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We present a design and analysis study of guided-mode resonances in photonic crystal slabs. Three-dimensional
finite-difference time-domain (FDTD) simulations are used in parallel with a simplified model of guided-mode
resonances to produce a representation of their evolution with structural parameters. From the analysis of the
effective medium behavior of the system, we propose a simplified method able to predict the first guided-mode
resonances at normal incidence with a good accuracy (∼1%) for holes with radius-to-period ratio smaller than 0.3
for the transverse magnetic polarization created internally. A substantial gain of time is, therefore, provided com-
pared to FDTD (from the hours level to the seconds level). We also focus on two other important parameters, the
quality factor and asymmetry of peaks, and present a way to design symmetric peaks with low sidebands. © 2012
Optical Society of America

OCIS codes: 230.5298, 260.5740, 310.6805, 230.7408, 230.4040, 050.2065.

1. INTRODUCTION
Guided-mode resonances [1–3] result from the interaction of
waves propagating in free space with waves guided in a wave-
guide. Such an interaction is made possible by periodic struc-
ture in the waveguide, turning it into a leaky waveguide and
allowing coupling of leaky-guided and radiated modes. This
results, in terms of the transmission spectrum, in Fano-shaped
peaks overlapping the background transmission across the
waveguide layer. The guided-mode resonances are angle and
polarization dependent [4].

Devices using guided-mode resonances present interest for
several kinds of applications. Guided-mode resonances can
show arbitrarily narrow peaks, which can be used to make
optical filters with very high quality factors [5,6]. On the other
hand, high-reflection mirrors with wide bands can also be cre-
ated [7]. Various functions in the optical transmission can thus
be designed; in particular, large group delay can be obtained
[8,9]. These features can be achieved in a single layer, in com-
parison to multilayer Bragg filters, which can need a hundred
layers. Structures supporting guided-mode resonances, such
as photonic crystals (PhCs), are, therefore, very appropriate
for integration in a compact device. In addition, the high elec-
tromagnetic fields that can be obtained in the guided-mode
resonator can be used to enhance the signal obtained from
fluorescent elements, making possible high-sensitivity biosen-
sors [10–12]. One or several membranes supporting guided-
mode resonances can be inserted in microelectromechanical
systems (MEMS), enabling tunability of the optical response
[12–14]. Such configuration can also be used as a displace-
ment sensor [15].

The guided-mode resonance phenomenon has been de-
scribed in the literature, and analytical expressions have been
derived to reproduce the shape of the transmission spectrum
[16]. But no analytic expression is available for the position of
guided-mode resonances.

Here, we use a Si3N4 system—a membrane surrounded
by air—that exhibits advantages such as transparency in
the visible range and a significant refractive index (taken here
fixed as n2 ¼ 2:05). We use two-dimensional (2D) PhCs [17]
for an effect in all directions of the plane, and with a square
lattice, which makes it independent of polarization, at normal
incidence.

A first question we want to answer is which parameters,
among thickness (t), period (a), and radius (r), of the PhC slab
should be used to get a guided-mode resonance at a given
wavelength. We first discuss the limit case, when the hole radii
tend to zero. Then we perform simulations for the general
case (various radii), using the FDTD algorithm. We represent
the answer to the question in a multiple graph, linking the
parameters together. We also extract and represent two result
parameters, the quality factor and asymmetry of reflection
peaks, which are important elements entering into the design
of a structure. We show that symmetric peaks with very low
sideband reflection can be designed using antireflection coat-
ing. Furthermore, we try to dissociate the general problem of
guided-mode resonances into the positions of the resonances
and the background reflection. We extract the effective index
of the structure, when seen as a homogeneous medium for
transmission across, and compare it with theory. We then, fi-
nally, come back to the comparison between infinitely small
holes and the general case by reallocating an effective index in
the simplified model.

