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ABSTRACT

Diffractive lenses allow bulky refractive optical elements to be replaced by compact solutions, making them essential for miniaturized
optical systems. However, diffractive lenses suffer from strong chromatic aberrations, which severely limit their applicability in imaging
systems operating over a finite spectral bandwidth, such as the visible spectrum. We employed two-photon lithography to achieve full-color
imaging in diffractive lenses with an engineered phase profile incorporating a third-order nonlinear term.
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Two-photon laser lithography (TPL) is a rapidly developing
technique for fabricating planar and three-dimensional polymer
structures with spatial resolution down to 100 nm." The feasibility of
using this method to produce microlenses for the visible” and x-ray
spectral ranges™” together with other microsized optical elements”’
has recently been demonstrated. In addition to printing single optical
elements, TPL enables the fabrication of compound optical systems—
such as microlens arrays’ and objective lenses’—in a single
manufacturing cycle, as well as the printing of micro-optical elements
directly on various substrates, such as optical fibers,"’ photonic
crystals,11 silicon wafers,"> CMOS sensors,'” and membranes."*

Diffractive optical elements (DOESs) are of particular interest due
to their ability to specify an arbitrary amplitude or phase profile, along
with their compactness, allowing their use in a wide range of applica-
tions from laser processing and micro/nanolithography to adaptive
optics, holography, and telecommunications.'” Examples of diffrac-
tive optical elements include planar focusing optics such as Fresnel
zone plates, which consist of an array of alternating transparent and
opaque concentric rings,'* and Fresnel lenses, in which the height of
the concentric rings varies continuously.” Such elements may have
heights smaller than or comparable to the optical wavelength.

However, diffractive lenses inherently suffer from large chro-
matic aberrations, manifested as a strong dependence of the focal
length on the wavelength. These chromatic aberrations arise from
phase discontinuities at the zone boundaries'® and, as a result, make
DOEs unsuitable for broadband imaging.

Various methods have been proposed to produce achromatic
diffractive lenses.'” First, several optical components, such as

refractive and diffractive lenses, can be combined to overcome chro-
matic dispersion. This approach is referred to as a hybrid lens design
when components of different physical nature are used,”’ or as a
multi-lens or multi-layer system when several DOEs are stacked to
achieve an achromatic response.””” The obvious drawback of this
approach is its design complexity, which requires multiple optical sur-
faces instead of a single-element design.

The second solution is a multi-material strategy, when using sev-
eral materials with different dispersion in one DOE allows one to con-
trol group delay and group delay dispersion to compensate for
chromatic aberration in the desired waverange.”’ This composite-
DOE method is a more sophisticated variation of the multi-lens or
multi-layer approach, as it typically involves several optical surfaces
combined into a sandwich structure.”**’

Other methods attempt to optimize the structure for several target
wavelengths, either by inverse design,”® by engineering phase disconti-
nuities at the zone boundaries (e.g., harmonic DOE™) or by dividing
the lens into multiple zones, each designed for a specific wavelength.
The resulting DOE is therefore polychromatic rather than truly achro-
matic, providing similar focusing only for a predetermined discrete set
of wavelengths. Achromatic lenses for broadband spectra have also
been demonstrated recently, using optimization methods.”**’

An alternative approach to correct chromatic aberrations is to
increase the depth of focus (DOF) of the system. This method reduces
the impact of chromatic aberrations by making the system less sensi-
tive to focal shifts at different wavelengths. When the depth of focus is
large, the image remains sufficiently sharp over a considerable dis-
tance along the optical axis for each spectral component. This leads to
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partial overlap of focal regions corresponding to different colors and
reduces the visibility of longitudinal chromatic aberration, thus
improving color uniformity and overall image quality without com-
plex optical correction.”

In recent years, rapid advances in additive technologies have
significantly accelerated the development of complex-shaped optical
elements.” ™ One of the additive manufacturing techniques,
two-photon lithography, enables the maskless three-dimensional fab-
rication of freeform microstructures through localized photopolyme-
rization induced by two-photon absorption.”

The present work is devoted to the design, fabrication by two-
photon laser lithography, and optical characterization of diffractive
lenses with an extended depth of focus, as well as their comparison
with conventional Fresnel lenses.

The focal length of diffractive lenses is inversely dependent on
the wavelength.”® For an optical system, this implies that image plane
blur differs for different spectral components of the source. Increasing
the depth of focus makes the system insensitive to chromatic shifts of
the focal plane, since the focal spot is elongated along the optical axis.
However, this also leads to a reduction in the signal-to-noise ratio,
since light is distributed over a larger volume.””

