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Abstract: Dielectric metasurfaces made from crystalline silicon, titanium dioxide, gallium
nitride and silicon nitride have developed rapidly for applications in the visible wavelength
regime. High performance metasurfaces typically require the realisation of subwavelength, high
aspect ratio nanostructures, the fabrication of which can be challenging. Here, we propose and
demonstrate the operation of high performance metasurfaces in ultra-thin (100 nm) crystalline
silicon at the wavelength of 532nm. Using optical beam analysis, we discuss fabrication
complexity and show that our approach is more fabrication-tolerant than the nanofin approach,
which has so far produced the highest performance metasurfaces, but may be difficult to
manufacture, especially when using nanoimprint lithography.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Controlling and shaping light beams at will is one of the major goals of photonics research. Over
the years, various demonstrations of ordinary and extraordinary optical phenomena have been
enabled by structuring artificial materials at the sub-wavelength scale [1-4]. More recently,
the concept of the metasurface emerged [5], which consists of thin resonant elements that can
modulate optical wavefronts by manipulating the phase [6], amplitude [7] or polarization of
light [8]. These artificial optical structures were initially demonstrated in the form of metallic
metasurfaces [6,9-16]. However, metallic structures have limited efficiency in the visible regime
due to ohmic loss, which particularly restricts their use in transmission. This limitation has now
focused the metasurface research effort onto dielectric materials.

Such dielectric metasurfaces can be categorized according to the nature of the material into
“high index” semiconductors such as silicon and “low index” oxides and nitrides [17-31]. The
issue with the high index semiconductors is their absorption in the visible regime, but it has
recently been shown that this loss can be mitigated by using advanced designs of crystalline
silicon (c-Si) metasurfaces on transparent substrates, with efficiencies close to those obtained
with dielectric materials now having been demonstrated, even at 532 nm wavelength [32-37].

Here we propose to use ultra-thin c-Si of 100 nm thickness, which is several times thinner
than the silicon used previously (e.g. 380nm [36] to 500nm [37]). Our unit cell consists
of a high-contrast grating (HCG), which is able to provide full 2z phase control for circular
polarized incident beams. A high efficiency orbital angular momentum (OAM) generator is then
designed and fabricated to demonstrate the capability. Finally, we discuss fabrication issues and
show that using thinner material markedly improves fabrication tolerance, especially in view of
manufacturing by nanoimprint lithography.
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2. Design and fabrication

It is well established that the HCG approach allows full 2z phase control [19,20,35,36]. In order
to facilitate the detailed design, we then used finite difference time domain (FDTD) calculations
to generate the phase map of the HCG by varying its width and periodicity for a wavelength
of 532nm. By varying the thickness from 80 nm to 120 nm, the phase difference between
TE-polarized and the TM-polarized incident light can be controlled between 1.44x to 0.967,
with a value of 0.997 being obtained for a thickness of 100 nm (Fig. 1 shows the simulated
phase maps of TE- and TM-polarized light under different geometrical parameters). Therefore,
we chose 100 nm to create a half-wave plate. Regarding the HCG period, we found that an
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Fig. 1. (2), (c), (e): Phase maps of TE-polarized light at different heights; and (b), (d), (f):
Phase maps of TM-polarized light at different heights.
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HCG consisting of 300 nm period high-index stripes was the best compromise for achieving high
transmission while maintaining full phase control; in fact, the phase response is achieved by
rotating the optical axis of the grating [19]. It should be noted that this full 27 phase control is
the comprehensive effect of both PB-phase and resonant phase supported by the HCG, which
allows to achieve thinner structures.

A high efficiency OAM generator was designed accordingly and fabricated to verify the optical
performance. The general features of an OAM generator based on geometrical phase are as
follows: a left-circularly polarized input beam Ej;, = Eo X (1, i) can be turned into a right-circular
output beam E,,, = Egexp(i2a(x, y)) X (1, —i), where a(x, y) is the orientation angle of the
optical axis of each unit cell. If the azimuthal variation of the angle a follows the relation of
a = q + a, the output wavefront then possesses 2|g| interwined helical surfaces carrying an
OAM of [ = |2gh|, resulting in a topological singularity along the propagation axis [38—41].
Such beams are central to the field of singular optics, being a novel tool for manipulating the
spin as well as the orientation of trapped objects [42,43]; additionally, such helical modes can be
produced with our HCG metasurface. For the special instance of ¢ = 0.5 and the incident light
being left-circularly polarized, the output light is right-circularly polarized with an OAM per
photon of 24 (Fig. 2a).

