
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 17, 2017

Grating-assisted  superresolution of slow waves in Fourier space

Thomas, N. Le; Houdré, R.; Frandsen, Lars Hagedorn; Fage-Pedersen, Jacob; Lavrinenko, Andrei; Borel,
Peter Ingo
Published in:
Physical Review B (Condensed Matter and Materials Physics)

Link to article, DOI:
10.1103/PhysRevB.76.035103

Publication date:
2007

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Thomas, N. L., Houdré, R., Frandsen, L. H., Fage-Pedersen, J., Lavrinenko, A., & Borel, P. I. (2007). Grating-
assisted  superresolution of slow waves in Fourier space. Physical Review B (Condensed Matter and Materials
Physics), 76(3), 035103. DOI: 10.1103/PhysRevB.76.035103

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Online Research Database In Technology

https://core.ac.uk/display/13732799?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevB.76.035103
http://orbit.dtu.dk/en/publications/gratingassisted-superresolution-of-slow-waves-in-fourier-space(7c72eba0-e657-4f8c-b0e6-dae210bd8c51).html
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We present a far-field optical technique allowing measurements of the dispersion relation of electromagnetic
fields propagating under the light cone in photonic nanostructures. It relies on the use of a one-dimensional
grating to probe the evanescent tail of the guided field in combination with a high-numerical-aperture Fourier-
space imaging setup. A high-resolution spectroscopy of the far-field emission diagram allows us to accurately
and efficiently determine the dispersion curve and the group-index dispersion of planar photonic crystal
waveguides operating in the slow-light regime.
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I. INTRODUCTION

The optical information about an object resides in fields
radiating in the far-field and in evanescent fields, exponen-
tially vanishing away from the object. For some objects, all
the information is entirely contained in the evanescent fields.
This situation is found in many classes of structures of fun-
damental and practical interest, for instance, in nanophotonic
structures, such as dielectric nanophotonic wires,1 channel
plasmon waveguides,2,3 and photonic crystal �PhC�
structures.4–6 In this paper, we demonstrate a general way to
convert the information carried by evanescent fields into ra-
diative field suitable for far-field imaging. In a PhC, periodic
nanostructurations of the refractive index in a dielectric me-
dium give access to a large variety of original dispersive
properties. Such properties are characterized by the disper-
sion relation ��k�, in the same way as the energy band dia-
gram contains the essential information about the propaga-
tion of the electronic waves in solid-state physics. Molding
the dispersion relations is currently the object of intense in-
vestigations. One of the main driving forces is the achieve-
ment of nanophotonic structures with very slow-light
propagation.7–11

The characterization of nonradiative electromagnetic ex-
citations �i.e., waves whose wave vector k is larger than the
vacuum field wave vector kv� is difficult and requires com-
plex noninvasive techniques that probe the light with mini-
mal perturbation. Two main interferometric methods have
been used up to now. The first relies on the use of specially
designed structures and/or Fabry-Pérot interferences ob-
served in the transmission spectrum that allows the determi-
nation of the group-index ng and thus, by integration, the
dispersion relations.5,6 Such technique suffers, however,
from uncertainty on the absolute k value, as pointed out by
Notomi et al.5 In addition, the common use of access
waveguides may induce coupled-cavity effects that dramati-
cally complicate the analysis of the Fabry-Pérot interference
pattern, particularly in the slow-light regime where imped-
ance mismatch with the access waveguides drastically in-

creases. The second approach, which relies more on local
experimental techniques, is the heterodyne scanning near-
field optical microscopy �SNOM�.12,13 It is currently one of
the most commonly used methods because of its capability to
track the light pulses propagating in the structure and to im-
age objects of subwavelength size. However, the inherent
problems related to fiber-tip scanning over large areas, to the
heterodyne technique, and to the cumbersome numerical
postprocessing invite to explore an alternative physical pro-
cess able to probe the evanescent fields.

