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Sub-diffraction-limited far-field imaging in infrared
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We investigated a far-field superlens operating at mid-infrared wavelength that allows resolving sub-
wavelength features in the far-field. By utilizing evanescent enhancement provided by surface plasmon
excitation of silver nanorods and Moiré effect, we numerically demonstrated that subwavelength in-
formation of an object can be converted to propagating information. This information can then be
captured by conventional optical components. A simple image reconstruction algorithm can restore
the subwavelength object. A sub-diffraction-limited resolution of 2.5 um at 6-um wavelength is demon-

strated.
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1 Introduction

Infrared (IR) imaging technology such as Fourier
transform-infrared (FT-IR) imaging and spectroscopy is
one of the most common tools utilized in medicine and
the natural sciences for studies of materials and biolog-
ical species. Measurements conducted in the 1-20 um
region of the electromagnetic spectrum bears special sig-
nificance, as the absorption of radiation in this region
represents signature vibrational, rotational or bending
modes of molecules and functional groups. While the
FT-IR spectroscopic technique can resolve these narrow-
band features with high spectral resolution, diffraction-
limited spatial resolution is often the bottleneck of this
imaging tool. Diffraction-limited performance arises due
to the fast decaying nature of subwavelength information
contained in the form of evanescent waves. Conventional
microscopy is thus capable of capturing only the far-field
or propagating components.

In contrast, a planar slab of silver has been demon-
strated to achieve subdiffraction resolution in the near-
field [1]. This device, termed as superlens, achieves subd-
iffraction resolution by evanescent enhancement provided
by surface plasmon excitation. Silver superlenses oper-
ating at near-ultraviolet wavelengths [1, 2], and silicon
carbide lenses operating at mid-IR wavelength [3], have
demonstrated capability of resolving deep subwavelength
features. However, the sub-diffraction-limited resolution

capability of these planar superlenses is limited to near-
field. This is because, although the evanescent compo-
nents get enhanced their decaying nature outside the su-
perlens is unaltered and hence, conventional optical com-
ponents are unable to process this information.
Recently, several different approaches have been pro-
posed to overcome this limitation and obtain subwave-
length optical imaging in the far-field [4-6]. The ba-
sic idea is to convert the evanescent components with
subwavelength information into propagating modes that
can be processed by conventional optics. One of the ap-
proaches is to utilize the hyperbolic dispersion properties
of a strongly anisotropic medium with opposite signs of
permittivities (¢, and 1) [5, 6]. This device termed
as hyperlens allows propagation of high-frequency com-
ponents which ordinarily have an evanescent decay in an
isotropic medium. To preserve the propagating nature of
these high frequency components even outside the hyper-
lens, an annular cylindrical geometry is employed. This
geometry carries an image magnification, so that the sub-
wavelength features can be magnified to a size that can
be seen by conventional diffraction-limited optics. This
concept of anisotropic imaging has been experimentally
demonstrated to achieve ~\/3 (where X is the free-space
wavelength) resolution at near-ultraviolet wavelengths,
utilizing an effective anisotropic medium with concen-
tric rings of metal-dielectric lattice [7, 8]. Extending this
technique to the IR regime is difficult because of the
choices of materials available to achieve the anisotropy.
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An alternative approach is to utilize Moiré effect me-
diated by excitation of surface plasmons allowing recov-
ery of subwavelength information in the far-field [9]. By
carefully designing a subwavelength grating, it is possi-
ble to achieve a “frequency mixing” of evanescent fields
from the object and grating. In contrast to previous
works [4, 9], which utilize a planar superlens to achieve
evanescent enhancement and a periodic grating to ob-
tain far-field imaging, in this work, we demonstrate that
a discrete array of silver nanorods serves this dual pur-
pose in the IR regime. The nanorods are designed to
have plasmonic resonance at mid-IR wavelength and the
near-field enhancement associated with this plasmonic
resonance fulfills the key requirement for frequency mix-
ing of evanescent fields from the nanorods and the ob-
ject. This near-field frequency mixing accompanied by
the grating momentum of nanorod array leads to the for-
mation of Moiré features that are of propagating nature
and can be recorded with a conventional microscope. A
simple image reconstruction algorithm can then be uti-
lized to recover subwavelength spatial details of the ob-
ject from the acquired far-field image (Fig. 1). Our nu-
merical simulations clearly show the formation of Moiré
features in the far-field due to evanescent mixing between
the nanorods and a periodic object grating. Object fea-
tures corresponding to 2.5 um period are recorded in
far-field with an incident wavelength of 6 um, indicating
a far-field imaging resolution capability of A/2.4. This
imaging scheme can be easily interfaced with current
FT-IR microscopes and would enable real time imaging
with high resolution.
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Fig. 1 Sub-diffraction-limited far-field imaging scheme using
Moiré effect.

