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ABSTRACT

In hard disk manufacturing process, one of the important indicators for
production quality is the flying height of HDD header that must be well adjusted
regarding the rotation speed and the type of the HDD header. Recently, the KLA Tencor
D6 has been used to measure the flying height of HDD header. This instrument requires
the reflective property in term of the complex refractive index measured by
conventional ellipsometers. Due to the limitation of the the ellipsometer, previously
proposed techniques for measuring the flying height cannot provide the accurate
results for the working HDD header, yet the results have been obtained from the
average of the complex refractive indices of a sample of the HDD headers tested by
the ellipsometer. In particular, each HGA structure under test must be modified before
being inserted into the ellipsometer. As a result, the reflecting properties and HGA
structures are distorted, and the measured HGA cannot be reused in other applications.
Importantly, the results of flying height of the HDD header are not the actual values
for the HDD headers during operation.

This research study proposes a novel technique to measure the refractive
properties of materials using the optical image processing of the back focal plane
image, which is resulted from a micro-ellipsometer based on a polarization and phase-
shifting interferometer. The structure of the micro-ellipsometer consists of high NA
objective lens performing light reflection. Unlike conventional ellipsometers, the
reflective light from the micro-ellipsometer can be at different incident angles. Finally,
the optical properties obtained from our proposed technique can be further used by

related processes and flying height measurement.
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ToyaUanenemaunduun



NQUNNNYIVDY

v & Yy o o &
2.1 ﬂ'?']llgLUaﬁﬁuLﬂﬂ'JﬂU‘lwaq‘lﬁWﬂIuVI'NLLﬁ\‘]

I a ! < s = A a & A v

wandunauwdwdnivihguuunis Fadiennsananizlnalsdnanauuuidady

wiesrurulnanlsdvosnas (Plane-Polarized Light) agvunefisuasififanisiiduainaig
ag13lsAnuvuInLazeIawmLnsvaaLadlnan lsfazuanasiuaantunual aunuludivuse
FYUIUTUNIUNIUES LAATUIINNNTITUIUNITAUALTIOU TagssuIuNIalaIlsenounle
nnwasauulidn (Electric Field Vector = E) lagiiAniavasauiutnii 1Sendnegnanilain
femslnanlsiwduvesndu nsdiindudauulvihdueglunainuaiedienie asgnidnduniu
wuulsilwanlsd (Unpolarized Wave)

(%
=

wasnlslwanlsd aunsavilidusadwanlsdlamenszuiunisaadl

N13gAnaY (Absorption)
nsazviou (Reflection)

A15%NLN (Refraction)

- N19N3YLAY (Scattering)
2.1.1 Twalsiwdulasmsgandu [1]
dowasnuuldnanlsdiviugunsailnailawes auulwiveauaaiilyl
Tnanlsddedifammadianduunuuaswesgunaalinalsiwes Aazgngandulasinalsees
duaunulinfiiensvuuiusnunaswestnanlsiwesasaunsatsiugunsallnanlsees
oonunld 913Ut 2- 1 nanlswadgnususnuuantuuuis u3ennin (Vertical Polarizer)

(%

oz nderulnanlswesudlrvzdiesaunu Wi ntiesdunuadeinululavigu

Unpolarized Light
Pol

arizer

Analyser

| ES cose
LAULEN WASTINUNTS

(Transmission Axis) Twarlsfuuuuuai

JUN 2- 1 nalswdulaenisganiiu



2.1.2 alsiwdulaenisasiou [1]
wathilnanlsdiflonnnsgnusuituinvesan dedfuinsdmuas n
nsvan vaeRat WeRasanfirniwesaunalwiivesadiinanlsd aunsafinnsanld 2
9613 @0 Wainnnszny (ncident Light) uazuasiisaanniuuasiinnnsenuazgnidoniiuas
dzviou (Refractive Light) Tnsuasdiflaunylnihiidiannfunasiinnnssnuavdunasiianunsa
dxvioulannii

(%
v v Y

Feifugnsiinisideuutasuveuasiinnnsznulkdyudideainfuuasd
agviou uasiagiiouazidunadnanlsduuudaduaiysal IneBonyuannseny 0, Tndusm
Tnanlsdusesondnogimilein guugawmes Brewster ‘s angle) Insfiyuusawnes fluasiign
agviounazuasiivnundaasiiauulniifidmindafuwazfu Tnsuasiigniinimasidunas

InanbsguwuuunedIu

=7

Laser Source

sUN 2- 2 Inanlsiwdulagnisasviou

2.1.3 Iwalswdulaenisinmedou [1]
ludaguiselia 1w upalevivisemend aslinuaudAnisenda Birefringent &
o Y a 1 v oA Y 1 Y dll o v 1= 1 - 1
lviiAnAIRTnITAnmLas 2 A1 Bulllasnanuasadeunmenslalivindu Tuusdas
a d‘ A =2 v gj A PN v 6 1 14 = ! a
firnnsvesnisiageuinlundn dsiudeduasnlailnalsdeudlulungn agnuituasasiin

msinm wazaiaduuaalnanlsduuagui 2- 3

polarized Light

Unpolarized Light Calcite E Ray
Ne o2 | b4
RO U
V.4
¥ K
O Ray

UM 2- 3 Inanlsiwdulaenisvinmdedou



2.1.4 nanlswdulasnisnszida [1]
dewaufunislunsznuivluianavessiedn Sidnnseululuianaves
fananaii Qs@ﬂﬂﬁuLLaqﬁMﬂﬂizwu dawaiﬁimaqasuaaﬁ’mmqﬁ?u 9 \Aansduaziieuuay
Yanudesnasuluguvesnaseanuilunniiannni ‘Ui']ﬂﬂgﬂ’]iﬂjﬁﬁ@‘%uﬁﬁﬁm’j’] n173
nszidauas Sensnspidanistuiomnluanavesiinans 1wy e1na Suuiadniiai
gmAAuTeILAl 19U duazeadluenia dufunawesiosih sswuiiesihdziduditues

Unpolarized Light polarized Light

Molecules of Material

polarized Light

Partial of polarized
Light

UM 2- 4 Invanlsiwdulaen1snssids

2.2 wvisnglaud

wn3ndlaud [2] 1ieosuiewginssunisinatlsdveanadlugvssuenndyn
(Amplitudes) Farindlauddadunudiiaduniemguiidomas esandungu]
vilsfldlunsuidayiiiedvaunsaauluguvesmsudadlugmsinailsduanuuasd vy
fuguvesionndgniiunnsiaiy Tneradndannsnyheudilald (9w nsmaaesnisunsn
aonv9s Young waguadwanlsduuuisnay) egslsimuusinadnsaliazeglusuveaiouna
9NAY widaiivanetlgmiisnfiazudlald 1wy nisfkasdumnakiugunsalinanlsdvans o
gUnsnl Wudu Fefuiefazuddgymerududouiiiotu 1D am. 1940 Ao R. Clark Jones
Iamnaunswvsndtuiewddym %qgmﬁaﬂ’jw ww3ndlaud Uones Matrices) Faum3ng
Toudimngdmiumaiuuesmagadnluluszuu Tnefumindlaudnaniaoundgediegly
sUveavndun 2x1 Faduinimesloud (Jones Vecton) uaziminduun 2x2 dadul
n3ndlaud lnglugrasuaziiuinuvsndlaudanunsaldnulaieninumindyaiass (Muller
Matrices) Gafuanmamisfivinliimsldrusvindlaudinntu esminnsguuming 2x2
viane 9 widndsiuduidedidenalunsimuiasnn ndInTidmIndEsadundadh
Fostlduneufisdy 1wy N15uenA1939 (Real Part) uazAs 1L TIdou (Imaginary Part)
WU E, WAz E, wonantuddidymau o e ﬂWi@jmw’mmmaiwaﬁ%’u%u (Complex



Transpose) Taannmeslaudiunsualnaiisudou (Complex Transpose) Tastininaslaud
Foramuadidunmssuamaamindifenududeu Fsanmsaduiald lusnsiiyaiaes
wyEndivune axa ilvifinrududeulunisduauiinnni

fidmena o ideddumindlaudlunisuitam Tnemilvandenldisnslalunis
witlam annsoagulésed Ao uvindlaudldtunsuddgminisisdouveusundya dau
wvindyataeslddmiunmsuitominsnadouresauitinas feuszaunisainisldau
vosaindiaesnniudsivenlddfianlumsdonldumindieass duiomlududeluas
namfeiugruveansldinuavEndlaud

2.2.1 1inwwaslaug (Jones Vector)

pedUsEnaUTeIsTUIUARULAsa ST s ulusUuU U WL adauLB

Usnallesed
E (z,t)=Eg e ™) (2-1)
EAADLEre o (2-2)
29N ot — kz a0l @snsalieuaunisivsiladu
E =E, ™ (2-3)
E, =B, ¢~ (2-4)
Fe8naunasi 2-3 uay 2-4 wdgulvieglusUvesuming E anunsadeule
20}

i, EOXeiSX
E= = " (2-5)

Nnaunsil 2-5 szgaizeninamindasduiilaud (Jones Column Matrices)
#3LINLIBSLIud (Jones Vector) %aﬁﬁhuauwagmaq Eox 48% Eo, 90 AD 31UIUTI R
womendlnumden o uwar ¢ dwald £ way £, 1Juduiudsdoutiues neufiagyh
mMamanmeslaudilnanlsdaian (Polarization State) ynauadwing o fiosedureguuuuin

o TUresnmeslaudnou TasmuualiaAUuLassIy (Intensity : 1) Saun1sasil

I=E.E" +EE’ (2-6)



[

NAUNTTN 2-6 FNTMFAINNTAMINADINIERAUAILAURAT
* * Ex
I1=[E, E Y]{E } (2-7)
lngiavsnduad [g7, £ ] \Jumn Complex Transpose panininaslaud
= 1% t
E Fadouunuladu £
I=E'E (2-8)

| T A o
wnuAl E waz B luaunisi 2-8 azle

L=E'R=tE M SN 57 e

P=EZ  IHERAFn (2-9)

lngnaluudlasimualy E =1 iefivzvenininmeslaudeglusuly

wad Fedeuluvnlvvesannis 2-7 annsaleuladu
E'E=1 (2-10)

nEe LInkeeslaudaiunsalgesuistadinanbsdlaning Faauisan
s o (% ¢ -
nnnaslauddmivaniugauatinalsdnauysalla

o aslnalsguuuidaduiuiuey (Linear Horizontally Polarized Light)

v
o

Tagluanuzilinnuali E,=0 asliuaunisi 2-5 aziddeuluasdl

Ex _ E‘Oxeisx _
E:{O}_{ 0 } (2-11)

d ) { v v U o w 10
ndeulamluvesannisi 2-10 agwiuledn B2 =1 aeiduiidn €™ sz
fudugfluga (Unimodular) datuguwuunmilivesuadinatlsduuudaduiuineuaing
Feulwdladu



(2-12)

o aslwanlsguuuidadunuins (Linear Vertically Polarized Light) Tnglu

[

annuzil

o

[

M1319% 2- 1 ansiaguianmesiaudiugiukuusig 9

VUL E=0 ety E o =1 Feanusadeul

o

Y A

APNU

(2-13)

Jones Vector

Jones Vector Form

waalnan ST WU UL EULUIUBY
(Linear Horizontally Polarized Light)

W NAN ST WU VLTI EULUING
(Linear Vertically Polarized Light)

waslwan LS U UUBLEUNYY 45 B9rINBNULY

e lsTUUUBAUYY -45 B9R1ATNLNULEY

2y

waalnanbsTwUUINaN AUV 1
2 i_
waslnanlsdhuuanay dugne 1 [ ]
2|+

2.2.2 wnsnglauddnivgunsallnanlsivas, 3nsiees, lanmas
I1aursamgukuuvesinanlsies (Diattenuators), M15iaes (Phase

Shifters), lsiinaslugtvanunindlaud lngasauyigiuinesdusznauvaaLaninduainuas

Inanlsgmdudadugalimiuduiusiunasnannseny Jeanunsaeunnudunuslasail

Ex '= jxxEx + jxyEy

E,'=j,E +j,E,

y

(2-14)

(2-15)
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loodl E 'waz £ ' \JudiuUsznovvesuasiiiiiniu was E was £ 1Jy

drudszneuvesuaafinnnsznu (incident Beam) dsU3unay j, Iaedl ik =xy WJususznau

Y9IN1TWUAS aUNN 2-14 uag 2-15 anansaideuluguamingasil

{EX '} {jxx
Ey ' jyX

E'=JE
Tned]
T J:xx ‘]:xy
Jx Jy

(2-16)

jxy Ex
Jy JL By

(2-17)

(2-18)

BSngYWIR 2x2 gnisendnamsnglaud Jones Matrices) Bailvianansam

wsnglauddmiulnanlsiges, Smswes waglanwasls lnalnatlswesilnuaudiasil

E '=p,E,

X

I p, flA15endne 0<p <1

lunsainnisdsanysal p.

(2-19)

(2-20)

Rl LarNsSUNINIsannay (Attenuation)

p,, =0 Wehaunsi 2-19 uaz 2-20 wiTeulugluvsndazle

e )

(2-21)

fatiuysndlaudvasaunisn 2-21 Mdulnanlsiwes A

0<p,, <I (2-22)
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lugpuaivedlnailsiwesidudusuivey minsdenanysalluwuiunuuey
Wnu x) wazdnisaaneudyaraauysallunuiunuds (wnu y) daduasladn p, =1 uaz

p, =0 Aatuaansalsuvindlaudvadinalsiwesiuiueu fe

o

Joy = 2-23

M=o o) (2-23)
o o

Joy = 2-24

w1 (2-24)

ddeanrsnsuiesndlauddmsunsngulnailswesiiyy o awnsanila

INAUNIININYU (Rotation Transformation) 7 71 Ao
J'=J(—6)JJ(6) (2-25)

Toe@1 J(0) Wumvinddmsunisnyy

cos® sin@
@)= (2-26)
—sin® cos6
msvmulnanlawefiBadu Wilse 0 uansaumsioluil
cosO —sinO| p, 0| cosO sin0O
L=\ . (2-27)
sin® cos® || 0 p, || —sin® cosO
1(0)= p, cos’ 9+'py sin” 0 (px'—f)y)sinecoie (2-27)
(p, —p,)sinOcos® p,sin“6+p, cos O

1%
YY)

nsdilnanlsiwesuuiueulugauaf A1 P =1 uag P =0 faludiing

nyulnanlsigoswwiueu agldaunisnisvyu 2-27 anunsadeuaunisndladal

(2-28)

cos’ 0 sinOcos0O
sinBcos®  sin’ 0O

Jp(e):|:
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v a 1

gunsallnanlsdniiauddydnegimisiae 3msnes Jaausausnnis

o

1 J =

BoUWE ¢ M1885EWIN 2 AeNlWUUNR NG ULasAuYaLLas Tnamaung ¢/2  TuWdu

Y

WNU Fast Axis Laz33A0sa ¢/2 MuLWLNY y fanganssuiloSuislasaunisnall

E '=e""E, (2-29)

X

E '=¢™E, (2-30)

y

Inodl E ' uaz g 1fudiudsznounieveuas dau £ uaz £ 10y

d1uUTENoUNilaveaINNNTENY FIHUTOUAAIANNITH 2-29 wag 2-30 lugUveauning

’ E, [[er? 0 E,
a5y e 231

(%
=1

WS NFLAUAANNSUSNSIADS (MSLaBUE) Lanerall

v

laudnatl

+i9/2
Ir ((I)) 2 [e 0 e—?p/z:| (2-32)

Tae? ¢ Wunasiuwesnisidouasyrinaflanmaulniuud lagsmsinesnly

lugnavnssud 2 ¥l loun Arawmesnnas wazgnnvinan

Wy, [ e NOIAT T = Nl L/ g
Tl = = e et = 2-33

}\‘ —e+in/2 0 B 1 0 1 0
R (2j O e—m/z |:0 _1:| II:O _1:| ( )

snglauddmsunIsvyu uansdsaunsde Ul

e 2 cos’0+e ?sin’ 0 (e““’/2 —ei¥2 )sin BcosH
JR (¢,e) _ (2_35)

(e““’/2 —e 2 )sin Ocos® e™?sin’0+e**cos’ O
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31NgnIATIYY (Half-angle Formulas) Tunisadinmrans nanaliin

. 1 1 o ¥ o o py 2
s1n26=5(1—cos26) way 0052625(1+00529) ANTUNANNTSA 2-35 UNUTIAIBANNITASS

yuazld
cosg+isin%cos26 isin%ZG
Ir (¢,9) = o " (2-36)
1sin—sin 20 cos——1sin—cos20
2 2 2
Iuﬂiﬁﬁﬁﬂumamafnmwam LAZFINLANLNEGR mmmamgﬂammiﬁ 2-36
Tonadl

1 i i
— +—c0s20 —c0s20
A
JR(—,9]= 2 . V2 ﬁ. (2-37)
4 Lsin29 L—Lcos29
2 V22
¢ A 0 1 cos20 sin26 (2:38)
—, == s
L sin20 —cos20

A28819 NSTUININglaud Tiwasdasneu (Electric Vector of Reflection :Eg) Hnulnanls
WASWUULTIAY WaLyinN15USUINISIABSAEAIDLABSLINLNGR

» Eour

.