(b) (©)

Fig. 2. (a) Schematic of the c-Si based HCG OAM generating metasurface. (b) Illustration
of the HCG design with |/| = 1. (¢) SEM micrograph of the complete metasurface and (d)
its details.
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The schematic arrangement of the OAM generator with ¢ = 0.5(]/| = 1) is shown in Fig. 2(b).
This structure is then fabricated by electron beam lithography following the process. Figures 2(c)
and 2(d) show SEM micrographs of the completed metasurface.

3. Methods
3.1.  Sample fabrication

Before fabricating the transmissive metasurface, a thin c-Si layer is firstly transferred onto a
quartz layer referred to Ref. [32] as a silicon-on-glass (SOG) wafer. Then the SOG sample is
spin-coated with 400 nm ZEP520A as the electron beam resist; meanwhile, a 50 nm aluminum
layer is thermal evaporated on the backside of the quartz to serve as the charge dissipation layer.
The pattern is then exposed with electron beam lithography (EBL, Raith Vistec EBPG-5000 plus
ES) at 100 keV. The exposed sample is then immersed into tetramethylammonium hydroxide
(TMAH) to remove the aluminum layer, while the resist is developed with Xylene. Finally, the
metasurface is finished after using inductively coupled plasma (ICP, Oxford Instruments) to etch
100 nm c-Si.

3.2. Measurement setup

The configuration of the Mach-Zehnder interferometer used to capture the output light intensity
distribution is shown in Fig. 3(a). A cw laser beam (532 nm) is expanded and collimated by
lenses L1 and L2 prior to being separated by a 50/50 beam splitter (BS). Half of the light (lower
arm of the interferometer) passes through a quarter waveplate (QWP) to produce a left-circularly
polarized (LCP) light; an objective lens (Obj1) then focuses the LCP beam onto the sample with
a spot diameter of ~50 um. The vortex beam created by the sample is re-collimated by another
objective lens (Obj2) and passes through a QWP and a linear polarizer (LP) in cross-polarization
with respect to QWP1 to eliminate the non-converted light. The reference beam propagates in
the upper arm through a half waveplate (HWP) to acquire the same phase difference as in the
lower arm. The interference pattern of the two beams occurring at the BS is finally captured by a
CCD (D).

3.3. Numerical simulation method

To study the HCG structures and the performances of vortex beams, we used commercially
available finite difference time-domain simulation software package (Lumerical FDTD). The 3D
simulation was performed with periodic boundary conditions for HCG optimization, and with
perfect matched layer (PML) boundary conditions for the OAM generators. The “Si (Silicon) -
Palik” is chosen as the material of crystalline silicon. To balance the computational time and
accuracy of the simulation, the mesh accuracy is chosen to be “4” in the software.
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Fig. 3. (a) Configuration of the Mach-Zehnder interferometer used to capture the output
light intensity distribution. (b) and (c) show the simulated and experimental vortex light
intensity distribution with |/| = 1 generated by the OAM metasurface, respectively. We
ensured a like-for-like comparison between simulation and measurement by modelling a
segmented metasurface, as shown in Figs. 2b, c. (d) and (e) show the interference patterns
obtained with a tilted reference beam (pitch-fork pattern) and a collinear reference beam
(one-arm spiral) using the setup of Fig. 3a.
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4. Measurement results

The intensity distribution of the output beam with |/| = 1 has a ring profile, as expected for a
vortex beam. We use a Mach-Zehnder interferometer (Fig. 3a) to investigate the detailed phase
singularities of the beam and to observe the expected pitch-fork and spiral beam patterns. The
quality of the resulting figures highlights the high phase fidelity achieved with our metasurface.

The absolute efficiency is then defined as the amount of light converted into a helical mode
divided by the incident light. We measure an experimental value of 63% efficiency at the
operating wavelength of 532 nm, which is as high as a comparable TiO, nanofin metasurface of
600 nm thickness (reported to be 60% in [44]). As an added bonus, and as shown in Fig. 3(c),
the quality of our OAM beam is even better than in our previous work on organic vortex laser
metasurfaces [45].

