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Abstract: Plasmonic metasurfaces are often limited in their application by
poor device performance, which is caused - in part - by deviations between
fabricated devices and the ideal design. We show in this letter that these
deviations are reduced significantly by shape-correction, intra-structure
proximity error correction. We show experimentally that the fabrication
fidelity alone is not a good indicator of the device quality and that direct
measurements of the optical performance are necessary. Our fabrication
improvements result in increased optical performance, reaching a
measurement fidelity as high as 90%.
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1. Introduction

Metamaterials and their two-dimensional equivalent, metasurfaces, promise novel optical
effects [1-3], as well as flat and miniaturized versions of bulk optical components [4—6], such
as flat lenses [7], Pancharatnam-Berry phase optical elements [8—10], holographic gratings
[8,11] or spiral phase plates [1]. However, in many cases the efficiency of such devices is too
low for realistic applications. The performance - measured by how effectively light is
converted by the metasurface into the desired mode - is limited for a variety of reasons:
material losses, sub-optimal structure design and limitations of fabrication technology. This
necessitates further work to improve device performance, which can be achieved in a variety
of ways. For example, improved antenna design [12], low-loss constituent materials [13],
improved material quality [14] or improved device fabrication. In this letter we address the
effect of fabrication procedures on device performance. As a demonstrative metasurface we
use a plasmonic g-plate [9,10], consisting of an angular dependent array of L-shaped
nanoantennas, that generates optical orbital angular momentum through spin-to-orbit
coupling. The converted light has orthogonal polarization to the unconverted light and hence
we can accurately measure the optical performance of the device. We show that intra-
structure proximity-error-correction (PEC) of the component nanoantennas increases both the
fabrication fidelity and the optical performance of our devices. Furthermore, we find that the
fabrication fidelity alone is not a good predictor of the optical performance of a device and
therefore optical measurements are necessary when assessing fabrication quality. Our analysis
is performed for an exemplary metasurface, yet the approach is general and applicable to
metasurfaces with different constituent antennas and materials.

2. Proximity error and correction

The proximity error is caused during the lithography step of device fabrication. Here we focus
on electron beam lithography and its associated proximity effect [15]. In a state-of-the art
electron beam lithography system, the typical beam spot size is on the order of one nanometer
on the top surface of the resist. However, under propagation through the resist and subsequent
impact on the substrate, electrons are scattered and secondary electrons are generated, all of
which contribute to the resist exposure. Thus, rather than exposing a spot with clear defined
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edges, the exposed area resembles a fuzzy, airbrushed circle and the actual dose received
during lithography depends not only on the direct exposure, but also on the shape and dose of
nearby exposed areas [16]. Two length-scales are associated with the proximity effect. The
first is associated with the generation of secondary electrons and extends over micrometers
(depending on the lithography system and substrate) [16]. Due to the much smaller size of
plasmonic components this does not affect the shape of an individual antenna, but can
influence the uniformity across an array. The second length-scale, associated with a
broadening of the electron beam during propagation through the resist, is on the order of 100
nm and impacts on the shape of an individual nanoantenna. It is this latter, intra-structure
proximity effect, that we will consider in this work.

PEC [17] accounts for the effect of the proximity error during by adjusting the lithography
design, either the exposed shape (shape-correction), the exposure dose distribution (dose-
correction) or both. For our antenna arrays (see Fig. 1), the dimensions of the constituent L-
shaped nanoantennas (approximately 200 nm arm length, 120 nm arm width, see Fig. 1(b) are
comparable to the beam broadening (150 nm). Therefore, shape-correction provides a more
controlled approach to PEC [18,19] and was chosen for this work. Small “serifs”, either
additions or cutouts, are added to the structure, see Fig. 1(c). Previous reports [19-22] have
shown that this approach (and other intra-structure PEC) increases the fabrication fidelity, but
they neglected to quantify the effect on the optical performance of the fabricated device,
relying on scanning electron microscope images alone to judge device quality.

Qo': : ::: ‘Q:. b) 120nm c)

120nm

R 26 29521 YN 200nm

Fig. 1. Schematics taken from the electron beam lithography design file of a) an antenna array,
b) and individual nanoantenna without PEC and ¢) a nanoantenna with shape-correction PEC
(each little square has 20nm sidelength).

