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ABSTRACT

We report that two-dimensional (2D) sub-diffraction-limited images can be theoretically reconstructed by a new metamaterial far-field superlens

The metamaterial far-field superlens, composed of a metal ~ —dielectric multilayer and a one-dimensional (1D) subwavelength grating, can work
over a broad range of visible wavelengths intrinsically. The imaging principle and the reconstruction process are described in detail. The 2D
sub-diffraction-limited imaging ability enables more applications of the far-field superlens in optical nanoimaging and sensing.

The resolution of conventional optical microscope is limited only produce sub-diffraction-limited images in the near
to about half of the wavelength of the illumination light due field.” Therefore, an optical microscope capable of projecting
to the absence of the evanescent waves in the far field thatsub-diffraction-limited images to the far field is in great
carry the high spatial frequency information. This resolution demand. The work of optical hyperléfi! has shown
limit is well-known as the diffraction limit. It is of great remarkable advance toward this goal. Another exciting
interest to realize optical microscopes with sub-diffraction- technique, called optical far-field superlens (FSL), has also
limited resolution due to the numerous demands in nano- shown great potential, and the one-dimensional (1D) sub-
science and nanotechnology. Near-field scanning optical diffraction-limited image in the far field has been successfully
microscope (NSOM) breaks the diffraction lidfithy scan- ~ demonstrate@?® The FSL is made of a silver slab and a
ning a sharp tip in the near field of the object and collecting 1D subwavelength grating. The silver slab of the FSL
the evanescent wave information. Stimulated emission deple-enhances the evanescent waves and the subwavelength
tion (STED) microscopeis another technique to overcome grating of the FSL converts the enhanced evanescent waves
the diffraction limit by utilizing stimulated emission to into the propagating waves so that the high spatial frequency
sharpen the fluorescence focal spot. However both techniquesnformation can be collected in the far field, and the sub-
require the time-consuming point-by-point scanning process, diffraction-limited images can be consequently reconstructed.
which prevents them from real-time imaging. Nonlinear The FSL solves the problem that the superlens only forms
structured illumination microscopyhas relatively faster  the sub-diffracted-limited images in the near field while
imaging speed but requires nonlinear response of theeeping the advantage of the superlens so that no scanning
material. process is needed. In the present work, we report two-

Recently, Pendry proposed that a slab of left-handed gimensional (2D) imaging by the FSL. The 2D sub-
material could theoretically form a real-time image without  gitfraction-limited images are obtained by rotating a metama-
any resolution limit: Metamaterials composed of artificial  terja] FSL, which can work over a broad range of visible
structures have been commonly used to realize such left-yayelengths intrinsically. In the following, the imaging
handed material because it does not exist in nature. In spiteyyinciple and the reconstruction process will be described
of the significant advancement toward high frequetidy, in detail.

the realization of the left-handed material at optical range In Figure 1a, the red region represents the propagating

\r;imarllr;s ;;t?vae"er;?rlrzli%[]t.iv?tlte'zgfrﬂ\ézlﬁuaéng]nslig:];;nﬁtsiréatlo band of a 2D object, which can be detected in the far field.
g P Y, P ' (Here we only consider half of the propagating band. The

form sub-diffraction-limited images for TM polarization L . . :
without scanning over the objett>!3 The concept was other half can bg treated S|m|.larly..) The |n§et is the schematic
of a metamaterial FSL, which is comprised of a metal

proved experimentally at near-UV and IR wavelength by dielectric multilayer and a 1D subwavelength metal

using silvet*'®> and silicon carbid€ film, respectively. dielectri i il di h il fruct
Unfortunately, it was pointed out that the superlens could | lelectric grating (we will discuss why a multilayer structure

is used, how it works, and how the multilayer structure is
* Corresponding author. E-mail: xiang@berkeley.edu. designed later). When the periodic direction of
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Figure 1. Principle of 2D imaging by FSL. (a) Three contributions to half of the propagating band after the FSL: the O-draeder,

and+1 order diffraction waves of the incident waves with wavevectors within the red, green, and yellow region respectively. The region
within the red dashed circle is the propagating band. (b) The information in the green ring region can be retrieved from far-field measurements
with six orientations of the FSL. The information of the red region (propagating band) can be obtained from measurement using a reflection
mode of a conventional optical microscope.

