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Diffraction from a Single Slit
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A= 1 pm, q=0.1 pm, z, =-5 pum, z,= 5 pm

Diffraction from a Single Slit
d =10pum, Aj; = 1pm
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Diffraction from a Single Slit
d =10pum, Ay = 1pm

Fresnel Approximation

A= 1 pm, q=5 pm, z, =-5 pm, z,= 5 ppm
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Rayleigh-Sommerfeld 1
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Normalized Intensity, 1/1
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Normalized Intensity, 1/1

Diffraction from a Single Slit
d = 10pum, A, = 1pm

Fresnel Approximation

A= 1 pm, q=20 pm, z, =-5 pm, z,= 5 pm
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Normalized Intensity, 1/

u

Normalized Intensity, 1/1

Diffraction from a Single Slit
d =10pum, Ay = 1pm

Fresnel Approximation

A= 1 pm, q =100 ;m, z, =-5 pm, z,= 5 pm
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Multiple 1D-Slit Diffraction (General Case)
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Multiple Slit Diffraction (2 slits)

Multiple Slit Aperture:iy = 1 pm, 2, = 1000 gm
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Normalized Intensity, |UP/U2
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Multiple Slit Diffraction (3 slits)
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Multiple Slit Diffraction (N=3) — Fraunhofer Approximation
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Multiple Slit Diffraction (N=8) — Fraunhofer Approximation

s/A =05 d/A\ =2, LA =100, Ay =1 pum, N=8
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Multiple Slit Diffraction (N=10,20) — Fraunhofer Approximation

8/Ag=0.5, d/A; =2, LUA; =100, Ay =1 pm, N=10
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Scalar Theory of Grating Diffraction — Transmittance Approach

Grating Profile

inc tA(X’) or FA(X’) L P(XO,ZO< 0)
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Scalar Theory of Grating Diffraction — Transmittance Approach

Oinc| t,(x) or ra(x) o P(X0,Zo < 0)
t(x’) or r(x’) n; | :

"Z [ ] P(XD’ZO> O)

Plane Wave Spectrum Approach

1 [ - Py P
U(xo,20) = ﬂ/ Up(ky; 2 = U)Q_J(k-“'“o'kzbo)dkx, where,
oo
[?t(k:m; z=0) = f{Uim(:r:’, z = 0)t(z)} L F{Uge_ﬂ“ sin finca’ Z tme_jmef}
+co +co

= Uo Y tm2m0 (ke —mK — ksinOine) = 2700 Yt (ke — kum)

m=—0o m=—0o0

where kg = mK + ksin O,

+oo
U(xo,20) = Ug Z tm exp|—7kzmxo| exp[—jk.mzol, where,

m=—0oc

kz:fn

/1.2 2
k= — k:}::rn,?

_j k

rm

.2
k=,

when k > kom,

when k < k.

Prof. Elias N. Glytsis, School of ECE, NTUA

14



Scalar Theory of Grating Diffraction — Transmittance Approach

Oinc| t,(x) or ra(x) o P(X0,Zo < 0)
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Scalar Theory of Grating Diffraction — Transmittance Approach
Multiple-Slit Grating

1D Grating: A, = 0.65 um,z =200 pm
A=15pm,F=05,P =0, Number of Periods = 10
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Scalar Theory of Grating Diffraction — Transmittance Approach

Multiple-Slit Grating

1D Grating: A = 0.65 pm, z | = 200 um
A=15um,F=05,P F= 0, Number of Periods = 100
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Scalar Theory of Grating Diffraction — Transmittance Approach
Multiple-Slit Grating

1D Grating: A = 0.65 pm, z | = 200 um
A=15um,F=05,P E= 0, Number of Periods = 1000
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Diffraction Gratings

Example of a reflecting and transmitting holographic (volume) gratings

S wave

R wave

R(0)=1 S(d)=0
R wave
S wave

http://www.intechopen.com/books/holography-basic-principles-and-contemporary-applications/understanding-diffraction-in-volume-gratings-and-holograms

Example of a reflecting surface-relief grating

Mormal to Surface
|y
Incidant 2% Ordar . [Sllfgcml:;}

http://www.andor.com/learning-academy/diffraction-gratings-understanding-diffraction-gratings-and-the-grating-equation
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Grating Classification

] PLANAR GR.
L SLAB GR.
.---"""".-'-.-r

VOLUME GR.