The depth of focus can be increased by adding a cubic term to
the lens phase profile.”” The cubic term breaks the radial symmetry
of the lens and introduces a continuously varying phase gradient
across the aperture; therefore, various regions of the pupil redirect
light in different directions, which results in extended depth of
focus. In this case, the phase profile of the lens takes the following
form:”’

pubs.aip.org/aip/apl

Plx.y) = i—: (VEFPFF 1) + 552+,

where x and y are the coordinates in the lens plane, f is the focal
length, /4y is the operating wavelength, o is the cubic phase function
coefficient, and L is half the lens aperture width. The phase profile of
a planar DOE lens can be obtained from Eq. (1) by constraining the
phase ¢ to the limited modulation range, usually [0, 27].”

If 0 =0, Eq. (1) describes the profile of a conventional hyperbolic
lens. The relationship between the phase profile ¢(x, y) and the lens
height h(x, y) at an arbitrary point is described by”’

)

$(x,y) = 2= (n - Dhx,), @)

=7
where 1 is the refractive index of the lens material at wavelength Ao.

Figure 1 illustrates the variation in lens profile and optical
response with changing cubic coefficient a.

To select the optimal cubic coefficient, numerical calculations
were performed using the FDTD method for several o values in the
range of 0-1007 (see supplementary material S7 for more details
about numerical simulations). For all lenses, the following parameters
were chosen: central wavelength Ay =500 nm, focal length
f =100 um, aperture 100 um, and refractive index n = 1.5, which
approximately corresponds to the value reported in the literature for
the $Z2080 photoresist in the visible range.”’ The height profiles of
the lenses with various values of cubic coefficient o are shown in
Fig. 1(c) on the top, and the cross sections of the profiles in the diago-
nal direction are shown on the bottom. Figure 1(b) displays the
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FIG. 1. Intensity distributions in the focal plane z = 100 um (a) and along the optical axis (b), and planar hyperbolic lenses’ height profiles and cross sections (c) for the

wavelength of 500 nm with changing cubic coefficient o from 0 to 1007 (left to right).
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intensity distributions of light propagating after the lens. The wave-
length of light is 4 = 500 nm, equal to the design wavelength of the
lens Ag. The intensity distributions were also calculated for three other
wavelengths: 400, 550, and 700 nm (see supplementary material Fig.
3). Figure 1(a) shows the point spread function (PSF) in the image
plane of the optical system, which is z = 100 um. For o = 0, the lens
height profile is radially symmetric, and the focal spot is tightly
focused in a small volume in the X, y, and z directions. When o begins
to grow, the height profile starts to become asymmetric, and the focal
spot stretches in the z direction. As for the image plane, the PSF
becomes asymmetric, with pronounced secondary peaks forming two
tails positioned at a normal angle to each other. As the cubic coeffi-
cient o increases further, the region with the maximum intensity in
the focal point moves closer to the lens and elongates further along
the optical axis. This behavior is illustrated in Fig. 1(b). Radiation is
distributed over a larger volume, which reduces the peak intensity
value in the focal spot. Therefore, one should carefully choose the
value of the cubic coefficient o to balance between the desired effect of
extended depth of focus (EDOF) to achieve focusing overlap through-
out the visible region and the tolerable decrease in focusing efficiency.

Figure 2(a) shows the calculated focal spot length vs the cubic
coefficient value « for three central wavelengths, 700, 550, and
400 nm, which are beginning, middle, and end points in the visible
wavelength region and roughly correspond to the red, green, and blue
(RGB) colors. Here, we define the focal spot longitudinal size as the
axial interval over which the light intensity is not less than 0.25 of the
maximum. Rather than relying on standard image-quality criteria
such as Rayleigh length or circle of confusion, we adopt a relative-
intensity threshold that is simple to measure and reproduce across
experiments, and therefore this metric can serve as a useful, industry-
applicable benchmark for comparing different lens designs. For
o = 0, no overlap is observed in the focal spots for the three colors.
The focal ranges for RGB colors are 66-71, 87-93, and 124-131 um,

@
100m

—6— 700 nm
—©-550nm
—©-400nm

~
a
El

[ SN
oqmo
444

Cubic coefficient a

(]
@
=

200

0
Om 5m  15m20m25m 351 50T 55T 60T 751 100m

Cubic coefficient a

FIG. 2. Depth of focus (a) and efficiency (b) for red, green, and blue light.
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respectively. With a small non-zero o, the focal spot size begins to
elongate in the light propagation direction, resulting in EDOF. The
focal spot length extension rate with increasing o is the smallest for
the red color and the largest for the blue color. The growth is asym-
metrical: the left branches, designating shorter focal distances, extend
steadily to even shorter distances across all range of o; the right
branches, which show longer end of focal distances, grow faster with
o than the left branches. However, the growth of the right branches
stops abruptly at some point—the exact position varies with color,
o = 507, 257, 157 for RGB colors, respectively—and then the focal
spot distance decreases. This behavior can be explained by the shift of
peak intensity in the focal spot to the shorter distances, resulting in
the rapid intensity drop at the far end of the focal spot. The minimal
value of o with overlap is close to 207, where all focal points meet
within the range along the optical axis of 3 um, from 97 to 100 um.
For o = 257, the focal points for the RGB colors overlap within the
larger range of 12 um: from 93 to 105 um. The longest overlap range
is observed at « ~ 30m. For 357 < o < 557, the overlap range
remains roughly the same and gradually shifts to shorter distances.
After that, the overlap range value rapidly decreases. For o = 607, the
RGB focal spot overlap disappears. This is because even though the
entire intensity is distributed over a larger area, the high-intensity
region of the focal spot decreases with increasing o.. In summary, the
values of the cubic coefficient « with the overlap of focal points are
within the range of [207, 557].

