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Hybrid Metalens for Miniaturised Ultraviolet Fluorescence
Detection

Kezheng Li,* Augusto Martins, Sanket Bohora, Ashim Dhakal, Emiliano R. Martins,

and Thomas F. Krauss

The advantages of metalenses to enable miniaturized systems have been well

established, especially in the visible and infrared wavelength regimes. The

ultraviolet (UV) presents a final frontier because feature size scales as the

wavelength, so realizing a large size metalens with a high numerical aperture

(NA) in the UV is a major challenge. Here, a single-layer, thin-film (450 nm)

hybrid metalens with an NA of 0.9 and a diameter of 6.2 mm is presented. By

combining a Fresnel lens and optimised binary gratings, the well-known

shadowing effect of Fresnel lenses at high NA is avoided while being able to

realize a large area lens. It is demonstrated that the combination of high NA

and large area affords efficient detection of tryptophan-like fluorescence,

which is a well-studied proxy for water contamination with faecal coliforms.

The detection of tryptophan at levels better than 1 ppb, which corresponds to

the low-risk category for drinking water according to the World Health

Organization (WHO), is shown. It is also confirmed that the hybrid metalens

fluorescence collection efficiency is 3.5 times higher than a high NA

plano-convex lens used in state-of-the-art fluorometers, which demonstrates

that the versatile metalens approach opens up new opportunities in the UV.

K. Li, T. F. Krauss
School of Physics
Engineering and Technology
University of York
York YO10 5DD, UK
E-mail: kezheng.li@york.ac.uk

A.Martins
Department of Physics
HarvardUniversity
Cambridge,MA02138,USA

S. Bohora, A.Dhakal
Biophotonics Lab
PhutungResearch Institute
Tarakeshor-7, Kathmandu44611,Nepal

E. R.Martins
SãoCarlos School of Engineering
Department of Electrical andComputer Engineering
University of SãoPaulo
SãoPaulo 13566–590, Brazil

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202300852

© 2023 The Authors. Advanced Optical Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adom.202300852

1. Introduction

The metalens paradigm, whereby a planar
nanostructured surface manipulates an in-
coming wavefront for novel focusing and
imaging functions, is one of the most ex-
citing developments in Optics and Photon-
ics in recent years. Because of their abil-
ity to miniaturize optical systems, such as
smartphone lenses, metalenses were recog-
nized as one of the top 10 emerging tech-
nologies by the World Economic Forum in
2019. The ability to miniaturize and cre-
ate a step-change in optical system design
is based on the metalens’ wavelength-scale
thickness and planarity, and the fact that
they can be created by the same lithographic
process irrespective of the complexity of the
phase front they impose. These advantages
have motivated a large amount of research
that has led to many exciting developments
in the visible and infrared wavelength
range.[1-6] The ultraviolet (UV) regime,
however, has seen much less activity.

Metalenses are typically made up of “meta-atoms”, i.e., photonic
nanostructures that control the response of the lens on a sub-
wavelength scale. As the wavelength gets shorter, it becomes ever
more difficult to make the required sub-wavelength structures;
moreover, the choice of UV-compatible materials is very limited
and the sheer number of meta-atoms that need to be manipu-
lated by the lithographic system limits the ability to create large
lenses. As a result, very few metalenses that operate in the UV
have been presented, and none of them are larger than 500 μm
in diameter.[7-10] Such small lenses are not suitable for the very
important application of fluorescence collection in a practical sys-
tem.
Here, we introduce a novel hybrid design overcoming these

issues and enabling the demonstration of efficient UV (350 nm)
fluorescence collection. Our design paves the way towards a truly
miniaturized fluorescence detection system, because it enables
the replacement of currently used bulk lenses by a much smaller,
yet more efficient, approach, as demonstrated below. The metal-
ens design is based on the combination of a thin-filmFresnel lens
with a circular binary grating lens in a single, wavelength-scale
layer, exploiting the following insights:

a) Fresnel lenses are known to be very efficient and can be read-
ily produced lithographically, using “grey-scale” lithography.
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Figure 1. Working principle of a hybrid metalens. a-c) Cross section of the Fresnel lens, binary grating lens, and hybrid lens structure. The solid purple
lines indicate the incident and deflected rays from the Fresnel lens, while the dashed lines indicate the diffracted rays from the binary grating lens. The
inset of (a) illustrates the shadowing effect. d) 3D sketch of the hybrid metalens working at a wavelength of 350 nm with a diameter of 6.2 mm and NA
of 0.9. e) The efficiency as a function of deflection angle and numerical aperture for the above-mentioned lenses. The deflection efficiency of the Fresnel
lens is calculated for a minimum feature size of 200 nm. The inset shows the height profiles of the optimized binary lens at different deflecting angles
(NAs). The film’s height is 450 nm with a minimum feature size of 75 nm for the binary grating.

Their efficiency, however, rapidly drops with increasing nu-
merical aperture due to the “shadowing effect”[11] and in-
creased Fresnel reflections; thus, they are not suitable for high
NA operation.

b) The phase change imposed by meta-atoms can also be gener-
ated by a circular binary grating; the trade-off is efficiency, but
such binary gratings can be fabricated on a smaller scale, suit-
able for operation in theUV. They are also largely polarisation-
independent, in contrast to many meta-atom designs, which
is an essential feature for high-efficiency fluorescence collec-
tion.

Our hybrid design bypasses the shadowing effect problem of
Fresnel lenses by combining them with binary gratings, thus
leading to flat lenses maintaining high efficiency in the high
areas and NAs regime. Thus, the hybrid designs introduce flat
lenses also into the UV range, which is the relevant domain to
applications such as medical fluorescence endoscopy, remote in-
spection in industry, and water contamination testing. In those
applications, conventional metalens designs are not suitable be-
cause of their small areas while refractive lenses are too bulky,
limiting opportunities for miniaturization.

2. Results

Figure 1a‒c depicts a Fresnel lens, a binary lens, and a hybrid
lens, respectively. The Fresnel lens is placed with its structured
side facing the plane wave source for focusing. Due to the dis-
continuity at every 2𝜋 phase step, the lens pattern introduces a
“shadow” that deflects light into spurious orders for large deflec-
tion angles (inset of Figure 1a), which decreases the efficiency as
a function of numerical aperture. For amore detailed explanation
of this “shadowing” effect, see Section S3 of Supporting Informa-
tion (SI). Figure 1e shows the deflection efficiency of the different
lenses, the solid and dashed lines representing the Fresnel and
the binary lens, respectively. The deflection efficiency is defined
as the first-order diffraction efficiency of a periodic blazed grating
based on themultilevel Fresnel lens design and of each optimized
binary grating (details in Methods section and Supporting Infor-
mation Section S6). At low deflection angles, the Fresnel design
achieves higher diffraction efficiencies, but the shadowing effect
quickly kicks in and reduces the efficiency with increasing deflec-
tion angle.[11] In contrast, the binary lens maintains its efficiency
into higher angles, although it performs worse than the Fresnel
lens at low angles. The cross-over between the Fresnel lens and

Adv. Optical Mater. 2023, 2300852 2300852 (2 of 7) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 2
1
9
5
1
0
7
1
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

o
m

.2
0
2
3
0
0
8
5
2
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

8
/0

9
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



www.advancedsciencenews.com www.advopticalmat.de

Figure 2. Hybrid lens and characterization of its focusing behavior. a) Photograph of a variety of flat lenses fabricated on a borofloat glass substrate.
Hybrid lenses (NA = 0.9) are located on top left and bottom right of the photograph; the binary-only lens is located on the top right and the smaller
lens on the bottom left is a Fresnel lens. Middle and bottom picture: SEM images of the outer and inner parts of the hybrid lens. b) Optical setup
for characterizing the point spread function (PSF). c) Simulated and measured PSF along the optical axis of the hybrid lens. d) The dashed red curve
represents the simulated focal spot profile and the blue and grey curves represent the measured spot profile along the longitudinal and the transversal
directions. e) Intensity distribution of the focal spots by simulation andmeasurement. f)Modulation transfer function (MTF) for simulated andmeasured
focal spots.

