the transmittance of p-polarized spectra at 0° and 180°
(92.6%) had lower than that of the sample rotation at 90° and 270° (92.8%). So, as the results that got from feature of the
slanted SiO» nanostructure sample, the slant sample was anisotropic. The spiral and vertically align of SiO,
nanostructures samples had higher transmission spectra than the transmission spectral of slanted sample due to the
isotropic morphology of the sample. In addition, the results showed that the sample rotation do not affect to the p- and s-
polarized transmittance spectra as the properties of the conventional thin film.

The omnidirectional anti-reflection properties at 550 nm were characterized by UV-Vis-NIR spectrophotometer with
varying the incident angle from -80° to 80° as shown in Figure 5. The results clearly showed that the samples with SiO2
nanostructure had higher optical transmission than the glass reference. Moreover, the spiral-shape and vertically align
Si02 nanostructure had large omnidirectional transmittance with all incidence angle because there were appropriated
multiple internal reflections of light and gradient refractive index with isotropic nanostructures.

3.3 Spectroscopic ellipsometry analysis

The refractive index of SiO, nanostructure including conventional thin films, and thin film with slant, spiral and
vertically align were determined by ellipsometry at photon energy range of 0.75-5.5 eV. The thin film thickness and
refractive index were calculated from the ellipsometry parameters according to the complex ratio of the total reflection
coefficients for p-polarized (rp) and s-polarized (1) or two parameters i and A from equation (2):

o= % = tan(l//)exp (iA) (2)

s
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Figure 4. (a) The optical transmittance spectra (300-1,000 nm) of SiO, nanostructure with different morphologies. Inset
illustrate the change of the optical transmission of the slanted sample, (b)The average transmittance spectra in visible
wavelength range from 380-780 nm with various sample rotation.
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Figure 5. Schematic illustrations of the omnidirectional transmittance characteristics of the prepared samples at 550 nm
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when  is relative intensity of the reflected lights of the two polarizations and A is the phase difference between the

coefficients. In the experiment, it can be expected that the conventional thin films, and thin films with spiral and
vertically align of SiO, nanostructures samples were introduce isotropy properties, on the other hand, the slanted of SiO»
nanostructures sample was introduce anisotropy properties. These properties are confirmed from the transmission spectra
results. The physical model of differential morphology can be divided into three model. One of the physical model of
thin films were ideally homogenous of SiO, with a surface roughness on top as shown in fig 6(a) with caurchy’s formula
as the calculation showed, the refractive index at A = 550 nm as 1.45 and the thin films thickness of 510 nm. The slanted
sample was determined by caurchy’s formula with biaxial anisotropy layer as shown in fig 6(b). The refractive index

(n,, ny) at =550 nm were 1.3 and 1.1, respectively, and the films thickness calculation was 460 nm. The physical

model of the spiral-shaped and the vertically align of SiO, nanostructures were established employing effective medium
theory (EMA). Assumed a thin films composed of amorphous SiO; and void, thus is suitable for the Bruggeman EMA as
shown in fig 6(c). The calculated refractive index at A = 550 were 1.13 and 1.14, and the thickness were 445 nm and 420
nm, respectively. The refractive index data of all samples obtained from the ellipsometry were compared with each other,
as shown in Figure 6(d). As the results showed that the SiO, nanostructures which were prepared by GLAD technique,
had very low refractive index when compared with the refractive index of the SiO, conventional thin films.

Surface roughness Void_\\ 510, Void . - Si0,
=" g <
Homogenous of SiO, Biaxial anisotropy Bruggeman EMA
Native oxide Native oxide Native oxide
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Figure.6 Schematic illustrations of the physical models of the SE-modeling procedure (a) thin films, (b) slant, and (c)
spiral-shape and vertically align SiO, nanostructures, and (d) the refractive index of SiO, nanostructures at a wavelength
550 nm.

4. CONCLUSION

In summary, we have presented the SiO, nanostructure samples which were fabricated via the electron beam evaporation
with GLAD technique, and then compared their physical morphologies and optical properties with those properties of the
Si0, conventional thin films. The effect of the substrate rotation speed with GLAD technique was investigated with the
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physical morphologies and optical characteristics. The results showed that the substrate rotation speed effect to the
morphologies and the optical properties of SiO, nanostructures. From the spectrophotometric results, all SiO;
nanostructures sample exhibits the higher transmission percentage along the measured wavelength compared with that of
the bare glass substrate. The slanted nanostructure sample showed the birefringence properties with different rotations of
sample; conversely, the morphology including spiral-shape and vertically align were not effect to the polarization of light
as the properties of the conventional thin film. In addition, there were highest the average luminous transmission and
omnidirectional transmittance properties. Next, the measured SE data were analyzed with the physical model including
homogenous, biaxial anisotropy, and Bruggemen EMA model. The results showed that the SiO, nanostructures samples
at a wavelength 550 nm were very low refractive index when compared with the SiO, conventional thin films.
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