QWP LP

5UN 2- 5 fegramsussendldauamindlaud

aa o o ¥
B/ Mviualn

[

18NS NDLAUAV I NA LD S WUULTBEULUUBLINIETauN15H 9T
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0 0
LPvertical = 0 1

LaznInglanduaansuTusnunyu B sINwanilaun15aadl

1 + icos(2y) isin(2y)
2 2 2
RQWP isin(2y) 1 icos(2y)
2 2 V2

v g.J/ v v (3 -d‘ Y 6 Y a 6
aatulunisidieansmiernnm (.. nla Alidaguuuunisaaumsng

out

E =LPXR gyp ¥ Eq

3 0 1 isin(2y) _ icos(2y) F -r

1 icos(2y) isin(2y) — —x

_{0 0}54_—& G {rﬂm}
1

PRI

2.3 AnudIAYYaINITIAINgIN1siuveninulaeltlulasdaulatines

Tugnamnssunisuangnsnfanlasi (HDD) nsinannugeresnisdudunsyuiunis
fdndfldlunisnsisaeunisesnuuuiuiive e uensaAanfiisanin Air Bearing
Surface Bsmsmvszdnsnmmsuresheueninfanazyhnsiawasiiouiiouiunng
sonuuuLuuANisliulaluaiudeiolunisnsadevannmvessiafan lagiedosin
sumasielsiunindlasilundignldifionisianiugenisturesing usndadan
wiwesiiddydmiunmsaealniuedesdleTavlied Ao dudmsinuuasiidudou Sdae
Unfudamnsideauuartuegdudeulusig 1 lunsstaumsndn Anaulsusiuvesadil
msinaslianunsassylaluszninanisinnnugenisduseaiasiuenindan (osain
Bstldlduisnsildnamsiasuiiviule unaradfidednausisnisvaifliluns
sonuuululasdauleiinesifiovhmsinmedviimsdnmuasidudousiniunisiudsdoya
vwasetnenas lneldlustanoaidudafift (Message Queuing Telemetry Transport :
MQTT) dstumsiaradvdnmsinmuasidudouannstaldfuieueniadatuiasials
LLaz'ﬁzuUﬂfﬁqﬁﬂﬁlﬂwizﬁwﬁmmaamﬁﬂmmqqmiﬁumaqﬁaémﬁﬂﬁw 4ONINTAN
srdnmsnmuaditudousansaldausiutuesssinauginsiuvesisuaiafadiilo
widgmanuldudusulunisiniisiueiafadudazi wadsnsanansaldriensiadouai
Qﬂéfam,l,azﬂszﬁw%mwmmmiaammuﬁuﬂ'g Air-bearing Surface Uua"l,ama%%qam&?qa‘éjuu
e uesaRanlasneiy

Tusnefimnugueseniafadlasi ifstuuuuninu fafuiarugansturesis
Jeflszfuanugensdufianauvdouszana 10 unluns Tuvuefisnfafadidainu 3
arwgamsduresiisnuduidianieilfiduiussfusnuindeieresnmsnanensafar
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Pannsavhanldluszeznaniionui Tnensiauszansammsiuvesieu duiile
ATIIFBUNITOONUUY Air-bearing Surface Tilisefunsgsnisiuvesieruduluaud
Ismenuuulividelsl Tnsn1siaAnugenisiuresisiu asgminisinlasiedosindrany
gsn13duresingu dededldamisdinesmauasiidrifylunsindinnugenisiuves
Weu fe Aredinisinimuasfidudou (Complex Refractive Index) yfiuinvesiigy
g13afan dstagiulugnavnssuldindesinanugsnisdunvudumesivelsiineuuy
1msg1U (KLA Tencor D6) sagyimsinszesvinsszminendnfadfudetuiindeya (Media)
TngLATos KLA Tencor D6 \ula3amageunistuvesieiddniulugnaivnssudsls

Y

) o a )~ a' Aa
ﬂ']']llLL@JUEJ']IUW]T]@QQﬂ']i‘U‘ULLagilﬂ'J']llL‘VlEJQ@'ﬁQ‘Vl@

¥

ABUNS T ULATEY KLA Tencor D6 AB4vinUauAInviin1swnkasngudau (n, k)

[ 1

vos1sunsaRanliiuaias KLA Tencor D6 fiou Insamisifinesiazgninainng
feesildlunsneaey dslalldvimsiatusiun 4 i esandosinisiae fuinng
vnuuasidudoulasliiaiesdduleiines dsanansavinsinldfuiaanaaou Tneiifandlas
iluneaoudesedluuassuiuiity dwalidesiinisdalasiaineos HGA THSsuuuy
rou Tedwallassainees HGA gnvansll FaduaumgiiismAauumunsfauinis
Tolaglifewianelasiadiaves HGA waganunsadnalanuiieuensafanynd
Tnseduiimannasidudou Usenoulufeamisiines 2 @ fe n dadudn
ddinsiniviamesTanfiLanifisanuiiuwa (Phase Veocity) uay k Aeenduuszansnnsg
ganduLas 33 n, k grldlumsduismidmaugannsiuresheueniafard lasiases
KLA Tencor D6 #igatasesitlaiaunsonien n, k Yaa¥anlalusaiues agrslsiniue n, k
annsainldlaeliiniesddulefinesgnamnist wimededfinisowouinvasduasily
Tunsindadivunnlng Gdasuniudad n, k vesudazalained @lamesiduiuduniiey
Ul Head gimbal Assembly (HGA)) liamasainla LﬁaamﬂﬁmmmLﬁml,azﬁﬂ&gaagjuu HGA
yilvlalansnsavinnnsdale Gasnegnaues HGA uanafsgui 1 avsiamen n, k Jagniinisin
Mnalamoius wleiluiunuvese n, k vesalanesluseunisnanty 4 egrslsfinna
DaugInagrianIsinal n, k mnmjmﬁ’aaéw«iwmwﬁa weinbdlasduan n, k ﬁaﬁiﬁmﬂi’aa
vy 9 Faruiletien n, k e?fqL“fluﬁ’aLmuiﬂﬁﬁmﬁmmﬂ'wmmqamﬁﬁmaqﬁ’aém?Nlﬁ@mm
AarAdouinduiiosinluilfibud n, k vesfisuiiviinisingds (@uvndian n, k veq
sheruustazilivihiuty Retuainnssuaunisdndlamesilutuneunisdns ¥a uasn
inzifloadaiuia Air Bearing Surface Fsdswalinnuantfinisagiouresuasesalamediia
Wasuudasly vilsian n, k vesfs uuaaziadafiunnaneiu) é’@ﬁumﬁmmﬁmmmmqq
A59UYRITIELYRIASEs KLA Tencor D6 3aianusiuiigosldan n, k ﬁlﬁmﬂi’a@ﬁa
Asinsinmuasiidudeuvesieueiasan [Wuddidndudenisinanugns
Juvewheu uenaniimnsdauinerdmafiveimuasildluldlunsooniuy Wam
Nufia Air Bearing Surface wazUszifiuuszandnmuesingiuaninfan deedaiinisinum
LLmﬁ%’U%’aué’qgﬂiﬂwma 9 YBIUVDIUTEN 19U druvediduuasiaun drtnaulng
warluanenisnanerinfan (luados KLA Tencor D6) datudsdnfudasiinasudedoyald

Farieaunng o neluuiev Fadenldnissvdsauniunanindiuyana (Private Cloud)
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lngunalulagdumesilauuynassnas (intemet of Thing : 10T) egnaenuuuliaiuise
Sudadayaseninesawisuunainld mewaliatiewiliauisasudalayadviinisin
winaendudeaululdudazegiuauazaniui neluslaneanviendndulinnissudadeyauuy
gunsal loT Lo TWslnaealdu@afifi (Message Queuing Telemetry Transport : MQTT) &4
& = v o ey v o o Jo o
Juldslareangnesnuuulviviinuuugunsalnldndenudes uenanntifululsinmeaiil
YR o v o v v o v | = o O =
Sudstoyanldindlnan (Payload) lunisfudideyantesnitlusinaeady q deludagn
Fen3du Light-Weight Protocol tngluslameaidufafiignldlunaieaunsel oT wlefiay
ilianunsadsoyalasiniss uagyiudl dalusneatdufafivignesnwuulilinaninvednis
T9U3n13 (QoS : Quality of Service) vasdayanfivuiaidn sgnslshimududuieiviimely
N15MAgATIIEeUIINIsTuddeyairaidiaiiugndes uludulleddruiugdetayaniiiudu
Feanauvenssudeyaneursendauludminluluaignsnds eanimnsdoaunse
N3IUAT N, k veaiIg ukaaziala Asiulunisldanusesdinisnsaaeuteyavesriduinig
Wnmuasidudeutsgndsnniasesiulasdavleiines Wdmiigausg 9 9dlanuant
Anulunszuiunissuddoyansalyl

Slider

(%
a o

JUN 2- 6 snogruvesdlanesngninAsul HGA

Y

(%
av A o

nuidelidiauemsinunssuumsiamarnuaniinaasdmsuineiuaiiafan

(4

wagyinsSudsdayauunaTIg FeszuvanunsaIaasainsinmLasfiduseu (n, k) Uu HGA
waglaviudl gideladnavematalmilasldlulasdduleimessiuiudumesinlsiives
wuudsuaiieriinistaasaiinsinmuasfisudou Tnsflvuinvesdiuastesndt 0.1
fadwns lnglilasdauleiinesldnuandanimetaudlindingidasfunasiiniis (High
Numerical Aperture : NA) Fanqaautaveaiaudlndingvilalduasluyunnnsenui
nanNuany IQEJLVIﬂﬁﬂﬂ’]’iLgﬁmeaﬂ’NLLmQﬂﬁﬁuuq%uI@EmﬁU%ngm Fast Axis U93A78LABS
Avlavan dileusnearUsenaunIawasszning s-polarized way p-polarized &aldwnuasiivin
Mnnsasvieunduiniiaudlnding Tnellulasdaulefinesimuduasiiouaduasiién
Tneflvwatiosnin 0.1 fiadwnas /1 n, k azgnasaniedeslilasdavleiimesludmanddon

ymana (Private Cloud) 183U38m lnglumanndiuyanaszldlusinaoaldudifiv (MQTT :
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Message Queuing Telemetry Transport) iflal#nszanedeyalugeldiistos daszuud
annsatardyinisinmuasdildainiieiusseiiddetn Jeandildanneiadlulasdauls
finostiagyiliiaios KLA Tencor D6 ansnsafamarauginmsburesieuldegnignios
1nu Wesanidud n, k 93wwessusiiy 9

2.4 Wslapaadufaiii
Tumssvdsdeyaluszuuiniedneiifiosnsnailunisfudsdoyalugiunaiass (Real
Time) #wideundawing fe Jymiiintutuszuuaiets 1wy wnietieldaeiilid
iafesnm nsvianatlunisiudsgs (High Latency) Suiinaindawandeslunisds iy g
F1ungldarunn vdesinssuniuneanuivesgunsalsoudne (udu gunsaiunsedisld
wdaudn degunsaiunediuiinisliundamdinudununiees InsUunfudnsannsold
Tuslmea HTTP Litoad1suuudnaes Publish-Subscribe wieyinisuaniUdsudeyasening
gunsalls wiednslsinuilluslnaeadsgnosnuuutitelsiideyadildlunissudeiitenni
Wslnnoa HTTP wara1u1sasinnisfudeteyalaniifleldauvussuuiniedredlil
a5 (Unreliable Network) @sasnaliiinnisidieusetideiiios Ingluslnnoaidumaiii
(Message Queuing Telemetry Transport : MQTT) g]ﬂﬁﬁuu’lsﬁ’uLﬁalﬁmmm%dﬂmaw

v =

Joyafianas uazansnsavinuldvussuuasevienlifiadosnm vanvnilluslnaeaiduds

cal v

anunsasudtayaluiunaiy q gunsainfesnisuanilasudayasynitiukuugiunan

a D ea ¢ ol o =i @ a 4Ad o

339 waglduuuninivadssuuesetiutesnan lneluslnaeaduminiidulusinaeaaiuise

Wewreseninamzadlueios (Machine-to-Machine : M2M)
TUslnAoaLdumInivivinauuuiugIuues Publish-Subscribe #sviniuuuluslnaoaild

#/lo# (Transmission Control Protocol / Internet Protocol : TCP/IP) 810 AW WA A

TUslepoasumanuulusiansanian/ o

TCP/IP Model
MQTT Client MQTT Client
(Publisher / (Publisher / Application
Subscriber) Subscriber)
_—
P P Internet
Network Link Network Link Link

a aa

JUN 2- 7 mssuddeyaniulusianeadudii
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aa A =

nFULansnNIsSudstayaUSeuiisuiuwuuInaesii@in/led (TCP/IP Model) 3
WALeesil 1 8 3 vesluslarealdumiifidvirueguulusinneaditi/lefl uiluiaiwesi 4 9
Junenwdiaduiaesveslsianeaiitil/lef azivdeudunisvienvestuslnnealdufadii
unu Tngeiduredluslnaoadudnfidildluinerdnusatud Ae 1efdu 3.1.1 Fudu
mmgmﬁgﬂﬁ’l Aulpeau1au OASIS (Organization for the Advancement of Structured
Information Standards) Gﬁwiamﬂmauuﬂummgmﬁuaa ISO (ISO/IEC 20922) Tud A.a.
2016

