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Abstract

Nowadays plasmon resonance sensors are bhecoming increasingly popular.
Because surface plasmon resonance can be used for biometric applications such as
the development of the immune system sensor, the development of drug therapies,
the DNA sensor and also a tool for studying the interaction of biomolecules, In this
project, we have created a model for studying the plasma wave at the joint between
metal and air. For models used to study waveforms, include of a layer of prisms that
be a medium for incident light TE modes and TM modes. Then it is a layer of thin
metal coated on a prism. Next is the air layer. In this project, three types of metals
are identified: gold, silver and copper. Simulate the effect of plasma wave to find the
correct angular..and wavelengths that produce plasma waves at the interface
between the metal and the air and the electric field at the interface between the

metal and the air.

Keywords: Surface plasmon wave simulation, TE mode, TM mode, DNA sensor,
COMSOL Multiphysics
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SER Surface Plasmon resonance
ATR Attenuated total reflection
TIR nsagvisundunua (Total internal reflection)
™ Transverse magnetic
TE Transverse electric
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2.4 npuflWludiofiuug (Finite Element)
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Laan"[maamummmm A998R AU mmaamummmmuaumm [17]
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2.5 wqwfj dispersion relation
nawi] dispersion relation {Wunguiasurenisnszansvesnduiiinseninesessaves
Mnans 2 ¥lla waslitey) wave vector o9 surface plasmon (ksp) A9 surface

plasmon wave  NUTIUTBERRTENINSaNLAUBINIA INAUNISUUNTLIAE (Maxwell’s
equations) Tusnanslag

V.D = p i D = €E AUl 2.8
V.-B = 0 - T 71 - [R—— AunIs9 2.9
VxErz % T =l OB aunsv 2.10
VxH = J+§ B A H N\ aUnsA 2.11

Ao ATUNUMILYBIENT (Electric displacement)
e A YILLLYeIsERlnihBasy (charge density)

Taei

APNE Tl vasaulii (permittivity)

®

Anauauulndn (Electric field)

2]

AANUIUYUTBINANDUILMAN (Magnetic flux density)

D2 D 3Ip Ib
()}

' = 1Y ' 3 )
AIMIILT VT LAY B AU LILEN (permeability)

®

ANULTNAUNLLEIYEN (magnetic field)

=)

AnEvRunszualwi (current density)

Q" — AT Tl e ° Ol

3k DL Db
i <3

An1sin A (Electrical conductivity)

17 = s dil’ =l o oo o -;!I
duadunlufianas Homogeneous (iaideafiu) fidoulusai
1) p= NN 0
2) &, p lruAvAAYSNSIAdauT

v o o H Y1 = @ a ¢ ¢ ;
dveulynsgestetuaviteulondusilrnasuluunuluaunisuundinasd Maxwell’s
equations) 14 4 @un1s wle

V-eE = 0 i aumsi 2.12

VxB = VxyH = == aunsi 2.13
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pauaw i uaspduauiLEnUSMfnanai 1 wagfananadt 2 fguaunstaeily

Fi9id
g = (Ex, ,O,EZ] )e[i(kxx-mt-qu):l
E2 _ (Exz ,O,EZZ ) e[i(kxx-wl-kzzz”
B ( OaHyl ’ 0) e[i(k,x-anmkzlz)]

H, = (0H,0)d )

lng?l  vunuaw 1 A lane (metal)
VUL 2 A9 BINA (air)

wny (2.14) adlu (2.12) 2zl

o _Ex(kx]
1 | kz,

unu (2.15) aalu (2.12) azlé

E’ 4 -EX [kx ]
5] 2 kz2

Wi (2.16) adly (2.13) vzlé

oEe6
H\. 2 x; 170
Y kzl
wnu (2.17) adly (2.13) agld
. A\ O
H~ 2}, A\ e 0
Y8 kzz

Waulvwaulwai boundary condition z=0

Bya= E

X X,

H ===kl

Yi ¥a
INEUNIT (2.18) - (2.23) Walteuluvauwni z=0 agldin
€,

A4 82 2
k k

2 23

AUTNNsoERasEIlaveiuoIN AT aunsiaevildsad

SRR RCORS
B, = Jsz(m)(§]z~ki

......................... aun1si 2.14
......................... aunsi 2.15
......................... AN 2.16

......................... AUN1SA 2.17

......................... Aun1si 2.18

......................... AN 2.19

......................... AUNNST 2.20

......................... aumsh 2.21

......................... AUNNST 2.22

......................... AN 2.23

......................... aun1si 2.24

......................... AUNTT 2.25

......................... AUNNTT 2.26
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UWNUANNTT (2.25 ) wag (2.26) adluaunis (2.24) aglén

k = k., = —| [0 Aunsi 2.27

sp X

o|g
_m
m

[EF]

\S8NaNNTT (2.27) 41 @unns dispersion relation

2.6 N15UNLYBALEY (Retraction)
Wordudunislunusesrasenineiinans 2 99n adufirdeuilugidrnaslvsoy
136N “PANTNMY NTavTiauLazNITnWaInsaRnTun Yo tule

medium 1
Cq

medium 2
C2

o st A W e o gl e o e e o o

UM 2.11 mMsvinmussuasusinusesnaseninesanas 2 9 [18]

MInmYespdwineIndanats 2 vlanteddwnmisnety dlaAnsuilniyaeiinans
7l 1 fiAtfaunindndviifnmessana e 2 wdsravilinduiamsinmdandasanansd 2
Flaguil 2.11 Medunisinneseaussilulusi “nguasalua” (Snell’s law) Fina1ali
dmdudnansgvildlag sasdruvese sine vouplusnasil 1 dednadiuvesd sine
Y99FINaNT 2 axilAmsiave INNuasaiua amisaileuduaunslen

sin0, n, P
: Al aunisi 2.28
sinf, n,
| o ) a
o 0, Ap yunnsznuludinated 1
0, fe yuvinwluiinaish 2
n, fe Aevdvnluiinansi 1
n, fA9 Awvlinmluinalsi 2

INNYUBIALLA WNUIIAFUIAUNIEIUNET 2 1l Alladuidinuuesinatsfiunnaisiu
wudnaduursdwazinmidndinaneil 2 uagaduuisdiuerasioundu lunsdifiady
nnnsgnuivilinduaziouwiyuiiu 90 asmn wasiSenusingmseiii uainga
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P a | @ i TR ) a I @ al w | oW !
lunsalirduiiumariusinasdl 1 udrdidnatsdl 1 deswiinmuinaiiganansi 2 way

ﬂﬁl o d‘ o d 1 = o v i = 4 o/
pauannsznulinduagviewvhyuinannlyuings avvilieduianisagyioundunun
93unUTINYN158lIITT “Total Internal Reflection (TIR)”

n1>n2

U‘?i 2.13 Qaulunsiin Total Internal Refraction (TIR)

2.7 uadeuszian TM mode tasiasuszinn TE mode
2.7.1 ¥31UALIDIaBIAARNLIN (Transverse Electric Wave; TE)
wioFuniiadufiduurauinlniinnemnuine fsauim B Sdudsznounde
nnwesgoragluun X uay Z vasauy £ wionandndevisde lufiaualwilufianis
PBINMTUNINTENEVRIAAY wisiianzaumusdmanlufamay

z

E, = 0,H

AunT 2.29
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2.7.2 V5 UANDTALUAASNIN (Transverse Magnetic Wave; TM)
Y303 IAAUATULIAL LA NI9NY1e Fsauny £ Sdvudsznounie
nninesteagluinu X uag Z vesauy H vsenandntanieie Lifauuusdmdnluficves
MIUNINIEIBveIRaY wiilewizauuliilufianie,

H = DB & B oo aunTsit 2.30

z z

2.8 ¢ATeiiieatos
2.8.1 Surface Plasmons Resonance (S.P.Yushanov,L.T. Gritter, J.S. Crompton*

and K.C Koppenhoefer AltaSim Technologies, Columbus, OH)

Surface plasmons Lﬁuﬂﬂiﬁwmﬁﬁﬂmauﬁﬁnmﬁ’;é’uﬂ’maﬁa@ 2 yile du
994 dielectric  function mamr’iav{am sgifiamsideuutaniieianis interface Ty
surface  plasmons  resonance - Fsdwnsathluldlunisnsiadunisganduvedliiana
mwaa‘dﬂngmimummmuawwmmLﬂﬁ Vguduazn15nsa9du DNA  sauludianis
@JﬂﬂﬁuLLauﬂ'Iiﬂ’lEJIJJLaQﬂUNWUN’)‘UEN’Jﬁﬂ uaﬂaﬁﬂﬁﬁqﬁnﬁiﬂaU@uﬁuﬁaﬁqa
electrochemical reaction uaggunsallwlafindilduaslusssiu nano - scale walulad
surface plasmons resonance %ﬁ?uasjﬁ’uaumLLﬂLMﬁﬂiWﬁwaaLLaqﬁmﬂﬂ'smuawuﬁuﬁa
’Lmvmumiumms AnufesnTEULNIIve valance electron fignnsediiy avamamiw
uaagoundumriinudiiosas SuiliiAn surface plasmons resonance 89911075
ma‘lauwaqmuiumw evanescent wave uag surface plasmons Iaeideulunnsiiis
resonance m‘uuaaﬂwumavﬂamgummﬂﬂauuuwuwuanam 3991I¥ characterization
vosuR AR NSy

dmiugvuuulneiluiililunisnsedulfinnanaueuiidofu 2 sULUU fAB
JULUULINILUWIEN 15909 Kretschmann-Raether ~ Taenasldduiidulaveuadunans
sewinsladlanniatuainia leatsdwadlunnnseny SPR duAnfiusafadudassming
lndiarm3aiulany JUuuuiaesaziduisnisiiionds Otto  Feasdifuiifiiudesinsves
omadunanssywindladiaaviadulany Wemeduaslunnnseny SPR asfaiuiiadiui
Hurerievesema Fuisassnsaliudiimsnsedulifian surface plasmons

nsviannudlaieafu surface plasmons resonance (SPR) pe48nas avdos
o1fensinnsmguinamansmeuiuiiuiunguituiiuguvesaauudimdnlidia d1usy
nNsedUIENsEEYiouTIiaNIgAnduLes surface plasmons ag1an¥199 Tuanauduasenis
nsedulvifawatauey azviliiAanisgeydvvespdunananeuiivinadulanvidndes diu
Funnmvasn dielectric vadlangazianduau lnsv 2 nsdlfilénanudsiuansari
Lisrdnnanne PR 18 Tasnsldlusunsy comsoL Tumsesunsdsingnisainisiin SPR
vuauuimanlvihle [19]
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UNdi 3
A5N15AIUUITY

