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Abstract: Planar lenses such as metalenses and diffractive lenses exhibit severe field-dependent
aberrations when imaging extended objects with high numerical aperture. This problem can
be overcome by stacking at least two of such devices on top of each other. In this work, we
present such stacked imaging systems, namely doublets and triplets of diffractive optical elements.
They are fabricated by femtosecond direct laser writing in one single step without the need for
alignment in sizes of below 200 um in diameter and 100 um in height. The lenses allow for
efficient sub pm resolution imaging at visible wavelengths combined with a full field-of-view
of up to 60°. As additional benefit, our approach dramatically reduces the writing times of 3D
printed lens systems to below 15 minutes.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

3D printed optical elements have recently enabled an entirely new class of complex micro-optics.
Optical singlet, doublet, or even triplet refractive lenses on optical fibers [1-4], optical phase
plates [5—-8], beam shapers [9,10], and optical metamaterials [11] have brought unprecedented
design and manufacturing flexibility into the size range below 500 um. One drawback, so
far, has been the long fabrication time for such elements, which easily could take as long as
many hours. Additionally, the optical performance and functionality is somewhat limited, as
a refractive surface with a given refractive index yields only refraction within Snell’s law and
within a certain volume element. Thus, high-NA optics demand larger elements and volumes,
even on the micro-optical scale. Diffractive optical elements give us the power to overcome both
issues. As they can be manufactured as thin as membranes, only a minute amount of optical
material is necessary to achieve the designed function, thus printing times can be dramatically
reduced. Furthermore, as they utilize diffraction, large beam deflection angles are possible within
a very small printing volume. In combination with femtosecond 3D printing, this opens up
the possibility for high-performance, flexible, and extremely lightweight optical elements that
give nevertheless submicron imaging resolution over a large field of view, which is essential for
microscopy, or miniature imaging sensors, such as in endoscopes or drones.

Here, we present 3D printed stacked diffractive imaging systems which combine the afore-
mentioned advantages with nearly aberration-free (aplanatic) imaging for a given wavelength,
allowing for high resolution imaging over an extended field of view. Our stacked diffractive optical
elements can be realized with a simple one-step fabrication process and a high miniaturization of
the overall device.

Flat diffractive lenses were first conceived by Augustin-Jean Fresnel [12] and then evolved into
elaborate schemes [13—16] that culminated in wafer level optics [17,18] as well as in metalenses
[19-24].

If flat lenses are used for imaging, strong color and coma aberrations lead to a significant
decrease in image quality [25]. Field dependent monochromatic aberrations such as astigmatism,
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coma, and field curvature can be corrected by bending a diffractive lens [26—28] or by combining
multiple elements as was suggested theoretically by Bobrov [29] and later by Buralli [30]. Arbabi
et al. presented a miniature metasurface camera consisting of two separated flat lenses which
shows corrected imaging performance over a field of view of 70° in the near infrared [31]. Later,
Groever et al. presented a similar metalens working in the visible regime [32].

A single surface can act as a perfect lens with focal length f for focusing on the optical axis

if it adds a spherical phase of @(r) = — (27r/4) \/r? + f? to an incident wave front. However,
if light is impinging under a certain angle «, the lens will not form a perfect focus unless an
angle-dependent phase term (@) is added to the lens phase which at the same time deteriorates
the performance for angles other than @. Thus, a single flat phase element cannot provide
aberration-free imaging over an extended field of view. A possible solution is the combination of
two or more flat lenses, inspired by the combination of two or more lenses for monochromatic
aberration correction of 1st (defocusing, distortion) and 3rd (spherical aberration, astigmatism,
coma, Petzval field curvature, distortion) order in multi-element lens systems. In this case, the
additional degrees of freedom introduced by the distance between first and second element leads
to a total phase shift which is a function of both, the pupil radius as well as the angle of incidence.
In Fig. 1 both cases are compared.
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Fig. 1. Phase shift as a function of entrance pupil radius r and angle of incidence a. (A)
One flat lens leads to a phase shift ¢(r) but does not allow for an angle dependent control of
the phase ¢(r,e). This leads to strong aberrations for fields with oblique incidence. (B) If
two or more lenses are combined, the phase shift ¢(r, @) can be chosen as a function of both
variables and thus allows an aberration-free system over a wide field of view.

