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A heuristic formalism is developed for efficiently determining the specular reflectivity spectrum of two dimen-
sionally textured planar waveguides. The formalism is based on a Green’s function approach wherein the
electric fields are assumed to vary little over the thickness of the textured part of the waveguide. Its accuracy,
when the thickness of the textured region is much smaller than the wavelength of relevant radiation, is veri-
fied by comparison with a much less efficient, “exact” finite difference solution of Maxwell’s equations. In
addition to its numerical efficiency, the formalism provides an intuitive explanation of Fano-like features evi-
dent in the specular reflectivity spectrum when the incident radiation is phase matched to excite leaky elec-
tromagnetic modes “attached” to the waveguide. By associating various Fourier components of the scattered
field with bare slab modes, the dispersion, unique polarization properties, and lifetimes of these Fano-like fea-
tures are explained in terms of photonic eigenmodes that reveal the renormalization of the slab modes due to
interaction with the two-dimensional grating. An application of the formalism, in the analysis of polarization-
insensitive notch filters, is also discussed. © 2001 Optical Society of America
OCIS codes: 230.7390, 350.2770, 310.2790, 260.2110.

1. INTRODUCTION

Periodic dielectric texture can be effectively used to
modify and control the optical properties of bulk dielectric
hosts at frequencies far removed from any electronic reso-
nances characteristic of that host.!™® The implications
are enormous, especially when the texture extends in two
or three dimensions and when the modulation of the re-
fractive index is on the order of unity. Low loss, broad-
band reflective-antenna platforms have been made at mi-
crowave frequencies by machining three-dimensional
(8D)-periodic photonic crystals in plexiglass, with lattice
constants on the order of centimeters.* Defect states
strategically located within such crystals can be used to
produce high-Q microwave filters.®

This concept has even greater implications for the
fields of quantum electronics and optoelectronics. Tex-
ture on the order of 200—500 nm strongly modifies the
photon dispersion in the near-infrared part of the spec-
trum that is important for optical communications and
that is easily accessible with a variety of laser sources.
III-V semiconductor heterostructure hosts provide addi-
tional opportunities by allowing independent control over
both electronic and photonic dispersion: quasi-zero-
dimensional (0D) “dots,” one-dimensional (1D) “wires,”
and two-dimensional (2D) “wells” can be produced with a
variety of epitaxial growth techniques, and since their
characteristic dimensions are on the order of from 2-10
nm, bulk conglomerates of these artificial electronic com-
pounds can then act as hosts for the formation of photonic
crystals with texture on length scales approximately 20 to
50 times greater. An example of such a structure has re-
cently been reported by Painter et al.,® who fabricated an
optically pumped defect-mode laser in a two-
dimensionally textured III-V semiconductor waveguide.

Much of the knowledge gained through microwave pho-
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tonic band structure work can be extrapolated to
nanometer-length scales if electronic resonances can be
ignored (Maxwell’s equations scale as wA\ for fixed refrac-
tive indices). Previous theoretical and modeling work
has elucidated the properties of bulk, surface, and defect
states in pure 2D and 3D photonic crystals. However, in
the near infrared, untextured waveguides of one sort or
another are commonly used instead of bulk dielectrics to
control the propagation of light (e.g., single-mode optical
fibers and slab or ridge waveguides on planar glass or
semiconductor substrates). It is therefore of significant
interest to understand how strong dielectric texture modi-
fies the dispersion of photons already trapped in
waveguides.

Recent experimental work’ 1% has shown that specular
reflectivity spectra from strongly textured waveguides ex-
hibit characteristic Fano-like features when the fre-
quency and in-plane momentum of the incident radiation
matches the dispersion of bound or quasi-bound electro-
magnetic excitations attached to the waveguide.
Angular-resolved reflection spectroscopy therefore pro-
vides a very powerful means of determining the influence
of the 2D texture on the dispersion of the slab modes
characteristic of the untextured planar waveguide. Simi-
lar features in the specular reflectivity from weak 1D
gratings on planar waveguides have been discussed in the
context of diffraction theory: There they can be thought
of as resonantly enhanced Wood anomalies.!'~13

Various formalisms have been developed to describe
the specular reflectivity from 1D and 2D textured
waveguides'>1*16 and the dispersion of local photonic
eigenstates attached to these structures.!”® Each of
these approaches offers useful insights as to the nature of
the photonic excitations characteristic of this geometry.
The purpose of this paper is to describe in detail the for-
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malism that we developed to successfully model experi-
mental reflection spectra from strongly textured, 80-nm-
thick semiconductor membrane waveguides supported on
aluminum oxide cladding layers.!® The merits of this
particular formalism include (i) the spectacular level of
agreement between its predictions and the experimental
spectra referred to above, (ii) its heuristic nature, which
stems from the use of an intuitive Green’s function, and
(related) (iii) its utility in developing a unified under-
standing of resonant diffraction and photonic band struc-
ture in this scattering geometry.

The remainder of the paper is organized as follows.
Section 2 elaborates on related work on both 1D and 2D
textured waveguides and proceeds to develop the Green’s
function formalism. Section 3 presents a series of calcu-
lated reflectivity spectra that serve to illustrate many of
the generic properties of light scattering in this geometry.
This section also discusses applications of the model in
the design of notch filters. The conclusions are presented
in Section 4.

2. THEORY

We develop this formalism as a generalization of our pre-
vious treatments of the photonic eigenstates characteris-
tic of planar waveguides containing a weak 1D'® or 2D
surface grating.

