N

N

A simplified modal expansion formalism adapted to the
optical design of resonant cavity enhanced
photodetectors using metallic gratings

Maximilien Billet, Emilien Peytavit

» To cite this version:

Maximilien Billet, Emilien Peytavit. A simplified modal expansion formalism adapted to the optical
design of resonant cavity enhanced photodetectors using metallic gratings. Optik, 2018, 154, pp.828
- 839. 10.1016/j.ij1€0.2017.10.041 . hal-02997746

HAL Id: hal-02997746
https://hal.science/hal-02997746
Submitted on 20 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02997746
https://hal.archives-ouvertes.fr

A simplified modal expansion formalism adapted to the
optical design of resonant cavity enhanced
photodetectors using metallic gratings

Maximilien Billet, Emilien Peytavit

IEMN (Institute of Electronics, Microelectronics and Nanotechnology) Univ. Lille, CNRS,
Centrale Lille, ISEN, Univ. Valenciennes, UMR 8520 - IEMN, F-59652 Villeneuve d’Ascq,
France

Abstract

In this communication, we present a method to model the light absorption in a
resonant photoconductor based on a photoconductive layer sandwiched between
a metallic grating in front side and a metallic backside mirror. We started
from a modal expansion formalism previously developed in order to model the
transmission and the reflection of an infinite array of holes and we added the
effect of a stack of homogeneous layers ended by a metallic mirror. It is finally
shown that the electromagnetic response of the structure calculated with this
numerical method is in good agreement with a more rigorous method such as
the rigorous coupled wave analysis, whereas it requires a much lower computing
power.

Keywords: Ultrafast Photodetector, Modal expansion analysis,
Diffraction Gratings
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1. Introduction

Ultrafast photodetectors are key devices for the generation and the detection
of THz waves based on the laser and optoelectronics technologies[1],[2]. As far

as now, the devices which present suitable properties for these applications,
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1. INTRODUCTION

i.e. a THz frequency bandwidth and a high saturation photocurrent, are uni-
travelling carrier photodiodes[3] (UTC-PD) pumped by 1550 nm lasers and
ultrafast photoconductors based on photoconductive materials presenting sub-
picosecond carrier life time. This second class of devices is dominated by THz
photoconductors using GaAs epitaxial layers grown at low temperature (200 °
C )M and pumped by 780-nm-lasers [5]. Last years, it has been shown that
their properties could be greatly improved by using resonant optical cavities
in which metallic layers serve in the same time as bias electrodes and mirrors
of the cavity [6],]7]. Concerning the THz photoconductors, the optical cavity
allows for reducing the thickness of the absorption layer while keeping constant
the quantum efficiency (defined here as the ratio of the number of charge carrier
generated in the device to the number of incident photons by unit of time)
resulting in an increase of the photoresponse. This concept can also be adapted
to the UTC-PD in order to reduce the thickness of the p-doped absorbing layer,
and then improve the frequency bandwidth without loss in quantum efficiency.
The front mirror of the optical cavity is semi-transparent and consisted of a thin
(20 nm) gold layer in the first attempts[6], however this solution suffers from
some drawbacks such as high optical losses and high sheet electrical resistivities.
In a second step, front mirrors consisting of a one dimensional array of slits has
been considered, allowing for a better transmission and a lower effective sheet
electrical resistivity[8]. In this work, we present a simplified modal expansion
formalism (SMEF) based on the work of De Leon-Perez and co-workers [9],[10],
in order to design such an optical cavity which needs a very low computing power
as compared with more standard methods such as the rigorous coupled wave
method.The SMEF is similar to a coupled mode analysis [I1], but with some
simplification coming from the use of waveguide modes in the slits patterned in
the metallic sheet. Here, in a first part, we will remind the method as presented
by De Leon-Perez and coworkers with the addition of some missing steps. In
a second part we will present the extension the additional steps allowing for
modeling model not only a metallic grating, but a also Fabry-Pérot cavity based

on such a grating.
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2. SCATTERING OF LIGHT BY AN ARRAY OF METALLIC HOLES