2. INFINITELY SMALL HOLES
Let us first consider a membrane of index n2, surrounded by a
medium of index n1 (air here, n1 ¼ 1), and perforated by in-
finitely small periodic holes (period a). Because we neglect
the size of the holes, the effective index of the planar wave-
guide, neff , is not modified, but the periodicity introduces the
folding of the waveguide dispersion curves into the first
Brillouin zone. Therefore, the point at angular frequency ω1
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corresponding to in-plane wave vector kx ¼ 2π=a folds back
to kx ¼ 0 (normal incidence). Since ω=k ¼ c=neff , we get
ω1 ¼ 2πc=ðneff · aÞ, or

a
λ1

¼ 1
neff

: ð1Þ

This is the normalized frequency (period over wavelength) at
which the first guided-mode resonance for normal incidence
will occur.

We will now represent the position of the frequency of the
guided-mode resonance in relation to the physical parameters
t and a. To keep the case general and dimensionless, we will
plot the normalized frequency (a=λ) versus the normalized
thickness. There are two possible ways to define the normal-
ized thickness: t=λ and t=a. Both will be represented. The ef-
fective index of a planar waveguide, with the aforementioned
parameters, is the solution of the equation f ðxÞ ¼ 0 [18], with

f ðxÞ ¼ 2π t
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
2 − x2

q
− 2 arctan

�
η21

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 − n2

1

n2
2 − x2

s �
−mπ; ð2Þ

with η21 ¼ 1 for TE polarization and η21 ¼ ðn2=n1Þ2 for TM po-
larization, and with m the order of the mode. The term “trans-
verse” (electric or magnetic) relates to the plane of incidence
of a wave propagating through the interface between the
membrane and the surrounding material. We will study the
case of the fundamental mode (m ¼ 0). For each value of nor-
malized thickness t=λ, we calculate numerically the effective
index, which, in turn, gives us the normalized frequency a=λ.
Figure 1 shows a=λ versus t=λ for TE and TM polarizations. We
also produce it versus t=a by using the relation t=a ¼
ðt=λÞ=ða=λÞ. Since the effective index of a waveguide is con-
tained between the core and cladding indices (n1 < neff < n2),
we have, for lower and upper limits of the guided-mode reso-
nance, normalized frequencies:

1
n2

<
a
λ <

1
n1

: ð3Þ

The lower limit corresponds to an infinitely thick wave-
guide; therefore, the curve a=λ versus t=λ (or t=a) tends to that
lower limit when t=λ (or t=a) tends to infinity. The upper limit
corresponds to an infinitely thin waveguide; therefore, the
curve a=λ versus t=λ (or t=a) tends to that upper limit when
t=λ (or t=a) tends to zero. The upper limit also corresponds
(for a finite nonzero thickness) to the case where the size
of the material between the holes tends to zero, i.e., when
the normalized radius r=a tends to

ffiffiffi
2

p
=2 for the case of a

2D square lattice of circular holes—the index of the “mem-
brane” then becoming n1. Therefore, we expect, when the
hole size will vary, the guided-mode resonance normalized fre-
quencies to lie between the upper limit 1=n1 and the curve a=λ
versus t=λ represented here (for infinitely small holes).

The planar waveguide allows only one mode (the funda-
mental) to propagate when [19]

t
λ <

1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
2 − n2

1

q ; ð4Þ

i.e., when t=λ≲ 0:279 in our case. Above this value, the first-
order mode is also allowed, and will generate an additional
guided-mode resonance. In terms of t=a, since Eq. (3) is still
true, this happens above ∼0:279. The frequency of this higher-
order mode is also higher. As a result, the additional curve a=λ
versus t=λ or t=a will be of similar shape, just shifted to higher
normalized thickness, starting from the critical value calcu-
lated, and shifted to higher normalized frequency.

Also, a second guided-mode resonance will appear, corre-
sponding to the second folding of the dispersion curves, i.e.,
for the normalized frequency

Fig. 1. (Color online) Positions of guided-mode resonances in normalized frequency a=λ versus the normalized thickness of the PhC membrane
(a) t=λ or (b) t=a. The color dotted lines are for the limit case of infinitely small holes. The color solid lines correspond to 3D FDTD simulations for
several hole normalized radii r=a. Red denotes TE polarization and blue is TM for the light inside the membrane, as defined in the main text.
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a
λ2

¼ 2
neff

: ð5Þ

In our case, this second guided-mode resonance will almost
not overlap with the region where the first appears. It would
not at all if n2 < 2n1.