A far-field optical technique using attenuated total reflec-
tance �ATR� has recently been presented by Galli et al. to
investigate the dispersion of PhC waveguides outside of the
light cone.14 It relies on the use of a high index hemisphere
probing the evanescent tail of the propagating mode and con-
verting wave vectors below the light line into propagating
ones. By principle, the attenuated reflection method cannot
be directly used for the characterization of a structure oper-
ating under real condition, i.e., with the excitation beam
guided in the planar waveguide. Hemispheric lenses, suffer-
ing from intrinsic geometrical aberrations, are also unable to
achieve high resolution in the wave vector space, i.e., in the
Fourier space. As pointed by the authors themselves, the
alignments are extremely critical, the retrieved information
very sensitive to the coupling, and no benefit is really gained
from SNOM techniques from this point of view. As a result,
integrated converters of evanescent to radiative fields are
more appealing. Recently, gratings have theoretically been
proposed to image subwavelength objects beyond the Ray-
leigh criterion by using far-field optical diffraction
tomography.15

We will show that the intrinsic physical properties of
slow-light modes propagating below the light cone in planar
PhC waveguides can be measured precisely with conven-
tional Fourier optics. The main concept is to directly inte-
grate the evanescent wave probe, a grating, with the investi-
gated object, which permits to achieve a superresolution of
the slow wave in the Fourier space in real operating condi-
tion and without cumbersome adjustments. As a result, the
experimental dispersion curves for standard as well as for
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specially tailored single-line-defect �W1� PhC waveguides
are accurately determined, as confirmed by good agreement
with three-dimensional �3D� plane wave expansion model-
ing. A very narrow bandwidth excitation source and direct
k-space spectroscopy provide a fine analysis of the different
Bloch modes excited in the photonic structure. The k-space
spectral characteristics of forward and backward guided
modes, as well as propagating Bloch modes of the PhC con-
tinuum, are clearly separated. The accurate measurement of
the dispersion curve provides a precise determination of the
group-index dispersion.

II. THEORY

The most noninvasive investigation of the dispersion re-
lations of fields excited in photonic structures and propagat-
ing below the light cone is the detection of residual optical
losses resulting from disorder in the medium. Static defects
in the structure, considered as a small perturbation of the
dielectric function of the medium, induce optical losses by
scattering of the propagating field, e.g., a plane wave with
wave vector k�i. The angular spectrum representation of the
scattered field S�k� ,k�i ,�� in k space is generally related to the
incident wave vector k�i via the dispersion relation

S�k�,k�i,�� = �
r�n,r�m

f�r�n,r�m�exp�j�k�i · r�n − k� · r�m�� , �1�

with f�r�n ,r�m� being the complex amplitude corresponding to
the propagation between scattering events located at r�n and
r�m. In the first Born approximation, this expression reduces

to S�k� ,ki
� ,��= F̃�k� −k�i���� with F̃ being the Fourier transform

of the scattering potential. The ability to measure the
k� −k�i��� dependence versus the angular frequency � is the
key element in recovering information about the k�i��� rela-
tion in the light cone. The measurement of S�k� ,k�i ,�� for
each angular frequency � gives, in principle, access to the
dispersion curve ��ki� of the incident field, if f�r�n ,r�m� or the
scattering potential are known, which is not the case when
disorder is involved. In contrast to a random distribution of

scattering defects, the scattering potential F̃ is perfectly
known for a grating. As a result, ��ki� can be directly de-
duced from the measurement of S�k� ,k�i ,��, and the disper-
sion relation �Eq. �1�� translates in a straightforward wave
vector conservation rule between the incident wave vector
and the wave vector distribution of the scattered field k�dif f:

k� = k�dif f = k�i + mG� , �2�

with m being an integer and G� is the reciprocal lattice vector
of the grating. Using a near-field tip instead of random de-
fects, in order to probe information carried by the evanescent
field, also removes the uncertainty about the scattering po-
tential. It relies on the known transfer function of the tip and
on the intrinsic spatial coherence of the information extrac-
tion process.

