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The anomalous features in diffraction patterns first observed by Wood over a century ago have been the
subject of many investigations, both experimental and theoretical. The sharp, narrow structures—and the large
resonances with which they are sometimes associated—arise in numerous studies in optics and photonics. In

this paper we present an analytical method to study diffracted fields of optically thin gratings that highlights
the nonanalyticities associated with the anomalies. Using this approach we can immediately derive diffracted
fields for any polarization in a compact notation. While our equations are approximate, they fully respect energy
conservation in the electromagnetic field, and describe the large exchanges of energy between incident and

diffracted fields that can arise even for thin gratings.
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I. INTRODUCTION

Over a century ago, Wood observed anomalies in the
angular dependence of light reflected from a metal sheet [1],
and since then there have been many studies of these anomalies
and their applications in optics and photonics, particularly as
they arise in the reflection from surfaces on which a grating is
intentionally deposited. Maystre [2] has recently presented
a detailed review of the history of research in this field.
Generally, two mechanisms have been identified as sources of
the anomalies: The first is a transition between propagation and
evanescence in one of the diffracted orders [3], and the second
is the excitation of a leaky mode within the grating region [4].
These anomalies have been discussed for a number of years
[5] and some ambiguity exists in the literature concerning the
distinction between these mechanisms and the terms used to
refer to them. In this paper, we follow the convention that
anomalies related to a transition in a diffracted order are
referred to as Rayleigh anomalies, and those associated with
the resonant excitation of a leaky mode in the grating region
are referred to as Wood anomalies. Maradudin [6] has recently
shown that the resonant excitation of any surface wave in a
substrate below the grating, by scattering from the grating,
can lead to anomalies in the reflectance as well; we also refer
to these as Wood anomalies.

Rayleigh anomalies are square-root-like, sharp, narrow
peaks that arise in the irradiance of both the specularly
reflected and diffracted beams. Wood anomalies are associated
with extraordinary increases in the specular reflectance [7-9],
and have seen wide use in applications where gratings serve
as filters [10-12], modulators [13,14], and sensors [15,16].
Because even very thin gratings can lead to very large effects
on the reflectivity in the region of these anomalies, the
simplest perturbation theories are not sufficient to describe
them; it is essential to consider the full interaction between
diffracted and specularly reflected beams. Over the years a
wide range of approaches have arisen to treat such systems.
These include guided-mode techniques such as coupled-mode
theory [17-20], transfer-matrix approaches [10], and a variety
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of robust numerical techniques based on finite-element and
RCWA (scattering matrix) methods [21-24].

In this paper we present a semianalytic method for the
treatment of thin gratings, with advantages that are not all
present in earlier work. We consider the grating structure
shown in Fig. 1(a) in this first communication. Based on a
Green’s function formalism [25] that treats the scattered light
in terms of its s- and p-polarized components, the method
leads to an immediate identification of the features in the
scattering equations that describe the anomalies, and allows for
the easy inclusion of effects of surface waves of the substrate
as well as leaky modes in the grating region. Light with any
plane of incidence, any polarization, and at any incident angle
is treated, and anisotropy in the response of the material in
the grating region is included; the substrate can consist of an
arbitrary set of layers with uniaxial optical properties. The
description of the reflected and diffracted light is necessarily
approximate, since we simplify our equations based on the
grating being thin, but it is nonetheless completely robust
with respect to energy conservation: In the absence of any
absorption in the material media, at whatever number the
inclusion of diffracted and evanescent fields in the calculation
is truncated, the approximate equations respect conservation
of energy in the electromagnetic field, despite large exchanges
of energy between diffracted and reflected fields. For simple
incidence configurations, and if only a few diffracted orders
are important, the set of equations to be solved is small and the
physics easily identified. This is an important advantage, since
gratings are now being used to access resonances for enhanced
sensing applications [26,27] and in novel 2D materials such
as graphene [28-31]. Our simple but robust treatment of the
optics of the grating should allow for such work to focus on
the physics of the medium being probed.

The outline of the paper is as follows. In Sec. II we
first treat the simpler, symmetric grating structure shown in
Fig. 1(b). In the limit of a thin grating, we show how the
scattering equations lead naturally to the assignment of a
uniform dielectric tensor for a layer associated with the grating
region; see Fig. 1(c). The scattering by the grating can be best
understood as occurring with this as part of the background
optical response, and it is the waveguide modes of this nominal
layer that become the resonances associated with the Wood
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FIG. 1. The general structure studied and discussed in this paper
(not to scale). (a) A thin grating placed on top of a multilayer structure
with a substrate with relative dielectric constant ¢y. The grating
parameters are the same as in (b), and the relative dielectric constant
of the cladding is &;. (b) An isolated grating with relative dielectric
tensor &, suspended in a medium with relative dielectric constant €.
(c) An effective dielectric slab with relative dielectric tensor €j,ye, that
characterizes the average properties of the grating relation. (d) The
corresponding effective planar structure consisting of the effective
dielectric slab and the multilayer structure.

anomalies, discussed alongside Rayleigh anomalies in Sec. I1I
and identified in the resulting scattering equations in Sec. I'V.
In Sec. IV A we build a scattering matrix for the problem.
This can of course be done in many ways, but we adopt
an approach that leads to a proof that the equations respect
energy conservation, and allows for an easy generalization
to include an arbitrary layered substrate [Fig. 1(a)]. These
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equations are separated by polarization and simplified in
Sec. IV B for a simple configuration chosen as an example. In
Sec. IV C a two-wave-vector model is used to derive analytic
expressions for the scattered fields alongside a discussion of
their poles that signal the Wood anomalies. We discuss how
the Wood anomalies associated with the waveguide modes
of the grating region [Fig. 1(c)] are modified—or disappear—
in the presence of the substrate in Sec. IV D and present, as
a sample calculation, results for a simple silicon grating atop
a glass substrate and confirm the validity of our approximate
treatment by comparison with convergent, numerically exact
calculations. We focus on a dielectric system to highlight the
pronounced spectral features associated with the excitation of a
Wood anomaly. As derived the method presented is applicable
to a wider range of materials, such as metallic gratings. Our
conclusions are presented in Sec. V. Some of the details of
the derivations, a discussion of waveguide dispersion, and our
proof of energy conservation are relegated to appendices.

II. THIN GRATINGS

We begin by considering a grating in the region —D/2 <
z < D/2, with the rest of space taken to be filled with an
isotropic dielectric; see Fig. 1(b). In the presence of a field
Eiy(r,?) incident on the grating region we write the total field
as

E(r,t) = Ein(r,1) + Ey(r,1), ey

where E;.(r,t) is the scattered field. We take all such time-
dependent fields F(r,?) to be stationary,

F(r,t) = F(r)e ™ +c.c.,

and we assume the refractive index of the surrounding
dielectric, ny = /ey, is real at frequency w. Denoting by R
the projection in the xy plane of a position vectorr = R + zZ,
we take e to be the unit vector in the xy plane that identifies
the direction in which the susceptibility varies, and write the
(possibly complex) spatially dependent (tensor) susceptibility
in the grating region as x(¢), where { = é - R.