3.1 YBULYIANI5IAE
‘Luiﬂ‘iﬂﬁuﬁLﬁwﬁﬁ’m”ﬁ’lﬂ’]ﬁLﬂiﬁ“ﬁNﬁ‘l]@ﬂﬂUﬂMlWﬁ’]ﬁLﬁ@%ﬂ ﬁu%nmawiai”wdw
%’uWauIaWﬂwummﬂ mﬂmwmmammﬂimwuﬂ TE mode wagwsiia TM mode vmmﬂ
NIENUANTBIasulsnsAinweanidy 2 419 fei
1. Tuthedl 1 5gadanvusiasafioAnwinaresauiulwing faiy fusmusousa
seminstuiidalansfuduonnis Ingimuadgunnnsenuinganiiagiliie
AAuRIMATEeuTUSasoese A LA IAE YA ARUYBILAIINATENY
SeusimLeTAAY 400 nm &9 800 nm
2. 197 2 aasuvusiasaieAnvinavesauiulnihiian Ty fudnseurasynIng
tuildulave fuduoinie TnefmuAAIAI1IETIARLYDILEINNNTENY LEIUSUMA
yuimnzauivialitinadufianataneufiusiansasss LE2MaNImAA91Y
paIRIAR R UTENINALTLATINATSa U UTIa0Y fudryuiifnliainngui]

dispersion relation

3.2 N1SAMUAAN Parameters 3udufildlunisiinsazy

Tulassenilisnl4lusunsy comsoL Multiphysics[20] Tnum RF Module[21] Tunnsasng
Luudiassmsiinnduianataneulagagsiinsiie e aueau LW At uiuS
5aasia"l,am—mmmiummzﬁﬁmﬂ?{uﬁqwmamauimaLﬂaLTJmIU'iLm'saJCOMSOL Tunudn i
uimua) Parameters 13adulnasmunly suusnifuduresysaus s tivnm n, T
aonduduvadlaneiisndnw delulnssawd & i3 Yin fin N93(A), LQu(Ag) waENaILA(Cu)
mwum’lmmqwuwawﬂawv 50 nm LLE%JU‘LME’I&JLUU‘UWUEN@’]?‘]W Fasletilvinm n, Tag
e 3 %umwmasﬂui S xy MNUIAT N SIRRRAURINaNaNaUTUS TR ST
Hilansfuduanin ngdranslivainseduiliasnaugnndu () aglutae 400 nm B
800 nm lagsuannsenu( resonance angle, 8) MlhAnUsNgMsainduRanana fusiin
sausialans-01nA lfangns Dispersion relation faid

() €.&4

konsinp = — —md AuN159 3.1
c\e +£d

m

lngivualy  k, #ia wave number vaawawmnnszny
= e A w = =2
n, AD AYUNNINYDIUITU



sl k, wildain

2n
k() = T
mualvan kax wildain
kax = Kk,x an[sin(alpha)]

wazmvualyan kaz vinlaann

kaz = kgxn x [cos (alpha)]

20

......................... AUNTSN 3.2

......................... AUNTN 3.3

......................... AUNT5NA 3.4

Ingluiil Tsunsu COMSOL agrfvunsiaus “alpha” unuiyumnnseny

A9 3.1 089N 1AT Parameters SNFUMITIUASTIAS199 valaneussinm Neaung

AU 1IAAY 680nM.

Name Expression Value Description

na 1.5136 1.5136 Refractive index, prism
nb 1.0002760 1.0002760 Refractive index, air
lamda0 680[nm] 6.8E-7Tm Incident wavelength

fO : cmconst/témdao 4.4087E14 1/s | Incident Frequency
alpha 31.00615929[degree] | 0.56278 rad Angle of incidence

kO 2%pi/\arnda0 9.24E6 1/m | Incident Wave number
kax kO*na*sin(alpha) 7.4619E6 1/m | Wave number in X axis
kaz k0*na*cos(alpha) 1.1829E7 1/m | Wave number in Z axis

3.3 NM15A319LAZDNLUUNITINE DY

Tun1sadrauuusnaes 1519%ad9laedelaseas19uee Kretschmann 1ag9m e
3 MU A TuUITN Tulave wazduennia Tukuusiassisivualsanurunvestulany s

U9 50 nm eelumauuusnasd 20 azuanalisiudnaanad
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™ 3 T

L B o =
-1 0

L) (LU S e

1 2

N R

3 4

BRI LR B, N |

5 [+ 2

UM 3.1 lumantsnsedunaraueuslau3Tududaa uuu 20

3.4 YUABUNISAIIUAAT Material

o 1 - o al Al P
luﬂ'ﬁﬂqwumﬂq Material 13792NMUUARIUAITIIN 3.2 FNT199 3.3 LAYHAIT19Y] 3.4

o w a -
Auamu ’U@ﬂiﬂ‘ﬂé‘ﬂﬂiﬁmﬂ NBILLAN VIAUENIAAU 680 nm

= ) ' ' . G =l =
A19799 3.2 A19819015 4R Material U89 Prism v04lavzusginy noduns NAUENIAAU

680nm

21

Property

Name

Value

Unit

Property group

Refractive index

n

na

1

Refractive index

o 'Y ' | - . = a
M99 3.3 MIDUNMITINAT Material ¥949 Air ¥89laneUseian NoILag NANUEIIAAU

680nm

Property

Name

Value

Unit

Property group

Refractive index

n

nb

1

Refractive index

M1 3.4 F1981991519A7 Material U89 Metal v94lanzUseiny Na9umd HA1NETIARY

680nm
Property Name Value Unit Property group
Refractive index n 0.21544 1 Refractive index
Relative permittivity | epsilonBis 1.7044 1 Dielectric losses
(imaginary part)
Relative permittivity | epsilonPrim | -15.601 1 Dielectric losses
(real part)
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3.5 msfmundeyaiieiluiinszy |

Tun1sivun Junsuusnisiasdesiimuainagliuasiivinnnsenudunassia
TE mode %39 TM mode Favldlaawdlufvusnsinuosuadlusiion Electromagnetic
Wave Taglunsdiigosnisliifu TE mode T¥iden Electric  field input 1 Juvin
out-of-plane vector waglunsdifl Foansliifu TM mode TAldeon Electric field input 1Ju
%iim In-plane vector \flaidentiauasiinnnsenulduda Aeluisivganimvunyuannszy
Tneldl Port ansnsavilldsad

3.5.1 nsadAvum Port udszinm Periodic
oL Uaniang setting 789 port FuLILAT TumourelUlsnaEviinsiEen
boundary v94 port ﬁ’juq Ingvaulanves port 1 %ﬁmuﬁagﬁmawuqmm%w%%m IGE
denwesnlmduuszian periodic port #dwInTulsREeN On 7 983 Wave excitation at
this port tieifunisveniusunsuinsiesliiasnannsenud port 1 ndawndufifuua
Tnupvosasiiagidnanannsenu Ssdhlupeudu 15Benuasiuinnnsenuiiu out-of-plane
vector %32 TE mode  n15MuunesAUsEnavvasauulnfinvesuaInnnseny azaes
mwualilivun (ExEy,Ez) 18w (0,0,1) auddu uazdndu In-plane  vector w3 TM
mode Avgiasimun (ExEy,E2) Wu (1,1,0) mudiduuny nsimupaIanelunesn 1 A
sullufsnsimuaguennsznu (@) Iilailng? adadvnm () Tu port dilevinlng?
way A1AINA (f,) Al Fosnslaldminlnge nensnagldandoyafiumuusildmmun
15lu Parameters fams1sii 1.1 e
- yuannseny (o) laAdy “alpha”
- Al (n) Ay “na”
- A ( o) DT “fO”
mnuumwuﬂmﬁuaa port 2 &1 port 2 muLUummumsmwummwnLwaumﬂu
fananafides Ima‘ua‘uwmaa port 2 fﬂunwumaamauawamawummm Fagui 3.2 luns
fsrum port 2 Funeuduqfazadregfunisivue port 1 Aldnanlidrediu avwdouud Tu
port 2 mma«uaan “Off” Tutins Wave excitation at this port unu LLavmwummwnm’Lu
Fananafides L‘U‘qu “—beta” lu port 2 ts19giwunAsilwnmy nb
mMsimuanesnaziesimun periodic condition TaImasmtuge Tneis1azimun
periodic condition T¥iduuszunn Floquet periodicity uagfinwue k-vector 989 Floquet
periodicity 1%LUMG]’JLEIE]HU’§“’LJ‘IV] “From  periodic port”. mnuumammmwamaﬁi‘u
’JLﬂﬁmmwnmumauLLm 157fnA compute TvtiEe Home Lwa’Lﬁ’IU'iLmiuU'avmama

ERI A
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3.5.2 nsdinnuua Port WuUsean User defined

Iuﬂiﬂﬁm%iswﬁmm Port Tneleiudenuseian User defined wnugiden
Usglam periodic  Lilosanimagimmunsveaiaundu (kvector) TUUuIng x uas lavaiy
(k-vector) Tukuaunu z audeuluves dispersion relation TiiunsARoufivesaurslinih
3wy fai]
AvueA) kax Ine kax = koxnpx[sin(alpha):l
fmuaf kazlaw kaz = k,xn, x| cos(alpha)
uay alpha AemuysiviefisrnauannsznuUssn
NsiMUANDIA (port) AgRefmvun periodic condition vaswasn (port) $1e Tnaisay
A periodic condition Tiudsginn Floquet periodicity Wiy

Metal } 50 nm.
Alr (nb)

g‘uﬁ 3.2 (n) leuasmnnsgvuidumiin TM mode; wawnnsznufiosdusenauvpsauslyii
Tuwnu (xy,0) vEANNSENUUSTY

(¥) Wauasmnnsznuifuriia TE mode; uasmnnsynuilosdusynouvaausilii
Tuunu (0,0,2) vaugAnnsENUUSTY



und 4
NAN1528LLazN159 AU 18N E

4.1 wa Simulation wAaulWieABgsEe Ausinnsessassninetulans
futuaane
Hemmusliuasmnnsznuliduiianuenadudaus 400nm &e 800nm TnsTavss
3 gila loun vos (3w uay noduas uas Avualdyunannsenuveauasiiviliifandu
Awananeuiiuiusesseseindulanefutuoniefienail MOIAYUYINU 35.11 DA
RuilAuvinty 35.84 a4 way neunsfiingayiniu 31.01 oeen

4.1.1 nslldugennnsznuesiin TM mode uazaurulWiivssuasnnnsenuusaas
asAUsznauYasauINluLnY xy,z Wiy 1,0,1

4.1.1.1 wa Simulation mArauNlWiedegegaveslansuszian vas
fiyy 35.11 o9 watlulufennsed 4.1

m3eh 4.1 wansuavasardauinliiiedogegaiitineinnis Simulate Lile
= 2 5 1 =t =i L3
UEIRNNTENUAANUEIABUAILA 400nm i3 800nm flesAUsenauves
avnulwraluunu xy,z whiu 1,0,1 wagdmunlilansiduyssnnmes

ANBNIAAY Blax (1de)
(nm) (v/m)
400 32388.62
405 32003.00
410 2752%75
415 30264.00
420 21739.87
430 PoEh2.75
435 18285.63
440 16188.42
445 17085.13
450 37666.11
455 46760.00
460 51993.40
465 42205.27
470 30651.63
475 24546.33
480 20626.75
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AINE1IARY S (1afe)
(nm) (v/m)
485 23075.63
490 20125.40
495 17899.40
500 14105.67
505 14483.00
510 17925.00
525 8298.756
530 11442.44
555 8445.429
540 13246.50
545 12030.20
550 12831.89
560 24338.00
565 17967.00
570 21401.00
ST5 23808.00
580 26467.00
585 31634.00
590 33589.00
605 32643.00
610 23905.20
615 27567.40
625 18237.2¢
630 17605.88
635 15829.14
640 16481.29
645 16267.83
650 15209.00
655 15126.43
665 17345.67
670 1752335
675 18841.67
680 19890.33
685 23685.67
690 33309.67




26

ANE1AAY Ernex (Laé’;a)
(nm) (v/m)
695 69116.67
705 46354.11
710 30932.75
715 24067.75
720 21182.90
125 1945413
730 22210.00
745 27274.50
750 23160.50
755 20981.50
760 20585.00
765 19442 50
770 18720.50
775 19221.00
780 18359.00
785 17600.00
790 15221.67
J85 15715.00
800 15463.33

