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A very simple model has been developed to describe the diffractive properties of a crossed grating structure of
the refractive index formed by a thin transmission grating recorded in a Bragg reflector. When the Bragg condition of the transmission grating coincides with the band edge of the reflection grating seen as a onedimensional photonic crystal, the diffraction efficiency and wavelength selectivity of the transmission grating
are highly enhanced and a Bragg diffraction regime can be obtained, even in very thin samples. The model can
be used to design micrometric very efficient new diffracting devices for optical signal processing. © 2009 Optical Society of America
OCIS codes: 050.1950, 190.2055, 230.1480.

1. INTRODUCTION
Transmission gratings are widely used for optical signal
processing [1]. Their performances are nevertheless limited by the small refractive index modulation that can be
obtained in usual nonlinear materials. The thickness is
also an issue as it must not be too large if an integrated
device is wanted, although the diffraction regime associated with thin crystals is a Raman–Nath regime involving multiple diffracted beams. Besides the already wellknown simple [2–4] and double resonance [5–9] in a
Fabry–Perot cavity, a new approach using slow light at
the band edge of a one-dimensional photonic crystal (1DPC) was recently demonstrated to overcome these difficulties, first in photopolymers [10] and then in semiconductor Bragg reflectors [11]. Results are especially attractive
in the latter case due to the high index contrast of Bragg
reflectors. The investigations concern the efficiency, wavelength selectivity, and diffraction regime of thin low index
modulation transmission gratings when they are recorded
in a reflection grating and form a two-dimensional (2D)
structure of the refractive index. Huge performance improvements can be obtained when the read beam wavelength and incidence angle correspond to the band-edge
resonance of the reflection grating seen as a 1D-PC and
satisfy the transmission grating Bragg condition. In this
paper, a very simple analytical four-wave model is presented in order to predict the diffraction properties of a
2D refractive index modulated structure and to enable
the design of optimized devices for various applications.
The crossed grating device considered in this paper is
described in Section 2. The analytical model used to study
its diffraction properties is developed in Section 3. Performance enhancement predicted by the model for samples
exhibiting a high refractive index step modulation of the
reflection grating as seen in semiconductor Bragg mirrors
0740-3224/09/030390-7/$15.00

for instance are presented in Section 4 as well as the most
favorable case of samples, where the 2D grating is deposited on a mirror that combines the reflected and the
transmitted diffracted beams into a single reflected diffracted beam. Finally, the influence of various parameters
on the diffractive properties of such samples is detailed.

2. CONSIDERED STRUCTURES AND
WAVES
The crossed grating structure has periodicities ⌳x and ⌳z
in the x and z directions, respectively (see Fig. 1). The incident beam lies in the xz plane with a small incidence
angle R
⬘ with respect to the z axis. The grating with
fringes parallel to the z direction diffracts in the so-called
transmission mode while that recorded with fringes parallel to x operates in the so-called reflection mode [12].
The periodic dielectric permittivity 共z , x兲 satisfies the
equation
共z + pz⌳z,x + px⌳x兲 = 共z,x兲,

共1兲

where pz and px are positive or negative integers. For the
reflection grating, the Bragg condition (maximum reflection) is satisfied at 0 for this incidence angle. However,
our aim is not maximum reflection as we wish to maximize the local field [13–17] to enhance the diffraction efficiency of the transmission grating. That is why the 2D
periodic structure is designed to operate at the upper
band edge of the 1D-PC, herein the reflection grating
共BE ⬎ 0兲, when the read beam incidence angle R
⬘ and
wavelength BE satisfy the transmission grating Bragg
condition 共BE = 2⌳xsin R
⬘ 兲. It should be pointed out that
the Bragg condition in thick transmission gratings usually ensures maximum diffraction efficiency, whereas
here in the case of thin samples, it merely means that the
© 2009 Optical Society of America
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3. MODEL

Fig. 1. (Color online) Two-dimensional refractive index modulated structure. In the x direction, the modulation is sinusoidal
with a period ⌳x, and in the z direction it is a step modulation
made of N pairs of quarter-wave layers of respective indices n1
and n2, with a period ⌳z. EI, ER, ET, EDT and EDR are, respectively, the incident, reflected, transmitted, diffracted transmitted, and diffracted reflected waves.