the subwavelength grating is along thdirection, as shown  excitation. Instead of using the previous FSL in general 2D
in Figure la, the grating only provides wavevectors in the imaging, we present a new FSL design with significantly
k« direction. Therefore the propagating waves after the FSL improved performance in the following two crucial aspects.
have three contributions: the 0 orderl order, andt-1 order The first aspect is the signal dominancy for th diffraction
diffraction waves of the incident waves with wavevectors order. In our previous FSL design, the transfer function for
within the red, green, and yellow region in Figure la, —1 order is about 1 order of magnitude larger than that of
respectively. (The incident waves are the scattering wavesthe rest, which, in return, requires that the amplitudes of the
from the 2D object at the plane immediately before the FSL. propagating components in the object spectrum are compa-
Higher diffraction orders are neglected due to small diffrac- rable or smaller than those of the evanescent components.
tion efficiency.) The FSL is designed in a way that the To free this constraint of the objects, the transfer function
propagating part of the diffracted waves after the FSL mainly ratio between the dominant order and the rest has been
comes from the-1 order diffraction of the incident waves improved by a couple of orders in the new FSL design. The
with wavevectors within the green region in Figure 1a. Then second aspect is the designability of the enhanced evanescent
by measuring the spectrum of the propagating waves afterband at visible wavelengths. In the FSL in refs 22 and 23,
the FSL, the information of the incident waves with the evanescent waves over a broad wavevector band are
wavevectors within the green region in Figure 1la can be enhanced simultaneously due to the surface plasmon reso-
retrieved. To reconstruct a 2D high-resolution image, the nance excitation at the conditigam| ~ €4. €m and eq are
information in all directions is required. Naturally, a straight- permittivities of metal and dielectric respectively. Therefore,
forward solution is to rotate the FSL to obtain the information once the materials are fixed, the enhanced evanescent band
in all directions. For example, one can rotate the FSL by and the working wavelength are fixed as well. In contrast,
30° (along thez-axis in Figure 1a), and then the information the new FSL has the flexibility of designing the location
of another green region can be retrieved from the spectrumand bandwidth of the enhanced evanescent wave band at
of the propagating waves measured in the far field after the desired visible wavelength.
FSL. By accumulating measurements from six orientations  This new designed FSL is composed of a methélectric
of the FSL, one can obtain the information in the green ring multilayer, termed a flat metamaterial superlens, and a 1D
as shown in Figure 1b (in each measurement, information subwavelength grating. Similar to the original FSL, the flat
in two symmetric green region is retrieved when both half metamaterial superlens enhances the evanescent waves and
propagation bands are considered). The propagating informa-attenuates the propagating waves, while the subwavelength
tion of the incident waves within the red region in Figure grating converts the enhanced evanescent waves into propa-
1b can be obtained by a reflection mode of a conventional gating waves so that the information carried by evanescent
optical microscope. As a result, a 2D sub-diffraction-limited waves can be detected and retrieved in the far field.
image can be reconstructed from the retrieved spectrum. Macroscopically, the fact that the flat metamaterial su-
In our previous work?23the FSL consisted of a silver perlens enhances the evanescent waves and attenuates the
slab and a 1D silverdielectric grating has successfully propagating waves can be explained by the dispersion
demonstrated the 1D imaging by designing a specific optical relation of the metatdielectric multilayer using effective
transfer function based on the surface plasmon resonancenedium theory when the film thickness is much smaller than
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Figure 2. (a) Dispersion relation of a metadielectric multilayer withee, > 0, €eix < 0. (b) Calculated transmission coefficients (in
logarithm scale) of 20 pairs of 15 nm Ag and 20 nm dielectric multilayer. Permittivity of Ag is obtained from ref 24, while permittivity of
dielectric is 2.28. (c) Calculated transmission coefficients (in logarithm scale) of 30 pairs of Ag (thickness of each Ag layer is 20 nm) and
dielectric (wavelength is 450 nm). (d) Calculated transmission coefficients (in logarithm scale) of 30 pairs of Ag (thickness of each Ag
layer is 30 nm) and dielectric (wavelength is 450 nm).
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Figure 3. Two-dimensional transfer functions of a metamaterial FSL (the metamaterial FSL is made of 20 pairs of 15 nm Ag/20 nm
dielectric € = 2.28) and a 1D Agdielectric subwavelength grating. The thickness, period, and Ag filling ratio of the subwavelength
grating are 55 nm, 160 nm, and 0.3, respectively. The working wavelength is 405 nm). (a) Schematic of the incident wave with respect to
the metamaterial FSL. (b,c) Zero and first-order transfer function for p-polarization. (d,e) Zero and first-order transfer function foesiguolariz