- y f deoguva 4 a < a ' i
9NN 319% 4.1 Ha Simulation MvilAAnAGURINATELEUAUSINTRERDTENIN
5 s 5 a o - = a1 o
Tulangiudueiniadiiign Anueaedu 695nm Tasddrauruliiliadogean
s A
69116.67 v/m Uanspzu 4.1

freq(1)=4.3136E14 Surface: Electric field norm (W/m) o
-6 T T
107 [ E x10°
0.8} . 1.2
0.6 4
0.4f 1
0.2} . 0.8
of y
O3 F 4 0.6
0.4 1 0.4
AO‘E - -
0.8 E 0.2
1 -
1 L 1 1 L 1 L 1 i
-0.5 0 0.5 i 1.5 2 2.5 3 x10°¢

A _ A =Y -y 1 U 3 s :5
JUN 4.1 uamanisiianauRInaauauUTuegnesewietulang fusuonaAveslany
= I3
Uselnn meg Nesausznavauiulwii 1,01



4.1.1.2 @ Simulation mAsuslniefeggaveslanslsaan Sy
iy 35.84 o9 waldulufannsnedi 4.2

MsIi 4.2 uansnavesarauiuliedogegafitinainnis Simulate 1ile
WAIANNTENUIALBMIAAURILE 400nm 59 800nm Sasrusenauaas
aulwiluunu xy,z wiriu 1,0,1 waziwusldlaneduussnnduy

ANEIATL Ervisse (1de)
(nm) (v/m)
400 18678.50
405 10934.80
410 13665.00
415 10772.50
420 9921.40
425 11625.70
435 7831.30
440 8576.50
445 9426.20
450 9858.60
455 11763.00
470 20655.00
475 18668.30
480 20214.80
485 16677.50
490 18085.00
495 14079.30
500 13668.00
505 17181.00
510 17720.80
520 15310.30
525 11357.70
530 10456.50
535 7295.90
540 7596.00
550 13769.30
555 10044.90
560 12564.00
570 22518.50
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AUE1IAEY E s (1nde)
(nm) (v/m)
575 18420.00
580 19963.50
585 21347.00
590 24431.00
595 28248.50
605 36642.00
620 35516.00
625 30338.00
635 20994.00
640 18708.00
645 19309.00
650 18692.00
655 17325.00
665 15193.00
670 15801.00
675 16863.30
680 16413.30
685 16121.30
690 16955.70
695 19268.00
700 22389.30
705 28881.00
710 48481.70
720 67906.00
725 45130.00
730 34303.00
135 26850.50
740 24641.50
745 30176.80
155 36371.50
760 27852.00
765 24956.00
770 22252.00
Te5 22624.50
780 20777.50
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AUE1IARY Emax (1038)
(nm) (v/m)
785 20581.50
790 20416.50
795 19655.00
800 19367.50

-:J 5 3 d' o v & dd’ = o - 1
NAITNN 4.2 Wa Simulation wm‘[wmmﬂaumwmamaw‘ummaamaszmw
& v @ a -l = a o
Tulangiutueiniafiign fina1ue1aAdu 720nm lnpfldraunlniradegean
67906.00 v/m WanInagu 4.2

freq(1)=4.1638E14 Surface: Electric field norm (V/m) S )

L rW i x10°
R A \ 3
- !ﬁgiu

0.8

x107°¢

1 1 3} 1 1 1 1

0 0.5 1 1.5 2 2.5 x10°®

= a A a = | | g o &
UM 4.2 uamansineraurkInaIaNeauususegRasE It ulavefuduaInavealany
a 4 ¢
Uselay Wy Nasaussnauauulnia 1,0,1



4.1.1.3 Wa Simulation m?i']amu‘lwﬁ']Laﬁﬂgaqﬂmaqiawzﬂixtﬂw 7N2ILAY

AN 4.3

fiyy 31.01 ern warduludemsnedi 4.3

wanwazasAraunlniniedogeaniitinainnis Simulate 1ile
LAANNTENUTALENIAGURILS 400nm 9 800nm TaedUsEnaUYDs
aulwdluunu xy,z  wirdu 1,0,1 uasdmualiflansiduyszinm
NBIUA

30

AUBIIAEY . (1nde)
(hm) (v/m)

400 .

405 -

410 -

415 10655.99

420 16959.5R

425 -

430 =

435 -

440 12720.00

445 11452.57

450 2

455 :

460 18121.40

465 17235.60

470 22836.80

475 30826.71

480 f

485 -

490 .

495 .

500 -

505 -

510 .

515 .

520 173519.70

525 34313.50

530 .

5355 -




a1

ANEIIARY E s (\aae)

(nm) (v/m)
540 -

545

550 -

5565 =
560 -
565 -
570 -

55 -

580 15507.83
585 12189.83
590 11304.00
595 10922.67
600 10859.17
605 10701.00
610 11061.00
615 13864.50
620 14491.14
625 7898.44
630 -

635 -

640 -

645

650 -

655 2

660 -

665 29203.50
670 12071.29
675 13172.00
680 59421.43
685 14977.50
690 12432.33
695 12274.60
700 12859.40
705 15093.80
710 15251.20




32

AUBIIAAY Emax (1288)
(nm) (v/m)
115 18737.60
720 -
25 .
730 -
735 .
740 2
745 -
150 -
55 -
760 | -
765 -
770 :
775 -
780 :
785 14854.50
790 15671.25
795 21278.00
800 33016.50

“Manewe: eSaamay “- uanddsusnaitliiiaeduicwataueuseuinesesso

langAvenIe

o ¢ s o 0 v a d oo a e ' '
INH15199 4.3 Wa Simulation A AAAARUEINAI AN UTNUSIISEERDS I
I o & aa 1 el = A a
dulangAudueiniaiian 98¥1A1UB1IAFY 680nm Imammamulﬂﬁuaaagjqqm
59421.43 v/m uamIRague 4.3

freq(l)=4.4087E14 Surface: Electric field norm OWV/m)
T T T —

10°% r T T =)

N

° - 2 s - <10
1UN 4.3 uammaiinrfuiwanaveuvinasessesyvitsdulavefutuomavedans
Ussinm naalae NosAusznovaunulnia 1,01
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4.1.2 nsadlduasnnnsznuein TM mode wazaunulWinvasuasnnnsznulsaus

a9AUsznavvasauNluLAY xy,z WU 1,1,0
4.1.2.1 ua Simulation wiAsuwlWidegegnveslanzuseinn nes
fyw 35.11 a3 walulufennsned 4.4

mM3aft 4.4 uaaswavesAdunliitiaiegeaniitinainnas Simulate 1ile
LAIANNTENULANEIARUAILA 400nm B4 800nm flperUsenaures
auulvilunnu xy,z wiiu 1,1,0 wagivuslilansdulssunmes

ANYIIAAY Eoe (1ade)

(nm) (v/m)

400 v.3552.50
405 26387.43
410 26652.09
415 29837.18
420 25179.67
425 , 36334.75
430 28621.54
435 21239.38
440 19773.42
445 19783.89
450 ‘ 36518.05
455 46045.00
460 44583.20
465 ' 26246.89
470 21070.14
475 17540.38
480 14103.90
485 14906.13
490 16721.76
495 16076.67
500 14327.67
505 1498277
510 1915775
525 109520.00
530 11568.80
535 11796.88
545 15178.33
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ANE1IAAY Bl (1ade)
(nm) (v/m)
555 15190.78
560 21572.80
565 19722.00
570 17836.29
S5 20098.50
580 18602.44
585 21190.75
590 25276.00
595 30376.00
605 25835.00
610 18881.40
615 17685.78
620 20433.88
625 12840.10
630 N 52588
635 11840.88
640 11955.00
645 12025.89
650 12254.11
655 12069.63
665 13416.67
670 15105.33
675 16728.67
680 19361.67
685 24620.67
690 33625.67
695 94090.00
708 49089.56
710 36364.00
720 35567.00
730 33797.20
750 31862.00
755 29218.00
760 28888.50
765 27826.50
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ATNNEIIAAY Emax (1088)
(nm) (v/m)
770 23928.00
775 22852.00
785 21728.67
790 19186.73
795 19361.39
800 18347.00

= 4 = o o Y o= :J = A:J = 1 '
RINAITNN 4.4 Wa Simulation NARAAURINAANDUNUSIINSDEADSE WIS
) T g | = P a o
ﬁuuiamﬂwummﬂqum YIANYIIARU 695nm Imaumaumiwﬁuaaaqqqm
o =
94090.00 v/m Laammgﬂw 4.4

freq(1)=4.3136E14 Surface: Electric field norm (V/m) ' ]
-6 T g T
— I - x10°
0.8 . 16
0.6 3
1.4
0.4 1
1.2
0.2 4
1
OF Tang
02F N 0.8
-0.4F N 0.6
0.6+ - 0.4
0.8}k 1 0.2
4R 27074 |
1 i 1 1 1 1 L 1 1 1
-0.5 0 0.5 1 1.5 2 2.5 3 x107¢

UM 4.4 waninsifanduiwanateuuiinseure sy ndulaveiviuainavedans
Uszian yes MesAusenavauulni 1,1,0



4.1.2.2 wa Simulation MmAswalWARGuggavasdanzUszny Ju
iy 35.84 aean walulfeansned 4.5

m3ei 4.5 wananavesArautnlnindugegafiinainnis Simulate 1ile
WAIANNTZNULAILETIAGUAIULA 400nm B9 800nm feiAUsenauwas
auulwiiluinu xy,z wihiu 1,1,0 wagiwusalilangiduyssinncu

AYNNEIAEY B (1ade)

(nm) (v/m)

400 18846.00
410 17707.30
415 14156.70
420 13734.70
425 15654.00
430 27166.60
435 9430.00
440 9273.00
445 9694.70
450 10076.40
455 9745.50
460 17965.60
465 19757.00
470 14750.00
475 : 13382.70
485 13630.00
495 13924.00
500 14392.00
505 20133.30
510 22874.30
520 20362.30
525 15660.30
530 14497.50
535 10852.00
540 11408.00
545 12617.00
555 13935.70
560 16738.00
570 30012.50
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ANEIARY Erviic (1afe)
(hm) (v/m)
i) 24560.00
580 23436.50
585 23931.00
590 25414.00
595 27449.50
600 37174.00
605 34788.00
620 26596.00
625 24743.00
035 14241.00
640 13164.00
645 13148.00
650 13070.00
655 12524.00
660 12933.00
665 12400.00
670 13522.00
675 15608.00
680 15933.00
685 15685.30
690 18495.00
695 21337.00
705 3472370
710 63382.30
720 74611.00
725 49145.00
730 40144.00
735 32987.00
740 31050.50
745 39908.30
55 43383.00
760 37013.00
765 32597.00
770 31548.00
175 29619.00
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ANNIAAY Emax (1288)
(nm) (v/m)
780 28647.00
785 27859.50
790 26576.00
795 26395.00
800 25438.00

PN . . o o - A a a a ' ]
9INA15°9% 4.5 Wa Simulation MARAGURINa1auBUAUSIMTRERETEN TN
& v ad < = a1 o
Julansfiutueinieaiign Mnaiugriadu 720nm Tnsfidrauulniiedsgeqn
s d
74611.00 v/m ugeinIguy 4.5

freq(1)=4.1638E14 Surface: Electric field norm (\v/m)

Il

1 1

0

0.5 1

anb

2

2.5 x10"

x10°

U 45 uamansiineduihiwanaueuuInusessesEritulavefutuenIAves

lavgUszinn [¥u fiesrusenevaudlii 1,1,0



4.1.2.3 wa Simulation MAswlWiRdugavaslanzUssinn veung
iy 31.01 291 waluludanisned 4.6

51971 4.6 LLﬁﬂﬂNﬁ‘U@ﬁﬁ’lﬁUﬂulwﬂﬂLagﬂgﬁﬁjﬂﬁiﬁﬂﬁﬂﬂﬂﬁ Simulate 1ilg
uawmnNIEMUTinuETIAAuRaUs 400nm B3 800nm esrUsznauves
aunulwdrluuny xy,z - windu 1,1,0 wazdvualilanedulssinn
7NDIUAS

ANENIAAY Erna (288)
(nm) (v/m)

400 .