the binary lens efficiency occurs at an angle of 21° (sin (𝜃)≅ 0.36);
we, therefore, used this value in our design and implemented
a Fresnel pattern in the center of the lens and a binary grating
outside the radius that corresponds to NA > 0.36. The deflection
efficiency of the hybrid lens is presented as the green curve in
Figure 1e. We designed a hybrid lens with an NA of 0.9, (diam-
eter 6.2 mm, focal length 1.5 mm) operating at a wavelength of
360 nm.
The difference between the various lenses were demonstrated

by fabricating each design. We chose a maximum value of NA
= 0.9, which is important for the fluorescence application; the
largest NA of a Fresnel lens that an e-beam grayscale lithogra-
phy system can achieve is ≈0.6,[12] so we also fabricated several
lenses with this NA to quantify the gain obtained by the high NA
(0.9) enabled by the hybrid design. All lenses have the same focal
length of 1.5 mm with different diameters: 2.25 mm for NA of
0.6 and 6.2 mm for NA of 0.9. Figure 2a shows a photograph of
the fabricated lenses and corresponding scanning electron mi-

crographs (SEM) of binary lens, Fresnel lens, and hybrid lens.
To assess the performance of the lenses, we measured their fo-
cusing efficiencies. We define focusing efficiency as the ratio of
the focused optical power to the total power illuminating the lens
(more details can be found in Section S4 of the Supporting Infor-
mation). The Fresnel lens has an efficiency of 44.6%, whereas
the binary and hybrid lenses have focusing efficiencies of 11.7%
and 13.9%, respectively. Note that, even with the lower efficiency
(13.9%) of the high NA (0.9) hybrid lens when compared to the
efficiency (44.6%) of the lower NA (0.6) Fresnel lens (which we
attribute to fabrication imperfections and the difficulty of mak-
ing high-quality nanostructures for the very short wavelengths
required here) the hybrid lens still significantly outperforms both
the Fresnel lens and the type of bulk lenses used in state-of-the-
art fluorometers (see Figure 3b). Finally, in addition to the higher
efficiency provided by the hybrid lens, it requires less time for e-
beam exposure compared to the binary grating lens, making it a
more time-efficient option in terms of fabrication. Additionally,
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Figure 3. Tryptophan fluorescencemeasurement. a) Fluorescence detection setup. b) Absolute power collected by plano-convex lens, Fresnel lens, binary
lens, and hybrid lens for a tryptophan concentration of 1 mg ml−1. The error bars are all near 0.05 nW, which is not visible in this plot. c) Fluorescence
spectrum collected by the hybrid lens for different concentrations of tryptophan with an integration time of 10 s.

the hybrid lens exhibits reduced polarization dependence, which
is advantageous for power collection purposes, because the Fres-
nel lens section does not exhibit polarization dependence. Finally,
we envision that such a lensmight be reproduced by nanoimprint
lithography, in which case the Fresnel and binary grating sections
can be reproduced in a single step.
In order to further understand the focusing behavior of the

hybrid lens, we simulated and experimentally obtained its point
spread function (PSF) and modulation transfer function (MTF).
Figure 2b shows the setup used for the PSF characterization.
We imaged a 10 μm pinhole placed at ≈200 mm from the lens
that was illuminated with focused light from a 370 nm LED with
10 nm linewidth of the spectrum. Figure 2c,d,e show the lon-
gitudinal and transversal cuts of the point spread function, re-
spectively. Figure 2e shows the corresponding MTFs. Note the
good agreement between the measured and simulated results.
We also analyzed the fabrication error regarding the center lat-
eral misalignment and focal lengths variation. The results show
stable operation and limited performance variations, highlight-
ing the stability of our design to fabrication imperfections, es-
pecially for nonimaging applications (more details are shown in
Section S5 of Supporting Information). Another aspect worth
mentioning is that the simplicity of the binary grating design
allows us to generate features on a smaller scale (smallest fea-
ture size of 75 nm), over a larger area, and with faster speed (Sec-
tion S7 of Supporting Information) compared to a typical meta-
atom design, which are the key reasons why this design is prac-
tically feasible and suitable for fluorescence applications in the
UV.
In order to test the various lenses and demonstrate the su-

periority of the hybrid lens and its suitability for real-world
applications, we carried out a series of fluorescence experi-

ments. We used tryptophan as the model fluorophore, because
of its importance in indicating drinking water quality; the re-
lationship between tryptophan-like fluorescence and the pres-
ence of fecal coliforms in drinking water has now been con-
firmed by a number of studies.[13–17] The concentration of tryp-
tophan that corresponds to safe drinking water levels accord-
ing to the World Health Organisation (WHO) is on the order of
1 ppb (1 ng ml−1).[18]

