Fresnel Analysis of AR Coating on Stainless Steel

Useful index of refraction data can be found at Refractive Index.INFO

vacuum wavelength, m X\ = 1.064 10 6
6.6310 >*.3.10° 1
photon energy, eV ev= —
160210712 o
Egy = 1.167
index of vacuum np=1
index of SS substrate Ngg = 25+ 4.1i
N3 = Ngg

index of DLC AR coating Nglc = 2.4+ 0.04i
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index of AR coating

power absorption coefficient, m"-1

relative index of AR coating, external

relative index of SS substrate

Si absorption coefficient, m"-1

imaginary index of refraction
(extinction coeff.)

index of Si AR coating

rel index of Si AR coating

index of InSb AR coating

index of AlinP AR coating

index of CdZnTe AR coating

incidence angle, rad

incidence angle, deg

Nisj = 8.467 x 10”

5

ngj:= 345 + injg

ngj = 3.45 + 8.467i x 10~

Nsi

Npei =
Rsi -
n

Nins
Nalinp
Ncdznte -

61 = 57.

eldeg(el)

b= 42 + 0.325i

= 2.7+ 0.073i

= 2.8 + 0.031i

G
180

— e 180
- l o

5



n
I . 1
angle inside AR coating, rad 62(91, nq, nz) = asin(—-sin(el)]

n2
65(01,n1.np) = 0.357 - 6.214i x 10>
angle inside SS, rad 63(91, Nq,No, n3) = asin(%-sin(ez(el, ny, nz))J
3

03(61.N1.np,Ng) = 0.09 - 0.149i
Reflectivity, P Polarization (TM field)

external reflection coefficient for surface 1-2

input angle, rad 4= 0.995

81 deg(0-995) = 57.009

Takahashi formula

nl-cos(ez(el, ny, nz)) - n2-cos(el)
nl-cos(ez(el, ny, “2)) + n2-cos(el)

rlTp(el’ nq, n2) =

10-3
r17p(61: N1 Np) = ~0.165 — 6.979i x 10

Pedrotti complex formula

rlpp(el, nl) =

nZR(n2)2~cos(el) - \/”ZR(”Z)Z - sin(el)2
nZR(n2)2~cos(el) + \/nZR(nz)z - sin(91)2

103
r1pp(61: ) = 0165 + 6.979i x 10

Reflectance from uncoated SS surface



Takahashi formula

. n1~cos(62(91, Ny, nss)) - nss~cos(61)
Wel’ M1 nss) ” nl-cos(ez(el, Ny, nss)) + nSS-cos(el)

r17p(61: N1+ Ngg) = ~0.547 — 0.410i

RssTp(el’ Ny nss) = ‘rlTp(el’ N ”ss)z‘

RssTp(el’ Ny, nss) - 0474

Pedrotti formula

external reflection coefficient for surface 1

an(nss)2~cos(el> - nZR(nss)2 - sin(61)2

/
”2R(“ss)2'C°S(91) + \/”ZR(”SS)Z - sin(91)2

3

WGL nss) =

r1pp(61: Np) = 0.165 + 6.979i x 10”

Reflectance from uncoated SS surface

Rsst(el’ nss) = ‘rlpp(el’ nSS)Z‘

Rsspp(©1:Nss) = 0474

emeg(el) = 91'%

a,:= 0,0.0001.. 1.571



Rsst(el’nss)O.S

100

Takahashi Results with DLC film

P-polarization

6

AR film thickness, m h:=1.016 x 10~
Note: Takahashi uses the negative index convention
Ny = 2.4 - 0.04i

ng =25 4

external reflection coefficient for surface 1-2

Takahashi formula



A9@(91, nq, n2> = asin(:—i -sin(el)]

nl-cos(ez(el, ny, “2)) - n2-cos(el)
n1~cos(92(61, ny, nz)) + n2-cos(91)

Wel, ng, n2) =

-3
r17p (615 N1, Np) = ~0.312 — 6.939 x 10

Pedrotti complex formula

n22-cos(61) -,/ Ny —sin(6

N N
—_
[y
~——

N

N

Welﬂ n2) =

n22»cos(61) + - sin(el)

