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Abstract: We report here the design, fabrication and characterization of
optical hyperlens that can image sub-diffraction-limited objects in the far
field. The hyperlens is based on an artificial anisotropic metamaterial with
carefully designed hyperbolic dispersion. We successfully designed and
fabricated such a metamaterial hyperlens composed of curved
silver/alumina multilayers. Experimental results demongrate far-field
imaging with resolution down to 125nm a 365nm working wavelength
which is below the diffraction limit.
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1. Introduction

Ever since Abbe's discovery in 1873[1], the “diffraction limit” in far-field optical imaging
was considered to be a fundamental barrier. Since high spatial frequency information carried
by evanescent waves only exists in the near field of an object, only the propagating light
reaches the far-field image plane and the resolution of any conventional microscope is limited
to approximately half of the wavelength. Collecting the evanescent information directly in the
near field has long been considered as the most sraightforward and effective way to
overcome the diffraction barrier. Near-field scanning optical microscope (NSOM) brings a
sharp tip down to the near field of an object [2]. The evanescent information is then brought to
the far field and the image is electronically reconstructed. Non-linear optica effects are
utilized in fluorescent microscopy. In stimulated emission depletion (STED) microscopy, the
scanning spot size can be significantly reduced by spatially controlled stimulated quenching
of excited fluorescent molecules [3]. Structured illumination microscopy utilizes periodic
lines or dot arrays to illuminate an object and sub-diffraction-limited images can be
reconstructed numerically from a series of measurements based on moiré fringe concept [4].
Despite the success of aforementioned techniques, the scanning and the image reconstruction
methods have the major drawback of being slow which is un-suitable for real-time imaging, in
addition to the need of complex optics and non-linear materials.

A new imaging concept called superlensing received much attention for its ability to
restore evanescent waves and project sub-diffraction-limited images without scanning [5].
Decaying evanescent field is amplified by a negative index material and the concept was
validated experimentally by using a thin slab of silver [6-8] and SIC [9]. Even though it was
pointed out that the superlensing was ‘near-sighted’ [10], the demonstration of this near-field
superlensing raised the hope of developing a far-field superlens(FSL) which is capable of
imaging in comparable resolution even in the far field [11-13]. A proof-of-concept experiment
has been reported that sub-diffraction-limited resolution up to 120nm was achieved using a
FSL [12, 13, 14].

In this paper, we describe an experimental realization of a new sub-diffraction-limit
imaging method called *hyperlens imaging'. Similar to the geometry of cylindrical superlens
[15, 16], a hyperlens takes a form of cylindrical metamaterial comprising periodic metal and
dielectric layers. This anisotropic metamaterial has electric permittivities in opposite signsin
two orthogonal directions, which not only enables waves with large tangential wave vectorsto
propagate in the medium but also achieves an image magnification [17, 18]. We reported
150nm resolution which is beyond the diffraction limit of conventional microscopes [19].
Here we give detailed account of the hyperlens design, structure fabrication, and imaging
experiments as well as a new result of an improved resolution.

2. Hyperlens Theory and Design

The hyperlens theory is briefly summarized in Fig. 1. The dispersion of electromagnetic(EM)
2 2 2

wave is represented by ——+—% = 6()_2 in cylindrical coordinates, where k. and k, are wave
4 r c

vectors, g and g, are permittivities in radial and tangential directions respectively, o is the
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angular frequency, and c is the speed of light. Figure 1(a) shows isofreguency contours in k-
space in which isotropic medium has circular dispersion (red). The accessible range of k, ,
which determines the imaging resolution, is limited to the radius of the circle, r =¢¥2=n,
where n is the refractive index. Higher index materials are sought to be used in immersion
microscopy for this reason, but there's limited availability in nature — commonly used
immersion oil gives n only around 1.5. However, it was shown that a material with anisotropic
electrical responses in two orthogonal tensor components can indeed support the propagation

of EM waves with large wave vectors [20, 21, 22]. Incaseof €, <0 and ¢, >0, hyperbolic

k, (b)

Fig. 1. Working principle of hyperlens. (a) Red circle: dispersion isofrequency curve of light
in isotropic medium in cylindrical coordinate. Blue curve: hyperbolic dispersion in an

anisotropic medium when & <0 and ¢,>0 (b) One suggested cylindrical hyperlens

structure. Multi-concentric layers of alternating metal and dielectric layers make anisotropic
metamaterial.

isofrequency contour is achieved (blue) and waves with larger k, that are commonly

evanescent become propagating (other combinations of permittivity values can result in
different dispersion characteristics).

