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Beyond the Rayleigh Criterion: Grating Assisted Far-Field Optical Diffraction Tomography
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We propose an optical imaging system, in which both illumination and collection are done in far field,
that presents a power of resolution better than one-tenth of the wavelength. This is achieved by depositing
the sample on a periodically nanostructured substrate illuminated under various angles of incidence. The
superresolution is due to the high spatial frequencies of the field illuminating the sample and to the use of
an inversion algorithm for reconstructing the map of relative permittivity from the diffracted far field.
Thus, we are able to obtain wide-field images with near-field resolution without scanning a probe in the

vicinity of the sample.
DOI: 10.1103/PhysRevLett.97.243901

Developing optical imaging systems with sub-100 nm
resolution stirs a considerable interest especially in the
nanotechnology and biology domains. The barrier to be
broken is the well-known Rayleigh criterion that states that
two radiating dipoles are distinguishable on the image of
their far-field intensity if their interdistance is greater than
0.6A where A is the wavelength of radiation. This intrinsic
limitation, caused by light diffraction, applies, in particu-
lar, to classic optical microscopes [1]. Shortening the
wavelength of radiation with immersion techniques [2],
the use of hemispherical prisms [3,4] or the excitation of
surface plasmons [5,6] has permitted the increase of the
power of resolution of these systems. Yet, due to the
narrow range of available transparent material in optics,
the power of resolution remains close to 150 nm for a free-
space wavelength of 500 nm. A similar result has been
obtained with the so-called silver superlens imaging tech-
nique [7]. The breakthroughs in high resolution optical
imaging have been obtained in near-field optical micros-
copy by scanning a probe in subwavelength proximity to
the sample [8], and more recently, in far-field fluorescence
microscopy by taking advantage of nonlinear effects [9]
and the use of structured illumination [10,11]. Yet, these
spectacular ameliorations of the resolution are achieved at
the expense of a certain readiness or versatility of utiliza-
tion, probe scanning, or need for fluorescent objects.

In this Letter, we propose an optical imaging system
dedicated to nonfluorescent objects that presents a
nanometer-scale resolution without resorting to probe
scanning or nonlinear phenomena. Our approach relies
on diffraction tomography principles, a relatively new
imaging technique in optics which is closely related to
that developed in the microwave or acoustic domains. In
an optical diffraction tomography (ODT) experiment, the
sample is illuminated by a laser beam along different
successive directions of incidence and the amplitude and
phase of the far field is detected for many angles of
observations. Note that the problem of measuring the phase
of the diffracted field in this configuration has been solved
experimentally with an astute interferometric setup by
[12]. The image, or map of relative permittivity of the
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sample, is then numerically synthesized from the diffracted
far-field data. The inversion algorithm uses the fact that,
under single scattering approximation, when a sample is
illuminated by a monochromatic plane wave with wave
vector ki", its diffracted far field in the direction given by
the wave vector k% yields the spatial Fourier transform of
the sample permittivity, &(k"™ — k%), Hence, in an ideal
optical diffraction tomography system with all possible
angles of incidence and detection, the resolution is about
0.3 A, already half that obtained with a classical microscope
[12]. From these considerations, it is easily seen that the
power of resolution of ODT is all the better than the spatial
frequency of the field incident on the sample is high.
Hence, it has been proposed to deposit the objects on a
prism and to illuminate them under total internal reflection
[13]. In total internal reflection tomography (TIRT), the
highest spatial frequency of the incident field in the plane
of the substrate is /A, where n is the index of refraction of
the prism. Recent numerical simulations have shown that,
in this case, a resolution of 0.6A/(n + 1) can be expected
[14]. Thus, to reach a power of resolution comparable to
that of near-field optical microscopes or saturated fluores-
cent microscopes, it is necessary to overcome the bounds
imposed by the available refraction indices in the optical
domain to generate high-spatial-frequency incident fields.
For example, this can be obtained with a combination of
ODT and near-field microscopy by scanning a diffractive
element in the near zone of the sample [15]. Yet, this
technique is still hampered by the need of moving an object
close to the sample. To the contrary, our approach does not
borrow any features to near-field microscopy inasmuch as
the near-field resolution is reached with a classical far-field
ODT setup [12,14] by depositing the sample on a periodi-
cally nanostructured substrate, see Fig. 1.

We consider a biperiodic grating that is illuminated from
below by a plane wave with wave vector k™ = (K, k')
where, the subscript || indicates the projection onto the
plane of the substrate while the subscript z indicates the
projection onto the normal of the substrate plane. The field
above the grating, for z > 0, can be written as a Rayleigh
series,
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FIG. 1 (color online). Geometry of the imaging system. the
objects are deposited on a nanostructured substrate and succes-
sively illuminated from below by eight plane waves. The inci-
dent angle with respect to Oz is always 80° while the incident
angle with respect to Ox varies with a step of 45°. The far field is
detected above the substrate along 64 directions equally spaced
within a cone of half-angle 80°. The sample is made of two
cubes with side A/20 and centers interdistance A/10.