3

>
N

r1pp(01Np) = 0-312 + 6.939i x 10~

reflection coefficient for surface 2

n2-cos(63(91, nq,No, n3)) - n3-cos(62(61, ny, n2)>
n2~cos(93(91, nq,No, n3)) + n3~cos(92(61, ny, n2)>

a1p(©1-M- M. N3) =
r1p(61: N5 N, Ng) = ~0.397 — 0.478i

additional round trip phase shift between first surface reflection and internally reflected beam, rad

Ny = 2.4 + 0.04i

57(01,n1.n,h) = z'j'“

-n2~cos(92(el, nq, n2)>-h
57(01.n1. 1. h) = 27.742 + 0.498i

—i-01{64,nq,n5,h
e 1920112 ):—1.418—0.835i



—i-8{64,nq,n5,h
rlTP(el’”l’”2)+r2Tp(91a”1,n2,n3)-e T( 1-M1-M2 )

r]'-I—pe‘ff(el’nl’nZ’n3’h) = —i-8{64,n4,n5,h
1+rlTp(el’nl’”z)'VZTp(ela”1an2,n3)-e T( 1-N1:M2 )

r1Tpeff(91a nq,No, N3, h) = -0.452 + 0.9i

2
RlTpeﬁ(ela nl 5 n2 5 n3 ) h) = ‘rlTpeff(el , nl , n2’ n3, h) ‘
RlTpeff(ela ni,ny,n3, h) =0.021

94,=10,0.0001..1.571

edeg(el) = 61.%

0.8

RlTpeff(eb ny.N5. N3, h)o.e

0.4

0.2
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Check Pedrotti equations, p-pol

Note: Pedrotti uses relative index

Pedrotti complex formula

reflection coefficient for surface 1

nZR(nz)z-cos(el) - \/nZR(HZ)Z - sin(61)2

nZR(n2)2~cos(Gl) + \/nZR(nZ)Z - sin(61)2

WOl, ”2) =

. -3
r1pp(61: Np) = 0312 + 6.939i x 10

compare with Takahashi

r1p(01.1.np) = 0312 + 6.930i x 1073

reflection coefficient for surface 2

2

n3R(n2, n3)2~cos(62(61, nq, nz)) - \/n3R(n2, n3) - sin(ez(el, nq, nz))2

rzpp(el, Ny, Ny, n3) =

“SR(”Z» n3)2-cos(92(61, ny, ”2)) + \/“SR(nZ» n3)2 - sin(92(61, ny, nz))z

rzpp(el, nl, n2, n3) = 0.397 + 0.478i
compare with Takahashi

rsz(Ol, nl, n2, n3) = -0.397 + 0.478i

additional round trip phase difference between first surface reflection and internally
reflected beam, rad

use complex index of refraction



Sp(el, nq,No, h) = t—g-Re(nz)cos(ez(el, nq, nz))~h + i':'.ﬂ

-Im(nz)-cos(ez(e)l, nq, nz))~h
5p (61, n1.Np. h) = 27.742 + 0.498i

introduce the power absorption coefficient
lre) = 5 |im(ng)
2): o 2

N(}R(el, nq,No, h) = t—g-Re(nz)cos(ez(el, nq, nz))~h + i~a(n2>-(cos(62(61, nq, nz))-h)

5p (61, n1.Np. h) = 27.742 + 0.498i

i 4m Re(n )cos(e (9 nq,n )) h
~ 2) 2(V1-""1-72) )"
e O e o{nz)-005(02( 03,3, _ 0.524 + 0.308i

compare with Takahashi

57(01.ny.n5.h) = 27.742 — 0.498i

—i-64{04,n,,n5,h
e T<1 12 >=—0.524—0.308i

effective reflection coefficient for surface 1 with infinite sum of multiple internal reflections

L%'Re(”z)'cos(ez(er”1’”2))

rlpp(el, n2) + rzpp(el, ny,noy, n3) -e

rlp ff el,nl,nz,ns,h =
be ( ) i-ﬂ-Re(nz)cos(ez(el,nl,n2:
1+ rlpp(el, nz)rzpp(el, nl, n2, n3)'e