We have combined the defect and near-field tip ap-
proaches by designing a linear probe grating �LPG� that
probes the evanescent tail of a PhC Bloch mode. The photo-
nic structures under investigation are conventional silicon-
on-insulator �SOI� W1 PhC waveguides16 and a special SOI
W1 PhC waveguide �SW1� where the first two rows of holes
adjacent to the W1 waveguide core have been modified to
achieve a slow-light regime with a constant group index over
a large frequency bandwidth,11 as shown in Fig. 1�a�. The Si
and SiO2 thicknesses are 338 nm and 1 �m, respectively.
The diameter of the bulk holes is 234 nm and the diameters
of the first and second rows of holes are decreased and in-
creased by 54 and 9 nm, respectively, compared to the bulk
holes. The triangular PhC lattice has a pitch a=370 nm. As
can be seen, a LPG was etched on both sides of the W1 guide
at a separation of ten rows from the core. Each elementary
cell of the LPG, consisting of a rectangular hole etched into
the top silicon layer with a pitch �=4a, acts as a local probe
that scatters the transverse evanescent tails of the propagat-
ing mode.

Figure 1�b� illustrates the theoretical dispersion curve of
the SW1 Bloch mode �dark line�. The Bloch mode propagat-
ing in the SW1 lies below the light line indicated by the
straight dash-dotted line. The slow-light regime with an ex-
tended bandwidth occurs at normalized frequencies u be-
tween 0.238 and 0.241 with a group index ng around 30
�regime II�, whereas for u larger than 0.243, the mode propa-
gates with a group index around 5 �regime I�. The scattering
process, governed by the wave vector conservation rule �Eq.

�2�� is illustrated with the arrow corresponding to G� . This
representation shows that G is large enough to have k�dif f
lying in the light cone. The selected pitch � of the LPG is
adapted to fold the first order �m=1� of S�k� ,k�i ,�� into the
light cone. As a result, the dispersion relations k�i��� of the
SW1 Bloch mode can be completely inferred from the

knowledge of k�dif f and G� .

FIG. 1. �a� Electron microscopy image of a SW1 waveguide
�see text� with the linear probe gratings at the waveguide bound-
aries. �b� Illustration of the folding of the theoretical SW1 disper-
sion curve �dark line� into the light cone �dash line�. Gray region:
region below the light cone.
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III. EXPERIMENTAL RESULTS

The emitted light is collected in the far-field from the
sample surface with a high-numerical-aperture objective �NA
�0.9� and imaged on a near-infrared charge coupled device
camera. The excitation of the photonic structure is produced
by a laser source tunable between 1.47 and 1.66 �m with a
narrow spectral linewidth of 0.001 nm. The detection of the
scattered light by the linear gratings, which act as a vanish-
ingly weak perturbation, is made possible, thanks to the high
sensitivity of the imaging setup. By design, the coupling of
the LPG with the Bloch mode, and consequently, the result-
ing distortion of the mode dispersion, can be as low as de-
sired.

The real space image of a 500 �m long SW1 excited at
�=1.514 �m is shown in Fig. 2�b�. An interference pattern
with complex spatial modulations is observed at the linear
grating position along the waveguide. At the line-defect po-
sition of the SW1, where the propagating Bloch mode is
confined, no noticeable light is detected in the image as the
propagation wave vector lies outside the light cone. The cor-
responding Fourier-space pattern in Fig. 2�c� is composed of
sharp vertical lines, labeled D1, Dr1, and D2, that are per-
pendicular to the energy flow direction. As illustrated in Fig.
2�a�, the Fourier image is located in the back focal plane of
the collecting lens. Thanks to the conservation of the parallel
component k� of the wave vector at the sample interface,
there is a unequivocal correspondence between a point lo-
cated at �kx ,ky� in this plane and the phase velocity of the
wave radiated from the sample. The imaging plane size is
restricted by the aperture of the collecting objective �red
circle�, associated with a collection angle of 130°, i.e., kmax

