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Two-dimensional (crossed) diffraction gratings with sinusoidal or truncated pyramidal (trapezoidal) pro-
files are proposed to have diffraction efficiency almost independent of the incident polarization inside the
optical communication spectral window 1:5–1:6 μm. The gratings are characterized by different periods in
the two orthogonal directions, chosen to support only one dispersive diffraction order in addition to the
zeroth (specular) one. © 2008 Optical Society of America
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1. Introduction

The search for high-efficiency low-polarizationdepen-
dent diffraction gratings ismotivated by the rapid de-
velopment of high density optical communication
wavelengthmultiplexing.Withtheextensiveresearch
in integrated optics from the 70s to themid-90s,many
compact integrated optical devices were proposed but
very few obtained commercial success. The interested
reader can findmany interestingdesigns summarized
in Refs. [1,2]. Recently, the interest in integrated sys-
tems has been revived again with the development of
nanotechnologies [3,4]. However, waveguide gratings
yet fail to show efficiency performance comparable to
the classical relief gratings. Large-period echelles [2]
canhaveefficiency inunpolarized lightexceeding90%
butare limitedby the change in theblazingdiffraction
order with the wavelength. Short-period reflection
gratings can have a plateaulike spectral dependence
in TM polarization (magnetic field parallel to the
grooves), but the TE peak comes at shorter wave-
lengths. The reduction of the polarization dependence
can be done by using deeper gratings, either in reflec-
tion [5] or transmission [6] but is limitedwhenhigher-

incident angles are required to increase the disper-
sion, as shown in Section 2. Using photonic crystals
as dispersive optical elements has been proposed only
recently [7]. When working inside the zone forbidden
both in TE and TM polarization, one can obtain high
values of efficiency within a spectral domain almost
covering theentire forbiddengap,whichseemsattrac-
tive for telecomapplications [7,8].Negative refraction
properties have also been studied for high-
efficiency demultiplexing [9,10]. The main problem
with photonic crystals is their practical realization
and low-cost implementation in the visible and near
infrared domain. Another possibility consists in com-
bining properties of known commercial gratings
[11,12], or using gratings etched in silicon having a
naturally sharp apex angle [13]. Although the latter
exampleprovides all theproperties required for dense
wavelengthdemultiplexing, its configuration imposes
use of a bulk silicon prism, which can be of some prac-
tical inconvenience.

The aim of this paper is to analyze the diffraction
properties of specific crossed gratings. The existence
of a double periodicity in twodifferent directions gives
several more degrees of freedom to optimize the effi-
ciency behavior. We consider two different grating
profiles, double-sinusoidal grooves, and truncated
pyramidal bumps. In Section 2, we briefly analyze
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the properties of deep, one-dimensional (1D), sinusoi-
dal gratings to show their limitations at higher angles
of incidence. Section 3 introduces the geometry under
consideration, together with the optimal profiles for
double-sinusoidal profiles at two different incident
angles, 60° and 70°. Section 4 presents the results
for a grating consisting of truncated pyramidal
bumps.

2. Deep One-Dimensional Grating Efficiency

As already discussed, it is possible to simultaneously
obtain high efficiency in both TE and TM polari-
zation by using classical (one-dimensional) reflection
gratings, provided the grooves are sufficiently deep.
Figures 1(a)–1(c) represent the efficiency of a
sinusoidal-profile, 1D, gold grating.
The first example concerns a configuration which

works around the Littrow mount at wavelength
1:55 μm at a 40° angle of incidence. The groove depth
dependence in Fig. 1(a) shows the possibility to obtain
equal TE and TM efficiency with relatively deep
grooves (groove depth-to-period ration h=d ¼ 1:128).
Althoughthespectraldependencebehaves inanoppo-
site manner in both polarization, an overall accepta-
ble result can be achievedwithin theworking spectral
interval, Fig. 1(b). However, when higher angular dis-
persion is required (shorter period and larger incident

angle), it isnotpossible toachieveefficiencyhigheren-
ough in TE polarization, as observed in Fig. 1(c).