2. Scattering of light by an array of metallic holes

In this first part, we are going to remind the main steps of the SMEF method as
presented in Ref. [9] allowing for the calculation of the electromagnetic response
of an infinite two-dimensional array to an incident plane wave. The array is
assumed to be in the x — y plane and has a finite thickness h, as we can see in
Figure ET he lattice parameters are L, and L,. The analysis is performed by
using the CGS system and only the transverse components of the electric field E
and magnetic field H, which are used in the boundary conditions at the interface
between different media, are taking into account. The dirac notation is used,
such that (r|E) = E(r)) = (Ex(r)), E,(r)))" where t stand for transposition
and 7| = (z,y). Regions I and III are dielectric semi-spaces characterized by
the real dielectric constant €; and e3, respectively. Region II represents the
corrugated metal film with a wavelength-dependent dielectric function €,,. We
assume that the system is illuminated by an incident wave coming from region I.
We expand the EM fields on the eigenmodes of each region, and match them at
the boundaries. In region I, the fields are expanded into an infinite set of plane
waves with parallel wavevector k| = (k., k,) and polarization o. The incident

radiation is labeled by the superscript 0. The fields can be written in terms of

X

{ Region I
[ 7 Regionll
v

z Region I

Figure 1: Schematic of a two dimensional array of holes perforated on a metal film of
thickness h illuminated by p-polarized radiation. For the case of s-polarized

incident radiation, vectors E and H are interchanged
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2. SCATTERING OF LIGHT BY AN ARRAY OF METALLIC HOLES

reflection amplitude pg, as

ik0 —ik,
‘EI> = e kzz |kﬁ0’O> + Zpkuge kzz |k”0'> (1)
ko
ik9 —ik,z
|—u. X H') = Ykﬁaoelkzz |kﬁ00> - ZYk”UpkHae ¥ ko) (2)
k”()'

where u, is the unitary vector along the z-direction and the summation runs
over parallel wavevectors such as k| = kﬁ + KR, Kgr being a vector of the

reciprocal lattice. The real space representation of the plane waves is given by

M (kg, ky)t,  p-polarization
Fiv/IaLly (—ky, kz), s-polarization

where we assume a ||k o) independent normalization (ko|kjo) = 1 The electric

(ry |kyo) =

and magnetic field are related through the admittance Yelp = kuwer /k. and
Yis = k. /ko where ky, = 2m /Ao (Ao is the free space wavelength of the incident
radiation, and kjf + k2 = €1k, (see Appendix A for further details).

2.1. Expansion of the fields in the 3 regions

We have already seen in equation the expansion on a basis of plane waves
in the region I. In this first part, we assume that the Region III (2 > h) is
semi-infinite, so the EM fields can also be expanded in plane waves and expressed

in terms of transmission amplitudes Zy,:

|Em> _ Ztk”geik‘;(z—h) |k”0> (3)
ko

|—Uz x H111> _ Zylé“atkllaeikz(th) ‘k\|0—> (4)
k“U

Now, we are going to expand the EM fields in Region II on a waveguide modes
basis corresponding to the geometry of the holes. Noting |a) a certain waveguide
mode, and C, and D,, the expansion coefficient, we can write:

|E") = Z (Cpetfo=* 4 Dye~*az2) ) (5)

(e

|—uz X H") = > Ya(Cae™™* = Dae %) ) (6)

where Y, = kyes/kq, and Y, = kg /k, for TE and TM modes respectively.
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2.2. Application of the boundary conditions at each region

interface

Following Ref. [9], we use the crude approximation in order to take into account
the real properties of the metal sheet forming the grating.It establishes the
following relation between the tangential components of the EM fields at the
horizontal interface: E = z4, H X u,,, where u,, is the vector normal to the surface
and pointing to the interioir of the metal and z; = 1/,/€p;. This continuity
equation must be satisfied at each interface. In Region I u,, = wu, and the

continuity equation gives :

zsHy 0 Zs Hy K,
Zs-quz:ZsHyXOZ—ZSHx:ZsYkHO"Ey (7)
zeH, 1 0 0

» 2.2.1. Continuity of the Electric Field in z=0
In z = 0 and with the dirac notations, it gives:
|E") = 2, Yy | E") (8)
=