We used tryptophan solutions of concentrations starting from
100 pg ml−1 (0.1 ppb) up to 1 mg ml−1. The fluorescence was
recorded with the setup shown in Figure 3a. Tryptophan is typ-
ically excited at 275 nm and emits at 340 nm.[13] We used a UV
LED (Inolux, IN-C39ATKU1CT-ND, central wavelength 275 nm,
0.2 mW, see also Supporting Information, Section S2) and fo-
cused it into a UV fused quartz cuvette (CV10Q14, Thorlabs)
containing the tryptophan solution. The fluorescence signal is
collected by the various lenses and fed into a UV power me-
ter (Gentec-e, Pronoto) and a spectrometer (LR1, ASEQ instru-
ments). We used the following lenses for the comparison: A hy-
brid lens (NA = 0.9), a binary grating lens (NA = 0.9), a Fresnel
lens (NA = 0.6), and finally, a plano-convex quartz lens for com-
parison – with the largest NA available on the market, i.e., NA =

0.447. We note that the plano-convex lens represents the highest
NA lens used in practical fluorometers, for reasons of size and
cost, and is, therefore, a fair comparison for the application con-
sidered here. As an excitation filter, we used a glass coverslip. We
did not use an emission filter, as tryptophan was the only source
of fluorescence in the system as confirmed by the spectrum in
Figure 3c.
Figure 3b summarizes the collected fluorescence power as

a function of NA, with each data point representing a differ-
ent type of lens. For this measurement, we used a tryptophan
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concentration of 1 mg ml−1 to ensure a strong signal for ease
of comparison. The advantage of the higher NA achieved by the
hybrid metalens is readily appreciated from this result. We also
note that all other planar lenses outperformed the plano-convex
lens due to their higher NA, despite having lower focusing ef-
ficiencies. The plano-convex lens collected 5.84 nW of power,
which is approximately half of the power collected by the Fresnel
lens (11.05 nW) and <30% of that collected by the hybrid lens
(20.32 nW).
Finally, we confirmed the suitability of the hybrid lens fluores-

cence setup to detect tryptophan-like fluorescence (TLF) at WHO
drinkingwater levels. The spectralmeasurements clearly demon-
strate the ability of the hybrid lens setup to collect a fluorescence
signal at a very low concentration of 1 ng ml−1 (1 ppb) (red line
in Figure 3c); there is even a detectable 350 nm fluorescence sig-
nal at 0.1 ppb (green line in Figure 3c), which is therefore close
to or just below the limit of detection; in any case, the ability to
detect a 1 ppb signal (red line in Figure 3c) is clearly evident.
Therefore, the hybrid lens approach has clearly demonstrated its
superiority over other approaches, including a bulk lens, and its
ability to detect fluorescence at levels suitable for real-world ap-
plications. Besides that, the hybrid lens offers the opportunity to
build other miniaturized fluorometers to be integrated into med-
ical endoscopes, remote inspection tools for industry, or water
quality testing applications where current fluorometers are too
expensive and bulky.
These results highlight the remarkable flexibility of the flat op-

tics design over traditional refractive bulk lenses. We also note
that highNA refractive lenses require aspheric designs, which de-
mands complex and expensive mechanical tools for precise shap-
ing of the glass surface. In contrast, flat lenses can achieve a high
NA simply by design, and the parameters used here are all within
the capability of nanoimprint lithography, so the lens could be
replicated at a low cost. Naturally, the strategy we describe is also
applicable for the visible regime, where even larger lenses can be
realized for efficient fluorescence collection in space-constrained
systems. For example, many fluorescent dyes used in life science,
such as green fluorescence protein and rhodamine, could be de-
tected by such lenses. More details can be found in Supporting
Information Section S6.