405 =

410 .

415 15818.75

420 26862.25

425 -

430 s

435 !

440 18722.33

445 16812.25

450 -

455 -

460 23417.25

465 21573.75

aro 2239585

475 37993.25

480 »

485 -

490 -

495 -

500 <

505 -

510 .

515 .

520 134530.00

525 26626.50

530 .

535 -
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AINE1IARY Ernax (1R88)
(hm) (v/m)
540 %
545
550 2
555 =
560 -
565 =
570
575 -
580 14490.25
585 12478.50
590 12104.75
595 12022.50
600 12467.00
605 10956.00
610 13348.75
615 17465.75
620 18393.50
625 10956.60
630 =
635 4
640 -
645
650 S
655 2
660
665 30181.75
670 16751.75
675 18843.00
680 69224.57
685 21204.00
690 17051.25
695 17786.75
700 18267.50
705 20894.75
715 26286.50
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AMEIAEY Emax (1088)
(nm) (v/m)
720 >
725 .
730 -
135 -
740 =
745 =
750 =
755 =
760 =
765 R
770 : -
T -
780 =
785 20542.75
790 PISUS 75
795 27777.50
800 42397.25

MBI 1ASeIMNY -7 uaaeisuiuitliinadufiowanduoussuinesossio

langivama

o ) f ) a A a a a ' I
NNAINT 4.6 W@ Simulation MiiARAGURINAENEUAUSINTDYRETYNIN
& Y] a A = = a =
Tulanzivtuerniaiiign fnaue1aadu 68onm laediAraulniliiadsgege
69224.57 v/m uanensguin 4.6

freq(1)=4.4087E14 Surface: Electric field norm (\W/m)

%10 [ T T T T T T =

"
o 1 2 3 El =10

= a A a a | | 3 v o
JUN 4.6 WaAIN1SINAAGURINAIANUUTINTOURDIENITULaNE TIUTUDIN1AYDY
o
largdseian neewne No3fUsenovauny iy 1,1,0
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= = d o 1 o
4.1.3 nanildusennnsznuyiia TE mode Fsfmunauns xy,z wirfu 0,0,1
4.1.3.1 wa Simulation ‘mﬂ"lamaﬂwﬁ'}Laﬁﬂgﬂqmaﬂawﬂs:mw a9
iy 35.11 aeen waidulufsnnsned 4.7

5199 4.7 LLacﬂwamaaﬂ'mumlw%wLaé"a@qqﬂﬁl,ﬁmmﬂmi Simulate 1ile
uawRNNsEnUTiANEIIAaURaLs 400nm e 800nm fesrusnouves
awuliluuny xy,z wihiu 0,0,1 uagrimualilaneduuseinnmas
ANENIAAY E s (o)

(nm) (v/m)

400 -

405 -

410 -

415 -

420 -

425 -

430 -

435 -

440 2

445 \

450 -

455 >

460 )

465 -

470 -

475 -

480 5

485 27922.85

490 .

495 | _

500 .

505 -

510 =

515 i

520 -

525 -

530 -

535 -




a3

ANBNIAAL
(nm)

B us (mﬁa)
(v/m)

540

545

2547425

554

555

560

565

570

575

580

245637.5

585

590

i g

600

605

610

615

620

25677.55

625

630

635

640

645

20866.5

650

22381.29

&G

660

147448

665

132059.1

670

675

24461.8

680

685

690

695

700

705

710




4o

ANENAAY
(nm)

Emax (1088)
(v/m)

115

720

125

730

f55

292788.8

740

361985

745

750

P55

20454.29

760

18803.71

165

18344.43

770

/L5

780

785

790

24356.25

795

800

q =y d 1 a d _ 1 1]
*UULING: LATIIUNE “-7 waasdeuSinunliifinnduianatdususeudinesosne

Tangnueine

o o A P v oa < S a ! '
NAITNN 4.7 W@ Simulation ‘VW]']I‘VTLﬂWﬂaUﬂUWN‘lWﬂWﬂU‘SL?miBUﬁ)ﬂ‘iﬁﬂ’]’N

Tulavziudueiniadifian fnrmerandu 7350m taeidrauinlniiedsgege

292788.8 v/m uansdagui 4.7

x10°¢

0.8

0.2

-0.2
-0.4
-0.6
-0.8

alpha(l)=0.43633 freq(1)=4.0788E14 Surface: Electric field norm (\/m)
T T T T T T T

0.6 -
0.4+

1
-0.5

L L
0 0.5

L L
3 x10"

UM 4.7 wassmsifineduaudlnihusiusessesswinstulaneiudusinavelans

Ussiam o3 NesAusynevaunlnii 0,0,1



4.1.3.2 wa Simulation wiAswalWARGeggavaddanzyszian Ru
My 35.84 o9 wanlulufsmnsnd 4.8

P57 4.8 wananavesarautnlniiiadegegaiitineinnas Simulate 1ile
a a4 & | - al ¢
WEIRNNTENUNAILENIAAUAILA 400nm §9 800nm flasrUsznauvad
aunulvilunnu xy,z wiiu 0,0,1 wazivualilanedulseinnEy

ALE1IAAY Emax (fe)

(nm) (v/m)
400 -

405 31511.00
410 26527.00
715 28929.00
420 23177.00
425 -
430 20749.00
435 34257.00
440 )

445 -

450 -

455 35157.00
460 b

465 -

470 70445.00
475 110789.00
480 -

485 37622.00
490 93421.00
495 -
500 -

505 -

510 -
515 -
520 -

525 -

530 -

535 40454.00
540 -




a6

A1187179AAY
(nm)

= (Laﬁiﬂ)
(v/m)

545

30516.00

550

555

560

565

26382.00

570

66622.00

515

ZI1ST1.00

580

122301.00

585

121638.00

590

595

600

605

610

615

620

27191.00

625

40208.00

630

635

640

645

650

655

660

665

670

675

29021.00

680

37178.00

685

32951.00

690

30501.00

695

700

705

38482.00

710

27871.00

L8




a7

AMNBIATL Emax (1238)
(nm) (v/m)
720 -

725 4
730 31589.00
735 -
740 -
745 32856.00
750 136539.00
755 -
760 -
765 -
770 %
775 -
780 38950.00
785 26765.00
790 2
795 :
800 :
WY LATMNNY -7 udnaBsuTailifeadufiswataueussninesessio

lavignuainie

< . . 4 o a o a i '
9INAN31997 4.8 A Simulation MvilviAapduau i ivsnusesnasening
) YY) A = = a ) =
Tulanziudueininifign Na21ue1aaiu 750nm laeirauiulniiadogege
s A
136539.00 v/m weniavgun 4.8

alpha(9)=0.6256 Surface: Electric field normV(V/m)
T T T T

=107

0.8 |-
0.6 |-
0.4

0.2 |-

-0.2

-0.4 |

-0.6 |

-0.8 -

6 ois 1 1?5 ; 215 x{o*
= = P & 1 f & v o
JUN 4.8 uamanisiinrduauinlniiuinuseeneserintulavefutuainiaveslans
a = ¢
Uselny [{u Nesrdsznavauuliti 0,01
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4.1.3.3 #a Simulation yAaumlnAeiuggavasdanslssnn nasuns
My 31.01 a9 waidulufansned 4.9

99 4.9 LLamwawaqmaumlw%Laﬁaqqqmﬁuﬁmmﬂms Simulate 13l
LARNNSENUTALETIAGUR LA 400nm F4 800nm foedUsznavaas
aurulnihlunnu xy,z  wirdu 0,0,1 wazdvualilansidulseinn
NDIUAY
ANUEIARY - (Laﬁﬂ)
(nm) (v/m)
400 -
405 -
410 -
415 -
420 -
az5 28009.53
430 49482.23
435 >
440 33610.00
445 27702.50
450 -
455 -
460 2
465 =
470 -
475 ~
480 ]
485 -
490 -
495 -
500 -
505 ]
510 .
515 .
520 .
525 2
530 -
535 .
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ANNENIAAY
(nm)

Ema<aa§ﬂ)
(v/m)

540

545

550

355

560

565

570

575

580

26790.40

585

590

595

600

605

610

615

620

625

630

635

640

645

650

655

660

665

670

77020.40

675

31399.88

680

56247.56

685

690

695

700

705

710
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ATNNENIARY Emax (1288)
(nm) (v/m)
1715 -
720 -
725 -
730 -
135 =
740 29240.00
745 291738.7.1
750 22116.29
755 2133114
760 20949.86
765 20964.43
770 20795.00
715 20785.00
780 -
785 -
790 %
795 -
800 -

= = o <l 1= a a 1] ]
*ﬂ&l’]ﬁl!ﬂﬂﬁ!: LAFDINUNY -7 LLﬂﬂGﬂﬁUﬁL?ﬂJﬂ‘lﬁJLﬂﬂﬂﬁuN’JWﬁﬂﬁNBUi:ﬁﬂ'ﬂﬂiaElﬂi]

Tanznuannia

o . g <o v a o o a ' 1
MO39 4.9 Ha Simulation lHAAeGUau W AVSnusRERaTENINg
v [, a - o - a1 <
Tulanzdvduenniadingn finauerarau 670nm Taeddraunlniedogegn

77020.40 v/m uansdagui 4.9

1.2

1 Ay

UM 4.9 wansnisiiapduauinlniusnuseesesenindulanefuduennmaveslans

o ¢
Uselny neauey Nosrusznavawuluii 0,0,1



51

]
1 =

4.2 wa Simulation vasAEUlNANRREgEN AyuAitiulzauivi lFiinafY

q 9
2

HINAaNaUuUsINTaeAaendetulansiuduaInId wazn1sAILINAD
AUAAIAAADUSEAIINTAINLAIINNgEE dispersion relation fiu

yuliannis Simulate

4.2.1 nsallduaennnsznuaiin TM mode WauasnnnsEnuilaa1ue19Inaus s
400nm 9 800nm flasAusznavvasaunluiny xy,z Wfu 1,0,1
4.2.1.1 wa Simulation vaslanzusziny nae wauludsnisien 4.10

