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A hybrid broadband metalens
operating at ultraviolet frequencies

Farhan Ali & Serap Aksu™

The investigation on metalenses have been rapidly developing, aiming to bring compact optical
devices with superior properties to the market. Realizing miniature optics at the UV frequency

range in particular has been challenging as the available transparent materials have limited range

of dielectric constants. In this work we introduce a low absorption loss and low refractive index
dielectric material magnesium oxide, MgO, as an ideal candidate for metalenses operating at UV
frequencies. We theoretically investigate metalens designs capable of efficient focusing over a broad
UV frequency range (200-400 nm). The presented metalenses are composed of sub-wavelength MgO
nanoblocks, and characterized according to the geometric Pancharatnam-Berry phase method using
FDTD method. The presented broadband metalenses can focus the incident UV light on tight focal
spots (182 nm) with high numerical aperture (NA = 0.8). The polarization conversion efficiency of the
metalens unit cell and focusing efficiency of the total metalens are calculated to be as high as 94%, the
best value reported in UV range so far. In addition, the metalens unit cell can be hybridized to enable
lensing at multiple polarization states. The presented highly efficient MgO metalenses can play a vital
role in the development of UV nanophotonic systems and could pave the way towards the world of
miniaturization.

The demand for compact optical devices in daily life has initiated the need to miniaturize the conventional optical
components. As any miniaturization, realizing smaller optical components with identical optical properties has
been challenging, and needs a thorough research on materials, design and fabrication. Using uniformly spaced
sub-wavelength nanoblocks, metasurfaces can enable a scale down on device sizes, and enable even superior qual-
ity optical responses by minute control of the amplitude, phase, polarization and dispersion of light' . Recently
metasurfaces have been utilized for a large variety of applications such as metalenses®'%, meta-holograms'*-'8,
polarizers®>!*?. Among these, metalenses received particular attention, aiming to replace the traditional bulky
and expensive objective lenses with ultra-thin, flat, light-weighted, and cost effective nanostructures without
losing lens’s performance at any relevant frequency?’.

Realization of metalenses in optical wavelengths has been challenging and depends highly on the refractive
index of the materials. As the metals are mostly preferred for metasurfaces, the preliminary metalens designs
utilize metallic nanoblocks or holes??*. They paved the way to understand phase engineering between the nano-
structures in the infrared region, however, due to the intrinsic absorption losses, metallic metalenses could be not
be extended for operations in shorter wavelengths. Instead, dielectric materials with relatively higher refractive
indices (n>2) and relatively negligible absorption loss has been used for metalenses to enable high focusing efhi-
ciency in ultraviolet (UV)'**% and visible (VIS)”*% frequencies. So far the studies rely on the fact that efficient
metalenses require sharp refractive index contrast against the background for the efficient handling of phase.
There has been preliminary attempts to understand the role of the refractive index on metalens performance?,
but still there is no robust concrete calculation about the refractive index requirements for the efficient lenses.
On the other hand there is a relation between the focusing efficiency of a metalens and the transparency of the
materials used. A transparent material has to be used for efficient focusing of the incident light. Large band gap
materials provide the required optical transparency and Moss relation (n* Eg = 95eV), and Ravindra relation
(n=4.16-0.86 E,)*' states that the band gap and refractive index is inversely related. Thus, low refractive index
materials are needed to realize metalenses with high focusing efficiency. This creates a problem particularly in
UV frequencies where available transparent materials have limited range of dielectric constants. Previous studies
on UV metalenses mostly utilize AIN or Si3N4!?. These materials are transparent in UV, respectively having 6
and 5 eV band gaps, and 2.28 and 2.17 refractive indices at 300 nm wavelength. The optical constants of these
materials fits the requirement of efficient UV metalenses, however the presented focusing efficiencies so far have
been limited to ~ 77% at most!!**?>. Moreover, the previous studies typically use the nanoblocks with varying
sizes to enable multi-wavelength focusing behavior. In addition, the focusing capacity under broadband illumi-
nation or polarization independence at broad UV range has not been studied in detail.
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Figure 1. A schematic view of the designed metalens focusing circular polarized incident light at focal point
F (a), and its MgO building block on glass substrate with height H, length L, width W, and unit cell has the
dimensions P x P (b). (c) The unit cell of a simple metalens, rotated by an angle 6 to impart required phase
according to geometric P-B phase method. (d) Unit cell of a hybrid metalens, where two different colored

nanoblocks are rotated by an angle 6g, 6, simultaneously to focus RCP and LCP incident lights. (e,f) Top view of
the simple, and hybrid metalens of radius R.

