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Abstract: It has been proposed that a planar silver layer could be used to
project a super-resolution image in the near field when illuminated near its
plasma frequency [J. B. Pendry, Phys. Rev. Lett. 86, 3966 (2000)]. This has
been investigated experimentally using a modified form of conformal-mask
photolithography, where dielectric spacers and silver layers are coated onto
atungsten-on-glass mask. We report here on the experimental confirmation
that super-resolution imaging can be achieved using a 50-nm thick planar
silver layer as a near-field lens at wavelengths around 365 nm. Gratings
with periods down to 145 nm have been resolved, which agrees well with
our finite-difference time domain (FDTD) simulations.
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1. Introduction

The near-field imaging properties of plasmonic systems have attracted a great deal of interest
since Pendry's proposal [1] that a metal film illuminated near its plasma frequency could be
used for super-resolution imaging. Super-resolution is defined here as resolution beyond the
conventional diffraction limit for far-field imaging. For normal-incidence illumination at
wavelength /4 the smallest spatial frequency that can be resolved in a far-field image is A/n,
where nis the refractive index of the surrounding medium.

Pendry’s proposal, together with his predictions for the properties of negative-refractive-
index (NRI) materials, has sparked a great deal of interet from the optics and
electromagnetics community. There have now been microwave-frequency demonstrations of
negative refraction [2] and sub-wavelength imaging [3] with metamaterials, and we report
here on the experimental confirmation that super-resolution imaging can be achieved at
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optical wavelengths. A 50-nm thick planar silver layer has been used as a near-field lens at
wavelengths around 365 nm, for imaging a tungsten-on-glass mask into nearby photoresist.

Near-field imaging through silver has recently been reported with sub-micron [4] and sub-
wavelength [5] resolution; however the silver layers used in these studies were too thick to
allow significant enhancements of evanescent field components, hence super-resolution was
not achieved (nor was it expected). By carefully refining our experimental procedures we can
now form planar silver lens structures that are sufficiently thin (50 nm) and flat (~1nm root-
mean-square (rms) roughness) to show unambiguous super-resolution imaging. The
experimental details are outlined in the following section and the key results are presented in
Section 3. Finite-difference time domain ssimulations of the imaging process have also been
carried out, and the results of these are presented in Section 4, before the concluding remarks
and acknowledgements are given.

2. Experimental methods

The experimental methods we have used are based on previous near-field imaging work [4-6],
in which a conformable tungsten-on-glass mask is used to ensure intimate contact with the
photoresist that is used to capture the near-field image. The experimental setup is shown
schematically in Fig 1. Tungsten masks are patterned onto a conformable glass substrate
using electron-beam lithography (EBL), followed by the deposition of additional dielectric
spacer and silver lens layers. The finished masks are then brought into vacuum contact with a
resist stack for lithographic exposures. A detailed explanation of the processes can be found
in Refs. 4 and 5, but the key improvements to the process that have enabled super-resolution
imaging to be achieved are given below.
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Fig. 1. Schematic diagram of the near-field imaging experimental arrangement. A bottom anti-
reflection coating (BARC) layer is used beneath the resist to prevent substrate reflections.

The tungsten-on-glass masks are built on 200-pum thick, 25-mm diameter glass coverdips.
These are metalised with a 30-nm thick tungsten film and patterned using EBL and reactive
ion etching (RIE); patterns include isolated lines, line pairs, gratings and arrays of dots, with
feature sizesfrom 5 um to less than 100 nm.

Additional dielectric spacer and silver lens layers are then deposited to form the ‘lens
stack’ arrangement shown in Fig. 1. The first dielectric layer has two functions: providing a
means of spacing the silver from the mask, and planarising the tungsten mask to smooth out
the uneven topology before the silver lens layer is deposited. This planarisation is critical to
the experiment, as if there is significant topography transferred through to the silver then any
images that result may be caused by this instead of the desired planar lensing property; the
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ability of topographic features on silver to cause sub-wavelength patterning of photoresist has
been studied in its own right [ 7], which we wish to avoid for these experiments.