2. Design and experiment

To measure diffraction efficiencies, gratings with periods from 6.3 pm to 0.67 pm (5° to 55°
deflection angle at A =550 nm) were designed and fabricated for use in the first diffraction order.
Fabrication by 2-photon direct laser writing was performed in the same way as for the lenses
described in the following paragraph. The angle dependent efficiency was then determined using
a collimated laser diode and a vertical microscope. Far-field diffraction patterns were obtained
by imaging the Fourier plane of the microscope lens onto a CMOS chip where the different
diffraction orders appear as small spots. Diffraction efficiencies were calculated by dividing the
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integrated intensity of the 1st diffraction order through the integrated intensity passing through a
flat plate with the same size and fabrication process as the gratings.

Compared to the gratings used for efficiency measurements, the imaging lens phase reliefs
were designed and optimized for a different light source (slightly different wavelength: 543
nm) with the raytracing software ZEMAX (version 13) using a global optimization algorithm.
The optimum phase ¢ as a function of radius r was determined in terms of coefficients a; as
o(r) = Zfi | a;r* by using raytracing based on the local grating approximation (LGA). The total
number of sum terms N was increased stepwise for each design until improvements to the merit
function were negligible (singlet: N =7, doublet: N = 12, triplet: N = 10). The necessary surface
profile to create this phase in air can be calculated by modulating the phase function in steps
of 27 and multiplying the result with A/(27(n — 1)). The refractive index n of the material
(photoresist) was measured to be 1.548 at a wavelength A of 546.9 nm which is sufficiently close
to our design wavelength of 543 nm [33]. A minimum local grating period of ~0.7 um resulted
in the outermost zones of the singlet lens which roughly corresponds to the cutoff period at which
the diffraction efficiency drops significantly for visible wavelengths [34]. The final geometry of
the lens stacks was optimized to reduce the amount of printed resist volume and at the same time
to minimize writing times. Therefore, the diffractive surfaces were placed on thin disks (t=8
um) which are mounted on pillars with a wall thickness of 10 pm. All lenses were restricted
to a maximum diameter of 200 um. The designs were 3D-printed in dip-in configuration with
a Nanoscribe ‘Photonic Professional GT” device using IP-DIP photoresist and a 63x, NA 1.4
objective lens. As substrates, 170 um thick borosilicate crown glass (BK7) slides with a thin layer
of indium tin oxide were used. Further details about the process can be found in [4]. Typical
writing times of lens systems such as the doublet lens were in the range of 15 minutes but can be
further reduced. A zone-boundary optimization was performed in a way similar to [35]. AFM
surface measurements were taken with a Veeco Dimension 3100 Nanoman and a high resolution
tip.

The imaging performance of the devices was tested in two different configurations. In the first
case, the lenses were used similar to a camera lens. The object, a USAF 1951 test target with
varying line widths and spacings, was placed well beyond the hyperfocal distance of the lenses
(~30 mm). The created image was then observed with an upright microscope (Nikon Eclipse
LV100-DA) using aberration-corrected objective lenses (Nikon CFI LU Plan BD ELWD 50x, 0.55
NA and 100x, 0.8 NA) and a high quality camera (Nikon DS-Ri2). In the second configuration,
the sample orientation was reversed and a high resolution USAF-target was placed very close
to the diffractive lens focal plane. The resulting distant image could then be observed with the
microscope. All measurements were carried out with the microscope white light source (Nikon
LV-HL50W). In some cases a bandpass filter (Thorlabs FB550-40) with central wavelength of
550 nm and a full width at half maximum (FWHM) bandwidth of 40 nm was inserted into the
beam path between microscope objective and tube lens.

Sagittal line-spread function (LSF) and modulation transfer function (MTF) curves were
recorded by imaging a knife edge under Lambertian illumination with bandpass filtered light of
A=550+20 nm. The radial distance from the optical axis was determined by analyzing resulting
images and used to calculate angles of incidence based on the raytracing models. Resulting knife
edge images were converted from RGB to 16 bit grey scale using the software ImagelJ. Results
were used to calculate the edge spread function at different positions along the knife edge by
averaging over 10-40 pixels (~1.45-5.8 um) along the edge. This edge spread function was then
numerically differentiated to compute the LSF. The MTF was calculated by taking the absolute
value of the discrete Fourier transform of the LSF. The MTF curves were then normalized to
their maximum value. FWHM values of the LSF were obtained by fitting the measured values
with a sinc? function and determining its full width at half maximum.
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3. Results