The unit in both horizontal and vertical axis dg Notice the color scale difference between (b,c) and (d,e).

the working wavelength. For TM polarization, the dispersion indicates that the multilayer structure only supports propaga-

relation of a metatdielectric multilayer is/eer, + Kofeerix tion for incident waves with wavevectors larger thian
= kﬁ where €eix = Pemeta T (1 — P)€dielectrioc €effz = Microscopically, the special transmission property of the
(eémetafdielectrid/ (1 — P)€meta T Pedielectri, P IS the filling ratio metak-dielectric multilayer can be explained by a surface

of metal layer. The isofrequency contour is shown in Figure plasmon mode interaction picture. The mechanism of simul-
2awhereei, > 0, €ciix < 0. The isofrequency contour curve  taneous enhancement of evanescent waves within a broad

3362 Nano Lett, Vol. 7, No. 11, 2007



range of wavevectors by the multilayer is different from that a)
of the silver slab. It is well-known that surface plasmon
modes split on metal thin film due to the interaction of modes

on two metal surface®. As the number of the metal thin

films increases, the number of the split surface plasmon
modes increases accordingly. With proper design, the split
surface plasmon modes can be highly compact. Then the
transmission of the evanescent waves through the multilayer

is large over a continuously broad range of wavevectors
(Figure 2b shows the transmission coefficient through a
metal-dielectric multilayer). On the other hand, the trans- (b)
mission of the propagating waves through the multilayer is
lower due to the increased total thickness of the metal.
Therefore, the transmission ratio of the evanescent waves
and the propagating waves through the multilayer is signifi-
cantly increased compared with that of the silver slab. As a
result, the—1 order transfer function of the metamaterial
FSL can be several orders larger than the 0 addorder
transfer functions. In addition, because the enhancement of
the evanescent waves by metdielectric multilayer is due

to the splitting of surface plasmon mode instead of the ©
surface plasmon resonance excitation at the condjtigh

~ €4,% the metamaterial FSL can work over a broad range

of wavelengths, which is absolutely favorable in various
imaging applications.

Figure 2b, calculated transmission coefficients (in loga-
rithm scale) of a Ag-dielectric multilayer, shows that the
transmission of evanescent waves due to the surface plasmoil
mode splitting in the multilayer is at least 3 orders larger
than the transmission of propagating waves. It also showsFigure 4. Numerical demonstration of 2D imaging with sub-
that evanescent waves are simultaneously enhanced over giffraction-linjited resolution by the metar_naterial FSL. The working
broad wavevector range and a wide range of wavelengths.Vavelength is 405 nm. The metamaterial FSL is the same as the
It is worth mentioning that the location and the bandwidth one in Figure 3. (a) Sub-diffraction-limited object (the view size is

i 2 um by 2um) and its spectrum. The object is composed of eight
of the enhanced transmission wavevector band can be tune@ircles with radius of 40 nm. H-field is 1 within each circle and is
by changing the thickness of the Ag and dielectric layer (see 0 anywhere else. The center-to-center distances between the eight