.
/

/ SURFACE-RELIEF GR.
__—"  CORRUGATED GR.

. AN
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Surface-Relief Grating Types

RECTANGULAR GR.

BINARY GR.
LAMELLAR GR.

THREE-LEVEL GR.

STAIRSTEP GR.
MULTILEVEL GR.

BINARY MASK GR.
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SINUSOIDAL GR.

SAWTOOTH GR.
BLAZED GR.

ECHLETTE GR.

21



Grating Classification

Transmission or Reflection

/

N

N

—_——

%
|

DIELECTRIC
TRANSMISSION
GRATING

METALLIC
REFLECTION
GRATING

DIELECTRIC
REFLECTION
GRATING

Classification based on Regime

-

—

HENRREEEN

[T
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//' INTERMEDIATE REGIME
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/\

BRAGG REGIME
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Diffraction By Gratings

* Acousto-Optics

e Diffractive Optics

* Integrated Optics

e Holography

e Optical Computing

e Optical Signal Processing

* Spectroscopy

Prof. Elias N. Glytsis, School of ECE, NTUA
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Grating Applications

e Acoustic-Wave Generation
e Antireflection Surfaces

e Beam Coding, Coupling, Detection, etc.

* Grating Lenses

e Grating Scanners

* Head-Up Displays

* Holographic Optical Elements
e Interferometry

* |nstrumentation

* Mode Conversion

e Multiplexing / Demultiplexing
e Modulation / Switching

e Optical Interconnections

e Photonic Crystal Devices

e Spectral Analysis

Prof. Elias N. Glytsis, School of ECE, NTUA
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Grating Applications In Integrated Optics

2y

/
////

(a) Input/output (b) Waveguide (c) Deflector
coupler couplers
A1, Az Az
2 EBHIEI0ITn0aMN e T TR ,..:.'1., — A
(d) Reflector (e) Mode converter  (f) Wavelength

filter

)
/:JW/

(g) Waveguide lens (h) Focusing (i) Butt-coupled
coupler reflection grating

From “Optical Integrated Circuits”, Nishihara, Haruna, and Suhara, McGraw-Hill 1989
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Floguet Condition

RegionxlA Region 2 Region 3

Backward Fordward
Orders Orders A
X
0-th —A:LA— O-th i Region 3
K _::l___l-____
z K
‘ -
inc¢ eli . . ___K:_
i-th - I-th K
n, d: Ny -
+1 K
+2 E
K

=~

' ko3
1 1
1

Region 2
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Grating Equation

X A
Region1 | . Region3
K
K
K
K z
K
K
K
I kons
' Region2 '
FORWARD-DIFFRACTED ORDERS
, ' ) @' = angle of incidence
n,sin@ - ngsin®; = 1 -+ .= angle of forward diffraction
9;=angle of backward diffraction
BACKWARD-DIFFRACTED ORDERS All are measured CCW from the normal in
, ' A their respective regions.
sin® + sinB. = |—
' An,
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Grating Equation

SCIENCEP hotoLIBRARY

Red laser beam split by a diffraction grating. Transmission diffraction
gratings consist of many thin lines of either absorptive material or thin
grooves on an otherwise transparent substrate. Light transmission
through a diffraction grating occurs along discrete directions, called
diffraction orders. Here a diode laser beam (635 nm) is split into three
diffraction orders (+1, 0, -1). This grating's groove density is 500

Iineﬁ(tmmlww.sciencephoto.com/media/92635/view
Prof. Elias N. Glytsis, School of ECE, NTUA
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Methods Of Analysis Of Gratings