The numerical results presented here are obtained
using a method based on a curvilinear transforma-
tion of the coordinate system, a method known under
the name ‘C-method’ [14–16]. Its performance is
independent of the incident polarization and grating
material conductivity, and the formulation proposed
by Li [16] overcomes its implicit difficulty to deal
with profiles having edges, an amelioration decisive
for being able to obtain the results given in Section 4
for pyramidal structures.

3. Diffraction Efficiency of Two-Dimensional
Sinusoidal Grating

To overcome the difficulties for 1D gratings, discussed
in Section 2, we propose to consider, at first, a 2D
grating with a profile represented as a sum of two
sinusoids:

f ðx; zÞ ¼ hx

2
sinðKxxÞ þ

hz

2
sinðKzzÞ; ð1Þ

with groove depth values hx and hz, and groove num-
bers given by the corresponding periods, Kx ¼ 2π=dx,
Kz ¼ 2π=dz. The grating lies in the xOz plane, and the
two axes along the 2D periodicity are orthogonal

Fig. 1. Efficiency in order −1 of a 1D sinusoidal gold grating. (a) Incidence 40°, period d ¼ 1:2056 μm, groove depth dependence at 1:55 μm
wavelength. (b) Spectral dependence for h=d ¼ 1:128 and parameters from (a). (c) groove depth dependence for an incidence of 60° and
period d ¼ 0:89489 μm.
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(Ox andOz), although similar performance can be ex-
pected with axis inclined at some angle different from
90°. A typical 2D view of the profile is given in Fig. 2
for a set of parameters optimizedas explained further.
To work in conditions optimal for wavelength de-

multiplexing, the 2D-periodic grating needs to work
as a 1D grating, i.e., it supports a single dispersive
order. The incident working conditions lie close to
the xOy plane, as shown in Figs. 3 and 4 for the case
of a profile consisting of a set of truncated pyramids.
Typically, the design includes some shift off-plane, so
that Littrow mount diffraction does not fall into the
entry slit (or fiber). This introduces a nonzero angle
θz between the plane of incidence and the xOy plane
(Fig. 3). The period in the x direction is chosen so that
the dispersive −1st order created by this grating goes
back close to the incident beam (close to the Littrow
mount for the middle of the spectral interval at
1:55 μm), but in another plane of diffraction, as pre-
sented in Fig. 3, to avoid the incident slit (or fiber).
The period in the perpendicular z direction is cho-

sen so that this second grating cannot create propa-
gating dispersive orders, thus the only two orders
that propagate are the zeroth specular order and
the −1st order diffracted by the grating, periodic in
the x direction. However, introducing the second grat-
ing provides additional degrees of freedom (two more
parameters, dz and hz), which allow us to enhance the
efficiency in TE polarization. In what follows, we de-
fine the two fundamental (TE or TM) polarizations as
taken with respect to the plane of incidence.
By varying the four possible geometric parameters

of the grooves, it is possible to obtain high
efficiency in unpolarized light at higher angles of
incidence (i.e., higher angular dispersion), when com-
paredtoasingle-periodgrating,discussedinSection2.
And indeed,Figs. 5(a) and5(b) present the spectral de-
pendence of the 2D grating together with the optimal
parameters for two different incident angles, 60° and
70°, respectively. In the first case, one observes polar-
ization and spectral variations smaller than 3%, with

mean efficiency higher than 93%. To obtain these re-
sults, it is necessary to cover the grating with a
50nmthin layerofSiO2,which increases theefficiency
by about 4% when compared to the bare gold surface.

4. Grating Made of Truncated Pyramids

From a technological point of view it could be easier
to manufacture gratings having a profile consisting
of bumps with almost vertical walls, for example,
by chemical or ion-beam etching. Such technology al-
lows for better control of groove parameters when
compared with the standard holographic grating re-
cording that results in quasi-sinusoidal profiles.