It will be convenient to Fourier-transform our field ampli-
tudes F(r) only in the xy plane,

_ . _ di iK-R .
F(r) = F(R;z) = / _(2;1)26 F(k; 2), (2

where k has x and y components, so for example
ER;z) = Ein(R;2) + Ex(R; 2),
E(k;z) = Ein(k; 2) + Esc (k5 2). 3)

In the usual example of an incident plane wave, the incident
field will be characterized by a single kj,, and there will be
scattered fields characterized by k;, + mK, where m ranges
over all positive and negative integers, and

K= —eé, “
a

where a is the fundamental period of the grating. For
licin + mK| > @on, where @ = w/c, the scattered fields are
evanescent, confined to the neighborhood of the grating region;
for |kin, + mK| < @n; the scattering leads to diffracted fields
that can carry energy away from the grating region.
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We write

X&) = X1+ Xaad(©), )

where in dyadic form
X1 = — DEX+ 3y +22)

is just the susceptibility that would be present were the
background dielectric extended into the grating region, and
X 2dd(¢) is an additional contribution that is responsible for the
¢ dependence of the susceptibility in the grating region. We
assume that one of the principal axes of x.q4(¢) is the z axis,

and we choose the x and y axes to coincide with the other
principal axes,

Xada(§) = R )355(0) + P xaa(©) + 22x54(0).  (6)

We let P(r) denote the polarization in the grating region,
above and beyond that which would result if the grating
region consisted solely of the background isotropic dielectric
medium. Then

P(R;2) = €0xada(¢) - E(R; 2),
for —D/2 <z < D/2. @)
The scattered field contribution to (3) is determined by
D/2
E.(k;2) = / d7'G(k;z —7) - Pli; 2), (®)
-DJ2

where the Green’s function [25] is

1
Gr;z—7)=gk;z—7)— —8z—-2D%z2, (9
€0€1

with
( /) ld)z 9( /) iw1(7—z’)(AA+ A~ A~ )
K;2—2)= z—7)e'"s §§
g 2eow PP+
id)z / —iw1(z—7)raa N N
0(z —2)e”"™ @8 + pr_pio),
2€pw
and where
W e KZ T wik
§=Rx2 pp=—- (10
wni

identify the s- and p-polarized field components of the radiated
fields. Here w; = \/@%¢; — k2, where « = |k|; to ensure
proper radiation conditions, the square root is made unique
by taking ImvZ > 0, and taking RevZ > 0if Imv/Z = 0.
Of the two terms on the right-hand side of (9), the second
will typically lead to the larger contribution for our thin
gratings of interest, and it can be dealt with explicitly. If we
define a modified field,
D/2
Enoa(k; 2) = Ein(k;2) +/ gk;z —2) - Plie; 2)d7,
-p/2

1)

we have
1
ER;z) = Enoa(R;2) — —22 - P(R; 2),
€0¢1

and we can write the expression (7) for the polarization as

P(R’ Z) = eOXmod(g-) ' Emod(R; Z)v (12)
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where

Xmod(€) = XX xea(0) 4+ I 9 xomoa(©) + 22x50q(0), (13)
with
Xomod(©) = Xada(©),
Xoma(©) = Xam(©).
Xada(©)
1+ xada(@)/e1

From (11) we see that as D — 0 we typically have
Enod(R;2) = Ein(R;z), and so in that limit Xn0q(¢) can
be understood as an effective local susceptibility relating the
(excess) polarization to the incident field, rather than to the
field in the grating region itself.

So far we have made no approximations, and an exact
description of the scattering could proceed by numerically
solving (11) and (12) for any specified Ej,(«; z). Instead, we
develop an approximate description of the scattering based on
the condition that the thickness D of the grating region is much
less than the wavelength of light, @n; D « 1, and as well that
the variation in z of the scattered fields over the grating region
is negligible for « of interest, |w;|D <« 1. This leads to the
ansatz that a number of fields can be taken as independent of
z within the grating region,

F(k;z) > F(k) for—D/2 <z < D/2, (14)

Xélzod(é') =

and for such fields we write
de .
FR) = | —"*RF ).
®) / S

A full solution of the fields in the grating material would
show variations over a distance on the order of (&,/]&, [max)—1,
where |gg|™™ is the maximum of the absolute values of the
eigenvalues of &,, the dielectric tensor of the grating material.
So we expect the condition @,/|e|™* D <« 1 is also required
for this approximation to be valid, as we confirm in our
example calculations in Sec. IV. Naturally for the incident
field we simply take Ei (k) = Ei,(k;0), while to determine
P(r) self-consistently we approximate the field Eyoq(k;2)
as uniform over the grating region by taking E,.q(k;z) —
E0d(k), where

| b2 D2
Enoa(t) = Ein(kc) + — / dzf d7'ge;z — 7') - Plk).
D J_pp D)2
In the limit |w|D <« 1 this leads to
Enod(t) = Ein(k) + g(k) - P(k), (15)

where

i N o
e [ss + §(P1+P1+ + plpl)}
ik:D

= 58 + kR + 22,
2608111)1

and in this limit Eq. (12) reduces to
P(R) = €0Xmod(§) - Emoa(R). (16)

Within these approximations the fields in the grating region
are determined by the solution of (15) and (16).
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At this point it is useful to separate out the spatial average
of our various quantities. In particular for xmoq(¢) we have

1 al2
() = - / Kmoa(0)dE,

a/2

and we put

Xv(&) = Xmod(¢) — {Xmod)- 17

Our equations (15) and (16) can then be written as
P(k) = €0(Xmod) - Emoa(k) + Py(k),
Emoa(k) = Ein(k) + g(k) - P(k), (18)
where
P,(R) =€0xv(¢) - Emoa(R) 19)

is the only contribution from the variation of the effective
susceptibility with ¢. If we define xayer according to

Xl):l;er = (Xr)rclj(()d> = (X;C(i\d>’

Xlﬁ;er = (Xr}rjlyod> = (X;c-l))d>’

XIZZ Xzz
ayer 2z add
S Sy g R S 1))
1+ Xlze:lzyer/‘81 ( m0d> < 1+ Xﬁd/sl >

where the last equation is to be solved for X, we can
identify Xiayer as the effective (excess) susceptibility of the
thin layer that would lead to the optical response of the grating
region were the variation x,(¢) in the effective susceptibility
ignored; this is the scenario sketched in Fig. 1(c). For if we
would return to (7) and (8), take X a4d({) = Xlayer, and repeat
the derivation and approximations leading to (18), we would
recover precisely those equations with P, («) absent, and with
the components of (xmod) replaced by the components of
Xlayer according to (20). Note that if we write the full relative
dielectric tensor in the grating region as €(¢) = €] + Xaad(¢),
and the full relative dielectric tensor associated with xayer as
Elayer = €1 + Xlayer» Where € = £1(X% + 33 + 22), we have

S]);/;/er = <8xx>7
e = (),

1 1

= =< > 21
8layer £+

We return to Egs. (18), and can now understand them as
describing the scattering due to a variation in the effective
excess susceptibility, x,(¢), in the presence of a uniform
background dielectric tensor €1y, in the grating region. Below
we will construct an expression for P,(k), and then these
equations can be solved consistently for P(k). Once that is
done we can construct the scattered fields above the grating
region (z > D/2) and below the grating region (z < —D/2).
We denote these by E;rc(lc; z) and E__(k; z), respectively, and
they follow immediately from the general expression (8) for
the scattered field [25]; we have

Ei(k:2) = " EE (), 22)
where
EZ (k) =GE(k) - P(k) (23)
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and

i®?

G k) =

D

B8+ PprePis)s (24)
2€0w1
and we have again assumed |w;|D < 1. Now the incident
field satisfies the Maxwell equations with a uniform relative
dielectric constant ¢, and so everywhere in space it is of the
form

Ein(r;2) =Ef(k;2) + E (k; 2), (25)
where
E£(c; 2) = =" EE () (26)

[cf. (22)]. Then given any k, for z > D/2 we label
the full upward-propagating (or evanescent) fields as
E! (k)exp(iw;z), while for z < —D/2 we label the
full downward-propagating (or evanescent) fields as Eg
exp(—iw;z); we clearly have

EZ () =EE (i) + EZ (). 27)

Before solving for these fields, we identify how the Rayleigh
and Wood anomalies are captured in their calculation.