Integral Methods

Finite Elements
Boundary Elements
Differential Methods

Exact Methods
- Rigorous Coupled Wave Analysis (RCWA)
- Modal Analysis
Approximate Methods
- Two-Wave Coupled-Wave Analysis (Kogelnik’s)
- Raman-Nath Analysis
- Others

Prof. Elias N. Glytsis, School of ECE, NTUA
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Differential Grating Diffraction Analysis Hierarchy

| |

| |

! Rigorous Rigorous :

! g Exact Differential Formulations 8 I

! Coupled-Wave . . Modal I

I ) (no approximations to the model) )

| Analysis Analysis !

|

| |

Lo S oo |

o | Neglect Second Derivatives

i=0,1only (neglect some boundary effects) i=0,1only

Two-Wave Multi-Wave Two-Wave
Second-Order Coupled-Wave Modal

Coupled-Wave Analysis Analysis Analysis

Neglect Second Derivatives i=0,1only

(neglect some boundary effects)

Srhall Modulati

Neglect Dephasing

A>> A
Kogelnik
e Optical Path Raman-Nath
Two-Wave e o
Coupled-Wave Analysis L) nalysis

Incidence Small Modulation

Along Fringes

Amplitude
Transmittance
Analysis
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Holographic Grating Diffraction Geometry

Region 3 Region 1

Region%

Region 1

X

A Region?2

Region 3

N3

O-th

Prof. Elias N. Glytsis, School of ECE, NTUA
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Electromagnetic Problem Formulation

Maxwell Equations

Constitutive Relations

D = eoé"l:j
g == ﬂoﬁ
J=GE

Medium Properties: Permittivity, Conductivity Tensors are Periodic

Electromagnetic Boundary Conditions: Continuity of Tangential

Electric and Magnetic Field Components

Prof. Elias N. Glytsis, School of ECE, NTUA
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Electromagnetic Field Expansions
Rigorous Coupled Wave Analysis (RCWA)

Region 1 X‘ Region 2 Region 3

é O-th

% i-th
Input Region (Region I) =~ :d = Output Region (Region 1)
E’]:E’inc—l—ZR’ieXp[—jEM ﬂ Errr :ZTQ',QXP[_jkB,i"ﬂ
S 1 - o . . o
Hy = —- V x E; Hrirrp=—- V X Errr

Jw o JWHo
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Electromagnetic Field Expansions
Rigorous Coupled Wave Analysis (RCWA)

Grating Region (Region 1)
EU—ZS z)expl—jd; - r] = ZS(Z exp|—j(kine — iK) - 7]

ﬁH:(—)l/zzU z) exp|—jo; - 7] = ( )

1/2

ZU 2) exp|—j (Kine — iK) - 7]

Complex Permittivity Tensor Expansions (Region Il)

E = Z En exp[jhf{’ < 7]
h

En = [ — jo /wegly, = Fourier Tensor Component
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Rigorous Coupled Wave Analysis (RCWA)
Numerical Implementation

Truncation to Arbitrary Number of Diffraction Orders: M =2m+1

Grating Region Equations

VT = (87,8707 0T] (4M x 1)

x ? Yy b
A = Coupling Matrix  (4M x 4M)
Standard Eigenvector/Eigenvalue Analysis

f/(z) = W exp [[\z]é’

W = Matrix of Eigenvectors of A (4M x 4M)
A = Matrix of Eigenvalues (diagonal) of A (4M x 4M)

C' = Vector of Unknown Coefficients  (4M x 1)

Boundary Conditions: Input and Output Regions Boundaries

Prof. Elias N. Glytsis, School of ECE, NTUA



Rigorous Coupled Wave Analysis (RCWA)
Numerical Implementation

Number of Unknowns = 10M

—

R%- (Region I) 3M
T; (Region I11) 3M
(' (Region ) AM

Number of Equations = 10M

Boundary Conditions (Regions I-ll and lI-Ill)  4M+4M = 8M

klz R, = (0 Region|Plane Waves M
kgﬂ . = (0 Region Ill Plane Waves M

Prof. Elias N. Glytsis, School of ECE, NTUA
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Rigorous Coupled Wave Analysis (RCWA)

