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Deep subwavelength optical imaging using correlated nano-torches
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The authors propose and numerically demonstrate an ultra-high resolution (wavelength/50~40 nm at
wavelength 4 = 2.08 um), high-throughput (~66%), and non-destructive optical lens with a large
contrast-to-noise ratio, based on the notion of correlated nano-torches formed in a subwavelength
metallic grating. The correlations between the torches also allow the determination of the complex
refractive index of the sample. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4832070]

Deep subwavelength optical imaging, i.e., the capability
to discern details much smaller than the wavelength of the
illuminating light, will have a strong impact in the life sci-
ence and in a broad range of next-generation scientific and
industrial applications. State-of-the-art approaches to beat
the diffraction limit in optical imaging include using (1) arti-
ficially engineered materials (e.g., superlens' and hyperlens?)
and (2) fluorescent markers, such as photo-activated localiza-
tion microscopy (PALM)? and stochastic optical reconstruc-
tion microscopy (STORM).* Despite demonstrated superior
performance, the implementations of these sophisticated
techniques face fundamental challenges,’ including material
attenuation and as yet unattainable fabrication finesse, or
only work for a narrow class of samples.®® Another
approach to achieve deep subwavelength resolution is the
near-field scanning optical microscopy (NSOM).”'* Still,
NSOM suffers from low transmissivity of optical signals as
the apertures are far smaller than the incident light wave-
length. Here, we propose and numerically demonstrate an
ultra-high resolution (wavelength/50), high-throughput
(~66%), and non-destructive optical lens with a large
contrast-to-noise ratio, based on the notion of correlated
nano-torches formed in a subwavelength metallic grating.
The correlations between the nano-torches also allow the
determination of the complex refractive index of the sample.

In practice, even with the enormous advances brought
about by electron and scanning probe microscopy, about
80% of all microscopy investigations in the life sciences are
still carried out optically.'" It is thus highly desirable to de-
velop a robust optical imaging technique that overcomes at
least some of the limitations in the current approaches. This
article proposes a conceptually ultra-high resolution, high-
throughput, and non-destructive optical lens based on artifi-
cially engineered materials for optical imaging that beats the
resolution limit of conventional optical instruments and of
the recently demonstrated superlens and hyperlens. The key
enabling mechanism to achieve ultra-high resolution is to
create an array of correlated nano-torches to light up the sur-
rounding sample: each nano-torch has a linear dimension
that is far smaller than the wavelength and contains strong
evanescent fields that greatly enhance the light-matter
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interactions. In such a mechanism, the resolution is primarily
determined by the size of the nano-torch rather than the
wavelength of the illuminating light. Moreover, the bright-
ness of each nano-torch depends on the light-matter interac-
tions occurred at its neighboring torches. The correlations
between the torches enable the differentiation of contribu-
tions from the scattering and absorption of the signal,
thereby allowing the determination for the complex refrac-
tive index of the sample. The mechanism is also potentially
scalable for different illuminating wavelengths as long as the
criteria for correlated nano-torches are satisfied.

The simplest realization of the nano-torches-lens is a
one-dimensional subwavelength metallic grating (Fig. 1). To
demonstrate the superior performance, we show numerically
that the lens can achieve a resolution of 1/50 (~40 nm at
wavelength 4 = 2.08 um) and has an extraordinarily large
signal throughput, even in the presence of material attenua-
tion. We further show that near-field information can be
encoded into propagating waves by coupling the nano-
torches-lens to a passive waveguide. Owing to the large
electric field enhancement, the lens provides a large contrast-
to-noise ratio (CNR) and thus is robust to external noises.

The nano-torches-lens is made of a metallic thin film
with periodic cut-through slits, which can be either filled
with transparent dielectric materials or left unfilled. The slit
width a and the grating periodicity d are in the subwave-
length regime, i.e., a < d < Z. It has been shown both theo-
retically'? and experimentally'® that the lens exhibits
artificial dielectric behaviors and can be precisely mapped
into a homogenous dielectric slab, showing a Fabry-Perot
transmission spectrum. At resonant frequencies, the lens per-
mits a large signal throughput for an incoming TE wave (i.e.,
transverse electric field pointing in the x-direction), which
could increase the signal-to-noise ratio (SNR) when noises
have fixed power levels as limited by the detection system.
The extraordinary transmission is due to the subwavelength
periodic structure and cannot be achieved by using only a
single slit. Moreover, the electric fields in the slits are greatly
enhanced (the enhancement factor is d/a for perfect electric
conductorlz), and strong evanescent torches are formed at
both ends of each slit, which enhance the light-matter inter-
actions (Fig. 1). In this article, we show that the lateral reso-
lution of the image is determined by the torch size, which
can be one or two orders of magnitude smaller than the

© 2013 AIP Publishing LLC
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FIG. 1. Schematic of the nano-torches-lens. The dashed circles denote the
bright nano-torches. The downward blue arrow indicates the direction of the
incoming light. The background color indicates the x-component of the elec-
tric field profile for an incoming TE plane wave from simulation.

wavelength. The size of each torch in the x-direction is
defined as the full width at half maximum (FWHM) of the
electric field; numerically, it is found to be on the same order
of the slit width.