E ref(khnc, T, 7) = Z EK(khnc l[(K+k1m) 1) +ik, z] (1
Kew

where W denotes the reciprocal space of the periodic
structure, k, = [kj — |K + kh“clz]l/ 2 with imaginary part
of k, positive, and the dependence in exp(—iw?) with ky =
27/ A = w/c is omitted. From Eq. (1) it is easily seen that
provided that E¢ does not decay too quickly with increas-
ing K, the field incident on the sample will present high
spatial frequencies. Now, to use the simple relationship
between the diffracted far field and the Fourier coefficient
of the sample permittivity, it is preferable that one order,
denoted by Eg_, be predominant in Eq. (1). One solution
consists in using the periodic nanostructuration as a grating
coupler for high-frequency surface modes such as those
supported by metallic films. Indeed, it is well known that
metallic layers support surface plasmons whose wave vec-
tors k, are all the larger than their thickness is small [16].
These plasmons can be coupled, via the grating, to a free-
space incident plane wave if there exists one vector of the
reciprocal space K, such that

k,~ ki +K.. )

Unfortunately, contrary to long-range plasmons, plasmons
whose wave vector modulus is much larger than the free-
space wave number k, present high losses. Hence, they are
difficult to excite even with an optimized periodic pertur-
bation. In all the structures we have studied, the field
amplitude Eg , which bears the signature of the plasmon
excitation, turned out to be comparable to the specular
transmitted amplitude E,. Hence, the relationship between

the far-field data and the permittivity is not as simple as in
the usual ODT, since the object is illuminated simulta-
neously by several plane waves. Moreover, due to the
interferences, the field intensity at the surface of the grating
is strongly inhomogeneous. To avoid the formation of blind
and bright spots, it is necessary to check that the average of
the illumination over all the incidences is roughly homo-
geneous within one period of the grating. This can be
obtained with a weak periodic modulation. Bearing these
requirements in mind, we designed a substrate consisting
in a 7 nm silver film, deposited on a glass prism, and
surmounted by a 7 nm layer of SiO,. This last layer is
etched periodically with square holes that are filled with
Ta,O5. Hence, the nanostructure is a phase grating with
relatively small contrast ngio, = 1.5, nry,0, = 2.1 and
presents flat interfaces. The square period d of the bidi-
mensional grating is 100 nm while the side of the holes is
67 nm and the free-space wavelength of illumination A =
500 nm. The short-range plasmon that can be excited with
this structure, taking nge, = 0.12 + 2.91i has a wave
number close to 6ky, much larger than that obtained with
usual plasmon-assisted sensors. The incident wave vector
is taken in the Oxz plane with an angle of incidence of 80°
that roughly satisfies Eq. (2) with K, = 2” X. To excite the
plasmon, the incident polarization is also in the Oxz plane.
We have used eight different illuminations by rotating the
incident plane of 45° about the z axis. In Fig. 2 we plot the
modulus of the field just above the grating for various
angles of incidence and we verify that, eventually, the
grating surface is illuminated rather homogeneously.

We have simulated a grating-assisted diffraction tomog-
raphy experiment with a rigorous numerical method based
on the coupled dipole technique. This tool permits one to
calculate the field diffracted by an aperiodic object depos-
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FIG. 2 (color online). Modulus of the field above the grating at
the altitude z = 10 nm for various incident angles. The projec-
tion of the incident wave vector onto the Oxy plane is repre-
sented by an arrow. One observes that the bright and dark spots
vary with the incident direction.
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ited on a periodically structured substrate [17]. The dif-
fracted field is evaluated (both in amplitude and phase) for
64 directions of observation homogeneously spaced in a
cone of half-angle 80° above the substrate for each eight
illuminations. The unavoidable experimental noise is taken
into account by corrupting the simulated data with an
additive complex uniform noise with an amplitude equal
to 10% of the diffracted field modulus. Then, the permit-
tivity distribution & of the sample is determined by mini-
mizing the cost functional [14],

:]:'(8) — Z ” F(kinc’ kdiff) _ E(kinc’ kdiff’ 8) ”2’ (3)
kinc’kdiff

where F is the “experimental”” data and E is the simulated
field radiated by the best available estimated permittivity €.
More precisely, we assume that the sample is included in a
bounded domain () above the grating (see Fig. 1) and ¢ is
deduced iteratively at the nodes of a regular meshing of ()
with a conjugate gradient algorithm. To speed up the
inversion procedure, E is evaluated under the extended
Born approximation [14] or by replacing the nanostruc-
tured top layer by a homogeneous film.
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FIG. 3 (color online). Map in the (x, y) plane at altitude z =
12 nm of the real part of the permittivity for various investiga-
tion domains () obtained with the inversion procedure from the
diffracted far-field data. (a)—(c) The objects are deposited on the
nanostructured substrate. (e)—(g) The objects are deposited on
the same substrate with the nanostructured top layer replaced by
an homogeneous film with same thickness and permittivity 2.25.
When present, the positions of the high index motif of the grating
are indicated with squares. The investigation domain volume is
64 X 61 X A/2in (a) and (e), /2 X A/2 X A/5 in (b) and (f),
and A/5 X A/5 X A/10 in (c¢) and (g).

