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Metallo-dielectric superlenses transfer subwavelength-scale information without magnification. The so-called
hyperlenses additionally magnify, transferring images into traditional far-field optics. We target hyperlenses based
on the “canalization” phenomenon in an array of wires, modified to form an open fan, also called “endoscope.” We
use an integrated optics design with silicon wires, fed for instance by grating couplers, accessing gold wire fans.
This alleviates the need to care for wire length. We explore a regime where we do not only image a near-field
source, but where we image illuminated nano-objects, as done in microscopy, light being fed by a second fan
before the object plane. In order to counter the low contrast from illuminated nano-objects, we propose here a
dark-field hyperlens concept: We show that the illumination fan can be fed so as to get a dark output for a “void”
object field, as occurs in the eponym microscopy method. We obtain, at a wavelength as large as 1200 nm, a

well-resolved imaging capability for a scene of two 30 nm silicon particles. © 2012 Optical Society of America

OCIS codes:

1. INTRODUCTION

The extension of the concepts of optical/spatial information
transfer to the subwavelength scale (SWS) has been boosted
in recent years by innumerous near-field techniques, contri-
buting to nano-optics [1]. Superlensing phenomena made pop-
ular after Pendry’s proposal [2], showed that longitudinal SWS
information transfer was possible with metallo-dielectric
(MD) structures, even though the field exponential growth/
decay and the losses involved some limits [3]. It then became
logical to introduce the equivalent of traditional microscopy
imaging in the form of a transfer of several parallel informa-
tion in an object plane from SWS to superwavelength scale,
hence the hyperlens. Unlike the many single-tip-based techni-
ques such as scanning-near-field optical microscopy [SNOM,
Fig. 1(a)] that only achieved that job for a single “pixel” at a
time at the tip apex, a hyperlens may transfer information si-
multaneously from an “object field” that comprises many
degrees of freedom, addressing them to many “pixels” at the
camera end of a typical setup. Following the exploration of
metamaterials, the two main flavors of hyperlenses to date
[Fig. 1(b)] have been based on either the “canalization” phe-
nomena from an array of metallic wires (see below) or on
curved MD stacks [4]. In the latter, the hyperbolic dispersion
of MD flat superlattices can be used to address different
wavevectors well in SWS regime as a function of frequency.

In the case of “canalization,” whose operation is more ob-
vious, wires or tips carry free charges and transfer SWS fields
along their surface [5-19], with a resolution limited by skin-
depth. There have been several studies to assess the degree
of information transfer without mixing, and notably the pertur-
bation caused by the change of impedance at the wire ends,
making their length crucial in the abrupt-cut conditions. One
simple reason is that it behaves as a very particular Fabry-
Perot system, given the special dispersion that turns out to be
invariant for any of its spatial harmonics [20]. This makes it pos-
sible to also envision imaging inside such wire arrays [20,21],
an attractive option for THz or microwave wavelengths,
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providing also physical inspiration for hyperlenses in general.
Comparatively few studies [9,10,12] have addressed the mag-
nification regime, but its main ingredients are similar, and it is
obviously most critical on the object side. The term of endo-
scope [22] was coined for such “fans” of wires. Related realiza-
tions were studied in the acoustical regime [23]. It is clear that
the relative growth of the skin depth to wavelength ratio in the
optical regime makes it more difficult to avoid mixing across
wires at shorter wavelengths. But the recent trends of metama-
terials toward optical frequency operation, making the best use
of the role of surface plasmons (SP) [24,25], suggests that
well-designed systems may acceptably perform.

Demonstrations to date have emphasized the hyperlensing
magnification of SWS sources, or of objects with a relatively
large cross-section such as full metal lines of 35 nm in the pio-
neer case [4,26]. However, the process of imaging illuminated
nano-objects and reading out the SWS information, in a man-
ner truly parallel to standard microscopy, has not been satis-
factorily achieved. One simple reason is that the cross section
of such SWS objects is small.