To perform the imaging process, here we describe the

general scheme as follows:

1.

System setup: A sample is placed on the same side of
the illuminating light beam to interact with the evanes-
cent torches (Fig. 1). On the other side of the lens, a de-
tector is placed in the proximity of one slit (detection
slit) to measure from the slit the output optical flux
(thus the field strength). One important feature of the
nano-torches-lens is that the slit transmissions are
coupled so that when one slit is covered by the sample,
the field strengths in its neighboring slits are modified
as well. Consequently, each measurement includes in-
formation about the local optical properties in all nano-
torches at the same time.

Data acquisition: Consider a long sample with an
unknown refractive index profile n(x) which is to be
determined. n(x) is assumed to be real for now. The fol-
lowing procedure determines n(x) over a continuous
segment with length Nd, where N is an arbitrary positive
integer. The refractive index of the sample beyond the
segment is assumed to be n;, uniformly.

(i) Select a step size 0, which also specifies the pixel
size in the reconstructed image. The imaging re-
solution will be found to be max{a, 6}.

Divide the segment into NA slices, where
A =d/é. Without losing generality, here we
assume 0 = a, and the lens is designed such that
dfa is an integer. The index of each slice is taken
as uniform and is denoted by n;, i = 1,2,--- | NA,
from right to left.

Start with the i=1 slice covering the detection
slit and record the measurement E,. Note that the
other slits are covered by the recurrent slices la-
beled by i=1+A1+2A,---,14+(N—-1)A.
The set of the slices is collectively denoted by §.

(i1)

(iii)
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(iv) Shift the sample by ¢ in the x-direction so that
now the i=2 slice covers the detection slit.
Record the measurement E,. Now the other slits
are covered by the recurrent slices labeled by
i=2+A2+4+2A,---,24 (N —1)A. The set of
the slices is collectively denoted by S». S; and S,
are exclusive. Fig. 2 depicts the configurations for
the slices comprising a general set S;.
Repeat the shift till i = NA slice covers the detec-
tion slit and record the measurement Eya. These
NA measurements {Ey, Ey, - - -, Eya} can be parti-
tioned into A groups, according to the slice set
S;,j=1,2,---,A. Each group contains N
measurements.

)

To extract the global information of the sample, we de-
velop a highly efficient and accurate inverse differential
algorithm to reconstruct the image from the measure-
ments as follows.

Reconstruction algorithm: All the measurements in the
same group are coupled. To extract the information of
n(x), we envision the inhomogeneous sample being
imaged is derived from a uniform material with index
n, and compare the differential between measurements.
The total field differential introduced by the sample is a
linear summation of the contributions from all slits, and
each contribution is proportional to the local index vari-
ation at every slit. For example, the first measurement
E; in the j-th group is taken to have the following form:

E; = Ep + (nj — np)CoEinc + (n(j1:a) — 1p)C1Eine

+ (n(jz2a) — 1p)CoEine + -+ -, (D
where Ej, is the electric field of the incoming light, and
E), is the reference field for a uniform sample with index
np,, which can be obtained either numerically or experi-
mentally. The dimensionless quantity C;, i =0,1,2,---
describes the self- and mutual-couplings between the
detection slit and its neighboring slits (Fig. 2). C;’s can
be either positive or negative and can be numerically
determined for specified index variation. Within the j-th

Nj2A Nj+a nj

Cs

Cg Cl C 1 CZ 03

e

FIG. 2. Data acquisition process. Shown are three non-consecutive configu-

ration

s of the slices (highlighted in yellow color) comprising a general set S;.