�

=0.22�2� /a�. The diffracted lines observed in Fig. 2�c�
originate from the out-of-plane scattering of the propagating
W1 Bloch mode at the LPGs. They are perfectly straight
�kx=constant� due to the one-dimensional �1D� symmetry of
the gratings; this also illustrates the negligible geometrical
aberrations of the optical system. When the angular fre-
quency � corresponds to the band gap region of the PhC W1
waveguide, they disappear, confirming that they are not re-
lated to leaky lateral surface modes or intrinsic eigenmodes

of the LPGs, which would be directly excited from the inter-
face at the W1 input. The periodic modulation observed
along the vertical direction of the lines results from the far-
field interference between the two linear gratings on each
side of the waveguide. It is assessed by the absence of the
modulation when the intensity emitted from one of the LPG
is blocked in an intermediate real space imaging plane.

Figures 3�a� and 3�b� show the far-field angular spectra
�intensity profiles of the Fourier-space images along the kx
direction� of the SW1, corresponding to the two different
regimes of the SW1 dispersion curve: regime I between
1.480 and 1.500 �m �normal regime� and regime II between
1.533 and 1.553 �m �slow-light regime�. In regime I �Fig.
3�a��, the observed spectral features exhibit a slight positive
spatial frequency shift with decreasing u in the case of D1
and D2 and a negative one for Dr1 and Dr2. The spatial
frequency gaps between the spectral lines D1 and D2, be-
tween Dr1 and Dr2, and between Dc1 and Dc2 �Fig. 3�b��
are exactly equal to the reciprocal lattice vector of the linear
grating G=2� /�. In regime II �Fig. 3�b��, the shift of the
peaks D1 and D2 with decreasing u drastically accelerates,
Dr1 and Dr2 are absent, and an additional broad feature ap-
pears for an excitation wavelength above 1.544 �m. The D1

FIG. 2. �Color online� �a� Schematic of the Fourier imaging
principle. �b� Real space near-infrared image of a 500 �m SW1
waveguide ��=1514 nm�. �c� Corresponding far-field image. Red
circle: Output pupil of the objective.

FIG. 3. ��a� and �b�� Far-field spectra of the SW1 waveguide at
different wavelengths in regimes I and II, respectively. Each spec-
trum is spaced by 2 nm wavelength step.
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and D2 peaks can be identified as the first �m=1� and second
�m=2� diffracted orders of the W1 guided Bloch mode dif-
fracted by the side coupled LPGs. The Dr1 and Dr2 lines are
located at opposite k position of D1 and D2, respectively,
and are not separated from these last lines by the reciprocal
lattice vector of the LPG. Moreover, the D1 and Dr1, as well
as the D2 and Dr2, undergo an opposite k variation with
varying u, which is impossible for frequency components
belonging to the same Bloch wave, as all the Fourier com-
ponents of a Bloch mode have the same group velocity. It
turns out that the sample has mirrorlike cleaved facets at
each end �the total sample length is around 1.5 mm�. As a
result of the reflectivity of these facets, Fabry-Pérot �FP�
fringes appear in the transmission spectra through the com-
plete structure �PhC waveguide+access waveguides� that can
be measured with conventional end fire setup. The Dr1 and
Dr2 lines originate from the backward propagating Bloch
mode resulting from the reflection at the end facet of the
sample. Note that in the current PhC structure, the group
velocity is positive for a wave scattered in free space with a
negative wave vector.17,18 As a result, the first order D1 of
the forward propagating wave D1 in the Fourier space is
located at −kx, i.e., its phase velocity is negative. The broad
peaks Dc1 and Dc2 originate from dielectric band modes,
i.e., from the emission of propagating Bloch modes excited
in the PhC continuum. The wave vector spectrum at �
=1.484 �m in Fig. 3�a� exhibits additional peaks near each
spectral feature. These peaks come from the resonant excita-
tion of a 1D Bloch wave of the LPG. In Fig. 3�b�, the gradual
decrease of the collected intensity of the D1 line in regime II
comes mainly from the drop of the modal coupling efficiency
at the SW1 input.