To achieve a planar first dielectric spacer alayer of poly-methylmethacrylate (PMMA) is
spun on to about 5 times the thickness required, before being re-flowed overnight at 185 °C to
increase planarisation and then dry-etched back to give the necessary thickness. An oxygen
RIE process is used to etch back the spacer (40 sccm O,, 100 W, 100 mTorr). It was
determined that a lower power and high gas flow rate etch produced the smoothest surface,
with typical values for the roughness of the final PMMA surface being less than 0.8 nm rms.

The next step is to deposit the silver film onto the stack. Both thermal evaporation and DC
magnetron sputtering were used for deposition, with the main goal being to produce the
smoothest silver layer possible. Deposition rates of 0.5 nm/s and 1.4 nnV/s were used for
sputtering or evaporation respectively, and in both cases the resultant films had surface
roughness values of less than 1.2 nm rms (approx 10 nm peak-peak).

In our earlier work the final spacer layer was PMMA [4], but SiO, has been found to give
more consistent and robust results. The way in which the SO, is deposited is dependent on
the silver deposition; the same method is used for both layers so that the SO, can be
deposited without the need to break vacuum, which minimizes oxidation and sulfidation of the
silver. An AFM image of the surface of this final spacer layer is shown in Fig. 2 for a mask
with a 25-nm thick PMMA spacer, a 50-nm thick evaporated silver lens and a 10-nm thick
evaporated SO, spacer (we will refer to this as a 25/50/10-PMMA/AQ/SIO, mask). The
image is taken on top of a region with a 350-nm period grating in the 30-nm thick tungsten
layer, and none of this topography has been transferred through the subsequent layers. The
surface roughness of the final mask is approximately 1.2 nm rms, the same as for the silver
layer underneath.

10nm
line trace
Onm
-10nm
Onm 2.5um

Fig. 2. AFM image and line trace taken on the surface of the SO, layer of a 25/50/10-
PMMA/Ag/SIO; lens stack, directly above a 350-nm period grating in the underlying tungsten.

Exposures are performed by mounting the masks onto a rigid support that is compatible
with a commercial optical mask aligner (Karl Siss MA-6). The mask aligner is used in soft-
vacuum contact mode with an unfiltered 350 W mercury lamp light source, which gives an
intensity of 6.7 mW/cm? at the centre of the exposure field. Unfiltered exposure was used to
ensure that the plasmonic resonance condition for superlensing was met somewhere across the
lamp’s pressure-broadened i-line emission that is centered a 365 nm. Wavelengths that do
not meet this resonance condition will be self-filtered by the silver layer.
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The substrates used for the exposures are from either a prime grade p-type four-inch
silicon wafer that is cut into 25-mm sguare samples, or directly from one-inch silicon wafers.
The one-inch wafers have been found to give better results, as intimate contact is achieved
more reliably; cleaving dust often remains on the diced 25-mm sguare samples, which can
prevent intimate contact over the surrounding aress.

The samples are ultra-sonically cleaned in acetone, methanol, and IPA before applying
bottom anti-reflection coating (BARC) and imaging photoresist layers. The BARC (Clariant
BARLI-I11-200) is spun on to a thickness of approximately 200 nm, and the photoresist
(Clariant HiR1075 diluted 1:4 with methyl amyl ketone) is spun on at 4000 rpm for 60 s,
giving athickness of 120 nm. Thisis somewhat thicker than other resist we have used in the
past (typically 50-nm thick), but super-resolution imaging is achieved nonetheless.

Exposure times were established by observing results from multiple exposures, and ranged
from 4 to 120s. An AZ300MIF developer (agueous 2.38% tetra-methyl ammonium
hydroxide) was used, and development times ranged from 2 to 8s. Shallow exposures
required that the resulting patterns be imaged using an atomic force microscope (AFM) from
Digital Instruments (model Dimension 3100).