3. Conclusion

We have demonstrated a novel design method to achieve high
NA hybrid metalenses operating in the UV region. The design
combines the high efficiency of Fresnel lenses for low deflection
angles with the superior deflection efficiency of binary grating at
higher angles. We demonstrate a hybrid metalens with an NA of
0.9 and apply it to the important problem of UV fluorescence col-
lection. Using fluorescence from tryptophan solutions, which is
relevant to the contamination of drinking water, we show that our
metalens collects 3.5 timesmore fluorescentUV light than a stan-
dard plano-convex lens and importantly, it offers the prospect for
a low-cost, miniaturized fluorometer operating in the UV. To the
best of our knowledge, this is the first demonstration of a metal-
ens of practical area operating in the UV region and demonstrat-
ing efficient fluorescence collection. While this work was aimed
at light collection, we note that the point spread functions we
show experimentally also make our hybrid lens design suitable

for imaging applications. Therefore, our work paves the way for
metalens applications in the UV spectral region, especially for
the design of miniaturized fluorescent systems, but importantly,
also for achieving large area metalenses for imaging applications
at other wavelengths.

4. Experimental Section

Multilevel Fresnel Lens Design: The Fresnel lens sectionwas etched into
a Borofloat (Schott.com) glass substrate using grey-scale lithography and
reactive ion etching (RIE) to a maximum depth of 700 nm. Borofloat glass
has a refractive index of 1.47 and low losses at 350 nm in wavelength. The
binary grating was created in a 450 nm thin layer of ma-N 2403 (Microre-
sist, GmbH) by direct electron-beam writing. The refractive index of ma-N
2403 is 1.7 at 350 nm and has negligible absorption at that wavelength
(Section 1 of Supporting Information). Two different resists needed to be
used to realize the two sections because the requirements were very dif-
ferent. For the Fresnel section, we used PMMA 950, because it allows for
a good control over the greyscale. The ma-N 2403 used for the binary grat-
ing, in contrast, exhibits a steep sensitivity curve, where very small varia-
tions of the electron beam dose lead to significant differences in the height
profile, which is ideal for a binary profile. Regarding the phase profile, the
hybrid lens is designed. To avoid spherical aberrations, the hybrid lens is
designed to modulate the wavefront with the well-known hyperbolic phase
profile, shown in Equation (1).

𝜑 (r) = −k0next

(

√

f 2 + r2 − f

)

+ 𝜋 (1)

where r is the radial coordinate, f the focal length, k0 = 2𝜋/𝜆0 the free
space wavenumber and next the refractive index of the focusing medium.
The Fresnel lens height profile was generated following the same approach
as in[19] using a multilevel approach with a minimum width resolution
of 200 nm. This resolution was imposed by taking into consideration of
the lateral step size (20 nm to guarantee a sufficient etching mask) of the
lithographic system. Given this technological limitation, themaximumNA
of a multilevel Fresnel lens is 0.6 at 350 nm.

The Fresnel lens design modulates the transmitted wavefront with the
hyperbolic phase profile ϕ(r), First, the phase profile was kept to the [0,2𝜋)
branch

𝜙′ (r) = arg ei𝜙(r) + 𝜋 (2)

The phase profile is then quantized intoM levels by the following equa-
tion

𝜙′

S
(r) = round

(

𝜙′ (r)

2𝜋
M

)

∗
2𝜋

M
(3)

where round is the rounding to the nearest integer function. The phase
sampling was performed with a different number of levels in order to keep
the minimum resolution larger than 200 nm. Therefore, the phase profile
was split into N equally spaced regions [ri,ri + 1), where i ∈ {1, 2, …N},

ri =
(i−1)R

N
and R is the Fresnel lens radius. Therefore, within each region,

the number of phase levels (M) was chosen to keep the minimum width
of each phase level plateau >200 nm.