−1 order diffraction angle on the transmission grating is
opposite to the incidence angle. In this way, both read and
diffracted beams can be enhanced through the band-edge
resonance of the reflection grating. This enhancement,
giving rise to a single diffracted beam, is possible only if
the initial diffraction efficiency of the transmission grating is low. Therefore, we only consider nanostructured
materials exhibiting a small refractive index modulation
in the x direction. The dielectric permittivity can then be
written as
共z,x兲 = 共z兲关1 + z共x兲兴,

共2兲

where 共z兲 and z共x兲 are periodic in the z and x directions,
respectively, (共z + pz⌳z兲 = 共z兲 and z共x + px⌳x兲 = z共x兲 Ⰶ 1).
Concerning the reflection grating having its wave vector
Kz = 2 / ⌳z in the z direction, we are interested in high index modulation step gratings as in multilayered Bragg
mirrors. The z dependence of the dielectric permittivity
given in Eq. (2) is then

A. Description
Rather than use a “rigorous coupled waves” method
[18–21], where a large number of diffraction orders is
taken into account involving large computation times and
stability issues, the modeling of this multilayered medium consists of describing the layers separately (Fig. 2).
Each dielectric layer is separated from its neighboring
layers by two interfaces where reflection takes place because of the dielectric permittivity discontinuity. Moreover, inside each layer, the recorded transmission grating
gives rise to diffraction. Our analytical approach of beam
propagation (including diffraction on the transmission
grating) is based on the nonlinear optics formalism,
where only the terms close to phase-matching are kept in
the propagation equation. We have then chosen to evaluate how many diffraction orders can reasonably be nonnegligible in the considered structure. As demonstrated
hereinafter, the diffraction of an incident read wave EI on
the crossed gratings structure considered in our study
mainly involves four waves in the nonlinear medium (Fig.
2). As the medium with a periodically modulated susceptibility can be considered as infinite in the x axis direction, perfect phase-matching is always achieved in this direction, which determines the direction of the various
waves (Fig. 3).
ERFi is the forward propagating read wave in the medium of refractive index ni. Only TE polarization has been
investigated in this paper but TM polarization would not
make much difference considering the small incidence
angles used. For the reflection grating with a wave vector
Kz the phase-matching condition gives rise to a single
backward propagating diffraction order ERBi (reflected
beam) in which the direction is determined by the Descartes laws at the interfaces between adjacent layers.
Forward and backward diffracted waves ESFi and ESBi
with wave vectors kSFi and kSBi originate from the −1 diffraction order of ERFi and ERBi with wave vectors kRFi
and kRBi on the transmission grating of wave vector Kx,

共z兲 = 1 for pz⌳z 艋 z ⬍ pz⌳z + e1 ,
共z兲 = 2 for pz⌳z + e1 艋 z ⬍ 共pz + 1兲⌳z ,

共3兲

where e1 is the thickness of the layer of dielectric permittivity 1.
For the low modulation refractive index grating along
the x direction, z共x兲 can then be replaced by the first
term of its Fourier expansion (an even function is considered here for the sake of simplicity without any loss of
generality)

z共x兲 = mx1 cos共Kxx兲 for pz⌳z 艋 z ⬍ pz⌳z + e1 ,
z共x兲 = mx2 cos共Kxx兲 for pz⌳z + e1 艋 z ⬍ 共pz + 1兲⌳z ,
共4兲
where Kx = 2 / ⌳x is the wave vector of the transmission
grating and mxi 共i = 1 , 2兲 is the permittivity modulation of
the transmission grating in the medium of refractive index ni = 冑i.