3. Experiment and results

We assess both the fabrication and measurement fidelity of a range of plasmonic g-plates
[9,10], acting as an exemplary metasurface. A g-plate is a Pancharatnam-Berry phase optical
element, which converts spin-angular-momentum to optical-angular-momentum (OAM) [23]
for light, with the exact value of OAM (which is ¢# per photon), depending on both the
geometry of the g-plate and the incident polarization [24,25]. All devices investigated have
the same device area (a circle with 100 pm diameter) and geometry. Consequently they impart
the same value of OAM upon spin-to-orbit conversion (in our case £ =2).

Multiple g-plates were fabricated, with a range of target dimensions for the constituent
nanoantennas (200-220 nm arm length and 120-140 nm arm width) and both with and without
PEC. Arrays with various sizes of the additions/cutouts (20nm, 40nm and 60nm) were
investigated. Results showed that only the smallest variation (20nm) can be modeled as a
perturbation of the ideal antenna, the other values showed fundamentally different antenna
behaviour, and therefore only these 20nm additions/cutouts are suitable for PEC (with our
given antenna dimensions) and will be considered for the remainder of this paper. All devices
were fabricated on a single substrate, ensuring that the PEC and target dimensions were the
only variation between devices, keeping other potential sources of fabrication error, e.g. film
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thickness or quality, constant. Fabrication was performed through electron beam lithography
(Raith Pioneer 30 kV e-beam system) with a 300 nm thick bi-layer PMMA resist on a fused
silica substrate. A transparent indium tin oxide (ITO) layer between the resist and the silica
substrate ensures charge dissipation during the exposure and subsequent electron microscope
imaging. The effect of the ITO layer on the optical performance of the antennas was included
during device design [10]. A thin (80 nm) gold layer was deposited on the patterned resist
using thermal evaporation, with a subsequent metal lift-off step.

The fabrication fidelity is defined as the average overlap between fabricated nanoantennas
within one array and an ideally shaped nanoantenna with dimensions identical to the average
dimensions for this array. These average dimensions were obtained, by averaging the size and
width of each antenna arm for 20 to 25 antennas per array. The size information was obtained
from image analysis using the image evaluation software FIJI, which was also used to
evaluate the overlap between the actual and ideal antenna. These average dimensions present
a better reference than the target dimension, as many factors impact the fabricated antenna
size, such as run-to-run variations in the resists thickness or fluctuations in electron beam
current. Therefore there is always a deviation between the target and actual dimensions of
nanophotonic and plasmonic devices, independent of the impact of PEC. In order to decouple
the effects of these variations from the effect of PEC, the average dimensions of each array
are used as a reference. The measurement fidelity is the ratio of the experimentally measured
optical performance over the theoretical values for the same antenna dimensions. In the case
of the g-plate, the optical performance is given by the purity of the transmitted beam, which is
the percentage of light propagating through the g-plate that is converted, i.e given OAM, and
was measured using the same set-up as in references [9,10], with theoretical values obtained
from 3D FDTD simulations (1nm mesh). Separate simulations were performed for each array,
using the average dimensions of that array, to decouple the effect of PEC from other
variations during fabrication, as was the case for the fabrication fidelity.

3.1 Fabrication fidelity
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Fig. 2. a) and ¢) Histograms of the fabrication fidelity and the area of deviations, respectively.
b) and d) Scanning electron microscope images of a representative nanoantenna with (b) and
without (d) PEC.

We first assess the fabrication fidelity for metasurfaces with and without PEC, shown in Fig.
2(a). Those arrays with PEC show a higher average fabrication fidelity (90.2 = 1.3%) than
those without (88.6 £ 0.8%) [26]. The improvement is small, as the initial devices already
have high fabrication fidelity, as illustrated in Fig. 2(b) and (d), which show that it is difficult
to reliably differentiate between a structure with (b) and without PEC (d). While this
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improvement in the fabrication fidelity seems small, it does represent a significant reduction
of the “defect” area - the total area over which a fabricated and an ideal antenna differ, as
shown in Fig. 2(b).

