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The efficiency of conventional diffractive optical elements with échelette-type profiles drops rapidly as the
illumination wavelength departs from the blaze wavelength. We use high dispersion of artificial materials
to synthesize diffractive optical elements that are blazed over a broad spectral range (~1 octave) or for two

different wavelengths.
OCIS codes: 050.1960, 050.1950, 050.1970.

To maximize the efficiency with which a diffractive
optical element (DOE) directs light into a chosen order
of diffraction, it is necessary that it be blazed.! The
common way to achieve a blazing effect to first order is
to manufacture continuous profiles such that a gradual
phase variation of 27 is introduced from one side of
a Fresnel zone to the other. KEchelette gratings or
Fresnel lenses with triangular grooves are common
examples that have been manufactured for the past
90 years. In the scalar approximation (valid for zone
widths much larger than the wavelength), these DOEs
provide a 100% diffraction efficiency at a particular
wavelength Ay (the blaze wavelength). When these
DOEs are illuminated at another wavelength, their
efficiency drops, since the phase difference from one
side of a zone to the other is no longer 277. This drop
in efficiency has a universal character,' since it does
not depend on the material used for the fabrication
or on the phase function implemented, and results in
the appearance of deterministic scattering into other
diffraction orders, which represents a severe limitation
for diffractive optical systems designed to operate
in finite spectral bands.? In this Letter we use the
highly dispersive properties of artificial dielectrics,>*
which are photonic crystal structures operating out-
side the bandgap, to achieve a blazing effect over a
broad spectral range. The analysis is supported by
rigorous electromagnetic computations and by an ap-
proximate model that provides evidence of the key role
played by the high dispersion of artificial materials.
To illustrate our purpose, let us consider an artificial
material composed of a square lattice of cylindrical air
holes (diameter d) perforated in a nondispersive dielec-
tric material with refractive index n,. Provided that
the periodicity constant A; is small enough compared
with the wavelength of light, the subwavelength struc-
tures are not resolved by the light (in the sense of the
far-field diffraction) and the heterogeneous structure
behaves as a homogeneous material® with an effective
refractive index. In terms of Bloch waves, this means
that all the Bloch modes supported by this periodic
structure except the fundamental one are evanescent
along the cylinder axis.® The propagative nature of
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this mode is expressed as exp( jkgnz), where k; is the
wave-vector modulus in vacuum and z is the propaga-
tion direction along the cylinder axis. The solid curve
in Fig. 1 shows the effective index n for A, = Ay/ng
as a function of the ratio d/A;. More details concern-
ing the calculation of the effective index can be found
in Refs. 6 and 7. By controlling the local fraction of
etched material, it is possible to implement a gradual
variation of the effective index, and in turn to syn-
thesize a gradual phase variation. DOEs relying on
such artificial dielectrics that are graded from one side
of a zone to the other were recently fabricated over
small areas by use of electron-beam writing. Both pil-
lar®” and hole® geometries have been reported. Not
only have blazing effects been observed for both po-
larizations but also efficiencies superior to those of
equivalent échelette-type DOEs have been obtained for
small-period gratings® and for diffractive lenses with a
high numerical aperture.”®

Generally, the synthesized effective indices range
from some minimal value nn,in(Ag) to some maximal
value npax(Ag), and first-order blazing at A = A
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Fig. 1. Effective index of a square lattice of cylindrical air
holes etched in a material with a refractive index n, = 2.1.
Solid curve, A = Ao = ngA,; dashed—dotted curve, A > A,.
The three quantities §nmin = min(Ao) — Rmin(Ax), 6Rmax =
Nmax(A0) — Pmax(A<), and An(Ay) involved in the important
parameter « are shown.
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is guaranteed, provided that the etched depth is
h = Xo/[Pmax(A0) — nmin(A9)]. Phase transfer func-
tion ¢(f,A9) of a DOE, where f(x,y) is the local
fraction of etched material (f = d/A, for hole ge-
ometries) at some (x,y) point of the DOE surface is
d(f, 20) = ko[n(f,A0) — nmin(Ao)]h, where n(f, Ao) is
the local effective index of the artificial material at Ag.
Iluminated at another wavelength A, the artificial
material disperses and a new range of effective indices
is generated, as shown by the dashed—dotted curve in
Fig. 1. The relationship between the phase transfer
functions ¢ (f, A) and ¢ (f, Ag) is given by