K00) + > o [kyo) = 2 Yiooo [kfjo?) - > 2 Yiopuo ko) (9)
ko kHD'

Now, if we project on the plane waves basis(kua\, we obtain:
Ok k9 00,00 + Phllo = 25 Y000 Ok k9 0,00 = Zs Yie o Pk|lo (10)

In Region II, in 2 = 0%, with also u,, = u,, it gives

D (Co+Da)la) =" 2Ya(Co — Do) |a) (11)
And once projected on the (kjo| basis:

> (Ca+ Do) (kjola) = > 2, Ya(Co — Do) (kyole) (12)

(63
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If we have the continuity of the Electric Field in z = 0, we must equalize both

terms of equation and equation . Then it gives:

Z (Ca+ Da(kjola) = 0k k0 05,00 + Pk|jo (13)

(e

Z Zs Ya(C’a - Da) <kHO'|Oz> = Zs Ykﬂao(skl\,ko 50700 — Zs quapk”a (14)

— gives:

Z <k”0'|a> E, = 6"’Hvkﬂ 50700(1 — 2 Ykng) + pkHa(l + 25 YkHo) (15)

[e3

<
1 fk
Prle = -5 > (kjola) Ba — —J%8, ko 05,00 (16)
fk”U (e k:HO'
where E, = Cofo + Dofd and f£=1+2,Y,.
2.2.2. Continuity of the Electric Field in z=h
In z=h", u, = —u, and we have:
Z (Caeik‘“h + Dge lkazh ZZS (Cq elfezh _ Dae_ik‘”h) la) (17)
In z=ht,
ZtkHUU{:HJ ZZS Yk”a‘tkHO |k||0> (18)
kHO' k”a

Once projected on the (kjo], - gives:

tk“(,—z (Coe*es 4 Dye o) (K o|a) = —z, quatkﬂa—i-z 24 Yo (Cue®

[0}

(19)
<
1 4
bl = = > (kjola) E, (20)
k”o’ a
where E!, = —C’af;reikazh Dofre —ikozh
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2.2.3. Continuity of the Magnetic Field

Let us now impose the continuity of the tangential component of the magnetic
field which has to be fulfill only in the slits. This is done by projecting the fields

on the |a) basis. In z = 0, we obtain:

Yioo0 [K)0%) =D Vi opulo (ko) = Y Ya(Ca — Da) |a) (21)
kjo @

and once projected in the |a), it becomes:

Yio 0 (ko) =" Vi opryjo (alkyo) = Yo(Co — Da) (22)
k”O'

In z = h, once projected on |a) we obtain:

Zy’énf’tkﬂcf (alkjo) = Yo(Coeto=l — Dyeezh) (23)
k”O'

If we put the expressions of py, and t4, given in equations and in
theses expressions, we obtain for equation (22):

fk: o
Y000 (alkjo®) ZYkHa(f Z (kyol|B) Eg — fJ“H Ok k9 0o UO) (alkjjo) = Yo(Ca—Dy)
ko kjo g
(24)
<
KO0 Voo (11 110 Yhyo iy ko) Eg = Yo(Co — D
(ko) Yipoo! +f,;m>—2k2 fk*”g< 1918) {alkyo) Eg = Ya(Ca — Da)
(25)
<
In =Y GapBs — GaaFo = Ya(Co — D) (26)
BFa
Y, o Y,0,0
where Gog = f’“" (alko) (kyo|B) and I, =2 f’“ (alk0a").
kjo ko o
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Now, let’s show that Y, (Cy — Dy) = —X4E, — GY E!, where