3. Experimental results

An example imaging result is shown in Fig. 3, for a 1-um period grating exposed for 120 s
through the 25/50/10-PMMA/Ag/SIO, mask and developed for 3s. The image fidelity is
much improved over earlier results for a 60/120/60-PMMA/Ag/PMMA lens stack [4], and the
line scan across this image shown in Fig. 3(b) shows that the image is fully developed into the
120-nm thick resist. Imaging of sub-micron features has therefore been greatly improved by
using thinner silver and spacer layers, and by reducing the surface roughness of the lens stack.

100nm

Onm =

-100nm
Oonm 15pum

Fig. 3. AFM image and line scan of a 1-um period grating exposed through the
25/50/10-PMMA/AQ/SIO, lens stack. The height scale on the AFM image is 130 nm.

The ability of the silver lenses to image gratings has been used as the ultimate resolution
test, asthereisahard limit for the ability of a conventional (far field) lens to image a periodic
object (diffraction grating). For normal-incidence illumination the minimum spatial period
that can be resolved with wavelength / through a medium with refractiveindex nis

Pmin =A/N , (D]

which corresponds to the period below which only a zeroth order diffracted beam will
propagate beyond the grating. Zero contrast would therefore be expected in any far-field
image below this limit, no matter how good the imaging resist might be. For our exposures at
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365 nm wavelength and with n=1.5 for the refractive index of the final SO, spacer layer
Eq. (1) gives adiffraction-limited resolution of py, =243 nm.

Figure 4 shows a series of grating images, exposed through the 25/50/10-PMMA/AgQ/S O,
lens stack under the same conditions as for the 1-um period grating shown in Fig. 3. Gratings
with periods from 500 nm down to 170 nm are resolved, with the depth of the modulation in
the resist reducing as the grating period reduces. All of the gratings with periods above the
diffraction limit (243 nm) are well resolved (Fig. 4(a) to (d)), and similar results have been
reported earlier for thicker silver lenses (although not with resolution down to 250-nm period).
We note that even though this resolution is not sub-diffraction-limited, the silver lensis ill
having a beneficial effect in reconstructing the image, as such high resolution is not expected
in proximity exposures through dielectric spacers of the same thickness as this lens stack [5].

The key results of this work are those shown in Figs. 4(e) and (f), which are for sub-
diffraction-limited gratings (200 nm and 170 nm periods respectively). In both cases the
gratings are resolved, indicating that the effect is not due to classical reduction self-imaging
(the Talbot effect [8]). The contrast has degraded in these images compared to the gratings
with periods greater than 250 nm, but the fact that they are present at al gives experimental
confirmation of Pendry’s controversial superlensing proposal [1].

Fig. 4. AFM images of gratings imaged through the 25/50/10-PMMA/Ag/SiO; lens stack, with
periods of (a) 500 nm, (b) 350 nm, (c) 290 nm, (d) 250 nm, (€) 200 nm and (f) 170 nm.
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Gratings with periods down to 145 nm have also been resolved in this exposure, as shown
in Fig. 5. In this case the grating is weaker than the background roughness of the developed
photoresist, so a Fourier transform of the image is required to confirm that the grating has
been resolved; this is shown in Fig. 5(b) for the direction parallel to the grating vector kg.
Similar analyses of the images of 120-nm period gratings do not reveal any features in the
spatial Fourier transform at 120 nm period, so the resolution of this lens for the exposure and
development conditions used lies between 120 and 145 nm period.
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Fig. 5. Results for a 145-nm period grating exposed through the 25/50/10-PMMA/Ag/SIO; lens
stack: (@) AFM image and (b) Fourier transform in the direction of the grating vector kg.

4. FDTD simulations

Finite-difference time domain (FDTD) electromagnetic simulations have been used in
conjunction with the experimental studies, in order to determine the intensity profiles that are
expected in the resist, and the ultimate resolution that can be expected. The details of the
simulation techniques that we have employed have been described previously [5]; we have
performed simulations for the six dominant lines of the mercury lamp between 312 nm and
436 nm, and can provide weighted superpositions of these if we wish. We present here results
for single-frequency exposure at a wavelength of 365 nm.