Fig. 2. (Color online) Four main waves taken into account in the
crossed gratings structure are shown in one quarter-wave layer
with an index n2 and a thickness e2 = ⌳z − e1. Each wave is represented by the direction of its wave vector. The matrix D2 describes the diffraction in the layer and the matrices R12 and R21
the reflection at interfaces between layers.
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B. Matrix Resolution
In our analysis, the diffraction properties of the 2D device
are naturally described using a matrix formalism. A fourdimensional (4D) vector is formed in each layer with the
complex amplitudes of the read wave, the reflected wave,
the diffracted wave, and the reflected diffracted (or diffracted reflected) wave so that reflection on an interface
and diffraction on the transmission grating in one layer
can be represented by 4 ⫻ 4 matrices.
At every interface between adjacent layers, the reflection matrix is deduced from the boundary equations [22]

冢冣冢冣冢
ERFi

ERFj

ERBi

∆ kz−1

ERBj

= Rij

ESFi

ESFj

ESBi

Fig. 3. (Color online) Phase-matching conditions for the four
main waves in the photonic crystal when the read beam is not at
Bragg incidence. The +1 diffraction order is also represented exhibiting a much larger phase mismatch than the −1 order. The “i”
subscript referring to the considered layer type 共i = 1 , 2兲 has been
omitted.

共5兲

At Bragg incidence on the transmission grating 共sin共Ri兲
= BE / 共2ni⌳x兲兲 the symmetry between the read and −1 diffraction order waves 共D−1i = −Ri兲 provides them with the
same band-edge enhancement.
The propagation direction of the +1 diffraction order is

D+1i = Arcsin关BE/共ni⌳x兲 + sin共Ri兲兴.

共6兲

Therefore, it does not benefit from the local field enhancement of the 1D-PC band edge. The very simple four-wave
model that is detailed hereinafter can be used either to
calculate the −1 diffraction order or the +1 diffraction order, provided the right diffraction angles are taken into
account. The depletion of the read beam by the −1 diffraction order is not taken into account when computing the
+1 order, which leads to an overestimation of the intensity of this higher diffraction order. It will be nevertheless
demonstrated that its intensity is very small compared to
that of the main diffraction order and that the Bragg diffraction regime can be easily obtained in most situations.

0

1 rij 1

0

tij 0

1 rij

ESBj

0

0

0

0 rij 1

冣冢 冣
ERFj

ERBj
ESFj

, 共7兲

ESBj

where rij = 共ni cos i − nj cos j兲 / 共ni cos i + nj cos j兲 and tij
= 2ni cos i / 共ni cos i + nj cos j兲; ni and i are, respectively,
the refractive index and propagation angle of the forward
propagating wave in the layer number i.
To calculate the diffraction matrix, we use the resolution of the coupled wave equations for the forward read
and diffracted waves and for the backward read and diffracted waves:

冦
冦

and the diffraction properties of the device can be accurately described by using only these four waves as will be
justified later by computing the intensity of the strongest
phase mismatched diffraction order, the +1 order.
If the read wave incidence on the transmission grating
with respect to the z axis is Ri 共ni sin Ri = sin R
⬘ 兲 in the
medium with a refractive index ni, and the read wavelength BE, then the direction D−1i of the −1 order diffracted wave in the same medium is given by the phasematching condition in the x direction (Fig. 3)

D−1i = Arcsin关− BE/共ni⌳x兲 + sin共Ri兲兴.

=

1 rij 0

−

RFi
z
SFi
z

+

−

SBi
z

冉

+

cos Ri

ki⬙

z

冉

+

RFi =

冊

i⌬ni
 cos Ri

− i⌬ki RFi =

cos Ri

RBi

+

ki⬙

ki⬙
cos Ri

ki⬙
cos Ri

RBi =

冊

SFi

i⌬ni
 cos Di

i⌬ni
 cos R

− i⌬ki SBi =

RFi

SB

i⌬ni
 cos Di

冧
冧

共8b兲

RBi ,

where

再

共8a兲

ERFi,RBi共z兲 = RFi,Bi共z兲exp共±ikRFi,RBi cos Riz兲
ESFi,SBi共z兲 = SFi,Bi共z兲exp共±ikSFi,SBi cos Diz兲