III. RAYLEIGH AND WOOD ANOMALIES

Returning to the expression (24) for G*(k), and writing
P in terms of £ and Z, we see that in this basis of real unit
vectors there are terms in G* (k) proportional to w;, and terms
proportional to 1/w; These are both nonanalytic in «, since
wj is purely real for k < @n;, purely imaginary for k > @nj,
and vanishes at k = @n;; 1/w; thus diverges at k = @n;. The
transition from real to imaginary w; can arise as the angle
of incidence is varied, and « is associated with a diffracted
order that becomes evanescent in the background dielectric as
K first approaches and then exceeds &n;. Of course, although
the G*(k) diverge as w; — 0, the EX (k) do not; the same

C
nonanalyticity as w; — 0 appears in g(k), since

g) = 3[GH () + G~ ()],

and once the expression for P,(k) is included the self-
consistent solution of the set of equations (18) leads to finite
fields everywhere at all «, as we show in detail below. This
is enforced by the coupling among the different diffracted
and evanescent orders, and by the coupling between each
of them to the specularly reflected and transmitted fields;
the source of these couplings is of course the grating that
is itself responsible for the existence of the diffracted and
evanescent orders themselves. Another consequence of these
couplings is that the nonanalyticity associated with the passing
of a diffracted order into evanescence appears as well in the
expressions for the amplitudes of the other diffracted orders,
and in those of the specularly reflected and transmitted fields.
These are the Rayleigh anomalies.

Another nonanalyticity implicit in these equations can be
revealed by inserting the second of (18) into the first and
formally solving for P(«x),

P(k) = [1 — €0(Xmod) - g(K)]_]
X [€0{Xmod) - Ein() + Py(k)], (28)
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where I = % + y9 + 22 is the unit dyadic. The expression
(28), in which the grating contributions above the averaged
optical response are contained in P,(k), is valid as long as
[T — €0(Xmod) - gk )]’1 has no divergent components, and this
holds as long as the determinant of a matrix representing
[T — €0(Xmod) - (k)] does not vanish. In the special case where
o l”ayer’ which holds if the dielectric constants
of the materials satisfy &** = ¢¥¥ [recall (20) and (21)], the
matrix €pyer can be easily written out in the (§,£,2) basis,
since XX + yy = §§ + kk; we find

XX N A —
glayer - 8layer =¢

det[I — 6O(Xmod) . g(K)]

. ~2 .
iw-D I lLU[D I
= [1 - 2w, (Slayer - 81):| |:1 - 26, (glayer - 81)
. 1
.1 KD Sayer 7811 29)
2w1 Slayer

where we have put g,jyer = Ejyyer- FOT reasonable 81Hayer the mid-
dle bracketed term in (29) cannot vanish, since by assumption
|w|D « 1; thus the determinant in (29) can vanish only if

one of the following conditions is met:
i®*D

2w1

(‘("IHayer - 81) =0,

. 1
ik:D Elayer — €1

2w1

=0. (30)

L
Slayer

In Appendix B we show that the first of (30) is the dispersion
relation for the fundamental s-polarized mode, and the second
for the fundamental p-polarized mode, of a thin enough
planar uniaxial waveguide with relative dielectric tensor
(xx + j}j})sluayer +2281tyer, bounded above and below by a
uniform isotropic dielectric with dielectric constant ¢;; recall
that in the limit of a thin enough planar waveguide at most
one waveguide mode of each polarization exists. Around the
values of ¥ where they vanish, the left-hand sides of (30) can be
written as proportional to (k — k) and (k — kp), respectively,
where at frequency w the s- and p-polarized waveguide modes
have wave numbers g and «p, respectively; if there is no
absorption, kg and kp are real. Thus the nonanalyticities of
[T — €0(Xmod) - g(lc)]_1 are poles, on the real « axis if there
is no absorption, associated with the waveguide modes of
the “effective waveguide” established by the average optical
response in the grating region.

Despite these divergences, the solution of (28) for P(«k) is
again always finite. The waveguide modes exist for ¥ > @n;,
“beyond the light line,” and no physical field incident from
infinity can be described by nonzero E;, (k) for « in the range
of the divergences. Of course, by coupling through the grating,
P, (1) can acquire k components for x at wave numbers near or
at the waveguide modes if the angle of incidence of the incident
field is properly chosen, as we see in detail below. However,
a grating that allows P, (k) to acquire those ¥ components
from the incident field will also couple part of any field that
P, (k) generates back to the wave vector of the incident field,
thus modifying the effective incident field driving P, (k) and
ameliorating the response; the effective waveguide pole is
moved off the real « axis, as we illustrate in an example later.
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Another consequence is that the resonant structure associated
with one of the evanescent orders being close to an effective
waveguide mode will lead, through coupling by the grating, to
resonant structures in other diffracted and evanescent orders,
and in the specularly reflected and transmitted fields. These
are the Wood anomalies.

Thus within the approximation of a thin-grating region
even a schematic discussion as presented above can identify
Rayleigh and Wood anomalies with nonanalyticities in the
response of the grating structure to an incident field: Rayleigh
anomalies are associated with square-root divergences as a
diffracted order becomes evanescent, and Wood anomalies
are associated with pole divergences as an evanescent order
approaches an effective waveguide mode of the grating region.
Full calculations within this approximation presented below
will confirm this connection, and show that our equations,
while approximate, exhibit exact energy conservation. As
well, since for thin-grating regions the dispersion relations
of the effective waveguide modes lie close to the light line,
we can expect a complicated response because the resonances
associated with the anomalies, considered independently, lie
close to each other. This is considered in some examples
presented in Sec. IV.

IV. COUPLED WAVE VECTOR EQUATIONS

We now turn to the solution for the fields in the presence of
a grating x(¢) of the form (5), where since x,(¢) is taken as
periodic with period a, we can expand it in a Fourier series

Xv(;) = Z Xv[m]eimK'R’
where m ranges over the integers and K is given by (4); here
1 al2 -
X v[m] :;/ e {Xv(é‘)dé‘,

a/2

with K = |K|. Note that by virtue of the definition (17) of
Xv(¢) we have x,0) = 0. Since P,,(R) is the response (19) to
Enod(R) due to x,(¢), we seek a solution for our fields of the
form

F(k) =212 ) 8k — kin — mK)Flkiy + mK),

where

FR) = ) Flicy)e'“ntmOR, 31

and here and henceforth we put
K, =K, + mK.

Here ki, characterizes the incident field, but we actually allow
the incident field E;,(R) to be of the general form (31), with
Ein(k,,) nonzero for m # 0; in later sections we will consider
a grating above a substrate, and terms with m # 0 will arise
from reflection of scattered light off the substrate. Using the
expansion (31) in (19) we have

Pulicm) =€0 Y Xutm—m1 - Emoaliem), (32)
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ated with k,, be §,, and p,,,, such that

where each F(k,) is a column with the three Cartesian
components of F(k,),
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for example; equations for the Fourier components of other
quantities will be given below. The set of these equations can
be organized as matrix equations in many ways; below we
present one approach that is both useful for calculations, and

allows for an easy proof of energy conservation even when the
number of Fourier components is truncated.

A. S-matrix equations

To complete a calculation we approximate sums over m

by a restriction to |m| < N, where the threshold integer N

includes at least all diffracted, propagating orders. For each
field F(R) we then introduce JF, a column of columns

and so the full column F has 3(2N + 1) elements. For
the tensors we introduce (2N + 1) x (2N + 1) matrices with

Flen)
_ Fle-1))
F=

(33)
Fle—ny)

=

y}—(’cm) s
Z-Fleew)

]:-(Km) =

(34)

FIG. 2. Plane containing the set of axes (¥, y) and basis vectors
Sk m)-

>
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A~
\

_——_____,——Ysm
P @—- >¢m

—>»

Block-diagonal matrices G* and ¥, are defined similarly,
where the blocks j,.um Of X, are all identical, Xynm =
diag(( ), (o 1) (X2 4)). The matrix of matrices X, rep-
resenting the grating is not block diagonal, but is given by