Note also that diffraction of light from the periodic
structure in the surrounding medium will appear when

a
λ >

1
n1

: ð6Þ

As a consequence, the region where guided-mode resonance
will be “isolated”, i.e., far from another one and with free side
bands, thus good to be exploited as, e.g., a filter with rejected
sidebands, is the left and lower region of the diagram in Fig. 1
above the dotted line curve.

3. HOLES OF VARYING RADIUS
We will now discuss the general case with varying hole size.
The Section 2 was free from lattice and polarization depen-
dence. We will now focus our study to a 2D square lattice
of circular holes (radius r, period a). Considering normal in-
cidence, it is polarization independent. We used the three-
dimensional (3D) FDTD algorithm [20] with lateral periodic
boundary conditions, and up and down perfectly matched
layers. The unit cell is represented in Fig. 2. For each value
of normalized thickness t=a, for a given normalized radius
r=a, we calculate numerically the reflection (R) spectrum
of the structure. We then repeat it for various r=a, and we
can dress the maps of evolution of R in normalized frequency
a=λ versus normalized thickness t=a, when r=a is varying
(Fig. 3). We then extract the position of the peaks (a=λ),
and plot it versus t=a, for the various r=a [Fig. 1(b)]. We also
use the relation t=λ ¼ ðt=aÞða=λÞ to report the data in Fig. 1(a).
We can see on Fig. 3 and then more clearly on Fig. 1 that the
guided-mode resonances (taken here as the position of max-
imum of reflection) brush against the curve of infinitely small
holes when r=a is small, and then move away as r=a increases,
which is what we expected. From Fig. 3, we can observe the
first guided-mode resonances (first folding of dispersion curve
and mode m ¼ 0) on the bottom left part (arrow A gives an
example), as well as the next guided-mode resonances (first
folding and mode m ¼ 1), which is more up and right (arrow
B) as we expected from Section 2. We notice that there are

actually two kinds of first guided-mode resonances. In the
case of infinitely small holes, we saw there were two possibi-
lities: the two polarizations of the waveguide mode. To con-
firm this for the case for varying hole size and to identify the
modes, we calculated the band diagram of the PhC membrane
structure. The band structures are calculated using the pre-
vious 3D FDTD algorithm, as detailed in [21]. The results from
band diagram calculations (not reported here) agree closely
with the FDTD reflection spectra in terms of position of
the bands at kx ¼ 0 compared to the position of the reflection
peaks. We also identified which are the TE and TM modes;
these are reported in Fig. 1. This identification also agrees
with the intuitive idea that a curve for a given polarization will
be continuous (note that the curves for the two polarizations
are crossing), and will undergo a progressive change when
r=a increases from 0.

In order to design a guided-mode resonance for a desired
wavelength, there are three parameters that need to be chosen
(the others are fixed in this study): t, a, and r. But there are
two degrees of freedom, as the space of possible guided-mode
resonances is the 2D space of Fig. 1, plus the binary choice of
the internal polarization. Once a point ðt=λ; a=λÞ is chosen in
the Fig. 1(a) diagram, t and a get determined, and r is obtained
from the r=a value read directly. If additional desired param-
eters are set, such as the quality factor and/or asymmetry of
peak presented in the next two sections, the two degrees of
freedom will be further reduced down to one or zero, in this
case completely determining the physical dimensions.

4. QUALITY FACTOR
The quality factor (Q) represents the strength of a resonance
and is measured as

Q ¼ νr
Δν ; ð7Þ

with νr the frequency of the resonance, and Δν its FWHM.
Δν ¼ ν2 − ν1, with ν1 and ν2 the frequencies at half-maximum,
ν2 > ν1. From the FDTD reflection spectra obtained (repre-
sented in Fig. 3) we extract the Q value when ν1 and ν2 are
defined (which is not always the case as the peaks superim-
pose on the background and are sometimes less than twice
tall). For each couple of point ðt=λ; a=λÞ or ðt=a; a=λÞ, we re-
present Q in Figs. 4(a) and 4(b). The parameter space is the
same as in Fig. 1, and the normalized radius can also be read
from the correspondence. Q is represented as a number
(superimposed), centered on the data point, and on a color
scale, with interpolation between these points. The interpola-
tion is only a guide for the eyes, as it appears even where no
value of Q is defined. Figures 4(a) and 4(b) actually corre-
spond to TE internal polarization. The same is represented
for TM internal polarization in Figs. 4(c) and 4(d).