Tuslnreaidumiifiinisudsdeyaiitiosndilusinnoa HTTP drduiaduluslnneadi
fanniaulonis esandnnsiudsdeyaitilndgiuiaiads (Real Time) fouuudians
Publish-Subscribe d4lUslamoalduariiiildsuainionuinuuduinesidaynasinda
(Internet of Thing : l1oT) ,M2M wazlUsiananesnatless (Embedded Projects) wona N
Wslareadumifduilimivuenndndu waznewwdiaduuulnsdwiin doudiulainnis
Sudidoyadanusiulauasiivseansnmlunisnssanadeya

2.4.1 N15YIN9ULUY Publish-Subscribe
naun1sltaulusianeaduAIifiadsitalanannis Publish-Subscribe Aau

Tun1ssudanuy Publish-Subscribe Jl4a7u (Client) {uAuiidstona1y (Publish) veiniies
wagldauinihnsudenind Teedgldaulisifeiugldnuneauy q lnedldeuaunsods
(Publish) TemunszumLses (Topic) lugulduunaulalumisessndesnislitugldause

AU 9

1

Micro-Ellipsometry

-

MQTT

Broker mosauitto

| <l y
Headquarter

¥

I
Flying Height Tester

D £F (D6)

Engineer

UM 2- 8 lnezunsunsensiovedlusinneadumfividniulusnines

laenannis Publish-Subscribe Usenaumelusninas (MQTT Broker) &¥in
winfdweIeaudane Gldanuynauazieudodiluiilusnines tnedlegldausdesnisds
Forunulusnines (ldvundsdeninu azgnisenindu Publisher) Tnalusninesasiin
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v a

NIINNAUNTRITRANNTAINILAENTEAN8TaANANN ) LWUIRAURTTIuAUDY 9 ATAN

Y

auladoannuluiidosty q Sufldnufamandousulusnnesuasdauaulaluiibes
(Topic) azgni3ninuann@n (Subscribers) Inesiagdadoninu (Publishers) wazeaundn
(Subscribers) Fosvhmsdeudedsnilusninesieu Fslnezunsuiiuansnisidonsosening
Tusnine$ fdstonny wazasndnuansdsgud 2- 8

Y Y

31N3UN 2- 8 BUEMANNISITENADTENINMEdITBAI Y (Publisher) a@un®n

s

(Subscriber) uaglusnines (Broker) #331nAreg195dsanuAaiATeslulasdaUleiines

Aosnsasdeyandyinisinuuaidudou Jsndedn n, k Tituypainsidrinaulng@ey

a finalsene wagldensussanlssnuiedndeya n, k Mlalldlunisnsaasunmnin Jams

(%

Amnsuagdrinanulngfeswitnisameidoumisesiesoslulasddulelinesds Gevuzdl

w3edlulasdivlefiwesiunuimduddideninu (Publisher) @sviaddwmaraundniianun

U

wsoudeudadunilusnines dslusninesagyinisnsesternumuiiaundnameioui
Fesezlslilvignies iiefidleddsdeniuddennuEesinsiuanda in3edusnnesi
wihmihiidwieteamulitvaudnimuaiiamadedliiFesdeaiy
2.4.2 AMAVRINITIIUINTS (Quality of Service : QoS)
AMAINTIN5IAUN 1S UL ARRaLduRAIT wilALinvasEu1Tn 1 AY

anunsndesvelunlusnnesiiiefagameilouldnareiaies (Many Topics) walfiaLART
awmeidou 1 71589 gnTuTeninaiisamisiunisuimsauninvesnisiiusnisy

amelulusinroadufiiiil Tnvarduresnissudeyavesaiinmsasiounduresaaninladu

' ]
A o L% =

Sesddg g ldnussuudenisiiefanudayanisinveniiaguynd feudianuindy
NA0INIITUITLAUAMAINYBINITIAUIATT (Quality of Service : QoS) LieRduaAUBITY

dnualzr0INsTUdtaaUTBANA1e 9 sudeaua1dn (Latency) MAndulunszuIunTg

doanstaya Wslareadumiiiluluslareatidsunaziduayarinnisanasiunounissuds

Toyaiiesulseiuideyaziogndeld Fassaunmnimnisliuinis (Qos) luluslaneaidy
U dgj

a aa [l [~ [
AMNLLUIDNLUY 3 S¥AU AU

al

® 5udUil 0 (At Most Once) Wun1sdsloyaainydaiiowmilenis wazlise

fondu Aaumniian1sgyevestoya WWslaneaaslivinisdadeyatianass

u v Y

Publish QoS Level 0
-

MQTT

Broker mosauitto
MQTT Client

5UN 2- 9 szAuAMAIMNTIiUINIS SEAUT 0 (At Most Once)
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® 5uiufl 1 (At Least Once) iunisdsdayaangduiiomilnss lngasse
n1smeUNdUaNLUINNGS tngd1lusninasudadninnisgyme seuuagyinsdsdoyalnd
manudunssulseiuidsdoyaiiagsu

Publish QoS Level 1
o
/AR MQTT
MQTT Client PUBACK Broker mosauitto

Publish Acknowledgement
UM 2- 10 SEAUANAINNNSIAUSNNT 58AUT 1 (At Least Once)

® 5u4iufl 2 (Exactly Once) 1Uumsdsdayaanydaiioaniianss lagld
#ANN15V84 4-Way Handshake

Publish QoS Level 2

D = <PUBREC (Publish Received)
JFmEE PUBREL (Publish Release) MQTT \
MQTT Client Broker mosavitto

PUBCOMP (Publish Complete)
-«

SUM 2- 11 FAUANAINNITIIUIMT SAUT 2 (Exactly Once)

2.4.3 nsUsafiuyszansammlagldsnianiunia (Round Trip Time)

Round Trip Time : RTT vduszagirarfidniedu Had3und Fiinisia
sypznadaLAnisiereslduiAsedisandunislURsaiems wasnduiniiduniadnads
wils 39 RTT Sauddganluszvuedeviodiesiniuidildlunsmuseansamesnis
Fousaipsotnauuaieteriasdiu (Local Area Network : LANs) wiawpSotnedumasidn &
A1 RTT HufpuaszuuadotedonlflumsmamniidedenieUssansamusuedotns 1y
M3TAuE) Larauudeievesnisidouressuusedis 1Wudu Sansanen RTT Wu
dasnduluniseenuuussuuniodns esntu RTT Wushuendsssesnanfilalunissuds

'
| =%

< I3 v & v a1 = @ v v a
DHARDNUILNALNG ANUUNTUAN RTT u1n 'ﬂ%ﬁll’]EJﬂQLLWﬂLﬂ@]‘\]%@]ﬁ]ﬂ“ﬁi%ﬂ%L’Jﬁ’ﬂﬂﬂ’]imu%’m

=b. Re

YUY
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Command Prompt

(c) 2018 Microsoft Corporation. All rights reserved. ~
C:\Users\weerayuth>ping www.google.co.th

Pinging www.google.co.th [172.217.31.67] with 32 bytes of data:
Reply from 172.217.31.67: bytes=32 time=32ms TTL=49
Reply from 172.217.31.67: bytes=32 time=3@ms TTL=49
Reply from 172.217.31.67: bytes=32 time=29ms TTL=49
Reply from 172.217.31.67: bytes=32 time=3@ms TTL=49

Ping statistics for 172.217.31.67:

Packets: Sent = 4, Received = 4, Lost = @ (8% loss),
Approximate round trip times in milli-seconds:

Minimum = 29ms, Maximum = 32ms, Average = 3@ms

g‘th’?i 2- 12 uadnin139An Round-trip Time tngld@ds ping

TngUnandrssuulfiinisdiulugasiivnsesdientdlunismaasunisouse
wildlutiy fie Ade “ping” Favieueguuluslanealed@iduil (Internet Control Message
Protocol: ICMP) Tngun@iudaras “ping” urmdsiiugiunideglunn 9 ssuudiufinis g

'
o o

Ada “ping” anansauszananalveansasininaauiad uneunduinifds tnelden RTT

=

Fernagauansluun 2- 12 Fauansuan1sldaids “ping” Wievinismaaeaunsiousalu
Aules www.goosle.co.th swuanfiel RTT asan Ae 32 fadduit Fefinunedeaanldly
midstayasnasesreuivinesiunivledgfatas d5uneunduinesesnouiame vy

dsdnasalanalunedu 32 Naaiuad

2.5 2350UN35U 113991UNWNNYVBY (Literature Review)

2.5.1 nuATenneadesiululasdaulaines
dadlelmesiduinseatnpuandfvisuasvesianninisldauluy

9
A o 1

A1AAANMNTTY AILAT A.A. 1960 tagnannisvinauvesdauleiines Ae n137nAINIS

WasuuUawwedwanlsiadumanasngnagiaunduainian

Material ¢ d n; ky

n, ko
Substrate

UM 2- 13 N5agyiRuUNauTRIkasInNNsENUveIiladnaaaudaiininumul d
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TUN15AIANUFURUTTENINIUOUNTYAUA LW AVDILAIHLY O URAL LA
Annnsenu Azgniseniinisiiinesdduleiuning (Ellipsometry Parameter)
W eNAENIAIAITINITINIMLAIN T UG ULaE AN UV AUNATOU TIkaAnIAY

aunisi 2-39
E,=E, e (2-39)

E =E, ¢ (2-40)

[

Faaunisvaswasazvaunatuisadeulaludnvuziierfuseil

R. =R, e (2-41)

p 0p
R/=R; " (2-42)

laea1naunI1si 2-39 89 2-42 Tmin1smdnmeuvas ot —kz 9anld Tnens
Jafn R, wag R, Mdenuduius E, uar E Glagiluuaiianasiinisnaniiuneg Gauas
annsenuazgnannoukaziinnIsaauam ety elunisesuignginssuiiasimunen

sudnisdnvuasndudomdu p, uay p, Asaunis

R, =p,E, (2-43)
R, =p,E, (2-44)
Tngaluuan
R
Eps1 m=p,s (2-45)
Pm E p

wufiannis 2-39 89 2-42 Tuaunisa 2-45 agle

E

Om

pm :[ROm]ei(Bmam) m:p,s (2—46)

FIA1UIIANIMAUAAINITAANDURBUNGYALAR 1]
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o=| P Rup "Eop ) itp-) (2-47)
ps EOS/ROS

t:l' a =
g a=a, —a, uayp=p, P, 1neUTU1TNTBIUIAVEY o waz B

AN115095 UYL NANDUKALNAINITALIBUVBILAINIUAIFU TafdUsenauluaunisa
2-47 a1unsotleuluguves tan vouyd v Al

R, /E,
tany = ———" (2-48)
W EOS /Ros

wazyuina (Phase Angle)
A=B-a=(B,-B,)-(c,~a,) (2-49)
NAUNTA 2-48 T4 2-49 @unsaesuredunis 2-50 TeReil
p=tanye” (2-50)

é’qﬁguﬁﬁuwﬁL@]@%L?{m%’aaﬁ’umﬁmmﬂﬂgauuﬂawmLL@&JWS@J@‘?{
oglusUaes tany Uaz A n1sdsunUaia vuinued youar A uilsiduves
A1ASINN LA B IFINATS TALUIG LALTUALAY A211E1IATUTDILES JUANNTENY
LarANUIeutavesilan tuladefidwwaiuaunisi 2-51

p=tanye” =f(nk,d) (2-51)

Gaaunisi 2-51 griSendndu aunisiiugiuvesdavlednes delu
9ANARLEINITIA v AT A A1 nk war d a1m1snMmulamile deainannisi
2-51 vldnsiuinsiaiuisadia v waz A Liieluniaraydniswniviuad
Fudou deUsznavludaoan nuay klagiian nidudidyinisazsiouuas
(Refractive Index) Fatfudruruase dauen kiduadudsednsnisqyue
(Extinction Coefficient) ¥033an Faogluinonvesdiurutfedou (Complex
Number) #sluingrinusatuiiinisman n, k ves¥an iietllduidininugs
nsduvesineuaiinfan lneldiaies KLA Tencor D6 aifuiaiesinnidiadny
aan150uvesis 1 uTeiuszansangs uazldluniagraivnssunisnaneinfan
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Tuilegtu Feinendnusadudiaueivinismian n, k lnsnss Falddossinism
ANI91dtnes88Ulening v (Ellipsometric Parameter) nau wadlausLnaila
flunismianaadi (A : Delta) laeldlulasdavlefimes saudunisidounanis
was dadrnanadelulassdulednes Junadiufitiiaue Ae “On the General
Properties of Polarized Light Conventional and Confocal Microscopes” [3] Fananad
msiannlulasdaulefines SsUsznoufegunsaldmiu fe laudlnding (Objective Lens)

1%
v A Ya v A

Inglusuideififodenldiaudlndingnia13Susasun (Hish Numerical Aperture) &4

Y
=Y

awvenilefifimsidenlflaudlndingifmgsuuasnnn Wesnvliuamnnsenuiignassiou
nduiianiiaudlnging ﬁ?,g'imﬂﬂﬂiS‘Vl‘UGU@ﬂLLﬁﬂﬁMa’]ﬂﬁmﬁJngﬂLLG]'H?,J 0 9961 (s?fqﬁluaguﬁﬁgq
anfuTaamaaeu) aufeyadeuusiumuruinvesguiunameaaudlnding wona Ny
UNAUEINE1091ENNT5U89 Vectorial Ray-tracing ?ﬁaa%mamiﬁwmmmqﬂﬂiﬂimﬂu,m
Tnglénnsassuuusiasauasdioiun3ndlan Jones Matrices) Faduduainnisiivuali
nnwesawlndih As £, = (1,0,0) ndsantaldosurslassadiassfrnweurduslaad
(Babinet-soleil Compensator) suanafisguil 2- 14 Fsuszneuseaudlnding uazgunsal
yaefiNnsegsumiuaziundaaudinding

E, Objective
I Lenses

BabinetSoleil BabinetSoleil ~~ Analyser '
Compensator Compensator

sUN 2- 14 lpezunsunisiwensdegUnsaliasaslulasalaunldnannisinanlsd [3]

INFUN 2- 14 Weannwasawinlnii B Jshudvaseurtiunlond uay

¥
v a

dnuaudlnaingausnisiunisvesauulnii E; anansadeuaunislaail
E,=BS,-R"-L"-I,-R-R"-I,-L-R-BS, ‘E, (2-39)

laofl  BS Jugunsaluenaiuas (Beam Splitter)
R Wuwuv3nddmsunismyu
L Lﬂumiwﬁﬂuuﬂaqmmaﬂw%Lﬁachw,aué“lﬂé’i’mq
| Husminduansasunaginanlsisduvesuanileiuaudlinding
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cos¢p singp O cos@ 0 sinB , 0 0
lngfl R=|-sin¢ cos¢ 0|, L=| O 1 0 W I=+cosB| 0 1, 0
0 0 1 —sin® 0 cosO 0 0 =