We tested several different profiles with slope an-
gles varying from 70° to 85° (see Fig. 4), and it is pos-
sible to optimize the efficiency behavior by varying
the bump dimensions—their height h and the waist
at midheight in x and z directions. Two typical exam-
ples are given in Fig. 6 for 80° and 70° groove slope
angles, respectively. The optimal groove depths are
the same, slightly exceeding half of the shorter
period. The optimal bump widths vary with the slope

Fig. 2. (Color online) Schematic 2D view of the double-sinusoidal
grating with profile given by Eq. (1).

Fig. 3. Top view of a 2D grating made of truncated pyramids
(Fig. 4).

Fig. 4. Side view of a 2D grating made of truncated pyramids.
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angle, as given in the captions, and must be tuned as
a function of the real slope angle obtained during the
etching process.
The grating is used close to the Littrowmount, and

the wavelength-to-period ratios in both directions al-
low us to avoid Wood (or other resonance) anomalies,
which ensures smooth angular dependences, as
shown in Fig. 7 for two different values of the grating
period in the x direction, differing by about 1%. As can
be observed, such technological error only slightly de-
teriorates the performance, shifting the maximum
from 60° to 61°, which can be expected taking into ac-
count that the Littrow position is shifted with the
change in the period.
More interesting from a technological point of view

are the tolerances with respect to the groove depth
and truncated pyramid dimensions because they
are more difficult to be maintained than the period.
As can be observed in Fig. 8(a), the grating depth tol-
erances are relatively large, more than 10nm within
1% change of the efficiency. Such precision can be
maintained by using, for example, a stop-etch layer.

Fig. 5. Diffraction efficiency of two gratings with profiles given by
Eq. (1) andFig. 2.Goldsubstrate, coveredwitha50nmthick layerof
SiO2, groove parameters optimized for two different angles of inci-
dence θx and 3° off-plane: (a) 60° incidence, dx ¼ 0:89489 μm,
hx ¼ 0:39 μm, dz ¼ 1:4 μm, hz ¼ 0:88 μm; (b) 70° incidence, dx ¼
0:82474 μm, hx ¼ 0:3 μm, dz ¼ 1:4 μm, hz ¼ 0:72 μm.

Fig. 6. Diffraction efficiency of two gratings with profiles given in
Figs. 3 and4.Goldas substrate andbummaterial,60° incidence (θx)
and 3° off-plane: (a) 80° slope of the pyramids, dx ¼ 0:89489 μm,
dz ¼ 1:4 μm, bump height h ¼ 0:49 μm, bump width at half-height
0:3 μm in x, 0:54 μm in z; (b) 70° slope of the pyramids, dx ¼
0:89489 μm, dz ¼ 1:4 μm, bump height h ¼ 0:49 μm, bump width
at half-height 0:3 μm in x, 0:68 μm in z

Fig. 7. Angular dependence of −1st order efficiency of the trun-
cated pyramidal grating with parameters presented in Fig. 6(a)
for two slightly different periods in the x direction: dx ¼ 0:895 μm
and dx ¼ 0:886 μm, as indicated in the legend.Wavelength 1:55 μm.
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The bump width in the z direction must also be
kept within 10nm of the optimal value, as seen in
Fig. 8(b), a precision that can be achieved by stan-
dard mask etching techniques.

5. Conclusion

Surface-relief gratings having double periodicity in
two different directions can be optimized to have
high and low-polarization-dependent diffraction
efficiency, a property suitable to use for wavelength
demultiplexing in unpolarized light. This is possible

with both sinusoidal or truncated pyramidal profiles,
having groove parameters achievable by recent
manufacturing techniques.
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Fig. 8. Tolerance with respect to the structure dimension. The
grating parameters are the same as in Fig. 6(a) and thewavelength
is equal to 1:55 μm: (a) groove depth dependence, (b) dependence on
the truncated pyramids dimensions in z direction for h ¼ 0:49 μm.
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