19799 4.10 uantnaveIAdUININiIATEEIER AN nuEekAYAIATITY
o a a » P [V aa

ARIALAGBUYBIYUNLNADINATT Simulate LHguAvAYuRAnlARIN

ngwfdispersion - relation Ainsdusznavauaulin 10,1 vadlany

UTELANNDY

ARLE1IARY Yalyqus Hsimutation mﬂmﬂmﬁawaayu Ermax (288)
(nm) (24977) (2471) (%) (v/m)
435 77.30 78.30 1.29 44688.00
440 64.89 64.50 0.60 N %225.00
aa5 56.24 54.90 2.39 223690.00
450 49.58 49.80 0.44 233950.00
455 44.42 45.00 1.30 39327.00
460 40.42 39.30 2.78 674565.00
465 k- £in 55" 37.00 0.89 119718.00
470 34.95 36.00 3.01 57176.00
475 33.10 33,70 1.81 26320.00
480 367 32.00 103 15290.00
485 30.56 30.90 ) 17790.00
490 29.70 30.50 2.68 66901.00
495 29.03 28.30 2.51 204956.00
500 2851 27.40 3.91 29027.00
505 28.13 29.50 4,89 499110.00
510 27.84 29.50 5.97 165866.00
515 2163 27.20 1.56 22031.00
520 26.70 27.50 2.99 22141.00
525 27.40 27.00 1.46 46440.00
530 27.36 27.30 0.21 72568.00
535 27.35 27.60 0.91 160870.00
540 27.38 27.90 1.91 37117.00
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AYME1IARY LU Usimutation ANPAIALARDUYDY E e (ade)
(nm) (94611) (99A1) 3 (%) (v/m)
545 27.43 28.10 2.46 69868.00
550 27.50 28.40 3.27 80988.00
555 27.59 28.60 3.66 55442.00
560 27.70 28.90 4.33 91807.00
565 27.82 29.10 4,59 85439.00
570 27.96 29.40 516 63854.00
575 28.11 29.50 4.96 23808.00
580 28.26 29.80 5.44 71038.00
585 28.43 30.00 5.54 47157.00
590 28.60 30.20 5.60 38500.00
595 28.78 30.40 5.64 46964.00
600 28.96 30.80 6.35 98740.00
605 2915 30.90 6.00 48710.00
610 29.35 31.10 - 598 60532.00
615 29.55 RGO 6.61 82210.00
620 2O N5 31.70 6.55 148137.00
625 29.96 29.50 1.52 140573.00
630 30.17 ~29.80 (AP 50230.00
635 30.38 32.40 6.64 92745.00
640 30.60 32.60 6.54 138793.00
645 30.82 32.80 6.43 216577.00
650 31.04 32.90 599 77526.00
655 31.26 3 k0 5.87 72420.00
660 31.49 2300 574 66079.00
665 wl. 72 33.70 625 149253.00
670 31.95 33.90 6.10 202437.00
675 32.18 34.30 6.58 165450.00
680 32,52 34.30 6.12 384567.00
685 32.66 34.60 595 107593.00
690 32.90 34.60 5.18 89247.00
695 33,13 35.00 5.63 154223.00
700 33.38 34.40 2.07 210673.00
705 33.62 35.50 5.59 89359.00
710 33.86 35.70 5.42 100030.00
715 34.11 35.90 5.25 180747.00
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AUENIAEY Ul Ulsimutation | AIABIALARBUYBY | Emae (1088)
(nm) (29717) (2911) 34 (%) (v/m)
720 34.36 36.00 a.77 2128100.00
125 34.61 36.10 4.31 141745.00
730 34.86 36.20 3.85 78570.00
i S0l 36.50 326 113105.00
740 35.36 36.90 4.35 223240.00
745 35.62 36.90 3.60 153680.00
730 35.88 36.90 2.86 100218.00
755 36.13 36.90 2.13 93533.00
760 #6359 36.70 0.85 36139.00
765 36.65 37.70 2.86 108065.00
770 36.91 36.90 0.03 136448.00
775 3413 38.20 2.76 177360.00
780 37.44 38.40 57 182257.00
785 37.70 38.50 il 143113.00
790 f 38.70 192 112050.00
29 38.24 40.20 512 215250.00
800 38.51 38.40 0.28 145167.00

3INAI5199 4,10 35,90 a9 AildannIs Simulate Yililiaaudlniuades

4 o - = o ay v
gedm 180747 v/m Laun3uainns Simulate mm‘%ﬁmmaunuqu 34.11 831 Nlei9N
o ol i & . R al ) ) ) -
MIANNAUAWG W dispersion relation AANUARIAAGOUYIIN 5.25 % WARIAIFUN
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913U 4.10 lun1s Simulate WowyuannsEnumuIzay nau31ngI3un 4.10
wanimsiinaduRInatanauuInusesresswinsdulane futusnareud g nLoY
Ngn

o a A a ) = . o .

Weosnnisiinaduianaraveussiluluniungud dispersion  relation  ae
surface plasmon waves 9utiinfiunieliteulyvesyunnnsznunaraueIndy
annszny Wulvaunsesil

ko = k, = kengsind AuNsii 4.1

lao?l k,, Ao tavafiuges surface plasmon wave

n, Ao finmYesUITy

nelaRoulvvesaunisi ndsnusazluwusuresdlineuiinnnsenuazgrelauls sy
duanmseulutulansihlni uasdsalyiifn surface plasmon wave Tuin

4.2.1.2 wa Simulation Ya9lanzyussinnidy nsalduasnnnsznusiaT™ mode
LUEIANNTENUIAMUEIIAFUAILAT 400nm 89 800nmilaedUsenau
yasauNlnAnlunny xy,z Wiy 1,0,1 waluludennsnedi 4.11

A5 4.1 uansnaver1auIuini1Rd g a0 A1t el aE AT
AAALARDUTBIYUTLANIINNIT Simulate sufuAyufiAnliain
M dispersion  relation AesAUsEnavawlviy 10,1 vaslany

Useaniiu
AL AT Yy Ul simutation Fi'lﬂa'ml,ﬂﬁawaasgu Ero (0EB)

(nm) (2961) (29F1) (%) (v/m)

400 20.91 21.10 0.92 7423.30
405 20.96 21.46 2.39 9251.40
410 21.04 21.84 3.80 8478.80
415 21.14 22.04 4.26 7925.90
420 21.26 22.06 3.76 8505.90
425 21.39 22.40 4.75 8650.90
430 21.52 2252 4.65 7961.50
435 21.67 2257 4.15 6778.60
440 21.83 22.83 4.58 517.20
445 21.99 23.09 5.00 8§284.40
450 22.16 23.36 501 7650.70
455 22.34 23.64 5.82 8603.90
460 22.52 23.92 6.22 8463.90
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ALET1IAEL LT N8simutation mﬂmmﬂﬁawaaqm B (1ae)

(nm) (29#1) (296n) (%) (v/m)

465 2271 24.11 6.17 6917.60
470 22.89 24.59 743 9167.90
475 23.09 24.64 6.73 9644.30
480 23.28 25.08 i 9653.80
485 23.48 25.38 8.09 9927.30
490 23.68 25.48 7.60 10662.50
495 23.89 25.79 7.95 9961.30
500 24.10 26.10 8.30 9828.20
505 24.30 26.40 8.64 11979.70
510 24.51 26.61 8.5, 10058.10
bl5 24.73 27.0% 9.30 12882.70
520 24.94 27.24 9.22 11986.00
8525 25.16 27.39 8.85 10798.00
530 25.38 27.18 7.09 10374.80
535 25.60 27.50 7.42 10653.00
540 25.82 28.00 8.13 12579.50
545 26.04 28.14 8.06 13632.00
550 26.27 28.27 7.61 12575.50
Ha5 26.49 28.49 b5 13971.00
560 26,72 28.62 RiFT 12745.50
565 26.94 28.84 7.03 13296.80
570 %N 29.17 7.36 15165.00
5N 2748 29.91 9.12 14869.00
580 27.64 30.34 9.79 15148.30
b5 27.87 30.47 955 13993.00
590 28.10 30.70 9.25 14834.30
595 28.34 30.94 9. 1¥ 15024.00
600 28.57 31.17 9.10 15077.30
605 28.81 31.41 9.03 15808.30
610 29.05 31.65 8.95 16229.00
615 29.29 31.89 8.88 16599.00
620 28 53 32.13 8.80 16544.00
625 29.77 3257 873 17523.00
630 30.01 32.61 8.66 16795.00
635 30.25 32.85 8.59 17078.70
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ALET2AEY Ulyoei | HMsimutaton | AIABIALARBUYBILAY | E,y (1088)

(nm) (29¢617) (2961) (%) (v/m)

640 30.50 33.20 8.85 17299.00
645 30.74 33.42 8.73 16643.30
650 31.00 33.69 8.71 17509.70
655 31.23 33.93 8.64 17196.30
660 31.48 34.18 8.58 18233.70
665 5175 34.43 8.51 17605.30
670 31.98 34.68 8.44 18007.30
675 3223 35.13 9.00 17961.30
680 3248 35.08 8.62 17019.70
685 32.74 3554 - 8.55 17609.70
690 32.99 35.79 8.49 18348.70
695 33.04 36.04 8.42 17388.30
700 3350 36.30 8.36 18357.00
705 Lde 36.56 8.29 17746.30
710 34.01 36,71 7.94 18733.30
715 34.27 35.87 4.67 125030.00
720 34,53 37.33 8.11 19207.70
725 34.79 3750 8.05 19335.70
730 35.05 37.85 7.99 19447.00
735 35.32 37.91 3E3 20388.70
740 35,58 37.88 6.47 22346.30
745 35.84 3874 8.09 19231.60
750 36.11 3861 6.92 20891.00
755 36.38 38,88 6.87 20383.00
760 3665 39,35 7.37 20567.00
765 36.92 39.32 6.50 21337.30
770 37.19 39.89 7.26 21309.00
775 37.46 40.16 7.1 20261.70
780 37,75 39.93 5.83 22573.70
785 38.00 40.00 5.26 24270.30
790 38.28 40.98 7.05 20856.70
795 3855 40.95 6.23 22416.30
800 38.83 41.33 6.44 22437.30
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1NAN5NT 4.11 1 35.87 aemitlaainnas Simulate ilsildraunulniiade
gegn 125030 v/m LiawwuaInn1s Simulate sniSeuiflouiuy 34.27 aem Aldan
M3fMuIAIINg i) dispersion relation dnuAainAGe WY 4.67 % uaasfegun
4.11

[ Zoom Extents 14)=0.64286 Surface: Electric field norm (v/m)
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4.2.1.3 pa Simulation Y29lanENoLAY N5 ITUEIANNTENUBEA TM mode
a - 4 ¥ ' e o ¢
WIDULENNNNTENULAULIIAAUAILE 400nm D4 800nm HeAUsENaU
1 s s cl
yasaunlwA lunnu xy,z v 1,0,1 wadulusianisiei 4.12

AN 4.12 uananareemannlniiadegean AysmueolasAIALAAIRIAADY
109y uNIAA1NN1T Simulate g uduAryuidaldainngud
dispersion relation N18aaUsznavaurdliii 1,0,1 vaslanzusziny

LRAIGR
AUY1IAAY Yl Uilsimutation | AIAAIALARBUYBIY | Ermax (12HH)
(nm) (23p) (24617) (%) (v/m)
400 21.46 19.30 10.05 99269.50
405 21.42 19.70 8.05 37293.83
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ALETIAEY Yllyqus Ysimutation ﬂ'ﬂﬂmﬂmﬁawmyu Emax (afe) |
(nm) (2461) (946) (%) (v/m)
410 21.43 20.09 6.24 22096.83
415 21.46 20.43 4.80 11699.33
420 2155 20.70 3.84 13840.17
425 21.61 20.81 3.70 11693.75
430 21.70 21.03 3.11 12739.50
435 21.85 21.34 Z:35 30117.00
440 22.01 21.44 2.59 98845.17
445 22.17 o 2.81 39511.67
450 22.34 22.08 16 42202.50
455 22.5% 2pl5 158 161370.00
460 i 2270 0.26 18177.33
465 22.90 2276 0.62 29455.25
470 23.09 23.09 0.02 19071.60
475 23.29 28,37 (55 20102.33
480 23.49 23.45 el 89238.50
485 23.68 23.67 0.05 125220.00
490 23.88 23.88 0.02 297126.00
495 24.08 24.10 0.06 99358.50