Tagd r, 0, ¢ Wunisfitnesnegluiidanssnay (Spherical Polar Co-

ordinates) Uag T, T, VuAdudseansnisdairuveasnsiua (Fresnel Transmission

6 4 s

Coefficients) Banadnsgavneveinmesautdlniivesuasfignagyoundu E, wandn

9

AunNST 2-40

K™ +K" cos2¢
Ex =\ K7 si2¢ (2-40)
0

- + -
el K —(rplrpzrpﬂslrszrs)cose

K = (rplrpzrp — Bt )cos 0

lpganaunisuasiinaninteay gidelevinismeaasasa laevinnsiieuse

gunInluas Aslaazunsusiolull

Beam Analyser Detector

~ojarizor Expander Plane

&

Collector [} : N .
Lens Objective Detector

Lenses Lens

JUN 2- 15 lpevunsunawadlummeasdnalsdlulasalausiuiuaudlngdng [3]

mﬂgﬂﬁ 2- 15 1leuaaiaiwosduinin (Laser Source) Jssunvalanings
aududrnzuandunadinailstlasTnanlawes andusasiigninarlsdazgnueeduadid
ywelnguneudiaudlnd¥an wanaiidosweneduasieufiandiaudlndtng weflerh
Tawaaderiaudlndinglivuiaiidnasnnaumdnmsinmuaswonaud dwalviduasd
Igfluunmdn (Small Spot Size) Fafiusglom Ao wasiivuiaidnavanunsndesasuuianiil
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wuaanls lnea15199 2- 2 wansnisidSeutisuanlaainnisdnass duainlaain
lassadiavesgunsaluas lagviin1susuyuves Analyser lunyueng 9

A157199 2- 2 NaNSUSEUIBUNINANLLTLLAIN g WeuiunaUgUR [3]

NANISNARDY WaN1N13 HANISNARDY WaN1N13
b ATUIUAN ATUIUAN
Ngui) NQud
90° ' 82.5°
87.5° 80°
85° 75°

'
=

FenudTeduansliiuninnisazisunaanlaainninszurulnfandiaud

voursadlulpsdaulelnes swvusiassildiunisnaaes dedslldnedeluldlunismen
Qmauﬁ’ammmﬁu o Ao LHU ArddinsTnkasidugeu (n, k) uilpsasrsludiuvedly
Tnsdaulaiined warnsaunsveslasazieunduindnaudlinging Wudumideiivinlle
mwmmvﬁmLLaqs?iqa]zQﬂﬁﬂ‘disﬂumﬁLﬂswﬁl,ﬁamﬁhmil,?iauLWawmLLm Aouflazyiinig
wien n, k nold Seflunmudfidnenisasunisideunaniuas 39iie unauides
“Polarization shifting interferometric profilometer” [4] %ﬂ;ﬁﬁaﬂ’]Lauaa%‘mﬁ@ﬁ’]ﬂmau
Uamauadaglddsumedinlsimesidnsdouaniuas fsuideieenuuuiwiloudle
forderenniosiauuy PZT Seanunsniamasdunnuinvesiiufinvesiag lussduuluuns
¢ faduuneuiddddiauamadansideumanaueasiy Ineldmewmesiavman Q; e
yhnsUSuImsnesmanas Tnegud 2- 16 uandlassairansifendegunsaluas Mldnseio
WwSasianuudumeslslnesTaniun U UINSnesYesaeRUssnounIuas N15MASaY
Tgvdndrsfimesinannuduuamesiuia Bonlduuesdyad n/4 Tneswalian
aunsil 2-41 sﬁqmaﬁwmsﬁamiaqﬂﬂiaimqLLaq
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C——
~ A
QI 1
SF HWPI pps y v @2 ,
He-Ne [ A > “N /
<L AL )=
V > “q>v |
BX —— s L1 G
P 1:LP
(PSU) ] Y Yy ./
Y
FG
and |« |[CCD
|PC|

5UN 2- 16 Buweswlalslwesiildiaudlnding dallaseadwuuludadu
a s a s
gumosivlelstines [4]

Tunsnaaeeidelavitn1susugy Fast Axis aasmiainasianinan Q3 Tufiyy

T ® 3n 3¢n o T Y y o o o o g o
& _’T AU/ U "ZNV]'ﬂﬁlﬂﬂ’]Wﬂ’J’]iJLGUQJLLﬁQ I, I, I3 bE 14 AUAINY BAIIINUUNN

8 47 8
NNSANUIUIAIARANDINAUNITA 2-41

A((I)z%)ztan_lM (2-41)

Fenadnsnlanaunisrlugnismseduaiudnvesiiuiy Blazed Rating

Fadlanuanuseain 142 unluing Jauananagun 2- 17

€] |-
E/250

142.3 nm

e

&

SUTl 2- 17 #iuilaves Blazed Rating dafimnudnUszana 142 uilumng [4]

F991UITYULANINITIIAAAGNT FILAAINATLAOUNENIILET LA8N15USU

[
N Ya o

Fast Axis ¥eamanasianinan uenanilideesugdenveinismaaestl fie linnuaziden
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lunsinfias (High Resolution) WialuTeuiisun1snisly PZT @anunanuiliidediaue
nanmsdeumaniuadlagguniaismsines lagldarawasiavinan tieUsuunuy Fast Axis

)}

Fuiliauisameaneasils Ferneadiiiosduanzsiildgnismendsinisinumuasves

' v
(% = a a § o A

Yan Smerinusatuifaimaianmadeuranuanaiemeiaaiunsudivlilag
auledlimes

usnilonnunanuinandsiiunanuiiiedesiunisusegndltlalags
aulefines Ae unadrudes © Scanning Optical Micro-ellipsometer for Pure Surface
profiling” [5] sunauiitnausnisldeulalasdavisiinessuiudunesinlsimes Tne
Fmsiasginmiidennit amssuulifandaaud (Back Focal Plane) dadunimainy
s Bseguinaiundwediaudlnding JegaisandadevilsinamszunuyiFes (Fourer
Plane) dalasundnmarulngildlumsinneinmazfunmilog usnassuuninaud
(Front Focal Plane) Zsnwlusumisiasfivnindn vhldiseazidonvesnmios (Low
Resolution) flaxiildAaszilusuneusioll seiuluunauizadenldnnszunulniands
audunu Tagviinisduiinaindlgndes CCD wiouinn1smarainuauiinisaslngld
VANNISNAINANHENILES (Phase Difference) se31a p-polarized wae s-polarized &
LaAnIfagUR 2- 18

- polarized light
oL Back focal plane

s- polarized light
Objective lens

hybrid polarization y direction

—

= ainl
x direction f /s /D
ANEEEREN
(N) yuNDINUUY () LHURIN UL

UM 2- 18 laudlnainguazamszuuliianduaud [5]

INFUN 2- 18(n) wanafiAn1en1sinanlsigdurodnas MuLuILNLEeY (WY
X) WAZAMULUILAUGT (LAY y) VBINNISZUUINAAVSUAUE FUAAINAIINTEYAIVOILET]
agveunduiiuivauaudlndian Fenmiszurulniandiaudasgnuiaciseiniuas
A & o 9 s = & | = = a
Weatdunnszurulndanduaud 9 ludiulsznaunilavesszuiuaau (Plane-wave) ien
NIENUUNTARVAROUTIYNUENDBNINAY
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Piezopusher for
phase stepping

A
Y

Mirror

Polarizer
BS ;

Yy
> Relay lens 1

Pigtailed laser diode

#3> Relay lens 2

CCD camera at plane
conjugate to back focal plane

JUN 2- 19 Tulasddulediwmesdmsumsnisawnunaues [5]

Ul 2- 19 uanslaezunsunndoudedldlunisnnass tngluunaiud
Fonlduvasiuiauasuuiaiesleleaifanuenaau 670 uiluwns waziaudlndingd
YUINTIULAS NA=0.95 Fagufi 2- 20 wansAusinafsnasgIuvesianmaaey 4 vdn léun
794 (Au), ¥8n1 ¥se Taneulneanten (SiO,), aqﬁl,ﬁw (AL tag Hu (Ag) %QLmuuamﬁugm

ANNTENUTBILET wnusaduyuaas
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naaeufiefarsaniinindunisueniy 2 et e msfinmanuduuasdildfosninudy
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Fawanisvaasakanslifiuienisnszanedivesduasiiiondn Phase
Distribution Lansfsguil 2- 25 Faunusabudnsiiou Geidrsewing —x 89 n B9 Phase
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Phase-shifting Interferometry [7]
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=

Inndnusatuiivihnsdnundeyafsrtunismainuganisiuresisiuiife 4
Suduiiunan “Tribological Testing Technology for Sub- 10 nm Flying Height Recording
System” [8] Fadunisnageuiumsuddivuinuszaia 10 wiluwns F955UUnSMIAT
Augenslunuuiinaglinisinlaeldndnns LOV Fdliaansaiarniugueseninfiandd
fvun 10 wilueg ideldnanimemeamnaiineding 1 Aldanedosinraiugns
Ju Fléun €SS, L/UL, AE, TA Hudu %ﬂLv-ﬁ'awmaaummmqamsﬁmamﬁqgﬂﬁ 2- 26
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MnunaNfinan i lsifiunhnveaniemagouindeugansduves
WI81U %ﬂumsmumﬁ@mmmqamaﬁumaaﬁaémﬁé’i%ﬂé’ﬁﬁLauamem “Normal
Incidence Polarization Interferometer for Measuring Flying Height of Magnetic Heads”
9] \unssrusuAsmsildlunmsmaeugainsuvesieiueninaarn Tnglidumesine
Tsfiwasmnuduuas (Intensity Interferometry) wazuuudumasinelsiwasinalsisdu lng

LA38YIALUU Dual-beam normal Incidence Polarization Interferometry lasisie100AU09
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WALATIADILUUNITINDIA8AUY FuAsasTadaiuisainan Pitch wag Roll vasauls @4
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JUN 2- 27 1A59a39N 1540008 YBuATR InLUUADIA LAY [9]

1alun15NA8DINIAIANLLTULES (Intensity) WAEAIUAILNAVDILAS
(Phase Difference) inlalngn1sldarayinsdumuasndudouvesdlanasdaguuiigy
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JUN 2- 32 WuRue4 Air Bearing Surface Y0 uansnfan [11]

SUT 2- 32 uansiiufinued Air Bearing Surface wazsunslunsindaagi
U3hal Pole Trip Gauanadisgy Geusiaa Pole Trip Wuvdhaimanzaslumsindosanidu
Uinaiidiuifideu wdnfuuinadgnesnuuulifdlunisnaaeumstaamugenisiu
voavae1u Feunarwiuandvifiuisninusudouansnmeesnisinniugenisiuvesia

shuiummL%’giaUﬁLLmﬂmﬂﬁuLLamé’qgﬂﬁ 2- 33
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JUN 2- 33 Fin1sfuveaiieuiianuiisevvesruiufindoyaiiuansdeiu [11]
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2.5.3 nudseifeadasiunisiudedeyainuluslareaduaiii

Inendnusatuiuenainnaniinameiauauifniuands findnis
nszvaumstumsivdideyanuantinisasnnindeslilasdavlefimes Udwdinedos 4e
ﬁﬁqﬁwﬁ’mm’tmﬁ s‘i'iﬂ%ﬁ']@mauﬁ’amaLLaﬂ,umsaameLLazmaauﬁyuﬁ’; Air Bearing
Surface wagirmnsfdemynisiamsduresiisiu Sdunsivdsteyaluinednusatiuil
Judenltaulusinroadumiiifl delunanuinanismsldnulsinnoadumiiv Gusu
A28UNAIIL “Design and Implementation of a Reliable Message Transmission System
Based on MQTT Protocol in loT” [12] Tngeuddsiiiiausniseanuuunagldamunisdy
derinldslameaduiifiidamuindede Inonisldnuluslnaeadumiiilunisquaises
msdndrfutermiigninds Inefinsldsmddunisdadoya (Sequence Number) Tnglu
nnadinnsiudedoyaagsnisdafudidunisddoyafulilugrudeya Saiuasyinng
nyv@ouauteyaneunsUsvInana JafiAnnsaduddiunisassyuuazyinnsi3esddi
TndieunisUssinanasslu TnglunisWaundanlsd Mosquito MOTT Tunrsvimindiduly
snineslunmsuimsiamanisivadulusinneaidufii fwideiandiiuanuannse
vosluslaneaLdumiifitsannsaussgndldfiunsdnarduteyalunisiudsieunds delym
Fananiuansssgud 2- 34
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Server

A 4

sUfl 2- 34 msSudsdeyataianisadudiidunsastorny [12]
yonanigsiunanmiientumsldmilusinneaidumiifidnandnisuen
ﬁaL%’Iaqimmﬁmﬂdmmﬁaﬁaa Tuunarn “MQTT-Topics Management System for
Sharing of Open Data” [13] #sf3deldinausnisldszuuianisdozesinulusinneaidum
7 (MQTT-Topics Management System : MTMS) %qﬁﬂmi%’@miﬁaL'%@ﬂﬁ%gﬂm% 1n8nIs

IANGUITDINAN UALIINTDIT09 FIRTIN 2- 3
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gﬂ‘ﬁ 2- 35 lasvadansidiouriaves MQTT-Topics Managerment System [13]

venaniifainisuszgndldnuluslnreadumifisuiunisnunuues
Tuunau “Study of using MQTT Cloud Platform for Remotely Control Robot and GPS
Tracking” [14] tnausnisltauluslareaidumiifidmiunisauauuazdsauyueudly
\sesiiuazinmunisindeufivesjusudmedoyannifitea ds91nnanismaassfideléin
myinvunnvesddsiltlunsdaaznaililunsdsanniedesaesiiamosnnmludniueus
Fevurnvesidsivun 37 lud THhands 032 lulasiund Tuwaziideya GPS founn 113
lud Tnanlunisads 5.62 lalasiunit dafideidenldulusinoaidumiifidesanivuin
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YDILANNATILANNIN FeAIHA ATl UN TNt EAUVLIARANLNATLENST TILATIAS19INT
YRR DUATH I UYL UARARIAITUN 2- 36
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UM 2- 36 lassasinisieusenazdanuviueud [14]

drudnunadiuitiauls Ae n15AIVANLIUNARAAINNTTY U
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vYa v ]

Protocol” [15] a3 UNaUaN1TAIUALKEIFUNANITNLIUY UEUARAAINNTTY

Y

W1uluslanaatdudaiiv Fadddewauidiufndenudldauriuivdunesiva lny
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1INFUN 2- 37 wansuvuiueudgnaInnssunildesde 6 Yose (6 DOF) &4
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3NJUN 2- 38 wansseegiiatnidlunisiudedayaseniteneuiiines

LaguIU L UAgRa NI TY Laadidevinisnaasuditeyaindlauiudei ey

1381 1248 w1 lagvinrsdeteyann 9 1 Wil wudrAafuvesszeziatilyly

n1ssudedenaysrannd 0.3196 U7 wagluunaatuganignaafanisidseuiiiey

[y g A a [ v @ a aa « .
n153vdedeyadu q Wsudunislderuluslnaealdu@aiii luunaltu “Design and

Implementation of Mobile Health Monitoring System based on MQTT Protocol” [16]

Wauen 1 sSudtayaaun I daygnanieuse q aeluaniuneiuia laedeyansuddlaun

vl Aya v uazdgyin ECG 3evayans 3azgndalaslulasnoulnsaiaed

STM32F101C6 GT}QImqa%’NmiL%awiaLLamﬁquﬁ 2-39
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Ui 2- 39 Tassasrsmsidieusieszuy Health Monitoring [16]
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lUslameaidu@diifl Aulevifii wag LONGLOURN Fe0Burefamsndn 2- 4 Faf3duds
o = = v v 2 a ao ° b ¥ 1w

maieuiisunsiuddeyavulyslaneadudiiifilasimunlivuinvesdeyaiideiay
11 4 Alalud Teeviniswseuiisuiunmsiuaunmnislyiusnis (Quality of Service) 114 3

Uy velusianealdumiiv Jsmadwsvesssazialduansdsgud 2- 40

M19197 2- 4 nsSeuiisudeyalumssudstayavedlusinnaasiinig o [16]