fieikazh + foj efikazh

Ea = Ya f;rQGikaZh - f(;ze*ikazh (27)
2Y,
\%4 o [e%
Ga - fér2€ik0‘zh o f072€7ik0‘zh (28)
Caeik“zh + - 2 + + Cae—ikazh -2
_ZaEa_GXE(; = -Y, (:fra2f2 _ faZQ S fa (29)
fa 61’“5'—fa e Razh
v Dae—ikazh(f(;i-f(; _ 2fa—) + Daeikazhf(;k?
- e fh2eikazh _ fr2o—ikazh
C efikmhff2 - C f2+eikazh
V o _ [} « ala
A (30
Daeik"‘zhf+2 _ Dafz_e_““azh
Y fl2eikazh i 2e—ikazh
= Ya.(Co —D,) (31)
We have used in the previous equation
fafa =218 = falfa —2)
= (14 2,Yy)(1 —2,Y, —2)
= (14 2:Yy)(—1— 2,Yy,)
- (32)
Concerning the second continuity equation , we obtain straightly:
> G B, + Gl Bl = <Y (Ceth = Dot (33)

Y#V

@ It remains to prove that ¥, E!, + GY E, = =Y, (Cye™" — D e ")
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(f(jeikazh + f(;efikazh) ( . Caf;reikazh _ Daf(;efikazh)
f;[Qeikazh _ f;2€_ik‘“h
Co+D
+ Worm—— 5 —
fa 61kazh _ fa 6—1kazh
—Co fotePhesh — D, f2m e Bhesh + CL(2f 5 — fu [3) + Da 215 — f2 13)
f;2eikazh _ f;QG—ikmh
Ca [f(;Q o f(;LZeQikazh] 4 Da [f;r2 _ f(;Qe*Qikazh]
fizeikazh — f072e*ikazh
Caeikazh [f;2e—ikazh _ f(;&-Qeikazh] + Dae—ikazh [f;2eik“zh _ fa_2€2ikazh}
f&F?eith _ f;%—ikazh

= —Y,(Cue™e:" — Dye ol

YoE, +GYE, Y,

Y.E,+GYE, = Y,

= Ya

= Ya

As in [9], we obtain eventually the set of coupled equations for F, and E/, which
are essentially the modal amplitudes of the electric field at the input and output

interfaces of the holes, respectively:

(Goo = Sa)Ba+ Y GapBEs —GLE, = I (34)
p#a

(G, —~S)E, + Y G E,~GYE, = 0 (35)
vy

Once E, and E/, are known, all the other quantities can be calculated.

3. Scattering on a 1D Periodic array of infinite slits

3.1. With only the 7'M, mode of the slit taken into account

The problem is greatly simplified in the case of an array of infinite slits with a
period p = L, and a width a perpendicular to the incidence plane (x — z plane,
i.e. k) = k,x as seen in [2) of a p-polarized plane wave, if we consider only the

T My in the slit, we obtain:

a0 ﬁ(l@)t if |z| < a/2

0 if |z| > a/2
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EO
HO
kO
X ) d
— =
_,|
Z | : ' TM,
1
1
%m
: == z=h
1
x=0

Figure 2: Cross section of one-dimensional array of infinite slits of width a perforated

on a metal film of thickness h illuminated by a p-polarized radiation

x=Ly/2 1

The normalization factor ensures that (0]0) = / —dx = 1. Furthermore,
x=—L,/2 @

by considering that the metal is perfect along the slit, we can assume that

ko, = k,,.So, it is now possible to evaluate easily the overlap integral Gy in the
case of p-polarized incident wave because:
1 z=p/2

k:v’\/ ap Je=—p/2
exp(ikya/2) — exp(—ik,a/2)
iky

(O]kjo) = (1 0)(ks 0)*

exp(ik,x) dx

And then

Goo = Z “0 | (0[Fyo) |2

k| f"“n‘7

|yt it
ko fkl\g (

Here the metallic sheet is assumed to be a perfect electric conductor allowing for

an analytical expression of the overlap integration. Nevertheless it is possible to
use a first order correction to improve the accuracy of the model [12] According

the Bloch theorem, the sum runs over k| = k,x where k, = kO + n%”, n being

10
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w0 an integer. The system of equations to be solved becomes:

(Goo — X0)Eg — GYEy, = I (36)
(Goo —%0)Ey — Gy Eg = 0 (37)
where
Yk o a sin?(kz2)
Goo = Z +” - 22
kjo Feyo P (%)
kga

