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The arrays of silver nanorods are known as prospective structures for near-field transmission. However, the
available geometries are operating with incoherent sources and do not properly image the coherent ones. In this
Brief Report it is demonstrated how the geometry proposed by Ono et al. �Phys. Rev. Lett. 95, 267407 �2005��
can be modified to enable subwavelength imaging of arbitrary coherent sources. The greatly improved perfor-
mance of the device is demonstrated numerically both through analysis of transmission and reflection coeffi-
cients and by full-wave simulation of a particular source imaging.
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The idea to transfer an optical image with subwavelength
resolution through a nanolens formed of an array of Ag na-
norods was suggested in Ref. 1 and exploits the local exci-
tation of surface plasmon polaritons. An improved multiseg-
ment version of this nanolens was suggested in Ref. 2 and
promises to offer color imaging and magnification capabili-
ties. In contrast to conventional approach of scanning near-
field optical microscopy which involves point-by-point scan-
ning with a single probe, Ono et al.1 and Kawata et al.2

suggested to develop devices capable of operating with dis-
tributions of near field with certain aperture, analogous to
Pendry’s pioneering proposal.3 Experimental proof of Pend-
ry’s proposal is demonstrated in Refs. 4 and 5. A layered
metal-dielectric structure6,7 is also a well-known candidate
for subwavelength imaging operation.

A similar idea of subwavelength image transport by arrays
of metallic rods is available in microwave8 and infrared9,10

domains. As discussed in Ref. 11 by the authors, the proper
imaging by such a structure requires the length of rod L to
obey Fabry-Pérot �FP� resonance condition L=n�g /2, where
�g is the guided wavelength and n is an integer number.
Similar condition applies to holey metal films as discussed in
Ref. 12. However, no such rule that governs the imaging in
the visible regime was stated in Refs. 1 and 2. Moreover, the
parameters of rods used in Ref. 1 produce anomalous
results—the field distribution produced by an incoherent
source is transported perfectly, however, the nanolens fails to
reproduce the distribution of an arbitrary coherent sources—
and therefore, demand further attention that would explain
the operation of such a device. This Brief Report unravels
the operation principles of the nanolens, thereby paving the
way for engineering its performance for arbitrary coherent
sources.

Following to the authors experience11 with such subwave-
length imaging devices, it is necessary to know the guided
wavelength of the system, in order to have an idea of its
regime of operation. The guided wavelength �g of a single
infinite rod with radius r embedded in a medium having
permittivity �h can be calculated using the following
equation:13

�hI1��mr�K0��hr�
�mI0��mr�K1��hr�

= −
�h

�m
, �1�

where �h,m=��2−�h,m�0�2, �m is the permittivity of the
metal, I� and K� are the modified Bessel functions.

The above Eq. �1� gives us �g=139.43 nm for a Ag rod
of diameter 20 nm in free space at 488 nm wavelength which
was used in Ref. 1. The real imaging system however, com-
prises of a number of finite-size rods arranged in certain
lattice configuration and will have a different �g than the one
calculated for a single infinite-length rod. Therefore, �g cal-
culated applying the Eq. �1� gives us only an initial guess
about the region where the optima length of rod will lie.
Thus, the first FP resonance necessary for proper image for-
mation is expected for the length of rod L��g /2=70 nm, in
contrary to 50 nm length originally used in Ref. 1. In order to
verify the prediction we have investigated the transmission
characteristics for arrays with various lengths of the nano-
rods �starting from 50 nm with 10 nm increment� and com-
pared their performances. A field of an arbitrary coherent
source at the front interface of the array can be expanded into
spatial harmonics with transverse wave vectors kt
= �0,ky ,kz�T. By ensuring that the transmission coefficient for
all these spatial harmonics is close to unity by amplitude and
has constant phase, we can guarantee that the system will
transmit images of arbitrary coherent sources without distor-
tions.

Figure 1�b� shows the geometry of the nanorod array with
triangular lattice pattern which was numerically modeled us-
ing commercial full-wave electromagnetic simulator CST™
MICROWAVE STUDIO. We have used the Drude model for per-
mittivity of Ag defined as 	m���=	
−�p

2 / ��2+ i��� with
	
=4.9638, �p=1.4497�1016 rad /s and �=8.33689
�1013 /s �Ref. 1� which gives us the permittivity value of
−9.121+ i0.304 at wavelength of 488 nm.

The transmission coefficient through the infinite array for
TM polarization has been calculated employing unit cell
shown in Fig. 1�a� with periodic boundary conditions in both
y and z directions. Figure 2 shows the transmission coeffi-
cient as a function of kz for various lengths of the nanorods.
The calculations have been done for rods with 20 nm diam-

PHYSICAL REVIEW B 82, 113408 �2010�

1098-0121/2010/82�11�/113408�4� ©2010 The American Physical Society113408-1

http://dx.doi.org/10.1103/PhysRevLett.95.267407
http://dx.doi.org/10.1103/PhysRevB.82.113408


eter, 40 nm period of array, and assuming ky =0 for simplic-
ity. It is interesting to note that while the transmission coef-
ficient of evanescent waves �kz
k0� significantly varies for
various lengths of the rod, the propagating waves �0�kz
�k0� enjoy almost 100% transmission for all considered
cases. Thus, in order to retrieve only the propagating waves
any of these lengths can be employed. However, in order to
reconstruct the image with subwavelength resolution we
have to ensure that evanescent harmonics are also recovered.
This can be guaranteed by having a resonance-free transmis-
sion coefficient characteristics achievable through proper se-
lection of rod length as evinced by Fig. 2.