The diffraction efficiency of surface-relief diffractive lenses usually drops at high deflection
angles since small period to wavelength ratios, according to electromagnetic theory, lead to
limitations even in case of perfectly fabricated structures [36]. A quantitative estimation of these
effects was obtained by investigating the diffraction efficiency of 3D-printed blazed (triangular
unit cell) linear gratings with different periods and thus different diffraction angles. These
blazed gratings can be considered to locally approximate our lenses whose period decreases with
increasing aperture radius. We refer to section 2 for more information about this experiment.
Figure 2 shows the measured diffraction efficiency as a function of deflection angle. As expected,
a reduction occurs for higher angles. At an angle of 55° which corresponds to the marginal
ray angle when focusing with a numerical aperture of 0.82, a mean efficiency of 25.6% was
measured. When applied to a diffractive kinoform lens, this resulting apodization decreases the
effective NA. Nonetheless, high deflection angles can help to increase imaging performance as
long as unwanted stray light is absorbed or scattered to uncritical directions.

numerical aperture (NA)
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Fig. 2. Measured diffraction efficiencies of 3D printed linear gratings with varying deflection
angle. All gratings were designed with a circular footprint and a diameter of 200 um. Each
grating type was printed three times and then measured individually. Error bars are indicating
the standard deviation between single measurements of the three different prints.

In order to experimentally demonstrate the aberration correction capability of multiple elements,
designs with a high numerical aperture (NA) of 0.8 were developed. Figures 3(A), 3(B), and
3(C) depict the design results of a singlet lens, a doublet, and a triplet lens with focal lengths
of 67.5 pm, 78,8 um, and 83,8 um, respectively. Compared to singlet and triplet, the doublet
lens was chosen smaller in terms of diameter and height while the designed NA is the same for
all three devices. The individual aperture diameter (singlet: 180 um, doublet: 140 pm, triplet:
180 um) was selected to ensure a maximum space-bandwidth product and, if necessary, to trade
image size and light throughput for less aberrations. The corresponding optimized phase profiles
(Figs. 3(B), 3(F), and 3(J)) show significant deviations from conventional parabolic profiles.

In Figs 3(C), 3(G), and 3(K), corresponding CAD geometries are compared. The 3D printed
results (Figs. 3(D), 3(H), and 3(L)) show good agreement with the design. Since the quality of
the surface relief is crucial for efficiency and imaging performance, measurements with an atomic
force microscope were performed. Figures 3(M) and 3(N) display the results of this measurement
and its location on the sample. The cross section (Fig. 3(0)) indicates a smooth surface without
notable staircasing effects. The small width of the steep slope Fresnel zone region of ~0.5 pum is
on par if not better compared to most state-of-the-art direct writing approaches such as grey tone
direct laser writing or electron beam lithography [37].
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Fig. 3. Optical design, CAD design and fabrication results. (A) Single diffractive lens with
a designed NA of 0.8. (B) Optimized phase function of the diftractive singlet in comparison
with a conventional parabolic profile. (C) CAD design of the singlet lens. (D) Microscope
image of the fabricated singlet lens. (E,F,G,H) Optical design, phase functions, CAD model
and microscope image of the fabricated doublet lens with two diffractive surfaces S1 and
S2. (IJLK,L). Optical design, phase functions, CAD model and microscope image of the
triplet lens with three diffractive surfaces. (M) Atomic force microscope measurement of the
surface of the diffractive doublet lens. (N) SEM micrograph of the same lens. (O) Radial
cross section of the phase relief, measured with the AFM.
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Figure 4 depicts the imaging performance of a custom United States Air Force (1951 USAF
chart) resolution-target for two different wavelength bands. In Figs. 4(A)—4(C) we compare
the images recorded by singlet, doublet, and triplet lenses for green light with 4 =550+ 20
nm. Field dependent aberrations like coma and astigmatism decrease visibly with the number
of stacked elements, and the image becomes sharper in its outer regions. At the same time,
the higher number of interfaces appears to increase stray light and lowers the overall contrast.
Similarly, the stacking of several DOEs reduces the overall diffraction efficiency. Compared to the
singlet, the triplet has four additional polymer-to-air interfaces, each contributing with dielectric
reflections and diffraction into unwanted orders. This effect will be reduced in the future using
anti-reflection coatings and further optimization of diffraction efficiency. All images exhibit a
barrel distortion which was not eliminated completely in the optical design due to a trade-off
with other aberrations. In diffractive lenses, unwanted diffraction orders usually manifest in ghost
images which are absent here. For the use as a camera, the white light performance is of high
importance. Figures 4(D)—4(F) show the imaging results for illumination with a halogen bulb.
Even though the system has not been optimized for color, e.g., by working in higher diffraction
orders or using the methods from [38], the imaging performance is still good enough to resolve
many of the features. This can be explained by the small overall size of the lenses as chromatic
aberration scales with the lens size. The magnitude of color aberration, noticeable on the visible
color seams, is on a level where its reduction becomes possible using digital methods [39].