2 Principle of far-field subdiffraction imaging
using Moiré effect

The Moiré effect is a well-known optical phenomenon
that results in frequency mixing when two peri-
odic/quasiperiodic structures are superposed on each
other. The effect is highly sensitive to relative orien-
tation and displacement of the structures and has found
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unique applications in optical metrology [10]. Histori-
cally, like any optical imaging technique, the Moiré effect
has also been limited to propagating fields [11]. This is
because the evanescent fields from the two structures do
not couple to form Moiré fringes. To have evanescent
wave mixing, one needs to find a way to enhance the
This can
be achieved by excitation of surface plasmons which pro-
vide the essential enhancement of the evanescent fields.
For example, if a near-field silver superlens is inserted in
between the two objects, the coupling of evanescent fields
can be significantly improved. Thus, frequency mixing
of evanescent fields can also lead to formation of Moiré
fringes in the far-field [12]. The enhancement and fre-
quency mixing of evanescent fields forms the basis of far-
field subwavelength imaging using the Moiré effect. A
device so designed has been termed as far-field superlens
[4].

The device consists of a periodically corrugated grat-
ing. Waves radiated by an object will be diffracted by
the grating. The wavevectors of the diffracted waves are
given by the grating law k' = mk® + nk9, where k’, k,
and k9 are the diffracted, incident and grating wavenum-
bers in the transverse direction, and m,n represent the
diffraction order. Since we are interested in resolving
subwavelength details of the object, we restrict our dis-
cussion to incident wavenumbers that lie in the evanes-
cent region. Out of the diffracted waves, only the ones
with |k’| < ko are propagating in free-space, where kg is
free-space wavenumber. This condition can be satisfied
if the period of grating and incident field from the object
are both subwavelength but with a small difference (e.g.
k' = (k' — k9) < ko, where k', k9 > ko). This results
in formation of Moiré fringes in the far-field, provided
that the evanescent field from the object couples to the
grating. With a proper design of the far-field superlens
it is possible to make sure that a unique correlation ex-
ists between the far-field Moiré pattern and the near-field
subwavelength object [12]. In this case, a simple image
restoration algorithm can then be used on the far-field
Moiré pattern to reconstruct the object with subwave-
length spatial details.

The far-field imaging approach can easily be under-
stood from the frequency domain point of view. Consider
a two-dimensional object to be imaged which occupies
a double-elliptical area in the spatial frequency domain
[Fig. 2(a)]. Conventional lenses are limited to transmit-
ting only the spatial frequencies that lie in the propa-
gation region [Fig. 2(b)]. The image thus obtained does
not carry the high-frequency information of the object
[Fig. 2(c)]. Let us now imagine a lens specially designed
to image only the high-frequency components from the

evanescent fields between the two structures.

object. The lens suppresses the propagating waves from
the object, while enhancing the evanescent waves [Fig.
2(d)]. The lens consists of a periodic grating [Fig. 2(e)].
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Fig. 2 Frequency domain representation of (a) Object, (b) Lens, (c¢) Image formed with conventional lens. (d) Evanescent
components comprising of subwavelength information of the object. (e) A rotated two-dimensional periodic grating, dotted

Inset: Real space image of grating. (f) Image obtained through the grating

structure, note that the information lying outside the dotted circle is of decaying nature, and only the information within

the dotted circle is carried forward to the far-field.

The evanescent field consisting of subwavelength infor-
mation of the object couples to this grating. This object
field upon diffraction through the grating would result
in a pattern which is the convolution of the grating func-
tion and the object [Fig. 2(f)]. However, only the fea-
tures that lie in the propagating region (marked by dotted
circle) would be carried forward to the far-field. Notice
that this far-field transmitted pattern, however, consists
of all of the subwavelength information from the object,
although in a shifted arrangement. With the knowledge
of the grating periodicity of the lens and its orientation, it
is possible to reconstruct the image with subwavelength
features of the object in the far-field. This forms the
basis of subwavelength far-field imaging.

3 Design of far-field superlens in infrared

As mentioned above, a key requirement to achieve Moiré
effect for evanescent fields is to ensure field enhance-
ment and coupling between the object and the lens. Sur-
face plasmons provide the essential route to achieve this.
However, direct excitation of surface plasmons on a pla-
nar interface between metal and dielectric in the infrared
regime is limited by the choice of appropriate materials.
In order to excite surface plasmons, the metal and di-
electric layer should have equal (magnitude) and oppo-

site (sign) permittivities [13]. Moreover, this condition
if met for a pair of materials is inherently narrowband
because of strong dispersion in permittivities of metals.
To address this challenge, we note that the use of dis-
crete plasmonic elements can achieve both goals; first to
enhance near-field coupling with the object and second
to transform the near-field components to far-field in the
form of Moiré features. The use of discrete plasmonic
elements also offers the flexibility to tune the operating
wavelength by simple variation in geometric parameters.