r1Ppefr(91» ny.Ny,ng, h) = -0.042 — 0.138i

effective reflectance of AR coated SS



Rleeff(elr Ny,Np, N3, h) = ‘(rleeff(el’ Ny,Np, N3, h))z‘

Rippeff(61: 1. 2. g, h) = 0.021
compare with Takahashi

RlTpeff(ela nq,Np,N3, h) = 0.021

Takahashi DLC sample measured by Smith & fit to theoretical curve

Reflectivity of DLC Coating on SS, P-pol

—]—_

T
S'E 0.0048 Rleeff(5'ﬁ’nl’n2’n3’h

10-—— 0.0053 Rleeff 10-——, nl , n2 , n3 ,
T

15— 0008 Ryppeg| 15—
T

2075 0127 Ryppe| 20705 N1 M. N3,

T
30-—— 0.037 Rleeff 30@ s nl 5 ﬂ2 ) n3 ,

T
50% 0.11 Rleeff 50~ﬁ,n1,n2,n3,

T
57@ 0.11 Rlppeff 57~m,n1,n2,n3,

T
60-— 013 Ryppeff| 60—

NN AN NI AN AN AN AN AN

T
70-— 016 R 70-——,Nnq,N5, Na,

T T
R4~ = 40-— 0.066 R 40-——,n4,N5, Nq,

N——

T
80-—— 0.31 Rleeff SOE,nl,nz,n&h



least squares fit of thickness

j=0
measured reflectivity Rgle. . =48x 10 3
j,1
incident angle, deg ej = Ryl
theoretical reflectivity Rdlctheo(nl Ny, N3, ) = Rleeff(ej’nl’nZ’nS’h)
Rdlctheo(nl na. N3, )_0'256
Reflectivity error Aj(nl, Ny, nNg, h) = Rylc. - Rdlctheo(nl’ Ny, Ng, h)
I
Aj(ng,ng,ng, h) = -0.252
First Iteration hi=099-10 6
I i _
Second lteration h= 9.739 x 10 7
M
0.1, 10 A h)? = 2.918 x 10 °
jy=0.1. Z j(nl,nz,ns, ) = 2.918 x

3 aj(ng.ng.n3. h)? = 5.402 x 107 °

least squares analysis

Given

nl =1
Ny = 2.4+ 0.04i

Ng =25+ 4.1i

z Aj(nl,nz,ns,h)z =0
j



Results

Plot the results

Neval

N2eval
= Find(nl, Ny, N3, h)
N3eval

hevalcpx

N1eval = 1

Nogyal = 24 + 0.04i

N3eyal = 2.5 + 4.1i

7 12

h =0.73892 x 10" ' — 7.93593i x 10~

evalcpx

heval = Re (hevalcpx)

—7
heygl = 9-739 x 10

J

2 —
]Z Aj(nleval’n2eval’ N3eval- heval) = 3.826 x 10

6
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100

edeg

DLC design thickness for lowest reflectivity @ 57 deg

Takahashi

RlTpeff(el’ N1 Ndic-N3» h)

Pedrotti

T
Q.= 57— 04 = 0.995
A 180 1

— 6 _ 5
Rleeﬁ(ely Nq,Ngc» N3, 2.689-10 ) = 6.525 x 10

-6
Rleeff(ely Ny, Ngic> N3 2.823-10 ) = 0.089

-6
Rleeff(ely Ny, Ngic> N3 2.555-10 ) =0.102

h:=9.10",9.01.10" /. 3.107 °
MA
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h:=2.689-10

best-fit thickness, m

0,0.0001..1.571
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1.5

-6
R]_Ppef‘f(el, N1-Ng1c:N3> 1.035-10 )

-6
Rlppeff(el,nl,nd|c,n3,2.689-1o )

0.5

100

Silicon AR coating for lowest reflectivity @ 57 deg

index of Si AR coating Ngj = 345 + 8.467i x 10 °
L T
incidence angle, rad 0y :=57-—

180

reflectivity @ 57 deg incidence

Rapeffsi(®1- "1 Nsi-N3-h) = Ripper(@1. 11 N n3. h)

6 6

h:=1310"% 1301108 15.10
MA



1 T
1.32:10°°
. 3
Rapeftsi| 5755 M"1°"si-N3-N | 0.1 ‘
0.01 ‘
1.3x10°° 1.35¢10"° 1.4x10"° 1.45¢10"° 1.5x10”
h
best-fit thickness, m h:=1.32-10 6
L . T 6
reflectivity @ 57 deg incidence Rlpeﬁsi(srﬁ ,N1,Ngj,N3,1.386-10 j = 0.548