In this letter, we report a highly efficient theoretical metalens design composed of magnesium oxide (MgO)
nanoblocks operating at the wide UV spectral range of 200-400 nm without the need for changing the nanoblock
dimension. MgO enables both the polarization conversion efficiency (PCE) and focusing efficiency (FE) of the
designated metalenses to reach ~ 94%, which is the best value reported in this spectral range. The proposed
metasurfaces are characterized with Pancharatnam-Berry (P-B) phase method by rotation of the nanoblocks to
achieve full 27 phase coverage for circular polarized light sources. In addition unlike any previous study in the
UV range, a hybrid unit cell structure is formed by meeting two identical nanoblocks in a unit cell with a certain
configuration satisfying the best PCE. The proposed hybrid metalens enables focusing of both left handed circular
polarized (LCP) and right handed circular polarized (RCP) incident light with the same FE. Furthermore, the
lenses have high numerical aperture (NA) (~ 0.8), and are capable of focusing light to very tight focal spots (182
nm). The demonstrated metalens enables new flat optics in UV, and MgO is an ideal material for metalenses
operating at shorter optical wavelengths.

Working principle and design of the metalens

To realize a highly efficient and broadband metalens in the UV regime, magnesium oxide (MgO) nanoblocks
on a glass substrate are considered as shown in Fig. 1. We adopted MgO due to its high transmission, ultra-
wide bandgap (~ 7.8 eV), and suitable refractive index (1.96-1.76) in the designed frequency region (200-400
nm)**%. To focus a circular polarized incident beam, metalens is constructed in such a way that it fulfils the
P-B phase condition®

2
opp(%,y) = —
A,

(5= eser) )
d
where A4 is the designed wavelength, fis the designated focal length set as 7 um and (x, y) are the corresponding

coordinates of each nanoblock. This P-B phase (also called the geometric phase) can be achieved by rotating
each nano-element with an angle
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Figure 2. Polarization conversion efficiency (PCE) as a function of incident light wavelength and length (a),
width (b), height (c) of the nanoblock. Horizontal dashed lines in (a-c) represent the optimized parameters (L,
W, H) resulting in maximum PCE. (d) The simulated PCE of MgO nanoblock on a glass substrate as a function
of wavelength. Vertical dashed lines represent the designated four different wavelengths (260 nm, 300 nm, 340
nm, 380 nm) that are chosen to characterize broadband metalens properties, with a minimum PCE of 74%. The
optimized structural parameters of nanoblocks are L = 180 nm, W = 75 nm, H = 900 nm, and unit cell with
period P = 200 nm. (e) Calculated phase profile of nanoblocks as a function of rotation angle 6 within range of
0°-180°, at the designated wavelengths.

0(x,y) =:I:%¢p3(x,y)=:l:%(f— A2+ x2 +y2> )

for RCP/LCP (+/-) incident light accompanied by reversing the polarization state of the incident beam. In order
to obtain high PCE, which is defined as the power ratio of transmitted circular light with opposite helicity to the
incident light, each element should act as a half wave plate®. This half wave plate feature actually comes from the
birefringence property due to the asymmetric cross-section of the nanoblock®. Thus, by properly optimizing
the geometrical parameters (length L, width W, height H) and period P of the unit cell (Fig. 1b), we can achieve
maximum PCE resulting in a highly efficient metalens. Optimized structural parameters of the metasurface’s
unit cell are L = 180 nm, W = 75nm, H = 900 nm and P = 200 nm. Due to the rotation the distance between
each nanoblock becomes greater than 20 nm which eases the fabrication of structures with conventional meth-
ods. Keeping the nanoblocks identical, two distinct unit cells are utilized in this work, a simple and a hybrid
one (Fig. 1c-f). The simple unit cell is composed of a single nanoblock which operates at single polarization,
whereas the hybrid unit cell includes two identical nanoblocks that are rotated by an appropriate angle, and it
operates at multiple polarizations.