The bound and quasi-bound modes in 1D textured
waveguides have been studied extensively with coupled-
mode theory.2®2!1  When the propagation wave vector of
the mode is parallel to the reciprocal lattice vectors of the
1D grating, the eigenmodes of the structure can be ex-
pressed as linear combinations of either the transverse
electric (TE) or the transverse magnetic (TM) polarized
modes bound to the untextured waveguide. The solution
of the Maxwell equations then reduces to separate, scalar
coupled-mode equations for the TE and TM polarized
cases. However, if the modes have some momentum per-
pendicular to the grating wavevectors in 1D, the true
eigenmodes of the textured slab can never be strictly ex-
pressed as superpositions of just TE or just TM polarized
slab modes: The eigenvalue problem is inherently vector
in nature, and scalar coupled mode theory cannot be used
to properly describe the electromagnetic excitations.'822

We recently reported a 2D-vector coupled-mode formal-
ism that retains the intuitive nature of scalar coupled
mode theory, but that is valid in the more general situa-
tion of obliquely incident radiation and 2D texture.!®
The eigenmodes of the 2D textured waveguide in this for-
malism are expressed as linear superpositions of both TE
and TM polarized slab modes. The importance of prop-
erly accounting for depolarization (local field) effects
when dealing with electric fields normal to the plane of
the waveguides was emphasized.

The 2D-vector coupled-mode formalism'® was derived
from a Green’s function solution of the Maxwell equations
appropriate to a planar waveguide textured with a weak
2D surface grating in the absence of external (driving)
fields. To express the eigenmodes intuitively as a super-
position of TE and TM polarized excitations of the untex-
tured waveguide, a resonant pole approximation was
made to reduce a general integral equation solution to an
eigenvalue problem. That approach provided a transpar-
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ent understanding of the physical processes involved in
the nontrivial vector coupling that occurs in 2D textured
waveguides: The drawback is that the solutions are,
typical of coupled-mode theories, not completely self-
consistent. This limits its practical application to struc-
tures containing weak texture that only slightly perturbs
the planar slab modes.

Below we recast the problem in terms of a specular re-
flectivity calculation. One advantage of this approach is
that it remains fully self-consistent while retaining much
of the intuitive appeal of the numerically simpler eigen-
value problem. Another significant advantage is that it
can be used for direct comparison with experimental re-
sults that probe the electromagnetic excitations of these
2D textured waveguides.'® Although slightly more nu-
merically intensive than the eigenvalue solution, the cur-
rent approach is still much simpler and more computa-
tionally efficient than many other, “exact” solutions of the
Maxwell equations in this geometry. “Exact” treat-
ments, such as reported by Whittaker and Culshaw,
have the advantage of being able to treat textured layers
thicker than the wavelength of radiation. We believe
that the heuristic nature of the following Green’s function
formalism offers important insights that are more diffi-
cult to extract with other treatments.

The structure of interest in many optoelectronic devices
is the multilayer slab waveguide. We therefore develop a
solution for the reflectivity of harmonic plane waves from
a dielectric structure consisting of a single planar 2D pe-
riodic grating located anywhere within an arbitrary series
of homogeneous layers, as schematically illustrated in
Fig. 1. The refractive indices and thicknesses of the uni-
form dielectric layers are typically chosen to support
bound slab mode excitations in the absence of the grating.
We seek a solution to the inhomogeneous Maxwell equa-
tions:

lw
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Fig. 1. Schematic of a planar waveguide textured with a 2D pla-
nar grating. The grating has thickness ¢, , pitch A. The dielec-
tric constant of the cylinders is €,, and they are embedded in a
layer of the material that has a dielectric constant e, .
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We are concerned with the linear response of nonmag-
netic materials, so we have assumed that all fields oscil-
late as exp(—iwt), and have set the magnetic permeability
to unity, and thus H = B. The displacement field is
given by

D = E + 47P%t (2)
and the total polarization is
P*(w; 1) = x(w; 1)E(w; 1). 3)

To facilitate an intuitive Green’s function solution of Eqs.
(1), we break up the total linear susceptibility x(w; r)
into two components,

X(w; 1) = X(@; 2) + Ax,(w; 2, p) 4)

where y,(w; z) describes the linear response of the untex-
tured slab waveguide and A x,(w; p, z) represents the de-
viation from y,(w; z) in the textured region, z, — £,/2
< z <z, * t,/2, which we designate with a subscript g.
It is subtle but important to note that the grating is rep-
resented as a modification of, rather than an addition to,
one of the homogeneous layers that make up the layered
slab.

The inhomogeneous Maxwell equations can now be
written as

V- [e(w; 2)E(w; 1)] = —47V - APy(w; 1),
V X B(w; 1) + ide(w; 2)E(w; ) = —47i0AP(0; 1),
V. -B(w;r) =0,
V X E(w; r) — ioB(w; r) = 0, (5)

where o = wlc, e(w;2) =1 + 4y (w; 2) and
APg(w; r) = A)(g(w; rE(w; r).

We seek a solution to Eqgs. (5) for the specular reflectiv-
ity when a plane wave, E; exp[—i(w,(B)z — B - p)
— iwt] with w,(B) = (&% — B2, is incident on the 2D
textured waveguide from the upper half-space. First,
note that a homogeneous solution of Egs. (5) in the upper
half-space, where z > z, (z, denotes the top of the struc-
ture), is given by

EMT(o; p,2) = {exp[—iw,(B)z]1

+ exp[ +iw,(B)z]F e (B)}
- Ejcexplif - p — iwt]0(z — z,) (6)

where 6 is the Heaviside function and 1 is the identity
tensor. The Fresnel reflectivity tensor 7,,(8), charac-
teristic of the untextured multilayer, effectively repre-
sents the strength of the field radiated into the upper
half-space by the polarization induced in the multilayer
slab by the incident plane wave. It rigorously takes into
account all of the boundary conditions and multiple re-
flections within the multilayer slab that are implicit in
the left-hand side of Eqgs. (5).

The total solution that we seek consists of this homoge-
neous solution, plus the particular solution when the de-
viation of the polarization in the grating region AP,(w; r)
is considered as a source of fields radiating outward from
the grating layer. Because the grating is in general sur-
rounded by dielectric multilayers, the fields originating
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from AP,(w; r) will undergo multiple reflections before
eventually escaping into the upper half-space. The rea-
son for expressing the inhomogeneous Maxwell equations
in the form of Eqgs. (5) is that all of the multiple reflec-
tions, and hence the contribution of the additional polar-
ization induced throughout the structure, can be trivially
taken into account by using Fresnel reflection tensors, as
shown below.