In this study, we have designed a plasmonic substrate
consisting of discrete elements that provide surface plas-
mon excitation in IR. The substrate consists of a two-
dimensional array of Ag nanorods. These nanorods sup-
port plasmonic resonance in IR range [14]. The funda-
mental dipolar resonance of the nanorods (with dimen-
sions 1000 nm x 200 nm x 200 nm) on silicon substrate
(mid-IR transparent) is observed at a wavelength of A =
6.1 um. The nanorod resonance is strongly polarization
dependent and is observed only when the electric field is
aligned parallel to the rod axis. Figure 3(a) presents the
normal incidence far-field transmission spectra of peri-
odic array of nanorods (lattice 2 pm x 2 pum). At reso-
nance, nanorods exhibit strong extinction due to excita-
tion of surface plasmons.

Calculated near-field intensity (~20 nm above the sur-
face of the nanorods) shows local-field enhancement at
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Fig. 3 (a) Transmission spectra of periodic array of Ag nanorods in the IR region. Resonance is observed only for parallel
polarization, i.e., when the electric field is aligned along the direction of rod axis. (b) Near-field intensity calculated 20 nm
above the surface of the rods at the fundamental dipolar resonance A = 6.1 pm.

the fundamental dipolar resonance [Fig. 3(b)]. In a
separate study by Neubrech et al. [15], this near-field
enhancement has been shown to improve the sensitivity
of infrared detection. Utilizing the resonant interaction
between surface plasmons and vibrational modes of a
molecule, a detection sensitivity of less than one atto-
mole of molecules was demonstrated. In the context of
subdiffraction imaging, we show that this near-field en-
hancement in combination with the grating momentum
provided by nanorod array, allows evanescent fields from
the object to be diffracted to the far-field. This is evident
from Fig. 4, which shows the optical transfer function
of nanorod array for evanescent waves calculated at A =
6 um. The incident evanescent wave is simulated by a
total internal reflection mechanism, as illustrated in Fig.
4 inset. It is observed that the far-field transmission of
such a nanorod array system is enhanced for wavevectors
lying in the region k* = 2k to 4ko. Without the nanorod
array, evanescent waves have far-field transmission inten-
sity given by exp(—2Im(k.)z), where k, = i\/k2 — k2,
which is < 1079 for k¥ > 2ky. The enhanced transmis-
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Fig. 4 Far-field transmission computed for various incident
transverse wavenumbers at A = 6 um, for parallel and perpen-
dicular polarization. Inset: Schematic of the simulation geometry.
A total internal reflection mechanism is utilized to simulate evanes-
cent wave incidence on the nanorod array.

sion due to nanorods is attributed to surface plasmon
excitation, which allows grating coupling of evanescent
modes (2ko < k' < 4ko) to far-field propagating waves,
in accordance with the grating law k' = k% — k9, where
for nanorods k9 = 3kg. In the next section, we numeri-
cally demonstrate this coupling effect by computing the
far-field spectrum of objects imaged with the nanorod
array.

4 Computing far-field angular spectrum

To demonstrate far-field imaging numerically, we per-
form forward computations, i.e., from near-field profile
to far-field angular spectrum. As a simplified exam-
ple, we consider imaging of an aluminum object con-
sisting of a 2-dimensional subwavelength grating. The
periodic nature of the object makes the simulation and
analysis simpler while capturing the essential physics of
the imaging process. The periodicity of the object is
chosen to be 2.5 pm x 2.5 um with linewidth of 1.25
um. The corresponding lattice constant of plasmonic
substrate consisting of array of nanorods is 2 um x 2
um. Near the resonance wavelength of the nanorods at
A = 6 um, the corresponding wavevectors are k' = 2.4k
(object), and k9 = 3k (nanorods). It can be seen that
diffracted waves corresponding to the evanescent wave
mixing of these wavevector components are propagating
only through first order diffraction k' = k* — k9 = 0.6k.
Hence, there is no overlap between diffracted waves and
a clear one-to-one relationship exists between far-field
angular spectrum and near-field object profile.