Protocol Packets Bytes Packets/s Bytes/s
HTTP 424 196471 0.654 332.35
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JUN 2- 40 M3FudteyaresnanmnisiiuIn1sye 3 wuu [16]
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'
va o

FUADUNITNIAIAV RN THNLEINF U aUsalY FININNITaENoULAI DI URINTINEIe

Y

¥
=~ o

v y X oA v v dll Y = i = aa a sa v
9]@QﬂqiﬂﬁqﬁmULW@TﬁLUUﬂr]WG]ULL‘UULW@ELGULELJiEJULV]EJU?qLﬂiaQVL@JIﬂﬁaaUIGUNL@@i‘ﬂﬂﬁqﬂﬂUN

ameanuduLaEngndewmield ieiagmiiunisasidludunausaly
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lumsdaesnInnsasyieuvedwa K3dgdnaaimsviaulagldlusinsy Matlab lag
Thaums r, wag . iomnsaeuaniassenitesdUsznauiansduanidiaumsi 3-
2 @ 3-3 [17] [18]

Y nk” cos0 — ynk” —sin’ 0 (3-2)
’  nk? cos0 +v/nk* —sin’ 0

A cos0 —v/nk® —sin’ 0 (3-3)
" cosO+/nk? —sin’@

Tagil
0 AD YUANNTENY
nk Ao AATEiNISANLLATYRITER
rp AB AINNTAENDUVDN p-polarized
rs Ao AINT13ELYIBUVDY s-polarized
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3.3 LUUIIAINNAfInA1ansvaelulasdaulwlinasnlddumas e ls NI uU

doulwanlswu
v&andildnmenaduiailinnamssuulniandaaudud gidelsinisas
wuusraedlulasdavledmesailddumasimelsuniwuuideulnanlsiedu Tnogredaiu
Tnssadrwessninuiivenniodlulasdadleinestavsinnisadnetu Tnssuideiitinisde
gunsalfuduaudlnadngluguuudivaweundiunlowad (Babinet-Soleil Compensator)
LARIFaFUT 3- 2

Eo Er Camera

Analyser

7] Objective Lens ]

[
|
|
|
|
|
i
[
|
|
|
1
|
|
|
|
Babinet-Sobeil Babinet-Sobeil '

Compensator Compensator

UM 3- 2 samweunlualead

213U 3- 2 guUnsal Analyser Tuililldmaainasiainan Feviumihfiuuinifines
(Retarder) voawad wioviliian Rs uag Rp winnnsidemlaniauas (Phase Shift) eanainfiu
Tnglulassadnesninuifvanadoshilasdaulefmesfinauniu luduvosienseuidiun
Twiad avUsznaumetaudlnddrnuazgunsaitondias (Beam Splitter) $112u 2 i1 Lilo
wonduasnduindauaddsiluannssnuiifanmaaey waziilouasgnassiounduainian
yagouazgnuendnaluiodilusmaimesiainansioly Tasgunsaluenduasaunsndoy
ToglugUvesiuvindloud faunmareluil

A5 iB, 0
BS =|iB, A~ 0 (3-4)
0 0 1

Toeil AT = cos%"iicosZ(l)Bn sin%“

B, =sin %“ sin2¢,
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0, Ao yivhnsugu

n

o, A9 3M3LADTVDIFITALYEUNDLUALDLAE

Falouasnuvasnidauasiuaudlnding wasannsenuniannaaoundl wadae
gnazvieunduainiaavaaeunduuniiaudlnaingdnass Fauas a gailgnimualmdu
nnwaslniiveuasiignasgyiou (Electric Vector Reflection : Ep) lagaunis Eg kansa

AUN159N 3-5

E, - R +R. cos2¢ (3-5)
R*sin2¢

= + i
e R*=r_+re”
R k) sl

¢ A9 WsloxByNNIAANLNY X

91NANNISN 3-5 WaNasanyuagdyni 45 aern @dlugriauisvesasedlulasday
ladiwes agvinsideniduasluiwidungiesudn 45 891 Falrunldasisninanuduueas

= | { =~ o £y | T | 4 v
wuvawan Fananiluuni 4 Geiliwiuags ¢ =7 baginu R’ uas R 8l

o~ [r“ _r"em} (3-6)

L in
I + r.c

nAuandiendnyalyesesssass (Euler's Identity) na1ilidne”™ +1=0 Aqtu
e = -1 wnuatluaunisazladn

E, =[E”jj (3-7)

1aen

a* ) at|
3
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(%
Y

9 1 waz r udunuddou (Complex Form) 3903AUsznauvetuationaniy

audlnding (Objective Lens) uaiazdlguiuunsaunisn 3-8

Obj_x_1 I +1
E,=| o~ _| =T ;
R {Obj_y_l} L _; } (3-8)

K (o}

NUN3NGLaUd (Jones Matrices) voalwanlsiwasi@adu (Linear Polarizer) any
WUILAURY (Y- Axis) @unsaieulamaaunisi (3-9)

[ peties (3.9)
o= _

WATALNNTNITUSULNY Fast Axis 999A70u005wan F9aiuisaasuielalaeldi
P3NGLAUF WWEANUTTEUANNNSIRIENNIST 3-10

(3-10)

QwP

| cos’ () *A +sin’(Y) A, . 1sin(27)*(A, - A,)
1sin(2y)*(A, - A,) sin(y) * Al +cos(y) * A,

1aan

y A9 MIUTuLY Fast Axis U83AI0I005 1 NaN
0 Ao yunnnszny Begnimualagiaudlnding (NA = 0.95)
¢ fo yulnarlsd Fsluanddeiiinenldn 45 aem

[

WAUAT A; baz A, adluaunisy (3-10) azleraanseadl

1 1) » 1 1. J2sin(2y)i
\/5(5+51jcos (y)+\/5[5 21js1n ) _

2

V2 sin(2y)i 1 1) 1 1.).
_ \/E(E—Eljcos (y)+\/§(5+51jsm )

R

Qwp =

2

ND) + i\/acos(Zy) i\/zsin(2y)
2

2 2

i~/2sin(2y) 2
2 2

i\/Ecos(Zy)
2
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L+icos(2y) isin(2y)
2 2 2
" Ry isin(2y) 1 icos(2y) (3-11)
N5 N

naRINkasNgnasieundy E, Jaiuadamaiiinan waslnailsigesidadu

= a ¢ ] . . A Y 3 ay v
aunIalgwun3ngnisdeiu (Matrix Transformation) wielvildaunisyesuauodinniile
UAAIAIANNITH 3-12

E,. =LPxR, xEy
r 1, icos(2y) isin(2y) — =
— 0 0 \/5 + \/5 \/E rn + ro' (3_12)
0 1 isin(2y) 1 icos(2y) F Zh_ F
y A\ [/4Z/ "
[ 0
EO“‘ = 2R, 2R, A2R_cos(2y)i | ~2R_cos(2y)i , ~2R_sin(2y)i | 2R sin(2y)i (3_13)
5 — I B 2 + 2 R 2 + 2

dlofiorsan B,y Alaluaunisd (3-13) wuitluusasiveu Ae LLﬁﬂﬁQﬂﬁ%ﬁ@UﬂﬁULeﬁ’]
iniaudlnding wwdiumnnsgnuiausiyn 0 ot Guannsznuiidaaniutaguagey) las
LaANNTENUAEIILELNATR uasld Beuansfamsned 3 2 Safidedoansuasdifiyumn
NSENURILATIRATY uaﬂmﬂﬁyﬁqmmmmumﬂﬂivwwmuaﬂuﬁﬂmamqﬁi’hm Tngly
Complex Conjugate Womuasmnnsenulufiemiesig o muuwwﬂwmiwaaﬂL‘Uumau 9
Mndurinsnszaemen i ulule faudu Complex Conjugate Yo uNoUTY ‘

o ' v ay v Yo
A1319N 3- 2 ﬂ']ﬂ'ﬁﬁ%%@u%aﬂmiﬂﬂ']ﬂLauaﬂLﬂ 01

2R, _ V2R, cos(2y)i

A oY 5 D 5 +f
_ V2R, il V2R sin(27)i

_ N2R cos(2y)i < N2Rsin(2y)i

ATl 3- 3 miﬂszmamamaqmiazﬁamaqﬁLfJuiéfﬁLﬁﬂ%quLauﬁlﬂﬁfmq
Y, =AA+AB+AC+AD+AE + AF
Y, =BA + BB +BC +BD + BE + BF
Y; =CA+CB+CC+CD+CE+CF
Y, =DA +DB+DC+DD +DE +DF
Ys =EA+EB+EC+ED+EE +EF
Ys =FA +FB+FC+FD +FE +FF
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=i v & S v & o
NA13197 3- 3 wandliiunisnszanemenvesalululsvoun laenisinn <
WMeNANAIEAT Complex Conjugate YBUMNBNTIY 9 IMNUUNINITAMNTEIELTNB A MALAIAN
nsgnuiigusing q Adevuluaudlngdng 9ntuun v; 83 Ye filaunsauiuagle wasvayumn
& & [y, Qq'
nsgnunauamduldle dsaunisi 3-14

" EBFP =Y1+Y2 +Y3 +Y4 +Y5 +Y6 (3—14)

AINAUNTITN 3-14 LUDULNUAT Y, D9 Vs N0 NAANSWANIAIAUNITA 3-15 T4
U52NaumuniAUsznourauasiiyunnnsznusg 9 dsdsznaulumemeniniumiai waz
wauMdus T

L R_*cos’(2y) f R_%cos’(2y) \ R /) B> » R *sin*(2y) " R_*sin’*(2y)
2 2 2 2 2 2
R._R_e e RR ehe ™
2 2
R_R_cos’(2y)e e
2
_R,R_cos 2(2y)e’ e RnRG sin?(2y)e "r'e™! R R_sin’(2y)e™'e ™
2 2 2

—R_*cos(2y)sin(2y) + R’ cos(2y)sin(2y) —

+R _R_sin(2y)e "'e™'i—R_R_sin(2y)e™'e i -

(3-15)

v

INEUNT (3-15) 111N15IANGH uazuannausng q nfgduuulnaiAgaiuasil

ﬂ’lﬁﬂx‘l‘ﬁ 3-4 msé’fﬂﬂzjuu,azu,ﬂnmamaaqmnnswwmLLEN
2 2 2 ;2 2 2 2 Or . 2 2
R, “cos”(2y) G R, “sin”(2y) 2 R, . R4 cos™(2y) G R, sin”(2y) > It
2 2 2 2 2 2
Ar=-R, & cos(2y)sin(2y) + R 7 cos(2y) sin(27)

A=

R,Rye ‘et L RaRee 8l
2 2
Aq=-R_R.sin(2y)e Ileasii LR R sm(2y)eaple_asii

A3=

R, R cos’(2y)e P fgast = R R cos’ (2y)e’ e 8l

As=+
’ 2 2
Ag=— R, R, sin?(2y)e P'els! _RiRs sin?(2y)e”'e %!
2 2

¥

Nnausi 3-15 1Wuaunsvesuasiignagiieunduanianuiiaudlnding uazuas
fildazgndsdelufimainesinimaniiiouiuimsinesvosuassiely neifloviinisinnga
ammﬁaqummﬁﬁwﬁ’u AB Wad Ay, Ay, Ag axwuiwﬁmamadﬂmaﬁﬁgu 2y ATy fa
aun1sf 3-15 Tuvefidiothimen As, As, As 1152088y Wudwﬁmamaﬂﬂmaﬂﬁgm

4y \ARTU AIEUNISN 3-16
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B RG2 sin(4y) an sin(4y)

E., > 5 +R*+R*-R R, cos(a, —a, —2y)
+R R cos(a, —a +27) (3-16)
R R, (cos(ap —a —4y)+cos(a, —a +4y)+2cos(a, — as))
B,y =- (3-17)
2
ffianTaNUMe 2t Wasiney 4t nundwenvedlagnguddaguniegluuves
cos(ot) & 2y waydy Hunsideuuvasdernud wvenantiudusinmsdeunad

= =

\WNnTureeszuy Falaun a, —a, Tules

L

g
Raotation angle of Q1 (degres)

8
1 (egrea)
8

©“ B &8 B B

-
350 00 250 200, 1501 100 50
Incident angle (degree)

o

B/ 00 980
Ingident angle (degree)

5102 Au AlTIC

Incident angle (degree)

i v o av oy °
E‘lhﬂ 3-3 ﬂ']Wﬂ']ﬁa?dV]E]‘NﬂaUGUENLL?NV]"LG]';\]']ﬂLL‘UU?]”Iﬁ'E]\‘i

Feazfiudnne 3 aminisidsunias ¢ ase (Auadne-anuiia) Fanseiunis
AnTgnnsasuLUawuy 4t lagn Au deisuiuunisiuasundad 4t lunnuaivesieya

LALUIUER SO, waz ATIC An15tUdsuwlad 4t N9aLauen el uLaINo8guUSIUATINaNY

U

] 3 i ! I ! = N PN 13
Wt WelulaRdIuUulazaduaslinsitdsullasilidniau



uni 4
lulasdaulasimasnigdumasinalsunswuutaaulnanls
LAY

4.1 llasdauleiinesnliBunesivslsumsuuuiteulwanlsiodu wuui 1
Tassa$rsmsidouselunuud 1 unimaaadludisdunisresided dedunadily

duvsznevvessivawsudiualuad axillassaafiortugud 3- 2 Fsludiuvessvaie

udiumluiad MHdumemesinmiwan Q; Wag Qs daihnsusuyy Fast Axis Tufiyy 45 aaem

Sample

U 4- 1 laezunsunsifensegunsniuasvaslulasdaullmesiminmuntuluguwuun 1

Mnlassadismsidendegunsaluadluguit d- 1 1Jumsesnuuuiaioslulasdadls
fimeslutesiu Teazuszneusnegunsaling uwandlulnezunsy lnefiazigunsaineimesion
man Q; Q. gunsalusndas (Beam Splitter) waglaudlnding weaadumvaveud
walgiag (Babinet-Soleil Compensator) @uauuurdlnznsnusznounIgLmaInILia
Laedu12 (White Light Source) wazndos CCD1 ieviminiiusulnialdfuiuauuaziaud
Tnd¥ng Tnoflaud L, viwihillsldanmszulnfandaaud wedslifundes CCD2 1ile
tufinnm wagihluhmsimssimedsinsinmuasidudousely Tnglaezunsuvesly

lasdauleiimesiuguuuuil 1 asvimsduiinnin 4 Uuuy laevinisusumiamesiavinan
n 3t  37n o

o [ . { T [y ° =3
Qs lagvinn1sUTuy Fast Axis lﬂﬁagtug 3 g g M 1AgyNNISTUTANAIN
Qg.’l dl o

ANULTLLAINNASININTUSULN Fast Axis AauagynilanInan Iyl ls ,ls auddy
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T
4 8 4

T
8

JUN 4- 2 mszuulilAandaaudilaannisusuaiamesiavinan

PNUUININAL 4 IATIUANENN1ST 4-1 Wiiviinismyaaasi Jsaziiuleing
NSNS 4 WnsTineednansveLunIng nantuIninswladlieglusuves
HaAaA"

e N AR (4-1)

HAGWTVBINITAUIUANANNIT 4-1 FglaarnnasluaI ey Fegideses
o = ~ 2 ) | ot e P v a v @ 5 )
MN15MnRnan9vesIl Feffemunidaidnnagalunininag1nle va3a1ndusi