Numerical Implementation

System of Linear Equations (10M x 10M)

Li=b

L = Matrix of Coefficients of Linear Equations

#' = [RF, TT CT] (10M x 1)

(10M x 10M)

b = Excitation Vector (depends on Incident Wave)  (10M x 1)

Size of Linear System can be Reduced

Prof. Elias N. Glytsis, School of ECE, NTUA
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Rigorous Coupled Wave Analysis (RCWA)

Diffraction Efficiencies

Efficiencies of Backward-Diffracted Waves

kX —
DE;; = _Muzﬂ?

kinc,z
Efficiencies of Forward-Diffracted Waves

Relk®. —
DEs; = —I—L:‘)”Z}|Ti|2

kinc,z
For Lossless Gratings

Y {DEy;+ DE3;} =1

2

Prof. Elias N. Glytsis, School of ECE, NTUA
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Rigorous Coupled Wave Analysis (RCWA)
Generalizations

* Generalized Media (in terms of constitutive equations)

D= 60§E + gﬁ
B =hE + ugﬁﬁ

e Multiple Cascaded Gratings

 Surface-Relief Gratings

* Varying Modulation Gratings

e Multiplexed Gratings

e Biaxial Input and/or Output Regions

Prof. Elias N. Glytsis, School of ECE, NTUA
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Bragg Condition

£
" R
/ A
Z
Al
S
111 kono(AB + BC) — m2r —
2Asin(p) = m (ﬁ)
o
7r
p = 5—@5—0) —
2Ahcos(p—0) = m (ﬁ)
T
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Bragg Condition

di-0; = kgng
(Emc — 7,}?) . (Emc _ @ﬁ) _ kgng K = 2% (sin ¢Z I cos ¢Z2)
kine * kine — 20K «kipe + 2K+ K = kn? kine — kono (sin0z + cos 03)
iK ke = i*K-K 20l cos(p—0) = 1 (22)
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Bragg Condition (Reflection Grating)

A

xt g, &
€0 R X 4
/ E;l
i - E I<inc
$L 4" D
Z / Z
_I;inc Koo
I o 11

d
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Rigorous Coupled Wave Analysis (RCWA)
Diffractive Optical Interconnect

Incident
Plane Wave

.
T

n,

"'.—:__-:.

|
—d —

Substrate

Na

Prof. Elias N. Glytsis, School of ECE, NTUA
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X {(microns)

Rigorous Coupled Wave Analysis (RCWA)
Diffractive Optical Interconnect

TOTAL E FIELD
¢ =112.8° 6=0°

&,=0.01

x (microns)

1 2
z (microns)

3

Prof. Elias N. Glytsis, School of ECE, NTUA

TOTAL E FIELD

¢ =112.8° 6=0°
€,=0.01

whay '
V) i :: e U
KHWHH
.

12

13 14
z {microns)
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x (microns)

w

N

Rigorous Coupled Wave Analysis (RCWA)
Diffractive Optical Interconnect

TOTAL E FIELD

¢ =112.8° 8=0°
£,=0.01

TOTAL E FIELD

% =112.8° 8=0°
£, = 0.01

X (microns)

25 26 27 28 50 51 52 53
z (microns) z (microns)
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Rigorous Coupled Wave Analysis (RCWA)

Diffractive Optical Interconnect

TOTAL E FIELD

TOTAL E FIELD

$»=112.8° 6=0°
€, =0.01

¢=112.8" 6=0°
£,=0.01

(Ssuousoiw) x

(suoioiw) x

76 77 78

z (microns)

75

72 73

71

70

z (microns)

46
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x (microns)

Rigorous Coupled Wave Analysis (RCWA)
Diffractive Optical Interconnect

TOTAL E FIELD TOTAL E FIELD
¢ = 112.8, 8=0° $=112.8 6=0°
£,=0.01 €,=0.01
5 -
4 -
g3
°
L2
E
L 2 -
>
1 F
0 .
L 1 1 ] L 1 1
85 86 87 88 103 104 105
z (microns) z (microns)
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Rigorous Coupled Wave Analysis (RCWA)
Surface-Relief Grating