The largely historical attempts to image faintly scattering
objects have given rise to “dark-field” techniques (see [27]
for instance), [Fig. 1(c)].

The oldest ones, still much in use, amount to illuminate only
at large transverse wavectors k|, say k| > NAk, (k, = 2z/2
vacuum wavevector, NA numerical aperture), and discard
direct (or specular) rays, collecting only rays at k| < NAk,.
Among the recent notable successful attempts, [28] has pro-
posed the use of a Michelson interferometer, which amounts
to a homodyne scheme whereby a reflected wave is read with
a signal-to-noise ratio scaling like its amplitude reflectivity r
and not as the |r|? scaling for standard direct detection. Quick
and sensitive detection of virus-size particles was demon-
strated. Infrared mapping of viruses was also done [29], but
with a tip having a ~15 nm apex, hence slowly.

To further add SWS resolution to any such scheme, we have
had in mind the remarks by M. Fink and co-workers [30],

© 2012 Optical Society of America
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(Color online) Common and proposed microscopy principles: (a) SNOM scans a subwavelength-sized tip on the objects; (b) subwavelength

imaging makes use of canalization along metal wires without or with magnification (with a fan of wires), or of rolled hyperbolic materials;
(c) dark-field microscopy uses oblique illumination not detected in direct path, and captures scattered light only; (d) the proposed dark-field
hyperlens aims at implementing the same principle between two fans of wires.

prompted by their studies on time-reversal imaging in acous-
tics, implying that the usual resolution limit (Rayleigh criter-
ion) can be ascribed to the smooth shape of the Green
function in vacuum/uniform medium (the “background” of
the objects to be imaged), and that consequently, a SWS struc-
tured Green function is needed to beat it. There are indeed
several structured illumination/structured medium schemes
currently reported, among which we can cite grating-induced
high resolution imaging proposals [31], intimately and clev-
erly structured anisotropic media [32,33], or use of localized
vibrating motion for a similar purpose [34].

In our case, the structure comes from the simple juxtaposi-
tion of several tips in the vicinity of the imaging field (2 x 7
metallic tips here, addressed through 2 x 6 silicon wires).

Even though the Green function of such an ensemble
Gr(x,2,w) between a point x of the object field and a point
«' of the exit (~image field) can allow SWS imaging, it will in
general not yield a big signal change between a void object
field and an object field with a SWS particle in it, because
the image is already “bright.” While in usual optics, dark-field
is nearly as easily done in reflection and in transmission, we
believe it is difficult to cancel reflection at all in the case of
generic MD structures. Therefore, we focus on transmission
dark-field, attempting to cancel the output signals in the ab-
sence of particle. This defines the “dark-field hyperlens” con-
cept sketched in Fig. 1(d), and that is detailed below. Given
the dark background, we get a large relative signal even for a
single dielectric particle in the object field with index ratio
over background of less than 2.

In other words, in usual dark-field imaging, the input field is
arranged so as to give negligible light in the detecting channel
through the device, usually by a simple mean such as annular
lighting, attempting conversely to collect light scattered in the
field of the lens for detection. In general terms, it is a restric-
tion among the possible waves impinging on the device,

further broken by the scattering particle. We attempt to have
the same result of negligible light in the detecting channel and
broken restriction by a particle, but the price we shall pay to
reach the subwavelength regime will be a more complex input
field arrangement, and a more demanding work to interpret
the scattered light pattern back into the position of single
or multiple particles in the field.

2. DESCRIPTION OF THE DEVICE

We now turn to our specific proposal of a transmission dark-
field hyperlens (TDFH). We address the object plane with two
facing fans of metallic tips in the spirit of the works by Belov’s
team [5-10,12-19], also termed endoscope [22] and sketched
in planar form in Figs. 1(c) and 1(d).