3.2 Measurement fidelity

While the small improvement in the fabrication fidelity reported above is promising, the
effect of PEC on the optical performance of our metasurfaces is far more important.
Simulations of arrays with ideally-shaped nanoantennas predict purities as high as 60% for the
wavelength range under consideration (760-790 nm). In Fig. 3 we show the measurement
fidelity, which in our case is the experimentally observed purity over the theoretical purity for
an ideal device (see section 3), for devices with and without PEC, as a function of the

fabrication fidelity and the defect area. There is no correlation (R>=0.0) between the

measurement and fabrication fidelity and we can only observe weak correlation (R* =0.1)
between the measurement fidelity and the defect area, with a reduced defect area resulting in
an increased measurement fidelity. Most notably, our results show that the PEC provides a
clear improvement, from an average measurement fidelity of 73.3 + 3% without PEC to 83.1
+ 3% with PEC [26]. We attribute the remaining discrepancy to a range of potential sources,
such as a non-ideal vertical profile, non-textbook values of our metal parameters (e.g.
conductivity and absorption) and the fact that the fabrication fidelity is still not perfect.
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Fig. 3. Measurement fidelity vs a) the fabrication fidelity and b) the defect area.

4. Discussion

In the above analysis we seem to have non intuitive results: fabrication and measurement
fidelity lack clear correlation and structures with PEC outperform those without PEC for the
same fabrication fidelity. However, as we will outline below, these results are in line with the
general understanding of plasmonic antennas and show the danger of directly linking structure
measurements (the fabrication fidelity) to effects dependent on the behaviour of plasmonic
resonances (the measurement fidelity).
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Fig. 4. a) and b), sketch (to scale) of L-antennas with the same fabrication fidelity, but the
deviating area (green region) concentrated along one arm (a) or in one corner (b) respectively.
¢) Purity for the two antennas compared to the ideal nanoantenna with same dimensions, the
gray shaded region indicates the wavelength range used during experiments.

The definition of the fabrication fidelity gives equal weight to all deviations from the ideal
shape, independent of their physical location. However, the plasmonic behaviour is affected
differently by deviations at different physical locations, since plasmonic resonances depend
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critically on the shape of the nanoantenna. A slight bulge out along the complete length of an
arm can have a similar area deviation as strong rounding of a corner - and therefore the same
fabrication fidelity - but could have a much smaller effect on the plasmonic resonances and
therefore the optical behaviour. For example, the two antennas sketched in Fig. 4 represent
exactly this case, they have the same fabrication fidelity (95.8%), but as explained in the
previous sentence, the location of the defect matters. In the case where the deviations are
along the length of an arm, the optical performance drops slightly (89.6 = 1.3% average
measurement fidelity over shaded area), while the second antenna, with deviations
concentrated in the inner corner has a strikingly different optical behaviour (24.7 + 0.6%
average measurement fidelity) [26]. Shape-correction PEC is specifically designed to increase
the sharpness of corners and will therefore better reduce deviations at these corners compared
to other areas of the antenna. By correcting the shape of the antenna where it matters most, the
PEC improves measurement fidelity much more than fabrication fidelity.

5 Conclusions

In summary we have shown an increase in fabrication fidelity for PEC nanoantennas, through
a significant reduction in the defect area. Metasurfaces constructed of these PEC antennas
showed strongly improved optical performance, demonstrated here by an increased
measurement fidelity (average of 83%) of a plasmonic g-plate. The lack of correlation
between measurement and fabrication fidelity demonstrates that the fabrication fidelity alone
cannot be used as an accurate indicator of optical device performance and does not present a
good measure of fabrication quality. It is therefore necessary to perform optical measurements
when assessing the impact of changes to fabrication procedures, such as the implementation
of PEC.

The significant improvements to the device performance provided by the shape-correction,
intra-structure PEC should be applicable to any structure with dimensions comparable to the
beam broadening in the resist during lithography, just as inter-structure PEC has done for
other optical devices [27] without any additional fabrication steps. Due to the field
distribution within such structures, the effect is particularly pronounced, and therefore
important, for devices with sharp corners - the L-shaped antennas investigated here, but also
other antenna designs such as V- or Y-shaped antennas and split ring resonators [3,28,29].
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