Ip = 2 ngﬁa’U sin(757)
0o = P j?% kQa
kjo (T)
fo‘i‘eik}ozh +f0767ik;02h
O fF2eiko-h _ f2iko-h
2Y,
fJQQikozh _ f(;Qefikozh

o =

Gy =

The solution of this set of equation is: Ej = IoGY /D and Ey = (Gfy — X0)/D,
where D = (Goo — 0)(Gho — Xo) — (GY ). Once E}y and Ej are obtained, we can
calculate the transmission tx,, and reflection coefficients py,f or each diffracted

order and then the transmitted and reflected power are given by:

propag

— E 2
k|p

propag

R = 2{: Y%Hp|Pk“p|2
kyp

propag indicates that only the propagative plane waves solutions should be taken

into account.

3.2. With the 7'M, and the 7'M, modes of the slit taken into
105 account
When the width of the slit becomes close to A/2, the second T'M; mode in the

slit has to be also taken into account. This mode is noted here |o = 1) and is

defined as follows, if we consider perfect metal walls:
\/i . T t .
Y2sin (Z2)(1 0)* if x| < a/2
gy | A EN0" il
0 if |x| > a/2

11
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4. SCATTERING ON A 1D PERIODIC ARRAY OF SLITS FORMING THE
TOP MIRROR OF A FABRY-PEROT CAVITY PHOTODETECTOR

=L, /2 9
The normalization factor ensures that (1]1) = / = sin® (zx) dr = 1.
r=—L,/2 a a

Furthermore, k1, = \/k2 — (7/a)?.

So, it is now possible to evaluate G1; in the case of p-polarized incident wave

because:
) z=p/2
(ko) = (10)(k, 0) V2 sin (~z) exp(ikyz) da
kw\/@ r=—p/2 a
aks (2a)%/ ~
icos(—Z) T f (k| £ T
icos( 5 )(7'(2*]{3%(12)\/]3 if |kg| # 2
- V2

i if [k = T
Volka*

And then we can evaluate G111, Go1, Gio, GY, 31 and resolve the system of

equations given below in order to obtain Ey, Ey, Ej) and Ef and then T and R.

(Goo — X0)Eo + Go1E1 — GY Ey, = I
(Gi1 —X1)E1 +GEy —GYE, = L
(Gho — X0)Ey + Go1 By —GYEy = 0
(G, —X1)E, + GuEy—GYE, = 0

4. Scattering on a 1D Periodic array of slits form-
ing the top mirror of a Fabry-Perot cavity pho-

todetector

Now, we are interesting in the reflection and absorption of the system shown in
Figure 3] where the periodic array of slits is backed by a stack of dielectric layers
finished by a semi-infinite metallic layer serving as back-mirror of the cavity. We
have to consider the waves reflected by the stacked of the layers and then the
expression of the field in the region 111 (here we insure that €3 defined in the case

of a grid without cavity is equal to €, defined here). The field in the region 111

12
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TOP MIRROR OF A FABRY-PEROT CAVITY PHOTODETECTOR

EO
HO

kO
periodp 4
—

metallic layer g,

Figure 3: Schematic of an array of slits of width a perforated on a metal film of
thickness h on the top of a stack of dielectric layers of dielectric constants

€; ended by a metallic mirror.

13
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TOP MIRROR OF A FABRY-PEROT CAVITY PHOTODETECTOR

becomes (see equation (3) expressed in terms of transmission amplitudes ¢y,

[E") = > (o™= 4 Mo *=G71) ko) (38)
ko

|—us X H™) = YV o (type™=CM — Ty e =G [kyo) - (39)
ko

4.1. Continuity of the Electric Field in z=h

The continuity equation of the Electric Field in z = h (same method as in

equation and (18)) gives once projected on the (kjo|:

In z=h", u, = —u, and we have:

> (Caest 4 Do ey ja) = =3 72, Yo (Caetos" — Doe™*a=") o) (40)

Inz=h",
Z (tng + HkHU) |kHO'> = Z _ZSYk/:”o'(tk”O' - HkHo) ‘k\|0’> (41)
ko ko

Once projected on the (kjo], - gives:

(trfo + Mio) = 3 (Cae®os" + Doe %) (kyofa) =

[e3%

~2 Y o (ko = Tio) + D 2 Ya(Cae™os" = Doe™oh) (ko ]a)

[e3%

<~

-fllc_|:_a' tijo + -fl;;a' My = — Z (kjol|a) E, (42)

The dielectrics layers below the scattering grid are assumed to be uniform and
then the set of |ko) is a subset of the orthogonal eigenmode basis (plane waves)
which is independent of the layer. Therefore, as in a basic 1D uniform multilayer
problem, no scattering occurs and we can calculate for each |kjo) the reflection

coefficient Ry, brought by the cavity which is defined by:

(43)
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Figure 4: Forward and backward waves at the limits of the entire stack of layer

The reflection coefficient of a stack of uniform dielectric layers ended by a
semi infinite layer (the metallic mirror here) is easily obtained by a transfer
matrix method or a scattering matrix method (which is more robust, in terms
of numerical stability, see [I1] for example). We define the total S matrix as just

below:
tal tal
] _|sn s [nge

Uk, o So1 S22| | tkyo
Once the total scattering matrix obtained (see fig. [ for the definition of forward
and backward waves ) which gives the linear dependency between the waves
right after the metallic grid and at the beginning of the semi-infinite gold layer
Ry o 1s easily calculated. Indeed, the backward wave in the metallic layer, Uk o

is null and then:

Now if we come back to eq. 2] we can obtain an equation similar to eq. 20]

15
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found in the case of a grid without cavity but with a slight different factor.

- Z <k|\‘7|a> Et/)z = fchHra tkuv + fk[a tkHURk‘HU
= tkuff(fk:TJ + fk]cr RkHU) (45)
which gives:
1
thyo = —K Z (kjjola) E; (46)

Il @

where F, , = f;;”rg + fk[a Rieyo

4.2. Continuity of the Magnetic Field in z=h

Now, it remains to use the second continuity equation at the backside interface
where the problem is different from the grid without cavity. The continuity of
the magnetic field gives after projection on |a):
ikosh —ikazh
ZY,;”J(tkHU — o) (alkyo) = Yo(Coe®os — DyeFezh) (47)
k”U

—

Zy’éudt’“na(l — Rijo) (alkyo) = Yo(Coelhes! — Dyemhezh) (48)
kHU

If we put the expressions of 5, given in equation in theses expressions,
we obtain:
1 . .
D Yoy 2 kiolB) By = Biyo) (alkyo) = —¥o(Coce" — Doe™ )
k”o' II g ﬂ

—

57 G5y ) = ~YalCadbosh - Dot
B

where: ,
Yk:“ 1- Rkna)

G’O?ﬂ = Z F,

kjo I

(alkjo) (kjo|B) Ej (49)

o

16
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4. SCATTERING ON A 1D PERIODIC ARRAY OF SLITS FORMING THE
TOP MIRROR OF A FABRY-PEROT CAVITY PHOTODETECTOR

Eventually, we have a similar set of equations to the one obtained in the case of
the grid without cavity (eq. (34)) and eq.). We have only to use G ¢ instead
of G’. Once the E, and E/, are calculated by resolving the two-equation (if only
one waveguide mode is taken into account) linear system, the electromagnetic
fields can be derived in the structure and then for a given incident optical power,
the power reflected by the whole structure and the amount of power absorbed in

each layer can be easily calculated.

4.3. Comparison with results obtained by Rigorous Coupled
Wave Analysis

HO 0
k? Au
Periodp J

Thickness

Au g,= (0.174 + j4.86)?

Figure 5: Resonant photoconductor using a 1D array of slits as front mirror. A =

800 nm.