We assume such tips to be laid over a silica substrate, as
shown in Fig. 2(a), and to be eventually embedded in silica,
so our background index is ng = 1.5. A similar index ng ~
1.35 - 4 would be a plausible situation if we were sensing a
fluidic channel for instance, immobilizing particles of interest
in the object plane. To “optically contact” these metallic tips in
the xy plane, we could use specific plasmonic couplers from a
top direction (z), analogous to those popular for Sol chips
[35-37]. We prefer an arrangement where we first feed larger
silicon wires with such well known grating coupling solutions
and next couple these Si wires to the metallic tips.

Thus, in the rest of this work we simplified the situation to a
2D xy plane. We believe that this does not affect the operation
principle that we are going to detail. For instance, we will
need phase control of the individual tips, which would be
easily implemented with silicon wires and existing modulating
solutions developed for instance for heterodyne detection in
silicon photonics [38—41]. Exits are similarly described here in
2D. But they could be arranged to get light outcoupling
directly under a microscope so that some equivalent image
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of the particles inside the working area between the two fans
would be readily available to the user, a direct image for quick
access, producing later a more precise treated image accord-
ing to the principles detailed below.

To transit between a signal in a Si wire and a signal in a gold
wire that can address the SWS, we make use of the staggered
fans depicted in Figs. 2(b) and 2(c) below. They are based on
the work by Han et al. [42] whereby the strong field of the TE
polarization surrounding the sides of the tip naturally be-
comes the field corresponding to the surface charges between
the two subsequent metallic surfaces. Little reflection occurs
in these conditions.

The silicon tips can then be tapered [Fig. 2(c)]. The limit to
confinement and resolution essentially comes from the skin
depth of the metal [6], on the order of 15-20 nm in the near-
infrared range. The metal tips cannot be shrunk much below
without compromising the SWS local concentration of field
needed to achieve a “landscaped” Green function and in turn
a SWS imaging (SWSi) capability.

As for the gap between the two facing fans, we have to
leave less than a ~50 nm gap to be sure that the working plane
of the system (the device central axis x = 0), is able to couple
local scale information to the fan of tips. This departs from a
ray-tracing intuition whereby the two fans’ centers would be
collocated at some central focus.

Another aspect of the range investigated here is that it
allows adjacent tips to mix their information along the propa-
silicon tips because we position them as close as possible
from the objects to minimize losses. This is very analogous
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Fig. 2. (Color online) (a) Fan of metallic tips addressing a central
“object plane,” where particle detection is desired, at subwavelength
scale. (b) The fan of seven tips can be addressed through six silicon
wires 1...6. Light in these wires can further be in- or out-coupled in the
far-field and the outside world through gratings on them. (c) Magnifi-
cation of the dashed rectangle area indicated in (b): transition be-
tween the metal and silicon parts. The field is confined between
the metal tips (the so-called MIM configuration) and this information
is further transferred to the quasi-TM modes of the silicon wires,
whose field is also prominent outside them.
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to what has been documented at the “star-side” of waveguides
arrays in well-documented phasar/AWGs devices [43]. Given
this state of matter, we will call in brief “tips” also the silicon
photonic wires, even though each of them topologically ad-
dresses two metallic tips: the extra photonic mixing complexi-
fies the situation, so that, as far as imaging is concerned, we
will eventually have to revisit the concept of a point spread
function in our specific context. We will see however that with
the help of dark field, SWS information can still be obtained.

3. ENGINEERING THE DEVICE’S GREEN
FUNCTION

To study this system, we now launch fields in each silicon tip
(#1 to #6) in the form of the local calculated TE profile for a
silicon waveguide of constant width and x axis. We use only a
2D finite-difference time-domain (FDTD) method without dis-
persion and a single polarization, by using a corresponding
effective index that accounts for the vertical confinement.
The silicon index then becomes 2.8, typical of silicon photo-
nics with silicon thicknesses of ~220 nm,while the metal in-
dex is taken as a Drude metal with Au characteristics from
Johnson and Christy [44] fitted at vacuum wavelength
A =1200 nm. The FDTD grid was taken quite small (down
to 3.0 nm). Nevertheless, the discretization of oblique walls
in FDTD is well known to produce hot spots. We will discuss
below the role of these “constant imperfections” in the simu-
lation. The role of irregularities in superlensing phenomena is
being studied with interest [45] as it could be partly positive.