INCIDENT
WAVES

BACKWARD
DIFFRACTED
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x (microns)

1.2

1.0

0.8

0.6

0.4

0.2

Rigorous Coupled Wave Analysis (RCWA)
Surface-Relief Grating

TE-POLARIZATION TM-POLARIZATION
Ey FIELD H, FIELD

DE,(forward) = 94.1%

DE,(forward) = 88.6%

x (microns)

1 1 1 | 1 1 — | 1 1
0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
z (microns) z (microns)
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Rigorous Coupled Wave Analysis (RCWA)

Holographic Grating Scanner Example
3D-Diffraction Problem (Conical Diffraction)

DIFFRACTIVE PRINTER SCANNER

» Linear Scan M
» Uniform Intensity

Incident
Laser
Beam =

-
4

Direction of
Rotation

Disk
Diffraction Grating

Prof. Elias N. Glytsis, School of ECE, NTUA

Plane
Perpendicular
to Surface
Containing
Grating
Vector

K4—-

Zz

{normal
to surface)

Plane of Incidence

Plane Perpendicular to Surface
Containing Grooves
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Conical Diffraction for Low- and High-Spatial Frequency Gratings

LOW SPATIAL-FREQUENCY GRATING HIGH SPATIAL - FREQUENCY GRATING
Backward-
Diffracted
Backward- 0 Order

Diffracted
Orders

Farward-

Crdars
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Rigorous Coupled Wave Analysis (RCWA)

Holographic Grating Scanner Example
3D-Diffraction Problem (Conical Diffraction)

Glass Substrate (n=1.5)

Angle of Incidence (y) = 35deg
Freespace Wavelength = 1um
Grating Period = 0.87um
Filling Factor = 0.50

Groove Depth = 1.5um

Diffraction Efficlency

0.95

0.80

B

0.80

0.75

——— TE Polarization at Genter of Scan
- == TM Polarization at Center of Scan

-
T e o - =

30 24 18 12 -6 0 6 12 18 24 30
Devlatlon from Center of Scan (degrees)
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Rigorous Coupled Wave Analysis (RCWA)

Holographic Grating Scanner Example
3D-Diffraction Problem (Conical Diffraction)

Photoresist

Glass

AR Coating

Glass Substrate (n=1.531)

Angle of Incidence (y) = 33 deg
Freespace Wavelength = 1.047um
Photoresist Grating

Photoresist Thickness = 2.4um
Grating Period = 0.96um

Filling Factor = 0.50

Groove Depth = 1.45um

1.00

0.97

0.94

091

Diffraction Efficiency, DE,

0.88

0.85

Prof. Elias N. Glytsis, School of ECE, NTUA

-30

Filling Factor = 0.50, Groove Depth = 1.45 microns
Freespace Wavelength = 1047 nm

--------------------------

——— Electric Field Parallel to Grooves (TE)
Magnetic Field Parallel to Grooves (TM)

24 -18 -2 -6 0 6 12 18
Deviation from Center of Scan, 6 (degrees)
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HOLOGRAPHIC HEAD-UP DISPLAYS

Holographic
Beam
Combiner ___----

-
-
-
A

Observer

<

o
——
-

Mirror >

Collimating CRT
Lens

Prof. Elias N. Glytsis, School of ECE, NTUA
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OPTICAL INTERCONNECTION

Fiber Ribbon

=

Lasers

Prof. Elias N. Glytsis, School of ECE, NTUA

55



Optical Interconnect Architectures

Interconnection
. . Type:
Optical Interconnection Plane

& Coupler Coupler
Optical

77777 — — — SNSNNANASNNN

} Electrical

Intra-Chip and Inter-Chip Interconnections Through Optical Plane

Interconnection
= = .
~ =SSN = Type:
S TS = N
— 0 <=

=

\ “QQX@ = o= e
NcETTEESOEms S =y
\\ l‘ Si Emitter * | Si f Detector
\\ TTTTITY — —= — ISNEENNi iomical