. 500 24.31 s 0.18 148355.00
505 24.53 24.61 0.32 129320.00
510 24.76 2541 2.62 63638.67
L5 24.98 2z 1LY 0.55 63328.83
520 25.20 25.37 0.63 55095.60
525 25.45 25.60 0.58 104619.67
530 25570 2583 0.91 38874.67
535 25.94 26.06 0.45 47436.67
540 26.19 26.57 1.45 126552.50
545 26.44 26.36 0.29 54382.25
550 26.66 27.51 3.19 55128.50
555 26.83 26.73 0.35 63115.25
560 27.00 2121 0.78 66996.25
565 27.18 27.66 1.78 152054.00
570 27.36 28.08 2.63 68084.00
b5 27.55 28.47 3.33 133770.00
580 2 E5 28.84 3.93 73221.00
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AYILENIAAY Wiz U simutation ﬁqﬂaﬂﬂLﬂﬁauwaeyu Ernax (1238)
(nm) (24¢1) (2461) (%) (v/m)
585 27.88 27.21 2.42 73958.00
590 27.99 21.62 1.32 64753.00
595 28.11 28.00 0.41 63753.00
600 28.25 28.28 0.10 47331.67
605 28.40 28.57 0.59 38125.67
610 28.56 28.85 1.00 5517.2.35
615 2873 29.07 1.18 41483.67
620 28.92 DB 0.51 49800.00
625 29.11 29.24 0.45 43135.67
630 29.31 29.31 0.01 62476.67
635 29.51 2937 0.47 82189.00
640 29, 29.47 0.82 58940.50
645 29.92 29.48 1.47 99959 67
650 30LE 29.53 1.99 92946.00
655 30.34 30.00 It 98718.00
660 30.55 30.16 1.29 56388.67
665 30.78 3032 1.49 88982.00
670 5101 30.48 1.70 308996.67
675 B1.23 33.04 579 46054.00
680 31.46 33.18 5.45 125556.67
685 31.69 30.92 2.44 69549.00
690 (=93 Sl RO, 2.69 95384.33
695 32.16 3865 4.32 28129.75
700 $2.39 33.68 3.97 82067.00
705 32.63 31.49 S50 158870.00
710 32.87 31.62 3,81 99559 .50
715 33,11 34.02 2.74 62333.50
720 33.36 34.36 3.01 38150:33
725 33.60 34.23 1.88 42178.60
730 33.84 34.37 1.55 127470.00
735 34.09 34.38 0.85 42612.33
740 34.34 34.53 0.56 45858.67
745 34.58 34.63 0.13 45846.67
750 34.84 32.60 6.42 72767.25
755 35.09 34.81 0.78 274430.00
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ANENIARY Ulngui] Y simulation Fi'lﬂmmﬂ%"au‘umqm Emax (1288)
(nm) (94971) (2411) (%) (v/m)
760 35.34 34.90 1.24 67689.33
765 35.59 34.99 1.89 40258.67
770 36.85 34.44 392 213770.00
775 36.10 35.16 2.61 118693.33
780 36.36 36.74 1.04 136686.67
785 36.62 2052 o 1o 172230.00
790 36.88 36.94 0.16 28344.67
795 37.14 37.05 0.25 57016.33
800 37.40 37.06 0.91 47520.00

9NATN 4.12 3y 31.01 83A7ILADINNIS Simulate Virlkldrauwlniage
g9dn 308996.67 v/m 1i8113u191nN1T Simulate USBuLisuiug 30.48 oeen Alel

o = ‘ . " < oo s
NNITANUIUAMNG S]] dispersion relation HAIUAAIAAABUWIIAY 1.70 % UAAINS

U 4.12

alpha(481)=0.53198 Surface: Electric field norm (W/m)
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4.2.2 nsellduaannnsenuaiin TM mode LBULEINNNTENUSAIINENIARUEILA
435nm @4 800nm HlesAusznavvasaunulniiluwny x,y,z Wiy 1,1,0
4.2.2.1 wa Simulation vadlansUsznn vas watdulufenisnedl 4.10

A9 4.13 uananavesiau LN REaeEn ANls e karAIANARIALAT BY
Y89yuALAn91NN15 Simulate tisuiuAyuAAaldannngus
dispersion relation finsAusznavawmlnin 1,1,0 vadlansUszinnmes

A2UE1IARY Yilygug Wl gimuitation ﬁhﬂaﬂmﬂﬁauwmgu Erna (1R8E)
(nm) (24¢) (24611) (%) (v/m)
435 77.30 78.20 1.16 40971.33
440 64.89 64.50 0.60 143903.33
445 56.24 54.90 2.39 227063.33
450 149.58 49.80 0.44 201875.00
455 44.42 45.40 2.20 11136.33
460 40.42 40.20 0.55 193285.00
465 37.33 38.70 3.66 205220.00
470 34.95 36.00 3.01 46968.00
475 33.10 33.20 0.30 25467.33
480 31.67 32.00 1.04 20419.00
485 30.56 30.80 0.78 29763.00
490 29.70 29.87 0.56 81138.75
495 29.03 28.30 2.51 232415.00
500 28.51 27.40 3.91 20716.33
505 28.13 26.44 5.98 352110.00
510 27.84 26.44 5.01 163235.00
515 9,27.63 26.43 4.36 137170.00
520 26.70 26.90 0.74 148505.00
525 27.40 27.00 1.46 45386.50
530 27.36 27.30 0.21 75023.00
535 27.35 27.60 0.91 181315.00
540 27.38 27.90 1.91 39273.67
545 27.43 28.10 2.46 66751.50
550 27.50 28.40 3.27 89342.00
555 27.59 28.60 3.66 54265.00
560 27.70 28.90 4.33 102720.00
565 27.82 29.10 4.59 79238.50
570 27.96 29.40 5.16 70545.00
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ANETIIAAY Halygug YW gimutation r-i'ma'ml.ﬂé"awawm E e (Laﬁ'm

(nm) (2471) (9496) (%) (v/m)
575 28.11 29.50 4.96 33410.50
580 28.26 29.80 5.44 68100.50
585 28.43 30.00 5.54 47565.50
590 28.60 30.20 5.60 40166.00
595 28.78 30.60 6.34 61513.00
600 28.96 30.80 6.35 126053.33
605 29.15 30.90 6.00 59707.33
610 29.35 31.30 6.66 65569.33
615 29.55 31.50 6.61 103256.67
620 29.75 31.70 6.55 201600.00
625 29.96 29.50 152 127724.00
630 30.17 29.80 1.22 66400.33
635 30.38 32.40 6.64 123290.00
640 30.60 32.60 6.54 195180.00
645 30.82 32.80 6.43 281013.33
650 31.04 32,90 5.99 77216.50
655 31.26 33.30 6.51 121243.33
660 31.49 33.50 6.38 162236.67
665 31.72 33.70 6.25 210850.00
670 31.95 33.90 6.10 | 250950.00
675 32.18 34.20 6.26 204185.00
680 32.32 34.30 6.12 292876.67
685 32.66 34.60 5.95 23685.67
690 32.90 34.80 5.79 181140.00
695 33.13 35.00 5.63 201196.67
700 33.38 34.40 S.07 263820.00
705 33.62 35.40 5.29 208966.67
710 33.86 35.60 5.13 197220.00
715 34.11 35.90 5.25 253590.00
720 34.36 36.00 7T 1473466.67
725 34.61 36.10 4.31 130537.50
730 34.86 36.50 4.71 183290.00
735 35.11 36.70 4.53 187950.00
740 35.36 36.90 4.35 239096.67
745 35.62 36.90 3.60 144023.33
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ANE1IAAY Ny Hsimulation Fi'lﬂmmﬂ%’awaasgu Emax (1288)
(nm) (89¢11) (29A7) (%) (v/m)
750 35.87 36.90 2.86 116590.00
755 36.13 36.90 2.13 116210.00
760 36.39 3710 3.60 178130.00
765 36.65 38.00 3.68 165046.67
770 36.91 36.90 0.03 161775.00
il 00T 38.20 2.76 133696.67
780 37.44 38.50 2.84 216860.00
785 37.70 38.80 2.91 157643.33
790 o L 39.00 g1 158976.67
795 38.24 40.20 M 257457.50
800 38.51 39.50 256 133503.33

NNATNA 4.13 31 35.90 83A19laa1nn1s Simulate ¥lildaulniiiade
d: o e al = o .:I
@egm 253590 v/m Wipuyuanns SimulatennuFguiiiauiuyu 34.11 agen Nldan
[ =i ¥ b % =i ‘-_»] 1 o s :I
MIAUIUAINNG YY) dispersion relation UPNUARIAAADULYIINY 5.25 % UWAAIAIFUT
4.13
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4.2.2.2 wa Simulation ¥84lanzUseinniau NsailduaInNnsENuYtnT™ mode
= = a ¥ i = = ¢
LIBLEIANNTENUIAIUEIIAAUAILAY 400nm B9 800nm SasaUsznau
vasauulwiTuwnu xy,z Wiiu 1,1,0 waduludenisiedi 4.14

A5 4,14 uananavrautINAIRBEEn AN aEAIALAIALAR DY
UBIYUNLAAIINAIS Simulate LHguAuAyuAAnlAannguw]
dispersion relation asAUsznauaumluin 1,1,0 vedlansussnntu

ALE1IAEY Halyguj YWsimutation Fi-'}ﬂmmﬂ?iawaaa,‘m i (LQ%EI)

(nm) (24f7) (24/1) (%) (v/m)

400 2091 0k e 0.96 6505.40
405 20.96 21.46 239 6801.60
410 21.04 21.84 3.80 7695.40
415 21.14 2214 4.73 9024.30
420 21.26 22.06 3.76 7729.80
425 21.39 22.38 4.67 7874.90
430 21=b2 22.35 3.85 7424.50
435 21.67 22.56 4.08 6327.70
440 21.83 22.83 4.58 7006.90
445 21.99 23.09 5.00 7374.60
450 2. 16 23.36 5.41 7824.90
455 22.34 23.64 582 8177.70
460 a2 2382 6.22 8557.50
465 22.71 24140 Sliy 8038.90
470 22.89 23.49 2.62 7034.70
475 23709 24.69 6.93 8963.50
480 23.28 25.08 % (9 7879.70
485 23.48 25,38 8.09 10241.90
490 23.68 25.48 7.60 9906.20
495 23.89 2589 8.37 9933.00
500 24.10 24.90 3.32 8798.30
505 24.30 26.40 8.64 11138.70
510 24.51 25.51 4.08 9673.50
515 24.73 27.13 9.70 10566.30
520 24.94 27.24 9.22 10487.30
525 2516 27.39 8.85 9903.60
530 25.38 27.18 7.12 10684.30
535 25.60 27.50 7.42 11453.80
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AYINE1IAEY Ulngwi NWsimutation ﬁhﬂmmﬂ?{auwmqu Erna (1088)

(nm) (24711) (24611) (%) (v/m)

540 25.82 27.40 6.14 12454.30
545 26.04 28.14 8.06 13699.00
550 ‘ 26.27 28.27 7.61 13092.00
555 26.49 28.49 .55 13701.00
560 26.72 28.62 o il 14230.80
565 26.94 28.84 1:05 14388.80
570 2T 28.97 6.62 14068.00
575 . 2741 29.91 9.12 1494430
580 27.64 30.14 9.05 15632.30
585 27.87 30.47 9.33 13428.00
590 2518 30.70 9.25 14342.30
595 28.34 30.94 QT7 14309.00
600 2857 ISR 9.10 15436.70
605 28.81 31.41 9.03 15315.00
610 29.05 31.65 8.95 16819.00
615 29.29 31.89 8.88 16604.30
620 2953 e 8.81 17021.30
625 29.77 CANT A S48, 18152.00
630 30.01 32.61 8.66 18805.30
635 30.253 32.85 8.59 18500.30
640 30.50 33.20 8.85 17194.70
645 30.74 33.44 8.78 18139.00
650 31.00 33.69 8.71 1778130
655 Bl23 3393 8.64 17546.30
660 31.48 34.18 8.58 19112.00
665 w3 34.43 8.51 18148.00
670 31.98 34.68 8.44 18310.00
675 32.2% 35.13 9.00 18058.30
680 32.48 3528 8.62 18596.30
685 32.74 35.54 8.55 18389.00
690 32..99 35.79 8.49 18904.70
695 33.24 36.04 8.42 18115.70
700 33.50 36.30 8.36 18532.00
705 33.76 36.56 8.29 19014.30
710 34.01 36.71 7.94 20499.30
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AY1LE1IAAY Halygus HUsimutation Fi'ma'mm?{awaqsgu Evias: (Lﬂgﬂ)