As a first step, when we launch as an excitation a guided
field in the ¢th tip (¢ = 1to 6) on the left of Fig. 2(b), we collect
light at all six receivers situated at the end of the silicon tips #1
to #6, which altogether collect most of the light propagating
to the right side of our device. This collection is also quanti-
fied as a projection on the local guide mode. The complex
field amplitude retrieved by such a procedure at the jth out-
put (the local complex amplitude of the guided mode) can be
written E(i,7, w).

Then, by analogy with genuine continuous Green functions,
we can say that E(i,j,w) represents a discrete version
Gr(1,7, w) that we can still call the tip-to-tip Green function
of our ensemble [Fig. 2(b)] between any two tips Tip; on
the entrance, left side, and Tip; on the exit, right side.

We are now equipped to implement the dark-field operation
principle: We collect the information at the exit of only the
four central tips 2...5 and let the two extreme ones “dissipate”
illumination as in Fig. 1(d). In a sense, we remain with 4 de-
grees of freedom. Four “pixels” are few when it comes to ima-
ging, but it makes our structure distinctly different from the
SNOM-type single-tip SWSi generally requiring a scan of the
tip. We then target the cancellation of the exit field in the ab-
sence of objects in the field, by properly choosing the complex
amplitude of the local waveguide mode sources. At the pre-
sent stage, we demand this cancellation only at one particular
frequency wq,,x, but this is limited only by the ability to control
phase and amplitude of each frequency with standard spectral
resolution. Because there are six input tips and four exit tips,
we may set two of these amplitudes E; to unity or any similar
constraint, and determine the four other complex amplitudes
such that the four exit ones are cancelled, making for our SWS
dark-field hyperlens.
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In an ideally symmetrical layout, there would also be strong
symmetries of the source amplitudes resulting from this pro-
cedure. However, due to the buildup of hot spots along the
meshed MD interfaces combined with the FDTD mesh asym-
metry (which we did not control), and the sensitivity of nar-
row gaps of MD structures in general, a substantial absence of
symmetry can be observed, for instance in the Green function
Gr(7,7, w). This issue could be thought to affect the realization
of a dark-field, but we can still have an acceptable cancella-
tion and confirm that the principle is quite general. We even
believe that it is useful to deal with such substantial imperfec-
tions, because they would also occur in practice. This means,
for the time being, that the Green function would be device-
dependent and that the dark-field condition would have to be
trimmed individually in each device, solving a linear signal
processing problem of known nature. In our case, based on
an examination of the Green function, we actually imposed
power on tip #3 (of 6) as unity, we next forced tips #2 and #5
to have opposite amplitudes following the general idea of
cancellation in the center of the device (similar to Zernike’s
strioscopy in far-field imaging), and we then adjusted the re-
maining four complex amplitudes by standard linear algebra.

In practice, this could be accomplished by feeding the six
input waveguides from a single on-chip laser source, followed
by 1x 6 splitters, variable optical attenuators and electro-
optical phase shifters. Such integrated building-blocks are
commonly present in currently developed photonic integrated
circuits (PICs) for telecom applications in order to develop a
complex phase-amplitude modulation format [46].