In a simplified view of the PhC membrane system, we can
say that, at low normalized radius value, the holes will radiate
little light, i.e., they represent a low leaking mechanism.
Therefore, the residence time in the (leaky) waveguide is high
and so is the quality factor of the guided-mode resonance. This
is reflected in the graphs close to the limit line of infinitely
small holes where high Q or sharps peaks of guided-mode re-
sonance are recorded. Note that all the guided-mode reso-
nances could not be assigned a Q value, but they all show
narrow peaks in this region. Also, lower quality factors are

Fig. 2. Unit cell of the PhCmembrane used in the FDTD calculations,
with period a, radius r, and indices of refraction n1 and n2. A
plane wave is launched from the top (bold arrow). Reflected and
transmitted power is monitored, respectively, at the top and bottom
surfaces.
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more frequently observed as the normalized radius increases.
An additional effect happens around t=a ¼ 0:5 and a=λ ¼ 0:85
(r=a ¼ 0:4) (see Fig. 3). The guided-mode resonance from the
fundamental and the first-order waveguide mode begin to
overlap, giving rise to a very wideband reflection (very low
Q) [12]. Such an effect is useful for the design of a high band-
width mirror. The first mentioned and opposite situation,
where Q is high, is useful for the design of a narrowband filter.
The quality factor can thus be engineered from this map
(Fig. 4), in relation with the other structural parameters.

5. ASYMMETRY AND IMPROVEMENT
In addition to the peak width, another important parameter is
the peak symmetry. In many applications a symmetric peak is
preferred for efficiency and it has identical sideband proper-
ties. For example, an ideal telecom filter transfer function
would be a rectangular window. Here we define the asymme-
try as

A ¼ νm − νmean

Δν=2 ; ð8Þ

with νm as the frequency of the maximum of the peak (i.e., νr)
and νmean ¼ ðν1 þ ν2Þ=2. With this definition, the maximum
asymmetry is jAj ¼ 1, and a symmetric peak has A ¼ 0. We
extract the asymmetry value from the data of reflection spec-
tra (Fig. 3) in the same way we extracted the quality factor,
and we represent it in the same way also in Fig. 5, with the
same remarks. We can notice regions of high and low asym-
metry. To interpret the results, we represented additional in-
formation, namely, particular normalized thicknesses of the
membrane. At thicknesses t ¼ kλ=ð2n2Þ, k ∈ N, the membrane
has minimal reflection (R ¼ 0) and at thicknesses t ¼
ð2kþ 1Þλ=ð4n2Þ, it has maximal reflection. Therefore, we re-
presented the positions t=λ ¼ 1=ð4n2Þ, 1=ð2n2Þ, 3=ð4n2Þ, and
1=n2 in Figs. 5(a) and 5(c) (vertical dotted lines). But as
the normalized radius of the holes increases, the membrane
has its refractive index decreasing, in average, as we will

see in Section 6. So we used the membrane effective index
neff-v of Eq. (13) found in Section 6 (effective index here is
used in the sense “thin-film” “vertical” effective index and
not “waveguide” effective index), and plotted the more repre-
sentative curves of position t=λ ¼ 1=ð4neff-vÞ, 1=ð2neff-vÞ,
3=ð4neff-vÞ, and 1=neff-v (black and white solid curves). Figure 1
gives the relation between r=a and the position ðt=λ; a=λÞ. We
can see that the white curves (t=λ ¼ k=ð2neff-vÞ) follow regions
of low asymmetry, and in particular in regions where the nor-
malized radius is smaller, which is when the effective index
approximation is the most valid. The usual top and bottom
peaks of a Fano shape and related asymmetry is no more pos-
sible when the background reflectivity R ¼ 0, which explains
why the peaks become symmetric at thicknesses multiple of
half-wavelength. The asymmetry of the peak can thus be en-
gineered from this map (Fig. 5) in relation with the other struc-
tural parameters.