冎

,

共9兲

where ⌬ni = nimx / 2 is the refractive index modulation amplitude in a layer of mean refractive index ni, ki = 2ni / 
is the common modulus of all wave vectors at wavelength
, ⌬ki = 兩kSFi − kRFi + Kx兩 is the wave vector mismatch associated to the detuning from Bragg resonance on the
transmission grating, and the possible loss has been introduced as the imaginary part ki⬙ = 2ni⬙ /  of the wave
vector.
These two systems of coupled equations can be expressed in a matrix form

Si共z兲
z

= AiSi共z兲,

共10兲

where Si共z兲 = 关RFi共z兲 , RBi共z兲 , SFi共z兲 , SBi共z兲兴⬘ is a column matrix and solved by diagonalizing the matrix Ai, Qi
= Pi−1AiPi, where Pi is the base change matrix and Qi is
diagonal. The solutions are in the form
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共11兲

where Xi is a 4 ⫻ 4 diagonal matrix (xj共i兲共z兲 = exp共qj共i兲z兲 for
j = 1 , 2 , 3 , 4), and Ci = 关c1共i兲 , c2共i兲 , c3共i兲 , c4共i兲兴⬘ is a column matrix
of integration constants.
The fields Ei共z兲 = 关ERFi , ERBi , ESFi , ESBi兴⬘ = Mi共z兲Si共z兲 can
then be calculated using the diagonal matrix Mi (m1共i兲共z兲
= 1 / m2共i兲共z兲 = exp共ikRFi cos Riz兲
and
m3共i兲共z兲 = 1 / m4共i兲共z兲
= exp共ikRFi cos Diz兲). The four integration constants of the
matrix Ci are then suppressed so that the field amplitudes of the four involved waves at one boundary of the
considered layer i can be related to the field amplitudes at
the other boundary in a matrix form:

冢 冣冢 冣
ERFi共z = 0兲

ERBi共z = 0兲
ESFi共z = 0兲

ESBi共z = 0兲

ERFi共z = li兲

= Di

ERBi共z = li兲
ESFi共z = li兲

共12兲

.

ESBi共z = li兲

The multilayer device can then be modeled by a matrix
product,

冢冣
EI

ER
0

冢冣
ET

= R01D1关R12D2R21D1兴N−1R12D2R2S

EDR

0

EDT
0

冢冣
ET

=F

0

EDT

,

共13兲

0

where each layer pair is modeled by the product
R12D2R21D1 and the input output interfaces matrices
have to take into account the indices of the external media, either air or a semiconductor substrate.
Using this matrix product, the reflectivity 兩ER / EI兩2,
transmission 兩ET / EI兩2, and diffraction efficiencies T
= 兩EDT / EI兩2 and R = 兩EDR / EI兩2 can be computed. The local
value of the field amplitude in the multilayered medium
can also be calculated. The first higher order diffraction
efficiency can be estimated in the same way and compared to the main diffraction order.

4. RESULTS
To obtain a significant band-edge effect, semiconductor
quarter-wave layers as they are used in Bragg reflectors
have been considered. GaAlAs/ AlAs [23] (n1 = 3.184 and
n2 = 2.912) gives a permittivity modulation along the z
axis mz = 11%, GaAlAs/Alox [24] gives mz = 82%, and the
highest permittivity modulation considered here is mz
= 125% with GaAlAs/air.
A. Reflection and Diffraction Spectra
As all structures exhibit the same general behavior, we
have picked up as a typical case the GaAlAs/Alox structure with the intermediate value of mz. Figures 4(a) and
4(b) show the reflectivity and the diffraction spectra of the
crossed grating structure. The center wavelength 共0
= 1170 nm兲 of the reflection grating has been chosen so