0

Xv;N(N=1) XviN(=N)
) Ho:(N=D(N) 0 Ho:(N=D(=N)
Xv = . s
Xo:=-N(N)  Xoi(=NN—1)  *** 0
elements that are themselves 3 x 3 matrices; thus in each of ’ ’ 36
these there are 3(2N + 1) x 3(2N + 1) elements in all. We put (36)
z 0 0 where
NN .
_ 0 g(Nfl)(Nfl) (_) Xv;mm’
g = N : , £ Xopmom - X 0 0
; . ’ = 0 y - v[m—m'] * y 0 s
0 8(-N)(—N) o Kotmmny Y . .
0 0 2 Xvm—m]" %
a block—(gzi}glogal rr;atrlxt \.Vher? 0 mdlce.ltes 13 x 3 matrix of and the diagonal elements of j, vanish because x,po; = 0. In
zeros, and the 3 x5 MAtrIces gy, are grven by this notation Eq. (32) for the P,(k,,) can be written in full
[£-g0c,) - 2] [ 80n) - §1 [%-8len) - 2] matrix form as
[2-glem)-X]  [2-gUew)- 3] [2-gkw) 2]
For example, let the associated polarization vectors associ-

§m :iem Xﬁ»

with Ry =k /km| and wi(ky,) = /@%e1 — k2 [compare

(see Fig. 2), we have

8mm

i&*D

- 26Owl (Km)

1 —

(10)]. If we then let ¢, indicate the rotation in the xy plane

between the sets of unit orthogonal vectors (¥, ¥) and (§,,,&,,,)

o _ KmZ F w1 (KR
Prem = =
wnq

. (3%

7)1) = 6O)zugmod,

and combining this with the matrix form of (18) we find

P = 6()()Zo + Xv)gmoda

E_mod - gin + g,ﬁ’
with a formal solution

P =e(fo + 713 — €08(Xo + )] Eins

(37
where 1 j denotes the j(ZN + 1) x j(2ZN + 1) unit matrix,
with j an integer. Introducing columns £Z to describe the

scattered fields, from (23) we then have
P sin’ ¢, s5i-sin2¢, 0
sapesin2¢, 1 — 2 cos’¢, O
0 0
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introducing columns for the full outward-propagating (or

EE =G (Ho + )13 — €08(Xo + %) ' Ein.

1

Separating out the upward-propagating (or evanescent) con-
tributions of the incident field from the corresponding down-
ward propagations [see (26)], we have &, = & +

&, and
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evanescent) fields forz > D/2andz < —D/2 [see (27)], with
new columns defined as indicated we can write

g;;n = 6OG+(X0 + Xv)[i3 - EOg(Xo + Xu)]_l
x (EF+EN+EF

S = €0G ™ (X0 + X135 — €08(Xo + Xu)] ™'
x(EF+EN+E,. (38)

The subcolumns of £E, EE (), contain the three Cartesian

components of Eiﬁ(lcm) [recall (34)]. However, these are not
independent, since for any k,, there are only s- and p-polarized
components,

5if(lcm) = §mE$;s(Km) + i’]i’mEi;p(Km)»

with two independent amplitudes ]Eiin;s (k,,) and IE?; o). As
such we can write

. 5,f(l€m)
Ef(km) = | § - Eem)
: 51?1:(Km)

— =+
= jﬁ(’cm)]Ein(Km)s

=

[a N

where

=

& 8m) F-Pragm)
GEWn) = (3 8m) (B Pram) (39)
( '§m) (2'i71i,m)

is a 3 x 2 matrix for each of the (4) and (—) examples, and

Ei;s(xw]

[ IO

EE (kn) (40)

in;p

By (k) = [

is a column of two elements. Constructing the full column for
all k,, components of Eii; we have [recall (33)]

= _4+=t
En =GB, @1
where
=+
Ein(’CN)
=+
| Epkev-1)
E = _ , (42)
Ei(k-n))

which for each of the (+) and (—) examples is a column
with 2(2N + 1) elements, once all the I_Eij;(lcm) are written out.
Further,

FEeN) 0 0
0 0_'i?1:(K(N—1)) 0
G = . . _ . . (43)
0 0 Gin (K (—N))

which for each of the examples is a 32N + 1) x 22N + 1)
matriz&, once all the elements of the 6if(lcm) are written out;
here 0 are 3 x 2 matrices with all elements vanishing.
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Similarly, for each £, (k ) in €%, there will be only s- and
p-polarized components,

5§Et(l€m) = §m]E(:)tm;y(Km) + i’l:t,m]Ec:)tut;p(’Cm)a

which we can immediately see will be identified by the G*(k,,)
[see (24)] that appear in G*. Nonetheless, we can formally

extract those amplitudes Efut;s, (&) by writing

nE _ —+ &t
IE:out - Goutgoul’

44
where

B (ey)

=+
E y(ev-1))

Eq (k)

isa2(2N + 1) column for each example (4) once the elements
of

shie =[]

+
Eout;p (K m )

are written out, and

Gom(KN) 0 0
. 0 Foulev—1)) 0
Oout = . . . . ., (45)
6 (_) 6$t(x(—N))

where the 0 denote 2 x 3 matrices with all their elements
vanishing, and

(5‘\: : §m)
& Prew) O Prew)
Using (41) and (44) in (38), we can write

O_'(it(lcm) = |: ] (46)

& Prem)

]E:)Lut = TTgﬁiﬁ + ]RgEi;’
Eq = RoE; + T,E;,

mn’

where R, and T, are 22N + 1) x 2(2N + 1) matrices,

Ty = Goudls + €G*(Xo + X135 — €&8(Xo + X)),
Ry = 650G~ (o + )13 — €03(Xo + X1 7'3F. (47)
Since we consider the same dielectric above and below the
grating, the transmission and reflection properties are the same
whether light is incident from above or below; thus the
expressions (47) are the same whether the + or — matrices on
the right-hand side of the equations are used in their evaluation.
Finally, combining the two columns E;t and E_, each
with 2(2N + 1) elements, to form one column with 42N +
1) elements, and likewise for IE:; and E. , we can form a

n’

42N + 1) x 42N + 1) scattering matrix .,

]Rg
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z

E(—)I_ut (F"’O)

(3
<S>

FIG. 3. A simple 1D grating configuration with the grating ori-
ented such that ¢ = y. Incident, reflected, transmitted, and diffracted
rays are shown by black (thick) lines, and labeled by the notation used
to indicate their field amplitudes; the projection of the wave vectors
on the xy plane is shown by red (thin) lines.

IE:(—)"_ul E;
=12 (49)
]Eoul Ein

With the equations in this form, a proof of energy conservation
is possible, and is presented in Appendix C. That proof, and the
equations from which it was derived, hold for any orientation
of the grating direction & in the xy plane and any plane of
incidence.

so that

B. A simple configuration

In this subsection we simplify the equations above for a
common scenario of interest: We take the grating susceptibility
to be uniaxial, x;55(¢) = x.21;(¢) [recall (5) and (6)], choose
é = y, and assume the plane of incidence contains Z andé = y,
as illustrated in Fig. 3; for the isolated grating treated above
and in this section, we have &, = ¢;. The wave vectors k,,
that are relevant here are then either in the y or — y direction,
SOKy + Yy =sgn(k,, « y) = 8§, - X; the form of the expressions
(39) for the 6. (k,,) simplifies to

(I?m : j’) 0
Gple)=| 0  Fuldg,. )|,
0 K

ony
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and similarly for the form of the expressions (46) for 6$[(lcm),
which are the transpose of the 5:Z(k,,). When these are assem-
bled into &;F and &, in (43) and (45) and the results used in
(47) for R, and T, we find that because of the high symmetry
of the problem each of these 2(2N + 1) x 2(2N + 1) matrices
can be reorganized into two (2N + 1) x (2N + 1) matrices,
one relevant for s-polarized light and one for p-polarized
light. For each polarization the relevant matrices can then be
combined into a 2(2N + 1) x 2(2N + 1) scattering matrix,
and in place of (49) we have two sets of equations,