A way to get symmetric peaks for all the situations would
be to apply antireflection coating [22]. In this case, the reflec-
tion will be zero around the reflection peak, which will be-
come symmetric. In addition, a large rejection sideband
will be obtained, too. For this, an antireflection layer can
be added on top and below the membrane of index n2, which
was initially surrounded by a medium of index n1 (Fig. 6 in-
set). The antireflection layer index is n3 ¼ ffiffiffiffiffiffiffiffiffiffi

n1n2
p

, and its
thickness is t3 ¼ λ=ð4n3Þ. In Fig. 6, we show an example of
such a configuration, where the guided-mode resonance re-
flection peak is symmetric (peak at 533nm, antireflection de-
signed for 550 nm), and low reflection (R < 2%) is obtained
over quite a wide range ([462–861nm] or 60% bandwidth).
Note that, below 462nm (a=λ > 1), diffraction occurs in the
surrounding medium. For design purposes, the antireflection
coating parameters should be matched with the guided-mode
resonance position, the two being interdependent. The solu-
tion we propose here for the design is the following. Similarly
to Section 3, we will use 3D FDTD to calculate the reflection
spectrum, which will provide the normalized frequency a=λ of
the guided-mode resonances. The input parameters are t=a,

Fig. 3. (Color online) Reflection R (color scale) of the PhC membrane versus normalized frequency a=λ (vertical axis) and normalized thickness
t=a (horizontal axis) for varying normalized radius r=a. For r=a ¼ 0:3 are exemplified the first guided-mode resonances (arrow A) corresponding to
the waveguide mode m ¼ 0 and the additional ones (arrow B) corresponding to the mode m ¼ 1.
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r=a, and t3=a. The values t=a and r=a will be scanned as in
Section 3 to produce similar color maps as in Fig. 3. For each
entry of t=a and r=a, t3=a needs to be determined. It can be
decomposed as

t3=a ¼ ðt3=λÞ=ða=λÞ ¼ ½1=ð4n3Þ�=ða=λÞ; ð9Þ

which is indeed undetermined since a=λ is not known yet. An
initial value of t3=a can be chosen. Then from the results of the
FDTD simulation, the a=λ value obtained will be reinjected
into Eq. (9), and the simulation rerun. Through an iterative
process, the final value of a=λwill be reached by convergence.
This is only true when the normalized radius r=a tends to zero
since holes will modify the “vertical” effective index of the
membrane. Consequently, the antireflection layer should be

adjusted accordingly. The effective index could not be ex-
tracted form the Fabry–Perot oscillations of the reflection
curve (see Section 6) since they were suppressed. Neverthe-
less, an approximate expression developed from the case of
no antireflection coating (see Section 6) can be used. How-
ever, since the antireflection is spectrally quite broad, the
above-mentioned adjustment of the antireflection layer is
not expected to be significant.

6. EFFECTIVE INDEX
Because of the coupling of waves propagating through the
membrane and waves guided inside, and as seen in the PhC
membrane reflection spectrum of Fig. 7, the PhC membrane
behaves as a thin-film membrane, giving rise to Fabry–Perot

Fig. 4. (Color online) Quality factor (superimposed number and color scale) of the PhC membrane reflection peaks versus a=λ and (a) t=λ or
(b) t=a, for several normalized radii r=a (see the correspondence with Fig. 1), for TE internal polarization. (c) and (d) are the same, respectively, for
TM internal polarization. The theoretical limits as in Fig. 1 are also represented (dotted curves).
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oscillations, over which the Fano-shaped peaks of the guided-
mode resonances superimpose. But the very fact of having
holes in the membrane to give rise to the effect modifies
its optical properties. The system then behaves, as to the back-
ground Fabry–Perot oscillations, as a membrane of effective
index neff-v, which will depend of n2, n1, λ, and the geometry.
The term “effective index” here is used in the sense “thin-film”