Fig. 4. (Color online) (a) Reflectivity of the 1D-PC. The two
semiconductors used are AlGaAs and Alox; there are 20 layer
pairs, the thickness is 5.5 m, the reflection grating period is
274.5 nm, and the band center wavelength is 1.17 m. (b) Diffraction orders −1 and +1 spectra for the crossed grating device.
The two considered diffraction orders give rise to a transmitted
beam “DT” and a reflected beam “DR,” and the transmission
grating period is 8.6 m; the permittivity modulation along x is
3.10−3.

that the upper band-edge wavelength is 1.5 m for telecom applications. The sample is made of 20 layer pairs,
and the period of the reflection grating is 274.5 nm. The
permittivity modulation of the transmission grating is
3.10−3 and its period is 8600 nm. The −1 diffraction order
gives rise to a transmitted part and a reflected part, that
are almost equal, which reduces the diffraction efficiency
by a factor of 2. A sharp maximum can be observed at the
band-edge wavelength (diffraction efficiency of 16%); the
gain in diffraction efficiency is larger than 470 when compared to the same grating if it was recorded in a homogeneous medium, giving clear evidence of the potentiality of
the technique. The full width at half-maximum (FWHM)
of this resonance is 1.9 nm, a very high wavelength selectivity for a transmission grating. The +1 diffraction order
has also been plotted in Fig. 4(b), and the corresponding
efficiency is smaller than the −1 order by a factor of 20,
which confirms that the +1 diffraction order does not benefit from the band-edge resonance and that a Bragg diffraction regime can be approached despite the small
thickness of the device.
To increase the diffraction efficiency, a 100% reflecting
mirror can be added at the back of the sample so that all
the diffracted intensity can be concentrated in a single re-
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Fig. 7. (Color online) Influence of the number of layer pairs of
the AlGaAs/ AlAs reflection grating when the permittivity modulation is mx = 4.10−4.

properties. The maximum diffraction efficiency determines the insertion loss of the device, the width of the
resonance at half-maximum (FWHM) gives the wavelength selectivity, and the diffraction efficiency ratio of −1
order to +1 order R = D−1 / D+1 reflects the diffraction regime of the device. For the transmission grating, index
modulation and thickness are the most important parameters. Figure 6 shows the influence of the permittivity
modulation mx for a given thickness L = 14.3 m in the
case of the AlGaAs/ AlAs structure. Diffraction efficiency
increases with mx as expected from Kogelnick’s theory for
a transmission grating. At the same time, the FWHM also
AlGaAs/AlAs
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B. Influence of the Structural Parameters
The next step is to calculate the effect of various parameters of the crossed grating structure on the diffractive

100

Diffraction efficiency

flected diffracted beam. Figure 5 shows that 100% diffraction efficiency can be obtained in that case, even with a
thinner crossed grating device (only 18 layer pairs) than
in Fig. 4. The FWHM is down to 1.6 nm and the diffraction efficiency ratio of the main order to the higher order
is 32, showing that all diffraction properties are improved.

D+1

200

Fig. 5. (Color online) Reflectivity and diffraction efficiency (−1
and +1 diffraction order) of the crossed grating structure with a
100% reflection mirror at the back of the sample. There are 18
layer pairs, the total thickness is 7.6 m, the reflection grating
period is 274.5 nm, and the band center wavelength is 1.17 m;
the transmission grating period is 8.6 m; the permittivity
modulation along x is 3.10−3.

4

6
mx (× 10−4)

8

10

Fig. 6. (Color online) Influence of the permittivity modulation of
the transmission grating with a AlGaAs/ AlAs reflection grating
of 60 layer pairs.
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Fig. 8. (Color online) Influence of loss when the permittivity
modulation is mx = 8.10−4 with a AlGaAs/ AlAs reflection grating
of 60 layer pairs.
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Table 1. Influence of mz Optimization of the Other Parameters to Obtain Maximum Diffraction Efficiency
Materials

mz

NN

L
共m兲

0
共m兲

mx
共⫻10−3兲

DR−1
(%)

FWHM
(nm)