Fig. 4. Imaging performance of diffractive singlet, doublet, and triplet DOEs (scale bars:
25 um). (A, B, C) Imaging through singlet, doublet, and triplet lenses with 4 =550 + 20 nm.
Image recorded as depicted in Fig. 4(C). (D, E, F) Imaging through singlet, doublet, and
triplet lenses using white light illumination (halogen bulb).

In order to evaluate the optical performance quantitatively, the normalized sagittal modulation
MTF of the diffractive doublet lens is compared in Fig. 5(A) for angles of incidence of 0°, 15°,
and 30° at A =550 + 20 nm. The results show that high contrasts can be obtained over the whole
field of view and more than 1000 line pairs per mm at the Rayleigh resolution limit are resolvable.
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It should be noted that the significant amount of stray light present in the images is not included
in the MTF curves because of their normalization. When a knife edge is placed at the center of
the field of view Michelson contrasts of approximately 71% (singlet), 95% (doublet), and 74%
(triplet) between the bright and the dark regions can be measured using the NA 0.55 objective

lens.

A 4 half field angle: === 0° === 15° ---- 30° B » sagittal LSF at 0° field angle C 5 FWHM of sagittal LSF vs. field angle
% ) — theoretical limit (0.8 NA) : experiment: sinc? fit: = singlet Fo
% Pk: = 11 <NA 0.8 -NAO0.8 Ea doublet ~
g 208l NA 0.55 -NA0.55 w $ g triplet /
w06 5 0.6 a3 w N
= £ 0. 1 J¥
s = 5 - #
3 04 3 0.2 52 AL {»\ .
= @ V.. % . A P-4
g 02 1 E 58] Eafies N A
.g ‘:\; 8 0 - Y 5 Sl TN
0 -0.2
0 250 500 750 1000 1250 1500 -3 -2 - 0 1 2 3 0 -30 =20 <10 0 10 20 30
spatial resolution (line pairs / mm) lateral distance (um) field angle (°)
20 E :
T 3 50x |2
21, ™~ ] Q
i ‘3[ ) :@% 0.5.’7NA 3
HLE S 00« |5
- 08NA _|E
12§ -
8
c
8% F
I [a) R
i % g
4 ‘84’-'@‘-.% E s0x |8
Whi .- l 055NA (2
580 nm { i E

0 05 10
Intensity (a.u.)

Intensity (a.u.)

Fig. 5. Results of MTF and LSF measurement as well as direct imaging. (A) Sagittal MTF
curves of a diffractive doublet lens for three different field angles of 0°, 15°, and 30° at
A=550+20nm. All curves are normalized to their maximum value. (B) Sagittal line-spread
function (LSF) of a diffractive doublet lens at 0° field angle and A = 550 + 20 nm measured
with two different microscope objectives (0.55 NA and 0.8 NA). (C) Sagittal line-spread
function (LSF) at 4 =550 +20 nm as a function of field angle for singlet doublet and triplet.
(D) Image taken with the doublet and 2 = 550 + 20 nm with corresponding intensity cross
section. A feature size of <580 nm can be resolved with a contrast of approximately 10%.
(E) Measurement setup in the “camera” configuration. The object is placed beyond the
hyperfocal distance and the image is formed at the focal plane of the diffractive lens. This
image is then re-imaged onto a CMOS sensor by a microscope system. (F) Measurement
setup for direct imaging. The object is placed very close to the focal plane of the 3D
printed lens. (G) Result of direct imaging as displayed in (F). Element 6 of Group 9 of the
USAF-Target is clearly resolved. This corresponds to a spatial frequency of 912.3 line pairs
per mm.