A commercial electromagnetic solver software based on finite-difference time-domain method (Lumerical
Inc., Vancouver, Canada) is employed to perform all simulations. The optical constants of glass and MgO are
taken from Palik, Stephens et al. respectively®*?®. We calculate the refractive index of MgO down to 200 nm
using a dispersion relation®. After calculating the refractive index within 200-400 nm, we import the data to
Lumerical (Figure S1). For the calculations related to the unit cell the incident light source is set as RCP or LCP,
periodic boundary conditions are imposed on the x and y directions, and perfectly matched layer (PML) bound-
ary condition is imposed on the z direction. Initially a unit cell is simulated to obtain the PCE of the proposed
structure. In addition to the unit cell period (P), we optimized the length (L), width (W), and height (H) of the
MgO nanoblocks sitting on a glass substrate to achieve maximum PCE as shown in Fig. 2a-c. Meanwhile, in
the optimization process of the nanoblock’s length, width, and height, all other geometric parameters are kept
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constant at their optimized values. Figure 2d shows the calculated PCE across the UV spectrum, which reaches
maximum value of 94% at 260 nm. To characterize the broadband properties of the proposed metalens unit
cell, we illuminate the metalens with light covering all 200-400 nm frequency range. Within this range four
wavelengths are specified to compare the metalens behaviour: 4; = 260, 300, 340, 380 nm each of which have
different PCE’s. These four different metalens patterns are achieved using Equation 2 and utilize the identical
optimized nanoblocks. The phase shift that is observed after the rotation of the nanoblock within an angle of
0 — 7 is shown for the designated wavelengths in Fig. 2e. The figure shows that at all wavelengths the rotation of
the nanoblock by an angle 6 = 0 to 180 degree covers the whole 360 degree phase shift by following the P-B phase
condition ¢pg = 26. Since the same nanoblock design is used for a variety of wavelengths, nanoblocks do not
act as a perfect half-wave plate at each wavelength which results in small deviations from the linear phase-angle
relationship (¢ = 26) in Fig. 2e. The broadband metalens using the same nanoblock design does not significantly
affect the metalens focusing characteristics at different wavelengths as full 277 phase coverage is still justified.

After calculating PCE and phase shift on the unit cell, we study the unit cell array. For the unit cell array
case, the simulations are performed using the FDTD method by running a script code. The script enables the
placement of nanoblocks at each position (x,y) within the designed diameter of the metalens by rotating them
according to the P-B phase condition (equation 1). PML boundary condition is employed in all three x, y, and
z directions. As stated before in this work we utilized two unit cells, a simple and hybrid metalens. Simple met-
alens is composed of equally spaced (with period P) MgO nanoblocks with the same geometrical parameters
(L, W, H). These nanoblocks are rotated by an angle 0 (equation 2) at position (x, y) to focus incident circular
polarized light beam at the focal point of the metalens. The rotation angle of the building block at any point (x, y)
can be determined by the P-B phase (equation 2), which could be an arbitrary value 0 — 7. After transmitting
through the metalens the incident light will be exposed to a phase shift equal to double the rotation angle ¢ = 26,
hence achieving the whole 0-27 phase coverage. However, this type of metalens depends only on the rotation
angle 0(x, y) = o ¢ (x,y)/2 of the constituent elements. Hence it works only for either LCP (¢ = —1) or RCP
(o = +1) incident light. To overcome the polarization limits, following the work of H. Dong et al.*®, we designed
a hybrid metalens for the first time in the UV spectral region. Here, nanoblocks are simultaneously rotated by
Or = +¢(x,y)/2 (for RCP) and 6, = —¢ (x, y) /2 (for LCP) via alternative distribution of the unit cells in both
x and y directions. Hence, by adopting such a technique, the designed metalens can effectively operate to focus
both LCP and RCP light.