The formal solution for the full specular reflectivity, in-
cluding the grating response, proceeds as follows. Be-
cause we are considering plane-wave excitation with a
well-defined in-plane wave vector, B8, and because the 2D
periodic texture can be expanded in a Fourier series char-
acterized by a set of 2D reciprocal lattice vectors, {G,,}, it
is natural to work with the Fourier components éof thg
electric field, as defined by E(w; p,z) = %E((u; B
+ G, ,2)expli(B + G,,) - p], at wave vectors B + {G,,}.
The Green’s function approach allows us to determine the
Fourier field amplitudes anywhere in space by first deter-
mining them self-consistently in the grating (polarization
source). First, we recall the Green’s function,
S4(w, B;z,2z") (d denotes direct), that generates the fields
within a uniform dielectric layer, given a localized 2D
sheet of polarization AP (0, p,2) = Py(w)d(2
— z")exp[iB - p], where 5(z — z') is the Dirac delta
function. Second, we derive a Green’s function,
S.(w, B; z,2z') (c denotes cavity), from g;, using Fresnel
reflection tensors. This Green’s function generates the
field amplitudes within the cavity, the layer containing
the grating. It is used to self-consistentlz find the ampli-
tudes of each Fourier component, g + {G,,}, of the total
electric field in the grating region. Finally, a Green’s
function, gyps(w, B; z,z’'), that propagates the direct
fields into the upper half-space above the structure is
used to find the grating’s contribution to the specular re-
flectivity. This is added to the second term of the homo-
geneous solution, Eq. (6), to find the total specular field.

To find &, , and ultimately the fields in the grating, it
suffices to solve Maxwell’s equations in the layer contain-
ing the grating, the -cavity layer, where e,(w; 2)
= e(w):

€(0)V - E(w; p,z) = =47V - APy (w; p,2),

V X B(w; p,z) + ide(0)E(w; p, 2)
= —4mdAP,(w; p, 2),

V- B(w;p,2) = 0,
V X E(w; p,2) — i®@B(w; p,2) = 0. (7

If this were the only layer in the structure [i.e., if
e;(w; z) = €.(w) for all z], the solution for the fields radi-
ated away from the grating by any in-plane Fourier com-
ponent of the polarization, AP,(w; &; 2'), could be ex-
pressed as?

E(w, k; z) = f dz'gy(xc; 2,2") - APg(w, k5 2"), (8)

where §,(k; z,2') is a Green’s function solution of Max-
well’s equations in this geometry,?
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2w ®>

8alk; z,2") = {6(z — 2" )expliw (k)(z — z)]

w(k)
X[8(r)8(r) + Pe(1)Pc+(K)]
+ 6(z" — z)exp[ —iw.(k)(z — 2")]

X [8(08(k) + Pe—(19P— (9]}
47
- —08(z — 2')zz, 9)
EC
where §(z — z') is the Dirac delta function and w. (k)
= (@%e, — k?)Y2. The w dependence of €, has been sup-
pressed to simplify notation. The unit vectors §(«) and
P.-(r) define the s- and p-polarization directions. They
are

S(k) = k X 2, (10)

KZ F w (K)k
Pe(K) = —————.
‘ e,

The 6(z — z') term in Eq. (9) describes waves propa-
gating upward from the polarization source located at z’,
and the 6(z' — z) term describes waves propagating
downward. The ZZ term is due to the V - AP,(w; p, 2)
term in Maxwell’s equations and describes the depolariza-
tion effects of the grating.

If the polarization sheet is embedded between two
multilayer dielectrics, each of the outward propagating
solutions in &, will undergo multiple reflections within
the grating cavity. Since the s- and p-polarized compo-
nents of the field are explicit within the Green’s function,
the effect of the multilayer stacks can be incorporated
with the use of Fresnel coefficients.22 We describe the re-
flectivity (as seen from the grating cavity) from the
multilayer dielectrics above and below the cavity with the
Fresnel coefficients 7, and 7 g,y , Tespectively. The mul-
tiple reflections generate an infinite series that can be
summed to find the Green’s function in the layer contain-
ing the grating &, :

(1D

R 2 &>

w.(K)
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where L is the thickness of the layer containing the grat-
ing,

D, =1

s,p T Tsp 8P aown

expliw,.(k)2L] (13)

and r,, r, are the Fresnel reflection coefficients for s- and
p-polarized light, respectively.

The Green’s function §,.(k; z,z’') defined for z in the
grating layer gives the electric field generated in the grat-
ing layer at z due to the polarization sheet oscillating as
exp(—iwt + ik - p) at z' and all of the polarization it in-
duces in the surrounding multi-layer. This Green’s func-
tion is completely general; it accounts for gratings located
anywhere within the multilayer structure.

For a periodic grating, A x,(w, r) can be expressed as a
Fourier series

Axg(o,1) = D xg (0,2)exp(iG,, - p),  (14)

where {G,,} is the set of reciprocal lattice vectors of the
grating. Substituting this into Eq. (8), we can write the
fields radiated by the grating as a sum over the Fourier
components of the periodic grating. We then find the so-
lution of Egs. (7) for the fields in the grating cavity, with
in-plane momentum equal to the incident field’s in-plane
momentum, to be

L/2

E. o, B;2) = Ef(w, B;2) + dz'5.(B;z,2")
/2

X 2 xa, (03 2)E (0, B~ Gpi2'),

(15)

where EF'™ is the solution of Maxwell’s equations in the
grating cavity, Egs. (7), with AP, = 0. Note that the po-
larization in the grating AP, (w,B;z') is given by,
AP (0, B;2") = Z,x6, (0; 2 )E (0, B — G,;2') forz’ in
the grating layer. Equations similar to Eq. (15) can be

0(z — z")expliw.(k)(z — z2')] + 6(z' — z)exp[ —iw. (x)(z — z')]