To obtain the far-field angular spectrum, we utilize
the fact that in the far-field only contribution to a point
of observation is from a plane wave originating from
the source and propagating along the radial direction
to the point of observation. We have performed numer-
ical simulations to compute the far-field angular spec-
trum of nanorods overlapped with a subwavelength ob-
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ject grating. Simulations are performed using a commer-
cial finite-difference time-domain tool [16]. The nanorods
on silicon substrate are physically separated from the
subwavelength object grating by a thin (50 nm) dielec-
tric spacer layer. A plane wave illumination is assumed
from the substrate side and near-field profile is moni-
tored 50 nm away from the subwavelength object on the
air side. Periodic boundary conditions are assumed in z—
y directions with a period of 10 wm, which is an integral
multiple of the period of the rods and the object. The
near-field data (E,, E,, E,) recorded in the simulations
is decomposed into plane waves using a far-field projec-
tion algorithm which gives the far-field angular spectrum
of the field on the surface of a sphere (radius = 1 m).
The projected far-field spectrum of the combined near-
field (object + nanorods) is shown in Fig. 5(a). The
polar plot shows variation of electric field intensity |E|?
as a function of 6 and ¢, where 6, ¢ are the polar and
azimuth angles of the spherical coordinate system. The
far-field intensity |E|?> (6, ¢) is directly related to the
Fourier components of the field [17], since in the far-field
ky = kosinfcos ¢, ky = kosinfsin¢. Apart from zero
frequency (DC) components, we observe hot spots in the
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far-field angular spectrum at the locations marked by
white dotted circles. Lowest frequency diffraction spots
occur at (6,¢) = (36.9°,+£90°) & (36.9°,£180°), while
higher order diffraction features are observed at (6, ¢) =
(58°,£45°) & (58°,4135°). These locations correspond
to wavevectors (kz,ky) = (0,£0.6ko), (£0.6ko,0) and
(0.6ko, £0.6kg), (—0.6kg,+0.6ko), respectively. In other
words, if a lens were to directly convert these Fourier
components of the far-field into a real-space image, we
would see a 2-dimensional grating with period of 10 um
X 10 um for 6 pm illumination wavelength. Clearly,
this period corresponds to the period of Moiré fringes
which result from the evanescent wave mixing between
the nanorods and the object grating. To further illus-
trate this imaging concept, we compute the far-field an-
gular spectrum for a second object which consists of
a 2-dimensional grating with period 3.5 wm x 3.5 um.
The Moiré interference fringes in this case correspond

2 3.5
the incident wavelength and 2 pm is the periodicity of

nanorods. It is clear that the Moiré features are propa-
gating with the lowest diffraction order corresponding

6 6
to wavevectors k' = (—m—l—n—) ko, where 6 pum is
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Fig. 5 Computed far-field angular spectrum for a combined system of object and nanorods. In (a) to (c¢) white solid
circles indicate constant @ lines, whereas ¢ varies from 0° to 360° in counterclockwise direction. White dotted circles are
marked to highlight the diffraction orders appearing due to Moiré effect. (a) Periodic object grating with lattice 2.5 pm x
2.5 wm. Inset: Schematic illustration of combined system in real space. (b) Object grating with lattice 3.5 ym x 3.5 pm.
(c) Control case when the incident polarization is perpendicular to the nanorods, resulting in no near-field enhancement.
Data presented for object with 2.5 wm x 2.5 um lattice. (d) Far-field angular spectrum for the above three cases at ¢ =

90°. Intensities are normalized to the DC component.
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to m = £1 and n = F2. The corresponding Moiré fea-
tures have k' = F0.429kq which gives 6§ = 25.4°. These
features are indeed recovered in the far-field as illustrated
in Fig. 5(b) and (d). As a control case, we also compute
the far-field angular spectrum of the combined system
(object + nanorods), when the incident wave has a po-
larization perpendicular to the nanorods. Since, there is
no resonance and enhancement of evanescent field in this
case, the Moiré features are not observed in the far-field
[Fig. 5(c), (d)-

It is evident that the far-field angular spectrum is not
the real-space image of the object. However, the real-
space image can be reconstructed by applying lateral
shifts to the frequency components according to grating
law and taking inverse Fourier transform. For the case
of periodic grating objects, this procedure is almost triv-
ial. However, the imaging itself is not limited to periodic
objects and can be extended to generalized shapes, pro-
vided a clear one-to-one relationship is known between
the recorded far-field Moiré features and object features.

5 Conclusions

We have numerically demonstrated a far-field imaging
technique based on Moiré effect with subdiffraction res-
olution capability in IR regime. A nanorod substrate
was designed that provides near-field enhancement, a
necessary precursor to achieve evanescent mixing. By
transforming unresolvable high-frequency information of
the object into low frequency Moiré features, we are able
to observe the subdiffraction features in the far-field. At
an incident wavelength of 6 pm, Moiré features corre-
sponding to object periodicity of 2.5 um were clearly seen
in the far-field. The methodology relies on a prerequisite
that an unambiguous reconstruction can be done by a
suitable design of plasmonic substrate. The image re-
construction procedure is very simple and requires only
Fourier transform and lateral shifts of frequency compo-
nents. This reconstruction procedure can be completely
automated, making real time dynamic imaging of ma-
terials, biological cells and tissues with subwavelength
resolution a distinct possibility.
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