Such a medium can be realized using the metamaterial concept. Figure 1(b) shows one
exampled structure which consists of thin alternating layers of a metal and a dielectric [15].

Since metals tend to have ¢,, <0 and dielectrics have g, > 0 in the visible frequency range, a

metamaterial which contains both of the materials can be designed to exhibit opposite signs of
permittivity in two orthogonal directions. When a small object is placed at the center of such a
cylindrical ‘hyperlens’ (Fig.1(b)), the object scatters the light and generates a wide band of

k,. As large wave vectors propagate along the radial direction, the k, component gradually

becomes smaller due to the conservation of angular momentum. The fine feature information
of an object is then brought to far field magnified which can be imaged directly by
conventional optics.

In designing a realizable hyperlens, the permittivity of the metal( ¢, ) and the
dielectric( g, ) have to match in such a way that the metamaterial has desired anisotropic

characterigtic, and each layer thickness must be much smaller than the wavelength to be
treated as an effective medium. In addition, the structure parameters need to be within the
capability of currently available nano-fabrication techniques.

For this experiment, Silver (Ag)( ¢, =—-2.4012+0.2488i [23]) and Aluminum Oxide
(AlLO3)( g, =3.217 [24]) were used and the effective permittivity of the designed
E.E4
(1- p)e,, + P,
filling ratio of the metal. At 365nm working wavelength with p= 0.5, hyperbolic dispersion

is obtained as shown in Fig. 2(a).

metamaterial was calculated using g, = pe,, +(1- p)g, , € = , where pisthe
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Fig. 2. Hyperlens designed for experiment. (8) Isofrequency contour of the designed metamaterial
structure. k. and k, are normalized to k, = 27/365nm (b) Simulated magnetic field distribution. The

hyperlens consists of 8 pairs of Ag (35nm)/ Al,O; (35nm) layers on a curved quartz mold. The twoline
objects (150nm separation through 50nm Cr film) are gradually magnified along the radial direction
under p-polarized 365nm light illumination.

COMSOL Multiphysics™ 3.3 was used to simulate the performance of the designed
hyperlens, and its cross section is shown in Fig. 2(b). The thickness of each layer was set to
35nm after considering both the applicability of the effective medium approximation and the
acceptable film quality achievable in fabrication. The surrounding material is quartz

(&4, =2174) and the overall dimension is close to that of our fabricated hyperlens in which
two 50nm wide openings with 150nm separation in a 50nm thick Cr layer serve as objects.
With a p-polarized (electric field perpendicular to the groove direction) 365nm illumination
from the top, it is clearly shown that the magnified image is formed by the hyperlens just
outside the structure and its propagating property assures that the image is sent to the far field.
The magnification, determined by the retio of outer(r,) and inner(r, ) radius, r,/r, , is
estimated to be 800nm/240nm=3.3, which agrees well with the simulation result. The 16

layer design is to obtain a reasonable transmission through the structure during the image
detection, but alarger magnification can be obtained with more layers.

e RS
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Fig. 3. (8) Hyperlens sample fabrication process flow. Through the etch hole on a Cr film (1),
isotropic wet etching makes cylindrical groove in quartz (2). After Cr film is removed (3), multilayer
hyperlens structure is fabricated using aternate deposition of Ag and Al,O;(4). A Cr film caps the
hyperlens structure for object fabrication (5). (b) Imaging setup. Completed hyperlens/object ssmpleis
placed under objective with incident light at 365nm, conventional far field microscope with 100X oil
immersion objective and UV sensitive CCD detector was used for direct far field imaging.
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3. Fabrication and Char acterization

The fabrication process of our hyperlens is shown in Fig. 3(a). A thin Cr layer (150nm) was
deposited on a quartz wafer (150um thick) by an electron beam evaporation process(EB3,
BOC Edwards). Then, a 50nm wide etch dlit was made using Focused lon Beam (FIB,
STRATA 201XP, FEI) and the half-cylindrica groove was defined through isotropic wet
etching of quartz in Buffered Oxide Etch (BOE) solution of 10:1 dilution ratio. In 12minutes,
groove diameter of approximately 1.6um was achieved. The RMS (Root Mean Squared)
surface roughness of the groove was measured to be 1.3nm by Atomic Force Microscopy
(Dimension 3100, Veeco). Since multiple Ag and Al,O; thin films were to be deposited, the
initial surface quality was a crucia factor in achieving tolerable smoothness of subsequent
layers. The Cr layer was removed by another wet-etching step (CR-7 Cr etchant), and the
multilayer structure was deposited at a low pre-deposition pressure of 3uTorr to ensure the
best possible surface quality of each layer. Starting from the Ag layer, Al,O; and Ag films
were deposited alternatively at 0.3nm/s, and a 50nm of Cr film was deposited on top of the
16th layer (Al,Os). Despite the directional nature of electron beam evaporation deposition, a
reasonably good side-wall coverage was achieved(Fig. 4). Finaly, various objects were
inscribed on the Cr film by FIB.

