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Abstract: Optical images from nano-scale features were obtained by 
collection of leakage radiation coupled to surface plasmon polaritons 
excited by near-field fluorescence. Plasmonic crystals with spatial periods 
as small as 190 nm and non-periodic features separated by 80 nm, 
corresponding to ~λ/7, were clearly visible in the real plane images using 
this far-field technique. We show that the leaked light from the investigated 
samples carries detailed information to the far-field which is not present in 
the images obtained with conventional optical microscopy. 
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1. Introduction 

Conventional optical microscopy is diffraction-limited to spatial periods larger than λ/NA, 
where λ is the free space wavelength of the illuminating light, and NA is the numerical 
aperture of the system [1,2]. In the last few years considerable efforts have been dedicated to 
overcoming this fundamental limit. For instance, Pendry proposed that a thin metal film could 
be used to image features beyond the diffraction limit in the near-field [1]. This was later 
confirmed experimentally [2]. The proposed superlens approach relies on the principle that 
the diffraction limit is reached when sufficiently small features diffract some of the incident 
energy into evanescent waves. Pendry showed that a thin metal layer can be used to enhance 
the evanescent field and therefore sub-diffraction limited features can be imaged in the near-
field. Far-field superlenses, also based on the enhancement of the evanescent field by metal 
layers have been investigated both theoretically and experimentally [3–11]. More recently, 
Liu et al. demonstrated a far-field superlens which incorporates patterned periodic metallic 
features that converts evanescent waves into propagating waves [3]. Although sub-diffraction 
limited features can be imaged with this method, it requires multiple fabrication steps and the 
utilization of a linear grating to frustrate the evanescent waves. Also, this type of superlens is 
narrowband due to the resonant out-coupling condition of the grating, and does not produce a 
direct image of the investigated features. It requires numerical reconstruction to obtain the 
images. Therefore, alternative approaches to optically image sub-diffraction limited features 
in the far-field are of particular importance. 

In this work, we report new experimental results concerning images of sub-diffraction 
limited features in the far-field using a superlens with a non-patterned metallic layer. Our 
approach relies on the imaging of surface plasmon polaritons (SPP) coupled to leakage 
radiation excited by near-field fluorescence, or plasmon coupled leakage radiation (PCLR) for 
short [12]. Major advantages of using fluorescent coupled SPP excitation include: large 
coupling efficiency between the excited fluorophores and SPPs; SPP propagation occurs in all 
allowed directions on the sample surface; and most of the light that is not SPP-coupled (direct 
laser excitation and light diffraction from the features in the sample) can be practically 
eliminated with the aid of narrow-band interference filters. The combination of these 
attributes results in superior image clarity and definition when compared to other approaches. 
The sub-diffraction imaging capabilities of the PCLR technique is a direct result of the SPP 
propagation within the sample, which is modified by in-plane scattering perturbations by the 
dielectric features, as previously shown for the specific case of Bloch functions in periodic 
plasmonic structures [13]. This is in contrast to the out-of-plane diffraction effects which 
comprises the basis for image formation in conventional optical microscopy. We stress here 
that the reason why the PCLR technique is not diffraction limited is precisely because the 
light collected to form the images is not related by out-of-plane diffraction by the surface 
features. Rather, the light coupled to the SPPs in the samples occurs in all directions and are 
in-plane scattered by the surface features. This adds further information to the electric field of 
the propagating in-plane SPPs in the sample. Then the propagating SPPs leak continuously to 
the substrate where they can be collected and imaged. The resolution limit and image 
definition of the PCLR technique is determined by the in-plane diffraction of the SPPs by the 
features in the sample surface, and on the scattering strength of these individual features. This 
implies that the ultimate ability to resolve individual features is reliant on their ability to 
modify the in-plane electric field, which manifests in contrast changes in the final image. 
Furthermore, the PCLR technique allows for imaging nano-size features in the far-field 
without the need of complex superlens structure designs or sample post-processing [3]. 
Importantly, this makes the PCLR-superlens technique rather broadband (to the extent that 
the metal in use can support SPPs with relatively low loss), whereas the previously proposed 
periodic lens structure is inherently narrowband due to the out-coupling grating patterned into 
the metal lens [3]. Another significant advantage of the PCLR-superlens approach is its 
ability to obtain super-resolution images directly in the real plane or surface image (SE) as 
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opposed to having to be reconstructed numerically [3]. This important attribute can be used in 
future projection nanolithography applications. 