(nm) (24¢) (2971) (%) (v/m)

715 34.27 37.17 8.46 19018.30
720 34.53 36.34 5.22 144270.00
725 34.79 37.34 7.31 20640.30
730 35.05 37.85 7.99 21070.30
135 35.32 37.92 7.36 22246.00
740 35.58 38.18 131 23367.70
745 35.84 38.74 8.09 20547.70
50 36.11 Siapgal! 720 22991.70
155 36.38 38.88 6.87 22912.70
760 36.65 40.95 11°%§ 25054.30
765 36.92 9918 6.04 23642.30
770 37.19 39.32 A3 23394.70
F75 37.46 39.49 542 25029.30
780 3TYE 40.16 6.43 22688.00
785 38.00 40.23 5.86 22979.70
790 38.28 40.00 4,51 29323.00
/95 38.55 40.98 6.29 23208.00
800 38.83 41.03 b6 26481.00

9NAN3197 4.14 341 34.53 8aenildannis Simulate vhlilFdaulniiads

A o n = ) v o

gy 144270 v/m @aunaannnIg Simulate mmiﬁmﬁamwu 36.34 99f1 NlA
INNSAIUIUAINNG B dispersion relation fAINAIIALARBUYINTU 5.22 % LAAIST

SUTl 4.14



alpha(24)=0.64286 Surface: Electric field norm (\Wv/m)
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400 21.46 19.30 10.05 136396.67
405 21.42 19.70 8.05 57479.67
410 21.43 20.09 6.24 38094.67
415 21.46 20.43 4.80 14900.17
420 21.53 20.70 3.84 19265.00
425 2161 20.81 3.70 15616875
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435 2185 21.34 255 41952.83
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AINE1IAAY Yy H:simutation ssi'uﬂmmﬂﬁ'awamu Ermax (1de)
(nm) (296) (2471) (%) (v/m)
460 79,74 22.77 0.26 29086.67
465 22.90 22.76 0.62 39085.00
470 23.09 23.09 0.02 24879.33
475 23.29 23.37 ‘ 0.35 2077583
480 23.49 23.45 0.15 124188.00
485 23.68 23.67 0.05 202218.00
490 23.88 23.88 0.02 262010.00
495 24.08 24.10 0.06 135661.67
500 2007 24,35 0.18 229865.00
505 24.53 24.61 0.32 188836.67
510 24.76 25.41 2.62 90628.40
W5 24.98 2512 ’55 ' 84429.33
520 25 2 2B\ 0.63 67203.33
525 25.45 25.60 0.58 137616.67
530 2587 0 25(93 0.91 56883.33
595 2594 26.06 0.45 63056.00
540 26.19 e 145 165485.00
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560 2700, 2\ 2Pl 0.78 87490.33
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570 27.36 28.08 2.63 101053.33
575 P55 28.47 3.33 162415.00
580 27.75 28.84 393 101753.50
585 27.88 27.21 2.42 64869.25
590 27.99 27.62 1.32 79308.50
595 28.11 28.00 0.41 71082.50
600 28.25 28.28 0.10 62104.67
605 28.40 28.57 0.59 52675.00
610 28.56 28.85 1.00 70948.00
615 28.73 29.07 1.18 54230.00
620 28.92 28.77 .51 58201.67
625 29.11 29.24 0.45 58628.33
630 29.31 29.31 0.01 84836.33
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AINEIIAEY Yilpgus Wl sirmytation ﬂ"lﬂmmﬂgawamu Enax (1058)
(nm) (8461) (24r1) (%) (v/m)
635 29.51 29.37 0.47 92410.67
640 29.71 29.47 0.82 66290.33
645 2992 29.48 1.47 117043.33
650 30.13 29.53 1.99 106593.33
655 30,84 30.00 1.12 114803.33
660 30.55 30.16 1.29 66989.67
665 30.78 30.32 1.49 99653.00
670 31.01 30.48 1.70 367390.00
675 o7 33.04 5.79 64419.67
680 31.46 33.18 5.45 167580.00
685 31.69 30.92 2.44 75583.00
690 31.93 31.0F 2.69 90699.33
695 32.16 33,55 4.32 36551.33
700 32.39 33.68 3.97 107162.33
705 32.63 31.49 350 222050.00
710 32.87 31.62 3.81 142050.00
715 33.11 34.02 2.74 81452.33
720 33.36 34.36 3.01 48924.67
725 33.60 34.23 1.88 63599.33
730 3384 36.57 \ 155 175876.67
/56 34.09 34.38 0.85 54022.00
740 34.34 YLl 0.56 61414.67
745 34.58 34.63 0.13 62995.00
750 34.84 32.60 6.42 87179.00
155 35.09 34.81 0.78 327626.67
760 35.34 34,90 1.24 274430.00
765 3559 34.99 1.69 5576767
T 35.85 34.44 3.92 205.[9%5.33
Tr5 36.10 35.16 2.61 154160.00
780 36.36 36.74 1.04 177080.00
785 36.62 35.32 3.55 162026.67
790 36.88 36.94 0.16 38982.33
795 37.14 3705 {:25 51855.53
800 37.40 37.06 0.91 53276.67
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Spectral and Angular Responses of Surface Plasmon Resonance
Based on the Kretschmann Prism Configuration

Hyuk Rok Gwon*! and Seong Hyuk Lee*?
School of Mechanical Engineering, Chung-Ang University, 221 Heuksuk-dong, Dongjak-gu, Seoul 156-756, Korea

The present study investigates the optical characteristics and the spectral and angular responses of a Kretschmann surface plasmon
resonance (SPR) sensor configuration that is widely used in biological and chemical sensing applications. In order to examine the influence of
wave interference and optical properties of thin films on angular variation of reflectance at different incident angles, the Kretschmann SPR
configurations made of gold films with 30, 52, and 70 nm thicknesses were fabricated and the reflectance was detected using a 633 nm He-Ne
laser, 6-26 rotation stages, and a silicon pin photo-detector. In particular, this study involved the numerical analysis of angular and spectral
variation of reflectance estimated using the characteristic transmission matrix (CTM) method. It was found that the SPR sensitivity became
highly dependent on the gold film thickness, indicating that in the thinner gold film case, the reflectance was recovered slowly after the SPR
angle, whereas as the gold film thickness increased, the magnitude difference between the maximum and the minimum reflectance measured
near the SPR angle was smaller than in other cases. From the numerical analysis, it was shown that the phase shift is the most sensitive physical
parameter for SPR sensor by comparing estimated FWHM values of reflectance, phase shift, and enhancement of magnetic field intensity.

Therefore, it was concluded that an appropriate metal thickness of around 50 nm was found for higher sensitivity.

[doi:10.2320/matertrans. M2010003)
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Keyweords: Kretschmann surface plasmon resonance (SPR) sensor, characteristic transmission matrix (CTM) method, Sull width at half
maximum (FWHM), phase shift, enhancement of magnetic field intensiry

1. Introduction

Surface plasmon resonance (SPR) has been an essential
technique in chemical and bio-sensing for many years."
Originally, the SPR sensor was developed to measure CO,
and O; concentration and it was used to determine refractive
indices of materials and to investigate the absorption and
transmission characteristics of analyte, etc.>® SPR sensing
has many advantages such as high sensitivity, and can be
possible in situ label free measurement. There are three
methods for the excitation of surface plasmons (SPs): prism
coupling, grating coupling, and waveguide coupling. SPs are
collective oscillations of free electrons in metallic films such
as gold, silver, and aluminum. In the late 1970s, SPs were
first employed for the characterization of thin films and the
study of processes at metal boundaries.” Most researchers
utilized gold for the metal layer because of high chemical
stability and high sensing resolution. Despite the highest
resolution and sensitivity in sensing, silver cannot be used
for SPR sensor because of the chemical instability of the
surface.”) Because the sensing sensitivity of an SPR sensor
also depends on the metal thickness, many researchers
studied on the influence of metal film thickness for SPR
sensors”'? in order to find the optimum thickness for
achieving highest sensitivity. Instead of measuring reflec-
tance, attempts have been made to use phase shift in
measuring SPR angle and SPR wavelength.'"='? Other
possibilities to measure the magnitude of magnetic field on
SPR sensors include magneto-resistive magnetometers, Hall
devices, and magneto-optic imagers.'+!7

Thus, the present study investigates experimentally the
optical characteristics of the Kretschmann configuration to

*IGraduate Student, Chung-Ang University
*Corresponding author, E-mail: shlee89@cau.ac.kr

analyze the SPR sensitivity which substantially depends on
film thickness, and it also conducts numerical simulation for
practical six-layer SPR sensors with different gold thick-
nesses with the use of the characteristic transmission matrix
(CTM) method. For Kretschmann geometry with a single
gold film of 30, 52, and 70 nm thickness, scattering intensities
were measured to determine the optimum film thickness.
In particular, this article examined the influence of incident
angle on a wavelength modulation SPR sensor, and compared

. the full-width at half-maximum (FWHM) values of the

reflectance, the phase shift and the enhancement of magnetic
field intensity while acquiring the most sensitive sensing
value for the SPR sensor.

2. Theoretical Background

2.1 Surface plasmon resonance and Kretschmann con-
figuration
The SPR phenomenon is the excitation by totally reflected
TM (transverse magnetic) light at a metal-coated interface of
Kretschmann configuration when the wave vector of the
incident light in the plane of the surface (k) matches the
wave vector of the surface plasmon wave (SPW) in metallic
films (kg), as derived from Maxwell’s equation. Figure 1
illustrates the Kretschmann SPR configuration used in our
numerical simulation and experiment. The wave vectors of
the incident light and the SPW in the metallic films are
expressed as!
2 .
ke = i 1, sin(6) (1)

Y

2T Em&d
kgp = — [ ———— 2
iR A Ve, +eg @

where &4, &, and n, represent a complex dielectric constant
of dielectrics, a complex dielectric constant of metal, and a
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Sample layer ksp Surface Plasmon wave

Incident light (&) !
(Transverse Magnetic)

A schematic of the Kretschmann SPR configuration.

Fig. 1

> Gold
3 Chromium

- )Imlex matchmg gel
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TM-Polarized
633 nm He-Ne Laser S}/

Fig. 2 A schematic of the practical Kretschmann SPR sensor configura-

tion.

refractive index of the prism, respectively, and A denotes the
wavelength of incident light. The matching relationship,
including the complex dielectric constant of metal e, and the
resonant angle f,, can be expressed as follows:

: Eméy
ky = kep, By =sin~! [—T 3
” N o ep(em + €4) R

In resonant mode, the reflectance and the phase shift of
incident light change significantly. These changes are closely
associated with film thickness and the optical constant of the
metal layer, such as the reflective index n and the extinction
coefficient k& of an SPR configuration, as shown in Fig. 1.
Therefore, it is meaningful to study the influence of the type
of metal and thickness on the accuracy and resolution
analysis of an SPR sensor.