N15A1NLEUIINIANINAIVBININUINUTLIUYBUAIN Beasloldudeyanininulas

'
=

nasanduidndulasnladngnszuaunisusuldulas (Curve Fitting) sWen1AINAS
EOULNATENINY Ry kAT R, U93uad gevililaaiavinisininuasidudou (n,k)
widsnaslukuud 1 Hdeidede TuprsuiAiganinaisuesnin lildidudumisiied
USLIUATINATY WARBINIAMLNEIUITINAINAIRINMIUNUA A Nganaw wanani
= v v A ° < i A ° = Ay oy

n1sideniduldsnasihuindens luainisaifenuvuiivuayuiiaileiidasainain
war1la (u1easasennan Phase Map) lilasipnauausiasivideugunisiluan
w1y danalifesyinnisidenAMvuIzauaInnIn Phase Map #la vinlwasnisi
a Y a 1% = o a Y =

Wadeianatalauin FeduwrAnlunisusudasunssuiunislun1sninin Phase

Map wagnismulameaadnisinmiasidudeu lagldisnislusduuui 2

4.2 lasdaulefmasilddumadinelswniwuuidoulnanlswdu wuud 2
iuiﬂ'ﬁqa%fwmsﬁamiaqﬂﬂsamaﬂugﬂu:uui?i 2 %Lmﬂsmmﬂgmmuﬁ 1 M59EIUYBY
Frwmapurduslaad Fuhnmsdamemesianan Q, uwaz Q, senluilesainnisusuuny
Fast Axis vavisaaasavlildasm Fast Axis ieafunislilamemesinninantisansialdvh
nafngUnsaifaansoanty uennidsfnevhaninan Sudugunsaidldlunisusuimg
wosvauas Iindaifissmaimasivinandidien Seausaviinisusuimsnesvenasls



53

Fslassaanisidondeveaaieslulasdavlefimesfilidumesivlelsminuuidoulnanls
Wt JULUUR 2uanadisguil 4- 3 Taefisuvesiuedesludiuvesnsinadviinstnmua
uansegUil 4- 3 lnerunsunsdeusogUnsniuasedlulasdaulfiwesfimuntuluguuuy
7l 2 lnsunasiidauasdiliindosdidu-Tosuaiwes (He-Ne Laser) Jadunasawosuuyl
vin1stna1lsd (Unpolarized Light) fiflanuenindu 632.8 unluuns wasawesuuulivi
nslnanlsdgnudasfuuadinanlsdlaslilnanlawes P, wazuasiignlnanlsdudiazgnauunn
vavesdnandliigitu Tngldgunsalusnsdiuas (Beam Expander) BX; vidaanniugiua
iuludnaudlndingiifuszansaings esandunuusiuuassuinlvg (High
Numerical Aperture)

! vV f

Noh Wm N

})2 Ql L2 Ll - He-Ne Laser
900 O Biconvex Biconvex E E

Motun'zeo =254mm =50mm

0—360 o

M Plan APO150x 0°
NA=0.95 @
e ey
Sample

Material

JUN 4- 3 lnezunsumsiwendegunsaiuasvaililasiuliilinesiimunvulusuuuun 2

JUN 4- 4 lasamsmsideusisgunsaluasvaaasetlulasavleiines
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1n3UT 4 3 ledgunsainisuasindeniulassaiieildeonuuuliud
wansdaguil 4- 4 delunisesnuuuiadeslulasddulefineiyai desinisoaniuy
THusendaiuilunisadraieswnan dadesdesgnirlufadelufiuiiifauin
sialiauisaideudelassadradunundunseld dufulunisadraniessniu
%ﬁaw‘iflLU?{aumiL%au&iaiﬁﬁﬁﬂwmmﬂuﬁag 91nN1sTReuUULdunse Tngduan
wiastdanasated wazluauiidunuindss CCD2 Tasffunuinisnagouas

9guUTLIMAIUNANT FaNfAemunfiIua19v0RIgTuLeY

n) wudlndTngildlunisveass ) FNUINITI
JUN 4- 5 wudlnadngildluaseddulasdivleiines

n3U7 4- 5 uanaaudlndingnldluanwided nIeuduluun 4- 5v uansdumia
oI sIndaanasey Belliszueinitosndt 1 dadwns suillasnnaudlndingnldlunis
NAaeetlans 11y 150 1Windsinliszegyinau (Working Distance) TunisiwAanmilsyezvng

NUpENIN 1 LAAIAT

. Quarterwave Plate
Focusing Lens Ql ccD2
-

CCD1

HGA loader

\ Beam Expander
BX

(M) Tassasanisiweusiogunsninnauas (v) NARILATYALIAARIEIY

‘ He-Ne Laser

JUN 4- 6 duvtuazgunsaling 9 Nldlunismaass
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ﬁwé’wmsmauaua“lﬂé’i’mqéf’sﬁ fio 150 wh Fetfuruinvesduas (Spot Size)
seflvwintiosndt 0.1 lulasuns Fansfivuievesduaaivuiadnsiliaiunsaiamea q
vuituRafiflvumEnld Wy Hgwersanar dediufivuin 50 x 50 lulasiuns Tnsdn NA
vonaudlndiagdldfiawindy 0.95 Fuiliannsomanmmnnssnudaud 0-71.8051 asan
Fadaldannaunisd 4-1

NA = nsin(0) (4-1)

ndsnniuduasiignasfouninfaameaoundumdnaudlndinguazsiiy
seludagunsniwonduas (Beam Splitten) sduasdrumilavzdsludaaud L, uaz L, lngi
Fundswosnaud Ly waz L, ssgnaealilailiiadeusl 41 Ly uay L, azvihmthillifann o
Munanmieguitarheiaudinddng fignidenin amszunulifandaaud (Back Focal
Plane) W3038UUNI385 (Fourier Plane) al duasdildngdannn Ly uay L, Avualidu £
nErnuduasszuludmyunieinesianinan O, uaglnanlsiwos P, audidu u
Tunougainendes cCD2 Viuthitdenmsuasiiiulnalaiges P, lasivsumewmedio
man Q; 9¥NISLINNYN 1-360 83 LilBUTULNLLAS (Fast Axis) Tafindes CCD2 oz
yihnstiuiinnmmn 9 msuSuygsmyuasaryumetnesiivinas Q; Insluna 9 amign
Gufinaggnvinnistudinuenesnilu 4 dau musuadunsuseyu 0, 45, 90 uag 135 vesly
WiaznIN

4.3 Jumeunaznszuaunsvashilasdaulefines
ﬁqmume%umaumﬁl,mwﬁsﬁa%aLﬁaf-ﬁ’wmmmm n, k 1N ndlevinnstudin
Tnendes CCD2 uanssegui 4- 8 Tnsdusiludunounsnssuuaginissuiinnmainndos
CCD2 mgyinmsuvasnmandlmduninunaim (Grayscale Image) lngaiataasianinan
Q; Azgnuausausas 1 — 360 a3 TapUiusmniay 1 os daiulunismen n, kTu 1 ade
2wldinmann €CD2 Fiamma 360 A Fanwdtldannndes CCD2 wansisgUi 4- 9 Tngluus
aznmazgnidondoyamnuidutamiuuundunguss 45 ose lnedeyaignideniay
Fomindu Wudeya (Data Line) ludunsudaunidudoyavesluusiarsuiis 360 U azgmns
Tuwwandn (Column) Bessofudaudvand 1 81 360 Feagldsuiiondtnmarudunas
LuUALAN (Stacked Intensity Image : SII) @stumaunsassnmlnemadoadutoyaveagy
4 360 5U 989%a9 SO, wanafagui 4- 12 ndsaniuhmameiveanindeusaniauag
(Optical Phase Shift) waazyuannsznu agldivaianisudasyiseswuulsa (Fast Fourier
Transform) Ingludumeuthinm si indnooniduwan o %dgﬂﬁaﬂdw Horizontal Line 361
msideuansuasiignAualagldnisuvasiiesuuuiswosusyunannsznuazgniian
waondunsm Tasuadwsildainnisutaslizes Ao yunas (Delta Angle) Fsianensvas
yuaaguansiagui 8 Tnefiuinadnfildusznousmedygyraniinsiasuudaaawuy

U ¥ o

dunau (Transient Impulse) fatuRgyitn1InIdanIsiUdsuLlasasuvdunauiloanld
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Ingdunouisendt n1sAuguila (Phase Unwrapped) Ingiilamdnnisiuasuwdasnawuy
dunduua asihdeyailiudidnszuiunisusuidulds (Curve Fitting) Wiewnan n, k

() 431 0 B3 (9) 3yu 45 837

(M) 331 90 B3P (9) yu 135 89

SUN 4- 7 N15USULUURIADLM BTN NARTINNG 1S 9

Get Intensity
Image from CCD2

otate Azimuth Angle of
Q1 to 360 degree?

Complete

A 4
Azimuth angle + 1 Rotate
degree

vy Get line data at
45 degree

Get line data to column
in the reflective image

|
v

Convert Horizontal data in
image by FFT

Filter the Delta angle by
Sine&Cosine Filter

v

Unwrapped Signal

v

Nonlinear Curve Fitting

v

Complex Refractive index
n&k

End

UM 4- 8 TumauN1sUTEUIRNINNIGUEN



57

N30T 4- 8 uansdunountsUssInaran LAt tnsludupounsnasi
amilldaneseslilasdauhines fairenmanuduuasildanamszuulnfandsaud
vonaudlndinguuitgnszuiumsuszanananimmauas Janmensiduuasilaiaenm
ntidnvosdiuas Faasdidnvaundunmanay Saandugud 4- 7 ndenduasihamd
I¥anufuguvesmawmasianinan ievhnsuiuinminesvesesdusenounas dvlunnadsd
MNSUTULNvRIRIBLmRIINEA (Thmsusuataar 1 o) agldnmannuidunasiienu
uaneing 9 fu Sanuiseiidenldnimarudunas ewgluundunsuenuud 45 sam wwi
maleneimaguautimuadutunousioly

Nikon M Plan APO 150x
NA = nsin(0) =0.95
0="71.8051°

JUN 4- 9 HUTRYANIRININNANAMILTUUATIYY §=45°

203U 4- 9 iWumsihaweudunasiild Gaignwnsiusuina Tnsnuided
yhnsinduteyaueIn MANLLIEUMELENLT 45 83 FaffiansanyuNesiuUL (Top
View) 183 amszunulniandsaud aziiuladnlunniingaveininenuduuadaziingin
Msuasiazviounduaniaguadey wazasipuLandumnaudinging denenuaidives

wudlnainguasazgnuanaanlunuyunnnsznusn q Jufanmszuuliiandsaudyu
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y =110 360°
Rotate QWP

Fast Axis

5UN 4- 10 MsUuyessnesiagldniamasianinaniiyy 1 s 360°

U 4- 10 wamensuTulnuuatlagldmaimasivinan Bsagvinisusugusud 1 fia

360 93A1 FaNf 1 sauveInIsuyu lunismsusuyuvesmiamasiavhwan Wunisusuuny

wae MSend1 Fast Axis Fudunisusuinisinesveuas senineesnusenauvas p-polarized
. = o v o A a 44'

waz s-polarized F9azvirliesAusznoUVD AN UANNITIADULNANIIULES (Phase

Shifting) Famaetpastavas Q; WudiuUseneundnae i liinnINALLTLLELUUALAN

(Stacket Intensity Image)

450 L0 -anl: VB T T T “ v
ol

08+

0.

>

1

‘ ‘3 |1

l til‘\lj' /

o [
i

Intensity Level

04 ll j F‘ [

I i/ [

1 A A o &
) ANNWANULVULLEINLUBUITUAIDLADILIN

wan LUy 0 9eAn

o,
vy

Iy
|

i oL

R
02 ﬁ || \Ii ‘\"-‘r‘u \\ i i
I U I

W

00 L—
60 -40

-20 0 20

Incident angle (degree)

40

60

) LEUTYaNIMUUILEUNZLYWUT 45 DA

JUN 4- 11 nandendudayailaannnmanuduuasiym 45 o9e

3N5UN 4- 11 lletdudoyaniuuuinglesyui 45 a3a19laainainadny
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k=0; % initialize k to 0
i=1; % initialize the counter to 1
alpha=pi; % set alpha to the desired Tolerance. In this case, pi
for i = 1:(size(u)-1)
yout(i,:)=u(i)+(2*pi*k); % add 2*pi*k to ui
if((abs(u(i+1)-u(i)))>(abs(alpha))) %if diff is greater than alpha,
%increment or decrement k
ifu(i+1)<u(i) % if the phase jump is negative, increment k

k=k+1;
else % if the phase jump is positive, decrement k
k=k-1;
end
end
end
yout((i+1),:)=u(i+1)+(2*pi*k); % add 2*pi*k to the last element of the input

U 4- 18 Fanesiiuvasiinsaanuukuumey uaglawes (http://www.mathworks.com]
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wihuendeyandunnduen n, k Jslaezunsuves Node-Red wanwiaguil 5- 2 Faagien n,
k Alglundendunsm Fuldnuauisonsiaaeudoyalariiuuinisiiu (Web Service)
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Abstract— This paper presents a back focal plane
microellipsometer combined with a polarized shifting
interferometer. This system is used for the determination of
optical phase shift on reflection of a slider’s air bearing surface.
These optical properties are essential parameters for the flying
height measurements in a HDD manufacturing process. The
resulting phase shifting images were processed by using
Windowed Fourier filters and phase unwrapping techniques, in
order to precisely determine the phase of a back focal plane
image. The phase images were then used to determine the optical
phase shift on reflection values. The results from an aluminum
sample show that the measured optical phase shift on reflection
values are comparable to the standard values.

18 INTRODUCTION

With the increasing recording density of the hard disk drives
(HDD), the decrease in magnetic recording bit size and the
increase in recording track density requires that the slider and
read/write heads fly at almost contact condition with the
media surface. The flying height between the heads and media
1s currently in the order of sub-10 nm. Although, in current
HDD technology, there is the feedback control system to
ensure the optimal flying height of slider, the requirement of
the absolute measurement of flyng height distance 1s still
essential for the validation of the air bearing surface (ABS)
design. Up till now, various optical interferometric technicues
have been developed to accurately measure slider flying
height. These include a white light interferometry using color
distribution [1], a homodyne interferometry using interference
light intensity [2], and a polarization interferometry using
rotation of light vibration plane [3]. Measurement systems
utilized these methodologies are in commercial use.
According to the current technology of flying height
measurement, the attainable precision 1s about 0.4 nm [4]. The
demand for a FH tester with better precision i1s becoming
critical in order to support the slider air bearing design. One
of the major challenges for the optical flying height
measurement techniques is the difficulty to simultaneously
distinguish phase shifts those are due to slider-to-media
spacing and the local variations in the refractive index. The
routine procedure is to subtract the measured phase shifts with
the calibrated value. Such calibrated value 1s obtained from

9738-616-361-823-8 © 2014 APSIPA

the measurement of phase shift on reflection by using an off-
line ellipsometer. Resulted values from an ellipsometer are in
the complex form (n&k values). However, this compensation
method creates another problem associated with the measured
position on the slider where the optical constants were
measured. Such position may not match with the measured
spot of the flying height measurement. Since local n&k values
cannot be determined at the exact flying height measurement
spot, an average n&k value 1s usually applied for phase shift
on reflection calculation. This problem leads to inaccuracies
in the calibrated values due to differences in reflectivities [4]
caused by local n, k variation at test spot. Leong et al
proposed the technique based on an empirical linear
relationship between calculated reflectivity and ellipsometric-
measured n and k properties. They demonstrated that the
improvement in precision of flying height values could be
obtained. In this paper, we propose the different approach
based on a back focal plane microellipsometer combined with
a polarization shifting interferometer. This system 1s used for
the determination of phase shift on reflection of a shder’s air
bearing surface at relatively small spot size comparable with
the flying height measurement spot size. Therefore, the local
phase shift on reflection measurements with the position
closed to the flying height measurement spot can be possible.

