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Outline

Effective index approximations

• 2D→ 1D, examples

• A variational view on the effective index method

• vEIM 2D → 1D, examples

• 3D→ 2D, scalar approximation

• Outlook: vectorial formalism
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2D -> 1D
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Deeply etched waveguide grating
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Deeply etched waveguide grating

R

Pin T

g Λd

t

nf

nc

ns

(ns, nf , nc) = (1.45, 2.0, 1.0),

Λ = 0.21 µm, g = 0.11 µm,
d = 0.6 µm, t = 0.2 µm.

λ [µm]

R

EIM, Nholes
eff

 = 1.2

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0

0.2

0.4

0.6

0.8

 
 

T

                     

QUEP

           
0

0.2

0.4

0.6

0.8

1.0

R

TPin

sl
ab

ho
le

Nslab
eff

∈ [1.67, 1.87],

nc < Nholes
eff

= 1.2 < ns.

5



Deeply etched waveguide grating
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High contrast PC membrane

R

Pin T

g Λ

t

nf

nc

(nc, nf , nc) = (1.0, 3.4, 1.0),

Λ = 0.45 µm, g = 0.225 µm,
t = 0.2 µm.

λ [µm]

R

QUEP

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0

0.2

0.4

0.6

0.8

 
 

T

       

        
0

0.2

0.4

0.6

0.8

1.0

QUEP - reference.

6



High contrast PC membrane
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2D propagation problems
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vacuum wavelengthλ = 2π/k,
permittivity ǫ(x, z) = n2(x, z),
principal electric componentEy(x, z).

If the functional

H(Ey) :=
1
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∫∫
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(

(∂xEy)
2 + (∂zEy)

2
− k2ǫE2

y

)

dxdz

is stationary forEy, thenEy satisfies the Helmholtz equation

∂2
xEy + ∂2

zEy + k2ǫEy = 0, (x, z) ∈ Ω.
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Variational effective index approximation
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∂2
xφ+ (k2ǫr − β2)φ = 0 .

Assumption:
φ constitutes a reasonable approximation for the vertical field shape on the entire
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Variational effective index approximation
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Restriction ofH to Ey(x, z) = ψ(z)φ(x) stationarity condition
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zψ + k2ǫeff(z)ψ = 0

with effective permittivity

ǫeff(z) = (β/k)2 +

∫

(ǫ(x, z) − ǫr(x))φ
2(x) dx

∫

φ2(x) dx
, ǫeff(z) = N2

eff(z).

Variational Effective Index Method vEIM
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Deeply etched waveguide grating
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Deeply etched waveguide grating, fields
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Deeply etched waveguide grating, fields
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Deeply etched waveguide grating, fields
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Deeply etched waveguide grating, fields
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Deeply etched waveguide grating, fields

z [µm]

x 
[µ

m
]

(e) QUEP,  λ = 0.77µm

−2 −1 0 1 2 3
−1

−0.5

0

0.5

1

z [µm]

x 
[µ

m
]

(e) vEIM,  λ = 0.77µm

−2 −1 0 1 2 3
−1

−0.5

0

0.5

1

λ [µm]

R

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0

0.2

0.4

0.6

0.8

 
 

T

(e)   

vEIM
QUEP

           
0

0.2

0.4

0.6

0.8

1.0

12



Deeply etched waveguide grating, fields
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Deeply etched waveguide grating, fields
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High contrast PC membrane
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3D -> 2D, scalar
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3D -> 2D, scalar

y
z

x

zy

n(x, y, z) ǫeff(y, z)

Chooseǫr(x), φ(x), β, with ∂2
xφ+ (k2ǫr − β2)φ = 0 .

AssumeE(x, y, z) = ψ(y, z)φ(x) :

∂2
yψ + ∂2

zψ + k2ǫeff(y, z)ψ = 0 ,

ǫeff(y, z) = (β/k)2+

∫

(ǫ(x, y, z) − ǫr(x))φ
2(x) dx

∫

φ2(x) dx
, ǫeff(y, z) = N2

eff(y, z).
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Outlook: 3D -> 2D, vectorial

vEIM, λ = 1.49 µm

vEIM, λ = 1.57 µm
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(*) 3D FDTD: Lasse Kauppinen, IOMS group, MESA+, University of Twente.
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Outlook: 3D -> 2D, vectorial
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Outlook: 3D -> 2D, vectorial
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Outlook: 3D -> 2D, vectorial
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Outlook: 3D -> 2D, vectorial

vEIM, λ = 1.49 µm

vEIM, λ = 1.57 µm
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Outlook: 3D -> 2D, vectorial
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Concluding remarks

Effective index treatment of photonic crystal slabs:

• a mere qualitative, sometimes perhaps a crude quantitativeapproximation,

• where unavoidable:
use effective permittivityǫeff = N2

eff with perturbational correction term;
ǫeff can well be smaller than one, or be negative,
less heuristic approach with well-defined field approximation,

• in general: no guarantees.
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