2. Theory of plasmon-coupled leakage imaging 

In order to analyze the sub-diffraction characteristics of the PCLR-superlens approach we 
investigated two different nano-structures: a dielectric-loaded plasmonic crystal (Fig. 1(a)) 
and a chromium double-line (Fig. 1(b)). Firstly we consider the plasmonic crystal which 
comprises a periodic array of dye-doped dielectric features defined on the top of a gold thin 
film, which is in turn above a glass substrate (see Fig. 1(a)). 

 

Fig. 1. Schematic illustrations of (a) dye-doped dielectric-loaded plasmonic crystal and (b) 
nano-sized Cr double lines. 

In our studies we used samples comprising ~150 μm glass substrates covered with a 50 
nm thick gold layer and coated with a ~110 nm thick doped PMMA layer. The real part of the 
effective refractive index of the allowed propagating SPP mode was calculated, using Finite 
Element Analysis (COMSOL Multiphysics®), as neff = 1.03. This value is less than that of the 
substrate, and thus the SPPs will couple (or “leak”) to the substrate with a given SPP 
resonance angle (θSPR) [14]. For a uniform (non-patterned) dye-doped dielectric layer over the 
gold film, the θSPR angle is determined by the momentum matching condition: 

 sin( )spp o eff o sub SPRk k n k n θ= =  (1) 

where kspp is the wavevector of the SPP, k0 is the freespace wavevector, neff is the effective 
refractive index of the propagating mode, and nsub is the substrate refractive index. When light 
is coupled to the SPPs, via fluorescent excitation, it propagates in all directions in the sample 
surface and then leaks into the glass substrate [15,16].The leakage radiation is then collected 
and imaged into the Fourier Plane (FP) with a signature corresponding to a single ring 
[15,16]. When the SPPs propagate in a periodic patterned surface, kspp is modified by G = 
2π/p, which corresponds to the reciprocal lattice vector of the crystal, where p is the period of 
the lattice in the real space. In this case, the momentum matching condition is given by: 

 sin( )o eff o sub SPRk n G k n θ± =  (2) 

The corresponding FP images of plasmonic crystals now involve multiple rings displaced 
from each other by the vector G (see Fig. 2(a)) [17]. 
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Fig. 2. Schematics of FP images obtained with the PCLR-superlens technique. (a) when the 
spatial period is just at the limit of resolvability, and (b) when the features will be resolvable. 

These multiple rings carry detailed information about the periodic structure in the BFP 
image of plasmonic structures using the PCLR technique, just as the diffraction spots do in 
conventional optical microscopy. To be imaged, this implies that the light must leak with an 
angle smaller than the maximum angle collected by the collecting microscope objective, 
determined by its numerical aperture (NA) (See Fig. 2(b)). This gives: 

 o eff ok n G k NA± <
 

 (3) 

From Eq. (3) we can determine the minimum period resolvable in a periodic structure using 
the PCLR technique as: 

 
eff

p
NA n

λ>
+

 (4) 

with the constraint that neff must be less than the substrate refractive index in order to ensure 
leakage collection by the imaging system. This is a key result since it shows a marked 
difference in resolving power from diffraction-limited optical systems. An estimate of the 
resolution limit of the PCLR technique for non-periodic structures can be obtained 
considering that the minimum period corresponds to a maximum resolvable wavevector kmax 
= ko(NA + neff) with an angular bandwidth of Δk = 2kmax. Therefore, using ΔkΔx ≈ 2π, the 
expected single-feature resolution can be determined as: 

 
( )2 eff

x
NA n

λΔ ≈
+

 (5) 