Eoue | i |
=S - (50)
IEEout,oz_ Ein,a_
where « = s, p, each ]Efw isa (2N + 1) element column,
[ Efo(en) ]
o Eo(en-1)
ina — . ) (51)
| Eino(—n)
[compare (40), (42)], and likewise for E; , and E,, ,, and
where
T R
aefi ]
TRy Tea
with
i&*D -
’]I‘g“Y = |: | — 5 w; 1 i| B,
Rg s = Tg,s - Ila (52)
and
- iD__ | T iD_, IR
Tgp: 11—2—81/()(1( +ﬂ I_TIXU)I ﬂ_lh

Here each of Ty, Ry, T, p, and Ry, is a 2N +1) x
(2N + 1) matrix. The matrices B, ¥, and w; are diagonal
matrices of the same dimension, B = diag(ky - §,Rn_1 -
Y,...,k_y-y), ik =diag(kn|,lkn-1l,...,lk_n]), and
w| = diag(wl(KN),U)1(lCN_1), . ,w](K_N)), with w](IC) =
V@’n? — k?. Finally, ¥ and 31 are 2N + 1) x 2N + 1)
matrices with (mm’) elements le' = Smm' { Xproa) T
(-f * Xv[lm—m'] " j‘\f) = 8mm’<X;¥£d) + (j’ * Xv[m—m'] * S’) and
Ko = S (Xeq) + (2 + Xotm—m) - 2). We note that the
relation between T, and R; is simple because the reference
vectors §,, for the fields are all the same or differ simply by a
minus sign; while that between T, and R , is more complicated
because, even for a particular k,,, the z components of p,, ,,
and p,_,, are identical, but the y components differ by a sign
[see (35)].

C. An example

The expressions (52) and (53) for the reflection and
transmission matrices, and indeed the more general expres-
sions (47), can be used to calculate specular reflection and
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transmission, and diffraction, for the choice of any number
2N + 1 of wave vectors k,, in the calculation. However, in
certain circumstances further approximations are possible. For
example, if the grating period a [see Fig. 1(b)] is small enough,
then for at least some angles of incidence there will be only
one propagating diffracted order (m = —1) in addition to the
specularly reflected and transmitted fields (see Fig. 3, again
with &; = &;). A choice of 2N + 1 = 3 could be adopted, but
since the field associated with «; is evanescent we can neglect
that field and still respect energy conservation in a lossless
structure if we keep only the fields at ko and k_;, simply
neglecting the fields at « ;. If we do this, and consider the simple
excitation scenario presented above, each of the T, , and R
isa2 x 2 matrix, and the resulting equations for the specularly
reflected and transmitted fields, and the diffracted fields, can be
solved easily. We refer to this as the “two-wave-vector model.”
Considering an incident field from z = —oo, for s polarization
we find specularly transmitted and reflected fields

Ef, . (k i@*D
—Oim( 0 _ U <1 B _XO())’
Ein,s(ko) 2wy _1)

E;ut,s(KO) _ E;n,s(’c()) .

- 1, 54
Eih s(ko) Eih s (o) o4

and upward and downward diffracted fields that are equal in
amplitude,

+ .~

o X(-
Eih s(ko) 2w (kc_y) MO

where

i®*D _,,)(1 i®*D )
2w (1g) 1 2wy (k_p) "
@*D? I ol

< Xo—=»HX(=10>
4w (rco)wy (1) "o DAEDO

Us=<1

while for p polarization we find specularly transmitted and

reflected fields
ix2, D
u-f1 - 21 1
¢ ( 2wk _1)e] Xo0
_ iw(k_1)D _
vl - —— -1,
+ U, ( 26, Xoo

E qut,p(K0) . ix2,D |
— =U 1= 55—
Ei, p(ko) 2wk _1)e

E;)‘ru[,p(’co) _
]Ei+n,p(K0)
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where
iwl(Ko)D 1l lhwl(Kfl)D 1
U;=1— ——— l— ———
< 281 XOO 281 XOO
wy(ko)wy(k—1)D? T
+ 48]2 Xo=nX(=1)0°
) -2
ikgD ik-,D
2wy (Ko)e 2wk _1)e

2,2 2
KkokZ, D

4e3wi(ko)wy(k_1)

-
Xo—nX=10-

Of course, the diffracted fields only appear for k_; < &n,
and the expressions above are to be used only in that range.
The more complicated form of the results for p-polarized light
arises because of the two components (£ and 2) of the light
that arise, as opposed to the simpler results for s polarization
where there is only one component (§).

As an example, we consider a grating with thickness D =
25 nm consisting of an isotropic medium with refractive index
3.5 embedded in vacuum; we take the grating period to be
a = 1.25 pum, with a fill fraction of one-half (d/a = 0.5), and
consider incident s-polarized light at a wavelength of 1.55 pm.
In Fig. 4 we plot the relative irradiance of the radiated electric
fields in this system,

IE s (em)|?n1 cos 0y (k)

IH(k,,) =
e |Eih.s (0)|>n g cos 6
_ |Equt.s (kem)|* cOS O (k)
Ty () = —22 2 — , (58)
|Ein,s(’C0)| cosf
I3 (ko) I (k-1)
0.08
0.04
0.00
0 10 20 30
6 (deg)
5 (k1)
0.08
0.04
0.00
0 10 20 30

0 (deg)

0 (deg)

_ iwi(k_1)D _y

—Uu M1 -—= , 56
« ( 26, Xoo (56)

and upward and downward diffracted fields

Eoiut,p(’c—l) —U_]< ikok_1 D oL )
Einplko) —° \2wilk)er "

_1fiwiko)D _y
+U ——= , 57
s < 2¢, X=1no (57

FIG. 4. Comparison between the numerically exact relative ir-
radiances (red solid curves), the irradiances predicted by the full
thin-grating model with 2N 4+ 1 =7 (blue dash-dot curves), and
the irradiances predicted from the two-wave-vector model (green
dashed curves). The calculation is for a 25 nm thick grating with
a=124 um, d =0.62 um, and a refractive index of n, =3.5
suspended in vacuum and subject to an s-polarized field incident
at angle 6 at a wavelength of 1.55 um. The vertical, dotted, black
line marks the Rayleigh anomaly.
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for k,, < @ny, and Zsi(lcm) = 0 for «,, > @ny where the fields
are evanescent. Here 6 is the angle of incidence, cosf =
wolko)/dng, cosi(ky,) = wi(k,)/dn, and cosOp(k,,) =
wo(K,,)/@n . In green (dashed lines) we show the predictions
of the specularly and diffracted reflectance and transmission
as a function of incident angle 6 (see Fig. 3) for the two-
wave-vector model (54) and (55); we plot in blue (dash-
dot) the predictions of the full thin-grating model (50) with
2N + 1 =7; and we plot in red (solid) the predictions of a
full numerical calculation using the approach of Whittaker
and Culshaw [22,23], which can be considered exact. We see
that even our simple analytic two-wave-vector model (54) and
(55) gives a very good approximation of the diffracted and
specularly reflected and transmitted fields, and the calculation
with (2N + 1) = 7 wave vectors is essentially exact. Similar
good agreement between the approximate calculations and the
numerically exact calculation is found for p-polarized light.
The vertical, dotted, black lines in Fig. 4 identify the onset of
diffraction, and thus the angle at which the Rayleigh anomalies
appear in the specularly reflected and transmitted fields. At
lower angles is the Wood anomaly: The peak in the specularly
reflected intensity, and the dip in the specularly transmitted
intensity, arise from a pole in the response functions of the
structure; the pole is associated with the “effective waveguide”
discussed in Sec. III. Returning to the full response equations
(47), we see that the poles of the full structure are given by

det[15 — €0g(Xo + %) = 0, (59)

[compare (29), (30)]. Poles here are off the real x axis; the
K # 0components of the grating provide coupling into and out
of the uniform waveguide, with a dispersion relation identified
approximately by the expressions (30), giving the position of
the pole in the « plane an imaginary contribution, as well as a
shift in the real component of the pole. To verify this, we restrict
ourselves to excitation with ko - § > 0 and expand our analytic
expressions for the specular component of the electric field in
(54) and (56) about «y = K, with £ defined by the expression