ﬂ n(f7 /\) — nmin(/\)
A n(f’/\O) - nmin(/\O)

d(f,A) = ¢(f,A0). (1)

Without further assumptions, the calculation of
the diffraction efficiency spectrum is a difficult
task that can be attempted only numerically.
However, under the assumption that the ratio
[n(f,A) — Amin(A)]/[7(f, A)) — Nmin(Ao)] depends only
weakly on f (this assumption will be validated below),
an analytical treatment is made possible. When this
ratio is identified to the value given for the local
fraction of etched material corresponding to 7yax(Ao),
the relationship between ¢ (f, A) and ¢ (f, Ag) becomes

Ao An(A)

d(f,A) = ¢(f, A), (2)

where An(d) = npax(A) — nmin(A). The linearity
between ¢(f,A) and ¢(f,Ag) in Eq. (2) allows us to
follow strictly the method developed in Ref. 1 for
échelette-type DOEs with arbitrary phase functions.
Following Ref. 1, we obtain for the first-order effi-
ciency 1(A)

_ o[ 1 _ Ao An(Y) }
1n(A) = sinc [1 X Bn(ho) (3)
where the function sinc(x) = sin(7x)/(7x). Up to a

third-order approximation in (A¢/A),° the dispersion
relation of the artificial material can be written as

n(A) = n(A=) + na(As /A% + O(As/M)4, (4)

where n(A.) is the effective index of the artificial di-
electric in the static limit A — % and ng is a parameter
depending on the local fraction f. By use of Eq. (4),
An()) can be written as

An(d) =[(1 + a) — @(Ao/V)?]An(Ag), (5)

where o = {[nmin(/\O) - nmin(/\w)] - [nmax(/\O) -
Nmax(Ax)}/An(Ag). Substituting An(A) from Eq. (5)
into Eq. (3), one obtains, for the first-order diffraction
efficiency at A of an artificial material DOE blazed
at /\0,

n(A) =sinc?[1 — (1 + a) (Ao/A) + a(Ao/A)%].  (6)

Equation (6) shows that the spectral properties are
completely determined by a single parameter « that
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depends on the artificial dielectric structure (geome-
try, lattice constant, index contrast, etc.) and on the
important design parameters npin(Ag) and ngax(Ao).
The three physical quantities involved in « are shown
in Fig. 1.

The important properties that are summarized in
Fig. 2 are straightforwardly derived from Eq. (6). For
any value of a, 1 is a root of the third-order polyno-
mial in Ag/A in Eq. (6); i.e., the efficiency is 100% for
the blaze wavelength Ay. For a« = 0, Eq. (6) becomes
7(A) = sinc?[1 — (Ao/A)] and corresponds to the clas-
sical formula for conventional échelette-type DOEs.!
For a = 0 the polynomial has a single positive root A =
Ao: there is a single wavelength A = A for which ar-
tificial dielectric DOEs are blazed. More importantly,
two different positive roots (A1 = Ag and Ay # Ag) ex-
ist for @« > 0: artificial dielectric DOEs are blazed for
two different wavelengths. If these wavelengths are
close to each other (« is small), the component becomes
blazed over a broad spectral range. Positive values
of a are obtained for 7min(Ao) — Zmin(Ax) > Rmax(Ag) —
Nmax(Ax). This provides us with an important hint for
designing broadband blazing effects: the artificial di-
electric corresponding to nmax should be less dispersive
than the one corresponding to nyi,.