“vertical” effective index and not “waveguide” effective index.
From the reflection spectra obtained in Fig. 3, we extract this
effective index. To this purpose, we calculate the reflection of
a Fabry–Perot cavity composed of a membrane of index nm

and thickness t, surrounded by a medium of index n1, accord-
ing to

RFP ¼ 1 −
ð1 − RiÞ2

1þ R2
i − 2Ri cos

�
2π
λ 2nmt

� ; ð10Þ

with

Ri ¼
�
n1 − nm

n1 þ nm

�
2
: ð11Þ

We scan the value of nm, and find manually the best match-
ing in position and amplitude of the Fabry–Perot oscillations
compared to the background of the reflection of the PhC
membrane, around the position of the first guided-mode

Fig. 5. (Color online) Asymmetry (superimposed number and color scale) of the PhC membrane reflection peaks versus a=λ and (a) t=λ or (b) t=a,
for several normalized radii r=a (see the correspondence with Fig. 1), for TE internal polarization. (c) and (d) are the same, respectively, for TM
internal polarization. The theoretical limits as in Fig. 1 are also represented (dotted curves). The black and white solid curves correspond (from left
to right) to the characteristic thicknesses t=λ ¼ 1=ð4neff-vÞ, 1=ð2neff-vÞ, 3=ð4neff-vÞ, and 1=neff-v (described in the main text).
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resonance (see an illustration in Fig. 7), which gives neff-v. For
a given normalized radius r=a, the values we found for the
different normalized thicknesses t=a are close, generally at
�0:01 from the average, for both TE and TM internal polariza-
tion. For the highest r=a values, no effective index could be
extracted from small t=a values because the background
Fabry–Perot oscillations can no more be discerned: indeed,
their amplitude decreases, their spacing in frequency in-
creases, and the guided-mode resonance peaks are wider.
The values of effective index are reported in Fig. 8 versus
the size of the holes.

We now try to compare it with theoretical models. We re-
presented in Fig. 8 for comparison the effective index ob-
tained by averaging the refractive index, with respect to the
fraction f ¼ πðr=aÞ2 occupied by the medium of index n1 and
that of the medium of index n2, i.e., according to

neff-v1 ¼ f n1 þ ð1 − f Þn2: ð12Þ

This arithmetic mean gives a straight line on the graph. We
also represented the quadratic mean that corresponds to the
arithmetic mean of the dielectric constant ε ¼ n2:

neff-v2 ¼ ðf n2
1 þ ð1 − f Þn2

2Þ
1
2; ð13Þ

and the averaging corresponding to the harmonic mean of ε:

neff−v3 ¼ ðf n−2
1 þ ð1 − f Þn−2

2 Þ−1
2: ð14Þ

These last two expressions are exact effective indices for
particular cases, such as one-dimensional periodic structures,
for propagation along the periodic plates and polarization, re-
spectively, parallel and perpendicular to the plates [23]. But

no closed-form expression is available for light propagating
along rods or holes of a 2D structure. Nevertheless, lower
and upper bounds of the dielectric constant can be deter-
mined [24]. For our case of a square lattice of cylinders, these
are, respectively,

εp ¼ ε2 ·

0
BB@1 − 2

r
a
þ 2

1
L − 1

·

�π
4
−
arctan

��
1−G
1þG

�1
2
�

ð1 − G2Þ12
�1CCA; ð15Þ

εs ¼ ε2 ·

0
BB@1 − 2

r
a
þ π
2ðL − 1Þ −

ln
�
Hþ1þðH2−1Þ12
Hþ1−ðH2−1Þ12

�
ðL − 1ÞðH2 − 1Þ12

1
CCA

−1

; ð16Þ

with G ¼ 2 r
a ð1L − 1Þ, H ¼ 2 r

a ðL − 1Þ, L ¼ ε1
ε2, ε1 ¼ n2

1, ε2 ¼ n2
2,

and for r
a ≤

1
2. We added these values in Fig. 8 and notice that

the ones extracted from FDTD are not contained within. But
all the effective index approximations are valid only when the
period is much smaller than the wavelength, which explains
why we deviate from the theory, as our periods are not very
small compared to the wavelengths. Interestingly, Eq. (13)
eventually gives empirically an approximation of the effective
index. It can be conveniently used for a reconstruction of the
reflection spectrum of the PhC membrane [background part,
Eq. (10)]. The error is <1% for values of r=a ≤ 0:35.