For instance, if neff ~NA = 1.49 and λ = 568 nm, the resolution limit of the superlens-PCLR 
technique would be p>λ/2NA = 190 nm and Δx ≈λ/6, which are already well-below the 
classical optical diffraction limit which is estimated as p>λ/NA = 381 nm and Δx ≈ λ/2NA 
≈λ/3. 
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3. Experimental confirmation of resolution 

We confirmed the sub-diffraction imaging capabilities of the superlens-PCLR technique [12] 
by fabricating dielectric-loaded plasmonic crystals consisting of 110 nm thick PMMA doped 
with Rhodamine-6G (R6G), which was spun on the top of 50 nm thick gold films deposited 
on glass substrates. Arrays of holes arranged in square lattice crystal symmetry were defined 
on the dye-doped PMMA using a combination of electron-beam lithography and lift-off 
techniques. FP and SE images were obtained by illuminating the patterned side of the samples 
with a continuous-wave laser emitting at 532 nm wavelength. The fluorescent emission, 
centered at ~568 nm wavelength, couples to the SPPs in the sample and their propagation 
directions are modified, from the un-patterned layer, by the presence of the periodic structure 
[18]. The leaked light with the SPR angle, defined in Eq. (3), is collected by a microscope 
objective with NA = 1.49, band-pass filtered at 568 nm wavelength, and then imaged on both 
the real and Fourier planes, using a commercial inverted microscope [12,18]. A schematic 
illustration of the experimental PCLR setup is depicted in Fig. 3. 

 

Fig. 3. Schematic illustration of the PCLR-superlens imaging setup. 

We fabricated several plasmonic crystals with different lattice periods to verify 
experimentally the condition defined in Eq. (4), which corresponds to a critical lattice period 
where the holes are no longer visible in the SE images of these structures. For the samples 
analyzed here with PMMA and gold thicknesses of ~110 nm and 50 nm, respectively, 
corresponding to neff = 1.03, we anticipate a resolution limit near p = 225nm, well below of 
the classical optical diffraction limit p = 381 nm. In our plasmonic crystal samples we used 
holes with radius p/3, and this corresponds to edge-to-edge separation between holes of 75 
nm. Figure 4 shows SE and FP images of plasmonic crystals with three different periods. 
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Fig. 4. SE images of dye doped dielectric loaded plasmonic crystals with periods 240 nm (a), 
235 nm (b),and 230 nm (c). Corresponding FP images are shown in (d), (e), (f), respectively. 
For (a) and (b) the crystal features are resolvable, which is evident in (d) and (e) by the first 
order extra rings present (encircled in white boxes). 

The SE image resolves individual holes for lattice periods p = 240 nm (Fig. 4(a)) and p = 
235 nm (Fig. 4(b)), but for p = 230 nm the image shows a uniform surface. Figures 4(d)-4(f) 
shows the corresponding FP images to the same samples shown in Figs. 4(a)-4(c). The 
characteristic first order extra rings (marked by a white box) can be only observed in the FP 
images shown Figs. 4(d) and 4(e), where holes in the surface of the sample were also visible 
(Figs. 4(a) and 4(b)). However, the absence of first order extra rings in the FP of the 
plasmonic crystal (Fig. 4(f)) and the corresponding uniform surface shown in Fig. 4(c) 
confirms that p = 230 nm is the minimum period resolvable in the investigated plasmonic 
structures. The small discrepancy between measured (p = 230nm) and calculated (p = 225nm) 
minimum period is attributed to deviations (of the order of few nanometers) in the hole 
diameter and period from their nominal values and imprecision in the determination of the 
effective refractive index of the plasmon guided mode. These findings, confirm the super-
resolution capability of the far-field PCLR approach for periodic features. 