The result can be seen in Fig. 3(b) in the form of a color
map of the outgoing flux in the six exit tips as a function
of frequency in the spirit of spectro-imaging. The two side tips
are also shown. They carry a lot of field, just as a dark-field
lens would in its outer ring. It is seen that at the wavelength
of Agarx = 1200 nm the power is indeed zeroed in the “dark
field” compared to all nearby wavelengths (wavenumber
Cgark = 8333 cm™!, we use wavenumbers since the Fourier-
transformed FDTD output is linear in frequency). Being in
principle a linear algebra problem, we should get a perfect
cancellation. However, remember that the simulations are
made in the time domain, and that small errors are then com-
bined in a not so trivial fashion. As a result, we observe that
the linearity of the FDTD is slightly imperfect in the frequency
domain, but that it is still sufficient here to get ~1:100to 1:10
cancellations for the four tips: the worst case is tip #5, which,
being situated close to the brightest tip #6, probably gets some
influence from the nonlinearity of numerical origin. We did
not attempt to fine-tune further the sources since in practice,
such imperfect cancellation could also arise. (We remark
about these cancellation effects that operation with a feed-
back loop insuring such a cancellation in the presence of ob-
jects would probably retrieve an even better information than
the dark-field readout detailed here, but it is more complex to
implement yet). The spectral range where cancellation occurs
is of about 1-2% width, say 15-20 nm, suggesting that control
over a broader band would be practically feasible. This width
is related to the phase sensitivity along the few microns total
path, a path which is long enough to produce such variation
for modest number of round trips.

There are also substantial losses in our non-optimized de-
sign. The power flux in the two extreme bright tips #1 and #6 is
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Fig. 3. (Color online) (a) Principle of the dark field configuration: the
illumination is coherent in the six wires. In an ideal structure it would
be antisymmetrical. In an imperfect structure, the field phases and
amplitude are adjusted so as to minimize the field of the four central
exit channels, not constraining light in the two outer tips. (b) Spectro-
imaging color map of output fluxes versus wavenumber. If fields are
adjusted for a single wavelength (here A = 1200 nm), the field remains
“dark” in a spectral region of 1-2% width. Minimization is seen to be
imperfect for tip #5 on account of its proximity with the brightest
channel.

about 102 (-20 dB) times the power launched at the en-
trance. It is somewhat ambiguous to define transmission of
such a device, however, as the conditions imposed may well
have caused reflection. If we attribute one half of this number
to each of the traversed fan, the resulting —10 dB transmission
per fan is not very surprising for a hyperlens in this wave-
length range. Our guess from case studies is that some 4-8 dB
may stem from the metal losses, while the rest plausibly
comes from imperfect coupling from silicon to metal and of
the “scattering” nature of the central zone, partly radiating
outside the exit fan.

4. IMAGING AND SIGNAL PROCESSING

Our purpose is now to use the signal detected at the output
tips in order to estimate the location of nanoparticles in the
active region of the device.

In practice, we have to collect optical information in the
form of the complex amplitude at the six silicon waveguides.
This could be done after outcoupling to air or fibers, but, as we
shall see that correlation processing is welcome, collection
could be made on the chip, by using the same kind of telecom
PICs building-blocks (for amplitude and phase control) that
were indicated to fabricate the input signal of interest [46].
Then the correlation would essentially amount to detecting
the beat note of each collected signal with a signal derived
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from the original laser with the adequate phase and amplitude.
These phase and amplitudes would be those detected for a
single particle travelling in the “object plane,” as we study
in the following paragraph.

Let us first consider a single silicon particle of 30 nm
(square shape, n = 2.8) that is moved through 43 positions
from y = -110 nm to ¥y = +100 nm by Ay = 5 nm steps, as
depicted in Fig. 4(a).

As hinted above, such a particle could be a nonfluorescent
label in a fluidic channel for on-chip biomolecular recognition
experiments. Such a particle moves in a constrained way
along the channel axis, and we want to track one or several
such particles with subwavelength accuracy. The output sig-
nal of the six tips for the 43 considered particle positions is
represented on Fig. 5. The expected ideal “geometric” image
of the particle, i.e., the image for a perfect canalization
scheme, would lie on the black dashed oblique line. Therefore,
we see that there is no good “point spread function” for this
system, since the signal is very variably located with respect
to the geometric image. Nevertheless, we can reasonably
guess that the particle position information is acceptably
preserved, be it spread among the four complex numbers de-
picting the dark-field output from tips #2 to #5. How unam-
biguously a single particle position can be retrieved by
inversion depends on how well the problem is “conditioned.”
We do not go into these signal processing aspects here, even
though they would be eventually needed to assess the ultimate
resolution. Let us work out nevertheless a first step in the
form of single-particle correlation function as an extended
version of such correlation will be relevant to the rest of our
demonstration. .