The SMEF has been implemented to study the electromagnetic response
to a normally incident plane wave (wavelength A = 800 nm) of a resonant
photoconductor as shown in Figure f] In Figure [6] are compared the absorbance
of the GaAs layer as calculated by the SMEF and by a rigorous coupled wave
analysis (RCWA)[I3] as a function of the layer thickness and the period (the
width of the slit @ = 0.5p). The 400 simulation points required to plot the
figures have needed a 13 times longer duration by using the RCWA method

17
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4. SCATTERING ON A 1D PERIODIC ARRAY OF SLITS FORMING THE
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i

o
~
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o
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o
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o
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0.30 b

0.20 0.20
S |
0.10 0.10
06 07 08 09 10 1.1 12 13 14 15 06 0.7 08 09 10 1.1 12 1.3 14 15
Period (um) Period (um)
a) b)

Figure 6: Absorbance in the GaAs layer as a function of the thickness and the period
of the array of slits wiyh h = 0.15 um and a = 0.5 p; a) calculated by
the simplified modal expansion formalism, b) by the rigorous coupled wave

analysis.

(despite the use of a small number of harmonics n = 20) , than by using the
SMEF (number of waveguide mode ns; = 1, number of diffracted mode np =
1) implemented on the same platform (SCILAB). It is easily explained by the
fact that each simulation point requires the inversion of a 2x2 matrix for the
SMEF instead of a 20x20 matrix for the RCWA. It can be seen on Figure [f]
that the numerical results obtained by both analysis are similar, nevertheless
it can be noticed that the absorbance is overestimated by the SMEF. This is
consistent with the fact that in we have considered here that the metal was a
perfect metallic conductor (PEC) inside the slit in order to keep the very simple
analytic form of the waveguide mode. Then the losses induced by the metal and
the effective width of the slit are underestimated. As already mentioned before
[12], the accuracy of this method could be improved by taking into account of

the effect of the non perfect metal on the waveguide modes in the slits.
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5. Appendix A. Calcul of the admittance Y},

Here, we demonstrate the relation between F; and H; in the s and p-polarization.

In both case, it is based on the Maxwell-Faraday equation in CGS:

rolp— _19B
c Ot

where c is the speed of light in free space. Furthermore, if we assume that the

materials have no magnetization,then H = B.

5.1. s-polarization

For a s-polarized incident plane wave, (i.e. E, = 0, ¢(r,t) = k-7 — wt) of

pulsation w and of wave vector k = (ky, ky, k)"

10B
oip_ _L9B
c Ot
becomes:
Jke B JwH,
. 1
Jjky X By = - CjwHy (50)
ik, 0 JjwH,
<
—k. By, ko,H,
kB, =koH, (51)

koBy — jkyEy  koH.

19



170

5. APPENDIX A. CALCUL OF THE ADMITTANCE Yk,

Now, if we are only interested by the transverse parts of E and H, we have

indeed:

0 Hw Hy Ea:
|—u, x H)y= 0 X H,=-H,=Ygs" E, (52)
-1 H, 0 0

with Yk”s = %
5.2. p-polarization

For a p-polarized incident plane wave, (i.e. H, = 0, ¢(r,t) = k- r — wt) of

pulsation w and of wave vector k = (ky, ky, k)"

g . _L9B
c Ot
becomes:
Jke By JwH,
. 1
Jjky X By = - CjwHy (53)
jk, E, 0
<

kyE. —k.E, k,H,
k.Ey — ko B, = k,H, (54)
ko By — kyE, 0
So, it gives that k, Ey = kyF, and we know that without electric charge:k, E, +
kyEy, + k.E. = 0. It gives for the z term:

Kok k2
k,E,—k,E, = - Z E, — knyy ~ k,E,
k2 k2
= —knyy knyy k.E,
1 2 2
—k:(kH +k2)E,
1
= —k—zelkiEy (55)
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So for the a-term: kyE, — k. By = k,H, < e1k,E, = —H,

Now, if we are interested by the y term:

kzk k2
k By — kB, = YE, + k—””EI +k.E;
2

3
k2 k
- Yp  Mp okm
BT et

= ——ak’E, (56)

€1 kw

Eventually, for the y-term: k,E, — ko E, = k ,H, <= E,=H,

z
Now, if we are only interested by the transverse parts of E and H, we have

indeed:

0 H, H, E;
—u, X Hy= 0 X H,=—H, = Ygp- E, (57)
-1 H, 0 0

w€l
k. °

with Yk||p =k
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