Fig. 4. A SEM picture of the cross section of a hyperlens structure. A hyperlens without any
fabricated object was cut using FIB. (a) 16 Ag/Al,O; layers are clearly shown, bright and dark layers
are Ag and Al,Osrespectively. The top thick and bright layer is Chromium. Even with directional E-
beam evaporation deposition method, side wall coverage is close to conformal due to low deposition
rate. (b) Zoomin picture of white squarein (a).

Figure 3(b) shows the schematic of our hyperlens imaging setup. The fabricated sample
was measured using an inverted optical microscope (Axiovert mat 200, 100x oil immersion
objective, N.A.=1.4, Zeiss). The object was illuminated by a mercury lamp (HBO, Zeiss) with
a band pass filter (centered a wavelength of 365nm and bandwidth of 10nm) and a UV
polarizer. The magnified image was then captured by a UV sensitive TE-cooled CCD camera
(VersArray 1300F, Princeton Instruments) with 20 seconds of exposure time. In order to find
the right focus plane for the image, a step-motor (VEXTA RK series 5-phase stepping motor)
was ingtalled to the fine focusing knob of the microscope and the Z-focusing is scanned in
50nm step.

4. Imaging Results and Discussion

Figure 5(a) is a top-view scanning electron microscope (SEM) picture of a line pair object
with center-to-center distance of 130nm and line width of ~50nm. They were placed off the
center(Fig.5(a)) to show that an object can be placed anywhere in the groove to be imaged
with good resolution and negligible position-dependant distortions.

The smallest distance (A ) that can be resolved by the transmission mode imaging setup is
estimated to be about 260nm from a simple equation: A = A/ NA where, 4 =365nm, and NA
(Numerical Aperture)=1.4. Nevertheless, the 130nm distance object is clearly resolved
through the hyperlens as shown in Fig. 5(b). The center-to-center distance of the enlarged
image is about 300nm which represents the magnification of about 2. This is lower than the
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Fig. 5. Hyeperlensimaging results. (@) SEM image of 130nm line pair object on Cr film. Dark regionisthe
hyperlens and the bright region is the flat surface. (b) Image captured by optical microscope through
hyperlensing shows 130nm gap is clearly resolved. (c) Left: SEM image of tilted line pair object with
indicated gap sizes. Middle: Image captured by optical microscope through hyperlensing. Right: Intensity
profiles of the three indicated cross sections showing resolved 125nm gap (top).

predicted value of 3.3, which can be attributed to the imperfect concentricity of the fabricated
structure. The non-ideal sample conditions such as surface and interface scattering also
affected the experimental transmission coefficient which is about one order smaller than
predicted by simulation. Obviously, the transmission level directly affects the exposure time
of detection which is essential for high speed imaging. Nevertheless, it is possible to redize
optical hyperlenses for true rea-time imaging utilizing currently available materials and
nanofabrication techniques.

Figure 5(c) shows the imaging results of a tilted line pair object which was designed to
measure the resolution limit of our hyperlens. The intensity cross section revealed that our
hyperlens was able to resolve down to 125nm which is more than a two-fold resolution
improvement. In principle, the resolving power of a hyperlensis only limited by its geometry
and thus the fabrication imperfections. However, the metamaterial still has a cut-off wave
vector even at an acceptable transmission due to the inevitable material loss which sets the
practical resolution limit. It is worth mentioning that the hyperlens we demonstrated here is
able to magnify only in horizontal direction because of its cylindrical geometry. However,
spherical shape can be designed and fabricated in the same way, which will be able to
magnify in al planar directions to achieve true two-dimensional(2D) nano-optical imaging.
Thiswork is on-going and will be reported elsewhere.

5. Conclusion

This work provides the detailed accounts of the design, fabrication and characterization of the
optical hyperlens. The demonstrated hyperlens, which is a metamaterial with concentric
multilayers of metal and dielectric, utilizes its unusua anisotropic characterigtic to directly
transfer sub-wavelength information to the far field. Combining hyperlens with an optical
microscope, a sub-diffraction-limited imaging was demonstrated with 125nm resolution.
Hyperlensing opened new and exciting possibilities for real-time nanoscale optical imaging.
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