Figure 2c,d for examples), which adds flexibility of enhanc- circles range from 100 to 1059 nm. (b) Simulated real space image
ing the desired evanescent band obtained by a conventional far-field optical system with MAL.5

(diffraction limit: 268 nm) and its spectrum (only the part 1.5

For 2D imaging, we extend the transfer functions concept k, is shown). (c) Image reconstructed by rotating a metamaterial
in refs 22 and 23 to 2D transfer functions. For a given set of FSL and its restored spectrum.
k« andky, the —1 order transfer function is defined as the
wave amplitude ratio between thel order diffracted waves
at plane Il and the incident waves at plane | in Figure 3a (0 FSL automatically selects the p-polarized direction for each
order anct-1 order transfer functions are defined similarly). set ofk, andk, and allows its transmission. In the first-order
k« and k, are tangential wavevectors of incident waves transfer function figures (Figure 3c,e), whép > 0, the
(incident waves are the scattering waves from the 2D objecttransfer function is-1 order transfer function; while when
at the plane immediately before the metamaterial FSL [planekyx < 0, it is the+1 order transfer function. It can be seen
I in Figure 3a]). Parts be of Figure 3 show the 2D transfer that —1 order transfer function for incident waves in the
functions of a metamaterial FSL, which were calculated by green dashed region in Figure 3c is 3 orders larger than the
2D rigorous coupled wave analysis (RCW&feParts b and  +1 order transfer function for incident waves in the yellow
¢ and parts d and e of Figure 3 show transfer functions for dashed region in Figure 3c and the O order transfer function
p-polarization and s-polarization, respectively. Each set of for incident waves in the red dashed region in Figure 3b.
k. andk, in Figure 3 is associated with an incident plane as  One 2D sub-diffraction-limited object was employed to
shown in Figure 3a. The p-polarization is the case that show the 2D imaging performance of the new proposed
incident H-field is perpendicular to the incident plane. metamaterial FSL. Figure 4a shows the H-field of the 2D
Therefore, the direction of incident H-field is different for object and its spatial spectrum. For a conventional optical
different set ofkc and k, (Similarly s-polarization can be  microscope with NA= 1.5, the diffraction-limited image
defined by replacing H with E). In real experiment, the and its corresponding spatial spectrum are shown in Figure
illumination light can be unpolarized so that the metamaterial 4b. The diffraction-limited image is obtained by inverse
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(b)

Figure 5. Image reconstructed at wavelength (a) 500 nm, (b) 600 nm, and (c) 365 nm. The metamaterial FSLs and the objects are the same
as those in Figure 4 except that the objects and the periods of the gratings in the metamaterial FSLs are scaled by the ratio of wavelengths
(for example, at wavelength 500 nm, the object is scaled by the factor 500/405, and the period of the grating is changed from 160 to 200
nm). At wavelength 365 nm, the object can not be correctly reconstructed because the transmissions of the evanescent waves through the
multilayer are comparable with those of the propagating waves.

Fourier transform of the propagating band of the 2D object. In conclusion, we reported that theoretically 2D sub-

Obviously, the sub-diffraction-limited features are not dis- diffraction-limited images could be reconstructed by rotating

tinguishable. The reconstructed image utilizing the metama- a metamaterial FSL, which intrinsically could work over a

terial FSL in Figure 3 is shown in Figure 4c. The recon- proad range of visible wavelengths. The 2D sub-diffraction-

structed image is obtained by following the foregoing |imited imaging ability enables more applications of FSL in

procedure of six measurements and a reflection modenanoscale optical imaging and sensing.

measurement except that the far-field data that could be

measured experimentally is calculated by forward 2D RCWA

simulation, that is, the computation of the propagating R

component of the scattering spectrum after the metamaterial

FSL. The eight circular objects are clearly resolved in the

reconstructed image utilizing metamaterial FSL. The working

wavelength is 405 nm, and the smallest center-to-center

distance is 100 nm. The artificial dots in Figure 4c are due References
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