The measurements for all configurations for S; form the j-th group. Coupliﬁg
constants C;’s are labeled at corresponding slits. The red arrow indicates the
shifting direction.
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group, the N measurements can be recast into a compact
matrix form

Co Ci G Cn—1 An;

C Co Ci Cn—2 An(/+A)

G G Co Cn—3 Angiyan)

Cnv1 Cyva Cns Co ) now \ AG+v-1)a) Nl

AE;

AE(HA)

= AE(/+2A) ’ (2)
AE i (v-1)a)

v

Nx1

where AE; = (E; — E},) /Einc is the normalized field dif-
ferential and An; = n; —n,, is the index variation of
slice j. Repeating the process for all groups to solve for
all An provides n(x) for the entire segment being
imaged. It is worth mentioning that a rescaling of all
C;’s. does not change the contrast of the reconstructed
image. Moreover, in practice, the nano-torches-lens can
be designed such that only the first few C;’s. make con-
tributions. Such an approach is validated by numerical
simulations; it is numerically found that a good choice
of n;, based upon the knowledge of the sample greatly
increases the accuracy. The algorithm is also robust for
a fairly wide range of n,. One of the advantages of the
differential algorithm is that as only the differential of
the fields is used, ultra-high resolution can still be
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achieved even if fabrication imperfections are present in
the grating.

Having introduced the general scheme, we now demon-
strate the superior performance of the nano-torches-lens.
Applying the reconstruction algorithm, Fig. 3(a) shows the
reconstructed images of a 40 nm-thick sample containing a
single defect (n=1.54893, e.g., Barium crown glass,
N-BAKI1) in an otherwise uniform silica slab (n =1.43689
(Ref. 14)). The lens is made of silver, which has an index
na, =0.99886-14.128i (Ref. 15) at wavelength 1 = 2.08 um
(e.g., HO:YAG laser). The grating with unfilled slits is
designed so that d =400 nm and ¢ =40 nm, and the thick-
ness is L =662 nm such that the grating is on resonance
with the illuminating light. Numerically, the lens transmits
66% of light and reflects only 3% (the remainder dissipates).
ny is chosen to be the index of silica. The defects with dif-
ferent sizes s =60 nm, 40 nm, 20 nm, and 10 nm, respec-
tively, are imaged. The reconstructed images have FWHM
70 nm, 62 nm, 58 nm, and 53 nm, respectively. For even
smaller defects, the FWHM is found numerically to
approach the size of the light torch (~a), which gives the
width of the point spread function (PSF) of the imaging sys-
tem. That is, for features that are smaller than the slit width,
their images are blurred to no less than the slit width. We
note that the two kinks in the two larger samples and the
two peaks in the two smaller samples are due to the strong
evanescent electric field in the y-direction right at the corner
of the slits; numerically, we found that they disappear when
the sample is slightly translated away (say 10 nm) from the
lens.

Next, we investigate the resolving power of the nano-
torches-lens to distinguish a small distance g between two

s =60 nm 40 nm 20 nm 10 nm
x
3
£
2 -
g i |
400 0 100 200 300 400 0 100 200 300 400
sample FIG. 3. Resolving power of the nano-
I . I N I I torches-lens. (a) Reconstructed images
tructed of a small defect in an otherwise uni-
S . . . form silica. The dashed lines describe
the sample index profile while the
black dots connected by solid lines
denote the reconstructed index profile.
(b) ) To aid the visualization, the sample
distance (g) and the reconstructed images are also
< .
plotted using the grey scale color
(nm) < map, with white and black colors indi-
§ (g,8) size (s) cating the maximum and minimum
(20, 80) (40, 80) (60, 80) values, respectively, in each case. (b)
80- Reconstructed images of two small
defects in proximity, with varying size
- and separation.
(20, 60) (40, 60) (60, 60)
60
(20, 40) (40, 40) (60, 40)
40-
20 40 60

g (nm)
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FIG. 4. Near-field perturbation and noises. (a) Schematic of a slab wave-
guide in the proximity of the detection slit. (b) Index profile of the sample
(dashed line), the reconstructed index profile with (red squares) and without
(blue dots) the waveguide. The thick lines in the reconstructed profiles are
obtained by the spline interpolation method. (c) Index profile of the sample
(dashed line) and of the reconstructed image with (green triangles) and with-
out (red squares) noises.

small defects with size s each. The reconstructed images
are shown in Fig. 3(b). The results indicate that when
g >40nm (=a), the two defects can always be distin-
guished regardless of their sizes. On the other hand, the
results show that a very small distance (g =20nm) between
two large defects (s =80, 60 nm) can be resolved by the
lens. Such a case, from our algorithm, can be considered as
complementary to the case wherein a small defect with size
g is embedded in an otherwise homogenous material. The
result does not violate the well known Abbe-Rayleigh crite-
rion, which describes the resolving power between two
point objects.