We started with length L=50 nm which was proposed in
Ref. 1, and increased it to 100 nm with 10 nm intervals. The
transmission pattern for rods with length L=50 nm �see Fig.
2�a�� shows resonant amplification for some spatial harmon-
ics. The transmission coefficient for evanescent waves turns
out to be greater than unity, but this effect does not violate
energy conservation law since evanescent waves does not
transport energy in the direction of their decay. Such behav-
ior is well known in microwave14 and IR �Refs. 10 and 15�
ranges and has been identified as the ostensible element that
impairs the image. It is necessary to eliminate this resonance
feature from the transmission pattern in order to have any
discernible image. Figure 2 shows that the resonance gets
subdued as the rod length is gradually increased from 50 nm.
With the rod length of 80 and 90 nm the resonance amplifi-
cation almost disappears and transmission pattern gets flatter
which is a desirable quality to achieve good subwavelength
imaging performance for arbitrary coherent sources. Note
that the transmission coefficient curve for L=90 nm shows,
at higher spatial harmonics �kz
4k0�, an upward trend which
transforms to a resonance �at kz�5.5k0� for a rod length of
100 nm. It is understandable that this frail resonance will be
stronger for lengths beyond 100 nm. Following to transmis-
sion coefficient amplitude analysis, 80- and 90-nm-long rods
are optimal candidates for assembly of nanolens capable of
operating with arbitrary sources with subwavelength reso-
lution.

The final criterion for the selection of rod length is the
transmission phase which is required to be constant over the
evanescent harmonic region. Figure 3 shows the transmis-
sion and reflection phases obtained for various lengths of the
rod. It is evident that a rod length of 80 nm produces least
phase variation compared to the others which is a desirable
property that guarantees all the evanescent harmonics reach

FIG. 1. �Color online� �a� Unit-cell employed to calculate the
transmission and reflection coefficients of an infinite array having
triangular lattice. �b� Geometry of the finite array of nanorods with
triangular-lattice arrangement. The point sources are aligned with
the axis of the nanorod and are placed at a distance 10 nm away
from array interface. The rod has a length L. E field is sampled
across a plane 10 nm away from back interface.
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FIG. 2. �Color online� Evolution of transmission coefficient pattern with different lengths of the Ag rod at an operation wavelength of 488
nm. Rod diameter, d=20 nm, and periodicity, a=40 nm, are kept constant for all these cases.
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the other side of the lens simultaneously. Note that in con-
trast to the phase of transmission coefficient, the reflection
coefficient phase exhibits a sudden jump in the evanescent
wave region.

Based on the studies of transmission coefficient, we opt
for the rod of 80 nm length which, in our opinion, would be
the best fit for the purpose of subwavelength imaging of
arbitrary coherent sources. The chosen length of rod lies in
the vicinity of our original prediction of L=70 nm made on
the basis of guided wavelength calculation. The difference is
attributed to the finite size of the rods �edge effect� and the
interactions among them. In order to demonstrate that an
array of 80-nm-long rods provides much better imaging per-
formance as compared to geometry in Ref. 1 with a rod
length of 50 nm, we tested the imaging capability of this
device with discrete coherent source which had the worst
image following to Ref. 1. The discrete source formed by six
in-phase point sources placed at discrete points forming a
hexagon is shown in Fig. 1�b�. Each point source is a small
dipole polarized along the rod axis �X axis� and placed 10 nm
away from the array interface �front interface�. The images
of this discrete source sampled at the other side of the array
�10 nm from the back interface� with various lengths of the

rod are plotted in Fig. 4. The image obtained with 50 nm rod
replicates the result of Ref. 1 and does not represent the
original source field distribution at all. The image that
closely mimics the source is the one obtained with 80 nm rod
which supports our earlier decision made on the basis of
transmission coefficient calculation. The field distributions at
the image plane obtained with 60, 70, and 90 nm rod give us
a misleading vision of source comprised of seven dipoles for
a bright point, besides the six that represent the source, at the
center is discerned. However, 50 and 100 nm rod give us an
impression of a source formed of a single dipole located at
the center of the hexagon.

In conclusion, we have demonstrated how we can tailor
the length of Ag rods in an array in order to ensure subwave-
length imaging of arbitrary coherent sources. We have gone
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FIG. 3. �Color online� Phase of transmission and reflection co-
efficients for various lengths of the nanorod.

FIG. 4. �Color online� Source and image plane field distribution
for various lengths of the rod.
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through the rigorous procedure of transmission coefficient
calculation followed by the simulation of a finite array ex-
cited with particular source in order to justify our decision. It
is learnt that a resonance-free transmission coefficient mag-
nitude and constant phase are mandatory to reproduce the
source field distribution. Such tailoring can also be done by

altering the nanoenvironment of the individual rod, i.e., by
having different lattice arrangements and spacings.
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