Results and discussion

For the simple metalens, we verify the broadband behavior of the system at the designated four wavelengths
A4 = 260 nm, 300 nm, 340 nm, 380 nm. All the metalenses have a diameter of 20 um and are illuminated by an
RCP incident light from the glass side of the substrate as shown in Fig. 1a. Figure 3 shows the focusing charac-
teristics of the simple metalens at different wavelengths in the UV range. The normalized intensity distributions
in the x — z plane at y = 0 are depicted in Fig. 3a-d, whereas intensity profiles at focal point in the x — y plane
are shown in Fig. 3e-h. The calculated intensity at each point is normalized with dividing by the maximum
field intensity. All the focal spots are highly symmetric and strongly confined at the center of the focal region.
Flgure 3i-1 shows the relevant horizontal cut (x — y plane at y = 0) over the focal spot. The diffraction limited
(~ 2NA) focal spot exhibit full width at half maximum (FWHM) of 182,204, 223, 240 nm respectively. Focal
lengths for the four designed metalens are measured as f = 7.75,7.64,7.59, and 7.56 um respectively with a
similar NA ~ 0.8. Numerical aperture is calculated using the relation NA = sin [tan™! (R/f) ["*. Similar focusing
characteristics with a small deviation (< 3%) in the focal lengths strengthen the design’s capacity to operate at
multiple wavelengths within broadband UV range (200-400 nm). The depth of focus (DOF) values are calculated
using the formula Af = 44f2/D? and found as 156, 175, 196, 217 nm respectively*.

Furthermore, the hybrid metalens is investigated at the designated wavelengths of ; = 260 nm and 380 nm.
The geometric parameters of the unit cell and the number of nanoblocks are kept same as the simple metalens,
and the diameter of the metalens is 20 um. The structures are illuminated by both RCP and LCP light. Figure 4a-h
show the normalized intensity profiles of the focal spot in the (x — z plane), and (x — y plane) respectively for
the hybrid metalens. As in the case of the simple metalens discussed earlier, focal spots are highly focused at the
central positions for both polarization states. Figure 4i,k shows that the simple and hybrid metalenses have similar
normalized intensity profiles at z = f with similar FWHM = 182, 246 nm at the corresponding frequencies.
Moreover, the measured focal lengths are similar for the simple and hybrid metalenses (f = 7.75,7.56 um) shown
by the normalized intensity profiles as a function of z in Fig. 4j,1. Figure 4j,1 displays an insignificant deviation
of symmetry for the intensity profiles of the focal spot on x-z plane. This asymmetry might arise a concern of
spherical aberration, but it is proven that for normal incident light the flat lenses are free from spherical aberra-
tions and distortion*'. Our studies and the previous articles show that this asymmetric behavior is in parallel with
the mismatch between the designated and measured focal lengths (7 vs. 7.56 um). As the mismatch between the
focal lengths grow, the intensity profile on x-z becomes more asymmetric and focusing spreads dramatically'®3.
Hence, by utilizing the hybrid metalens structure we can achieve highly focused, intense focal spots with diffrac-
tion limited FWHM’s under both polarization states without loosing any optical quality for each polarization.

Moreover, in order to investigate the effect of broadband and monochromatic illumination source on cal-
culations, we test the previously discussed simple metalens using a broadband illumination source, unlike any
previous UV range metalens studies'"***>*2, Keeping all the geometric parameters same, we illuminate the
A4 = 300 nm simple metalens having 10 pm diameter with a broadband RCP source (4 = 200-400 nm) and a
monochromatic light source at 300 nm. Simulations under the broadband illumination needs more powerful
computational resources. Hence, the diameter of the 1; = 300 nm simple metalens is reduced to 10 pm unlike
previously discussed one. Every other structural parameters are kept same. Figure 5a,b shows the normalized
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Figure 3. (a-d) Simulated normalized intensity profiles of focal spot at y = 0 (x — z plane) for simple metalens
at the designated wavelengths 14 = 260, 300, 340, 380 nm respectively. (e-h) Simulated normalized focal spot
intensity profiles at z = f (x — y plane) for the corresponding wavelength. (i-1) Normalized intensity profiles of
focal spots presented at (e—f) along the dashed horizontal cut (at y = 0) for the corresponding wavelength. The
profiles present full width at half maximum of 182, 204, 223, 240 nm respectively. Each metalens is illuminated
by monochrome RCP incident light. All the metalenses have 20 jum diameter, and the numerical aperture is
calculated as (NA= 0.8) at each wavelength.