Binary Lens Design: The binary lens design was based on a supercell
approach that samples the phase profile gradient instead of its local phase
value.[20] This means that, for a given radius ri, the grating was optimized
such that its lattice vector G matches the phase profile gradient at that
point, as shown in Equation (4)

G =
2𝜋

a
=

d𝜑 (r)

dr
(4)

Adv. Optical Mater. 2023, 2300852 2300852 (5 of 7) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 2
1
9
5
1
0
7
1
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

o
m

.2
0
2
3
0
0
8
5
2
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

8
/0

9
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



www.advancedsciencenews.com www.advopticalmat.de

where a is the supercell period. The grating height is fixed at 450 nm
to impose the required phase change. The first-order deflection effi-
ciency is optimized via a binary search algorithm combined with the rig-
orous coupled wave analysis method.[21] In the optimization process,
the minimum ridge and width sizes were limited to 75 nm as this
was the smallest size that could reliably produce with the lithographic
process.

The binary outer region could also be based on a 2Dmeta-atom design,
which was typically used for metalenses due to its polarization insensitiv-
ity. However, the relatively low refractive index of the ma_N 2403 and the
very short operating wavelength demand very small feature sizes and high
aspect ratios that were extremely difficult to fabricate consistently. Instead,
the binary ring design chosen was slightly easier to fabricate. Therefore, it
was noted that the binary grating approach offers a suitable compromise
between feasibility and performance. Additionally, a lens consisting of 2D
meta-atoms would require a significantly longer writing time. (See Section
S7 of Supporting Information).

Fresnel Lens Fabrication: PMMA 950 (MicroResist) was spin-coated on
a 500 μm thick Borofloat (Schott.com) glass substrate, and a charge dis-
sipation layer AR-PC 5090 (Allresist GmbH) is coated on top to prevent
a charging effect. Then e-beam lithography was employed to define the
grayscale Fresnel patterns on PMMA, followed by the development of a
mixture solution of deionised (DI) water: isopropanol (IPA) of 3:7. Subse-
quently, reactive ion etching (RIE) was performed to transfer the pattern
from PMMA to Borofloat glass substrate. Finally, the remaining PMMA
resist was removed in acetone.

Binary Grating Fabrication: The negative electron-beam resist ma-N
2403 (MicroResist, GmbH) is spin-coated onto a Borofloat glass sub-
strate, on top of which a charge dissipation layer AR-PC 5090 (All-
resist GmbH) was coated to prevent a charging effect. Then e-beam
lithography was employed to define the binary gratings on the ma-N
layer, followed by development in the developer of Ma-D 525 (Allresist
GmbH).

Hybrid Lens Fabrication: The hybrid lens was fabricated by overlaying
the binary grating onto a predefined Fresnel lens. The procedure was a
combination of the procedures described above.

Deflection Efficiency Simulations: The deflection efficiency was defined
as the first-order diffraction efficiency of a periodic blazed grating based on
each design. That is, the multilevel Fresnel lens, it corresponds to a multi-
level blazed grating whose period was adjusted for the required deflection
angle according to the grating equation. For the ma-N 2403-based binary
gratings, it corresponds to the diffraction efficiency of each optimized grat-
ing. Both were simulated using an unpolarized normal incident planewave
from the glass substrate. The first-order diffraction efficiency was defined
as the power going to the first order with respect to the incident power.
All simulations were performed using the rigorous coupled wave analysis
method.

Optical Setup: The optical setup for characterizing the point spread
function of the hybrid lens is illustrated in Figure 2b. A point source was
created by placing a pair of lenses between a UV LED (Marktech Opto-
electronics, MTE3661N1-UV) and a pinhole with a 10 μm diameter. The
distance between the pinhole and the hybrid lens is >200 mm which gives
a small divergence angle (15 mrad). In this case, the imaging size of the
pinhole was <100 nm, which was smaller than the hybrid lens’ resolution,
so it can be treated as a point source. The 50x objective lens was placed
on the linear transition stage to adjust the distance from the flat lenses.
A tube lens with a focal length of 75 mm was placed before the camera
(Raspberry Pi Camera Module 2 NoIR).

Tryptophan Solution Preparation: Tryptophan (L-Tryptophan, L-𝛼-
Amino-3-indolepropionic acid, (S)−2-Amino-3-(3-indolyl) propionic acid,
C11H12N2O2, CAS: 73-22-3) was purchased from Sigma-Aldrich Merck
KGaA. Then diluted in DI water into different concentrations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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