N —— I e ——ar— —ar—
Electrical

Intra-Chip and Inter-Chip Interconnections Through Substrate
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OPTOELECTRONICS PACKAGING
WAVELENGTH DIVISION DEMULTIPLEXING

Integrated
photodetect@
Rec’uP Circuitjl Rec’'rfuP Circuit @l Rec’r/uP Circuit

Wave.guid Waveguide Grating
cladding SOP Substrate coupler

Thin film EE laser
or fiber

\W id Grating
aveguiae Waveguide

cladding SOP Substrate coupler

Prof. Elias N. Glytsis, School of ECE, NTUA
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tw

naling

Holographic Grating Coupler

' r—/ (Volume Grating Coupler)

> —X

1cident Qut-Coupled

y Beam Beam

SR
N
R

Kx Guided
Wave
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INTERFEROMETRIC GRATING FABRICATION FACILITY

C' m ] 823 nm PERIOD GRATING
Mo Spatial Shutter
Collimating Filter

Prof. Elias N. Glytsis, School of ECE, NTUA
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Kogelnik’s Two-wave Coupled-wave Theory

(Transmission Grating Case)

|

k’:‘-ﬂ.ﬂ

I

=1

Prof. Elias N. Glytsis, School of ECE, NTUA

€1
2'?10 -'

ny =

N

k[]'n(]

cs = cost — COS O,

\ [Zcos ¢+ xsin ¢,
kong [2 cosO + 2 sind]

K.

—

k-inc -
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(777777777
(7777777777777
(/777777777777

— (19
DIFFRACTION EFFICIENCY (n) AS A FUNCTION OF REFRACTIVE-INDEX MODULATION
AMPLITUDE (my}) AND ANGULAR DEVIATION (Af) FROM THE BRAGG AMGLE AS
MEASURED INSIDE THE MEDIUM

(7777775 T A7
/7 77/ /774
Il"’f’lllg‘% //
77//
77

Angular Sensitivity of “Thick” Gratings

77
(7777777 “
IIIIIIII / oo ™

1 T
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Angular Sensitivity of “Thick” Gratings

Case Parameters (Transmission Grating)
Ao =1.06pm, ny = 2.155313, n,=0.588444x103, A = 2.821431514pum, ¢ =90°

3, = 1.065m, n, %2.1553,n, = 0.00058844,A = 2 8214, o = 1000/m, 1, =0.96799
T T T T T

§

___r.n

= 1.5

(5]

=

ko

& 1 T
w

=

9

= 0.5

o

=

(=

o 0
5]

N =
= 8000

E

2 7000

6000
5000
4000

3000

Grating Thickness, d(um) og0g
5.25

1000

Angle of Incidence, # (deg)
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KOGELNIK’s TWO-WAVE COUPLED-WAVE THEORY

XV

(Reflection Grating Case)

DE —
€o

R

'

inc

ll

1

k’énc —

[11

d
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1
- /
sinh? [(
mnyd
Ao(|eres|)
vd
2(5 .
kand —

2L0 T

w

)\—O.

1+ 1/2]

1/2°

77

(RN

€1
2no

no = /<o, ny =

K

‘070

cosd, cg = cost —

COS Q,

)
=

[Zcosp+ asing],
kong |2 cosf + xsind)]

k-inc - I{.
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Angular Sensitivity of “Thick” Gratings

Case Parameters (Reflection Grating)
A, = 1.06um, n, = 2.155313, n,=0.588444x103, A = 0. 283945434um, ¢ = 150°

A, ®1.08;m, ry, ® 21553, n, = 0.00055844, 1 » 0.28395,um, d = 000, 7, #0.9TISY
1 . : . ; i :

09}

9
=
ERRa
. g
= g
-_— g o
= 0.8 g
£ o
2
£
g 0,
0.6 L
£ 03
H
0.4

0.2

Normalized Diffraction Efficiency,

[=]

2000

1500

1000
Grating Thickness, d(z:m)

500

0.05

.0.25 -0.2
Angle of Incidence, # (deg)
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Angular Sensitivity of “Thick” Gratings