intensity distribution in the x — z plane at y = 0, and in the x — y plane at z = f . From the horizontal cut of the
intensity profile at the focal spot, FWHM of the simple metalens illuminated with broadband source is found as
183 nm (Fig. 5¢). When the same metalens illuminated with a 300 nm monochromatic source, we obtain FWHM
of 208 nm. This is an interesting result, showing that under broadband illumination we obtain a tight focusing,
similar to a monochromatic illumination. In addition, the focal length of the same metalens under broadband
illumination is measured as f = 7.76 pum, where as measured as f = 4.64 um for monochromatic one. This result
and additional investigations show that illuminating the metalens with the broadband light source changes the
focal length (see Supplementary Information) compared to the monochromatic illumination. To analyze this
point further, we illuminate the same metalens with several monochromatic source within 200 and 400 nm
frequency. The presented metalens exhibit a negative dispersion, higher frequencies have higher focal lengths
(Figure S2)*. However, Fig. 5¢ displays a very homogeneous, tight focal spot under broadband illumination.
In addition, under 200 nm monochromatic illumination we obtain the focal length of 7.73 um, which is very
similar to the focal length under broadband illumination (7.76 um). The results imply that the metalens could
be under a non-linear optical effect and the focal length under broadband illumination is determined by lower
illumination wavelengths for the presented metalenses. NA of the broadband and monochromatic illumination
is calculated as 0.54, and 0.73, respectively. As the NA is directly related with the focal distance, it is expected
that the calculated NA would be different for both conditions.

The focusing efficiency (FE) of the metalenses are an important parameter that explains the performance of
the metalens. It is calculated by taking the ratio of the optical power in the focal region and the incident power.
Figure 6 shows the calculated FE for both simple and hybrid metalenses in the UV frequency range (200-400
nm). For the simple metalens the FE are calculated as 60%, 86%, 85%, 94% respectively at the designated wave-
lengths under RCP illumination as shown in Fig. 6a. The presented efficiencies are the highest reported in the
UV range'*#*>4142 Similarly, for the hybrid case Fig. 6b shows the FE when the hybrid metalens is illuminated
by both RCP and LCP light. It is observed that with both RCP/LCP lights, the focusing efficiencies are 66%,
85%, 84%, 83% respectively at the designated wavelengths. The results show that the simple metalens performs
slightly stronger FE compared to the hybrid metalens in UV. In comparison to all other reported metalenses
in this spectral range, here we report the highest focusing efficiencies for both simple and hybrid metalenses.
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Figure 4. (a-d) Normalized intensity profiles of the focal spot of the hybrid metalens at x — z plane (y = 0) for
A4 = 260 nm and 380 nm under both LCP/RCP illuminations respectively. (e-h) Normalized intensity profiles
of the focal spot of the hybrid metalens at x — y plane (z = f) at 4; = 260 nm and 380 nm under LCP, RCP
illumination respectively. (i,k) depicts the intensity profile at the corresponding horizontal dashed lines shown
at (e-h), at y = 0, giving similar FWHM values under both LCP and RCP polarization. (j,1) shows the intensity
profile at the corresponding vertical dashed lines shown at (a-d), at x = 0. All the designed metalenses have the
same diameter of 20 um and NA~ 0.8.
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Figure 5. Focusing characteristics of the simple metalens when illuminated by an RCP broadband incident
light beam (4 = 200-400 nm). Normalized intensity profiles of focal spot (a) (x — z plane) at y = 0, (b) (x — y
plane) at z = 7.76 \m, (c) corresponding horizontal cut at y = 0 shows FWHM of 183 nm.

Conclusion

We introduce a low absorption loss and low refractive index dielectric material, MgO, as an ideal candidate for
metalenses operating at UV frequencies of 200-400 nm. The reported unit cell design allows the metalens to
operate over a broad UV range. In addition, the unit cell can be hybridized to enable lensing with both left and
right circularly polarized incident light. Geometric P-B phase method is implemented to achieve the required
phase for designing the planar metalens. The polarization conversion efficiency is calculated as high as 94%
accompanied by a full 27 phase coverage at the designated wavelengths in the UV range. Focusing efficiency,
which is the major parameter on the quality of a metalens, is calculated as high as 94% being the best value
reported within the UV spectral range so far. The designed metalenses bring high numerical aperture (NA=0.8)
and tight focusing on the focal point. We strongly believe that these highly efficient and broadband metalenses
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can find usage in numerous applications in the UV range i.e. UV laser, lithography, sterilization, and could pave
the way towards the world of miniaturization.
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