Let us assume that we observe an output signal vector £ =
(B, ...,E5)T at the four “dark field” tips (the superscript de-
notes vector transposition). A basic correlation procedure for
estimating the position of a single randomly situated particle
from this data is to compare it to the reference data E’(yj)

(a) Single particle scanned along y

ss ék
751——7 ;i):Ir:
/\
(b) Two silicon particles P1and P2
Pl:;xjjanned§£é> Dark
alongy s/ﬁeld

Fig. 4. (Color online) (a) Reference configuration: a single particle is
scanned through the “object plane,” with a 5 nm step, yielding N; com-
plex “images” that are read at the 4 exit channels. (b) Situation used to
probe hyperlens dark-field imaging: one particle P1 moving as in the
reference case, the other particle P2 immobilized at 5 nm above the
y = 0 axis.
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Tip number

particle position (nm)

Fig. 5. (Color online) Hyperlens field modulus |E| at the 6 exit tips at
Agark 10 @ color map for a single Si particle, as a function of particle
position. The dashed tilted line represents the expected “geometric”
image position, going linearly from one extreme to the other extreme
tip of the field.

where y; represents one of the 43 positions in Fig. 5. A pos-
sible way of making this comparison is to compute the scalar
products E+ E(yj), and select the position estimate g that
maximizes this product:

7 = argmax,[E*E(y,)), M

where the superscript 4+ denotes transconjugation. Normali-
zation of single-particle data simply reads E_"(yj) + E'(yj) =1
To validate the feasibility of this technique, we have repre-
sented in Fig. 6 the cross scalar product between the signals
E(y) for each pair of positions (y;1,¥;2):

A(yjh yjz) = E+ (yjl)E’(ij)- 2

We observe that this function decreases rapidly away from
the diagonal, showing the relevance of this correlation to es-
timate the position of the particle. We can observe some local
maxima in nondiagonal positions that could lead to estimation
ambiguities. They can be overcome in practice if the detection
scheme has a sufficient signal-to-noise ratio, or by enforcing
trajectory consistency when a particle is being tracked.

However, this alone does not prove SWS imaging because
if we have two particles in the object field, we have in this
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Fig. 6. (Color online) Self correlation of single-particle fields,
peaking at unity on the diagonal.
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particular hyperlens as in many other ones, no insurance that
the scattered fields by a given particle do not again interact
with other particles being imaged, because of the highly scat-
tering nature of the object field region with its many SWS tips.
This is unavoidable insofar as a structured Green function is
desired: If it is introduced by a physical structure such as the
metallic tips, here, it will lead to some degree of multiple scat-
tering. Therefore, our next task is to assess what happens
when two particles are present in the object field.

Let us thus consider the two-particles scenario illustrated in
Fig. 4(b): Particle P1 does not move and remains in front of the
third metallic tip from top, whereas particle P2 moves through
the entire field of view. The observed output signal through
the six field exits is plotted in Fig. 7, as was done for a single
particle in Fig. 5. A central signal persists on tip #4, which
stems from the extra fixed particle, and the main features
of Fig. 5 such as the two lobes at extreme P2 positions
(~-80 nm and +80 nm on tip #2 and tip #5, respectively)
can also be identified. However, the field is more complex,
and as expected, it is not the addition of two single particle
fields.

To retrieve the information of the two particle positions, we
have nevertheless attempted to make use of single-particle
fields. If this is successful, it shall show that multiple scatter-
ing remains in acceptable proportion, and that single scatter-
ing, the basis of imaging, is the main operating mechanism of
the dark-field hyperlens proposed here.