L. 2w
K — — = —KkwG,
a

where kwg is the magnitude of the wave vector satisfying
the approximate dispersion relations of the isolated
waveguide mode given by (30); expressions for kwg
for s and p polarization are given by (B2) and (B3)
in Appendix B. For k¢ in this region «_; -y <0, and
Kk_1 = —Q2n/a —ky) = —k_1y is close to the wave vector
of a waveguide mode propagating in the —J direction,
K_1 ~ I\(i'l_l = —(27r/a — I%)_’)\’ = —KWGy. Since kwg > ony,
wi(kwg) 1s purely imaginary; we put g = —iw;(kwg),
use superscripts s and p on K, kwg, and ¢ to indicate the
appropriate polarization, and also use w} and w} as shorthand
for w (k) and w;(¥7), respectively. Looking at the transmitted
specular field, for k¢ in the neighborhood of ¥y we find the
expressions (54) and (56) can be written approximately as

B (ko) N K_1 — KWG

~ s . 5
Eis(ko) ko1 — (k% +iK3)
Ed (ko) K_1—K
out, p -1 WG
~ L 1C, (60)
Ef (o) Tkoy — (kh +ikl)
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p _ .
where kp" = KWG + Ka , with

2 - =l
o — (g )2( ) Xo=nX(=1)0
L e N2 (R

s q@*)? (@D 7(0( 1)X< 1)0

K; =

1 _ K y
X(|)|OKWG 2wy )1+ (sz H )

00
1
= T
L= 50 Xoo
and
VR sl
P = <(K" )’ ) Kwg Xo=nX=1)0
s — 1 2 #P2D - 1\27°
2ewy /- [(iea) /q7? = 2] [T+ (5757 %60) ]
S L sl
Ky Xo(-nX(=1)0

KP=_<(KP)2 )
T Koo \ 26107 J (k) /P2 —
1

_i®ryD o1’
26wl K00

c=L(1+2P5) 4
U. 26, X0o

is negligible for sufficiently thin gratings. We do not plot (60),
but note that in the region of the dip of the specular transmission
for both s- and p-polarized light the pole expansion gives
an extremely good fit to the more exact expressions (54) and
(56) in the two-wave-vector model, as well of course to the
results (52) and (53) of the (2N + 1)-wave-vector model and
to the exact numerical results with which the two-wave-vector
model agrees well. The inclusion of the imaginary parts «,”
of the pole positions are obviously essential in achieving this,
but the inclusion of the shifts «;'” in the real part of the pole
positions are as well and should not be neglected; both are
second order in the grating coupling amplitudes.

2] [1+(§5R ) T

Nnp =

and where

D. Including a substrate

Returning to our general scattering treatment (49) of an
isolated grating, we can move to a transfer matrix treatment
by solving for the upward and downward propagating (or
evanescent) field amplitudes above the grating (]E:ut and
E; ) in terms of the upward and downward propagating (or
evanescent) field amplitudes below the grating (IE and ]Eout)

B2 TE:
EE
]Ein IEout

M., = |:Tg - I?g(q_rg):lﬂ%g Rg_(Tg)]]

! ~(T)'R, (T
has 42N + 1) x 42N + 1) elements, as does the scattering
matrix (48). Returning to our general structure of Fig. 1(a),

we can now combine the transfer matrix (62) of the grating
region with the transfer matrix of the multilayer below to form

where

(62)
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a transfer matrix for the whole structure, in terms of which the
optical properties of the structure can be calculated. To do this,
consider first light characterized by a single « in the presence
of the multilayer structure of Fig. 1(a), but without the presence
of the grating. The transfer matrix of the multilayer structure
relating upward and downward propagating (or evanescent)
amplitudes of light just above the multilayer in the medium
with relative dielectric constant &, [at z = (—=D/2)"] to
upward and downward propagating (or evanescent) amplitudes
of light at the largest z to which the substrate, with relative
dielectric constant ¢, extends, takes the form

Mo — To1 — Rio(Tig) 'Ro1 Rig(Tip)™! 63)
@ —(T10) 'Ry (Ti)™ " |

This is a4 x 4 matrix, but as long as the layered materials are
isotropic or uniaxial it will be composed of 2 x 2 block matri-
ces T;; = diag(T};,T};) where T;:” is the Fresnel coefficient
for the transmitted s- or p-polarized fields from ¢; to ¢; and R;;
is similarly defined for their reflected counterparts [25]. We can
immediately extend this to a transfer matrix M o of the layered

structure involving all our (2N + 1) k,, of interest by writing

My = To1 —Rio(Ti9)'Ro1 Rig(Tip)™! (64)
—(T19) 'Ry (Ti)™" |

a 42N +1) x4(2N + 1) matrix where [TTIQ]mm = diag
(T3 Q(/cm),?l"{7 o(Km )) and other terms are similarly defined.

We can now construct a transfer matrix for the full structure
shown in Fig. 1(a) by imagining an infinitesimal layer of
material with relative dielectric constant &; inserted between
the bottom of the grating structure and the top of the highest
layer in the multilayer structure below. Then the transfer matrix
relating the upward and downward propagating (or evanescent)
field amplitudes just above the grating to the upward and
downward propagating (or evanescent) field amplitudes at the
largest z in the substrate is given by

M, = MM (D/2)M,y,

. L™ 0
My(D/2)=| _  __
0 L

is composed of 2(2N + 1) x 2(2N + 1) block matrices with
LE(k,,) = e ®mD/ 2[5 91 and propagates the fields from
the center of the grating at z =0 to the position of the
substrate at z = — D /2. Through simple algebra we can write

the elements of M, as
_, Tor — Rip(Tip) 'Ry Rip(Tip)™"
MIQ = — ) (65)
(T

—(Tip) 'Ry,

where

T = TioL ¥ 12 — RyR oL 517! T,

To1 = TeRio(@L )12 = ReR1o@L )1 R10) ' Toi L7,
Rip= R, + T Rio(@L 21y — R,Ry (L HA'T,,

Ry, = Roi + TipL [Ir — RyRyo(L )] 'R, T L™ (66)
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are easily identified as the transmission and reflection matrices
of the entire structure [compare (62), (64)].

The analytic structure of the new Fresnel matrices (66)
is inherited from that of the isolated grating (47) and from
the R; ; and T; ; of the multilayer below it. Besides the poles
of T, and R, signaling the waveguide modes in the isolated
grating structure, we can in general expect poles in R; ; and T; |
signaling the presence of waveguide modes in the multilayer.
The positions of the poles in the new Fresnel matrices (66)
will exhibit the interaction between these excitations, and we
will turn to a general analysis of the new excitations in a
later publication. Here we focus on a first application our
thin-grating model in the presence of a substrate, and on some
of the qualitative features that arise from the interaction. Thus
we consider the simplest multilayer structure possible, taking
the substrate with relative dielectric constant £ to extend
up to z = —D/2. The grating, suspended in a medium of
dielectric constant ¢; which also serves as a cladding, then
resides on a semi-infinite substrate of dielectric constant ¢,
which we now relabel ¢, (see Fig. 3). Taking &; to be real and
positive there are no modes associated with the substrate, and
so the only effect of the substrate will be to modify the modes
identified by the poles of the isolated grating structure [see
Fig. 1(b)].