Till now, we assume that the detector placed in the near
field does not perturb the measurements significantly. In
practice, such a perturbation is unavoidable. Here we show
that accurate image reconstruction is still possible in the
presence of near-field perturbation. Consider a slab wave-
guide penetrating the light torch of the detection slit
(Fig. 4(a)). The waveguide perturbs the strong evanescent
field and excites propagating waves inside the waveguide,
which can be propagated afar to the measurement end.

(a) (b)
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Fig. 4(b) shows the reconstructed image for a 1.2 um long
sample, and both the reconstructed images with (red squares)
and without (blue dots) the waveguide are in good agreement
with the original index profile. The slab waveguide is made
of silicon (n=23.44989 (Ref. 14)), embedded in a silica sub-
strate. The width of the slab waveguide is w,, =250 nm, and
the gap between the waveguide and the lens is g,, =210 nm,
determined through an optimization procedure: w,, is fixed
so that only the first three coupling constants are significant,
with |C/Co| = 0.67 > |C2/Co| = 0.29 > |C3/Co| = 0.03;
gw 1s decided by maximizing |Co| so that the contrast in the
image is as large as possible. Another important factor that
degrades the performance of any imaging system is noise.
Here we demonstrate the robustness of the nano-torches-lens
against external local random noises by adding noises to the
measurements. The intensity of random noises is represented
by 0.2% x I X Crang, Where I is the incident intensity and
CRang 18 an equidistributed random number between [—1,1].
Fig. 4(c) shows the reconstructed image with (green trian-
gles) and without (red squares) noises, assuming the wave-
guide is present.

In most biological tissues, due to light scattering and
absorption, the optical property is described by a spatially
varying complex refractive index: 72(x) = n(x) + ix(x). The
correlations between the slits allow us to determine 72(x) in
one scanning using two detectors. In such a situation, when
one slit is covered by a sample with a complex index, n(x)
and «(x) contribute independently to the total measured dif-
ferential field (in general n(x) and xk(x) give rise to two dif-
ferent sets of coupling constants). By measuring at two
neighboring slits (or in general, any two correlated slits),
71(x) can be determined by applying the reconstruction algo-
rithm outlined above. Fig. 5 shows the reconstructed com-
plex refractive index profile. Such a capability to reconstruct
the complex index based on correlations is not possible in a
single-slit scenario.

The nano-torches-lens enables a promising alternative
modality to achieve ultra-high resolution in optical imaging.
To accelerate the data acquisition process, simultaneous
multi-channel detection can be employed, and, moreover,
the sample may be shifted continuously and steadily while
the detector is timed to take measurements at fixed time
intervals. For samples with exceedingly large index contrast,
the reconstruction algorithm can be generalized to include a
nonlinear differential. More distinctively, the lens can be
made to work over a wide frequency range from microwave
to visible, by properly scaling down the dimensions of the

1.39 0.02 A

1.38 0.01

1.37 A

FIG. 5. Reconstruction of the complex
refractive index. (a) The real part. The
sample is denoted by the dashed line
and the reconstructed image is denoted
by black dots connected with a solid
line. (b) The imaginary part.
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grating. At visible light frequencies, the plasmonic effects
become more important,'® and the material attenuations and
skin effects (fields penetrating into the metal) dilate the
torches. Nonetheless, with narrower periodic slits, corre-
lated torches that are orders-of-magnitude smaller than the
wavelength can still be created, and relatively large signal
throughput can be maintained. Such a scalability provides a
unique opportunity to find broad applications. The recon-
struction of a two-dimensional image can be obtained from
a series of one-dimensional scanning, a process akin to the
inverse Radon transformation in x-ray computed tomogra-
phy (CT). These capabilities certainly will greatly extend
the applicability of the nano-torches-lens. Finally, we com-
ment on the current state of the art in plasmonic slits.
Recently Verslegers et al. considered planar lens with plas-
monic slits.'”'® The periodic array case'’ makes use of the
artificial dielectrics mechanism'? and are designed to oper-
ate as far-field lenses to focus the incoming light, with a
waist width much larger than the wavelength of the illumi-
nation, while the aperiodic array case'® can achieve
deep-subwavelength focusing only within the structure. In
contrast, the lens described here achieves super-resolution
by forming a periodic array of nano-torches in the near-field
mode and a reconstruction algorithm; the range in the sam-
ple to be probed by the lens is limited by the longitudinal
extension of the nano-torches in the y-direction. The resolv-
ing power decreases when the sample moves away from the
nano-torches.
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