In order to estimate the respective positions of the two par-
ticles, we perform the scalar product between the output sig-
nal obtained with two particles, and the superposed fields of
two single particles at any two positions. We drop the indices
71 and j, for simplicity and denote the particle positions by
indices 1 and 2:

EPPO gy o) = E(yy) + E(ye). )

If there were no multiple scattering, the two would be iden-
tical, and the notion of a point-spread-function (here a coher-
ent one) could be somehow restored. But this is not the
case. What we can hope, nevertheless, is that the field
(¥;.y,) most resembles E

E‘:two.actual superposed

(y1,ys) for those

4000
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Tip number

1000

-100 -50 0 50 100 °

particle 2 position (nm)
Fig. 7. (Color online) Hyperlens field modulus |E| at the 6 exit tips at
Agark, I @ color map, for two Si particles, as a function of particle
position. The dashed lines grossly represent the two expected “geo-
metric” image positions, which may substantially differ from the signal
peaks (see Fig. 5).
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position pairs (y;,y,) which are as close as possible to the
actual positions (v}, ¥5). For our case with 43 different posi-
tions of P2, this means that, for each of them, we look in a set
of N2 = 432 = 1849 superposition cases which fits better in
terms of the scalar product magnitude of the superposed field
and the actual field:

’ ’ o~ 2d o X 1, 4 ’
B, Y2, Y. Ys) = |E™PP gy, y0) TE™ON N (1 )]
. . voactual, ) )
= [E@) + E@)I E™ "0, )l (@)

We thus calculated this quantity for the 43 simulated
{fixed P1 + moving P2} situations of Figs. 4(b) and 7. Then,
to get a “presence probability” for each of them, we sort
among the N2 results a reduced subset of the best ones,
and attribute a “presence coefficient” at their associated
(Y1 Y2)superposed POSItions. Such an estimator can be called the
“intensity” or a pseudo-intensity, forming the pseudo-image of
the two particles, discretized at the various positions I;. We
have thus taken the N best results after looking at similar pos-
sibilities such as N2 and 2N. N out of N? is a reasonable
guess to locate the expected particles with 1/N relative accu-
racy, i.e., an accuracy of one position out of the N pixelated
ones. We then form for each of these N guesses a contribution
to I; at the two positions corresponding to the particle pair
(Y1, y>). This is somewhat in the spirit of a histogram. We take,
however, for these contributions a decreasing “presence coef-
ficient” C,,, diminishing from C; = 1 for the best B value
(m =1) to Cy ~ 0.1 for the Nth one. This use of N out of
the N2 generated data retrieves a smoother distribution I;
than the best guess alone (i.e., the best pair position), and
we argue that it gives qualitatively a better account of the ima-
ging capability of the device, notably in the presence of noise.
For instance, by cumulating information from several second-
ranked B values, we hope to more safely catch the case of
particles at the actual position (y),%;), but whose signal is
lowered due to coherent multiple scattering. As for the large
amount of treatment that this retrieval seems to involve, it
should be remarked that we are dealing with a correlation cal-
culation that could be performed on the chip, much as coher-
ent detection is practiced in coherent receivers for optical
communications, and thus involving the same means that
we invoked to make plausible the capability of mastering sev-
eral phases and amplitudes on the tips of the illumination side
of our proposed dark-field hyperlens.

The result of the procedure, a pseudo-intensity map I; for
each of the 43 position pairs of our two-particles scenario, is
given in Fig. 8(a). The fixed particle and the moving particle
can easily be recognized. The detail of the C,, series was
found to be unimportant in terms of the allure of this pseudo-
intensity map. One first delicate point, however, is the quite
variable signal strength, which can be attributed to the vari-
able amount of multiple scattering. In this first nonoptimized
attempt, such fluctuations are important because no special
precaution was taken to get more uniform response in the
earlier design steps.

Next, one can wonder how severely the multiple scattering
is blurring the picture itself. One way to look at this is to step
back from our first philosophy of “full information exploita-
tion” and to focus only on the first few best guesses to see
how often the actual target is missed. To this end, Fig. 8(b)
shows the four position pairs retrieved for the four best hits
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(m =1 to 4), with decreasing symbol size as a function of
rank. It is seen that the information is essentially the same
as that in Fig. 8(a), although Fig. 8(a) conveys a sense of ac-
curacy that cannot be easily guessed from Fig. 8(b) alone.