+ (rsupexp[—iwc(x)(z +z' —L)]+ rsdownexp[iwc(K)(z +2z' + L)]

1

+ rsuprsdown{exp[iwc(/c)(z —z' + 2L)] + exp[ —iw (k)(z — 2" — 2L)]})17 S(K)S( k)

rpuprpdownexp[iwc(;c)(z —z' + 2L)]
+ [9(2 — z")expliw (k)(z — 2")] + D Pe+ (KD, + (k)

P
b sl Pdown exp[ —iw.(k)(z — z' — 2L)]
+) 0(z" — z)exp[ —iw (K)(z — 2')] + D Pc-(#)P. (k)
p

1
+ D—[rpupexp[—iwc(K)(Z t2" = L)]p.—(#)Pe+(x) + 1,
p

4
- — 68z —z")zz, (12)

€
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written for each Fourier component of the field, B
+ {G,,}, but EM™(w, B; 2) is nonzero only for the specu-
lar component. From Eq. (15) one can clearly see that
the effect of the grating is to couple together Fourier com-
ponents of the field that differ by G,, and that the
strength of this coupling is described by XGm(w; z).

Once Eq. (15) is solved for all the Fourier components
of E in the grating, the fields anywhere can be obtained
simply by finding g(; z, z') for z in the region of interest.
For this specular reflectivity calculation the fields above
the structure are given by an equation similar to Eq. (15).
The function g, is replaced by a new Green’s function,
Suns valid above the structure, so that

X — gh .
EUHS( w, B’ 2a]uove) - EU%}IHS((‘)’ ﬁa Zabove)
L/2
+ \ dz/gUHS(ﬂ;zabove>Z’)
2

: APg(a)’ B;Z,)5 (16)

where z,,,,. denotes a point above the layered structure.
The Green’ function yus(B; Zabove,2') describes waves
that emanate from the polarization at z’' and are trans-
mitted out of the top of the structure. It is derived in a
similar way as before: by summing the infinite series in
Fresnel coefficients which arises due to the multiple re-
flections within the slab. It is given by

2>
 w.(B)
X expliw (B)(L/2 — z')]

gUHS(ﬁ’ 2 above Z’) exp[iwo(ﬁ)(zabove - Zt)]

tS
x \ 51+ 7, explind(B)(L

s

+ 2z2")}8(B)S(B)

tpup
+ D_p{ﬁc-%—(ﬁ)ﬁc-%—(ﬁ)

+ ﬁc-#(ﬂ)ﬁc—(ﬂ)rpdown

X expliw.(B)(L + 22)]}], A7)

where tspyy is the Fresnel transmission coefficient for the
layers above the grating cavity and z, denotes the top of
the structure.

To generalize and simplify notation, we write Eq. (15)
for z in the grating cavity and for all Fourier field compo-
nents as

E(c)n(z) = E?EO)IE(Z)

L2
+ dz,g_,(c)n(za Z’)E Xnm(z,)E(c)m(2,)7
L/2 m

(18)

where the w dependence has been suppressed, the wave
vector has been denoted by a subscript, i.e., E (o, B
- G, ,2) = Eyn(2), and x,,,(2) is the Fourier coeffi-
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cient of the grating susceptibility that couples the mth
field component to the nth one.

To this point no approximations have been made.
Thus the infinite system of equations implied in Eq. (18)
gives an exact, self-consistent solution for the fields
within the layer containing the grating, with the required
Green’s function given by Eq. (12). Once this solution in
the grating region is found, the infinite set of equations, of
which Eq. (16) is one, gives an exact solution for the cor-
responding fields reflected into the upper half-space.

In order to transform the system of integral Eq. (18)
into a system of algebraic equations, we now make some
simplifying assumptions. If the grating thickness is
much less than the wavelength of light in the material,
ie., ty < 277/((7)\/e—g), then the field intensity will be ap-
proximately constant over the grating. We can then re-
place E.,,(z") with the field at the center of the grating,
E.)n(z,), where z, denotes the center of the grating.
Furthermore, for a symmetric grating, (i.e., the profile of
texture has vertical side walls) x,,, is independent of z
and thus can be taken outside of the integral in Eq. (18).
With this approximation, the solution for the field at the
center of the grating, z,, is

E,(2,) = EX%z,) + I,(2,) > XamEm(z,), (19)

where I,(z,) is the Green’s function integrated over the
thickness of the grating:

- 25+tgl/2
In(zo) = J g—)(c)n(zoazl)dz’- (20)
zy—tol2

o g
Since x,,, is nonzero only in the grating, the integral lim-
its reduce to those in Eq. (20). We have dropped the sub-
script (c), referring to the grating cavity, as it is implied
by specifying that z = z,, z, always refers to the center of
the grating.

The second simplification is to consider a finite number,
N, of Fourier components of the field. The infinite set of
equations implied in Eq. (19) can then be written in terms

of a 3N component vector, E, and a 3N X 3N component

matrix M, as

=hom

E(z,) = E (z,) + M(z,) - E(z,). (21)

Here M(z,) = I(z,) - x, where I and y are also 3N

X 3N component matrices. I is composed of N different
3 X 3 matrices, the I, from Eq. (19), along the diagonal.

x 1s a dense set of 3 X 3 matrices where each has the
structure of the identity matrix scaled by the x,, , in Eq.
(19). Equation (21) is the self-consistent solution for the
fields in the grating generated by polarization throughout
the entire structure, in response to all nonzero polariza-
tion sources. This expression can be manipulated to give
the total field in the grating in matrix form as

< < =hom

E(z,) = (1 = M(z,)) ' E (2,). (22)
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Upon carrying out analogous notation simplification
and approximations to Eq. (16), we can write that infinite
set of equations for the fields at the surface of the struc-
ture z; as

=hom =S =

E(z;) = E (z;) + N(z)E(z,). (23)

= =hom
Here E(z,), and E (z,) are 3N X 1 column matrices of

the field components, and N(z,) = L(z,) - x, where

L(z,), and y are 3N X 3N component matrices L is com-
posed of N different 3 X 3 matrices L , along the diago-
nal, where L, is analogous to I, in Eq. (20) with & TE-

placed by &wuns),- x is the same matrix as described
above. Again, we have dropped the subscript (UHS) in
Eq. (23), as it is implied by z = z,.