DR−1 / DR+1

AlGaAs/ AlAs
AlGaAs/ Alox
AlGaAs/ Alox
AlGaAs/ Alox
AlGaAs/air
AlGaAs/air
AlGaAs/air

0.114
0.822
0.822
0.822
1.247
1.247
1.247

60
15
20
25
10
15
20

14.3
4.1
5.5
6.9
3.2
4.8
6.4

1.45
1.166
1.171
1.173
0.96
0.969
0.972

1
4.5
2
1.1
8
2.7
1.1

95.6
95.4
94.2
95.3
95.1
96.8
93.6

1.1
1.4
1.1
0.6
4.3
1.4
0.6

42
14
66
215
8
65
365

increases while the diffraction efficiency ratio of −1 to +1
order decreases when mx increases, which is not satisfactory for an effective device. This shows that the 2D grating is advantageous only in the case of low index contrast
transmission gratings. As predicted by previous works
[12], another way to increase diffraction efficiency of a
transmission grating is to increase its thickness, and Fig.
7 confirms these results for the crossed gratings structure
as the diffraction efficiency, the FWHM, and the diffraction efficiency ratio of orders −1 and +1 are improved
when the number of layer pairs N is increased. In this
case, all diffractive properties are improved. The 100%
diffraction efficiency can be obtained with the thickest
sample made of 90 layer pairs if the index modulation
along x is 4 ⫻ 10−4. The linewidth is stable beyond 60 layer
pairs and does not decrease significantly under 0.5 nm.
The same value N = 60 is also the threshold thickness toward the Bragg diffraction regime as the diffraction efficiency ratio of −1 to +1 order goes over 100. In an actual
device, losses must be taken into account even though
they may be very low. Figure 8 shows the drastic effect of
these losses as they are also enhanced by the band-edge
resonance [17]. The diffraction efficiency decreases very
steeply and the quasi-Bragg diffraction regime is rapidly
lost while the linewidth increases moderately. A very high
quality is therefore needed for this device.
C. Influence of the Material
Semiconductor Bragg mirrors can be made of various refractive index contrasts, depending on the chosen materials. For the 2D grating the index modulation along the z
axis determines the intensity and the sharpness of the
band-edge resonance. Table 1 shows the influence of the
permittivity modulation along z. For every value of mz,
the remaining parameters have been chosen in order to
obtain a diffraction efficiency close to 100% with a realistic number of layer pairs. When mz increases this maximum value of the diffraction efficiency can be achieved
with less efficient or thinner transmission gratings. In
most cases, the diffraction efficiency ratio of −1 to +1 diffraction order is well above the traditional value of 100
considered as the lower limit for a Bragg diffraction regime, which is all the more remarkable as the approximation of the undepleted read beam we have made to calculate the +1 order diffraction efficiency leads to a strong
overestimation of this diffraction order when we are close
to a 100% diffraction efficiency for the −1 order. These results on higher order intensity validate the very simple
four-wave model that has been used for this paper and

confirm that a high efficiency diffraction device can be
made, even at a micrometric scale.
The optimization could also be made on wavelength selectivity rather than diffraction efficiency criteria with
this model, which would of course give different parameters. These calculations show that, using this very
simple model, the crossed gratings structure could be easily tailored to a given function as for instance wavelength
filtering or beam steering and optimized according to the
desired performance. Let us also emphasize that the proposed technology for the implementation of the crossed
grating structure is already fully mastered for
semiconductor/semiconductor Bragg mirrors. The development of AlGaAs-Alox or semiconductor-air structures
deposition techniques is almost complete.

5. CONCLUSION
A simple analytical model has been presented that predicts the diffraction properties of a crossed grating device
forming a 2D photonic refractive index modulated structure. Diffraction efficiencies very close to 100% can be obtained as well as high wavelength selectivities and a
Bragg diffraction regime, despite the very small thickness
of the samples and the low index modulation of the transmission grating, provided optical losses can be minimized.
This model can be used for the design of very efficient new
micrometric diffracting devices for optical signal processing applications.
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