LT n/7g A=Z§/T

-0 0.99 0.1105
" 0.98 0.1566
" 0.95 0.2491
" 0.90 0.3561
" 0.80 (1dB) 0.5654
" 0.70 0.6467
" 0.60 - 0.7678
" 0.50 (3dB) 0.8859
0.5 0.99 0.1082
" 0.98 0.1532

. 0.95 0.2438
" 0.90 0.3484
" 0.80 (14B) 0.5039

" 0.70 ' 0.63206
" 0.60 0.7509
. 0.50 (34dB) 0.8660
1.0 0.99 0.1002
- 0.98 0.1420
" 0.95 0.2258
. 0.90 0.3226
" 0.80 (14B) 0.4662
" 0.70 0.56848
" 0.60 0.6933
" 0.50 (34dB) 0.7987
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Interdigitated Electrodes Electro-optic Grating
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z/A,

Interdigitated Electrodes Electro-optic Grating
D-Field Lines

0.5 =

) @ TSI =

®&@//_ﬂﬂ NS— WAVEGUIDE
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Rigorous Coupled Wave Analysis (RCWA)

Antireflecting Surface-Relief Grating Example
Rectangular-Groove Grating

Ne
COVER -A

e FA -

— - K

GRATING 7 7 ; % 7 //ld

NN

N
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Rigorous Coupled Wave Analysis (RCWA)

Antireflecting Surface-Relief Grating Example
Rectangular-Groove Grating Fabrication Process

Clean Substrate :l Etch Photoresist ﬁ

T T T ¥-V-7-7—1|
/ Lift Off Photoresist :j

Expose Photoresist ‘ Reactive lon Etch |ﬂ|
A VA VA YA VAT Y
Develop Photoresist Remove Chrome Euil

FM A, = 363.8nm
/A - A" LASER ANAANNANAANN
Developed Photoresist Substrate
1 ]
GM IAATATATATATATATATATATATATA

1 Minute O, Etch

SF
I X
;\;l) AMAANNANANANAN
FM — 2 Minute O, Etch
BS z
PZT BL ¥a## y

AOAOANANNNNADN

recording plane
1‘.);\ 3 Minute O, Etch
SF
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Rigorous Coupled Wave Analysis (RCWA)

Antireflecting Surface-Relief Grating Example
Electron-Microscope Picture of Fabricated Grating
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Rigorous Coupled Wave Analysis (RCWA)

Antireflecting Surface-Relief Grating Example
Spectral Response of Grating

DESIGN
A = 280nm

7

F =068 d= 10nm

/

2

BACKWARD DIFFRACTION EFFICIENCY, [Ro| (%)

*
*
.....
.............

[
o
|

..........

.....
e
........
-
.
"
-
.
naat®

]
Q
T

— —— calculated for polished Si
.« calculated for design
measured

—
o
Y

.............
L
w®
Ll
.

o

500 550 600 650 700 750 800
WAVELENGTH, A, {nm)
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REFLECTANCE, R (%)

Rigorous Coupled Wave Analysis (RCWA)
Antireflecting Surface-Relief Grating Example

30

15

Spectral Response of Grating

QUANTIZED
ESTIMATE ESTIMATE
A = 280nm = 280nm =[0.25 d-lurn
0.38 25
0.51 25
0.64 25
0.77 25
0.80 25
D = 168nm D = 168nm

measured
. calculated from quantized estimate

500 55 600 650 700 750 800

nggﬁqfék@ms iChO()I of(ECE, NTUA
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Rigorous Coupled Wave Analysis (RCWA)

Antireflecting Surface-Relief Grating Example
Spectral Response of Grating

FIT
A = 280nm Fn[0.24] d=[43]nm
0.57 38
D 0.83 15
074 20
0.83 20
0.03 27
30 - D = 163nm

measured

5L  --——- calculated from fit

REFLECTANCE, R (%)

0 | | 1 1 | | ]

500 550 600 650 700 750 800
WAVELENGTH, A, (nm)
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