Substituting Eq. (22) into Eq. (23), we find the solution
for the field at the top of the structure z, in matrix form to
be

=hom =S =Y = =hom

E(z) = E (2) + N(z)(1 = M(z,)) ' E (2,), (24)

=hom
where E (z,) is given by Eq. (6) written as a 3N X 1
component vector. Equation (24) gives the field above
the structure produced by the polarization in the grating
acting on the full multilayer structure and from all other
sources. This equation is the general self-consistent so-

lution of our formalism. The field E(z,) contains all N
Fourier components included in the calculation, and thus
Eq. (24) can be used to calculate the field scattered off of
the grating into each Fourier component, Nth-order scat-
tering. In this paper we will focus on the specularly re-
flected field from the structure. This field is the zeroth-
order component (zeroth-order scattering) of the
Nth-order vector E(z,) and includes only the reflected

=hom

component of the homogeneous solution, E ypg. Thus
the total specularly reflected field, Egg, from the struc-
ture, when a field E;, is incident from above, is

=S = = =hom
ESR(Zt) = {N(Zt)[l - M(Zo):rl E (zo)}specular
+ ng(zt)Einc(Zt)' (25)

Equation (25) is a self-consistent solution for the specu-
lar reflectivity from an arbitrary multilayer slab wave-
guide that contains one 2D periodic textured layer: the
two inherent approximations are (i) the field variation
over the thickness of the grating layer is neglected, and
(i1) a finite number of Fourier components of the in-plane
field structure have been retained.

3. EXAMPLE RESULTS

In this section we use the formalism developed in the pre-
vious section to illustrate and explain the resonant dif-
fraction properties of waveguides textured with 2D peri-
odic gratings. The results are discussed in terms of the
photonic bandstructure of the corresponding modes ex-
cited in the vicinity of the waveguide core.
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A. Resonant Modes

We first illustrate some of the basic scattering properties
of 2D textured waveguides, using calculated reflectivity
spectra from a one-layer slab waveguide of thickness ¢,,
containing a buried square array of cylindrical dielectric
perturbations in a layer of thickness ¢, < ¢,. The pitch
A of a square grating is the real space distance between
the dielectric scattering centers. The filling fraction is
the ratio of the amount of material within the grating,
2, — tg/2 <z <z, + t,/2, with dielectric constant €, to
that with dielectric constant €,. The parameters for this
structure are A = 500nm, #,/A = 0.26, t,/A = 0.05, €,
= 12.25, ¢, = 2.25, z, = 40nm, and the filling fraction
of the square symmetric grating is 25%. This structure
was chosen primarily for pedagogical reasons; we will re-
fer to it as structure 1. The calculation includes nine
Fourier components of the field at 8 = {=,, 0}, {0, £,},
{*Bs, * B}, and {0, 0}. The specular reflectivity of this
structure when excited with an incident plane wave with
a fixed in-plane wave vector of B/8, = 0.01% (which is
slightly off of zone center in the X-symmetry direction) is
shown in Fig. 2. Many features of this spectrum can be
understood in terms of simple kinematics and resonant
diffraction into bound modes characteristic of the slab.
These features are described first, in Subsection 3.A.1.
Other more subtle features are associated with the sym-
metry and dispersion of the true modes of the complete
structure, including the texture. These properties are
discussed in Subsection 3.A.2.

1. Kinematic Effects

The specular reflectivity spectrum from an untextured
multilayer dielectric slab is modulated by the constructive
and destructive interference of multiply reflected fields
with a unique in-plane wave vector B(w) for each driving
frequency w. This gives rise to the slowly varying back-
ground in the spectrum in Fig. 2. In the presence of a
periodic grating with Fourier components {G,,}, incident
plane waves with in-plane wave vectors B(w) generate a
polarization source at the grating that excites the sur-
rounding layers with fields oscillating at the same fre-
quency, but with in-plane wave vectors B(w) + {G,,}. In

-

REFLECTIVITY

o

035 040 045 050 055 060 0.65
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Fig. 2. Reflectivity spectrum at g/8, = 0.01% for structure 1 de-
scribed in the text. Solid curve, s-polarized radiation; dotted
curve, p-polarized radiation. Each resonance is due to coupling
into the radiative component of the renormalized slab modes
with (1) the lowest-order TE-like modes, (2) the next-higher-
order TE-like modes, and (3) the lowest-order TM-like modes.
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most of the examples considered here, and in the resonant
diffraction literature, these locally driven fields are ordi-
narily weak and have little effect on the specular reflec-
tivity spectrum. However, even for a weak perturbation,
if one of the B(w) + {G,,} is close to a wave vector at
which the untextured slab supports a bound mode, the
amplitude of the corresponding field can become very
large. This resonant field influences the specular reflec-
tivity spectrum over a range of frequencies in the vicinity
of this phase-matched condition. The sharp features in
Fig. 2 correspond to frequencies at which the various Fou-
rier components of the 2D periodic grating add to the in-
cident wave vector = 0.0153,% to, effectively, resonantly
excite various TE and TM slab modes.

It is evident from Fig. 2 that near zone center the reso-
nant modes are grouped in sets of four. This is a conse-
quence of symmetry in the 2D square reciprocal lattice.
Recall that of the nine lowest-order Fourier components
of the field, four have |B| ~ B,. The four resonances la-
beled (1) in Fig. 2 are due to coupling into four eigen-
modes of the textured waveguide that are predominantly
composed of distinct linear combinations of these four TE-
polarized Fourier components of the field. The reso-
nances labeled (2) are the eigenmodes that are composed
primarily of the TE Fourier components with |pg]
~ 2 Bs. The set of peaks labeled (3) are made up pri-
marily of the four TM-polarized Fourier components with
|Bl ~ B;. The TM slab modes are at a higher energy as
the effective index for the TM slab modes is less than for
TE slab modes. At an even higher energy, one would ob-
serve the four eigenmodes resulting from the TM Fourier
components at || ~ V28, , etc.