Insight into the nature of this modification can be gleaned
from recalling the simplest picture of the grating region as
an effective anisotropic slab [see Fig. 1(c)]. In a symmetric
environment both s- and p-polarized waveguide modes exist,
but for an environment with ¢, # & (see Fig. 3) the modes will
not survive if the asymmetry is large enough. In such a situation
we expect the Wood anomalies will vanish, although of course
the Rayleigh anomalies will remain. We demonstrate how
our thin-grating model describes this situation by considering
a grating with D = 25 nm, with a dielectric constant &, =
(3.5) appropriate for silicon, a period of a = 1.8 um, and
a fill fraction d/a = 0.4 in vacuum (¢; = 1), located above
a substrate of fused silica [, = (1.44)%] and subject to
s-polarized light from below at a vacuum wavelength of
A = 1.55 pm. For the resulting €,y We would require an
g1 > (1.38)? for a waveguide mode to be contained within
the guiding layer, so the asymmetry here is too great to
allow for Wood anomalies, and only Rayleigh anomalies
should survive. Assuming &, > &1, this can be confirmed by
solving (B1) for &; with k = &./€,. In agreement with this
simple argument, the reflected, transmitted, and diffracted
light intensities exhibits only cusplike Rayleigh anomalies, as
seen in Fig. 5. In blue (dashed-dot) we plot a calculation with
(2N + 1) = 7 wave vectors using (49), while in red (solid) we
plot the exact result found numerically from the approach of
Whittaker and Culshaw [22,23]. There is excellent qualitative
and good quantitative agreement between the results of the
thin-grating model and the exact result, especially considering
that a parameter 27 , /€, D /A, which should obviously be small
for our thin-grating approximations (14) to be valid, is here
about 0.35. There is only a significant relative correction in
the diffracted intensities at k _;, where the diffracted intensities
themselves are very small.

In order for this grating to exhibit a Wood anomaly, we
need to move to a more symmetric system. For dielectric
systems, as the mismatch between ¢; and ¢, is decreased,
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FIG. 5. Comparison between relative irradiance calculations that are numerically exact (red solid curves) and those predicted by the full
thin-grating model with 2N + 1 = 7 (blue dash-dot curves) around a Rayleigh anomaly. The calculation is for a 25 nm thick grating with
a = 1.8 um, d = 0.72 pum, and a refractive index of n, = 3.5. The system has a substrate with index ny = 1.44, a vacuum cladding, and is
subject to an s-polarized incident field from the substrate at angle 6 and with a vacuum wavelength of 1.55 pum.
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FIG. 6. Comparison of relative irradiance calculations that are numerically exact (red solid curves) and those predicted by the full thin-grating

model (blue dash-dot curves). The calculation is for a 25 nm thick grating witha = 1.8 um, d = 0.72 um, and a refractive index of n, = 3.5.
The system has a substrate with index ny = 1.44, a cladding with index n; = 1.42, and is subject to an s-polarized field, incident from the
substrate at angle 6 with a vacuum wavelength 1.55 pm.
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FIG. 7. Comparison of relative irradiance calculations that are numerically exact (red solid curves) and those predicted by the full thin-grating
model (blue dash-dot curves). The calculation is for a 25 nm thick grating witha = 1.8 um, d = 0.72 um, and a refractive index of n, = 3.5.
The system has a substrate with index ny = 1.44, a cladding with index n; = 1.42, and is subject to a p-polarized field, incident from the
substrate at angle ¢ with a vacuum wavelength 1.55 um. The insert in the graph of 7 /(1) shows the detail around 6 = 23.5°.

first an s-polarized mode appears, and then a p-polarized
mode. Thus one can expect situations where there will be
a Wood anomaly associated with s-polarized light and not
with p-polarized light, but not the reverse. This result follows
naturally from our approach that associated with the grating
region an effective layer response. For the current grating
the cutoff for p-polarized light is &; = (1.4396)%, only very
slightly lower than the substrate &, = (1.44)?; recall that the
cutoff for s-polarized light is &; = (1.38)2. To move into this
regime, we raise €; to ( 1.42)%, and keep all other parameters
the same; for this value the simple argument used above
predicts a waveguide mode for s-polarized light, but not for
p-polarized light. In accord with this, the calculated reflected,
transmitted, and diffracted light irradiances shown in Figs. 6
and 7 exhibit Wood and Rayleigh anomalies for s-polarized
light, but only Rayleigh anomalies for p-polarized light. Again
in blue (dashed-dot) we plot a calculation using (49) with
2N + 1 =7, while in red (solid) we give the results from a
full numerical calculation using the approach of Whittaker
and Culshaw [22,23]. For s-polarized light we focus on the
region around the Wood anomaly; note that with the field
incident from the substrate, which has a higher index than
the cladding, the forward-diffracted fields become evanescent
before the backward-diffracted fields. For p-polarized light
we plot the response for all incident angles; the absence of
a Wood anomaly leaves somewhat unremarkable results for
specularly reflected and transmitted light, but yields several
noteworthy features in the diffracted components, which

can propagate up to m = —3. Rayleigh anomalies when the
m =41, —2, and —3 diffracted orders transition between
evanescence and propagation lead to Rayleigh anomalies that
appear as nonanalyticities in the m = —1 and m = —2 beams.
Additionally, for angles of incidence beyond that which would
yield total internal reflection were the grating absent, the
specular reflectance does not remain at unity. A small dip in the
specular reflectance follows the Rayleigh anomaly associated
with this transition, which is compensated by an increase in
the irradiance of the remaining diffracted components. They
display peaks over this range, which finally drop to zero as the
incidence approaches grazing. We note excellent agreement
between the thin-grating results (49) and the exact calculation
throughout the plots in Figs. 6 and 7, with the largest relative
disagreements appearing only when the intensities involved
are very small.

Although not shown, we note that if the asymmetry
between cladding and substrate is decreased further so that
a p-polarized Wood anomaly appears, we observe a small
shift between its location as predicted by (49) and the full
numerical results, which does not occur for the s-polarized
Wood anomaly shown in Fig. 6. For both s- and p-polarized
Wood anomalies, the disagreements with the full numerical
calculations increase as the dimensionless optical thickness
parameters D, and D, given by (B4) and (B5) in Appendix
B, approach unity. In that Appendix we show that this signals
the breakdown of our approximate treatment of the waveguide
modes in the effective anisotropic slab.
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V. CONCLUSIONS

In this work we have presented a treatment for the
optical response of thin gratings. Although approximate, it
nonetheless respects energy conservation exactly, even if there
are large exchanges of energy between specular and diffracted
fields, and between specularly transmitted and reflected fields.
These large exchanges are associated with Rayleigh and Wood
anomalies. Our Green’s function approach makes it easy to see
how the anomalies arise from the structure of the equations
that describe the specular and diffracted fields, with square-
root singularities associated with Rayleigh anomalies and
poles with Wood anomalies; the poles are linked to effective
waveguide modes of the grating region that are easily identified
in the thin-grating limit. This helps in understanding the optical
response even if a set of coupled wave vector equations must
be solved for the specular and diffracted fields. Yet, where
only a few wave vectors are important, analytic expressions
can be given directly for the specular and diffracted fields.
Comparison with full numerical solutions of a 1D grating
response confirms that our approximate solution is in excellent
agreement with the exact response, even near the anomalies.

We expect that the development of approximate yet accurate
treatments of thin gratings, such as the one presented here, will
play an important role in enabling their use as probes of optical
systems. The calculations can be made more easily than full nu-
merical treatments, and the physics can be identified in the rea-
sonably simple sets of equations that are used in calculations.
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APPENDIX A: FOURIER COMPONENTS
FOR A RECTANGULAR GRATING

In this section we evaluate [, for a one-dimensional
rectangular grating, such as the one presented in Fig. 1(b),
composed of isotropic materials. Recalling (17), we have

1 al2 i
Xvim] = 2/ eilng[Xmod(C) - (Xmod)]dé" (A1)

—a/2

where from (13) and our definition of &(¢{) = &1 4+ Yada(¢),
we can write

X (@) =el@) — e,

&
X0 = sl(l - EL—(';))

Note that for the system considered, we have

1 _ H _ ng |§| gd/z’
e (“_8@_{81, = dn

within a single period of our grating. Additionally, we note
that (X mod), found from (20), yields <Xr|1|10d> =l &1 and

layer
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Loy 1 I 1
(Xmoa) = €1(1 — &€1/€j5,) Where €, and &, .. are found

from (21). At this point we can evaluate (A1) to find

Il . (mKd
Xv[m] - (glayer - 81)SIHC 2 ’