In a first example, we study the image of two dipolelike
objects, namely, two cubes of glass with side A/20. The
interdistance between the cube centers is taken equal to
A/10, thus much smaller than the Rayleigh criterion. To
assess the role of the grating in the enhanced resolution, we
compare the reconstructed permittivity obtained when the
objects are deposited on the nanostructured substrate to
that obtained when the nanostructured top layer is replaced
by a homogeneous film with the same thickness and per-
mittivity 2.25. The inversion procedures in these two con-
figurations differ solely by the use of different Green
tensors for calculating the illumination and the far field
[14,17]. In Fig. 3, we present the map of permittivity
obtained with the inversion algorithms for different do-
mains () of investigation. In Figs. 3(a) and 3(d) the domain
Q) covers 64 X 61 X A/2 with a mesh side about A/2. The
reconstructed relative permittivity points out the ability of
our technique to localize the objects whatever the sub-
strate. Then, we diminish the size of the investigation
domain  to A/2 X A/2 X A/5 and we reconstruct the
permittivity over a meshing of side A/60, see Figs. 3(b)
and 3(e). We observe already that the reconstructed per-
mittivity is more accurate when the objects are deposited
on the grating than when they are deposited on the homo-
geneous metallic multilayer. To ameliorate further the
resolution, we focus in the zone of interest, indicated by
the white lines in Figs. 3(b) and 3(e), while keeping the
same mesh size. Indeed, decreasing the data-to-unknown
ratio generally allows one to improve the reconstruction.
With the nanostructured substrate, Fig. 3(c), the two cubes
are now clearly distinguishable while, with the layered
substrate, Fig. 3(f) the image is a nonsense that depends

FIG. 4 (color online). (a),(c) Map in the (x, y) plane at altitude
z =12 nm of the real part of the permittivity for different
positions of the objects with respect to the grating.
(b),(d) idem (a),(c) but with a smaller investigation domain
indicated with white lines in (a),(c). Ten different positions
and orientations of the objects have been studied. Sole the worst
and best reconstructions are presented.

243901-3



PRL 97, 243901 (2006)

PHYSICAL REVIEW LETTERS

week ending
15 DECEMBER 2006

=50 0 S0
x (nm)

—fOO 0 \ 100

FIG. 5 (color online). Plain lines in (a),(b) [(c),(d)] indicate the
real shape (permittivity profile) of the object. (a),(b) The
C-shaped object is deposited on the homogeneous layered sub-
strate. Map in the Oxy plane at altitude z = 4 nm of the real part
of the reconstructed permittivity for a C-shaped object deposited
on an homogeneous layered substrate, (b) plot of the estimated
permittivity along the dash line in (a). (c) and (d) same as (a) and
(b) but the nanostructured layer is replaced by an homogeneous
film as in Fig. 3.

strongly on the noise. This focusing technique can be used
to obtain wide-field images of more complex samples.
First, the objects scattered on the substrate are localized
with a coarse meshing, then, several disjoined investigation
domains with smaller meshes are generated about their
location to improve the resolution.

Since the nanostructured substrate is not invariant by
translation, it is necessary to check the influence of the
relative position of the objects with respect to the grating
on the resolution. In Fig. 4, we present the worst and the
best images that we have obtained for ten different posi-
tions of the cubes. It is always possible to distinguish
precisely the two cubes. The width at midheight of the
peaks is about A/12. This resolution is in agreement with
the criterion obtained in the TIRT configuration
0.6A/(n, + 1), where n, is the effective index of the
plasmon, k, = n,ky = 6k.

In a second example, Fig. 5, we present the recon-
structed permittivity of a C-shaped object with a relative
permittivity of 2.25. In Figs. 5(a) and 5(b) the object is
deposited on the homogeneous multilayer. One observes
that the shape of the object is not retrieved and that the
value of the permittivity is badly estimated. On the con-
trary, when the object is deposited on the nanostructured
substrate, Figs. 5(c) and 5(d), the topography of the object
is well described and the permittivity is accurately esti-

mated. The role of the grating is
demonstrated.

We have shown the interest and the feasibility of a
grating-assisted optical diffraction tomography experiment
for obtaining wide-field, highly resolved images. In our
imaging system, the grating is used as a delocalized probe
in order to generate evanescent waves with high spatial
frequencies at each point of the substrate. The reconstruc-
tion algorithm is simple and fast since linear inversion
using the extended Born approximation is sufficient in
most cases. The image resolution is not limited by the
wavelength of illumination but depends on the ability of
the grating to generate electromagnetic field with high
spatial frequencies. Hence, it is linked essentially to the
period of the grating. The proposed nanostructured sub-
strate can be realized with present nanolithography tech-
niques but gratings with period smaller than 100 nm
yielding better resolution could be envisaged in the future.
Last, our system can easily be adapted to fluorescent
imaging with structured illumination without saturation.
[11,18].
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