Figure 3 is a schematic dispersion diagram for modes
localized in the vicinity of a weak square grating. It sim-
ply illustrates the zone folding that occurs as a result of
Bloch’s theorem. The insets depict the Fourier compo-
nents and the wave vectors of each component of the
lowest-order eigenmodes. The pure kinematic, or zone
folding, effects shown in Fig. 3 predict degeneracies, so
that only three features should be evident in groups (1)
and (3) and only two features in group (2) of Fig. 2 (by
symmetry, group (2) is equivalent to detuning in the M di-
rection, but at higher energy). To understand why there
are in fact four distinct modes (as one might anticipate
from the insets) in both the X and the M directions, as
well as the fact that different modes are only excited by
only s- or only p-polarized radiation, it is necessary to go
beyond the simple kinematic effects of the 2D grating and
consider how it modifies the basic nature of the eigen-
states.

2. Mode-Renormalization Effects

The reflectivity spectrum around the set of resonances la-
beled by (1) in Fig. 2 is shown on an enlarged scale in Fig.
4(a) for a variety of in-plane wave vectors extending 2% of
the way to the X point of the Brillouin zone. Note that
the sharp, Fano-like features that signify coupling to
waveguide modes all rise precisely to unity reflectivity.
This has been noted previously by others in the context of
1D and 2D gratings,'>1%?* and always occurs when only
one of the components of the Bloch state is kinematically
allowed to radiate into either cladding region. Note also
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that different resonances have quite different linewidths.
These linewidths are inversely related to the lifetimes of
the associated Bloch states, as limited by the strength of
their radiating component. The four modes evident in all
of these spectra are primarily TE polarized, although all
have some admixture of TM polarization.

It is the lack of translational invariance normal to the
textured plane that causes this mixing of TE- and TM-

M w X

r Bg/2'

Fig. 3. Schematic plot of the band structure across the first Bril-
louin zone in the X and M directions for a weak square grating.
This plot shows the kinematic coupling (zone folding) of all
modes only to the first Brillouin zone. The renormalization ef-
fects of the grating, which lead to avoided crossings, and zero
slope for the bands at the Brillouin zone boundaries are not de-
scribed by these purely kinematic effects. The insets show the
nine Fourier components and the wave vectors of the eigenmode
components with detuning in the X and M directions.
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Fig. 4. Reflectivity spectra for increasing | 8/,| away from zone
center for a square grating (structure 1) with detuning in (a) the
X and (b) the M symmetry directions. Solid curve, s-polarized
radiation; dotted curve, p-polarized radiation. As resonances
approach zone center, their width approaches zero or they be-
come degenerate with opposite polarizations. The different dis-
persion and lifetime properties of the eigenmodes are evident.
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polarized field components. This makes it impossible to
label the eigenmodes of the textured waveguide as purely
TE or TM. However, we show below that the polariza-
tion of the zeroth-order Fourier component of the eigen-
modes (the component within the first Brillouin zone) is
in fact strictly s or p polarized along high-symmetry direc-
tions. Therefore the polarization of the zeroth-order
component of the eigenmodes serves as a good quantum
number associated with well-defined selection rules along
these high-symmetry directions.

At zone center the two narrow modes become infinitely
long lived (true bound modes) and the two broad modes
become degenerate. This is a fundamental consequence
of the symmetry of the lattice: No isolated mode at the
zone center could have a finite lifetime because there can
be no preferred polarization of its radiative component.
Modes that radiate (have finite lifetimes) at the zone cen-
ter must be degenerate. It is the degenerate modes that
are of interest for application in polarization-insensitive
notch filters,'® as explained in Subsection 3.B.

The fact that the two dispersive bands and one of the
less dispersive bands can be excited only by s-polarized
light, while the other weakly dispersive band can be ex-
cited only by p-polarized light (despite being primarily TE
polarized within the guide), is another consequence of
symmetry. Along directions with mirror symmetry, such
as the X and the M directions in the square lattice, all of
the Fourier components of the Bloch state that are sym-
metrically oriented with respect to the propagation direc-
tion must be either symmetric or antisymmetric. Away
from the zone center, the two dispersive eigenmodes
quickly become dominated by a single Fourier component
oriented parallel or antiparallel to the direction of propa-
gation. Since they are predominantly TE polarized, the
zeroth-order polarization that they drive must radiate
s-polarized light. The two less dispersive modes quickly
become linear superpositions of Fourier field components
oriented almost perpendicular to the direction of propaga-
tion (see inset to Fig. 3). The symmetric superposition of
two TE-polarized Fourier components must, from symme-
try, have a net electric field perpendicular to the direction
of propagation, and it must therefore also drive a zeroth-
order polarization that radiates s-polarized light. The
antisymmetric superposition results in an electric field
oriented parallel to the direction of propagation, and it
therefore drives a zeroth-order polarization that radiates
with p polarization.

To this point we have discussed only detuning from
zone center in the X direction. The M direction is the
other direction of high symmetry in the square lattice.
Away from the zone center along this direction, all of the
modes gradually become dominated by a linear superpo-
sition of two symmetric or antisymmetric pairs of slab
modes oriented at ~45° from the propagation direction
(see insets to Fig. 3). Figure 4(b) shows the reflectivity
spectra for B along the M direction. All four modes that
evolve from the zone center along the M direction of a
square lattice exhibit significant dispersion, and they
come in pairs, with one having an s- and the other having
a p-polarized radiative component.

Although this discussion has been restricted to the
dominant field components of the modes, it in fact applies
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to all of the components, which is why the calculations
clearly show that each band is excited only by s- or only
by p-polarized radiation.