€1 . (mKd)
=¢&l|l1- T sinc .
glayer 2

APPENDIX B: WAVEGUIDE MODES

L
Xu[m]

Here we compare the exact and approximate dispersion
relations of the waveguide modes of a thin uniaxial slab. For Z
perpendicular to the slab we take the relative dielectric tensor
to be €1ayer = 8]”ayer(fci" +3yy+ Slﬁyerii, with the cladding and
substrate of the slab taken to be isotropic media respectively
characterized by relative dielectric constants &, and &;. The
exact solution for the waveguide modes [32] of this system is

1.12

1.10¢
1.08 ¢
g
3 1.06 |
~
<
1.04 ¢

1.02+

1.00 : : : :
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115} Ji

K/ong

1.10+ /o

1.05} L
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0.0 0.2 0.4 0.6 0.8 1.0

D,
(b) p polarization

FIG. 8. Comparison of exact (solid red curves) and approximate
(blue dash-dot curves) waveguide mode dispersion calculations over
a range of slab thicknesses. The calculation is for a thin uniaxial
slab characterized by 51”aycr =6.11 and 8|J£ycr = 3.03, suspended in
a medium with index 1.42, subject to either an (a) s-polarized or
(b) p-polarized incident field with a vacuum wavelength of 1.55 pum.
The thickness parameters D, and l3p are given by (B4) and (BYS),

respectively.
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given by for p polarization [33], where
h? —qp el
cotthD) = o (BL) D, = an, (—‘zer — 1>D, (B4)
where €
[),,:(I)nl(l— - )D. (B5)

I e
oI layer
layer ~ y
h = —by (a)zé‘]l:1 — Kz),
yer . . . .
The approximate dispersion relations can be shown to agree

with the lowest order solution of the exact relations to first

b order in the grating thickness. The exact and approximate
q=a, @2(Slhayer —&1) — lu"‘yer h2, dispersipn rel.ations are shown in Fig. 8 over a range.of
\ Elayer waveguide thicknesses. For the purposes of the calculation
we set gl . = 6.11 and &, = 3.03, with &, = (1.42)%, as
b used in Fig. 6 with the absence of any diffraction.
p=a, | @& (glbgd vor — 82) _ % h2, For both polarizations we begin to see significant deviations
\ Elayer inFig. 8as D; — 1, where j = s, p. The s-polarized case has
a relative deviation of 1.5% at Dy = 1, which corresponds
and where elbayer = slnayer and a;, = a, =1 for s polarization,  to a thickness of 86 nm, while the p-polarized case has a

deviation of 27% at D » = 1. The significantly larger deviation
in the p-polarized results can be attributed to two factors. The
first is that for D,, > 1 the square root in the denominator
of (B2) becomes imaginary, giving a firm cutoff for its valid
comparison to the exact solution, and the second is due to the
(B2) fact. that 8l”a.yer > sléyer for the cases cons.idered in thig paper.

While the chosen cutoff for the s-polarized calculation was
found to be 86 nm, the breakdown of the p-polarized case
occurs at 520 nm, a thickness well beyond our underlying

b _ L _ ol _
and ‘?laye_r = ‘("laye'r’ aq = Slayer/‘gl’ a_nd ap = ‘(;\lay_er/‘("‘2 f().I' p
polarization. Taking ¢, = &, approximate dispersion relations
can be determined directly from (30); solving those equations
yields
K2 1.

= 1 + _Dzs
6?)281 47

for s polarization, and

K2 2 assumption that w; D < 1. To provide a better comparison to
¢, = —> (B3) the s-polarized case, we note that (B3) has a relative deviation
1+,/1-D, of approximately 1.5% at D, = 0.7 which corresponds to a

thickness of 364 nm.
|
APPENDIX C: ENERGY CONSERVATION

Here we confirm that our approximate treatment of diffraction and scattering across the grating satisfies energy conservation
exactly in the limit of no absorption. To do this, we start with the difference between the total irradiance of the outgoing and
incident fields

AT =2cegny Y (1B g liem)® + [E gy (ten) Y Wkey) c0s 0k ) — 2cgns Yy (B i) + [, ) ) Wik ) cos k), (C1)

where W(k,,) = 1 for propagating fields, and W(k,,) = 0 for evanescent fields, such that (C1) considers the diff_erence in the
incoming and outgoing energy from the grating via propagating fields; also cos 6(k,,) = w1 (,,)/@n,. Denoting by 6 the diagonal
matrix with elements 6,,,, = 2ceon; cos 6(k,,) we can write the difference in irradiance as

NI E_*][W OMé OMW O] ES, e E_*][W ()Mé OMW ()} E; ©
— o Pl 5 w0 g)lo W|E; wo Endlo wllo ajlo w|E,

out n

where 0 is a 22N + 1) x 2(2N + 1) matrix of zeros, and Wis a 22N + 1) x 22N + 1) block-diagonal matrix with diagonal
elements

- 0
W(Km) = W(Km) i|
After recalling (48), (C2) becomes
RSO U (yT o 07, [0 O7\[W o7[E! -
“a Sl ow o7 "o al)lo wl|e-|

where §' = WiW and we have made use of the fact that W = W,

(@]
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For convenience we introduce the matrix

C* = €0G™ XT3 — €08 Fio) ™ (C4)
where Yot = Xo + Xv- Using (C4), we can write our scattering matrix from (48) as
AV ct C™N\[64 O
7= J0erle T 2l <
and can then reduce (C3) to
Al = [BWat, B Woy,]
et o1et ¢ [ert ¢tlrer o7 [+t ctlrer oret ¢\ [or wE!
x ([ 0 @} [c‘— c‘—} + [cw @—TH 0 @} + [cw c‘—t][ 0 @] [c‘— c‘—]) [%W‘EJ’ (©6)
where @F = 650/,
In mmphfymg (C6) we find
_ [T O B o
e
where
[y = Wol (O*C* +C*O* + CTOTCT +CTOC)HFEW,
Tir = Wk (OFC* + CTOT +CHOTCT +C 1O C 5T W. (C8)
Before further proceeding we note that through the use of the identity Joma = 1, we can write
O*G* =iacDsIWsE,, (C9)
which then allows us to write
OFC* = iwegc DGEWGE fio(15 — €08 %ior) '
CHO* = —idegeD(15 — o gD 16T WL, (C10)

where in the latter expression we have made use of the fact that (crjEWaom)T = aiWoou[ Next, note that when we premultiply
the 3(2N + 1) x 3(2N + 1) block-diagonal matrix G* by the 3(2N + 1) x 3(2N + 1) block-diagonal matrix &, W&\, we get a
block-diagonal matrix &, W&,H, G in which each block associated with a propagating (diffracted or scattered) order equals the
correspondmg block of GJr but which vanishes if the block is associated with an evanescent order. In the same way the blocks of
&, W5, G~ associated with propagatmg orders equal the corresponding blocks of G, while those associated with evanescent
orders vanish. Recalling that g(k,,) = 2[GJr(lcm) + G~ (k,,)], we have o*WaomG + O WaomG =g - gT where the sum
on the left-hand side will either equal 23 or 0 as g(k,,) = — gT(lcm) for propagating orders, while g(k,,) = gT(lcm) for evanescent
orders. With this in mind and from the use of (C10) we have

CHOYCH +C 107 C = —iweieD(Ts — €%l (@ — 8D Fa(13 — €0& %) " (C11)

Finally, through the substitution of the expressions for @*C*, C*'@%, (C10) and (C11), into (C8), and some simple algebra, we
find [y = ['*6FWand [y = ['*6T W, where

I = ideoe DWo s (13 — €0 g ™ o — Xl (13 — €0g i) ™" (C12)

For nonabsorbing gratings X is Hermitian, I,= ]_Ii¢ = 0,and AI = 0 from (C7). If absorption is present (C12) and (C7) can
be used to calculate its effect on the energy balance between incident and scattered fields.
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