Line traces of the intensity profile 25 nm below the surface of the photoresist are shown in
Fig. 6 for two gratings exposed through a 25/50/10-PMMA/Ag/SIO; lens stack, with periods
of 300 nm (above the diffraction limit) and 200 nm (below the diffraction limit). The
intensity modulation in the image is weaker for the sub-diffraction limited case, which agrees
qualitatively with our experimental observations (Fig. 4). From such line traces we can
determine the maximum and minimum intensity in a simulated image, lnx and luyin
respectively, and use these to calculate the image contrast

V = Ima><_|min

: @)
l max + I min
from which the resolution of the imaging process can be determined.
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Fig. 6. Smulated intensity profiles 25 nm below the photoresist surface for exposure through
the 25/50/10-PMMA/AQ/SIO; lens stack. Grating periods are (a) 300 nm and (b) 200 nm.

The image contrast has been extracted from the ssimulations for a wide range of grating
periods, from 800 nm all the way down to 40 nm, and the resultsare shown in Fig. 7. Thereis
a reduction in image contrast for grating periods from 800 nm down to 190 nm, and then a
recovery from 190 to 100 nm. Thereis some evidence of this effect in our experiments, asthe
170-nm period grating is actually slightly better resolved than the 200-nm period one.
However, thisis still a rather subjective conclusion to draw, as other factors such as the duty
cycle in the experimental gratings could be influencing the experimental resullts.

For periods below 120 nm the simulated image contrast drops rapidly, although there is
still asmall amount of contrast remaining (V < 0.01) even for 40-nm period gratings, which is
about 1/6™ of the diffraction-limited resolution. We note that the image contrast would be
zerofor all gratings below 243 nm period for the equivalent far-field images.

The simulation results give a more optimistic estimate of the image resolution (sub-
100 nm) than we have obtained experimentally (120-145 nm), which is not too surprising.
Thisindicates that if we are able to further reduce the surface roughness of our films we may
be able to attain images at or below 100-nm period. In order to obtain higher resolution still
the thickness of the silver and spacer layers can be reduced further, or losses can be reduced to
give better enhancements of evanescent fields. The first case can be explored experimentally,
although there will be a point a which the silver and spacer layers are so thin that hard-
contact evanescent-field exposure would be preferable. Engineering the losses in the silver
layer will also be difficult, as these are largely determined by the nature of the material itself;
silver has the lowest loss of common plasmonic materials a visible and ultraviolet
wavelengths.
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Fig. 7. Smulated image contrast V as a function of grating period, extracted 25-nm below the
surface of the resist for exposure through a 25/50/10-PMMA/Ag/SIO, lens stack.

5. Conclusions

Super-resolution imaging through a planar silver layer has been obtained experimentally by
using a modified conformal-mask photolithography experiment.  This confirms a
controversial prediction, and completes the set of experimental verifications of phenomena
related to negative-refractive-index materials that were made in Ref [1].

A 50-nm thick silver layer has been used as the near-field lens, together with a total of
35 nm of additional dielectric spacers. By controlling the planarity of the lens and spacer
layers, and by reducing the surface roughness to approximately 1 nm rms images of gratings
with periods down to 145 nm have been resolved. For grating periods larger than this the
image contrast increases with increasing period, indicating that the results are not caused by
any period-reduced self imaging process (Talbot effect), which would only give images of
selected gratings (those that matched a Talbot distance criterion) for a fixed mask-resist
separétion.

Full electromagnetic simulations have also been carried out, and these are in genera
agreement with our experimental findings. A marked reduction in image contrast is predicted
around the diffraction limit, but some contrast persists al the way down to sub-100 nm period
gratings. This work has shown that it is possible to relax the usual near field criterion that
resolution degrades rapidly away from an aperture (or an arbitrary object), giving back to
optical scientists and engineers a ‘working distance’ degree of freedom for designing super-
resolution near field optical systems.
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