T -6
Rlpeﬁsi(w'ﬁ ,Nq,Ngj,N3,1.32-10 j =0.093

n -6
Rlpeﬁsi(w'ﬁ ,Nq,Ngj,N3,1.254-10 j = 0.549

94,=10,0.0001..1.571

N@iag(el) = 91'%



1.2

0.8

—6
Rlpeﬂsi(ernl’nsi’n3’1'32'lo )0-6

0.4

0.2

100

InSb AR coating for lowest reflectivity @ 57 deg
index of InSb Ninsp = 4-2 + 0.325i

incidence angle, rad 0y := 57.E

reflectivity @ 57 deg incidence

Rlpeffinsb(el’ N1-Ninsb-"3- h) = Rleeff(91’ N1-Ninsb-"N3> h)

7 7

h:=0,0.001-10 '..4.-10
M
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R . 57—, N4, N; Na,h L] \/
1peffinsb 180" L’ insb>"'3> | v
0.01—
110" — :
0 1x10° " 21077 310 4x10° '
h
best-fit thickness, m h:= 3.66-10 °

80

5x10" '

. L ™ -8 -3
reflectivity @ 57 deg incidence Rlpeffinsb(57'1_ .1, Ninsh+ N3 3.86-10 j =4.173 x 10

T _8 _
Rlpeﬁlnsb(mﬁ , nl , ninsb , n3, 3.66-10 j =2.015x 10

T -8 _
Rlpefﬁnsb(“'@ sN15Nipgh» N3, 3.46-10 j = 4.795 x 10

Qa,:= 0,0.0001.. 1571

Qddeg(1) = 91'%
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1.5

-8
Rlpeffinsb(ela”1=ninsb,n3,3.66.10 )

-7
Rlpeffinsb(61>n1sninsb,n3,1.65-10 )

0.5

100

AlInP AR coating for lowest reflectivity @ 57 deg

index of AlInP Nalinp = 2.7+ 0.073i
L. T
incidence angle, rad 0y :=57-—

180

reflectivity @ 57 deg incidence
Rlpeffalinp(el’ N1 Nalinp> "3- h) = Rleeﬁ(elﬂ N1 Nalinp> N3- h)

6 6

h:=0510" % 051.107%.2.10
MA



'Tl'
I:zlpeffallnp( g0 L "alinp’ n3,hj

best-fit thickness, m

01—t
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0.01

<

1x10

1x10~ 4

1x10°

5x10" ' 6

1x10

h:= 1.1095.10" °

1.5x10"

6

h

24107 °

25x10°

reflectivity @ 57 deg incidence Rlpeffalmp( ﬂo N1>Nalinp > "3 1.15.10 6) = 0.062

2,:= 0,0.0001.. 1.571

™ 6 _
R]_peffa“np( T80 ° M- Malinp+ N3: 1.1095-10" ) =1.219 x 10

T 6
Rlpeﬁa“np( O nl, a“np , n3, 1.06-10 ) = 0.09

eceg(el) = 91.1%0
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CdZnTe AR coating for lowest reflectivity @ 57 deg

index of CdzZnTe Nedznte = 2-8 + 0.031i
. . T
incidence angle, rad 0y :=57-—

180

reflectivity @ 57 deg incidence



R peffcdznte (61’ N1 Ncdznte > 3> h) = Rleeff(el’ N1 Ncdznte > 3> h)

he=1510° 151.10 °.3.107°
MA
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Lpeffedznte| > 55> "1 Medznte- "3- 0.0 ! I ' :
| |
1
1x10~ 3
|
|
_4 |
1x10 :
1.5x10°° 2107 ° 2510 ° 3x10°°
h
best-fit thickness, m h:= 2.1575-10 6

reflectivity @ 57 deg incidence

T -6
Rlpeﬂzcdznte (57@ , nl , ncdzme , n3, 2.55-10 ) = 0.183

n -6 -6
Rlpmcfcdzme(57-E N1, Nedznte » N3» 2457510 j = 3.504 x 10

T -6
R1peffcdznte (57'@ »N1. Negznte » N3+ 2:3-10 ) = 0.087

a,=0,0.0001.. 1571
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I-h

o a(nz).cos(ez(el, Ny ”2))'“

)).h.e_ a(n2)~005(92(91’”13”2))'“
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