4. Non-periodic far-field super-resolution 

To further explore the imaging capabilities of the PCLR-superlens technique, and to show 
that individual features with sub-diffraction dimensions can be also imaged, in addition to 
periodic structures, we fabricated a second type of sample as shown in Fig. 1(b). The samples 
comprise two parallel lines (120 nm wide each and 50 μm long) of chromium (~35 nm thick) 
patterned on the top of the uniform gold layer (50 nm thick), with edge-to-edge line 
separation (Δx) of 80 nm. The whole sample was then covered with 110 nm thick R6G-
PMMA. We performed a direct comparison among Scanning Electron Microscopy (SEM), 
SE, and white light (WL) images of the fabricated double-lines. The WL images were 
obtained using conventional microscopy under white light illumination, but filtering at 568 
nm wavelength, in order to keep the same conditions between experiments. The PCLR 
technique was also used to obtain SE images of the fabricated structures. In contrast to the 
plasmonic crystals, where the SPP propagation is determined by the patterned holes in the 
PMMA, the chromium metal layer now modifies the propagating SPPs in the double line 
samples. Figure 5 shows representative SEM (Fig. 5(a)), SE (Fig. 5(b)), and WL (Fig. 5(c)) 
images of a Cr/Au double-line sample. 
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Fig. 5. SEM (a), PCLR (b), and WL (c) images of 35 nm thick and 120 nm wide Cr double 
lines defined on the top of the gold layer. The double-line center-to-center (p) separation is 200 
nm with an 80 nm gap between the lines. 

The SEM image was obtained at approximately the same magnification as the optical 
images. The SE image (Fig. 5(b)) clearly shows the presence of the two patterned chromium 
lines with dimensions comparable to that obtained by the SEM image (Fig. 5(a)) from the 
same sample. In contrast, the WL image (Fig. 5(c)) shows that the double lines cannot be 
resolved under white light illumination. In order to further explore this effect, we zoom in (by 
a factor of ~10) the SEM, SE, and WL images shown in Fig. 5, and the corresponding 
magnified images are shown in Figs. 6(a), 6(b), and 6(c), respectively. Again, the WL image 
(Fig. 6(c)) clearly does not resolve the double lines while the SE image (Fig. 6(b)) shows the 
double lines with an intensity contrast 3:1. This can be further confirmed in Fig. 6(d) where 
we plot the intensity profiles of the images shown in Figs. 6(b) and 6(c). In the case of the SE 
image (Fig. 6(b)) the line profile reveals two well-defined peaks. In contrast, the line profile 
corresponding to the WL image (Fig. 6(c)) shows a broad single band with no resolvable 
features. These findings, confirm the super-resolution capability of the far-field PCLR 
approach for non-periodic features. 

In the SE images shown in Figs. 5(b) and 6(b), the definition of the two chromium lines, 
which has 80 nm gap between the edges of the lines, is close to the resolution limit of our 
current PCLR setup. However, additional limiting resolution factors, extrinsic to the PCLR 
technique, may be playing an important role in determining the maximum resolvable features 
that can be obtained from these particular experiments. Two important factors are of 
significance: the gold grain size (~50 nm in lateral size) and the magnification and camera 
resolution limitations of our microscope. Further imaging resolution improvements can be 
achieved in the PCLR system by using less granular gold films, for example with the aid of 
germanium wetting layer [19], in combination with higher image resolution cameras. Another 
possible alternative to further improve the resolution limit of the PCLR technique is to use 
non-dye doped coated samples under direct excitation with shorter illumination wavelengths. 
However, it should be pointed out here that the anticipated image quality using that approach 
is expected to be inferior to the images shown in this work due to reduced SPP coupling 
excitation efficiency, non-uniform SPP excitation, SPP propagation is limited to specific 
directions within the sample, and the need of a spatial filter to block the incident laser beam in 
the Fourier plane. 
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Fig. 6. Expanded view of the images shown in Fig. 5(a), Fig. 5(b) and Fig. 5(c). (a) SEM 
image, (b) PCLR image and (c) WL image. (d) line intensity profiles for the images shown in 
(b) and (c). 

5. Conclusion 

In conclusion we have shown a technique to image sub-diffraction-limited periodic and non-
periodic features in the far-field. This technique is reliant on fluorescent excitation of SPPs 
and in-plane scattering of SPPs from surface features, rather than traditional perpendicular 
diffraction through surface features, or existing far-field superlenses which require specific 
periodic patterning of the metal lens layer. Furthermore, we have shown the unprecedented 
capability of this technique to image features as small as ~λ/7, appearing to be largely limited 
by sample fabrication and camera resolution. 
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