2.2 Characteristic transmission matrix (CTM) method
For the multilayers, as in the Kretschmann configuration,
there are three ways to derive an expression for radiative
properties such as reflectance and transmittance of thin films:
the field tracing method, the resultant wave method, and the
transfer matrix method. The field tracing method is intuitive
but cumbersome, whereas the transfer matrix method can be
easily extended to multilayers. Thus, we used the transfer
matrix method to investigate the optical characteristics of
multilayers with gold film thickness comparable to the
wavelength of incident light, thereby resulting in wave
interference. Figure 2 shows the six-layer Kretschmann SPR
sensor configuration. As noted previously, the transfer matrix

1151

~ \\Q_ ;
n ‘. E//’

n,=n +iK,

Fig. 3 A schematic of multi-layer thin film’ structure.

method was used in our simulation.'” Figure 3 shows a
schematic of a multi-layer structure where the m-th layer of
thickness d, has a complex refractive index, /i, = n, — ik,
and the interference matrix of the m-th layer can be expressed
by

;
M M : A i
M, — [Mn Mlz:l Va oS B ~ sin B, @
a A\ _ifbn Sil‘l ,Bm cos }Sm
M= H M, (5)

m=1

where B, and g, are defined as (27/1)ii,ud,, cos6, and
Ty €08 B, Tespectively. In addition, 71,, means the complex
refractive index of the m-th layer. The power of the matrix
method can best be appreciated when dealing with multiple
layers of thin films. We related the electric and magnetic
fields inside the m-th layer at both interfaces to the
interference matrix M,, for that layer. Since the transverse
components of the electric and magnetic fields are continuous
at each interface that is free of net charge and current, the
total interference matrix of the whole multilayer structure
was obtained using eq. (5). From the preceding matrix, we
obtained the reflection and transmittance coefficients r and
1 through the films as follows:

_ M, 1) + M(1, 2)i1,, )7, — [M(2, 1) + M(2, 2)7i, ]

© ML 1) + M1, 2, + [M(2, 1) + M(2, 2)i,]

2i1,

ML 1) + ML, )i, + M2, 1) + M(2, 2)i,]
where 7, indicates the complex refractive index of air
(incident layer). Then, the total reflectance R, transmittance
T, phase &, and the enhancement of magnetic field intensity
can be obtained as:

(6)

(M
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Fig. 4 Cross sectional SEM image of SPR sensor chip (52 nm gold on glass).

Table 1 Optical properties of materials at 633 nm wavelength of light,'$!)
i Refractive Extinction M o
Material index (n) coefficient (k) P
BK 7 Prism 1.517 0 25mm
Index Matching Gel 1.456 0 I mm
Pyrex 7740 Glass 1.474 0 0.5mm
Chromium 3719 4.362 5nm
Gold 0.130 3.162 30 nm-70nm
Air 1.0 0 foe}
R=|r]? (8)
n
T == )
Iy
¢ = arg|r| (10)
H.(n/n—=1) 5
= |t (11)
H,(1/2)

The optical properties of a BK-7 glass prism, chromium
film, index matching gel, gold film, and air are listed in
Table 1."%!9) We applied the 633nm wavelength incident
light to an angular modulation SPR. The thickness of the
prism was fixed at 25 mm. The optical properties of materials
used in the present simulation are listed in Table 1 and the
present study calculated the optical properties of several
materials in the wavelength range from 200 nm to 1,500 nm
by using the Akima spline interpolation method.?”

3. Experimental Configuration and Measurement Tech-
nique

For manufacturing conventional Kretschmann multilayer
structures, 5-nm-chromium film was first sputtered on the
surface of Pyrex 7740 glass to resolve the adhesion problem
of gold film to the glass substrate and then gold films with
different thicknesses were metalized in a sputtering system
(MHS-1500A). Figure 4 shows an SEM image of a SPR

Stage controller

©-20 Rotation stage

ND Filter
E Polarizer

E Plano convex lens
E Beam splitter

detector

detector

Digital oscilloscope

Fig. 5 An experimental setup of Kretschmann angular modulation SPR
sensing system.

chip with gold sputtered on glass to a thickness of 32 nm.
Finally, BK 7 prism and metal-coated Pyrex 7740 glass were
connected using index matching gel.

Figure 5 illustrates the experimental apparatus for a SPR
sensor. Incident light of 633 nm from 15 mW He-Ne lasers
(Melles Griot) was TM polarized while passing the p-
polarizer, and then excited the surface plasmons by ap-
proaching the gold film surface of the SPR sensor. To vary
the incidence angle, we used a 6-20 motorized rotation stage
(Sigma Koki) and a two-axis stepping motor drive controller
with 0.25° at each step. In addition, we used several filters
and lenses to achieve greater sensitivity. A neutral density
(ND) filter was used to reduce the power of the incident light
because very high intensity light cannot be detected by the
photo detector. A plano-convex lens was used to collimate
light to a spot on the SPR surface. The intensity of reflected
light after the SPR sensor was measured with a silicon pin
photodetector (Electro-Optics Technology) Using a beam
splitter, we measured the reflectance of incident light.
For comparison with numerical results, SPR signals were
acquired for three SPR sensor chips with different gold film
thicknesses of 30, 52, and 70 nm.
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Fig. 6 Calculated reflectance for different gold film thickness ranging (a)
from 30 to 50nm and (b) from 50 to 70 nm.

4. Results and Discussion

The CTM method was used to calculate the reflectance of
an angular modulation Kretschmann SPR sensor with gold
film thickness variations. From numerical results in the range
from 30 to 70 nm with 1 nm increment, Fig. 6 presents the
estimated reflectance with respect to the incidence angle.
In 30nm gold film case, a minimum value of reflectance
can be observed near the SPR angle of 45.4° approximately.
The maximum reflectance decreases with the increase in gold
film thickness, whereas the reflectance recovery becomes
faster. Based on the numerical results, it is confirmed that the
gold film thickness is a critical parameter for achieving high
sensitivity of the SPR sensor, and the angular sharpness of
reflectance should be considered to find the appropriate gold
film thickness because a sharper curve indicates that the
sensitivity is increasing.

With the practical Kretschmann SPR configuration shown
in Fig. 5, we conducted the experiments for three SPR sensor
cases with gold film thicknesses of 30, 52, and 70 nm. In each
case, the experiment was repeated three times. Figure 7 gives
the experimental results for reflectance and a comparison
of the numerical results for each case. Consequently, we
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Fig. 7 Comparison of measurement and prediction for reflectance at
different gold film thickness.

obtained good agreement between numerical and experi-
mental data, and concluded that the gold film thickness of
around 50nm would be advisable for SPR sensor. In our
experiments, we used a 52-nm-gild film thickness for
measurement and simulation.

As mentioned previously, a SPW is excited by the incident
light, and the interaction of a light wave with a SPW can alter
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Table 2 FWHM of reflectance, phase shift and enhancement of magnetic
field intensity of angular modulation single gold Film SPR structure.

Value of full width half maximum

Configuration
Enhancement of

(metal) Reflectance 5w oas . Phase shift
magnetic field intensity
Gold film 1.05 0.82 0.58

=

g 30 270

2 N Enhancement M. Field (Au 52 nm)-|

S ygfmme Phase Shift (Au 52 nm) ]

= “f 240
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Fig. 8 Enhancement of magnetic field intensity and phase shift at different
incidence angles for 52nm Au film structure.

optical characteristics such as reflectance, phase shift, and
electromagnetic (EM) field. In SPR mode, the reflectance of
incident light decreased. The phase of incident light is
defined the argument of real part of reflectance. Accordingly,
the changing of reflectance directly affects the phase of
incident light. Moreover, the evanescent wave propagates
parallel to a metal surface in resonant mode. The EM field
changes significantly due to the interaction between light and
a SPW.

We compared the sensitivity of reflectance, phase shift,
and enhancement of magnetic field intensity by evaluating
the FWHM values of practical Kretschmann SPR configu-
ration. The FWHM 1is an expression of the extent of a
function, given by the difference by the difference between
two extreme values of independent variables at which the
dependent variable is equal to half of its maximum value, and
it has been commonly used to describe the width and the
sharpness of functions or acquired data. In the SPR sensor,
higher sensitivity can be attained with sharper shapes,
suggesting faster recovery. The FWHM of reflectance in
the SPR curves is 1.05, and the other values are summarized
in Table 2. As a result, the FWHM of reflectance is greater
than that of the enhancement of magnetic field intensity and
phase shift. The small FWHM value means high sensitivity
of the SPR sensor. In Fig. 8, the enhancement of magnetic
field intensity and the phase shift of the angular modulation
SPR sensor were presented and a drastic change of phase
shift near a SPR angle was observed. Thus, it was thought
that one might characterize the SPR sensor sensitivity
through the measurement of a phase shift.

The effect of gold metal film thickness on wavelength
modulation SPR was examined. Figure 9 shows the reflec-
tance of a wavelength modulation Kretschmann SPR sensor
with gold film thickness variation at an incidence angle of
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Fig. 9 Calculated spectral effects of gold film thickness on reflectance for
the case of 43° incidence angle.
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Fig. 10  Calculated spectral effects of incidence angle on reflectance for the
case of 52 nm film thickness.

43°. The SPR wavelength decreased slightly when the metal
film thickness increased. It was concluded that the SPR
wavelength was independent of the metal film thickness.

In the wavelength modulation SPR method, many re-
searchers generally set the incidence angle to an arbitrary
value because SPR occurs when the incidence angle is just
above the critical angle €, to achieve total internal reflection
(TIR). For more sensitive SPR sensing, it is important to
examine the effect of incidence angle on wavelength-
dependent SPR signals. Therefore, the incidence angle was
varied from 40° (6. = 42°) to 90° by 0.1° increments for the
practical Kretschmann SPR sensor configuration shown in
Fig. 2. Figure 10 shows the reflectance of the SPR sensor for
incidence angles of 42°, 43°, 45°, and 47°. For the 43°
incidence angle case, the reflectance was sharper than in
other cases. We can suggest the best incidence angle for
maximum SPR sensing sensitivity with the minimum
reflectance for each case. Figure 11 represents the minimum
reflectance of each incidence angle to the wavelength
modulation SPR sensor. We determined that 42.6° is the
best incidence angle for a sensitive practical Kretschmann
wavelength modulation SPR sensor.
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Fig. 11 Calculated minimum reflectance of wavelength modulation SPR
sensor in several incidence angles (42°=50° with 0,1° increment for 52 nm
film thickness).

5. Conclusions

We investigated the angular and spectral responses of SPR
sensing characteristics using numerical and experimental
approaches. For the six-layer practical Kretschmann SPR
sensors with different gold film thicknesses (from 30 to
70nm), numerical simulation was first conducted by using
the CTM model. and the angular response of reflectance was
measured. The predicted and measured data were in good
agreement, and considering the sharpness and the recovery
rate of reflectance near a SPR angle, a thickness of around
50nm gave relatively high sensitivity for the angular
practical Kretschmann SPR sensor. By comparing the
predicted FWHM values of reflectance, phase shift, and
enhancement of magnetic field intensity, we also found that
the phase shift was the most sensitive physical parameter for
the SPR sensor, indicating that one can characterize the SPR
sensor sensitivity through the measurement of a phase shift.
Moreover, we simulated the wavelength modulation for SPR
sensors and determined that 42.6° is the best incidence angle
for the most sensitive practical Kretschmann wavelength

modulation SPR sensor. However, the resonance wavelength
differed significantly for each incidence angle, and we need
more considerations to suitable incidence angle for SPR
sensor working wavelength of SPR sensor.
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