II.  PRINCIPLE OF BACK FOCAL PLANE
MICROELLIPSOMETRY

In conventional ellipsometers, the optical constant (n&k)
can be measured by using the ratio of the Fresnel reflection
coefficients for a beam reflected at a single oblique angle.
However, such ellipsometers has major challenge in their
lateral resolution which is approximately 20 um . By using

back focal plane microellipsometry, diffraction-limited
resolution may be achieved. The principle of
microellipsometry is the measurement of the amplitude and
phase distributions of the reflected light in the back focal
plane of an objective lens. For the analysis of a back focal
plane interferometry, we start by considering a collimated
beam that is linearly polarized as shown in Figure 1. The

APSIPA 2014



electric wector ( 2 ) of the illuminating light at the input to the
quarter waveplate ()] 1s given by:

E—O 1
-l 0

E E,

Fig. 1 Diagram for caleulating the electric vector B after the
second Babinet-Boleil compensatot.

By using generalized Jones matriz, the general form of the
electric vector of the light (&,) after passing two objective

lens and quarter waveplates [ Q) and &) can be determined
by [5]:

Eg{ wr J @
T sin2¢—iT cos2g

where 77 = (%, +7,7, Jcosé

A1y

W= (TRT_% —rjlrh)cosﬁ

and T, and T, are the Fresnel transmission coefficients. In

the case of a single objective lens or so-called reflection mode,

T" and T can be written as

78 S e (3

"
TR rpe"” ()

where r, and r, are the reflection coefficients for s-

polarized and ppolarized light respectively.
The purpose of using a half waveplate (B ) positioned at

the azimuthal angle of 3w/8 (Fig. 1) 15 to opheally
manipulation of 7° and T in equation 2 and 3. Therefore, the
electric wvector of the light ( B ) affer passing the half

waveplate { ) can be written as:

(5)

o 1 |-T"+T sin2¢— 1T cos2g
Pz T AT sin 29— T cos 24

At the azimuthal angle of ¢= ?T4, the electric vector

E; van be determined by:

T
Substitute 7" and 7~ shown in equation (3) and (4) into
equation (&), the electric vector B, can berewritten as:

5 _L{—T +T'J ©

.u"‘:

£ ’EL J @

Using equation (7), ellipsometric parameters {'F, A} are
defined by the Fresnel reflection coefficients {rp,rj} can be
calculated by

tan /= 12 ()

exp (&) = exp i(r,— 1) "

IO EXPERIMENTAL SETUP

Figure 2 shows the diagram of the experimental setup for
the microellipsometer combined with the polarization shifting
interferometer. & He-Ne laser beam with random polarization
1s transmitted through the polarizer (5} and beam expander

{ BX, ). The polarized beam is then passed to a quatter
waveplate (G, and steered on to the objective lens (Nikon, 1
Plan Apo, NA = 095) The bearn 15 focused onto the sample.
The reflected beam is collected again by the objective and
passed to a quarter waveplate () and a half waveplate ( H,)
consecutively. At this point after the half waveplate ( H, ), the
electric vector (2, ) contains substantial information about the
Fresnel reflection coefficients of a sample as described in
equation (7).

The ellipsometric parameter A s defined as the difference
of the phases of the p and scomplex reflection coefficients
as shown in equation (). In this research, such a parameter 1s
optically = determined by using a technique so-called
polarization shifting interferometer [6]. The basic principle is
based on the optical phase shift by modifying the polarization
state of composite components of the original light wave. The
phase shifting 15 achieved by adjusting the polarization state
of the output beams with a rotating quarter wave plate (&5
The rotation can be more precisely controlled and free from
notilinear behavior and hysteresis comparing with the phase
shifting technique reportedin [7]. The ellipsometric parameter
A can be determined by the intensity profile at azimuthal
angle ¢= /4 of the resulting image of [6].

[IE_I-t]

A= mid)=arct
SR e

(10



Where [,,1,, I, I, are the focal plane images captured by
the CCD camera (CCD2) at the quarter waveplate azimuthal
angleof #/8, m/4, 37/8 and 37 /4 respectively.

Fig. 2 Diagram of the back focal plane microellipsometry.

The ellipsometric parameters A is then used to calculate the
optical phase shift on reflection ¢, by using the relationship

(7):
A=g (87 +8116) (11)
where & is the incident angle.

IV, RESULTS AND DISCUSSION

In this paper, the aluminum thin film deposited onto the
glass substrate was used as a sample. The azimuthal angle of
quarter waveplate was set at the position of #/8, 7#/4,
37/8 and 37 /4. The captured back focal plane images by
CCD camera (CCD2) are shown in Figure 3. All of four
images are then processed by using equation (10). The
intensity profile at the azimuthal angle ¢g=z/4 of the
resulted image is then plotted agamst the incident angle 6 of
objective lens as shown in Figure 4.

The numerical fitting of the experimental data (shown as
dotted curve) to the equation (11} 1s performed using the
curve fitting toolbox in MATLAB. The resulted optical phase
shift on reflection @, from the fitting procedure is shown in
Table 1 comparing with the theoretical values [7]. The good
agreement between theoretical and experimental values is
achieved.

3n/8

inl4

Fig. 3 the focal plane images captured by the CCD camera
(CCD2)at the quarter waveplate azimuthal angle of
/8, m/d, 37/8 and 37/4.

dala

Fled eurve

0 1 20 30 40 50 &0

Fig 4. The data [®] are fitted by Eq.11, and the results are
compared with the theoretical curves [—] of the equation (9).

TaBLE I
THE COMPARISON OF VALUES OF CALCULATED AND THEORETICAL PHASE

SHIFT ON REFLECTION VALUES ¢D

Sample Theoretical Fitting Curve (Degree)

Aluminum 14.1 13.5

V. CONCLUSIONS

In this paper, we have demonstrated the back focal plane
microellipsometer combined with a polarized shifting
interferometer to measure optical phase shift on reflection. An
aluminum thin film deposited on a glass substrate sample was
used as the sample. The good agreement between the resulted
phase shift on reflection values and that of the theoretical
values was demonstrated.
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In the hard disk drive (HDD) industry, the measurement of flying height is crucial for the
verification of the recording head air-bearing design.  The flying performance of recording
heads has to be measured and compared with the original design to assure the reliability of
HDDs. Optical interferometry is normally used to measure the flying height of recording
heads. The key parameter for setting up the measurement is the refractive index, whose values
normally deviate depending on machine conditions during the manufacturing processes. The
variation in refractive index cannot be identified during flying height measurement because
there is no on-line technique for doing so. In this paper, we present a novel technique using in-
house designed micro-cllipsometry to measure the complex refractive index combined with
data transfer to a private cloud network via the Internet of Things message queuing telemetry
transport (IeT MQTT) protocol. Therefore, the measurement of the complex refractive index
can be carried out for each recording head and we can improve the precision of the flying height
measurement. In addition, the information about refractive index not only can be shared with a
flying height tester to correct the variation in each recording head but also can be used to assist
air-bearing designers in the instantancous validation of their design.

1. Introduction

As the capacity of hard disk drives (HDDs) increases exponentially, the flying height of
recording heads 1s expected to be as small as about 10 nm during their operation. To guarantee
the reliability of HDDs for long-term operation, the flying performance of recording heads has
to be measured to validate the original air-bearing design. The flying height measurement of
recording heads is a key process in the validation of HDD production. The precision of flying
height measurement has to be 0.05 nm. The important input parameter for the flying height
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measurement 1s the complex refractive index (n.k) of the surface of the recording heads. The
conventional standard interferometric {lying height tester (D6) 1s typically used to measure the
distance between the hard disk header and media. It is a well-known HDD industrial standard
equipment that provides both a highly accurate measurement and good repeatability.

In setting up the process, a D6 machine requires the recording head’s refractive index
(n.k) as user input. n is a refractive index that indicates the optical phase velocity and % is an
optical extinction coefficient. The obtained values are used as the input constants to determine
the flying height of a hard disk reader. The D6 machine itself cannot quantify the »,k value.
However, the n.k value can normally be measured by a standard industrial ellipsometer. With
the limited spot size of a conventional industrial ellipsometer. The #.k value of an individual
slider on a head gimbal assembly (HGA) cannot be measured. An example of an HGA is shown
in Fig. 1. The measured 7,k values from the slider bars are used as the representative values
for the entire production (more than 500 k samples). However, the condition of the machine
during HDD manufacturing (from slider bars to HGA forms) causes the nk value to change.
Therefore, the flying height measurement in a D6 machine sulfers considerably from this
discrepancy. Leong et al” presented a technique of determining the optical constants (n.k) on
a spot of an individual HGA. Their technique improves the accuracy and repeatability of flying
height measurements. However, the statistical distribution of real HGAs has a substantial effect
on the performance of their system.

Instead of using a conventional ellipsometer to measure the n.k value, the development
of a specially designed micro-ellipsometer may provide flexible solutions for performing
meastrement at the HGA level. Feke et al'? demonstrated a measurement system based on
a back focal plane micro-ellipsometer, They showed the ellipsometric analysis of various
materials with a relatively small measurement spot size.  They used the Fourier plane, which
1s sometimes called the back focal plane. However, a mechanical phase shifting technique
may cause additional errors in the measured values. These measurement errors are primarily
contributed by the nonlinear behavior and hysteresis of a PZT transducer used for creating
(4.5)

mechanical movement. This shortcoming has been mentioned in numerous reports. To

avoid the errors that arise from the nonlinear behavior and hysteresis of the PZT phase shifter,

Fig. 1. (Color online) Example of a slider installed on an HGA.(Y
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a system based on phase shifting interferometry has been developed.) The optical phase of
a light wave can be changed by modifying the polarization state of composite components of
the original light wave. A rotating quarter-wave plate (QWP) was utilized to alter the light
polarization state. It is normally located at the beam path where the reference and probe beams
propagate collinearly after recombination. The rotation of a QWP can be precisely controlled.
It 1s also less affected by the nonlinear behavior and hysteresis. Therefore, the high resolution
in optical phase measurement can be achieved. In our system, we implement this technique to
substitute a PZT phase shifter for optical phase measurement.

The complex refractive index of the surface of recording heads gives essential values
for engineers to design and evaluate the performance of recording heads. These values are
routinely used in several production departments and also different lecations such as R&D
centers, a US headquarter, and a production line (D6 machine setting) in the manufacturing
factory. Therefore, the cloud-based measurement system is a desirable solution for the
instantancous sharing of such information about the reflective index values. The push protocol
is the most prevalent message transmission protocol for IoT devices.” ¥ This is due to the
fact that such a protocol is designed in the low-bandwidth network typically. Push message
services implemented various protocol forms such as XMPP, CoAP, and MQTT. In particular,
the MQTT protocal was considered to run on low-power devices efficiently as a light-weight
protocol. It has been used in many IoT devices for instant messaging systems. The MQTT
protocol is intended to ensure the quality of service (QoS) of each short message. However, it
could be challenging to ensure precise delivery of these messages when a number of them are
transmitted from senders. The receiving order of the messages is essential for the production
line since users” requirement is to trace #.k information for each recording head. Therefore, in
order to implement the MQTT messaging for distributing the measured reflective index values
from our micro-cllipsometer machine (sender), the latency of data transmission should be
carefully investigated.

In this research, we present the development of an optical characterization system for
recording heads in a cloud-based environment. This system can measure the complex reflective
index (n,k) of an individual HGA online. We report a novel technique using micro-ellipsometry
combined with phase shifting interferometry to measure the complex reflective index at a
relatively small spot size (0.1 mm). The micro-cllipsometer utilizes the special properties of
a high-numerical-aperture (NA) optical objective lens. The change in optical phase shift at
different incident angles can be measured instantly using a high-NA objective lens. The phase
shifting technique based on a rotating QWP is used to extract the optical phase shifts of the s-
and p-components of rays reflected from a high-NA objective lens. Our micro-ellipsometry
system enables measurement over a relatively small spot size. The spot size is typically smaller
than 0.1 mm. The nk value is distributed from the micro-ellipsometer to a private cloud
network. The private cloud utilizes the message queuning telemetry transport (MQTT) protocol
for data distribution to related users. Our system offers the actual values measured for an
individual slider on an HGA. As a result, the flying height measurement of the D6 machine is
more precise.
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2. System Descriptions
2.1 Micro-ellipsometer system configuration

The diagram of the micro-cllipsometer is shown in Fig. 2. The photograph of the actual
hardware employed in this research is shown in Fig. 3. An unpolarized beam of the He—Ne
laser is used as the light source of the measurement system. The wavelength of a He—Ne laser
is 6328 nm. The unpolarized beam is converted into a polarized beam by polarizer Py, then the
polarized beam is expanded by beam cxpander BX,. The beam is dirccted through a high-NA

E, E, E;
[4
) ! |
e
2|
A t g
Pz 9 Lz L . E E 1, He-Ne Laser |
guo O Biconvex Biconvex E ﬁ
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Tig. 2. Diagram of back focal plane micro-ellipsometer.
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Fig. 3. (Color online) Optical system lor flving height measurements. (a) Full diagram ol micro-cllipsometer. (b)
HGA loader.
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objective lens. The magnification of the objective lens is 150> therefore, the spot size of the
beam is less than 0.1 um. Such a small spot size is beneficial for performing the measurement
on the relatively small recording head (typical measurement area of 50 x 50 pm?). The NA of
the objective lens is 0.95 and its incident angle is 0-71.8051° which is derived from

NA = nsin(8). m

After the beam passes through the objective lens, the light is reflected back from the
material to the objective lens and passes through the beam splitters. After passing the second
beam splitter, the reflected beam is transmitted to the T; and T5 lenses. The positions of T,
and 15 lenses are fixed so that the reflected beam at point Ez is the image of the back-focal
plane of the objective lens. The reflected beam is then directed to QWP Q; and polarizer P,
respectively. In the last step, the CCD2 camera is used to capture an image of the beam passing
through polarizer P;. QWP Q) is rotated from 1 to 360 with an azimuthal angle resolution of 1
degree per step. The CCD2 camera is then used to record an image for each azimuthal rotation
step. The typical recorded images for azimuthal angles of 0, 45, 90, and 135° are shown in Fig. 4.

2.2 Image analysis procedure for retrieving n,& values from recorded images

The flowchart for the image analysis procedure for recovering .k values from the recorded
images is shown in Fig. 5. The first step in optical image analysis begins with the images
captured by the CCD2 camera. The color image is initially converted to a grayscale and QWP
Q is rotated from 1 to 360° with the resolution of 1°. Therefore, in one measurement circle,
there are 360 recorded images. The typical recorded image is shown in Fig. 6. For each
recorded image, the intensity level data point is selected along the line at 45 diagonal as shown
in Fig. 6. This selected data is called a data line for each recorded image. In the next process,
cach data line for each recording image is stacked in column-vise. The resulting image from
the stacking of Si0O; measurement images is shown in Fig. 7. This image is called the stacked
intensity image (SII). In order to retrieve the optical phase shift value for each incident angle,
the fast Fourier transform (FFT) is then performed on each horizontal data line of SII. The
phase shift values of FFT calculation for each incident angle are plotted. The resulting plot, the

(@ (b © @

Fig. 4. Rotation of the azimuthal angle of QWP Q. (a) 0, (b) 45, (c¢) 90, and (d) 135°.
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Fig. 5.  Procedure of optical image processing. Fig. 7.  Stack intensity images of SiO2 materials.

so-called delta angle, is shown in Fig. 8. The delta angle is unwrapped to eliminate the transient
impulse phase changes. The n.k value s then determined by the curve fitting procedure for the
measured delta angle.