5. Fabrication tolerances of thin HCGs

In order to assess fabrication tolerances, we simulated the fidelity one would expect from a typical
nanoimprint process. To this end, we considered that an ideal beam with topological charge of
|l| = 1 has a Laguerre-Gaussian far-field intensity and a phase distribution as shown in Figs. 4(a)
and 4(f), respectively. Figures 4(b)—4(e) then show the simulated beam profiles generated by the
metasurface with printing resolutions of 60 nm, 70 nm, 80 nm and 90 nm with Figs. 4(g)—4()
their corresponding in-plane phase distributions, respectively. We assume that a higher resolution
than 60 nm yields the same optical performance as the original design, which becomes apparent
when comparing Figs. 3(b) and 3(b); Fig. 3(b) is the theoretical beamshape expected for a
segmented metasurface, while Fig. 3(b) is the shape expected for an experiment with 60 nm
resolution. The two are basically indistinguishable. We note that the performance both in terms
of beam shape and phase distribution then degrades with decreasing printing resolution. To
quantify the fidelity of the optical performance, we use the following correlation function [46]:

A A yydxdy]
J1Ao(x, )Pdxdy [ |Ai(x, y)|*dxdy

where A; (x, y) and Ag (x, y) are the complex amplitudes of the ideal and the degraded patterns,
respectively. We take Figs. 4(a) and 4(f) as the target intensity and phase, and the fidelity value
F of the respective profiles is illustrated in Fig. 4(k) for the different printing resolutions. The
highest fidelity we observe is F'=0.9625, with the deviation from unity due to the segmented
phase sections; we note that the simulated and the experimental structures for a resolution = 60 nm
achieve identical fidelity values. The value of F then drops rapidly with decreasing spatial
resolution.

An additional aspect is that the resolution achieved in the nanoimprint process directly impacts
on the aspect ratio of the individual features. Therefore, poor lithographic transfer will not allow
making high aspect ratio pillars as required for making nanofin structures. To study this aspect,
we also simulate the height versus fidelity of the same |/| = 1 patterned metasurface, this time
using the best possible c-Si nanofins with heights ranging from 100 nm to 500 nm designed by
the method in [37] (See Table 1 for detailed geometric parameters). The corresponding simulated
output beam profile is shown in Figs. 5(a)-5(e) and Figs. 5(f)-5(j), respectively. It shows that the
optimum OAM property, with a fidelity F =0.9513, is obtained when the height of the nanofins
reaches 500 nm. However, this aspect ratio (10:1) cannot be replicated with high accuracy using
a nanoimprint process. In contrast, the ultra-thin HCG process introduced here only requires
low aspect ratio structures and supports high OAM performance which can be readily replicated
using nanoimprint lithography.

(1)
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Fig. 4. (a) Ideal intensity distribution of a Laguerre-Gaussian beam with a topological
charge of || = 1. (b) — (e) Far-field intensity distribution generated by the nanoimprinted
c-Si HCG OAM generators with printing resolutions of 60 nm, 70 nm, 80 nm and 90 nm,
respectively. (f) — (j) Corresponding phase distributions of (a) — (e). (k) Fidelity value for
different printing resolutions.

Table 1. Geometric parameters of the nanofins used in this study

height (nm) length (nm) width (nm) unit cell size (nm) aspect ratio
100 100 20 160 5:1
200 105 78 110 2.6:1
300 135 36 142 8.3:1
400 147 43 163 9.3:1

500

160 50 220 10:1
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Fig. 5. (a) — (e) Far-field intensity distribution obtained by metasurfaces consisting of c-Si
nanofins with heights of 500, 400, 300, 200 and 100 nm, respectively. (f) — (j) Corresponding
phase distributions of (a) — (e). (k) Fidelity value indicating the optical performance of
metasurfaces composed of nanofins with different heights. The blue dashed line shows that
our HCG metasurface has a much better optical performance than a comparable nanofin
metasurface for a thickness of 100 nm.

6. Conclusion

In summary, we have shown that highly transmissive metasurfaces that generate high fidelity
vortex beams for operation at 532 nm can be generated in a crystalline silicon thin film with a
thickness as low as 100 nm. Despite the very low thickness, our HCG design affords full 2z
phase control for circularly polarized incident light. The experimentally measured efficiency
is 63%, which is determined from the fraction of light being converted into the helical mode
and taking absorption and reflection losses into account. We note that this efficiency is higher
than that of comparable metasurface structures realised in TiO2. Furthermore, we illustrate by
modelling that the thin HCG design introduced here is much more robust to fabrication errors
than a comparable high aspect ratio nanofin design. We believe that our thin film approach
is capable of simplifying metasurface mass-manufacture and that it will open up this research
area to real applications such as ultra-thin functional optical elements for quantum information
processing or optical focusing and complex beam shaping.
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