We have plotted in Fig. 4 the experimental dispersion
curves of the SW1 and the reference W1 standard waveguide
deduced from Fig. 3. The curve labeled “SW1 even” de-
duced either from the D1 peak or from the D2 peak and the

curve labeled “SW1 slab” from the Dc1 or Dc2 peak. The
theoretical dispersion relations calculated with the 3D plane-
wave expansion method are in excellent agreement with the
experimental dispersion relations. From this figure, we see
that the entire first Brillouin zone of the PhC waveguide is
explored, thanks to the use of the LPG probe. To infer the
dispersion curve below the light line from the wave vector

conservation rule �Eq. �2��, only the LPG parameter G� is
required. The figure on the right shows the experimental
group-index dispersions curve ng���, deduced from Fig. 4,
which is in good agreement with the theoretical one.

In Fig. 4, the dispersion curves of the reference W1 wave-
guide mode and of the SW1 even mode are only plotted for
wave vectors below 0.40�2� /a� and 0.46�2� /a�. Beyond
such limit values, which correspond to group index as high
as ng�100, several extra lines appear in the far-field spectra.
As a result, the dispersion curve of a true guided mode can-
not be determined unambiguously. In addition, the field in-
tensity profile along the LPGs, which is continuous for
ng�100, as shown in Fig. 2�b�, becomes strongly discon-
tinuous for ng	100. We attribute such observations to the
PhC structural disorder which induces localization in one-
dimensional structures. The limit of the experimental disper-
sion curves in Fig. 4 highlights the transition between a true
propagating mode whose field pattern should extend along
the whole PhC waveguide and a set of localized modes in the
PhC waveguide due to disorder. The effect of nanometer
scale disorder in one-dimensional slow-light waveguides has
recently been investigated theoretically in Refs. 19 and 20.
Such calculations lead to the conclusion that 100 nm wide
waveguide requires 1 nm uniformity to achieve ng=100 due
to localization in agreement with our experimental results.
We would like to point that the experimental determination
of the group index ng in the very slow-light regime
�ng	100�, which is one of the main interesting parts of the
dispersion curve, can lead to misleading interpretations due
to the one-dimensional localization effect. As an example,
the ATR technique proposed by Galli et al.14 is unable to
distinguish between a true propagating slow mode and a lo-
calized mode due to the disorder. Probing a localized mode
with ATR measurement would also result in a flatband, as
observed in the paper of Galli et al. in the top right of Fig. 7.
We believe that the group index as large as 1000 and the
experimental determination of the dispersion curve up to
Brillouin zone boundary 0.50�2� /a� reported in Ref. 14 can-
not be unambiguously attributed to a true propagating mode.
In contrast, the imaging far-field technique that we propose is
able to assess the onset of the localization-delocalization
transition in photonic waveguides. Note also that up to now,
the best slow-light group index achieved in W1 silicon wave-
guide, with state of the art technology by Vlasov et al.,6 was
as low as 150 in real condition of operation.

IV. CONCLUSION

In conclusion, the design of a linear grating, acting as a
near-field probe, enables us to recover with far-field optics
the dispersion relation of Bloch waves propagating below the
light cone. The fine spectral analysis provides a deep physi-

FIG. 4. Left: Experimental dispersion curves of the reference
W1 waveguide mode �dark squares�, of the SW1 even mode �open
circles�, and of the dielectric band �open squares�, with error bars
corresponding to the linewidth of the modal spectrum. The gray
dashed curves and the dark dotted curve are theoretical 3D plane-
wave expansion calculation of the SW1 and of the reference W1,
respectively. Right: Theoretical �gray� and experimental �black�
group-index dispersion curves.
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cal understanding of the dispersion relation from experimen-
tal measure. Such a technique will be of great interest, e.g.,
in characterizing the effect of special designs of the disper-
sion curves on slow-light propagation or nonlinear interac-
tions. This also demonstrates that the information carried by
evanescent waves can be transferred in an efficient, robust,
and accurate way into propagating waves, which is a key
element in achieving an optical resolution beyond the classi-
cal diffraction limit. Finally, note that our approach demon-
strated in the 1D case can be easily extended to two dimen-
sions by superimposing a shallow etched probe grating
directly on top of the object.
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