The two main defective cases are pointed by arrows. They
show positions where the moving particle is not seen, or in
other words, the hyperlens is locally blind to it. We propose
that these special situations which represent only a minority
(<10%) of the cases arise when the fixed particle scattering
cancels most of the moving particle direct scattering, leaving
only multiple scattering as the output field. This reasonable
hypothesis should, however, be confirmed by a more refined
analysis of the scattered fields in these cases, a work that we
hope will complement this first report.

All these elements do not fundamentally jeopardize the
dark-field hyperlens concept; they rather call for specific de-
sign directions along which they could be investigated and im-
proved. Notably, along this line, the properties that have been
recently pointed out in the canalization phenomena that allow
a neat correspondence between an image outside a wire array
and its well resolved image in the middle of the wire array
could probably be exploited to get a much more pure imaging
process than this first attempt. Our main message being the
concept of the dark-field hyperlens itself, we hope that it
can prompt further combinations with other clever concepts,
so that it would lend itself more easily to a feasible realization.
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Fig. 8. (Color online) Particle position retrieval (a) estimator I; of
the presence of two particles from the coherent projection onto
two superposed one-particle “images.” The fixed particle and the mov-
ing particle can easily be recognized. (b) Plot of positions associated
to the four best quantities B; see Eq. (4).
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5. CONCLUSION

In conclusion, we have proposed a dark-field hyperlens
scheme, able to transfer subwavelength scale information
in parallel with a resolution ~0.05 x (1/2n) ~ 20 nm from a
field whose long dimension is ~10 times the resolution. This
scheme is based on two facing fans of metallic tips inspired by
the canalization phenomenon [5-10, 12-19], also termed endo-
scope [22]. To operate at near-infrared wavelength, the losses
of these metallic tips can be partly obviated by transferring the
information to silicon wires after a ~1 ym propagation length,
when the initial tips are separated by about 4/2n,, with n,, the
average index of the array of silicon wires. The hyperlens in-
put and output accesses are located on these silicon wires,
and could consist of gratings for in- and out-coupling from
air. Alternatively, the device could be placed next to a silicon
photonic integrated circuit able to feed light to the hyperlens
inputs with appropriate amplitudes and phases. The crucial
point of obtaining information from small particles in trans-
mission illumination mode is solved by means of our dark-
field hyperlens scheme. This is the reason why we can get
a signal without primary sources in the object field of our lens,
but only with dielectric particles of moderate contrast, which
has generally not been the case in earlier simulations and de-
monstrations. In our scheme, thanks to a proper excitation
scheme of the input tips in phase and amplitude, a set of cen-
tral exit tips produces a vanishing field in the absence of par-
ticles, exactly as occurs in classical dark-field microscopy
with “ring” illumination.

We illustrated the operation of the hyperlens in a 2D sim-
plified model, with a single particle of index 7,y = 2.8 em-
bedded in the n = 1.5 background. The dark field area was
composed of 4 out of 6 silicon exit tips, while the central me-
tallic facing fans consist of seven tips separated by a 50 nm
gap, making for a hyperlens field width of 220 nm.

We then demonstrated that if two particles are present in the
field, their positions can be acceptably retrieved thanks to a
correlation analysis on the basis of the one-particle responses
which generalizes the concept of point-spread-function. Such a
generalization is needed because the subwavelength resolu-
tion requires the proximity of the tips to produce a “highly
structured” Green function, a situation which unavoidably re-
sults in the occurrence of multiple scattering when more than
one particle is involved, and fundamentally breaks down the
usual version of the (coherent) point-spread-function concept.
The concept can be generalized to expand the object field in the
third dimension, and to discuss how to benefit from the capabil-
ities from the integrated optics telecom studies to produce the
required excitation distribution enabling these sensitive and
novel dark-field systems.
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