To summarize the physics of resonant modes attached
to planar textured waveguides as investigated with our
reflectivity calculation, we note that each reflectivity
spectrum effectively probes the dispersion of the eigen-
modes along a vertical line in ® — B space. Thus a plot
of the value of @/B3, at each resonance as a function of 8
yields the dispersion diagram. The dispersion diagram
for the square grating, found by plotting @/8, for each
resonance in Fig. 4(a), is illustrated in Fig. 5. The slope
of the dispersion curve for each eigenmode is the group
velocity of that mode. In contrast to Fig. 3, near the zone
center the group velocity of the eigenmodes is modified
owing to the renormalization effects of the index contrast.
The extent to which the modified group velocity extends
away from the zone center increases with increasing scat-
tering strength (index contrast). Right at the zone center
the group velocity is zero, and photonic standing waves
result from the highly symmetric coupling of the bare slab
modes.

B. Bound Modes

The specular reflectivity spectrum of propagating plane
waves thus provides a convenient probe of the photonic
dispersion of the leaky modes attached to the porous
waveguide. By considering the reflectivity of evanescent
waves, it is possible to proli)e the true bound eigenmodes:
modes with @ €gadaing < |8, Where €giiaing is the dielec-
tric constant of the cladding layer with the largest dielec-
tric constant. Instead of appearing as Fano resonances
bounded by unity reflectivity, the bound modes are re-
vealed as poles in the specular reflectivity.

As an example, we consider the same structure as in
Subsection 3.A (structure 1); but to probe the band struc-
ture near the X point in the first Brillouin zone boundary,
we now incorporate six Fourier components of the field in
the model, at B = {£5,/2, 0} and {+B,/2, +B,}. Note
that now there are no Fourier components of the Bloch
states that are phase matched to radiate into the sub-
strate or the vacuum.

0.404

0.402

0.400 4

Re{w/p g}

0.398 4

0.396 ; T T T
0.000 0.002 0.004 0.006 0.008 0.010

p/B,

Fig. 5. Dispersion diagram for a square grating in the X direc-
tion within the first Brillouin zone. Solid curves, s-polarized
eigenmodes; dotted curve, p-polarized eigenmodes. The symbols
represent the location of peaks in the first-order diffracted spec-
tra, peaks that correspond to the true resonance frequency of the
Fano-like features in Fig. 4(a).
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Fig. 6. Reflectivity spectrum near the Brillouin zone boundary
(B/Bs = 0.485%) for the square grating (structure 1). The true
bound modes appear as poles in the specular reflectivity spec-
trum. Of the four p-polarized modes, the two at lower ® are TE-
like modes and the upper two are the lowest-order TM-like
modes.

Figure 6 shows the reflectivity spectrum at g/8,
= 0.485%. There are two resonances excited by
s-polarized evanescent waves near &/B, = 0.25. These
are eigenmodes made up of essentially TE slab modes
near B = {*B,/2,0}. The second set of peaks near
@/ B4 = 0.43 consists of six resonances. Two of these are
the lowest-order TM-like eigenmodes, consisting of TM
slab modes near 8 = {*f,/2, 0}, similar in nature to the
s-polarized doublet at lower energy. The other four
eigenmodes are composed primarily of the TE-like slab
modes at B ={*B,/2, £B,}. Two are excited by
s-polarized and two by p-polarized evanescent fields.
Note that for this structure, €jqqing = 1.0, so it is easy to
verify that all of these modes satisfy @ < |3]|.

As in the previous subsection, we can determine the
band structure of the purely bound modes by plotting the
location of these poles as a function of 8. In this manner
our approach reveals the dispersion of both resonant and
bound electromagnetic modes throughout the entire Bril-
louin zone.

C. Accuracy

We demonstrate the accuracy of this Green’s-function-
based reflectivity calculation when applied to a thin slab,
by comparing it with an exact integration of Maxwell’s
equations.”'* Figure 7 compares the specular reflectiv-
ity from the 2D textured slab considered above (structure
1), as calculated with the approach described in Section 2,
and use of the exact model. The computation time re-
quired for the exact solution was approximately 2000
times longer than for the Green’s function approach. In
Fig. 7 it is clear that the spectra are in excellent agree-
ment, with respect to both the locations and the widths of
the resonances. The center of the gap agrees to within
0.6%, and the gap width to within 7%.

The use of a finite number of Fourier components has
some effect on the convergence of our numerical solutions.
We have tested the related convergence on a number of
semiconductor air/oxide structures with gratings ranging
from 0 to 150 nm in thickness; in general, we find that it
is sufficient to include up to second-order Fourier compo-
nents. In particular, for the structure considered here,
increasing the number of Fourier components from the
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smallest 9 to the smallest 25 shifts the resonances by only
0.015%. The error shown in Fig. 7 is therefore due al-
most entirely to the thin-grating approximation.

To address further the limitations imposed by the thin-
grating approximation, we consider a symmetric wave-
guide textured with a 1D grating having a filling fraction
of 25%, €, = 12.25, and €, = 1.0. The inset to Fig. 7
plots the location of the upper and lower edges of the
second-order gap as calculated with the Green’s function
(dashed curve), and the exact (solid curve) methods. Itis
clear that for thin gratings the two methods agree ex-
tremely well. When the waveguide is 250 nm thick, a
thickness greater than those that are usually of interest
in the context of photonic crystal membranes, the two
methods agree to within 4.5% for the upper edge and 0.6%
for the lower edge. This demonstrates that it is not pos-
sible to specify a simple relationship between the model’s
accuracy and the grating thickness. For a given struc-
ture the accuracy depends on the mode being studied, and
different layer structures may result in different errors
for a fixed grating thickness.