2.3 Distribution of measured n,k value from a micro-ellipsometer system with a MQTT
protocol

In our system. we choose the MQTT protocol to transfer the measured n.k values to the
cyber space. The measured data are transmitted to subscribers such as {lying height tester
engineers, managers, and designers in headquarter, or setting up engineers for a {lying height
tester (D6). The flying height tester engineer can use the data for analysis while headquarters
can use the data to report the HDD quality. Figure 9 shows the diagram of the configuration of
a private cloud measurement system.
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Howgver, the corrcct recciving order of the measured reflective valucs is important for the
user requirement in order to trace measurement data for everv recording head. Therefore, we
need to consider the QoS levels se that it is sufficient for both message delivery and latency for
data communication. The MQTT push protocol, which is a settlement between the sender and
receiver of a single message regarding the guarantce of message delivery, normally describes
the transmission QoS levels. There are three transmission QoS levels in MQTT.

* QoS 0: At most once. A message 1s sent at most once and the server does not guarantec of
delivering a message.

« QoS 1. At lcast once. A mossage is sent at least once and it is possible to deliver a message
more than once.

« QoS 2: Exactly once. A message is sent exactly once with 4-way handshaking.

In our experiment, we perform the test on the data communication via the MQTT protocol
for different QoS levels. The measured round-trip time and throughput are recorded for each
QoS level.
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The Mosquitto MQTT server is configured for private cloud data communication. The in-
house communication program embedded in the micro-ellipsometer system is developed using
Microsoft visual C# and Node-Red. The program reformats the measured 7,k values to be in a
JSON format and send to the private cloud network via MQTT. The Node-Red server receives
data and splits them into n.k values as shown in Fig. 10. The n,k data are plotted in separate
graphs. The stakeholder can monitor data through web interface service.

3. Results and Discussion
3.1 Micro-ellipsometer measurement results

Figure 11 shows the SIIs of glass (Si0O;), gold (Au), and aluminium titanium carbon
(AITiC). The intensity patterns of Slls evidently vary depending on the optical properties of
materials. Each intensity pattern is in a bright-dark format, which comprises 4 repetitive cycles.
Therefore, in order to extract the phase shift for each incident angle, we need to perform the
FFT calculation and select only the phase shift of the fourth-order harmonic to create the delta
angle for each incident angle as shown in Fig. 12. The x-axis is the incident angle and the y-axis
is the delta angle (optical phase shift). The incident angle ranges from z to —z. The delta angle
18 therefore filtered by sine and cosine filters. The sine and cosine filters are normally used
to eliminate spike phase shift noise. In the final process, the complex refractive index (1,k) is
determined by nonlinear curve fitting to the delta angle graph using the least-squares method
(LSM).
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Fig. 10. (Color online) Workflow of Node-Red.
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Table 1 shows the reference and measured values. The complex refractive index consists
of the refractive index () and extinction coefficient (k) (http:/www filmetrics.com). The
measured ».k values show good correlation twith their reference values.

3.2 Distribution of n,k values via MQTT results

For the distribution of the measured mk values from the micro-ellipsometer, the data is
sent to the cloud network by MQTT according to the system described in the previous section.
Figure 13 shows the GUT interface for monitoring .k values for all users. We choose a standard
IEEE 802.3 wireline network to communicate instead of the standard IEEE 802.11 wireless
network. This is due to the fact that the performance of the wireless network is reduced by a
large number of clients and the frequency and channel interference. The micro-ellipsometer has
an operating cycle time of 1 min. Our MQTT system transmits and receives data for each cycle
typically less than 1 min as shown in Fig. 14. The QoS level setting shows a significant effect
on the round-trip time as expected (Table 2). However, the communication time using MQTT
is greatly less than the operating cycle of the micro-ellipsometer; thus, we are assured that the
measurement data transmitted through the network is certainly in the correct recieving order.
Figure 15 and Table 3 show a summary of the throughputs of the MQTT system in different
QoS setting.
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Table 1
n,k values of practical standards and measurements.
Refractive index Refractive index (1) Extinction coefficient (k)
Sio Practical standard 1.460 0.000
& Measurement value 1.519 —0.010
A Practical standard 0181 3.068
v Measurement value 0136 4133
AlITIC Practical standard 2.236 0.426
Measurement value 2:295 0.200

Team Research Complex refractiveindex
King Mongkut's Institute of
Technoirtadkrabang \l Refractive Index (n)
5
Seagate Technology (Thailand) Ltd. 2125 | SR e R e
1.875
CPU Usage
15
— 01; 1185
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Fig. 13.  (Color online) Experimental results.
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Fig. 14.  (Color online) Round-trip time of MQTT communication.

Table 2

Round-trip time averages.

QoS = 0 (At most once) QoS8 =1 (At least once) QoS = 2 (Exactly once)
Round-trip time average 18.714 ms 51.429 ms 39107 ms




Sensors and Materials, Vol. 30, No. 10 (2018) 2245

Throughput for 192.165.1.113:1683 - 192.168.1.69:56795 (15 MA) Throughput for 192.168.1.113:1883 + 192.168.1.63:56710 (15 MA) Throughput for 192.168.1.113:1883 ~ 192.168.1.69:56834 (15 MA)
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Fig. 15 (Color online) Throughput of MQTT communication.

Table 3
Maximum throughput of MQTT communication.

Qo3 =0 (At most once) QoS = 1 (At least once) QoS =2 (Exactly once)
Maximum throughput 225000 bps 15500 bps 21700 bps

4. Conclusions

In this paper, a cloud-based measurement system for recording head optical characterization
is presented. The system can be used to determine the complex reflective index (k). The
measured 7.k values are transmitted over the private cloud network using the MQTT protocol.
These optical constants are sent to the stakeholders and the flying height machine (D6). The
micro-ellipsometer utilizes standard samples of Au and SiO; for calibration. The results of
measurements are close to the range of reference values and industrial standard. This method
of flying height measurement improves the measurement speed with smaller spot size for
individual recording heads and also the sharing measurement data between the stakeholders.
In addition, the round-trip time of MQTT data communication shows that the communication
time using MQTT is greatly less than the operating cycle of the micro-ellipsometer. With these
results, we are assured that the measurement data transmitted through the network is certainly
in the correct receiving order.
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Abstract— High accurate distance measurement currently
favors optical techniques. Ellipsometer usually can find the
optical properties. The data from the Ellipsometer will transfer
to distance data but micro-ellipsometer can provide more
accurate than general ellipsometer. The micro-ellipsometer use
the back focal plane of an objective lens and measures the optical
properties in the different angles. The micro-ellipsometer result
is the intemsity image. The light reflection model can give us
original light reflection images of any objects by determining the
refractive index of the material and create a reflection image
model. This research created optical reflection models of 8,0,
Au, Ti and AL

Keywords— Micro-ellipsometer; Intensity image; Back focal
plane; Complex Refractive Index

1. INTRODUCTION

Ellipsometer is an instrument for finding light properties of
a material. It calculates the complex refractive index by using
phase difference. The complex refractive index have the real
number and extinction coefficient. The extinction coefficient is
an imaginary number. The light reflection consists of the s-
polarized and p-polarized. The s-polarized and p-polarized
illustrate a different phase caused the optical retarder device.
The phase difference can be determine the state of polarization

[1].

Ellipsometry — has  typically three types. General
Ellipsometry, Photometric ellipsometry, and mterferometric
ellipsometry. We ordinarily apply light technique to build an
optical nstrument for measure flying height of HDD header.
This optical instrument has resolution less than 35-micron.
Moreover, measuring the flying height of an object also use
Polarised light by light reflection values. An essential
parameter for measuring the flying height 1s a complex
refractive index (n,k). Leong, et al. showed a method that can
find the complex refractive index on the head gimbal assembly
(HGA) [2] and displayed the accuracy of measurement.
Ellipsometer mostly measured complex refractive index is
measured Feke, et al.[3] use the back focal plane micro-
ellipsometer to measure the flying height of HDD header. For
the designed model were able to find a complex refractive
index of various materials because of small spot size.
According to the prior research, the researchers had an idea to
create a light reflection model to compare with a model of
Mathew R and his team[4] that presented a calculation method
to find vectorial imaging pictures which came from high NA
objective lens.
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This research creates a light reflection model of micro-
ellipsometer to determine the pattern of light reflection at any
azimuth angles, and the results of each angle are different. We
create the reflection image model as a tool to check the
accuracy of the light intensity that we obtain from micro-
ellipsometer. In our experiment, we use micro-cllipsometer
measures the optical properties of 4 material that are S0, Au,
Al and Ti because they are popular for finding reflective
optical properties[2]. Generally, S5;0., Au, Al and Ti are
applied in HDD (Hard Disk Drive) industry. After we compare
the light intensity from micro-ellipsometer with the light
reflection model, we found that the light intensity image from
micro-ellipsometer i3 correct. And then we calculate the
complex refractive index of the light intensity that comes from
micro-ellipsometer.  Additionally, we use the complex
refractive index to determine the flying height of the hard disk
drive header.

II. THE PRINCIPLE OF COMPLEX REFRACTIVE INDEX

When the light hit on the surface of any material, the light
will reflect and be absorbed into the material. The complex
refractive index is the following equation [5].

M =n(l+ik) (0
Where
n=real number called refractive index
k = imaginary number called extinction coefficient

Polarized light consists of s-polarized and p-polarized as s-
polarized (from the German “senkrecht” for perpendicular) or
6 polarization. We might know as transverse electric or TE.
We well known p-polarized ({rom the German “paralleled” for
parallel} or & polarization in the name of transverse magnetic,
or TM. The Fresnel equation for reflection amplitude
displayed as the below equation.

7 _Cos(@) N —sin’(p)

2)
cos(@) iJn2 —sin’(@)
. —n° cos(@) i‘fnz —sin’(g) &)

7 cos(@) £yJn° —sin*(¢)
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The Fresnel equation also is shown as the coming equation.
We used equation of R, and R, for creating reflection images.
Substituted n and k of selected materials which we wanted to
abtain models into equation (2), (3). We gained optical
intensity images at 0-degree.

[11. PRINCIPLE OF JONES MATRICES

We will apply Jones matrix calculus to find the matrix
form for retarder or phase shifts and polarizers. The beam
components which emerge from a polarising element are
linearly related to the components of the incident beam. The
Jones matrix is useful for a linear polarizer rotated through
and an angle that we also use the [(amiliar rotation
transforimation to find.

J@§y= cos®  sin@ @
| —sin® cose

For a retarder or phase shifter, we use the Jones matrix as
the below equation.

e.i.ps'z (1
JR(¢)=[ 4 e'M} (5)

The Jones matrix for a rotated retarder is found from (4)
and (5) te be

it

- e
¢ cog® O rc " sin’ B

& (" —¢ i“"z)hinecosﬂ} (6)
(e

—e™)5inBeosh e sin’ B e cos” B

-

In the next step, We also adjusted the fast axis of the
quarter-wave plant ¢ from O-degree to 90-degree based on

the Jones matrices equation.

i

1 I
—=+—=c0s2¢p sin2¢
Jﬂ(é,w} NG .‘E V2 @
4 ¥ & 1 i
: 7;-5-"12(9 ﬁ——-ﬁ-mszf,’p

[V. EXPCRIMENTAL

The optical reflection model selects optical parameters of
four materials that have a wavelength equal to 632.8 nm.

SiO2 =1.45704 + 01

Au =0.18104 + 3.068099i
Al = 1.37289 + 7.617691i
Ti = 2.15349 + 2.923488i

They are the standard materials that are used in testing
with optical instruments. The S:0- is a calibration material for
optical instruments. The other material (Al, Ti, Au) are the

most popular material reference for standard test materials that
produced by GoodFellow Company. The micro-ellipsometer
chooses the numerical aperture equal Lo 0.95 which is a spec of
the objective lens. Additionally, the objective lens uses the
Nikon M Plan APO 150 [6-7].

1 —polarized
5 — polarized

v chirection

T—b x direction

a) Top view of back focal plane

v Back focal
_____ o __ plne
Objective
T leng
r = B
_+_ 0 B=gin (r/f)
RS h oy
by side view

Fig: 1. Principle of hack focal plane ellipsometry [7]

Fig. 1 shows the principle of back focal plane
ellipsometry. Inside the back focal plane. it consists of s-
polarized and p-polarized. The intensity image is caused by the
distribution of the incident beam onto the material rom the
Tight source as shown on figure 1b,

According to figure 2, it expressed creation processes of the
optical reflection model. To find the complex refractive index,
this model use the standard n & k values from the Filmetrics
company (http://www filmetrics.com). The light source had a
wavelength equal to 632.8nm. This wavelength is the same
value ag micro-ellipsometry. We used the n & k values to find
phase dillerent of light (R, and Ry). Al this point, the Tight had
fast axis at O-degree. After that we adjusted fast axis angle
from (-degree to 90-degree by Jone Matrix for rotating the
quarter wave plate. Finally, we plotted optical intensity images.

Fig. 2 illustrate the process of creating the intensity image.
The algorithm is implemented by MATLAB software.
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Fig. 3. Intensity image of glass (3;09)

We plotted the optical image of all four materials
from O-degree to 90-degree and 15-degree for each step plots
because we will get the same images as from 0-degree to 90-
degree after 90-degree. Due to the difference in their refractive
index and extinction coefficient, the optical intensity image of
the four materials has ditferent shapes. In each the intensity

image, a phase difference (A) is between 0 and 3.5. From all
four materials, it demonstrates that Au has light intensity more
than the other materials as Au has the lowest refractive index

(n).
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Fig. 3, 4, 5 and 6 present the angle of optical reflection.
Center of the figures is O-degree. All the three figures come
from adjusting azimuth angle of quarter-wave plate from 0-
degree to 90-degree. We discovers that the four materials have
different optical intensity.

In this paper, we compare the optical intensity images with
the optical intensity images from micro-ellipsometer to find
identical properties. When considering the light intensity at 0

10 - 13 July 2019 Pataya, Chonburi, Thailand
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degrees of the 4 images, it have plus sign which match with
the prior research [1,2,3,8]. But the other angle of images are
different from the 4 materials.

From the optical intensity image of aluminum in figure 5,
the intensity at the fast axis between 30-degree and 60-degree
has more optical intensity than the other four materials
because the reflection properties of aluminum is higher than
Au, Al and Ti. SiOq, has the smallest light reflects the smallest.

V. CONCLUSICN

When we compared with the similar research papers, we
found that there were optical reflection images that displayed
0-degree identical to our four materials (SiO2, Au, T1, Al). We
additionally adjusted the angles of Quarter-wave plate from 0-
degree angle to 90-degree angle. We discovered that all four
materials had different light intensity pictures from each other.
Thus, we will continually work on this topic to show the
results of comparing results with Micro-ellipsometry on
incoming paper.
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