Measurements of the sagittal line-spread function (LSF) reveal a full width at half maximum
(FWHM) value of ~650 nm in the center of the field of view for the doublet lens (Fig. 5(B)).
This corresponds to an effective NA of ~0.43 which is lower than the design value of 0.8. Figure
5(B) further confirms that the LSF does not change when observed with microscope objectives
of increasing NA (0.55 and 0.8). This shows that the measured performance is not limited by the
microscope lens with 0.55 NA which was mainly used for reasons of practicality.

When plotted versus the field angle (Fig. 5(C)), the FWHM values of the sagittal line-spread
function reveal the superior performance of the doublet lens compared to singlet and triplet
confirming the results from Fig. 4. While a singlet lens cannot reach aplanatic performance,
the triplet, although superior in the design to the doublet, suffers from its increased number of
interfaces and higher sensitivity on fabrication tolerances. The doublet lens shows a FWHM of
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the sagittal line-spread function of 500-700 nm over a full field angle of 60°. To further assess
the maximum resolution, images of the doublet lens were investigated in terms of contrast. The
results are displayed in Fig. 5(D) for the configuration as displayed in Fig. 5(E), and in Fig. 5(G)
for the configuration related to Fig. 5(F). The profile plot in Fig. 5(D) reveals a directly measured
resolution of 580 nm at approximately 10% of remaining image contrast. The direct imaging in
Fig. 5(G) proves that Group 9.6 of the USAF-target can still be resolved which corresponds to a
resolution of 912.3 line pairs per mm.

4. Discussion

Our experiments demonstrate that the combination of multiple diffractive lenses, fabricated in
one single step by femtosecond 3D printing, enables highly compact imaging systems for visible
wavelengths. According to theory, one diffractive lens element allows perfect imaging only for
one point, two surfaces permit a correction of the main first-order aberrations, and three surfaces
help to further improve the performance at high numerical apertures or high field angles.

With sizes of below 200 um in diameter and 100 um in height, our lenses resolve line spacings
of 580 nm at a wavelength of 550 nm and over a FWHM bandwidth of 40 nm. With two stacked
planar lenses we could measure a FWHM of the sagittal line spread function of below 700 nm
over a wide field of view of 60°. The corresponding imaging resolution of <800 nm according to
the Rayleigh criterion is lower than the pixel pitch of today’s image sensors. As expected, the
performance deteriorates visibly when broadband illumination is used.

The method of femtosecond 3D printing is inherently alignment free and highly precise
at the same time. Typical stitching-free write field diameters range from 200 um to >1 mm
depending on writing objective lens NA. One of its main drawbacks, hour-long fabrication times,
is diminished because the lenses only require a small amount of material. This is due to the fact
that diffraction happens only at the phase relief layers which are less than 1 pm in thickness.
Currently, the writing time is about 15 minutes for a doublet lens but can be further reduced if the
mounting disks are made thinner and the support structures are written with coarser line spacing.
Compared to other designs investigated by the authors based on conventional lenses or curved
diffractive aplanats, the flat diffractive lenses show superior optical performance.

To further improve the devices, it is important to realize absorbing apertures [40] and shells
in order to decrease stray light. Also, antireflective coatings could help to reduce dielectric
losses. The blazed diffractive structures could be optimized in order to increase diffraction
efficiency, especially for high deflection angles, by using designs as presented in [41] or [42]. In
principle, structures using total internal reflection could be integrated in order to achieve high
angle diffraction efficiencies closer to what is possible with metasurfaces [43] or blazed binary
gratings [44]. Accurate simulation algorithms are an important tool to improve the designs
[45,46]. In principle, our technology allows a reduction of chromatic aberration if multiple
diffraction orders are combined in one element and the lenses have shapes as described in [17]
and [38].

Our approach opens the possibility for high resolution imaging on smallest size scales which
is particularly interesting for applications in endoscopy, small surveillance camera vision, or
security, as well as for smartphones, imaging sensors, and augmented/virtual reality displays.
If used in reverse, the lenses could act as small scale microscope objective lenses towards
diffraction-limited imaging quality. Moreover, thanks to their extremely low weight of less than 1
pg, 3D-printed lens stacks could also be interesting for space applications. As a prime example,
the first interstellar missions based on laser propulsion as suggested from the Breakthrough
Starshot initiative [46] would have to rely on ultra-lightweight optical components.
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