We can make two further points regarding accuracy.
Firstly, for an 80-nm GaAs slab atop a 1.8-um aluminum
oxide cladding layer, the Green’s function model reported
here has been tested successfully against the measured
spectra from a 2D square array of holes that completely
penetrated the 80 nm slab (Ref. 10). The pitch and the
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Fig. 7. Reflectivity spectra for structure 1 as calculated with an
exact integration of Maxwell’s equations (lower plot) and with
the approach described in this paper (upper plot). The reso-
nance widths and shape are in excellent agreement. The gap
width agrees to within 7%, and the center of the gap agrees to
within 0.6%. The inset shows the location of the upper and
lower edges of the second-order gap in a 1D textured symmetric
waveguide of thickness t,, €, = 12.25, ¢, = 1.0, and a filling
fraction of 25%, as calculated with the Green’s function (dashed
curves) and exact (solid curves) methods.
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filling fraction were such that the second-order gap oc-
curred at ~10,000 cm ™!, and its width was ~1,000 cm L.
For these very thin grating layers the formalism therefore
works even in the strong-coupling limit. Second, it is
relatively straight forward to generalize the Green’s func-
tion formalism described above to self-consistently couple
multiple thin gratings located anywhere in the multilayer
stack.?6 In practice, then, this same formalism can be
used to treat thick gratings in cases where the thin grat-
ing approximation is not accurate enough for the specific
application. In general, we find that the single-thin-
grating approximation is good to better than 10% up to
grating thicknesses approximately one fifth of the nomi-
nal wavelength in the averaged (over filling fraction) grat-
ing layer.

D. Resonant Grating Filters

We finish by providing some quantitative analysis of
structures specifically designed to serve as resonant grat-
ing filters, or notch filters. This problem has been ad-
dressed previously in the context of resonant diffraction
involving 1D (Refs. 11 and 12) and 2D (Ref. 16) gratings
on planar waveguides. The purpose of this section is to
emphasize the novel perspective and additional under-
standing that the Green’s function approach provides.

The basic idea is to take advantage of the unity reflec-
tivity observed when the frequency of near-normal-
incidence light is close to that of one of the leaky-zone-
center modes attached to the textured waveguide. The
advantage of 2D over 1D gratings is their polarization in-
sensitivity, which in the Green’s function approach is di-
rectly traceable to the fact that the degenerate eigen-
states at the zone center must have opposite polarizations
when tuning is away from zone center along high symme-
try directions in the lattice.

Using the insight provided by the present formalism,
we can sketch a design strategy for controlling the center
frequency, linewidth, and background reflectivity from a
2D periodic grating imbedded in a planar waveguide
structure. To obtain the desired center frequency, one
designs a planar waveguide with an effective refractive
index for the lowest-order TE mode n1y and a correspond-
ing 2D grating lattice and pitch such that the second-
order TE slab modes are zone folded to the Brillouin zone
center at the desired center frequency. The background
reflectivity is controlled by the nonresonant Fabry—Perot
resonances of light reflected from the air/top-cladding
layer interface and hence the overall thickness of the
guiding region. The linewidth of the resonance can be
tuned by adjusting the phase of the radiative component
of the leaky mode, at the grating location, as it undergoes
multiple reflections within the cladding layers, and hence
it can be varied, for a fixed background reflectivity, by
varying the position of the grating within the slab. The
inset to Fig. 8 demonstrates a polarization-insensitive
resonant filter designed with a honeycomb grating. The
structure is a 200-nm free-standing guide (e, = 12.25)
containing a 25-nm-wide grating of cylindrical oxide holes
(eg = 2.25) with a filling fraction of 25%, and a real space
hole spacing, a, of 333.3 nm. Note that the pitch (dis-
tance between Bragg planes) of a honeycomb grating is
A = 3a/2, and the magnitude of the unit cell vectors is
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Fig. 8. Linewidth of the notch filter shown in the inset as it var-
ies with the location of the grating in the slab. In this structure
the linewidth can be altered by a factor of 6 by just shifting the
location of the grating by 70 nm. The inset shows the reflectiv-
ity spectra of a polarization-insensitive, normally incident notch
filter based on a honeycomb grating. See text for the structure’s
parameters. The reflectivity spectrum is independent of the in-
cident polarization.

J3a. Owing to the symmetry of the grating, the reso-
nance in the inset to Fig. 8 is independent of the polariza-
tion of the incident field.'6

As mentioned above, buried gratings make it possible
to control the linewidth of the filter. We demonstrate
how the linewidth of the filter changes with the location of
the grating in Fig. 8. The linewidth of the filter oscillates
as the location of the grating is varied, with the frequency
of the oscillation determined by the dimensions and re-
fractive indices of the waveguide. This oscillation in the
lifetime (proportional to the inverse linewidth) of the
eigenmode is a result of an oscillation in the strength of
the zeroth-order component of the polarization at the
grating. The phase shift associated with the multiple re-
flections of the radiation within the cladding layer causes
the radiation, reflected back to the grating location, to ei-
ther enhance or degrade this polarization strength. This
effect, unique to buried gratings, alters the linewidth of
the filter by a factor of 6 in this structure.

4. CONCLUSIONS

Using a Green’s function technique, we have solved Max-
well’s equations self-consistently for the reflectivity of pla-
nar dielectric waveguides that contain an optically thin
layer with 2D periodic texture. Features in the specular
reflectivity spectra reveal the dispersion and lifetimes of
remnant slab modes that are renormalized through scat-
tering from the 2D grating; these are the photonic eigen-
states that are attached to the 2D textured waveguide.
We showed that the polarization of these renormalized
eigenmodes, which in general is complicated, can be
uniquely labeled as s or p polarized along lines in the Bril-
louin zone that exhibit reflection symmetry.

Example calculations for a square lattice revealed in-
teresting symmetry properties of the bands that influence
their polarization labels and their lifetimes. The intui-
tive nature of the model also makes it relatively simple to
understand the properties of previously reported
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resonant-waveguide notch filters. In particular, the reso-
nant, polarization-insensitive reflectivity is associated
with coupling to two leaky photonic bands, one s and one
p polarized, that become degenerate at the zone center.
Finally, the accuracy of this simple model has been
verified both by comparison with an exact solution of
Maxwell’s equations when the thickness of the textured
layer is much less than the wavelength of interest and by
comparison with experimental reflectivity measurements

on 2D square gratings etched into GaAs slab
waveguides.10%
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