We just discussed the “vertical” effective index, which mat-
ters for the background reflection. Let us now discuss the
“horizontal” effective index (still different from the “wave-
guide” effective index), which will matter for the guided-mode

Fig. 6. (Color online) Reflection spectrum of a PhC membrane
(r=a ¼ 0:2, t ¼ 134nm, a ¼ 462nm), without (green curve) and with
(blue curve) an antireflection (AR) layer above and below it designed
for λ ¼ 550nm. Inset: schematic of the PhCmembrane with antireflec-
tion layers.

Fig. 7. (Color online) Reflection spectrum of a PhC membrane (r=a ¼ 0:2, t=a ¼ 0:8) (blue curve, with peaks) and reflection spectrum of a Fabry–
Perot membrane of index nm ¼ 1:95 (red curve, slowly varying), which has been matched to the former.

Fig. 8. (Color online) Effective index neff-v of the PhCmembrane ver-
sus area filling factor (f ) of the holes and their normalized radius r=a.
Dots represent the value extracted from FDTD simulations, and co-
lored curves correspond to different theoretical models.
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resonance positions. For the propagation in the plane perpen-
dicular to the rods or holes of a 2D structure, a closed-form
expression is available for the effective index [25], but only for
polarization along the rods or holes, i.e., TM internal polariza-
tion for our case. This expression is the same as in Eq. (13):

neff-h ¼ ðf n2
a þ ð1 − f Þn2

bÞ
1
2; ð17Þ

for media of index na and nb. For the in-plane propagation, our
PhC membrane structure can be seen as a 2D structure, with a
material of index neff (the planar waveguide effective index)
perforated by holes of index n1. The “horizontal” effective in-
dex of the PhC membrane is then

neff-h ¼ ðf n2
1 þ ð1 − f Þn2

effÞ
1
2: ð18Þ

In order to predict the positions of the guided-mode reso-
nance for varying radius in a simplified way, we reused the
calculations for infinitely small holes, but now applying the
“horizontal” effective index. That is to say, the guided-mode
resonance positions are now given by

a
λ1

¼ 1
neff-h

; ð19Þ

instead of Eq. (1), and they are calculated using Eqs. (18) and
(2). The results for TM polarization are plotted in Fig. 9. They
agree quite well with the FDTD simulations (Fig. 1) when the
normalized radius r=a is not too large. The error is <2% for
values of r=a ≤ 0:35, and is <1% for values of r=a ≤ 0:3 and
t=a ≤ 0:7. Even though the periods are not very small com-
pared to the wavelengths, this effective index approximation
gives good results and can be used for a reconstruction of the
reflection spectrum of the PhC membrane [guided-mode reso-
nance positions part, Eq. (19)].

Finally, using the Fabry–Perot background [Eq. (10) with
Eq. (13)], the guided-mode resonance positions [Eq. (19) with
Eqs. (18) and (2)], and the shape of the Fano peaks [16], the
reflection spectrum of the PhC membrane around the first
guided-mode resonance in TM internal polarization could be
completely reconstructed, with a limited error for this simpli-
fied model.

7. CONCLUSION
We have presented a study of guided-mode resonances pre-
sent in PhC slabs. Their position can be designed using the
figures produced here, along with the peak characteristics
(quality factor and asymmetry), and we gave a global view of
their behavior. Further improvement of peak symmetry with
rejection sidebands using antireflection coating has been
shown for these 2D PhC membranes. Finally, we discussed
the effective index corresponding to these structures and
showed that the reflection spectrum can be reconstructed
with a good precision using a simplified model.
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