To test the validity of the approach presented above,
we confronted the model predictions with rigorous
electromagnetic computational results. For this
purpose we designed an artificial dielectric grating
composed of 35 subwavelength holes and 15 pillars
patterned in a homogeneous material (SigN4) with
a refractive index n, = 2.1. The inset in Fig. 3
provides an illustration of the geometry along with
the main grating parameters, A; = 0.51p, A = 251
and A = Ag/An(Ag) = 1.81g. The use of both pillar
and hole geometries is motivated by the realization
of relatively large a values (here a« = 0.39) for a
moderate aspect ratio (ratio of height A to the smallest
hole or pillar size), and the total number of features
per period has been chosen so that the numerical
computations present good convergences within the
scalar approximation (A >> A). Along the grating
period, the local fraction of etched material is selected
to generate a gradual effective-index variation from
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Fig. 2. Model predictions for the first-order diffraction ef-
ficiency of artifical dielectric DOEs for different values of
a. The dashed—-dotted curve (o« = 0) corresponds to the
efficiency of conventional échelette-type DOEs.
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Fig. 3. Validation of the model: efficiency of a blazed
binary grating for which a« = 0.39 and comprising both
cylindrical holes and square pillars. Solid curve, exact
calculation; dashed—dotted curve, model prediction. II-
lustration of one grating period (A = 251;) composed
of 35 holes and 15 pillars etched into a SigN, film and
illuminated from the SisN, substrate at normal incidence.
The sampling period is A; = 0.5X¢.

Nmin(Ag) = 1.57 (pillar width of 0.34 () to nyna.x(Ag) = n
(holes with null diameter). Once the grating has
been designed, the grating efficiencies in all trans-
mitted orders are calculated with the Fourier modal
method.! For the calculation, 111 X 11 Fourier har-
monics are retained. We estimate that the absolute
computational accuracy of all efficiencies is better than
0.01. The grating is assumed to be illuminated under
normal incidence from the substrate (n, = n, = 2.1)
with unpolarized light. The first-order efficiency
(normalized to the total energy diffracted in all
transmitted orders) is shown in Fig. 3, together with
the model predictions for @ = 0.39. Good agreement
over the full spectrum is obtained, showing a blazing
effect (n > 95%) over more than 1 octave. However,
there are also discrepancies. At blaze wavelength
Ao, the calculated efficiency does not reach unity.
The 2.5% deviation results from a slight shadowing
effect’ (<1%) because of the finite grating period
and from a high-order scattering effect (=1.5%) that
is due to a loss of validity of the artificial dielectric
approximation and geometry in a small zone at the
boundary between holes and pillars. These effects are
expected to vanish for larger periods A. For A < 0.7A,
the model underestimates the efficiency and does not
predict some small oscillations. For these small
wavelengths, not only does the third-order approxi-
mation in Eq. (4) underestimate the high dispersion
of artificial dielectrics but also the artificial dielectric
model ceases to be valid, since the subwavelength
structures support more than one propagative Bloch
mode® for some f values.

Until now the intrinsic dispersion of the base di-
electric material has been neglected. For small values
of A (A < 1.5A¢), the artificial material is highly dis-
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persive and the intrinsic dispersion can be neglected.
For example, the relative refractive-index variation of
SigNy is only 1% over 1 octave in the visible region
of the spectrum, whereas the relative effective-index
variation of the artificial material used in Fig. 3 can
be as high as 20%. For large values of A, the artifi-
cial material is weakly dispersive, see Eq. (4), and the
effect of the intrinsic dispersion is likely to be nonneg-
ligible. Since the refractive index generally decreases
as the wavelength increases, we anticipate an improve-
ment of the diffraction efficiency in comparison with
our predictions.

An approximate model has been introduced to
investigate the spectral behavior of DOEs composed
of highly dispersive artificial materials implementing
gradual effective-index variations from one side of a
zone to the other. The model predicts unique spectral
properties that significantly differ from those of con-
ventional échelette-type DOEs, showing the possibility
of designing DOEs with high efficiencies (>95%) over
nearly 1 octave. The predictions have been validated
by rigorous electromagnetic computations. This find-
ing may have important applications for diffractive
optical systems designed to operate in finite spectral
bands, especially in near-infrared bands II and III,
for which standard fabrication processes allow the
manufacture of deep etches in semiconductors with
high refractive indices, i.e., artificial dielectrics with
high dispersion.

C. Sauvan (christophe.sauvan@iota.u-psud.fr) is
grateful to the Délégation Génération de ’Armement
for his Ph.D. fellowship.
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