Figure 2(b) demonstrates another important characteristic of the
lens, relative focusing efficiency, calculated here as the ratio of energy
within 3x the full widths at half maximum (FWHM) of the spot to
the total energy in a focal plane section”' along the x-axis (see supple-
mentary material S6). As can be seen, the efficiency value gradually
decreases with o. Therefore, when considering efficiency, the lowest
values of the cubic coefficient « are preferable. Thus, the optimal value
of « for an EDOF lens is the minimal o at which the focal points of all
wavelengths within the range considered (400-700 nm) overlap, that
is, « = 207 in our case. However, we have chosen the cubic coefficient
value o = 257 for further experiments with an almost the same calcu-
lated efficiency value and a longer overlap region.

Figure 3 shows the calculated intensity distributions along the
optical axis, in the focal planes of each color for conventional (o = 0),
and distribution at the common focal plane z=100 um for EDOF
(o = 257) diffractive lenses. For a conventional Fresnel lens without a
cubic term, ie., o =0, the focal volume is limited to 5.5-7 um,
depending on the wavelength, while the RGB positions of focal spots
are spaced by a considerable distance of about 60 um [Fig. 3(a)]. As
can be seen in Fig. 3(b), for this case, the focal spots in the image plane
are small circles with an FWHM of about 0.7 um. In contrast, for the
cubic term o = 257 we observe an asymmetric PSF [Fig. 3(d)]. The
focal region consists of multiple intensity maxima confined to a single
quadrant, with the intensity decreasing away from the optical axis due
to the cubic phase modulation. As for the intensity distribution along
the optical axis [Fig. 3(c)], for the EDOF lens the focal volume is dis-
tributed over a considerable distance along the optical axis—with an
estimated depth of focus of 28 yum for 550 nm, and 90 um, 32 ym and
for RGB colors, respectively. The RGB focal volumes overlap in the
axial range from 93 to 105 um. As the designed focal distance was lon-
ger, f = 100 um, we notice that the focal spot shifts toward shorter
distances.
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FIG. 3. Simulated intensity distribution along the optical axis (a) and (c) and the focal planes (b) and (d) for 400 nm (top), 550 nm (middle), and 700 nm (bottom) for the

lenses with o = 0 (a) and (b) and & = 25 (c) and (d).

The SZ2080 photoresist was used as a printing material, having a
refractive index ranging from 1.447 to 1.554 in the visible spectral
range."”"” The liquid resist was applied onto a pre-cleaned glass sub-
strate, and then baked on a hot plate at 80 °C for one hour to solidify
the resist. The prepared substrates were then exposed to laser radia-
tion during a printing process in a custom-built TPL setup® (see
supplementary material S1). After printing, the unexposed resist was
removed using methyl isobutyl ketone.

We have fabricated samples with « = 0, 257, 357, and 507. The
print model was set in the form of a list of points in cylindrical coordi-
nates. The distance between the points in the radial direction and
along the circumference is 0.2 um. All samples were produced at a
power of 8 mW and an exposure time of 1 ms per point. SEM images
of the fabricated lenses and the corresponding height profile models
are shown in Fig. 4. Apart from minor surface debris and occasional
protrusions, the fabricated samples exhibit high structural fidelity,
and the height profile of the fabricated samples agrees well with the
target model (see supplementary material S4 for more pictures),
which is also confirmed by measurements with an atomic force
microscope (see supplementary material S5).

Figure 5 shows the measured field distributions along the optical
axis and in the focal planes. Experimental measurements of the focus-
ing properties of the fabricated samples were performed using a super-
continuum laser source in the 550-700 nm range and a 405nm diode
laser (see supplementary material S2 for the experimental schematic).
For a conventional lens with « =0, the expected wavelength-
dependent focal distances are clearly visible; the focal spots of blue,
green, and red colors are spread along the optical axis at a significant
distance and do not intersect. The EDOF lens with a cubic coefficient
o = 25n indeed exhibits an extended depth of focus; as a result, at a
distance of 67-92 um, all colors overlap, and full-color focusing is
achieved. The experimental results qualitatively agree with the optical
simulations shown in Fig. 3. However, the measured focal distance is

positioned closer to the lens and is two times wider: 25 ym compared
to expected 12 um. We explain this by the more moderate intensity
variation inside the focal spot in the longitudinal direction observed in
the experiment, which results in a larger focal spot longitudinal size.
The shift to shorter distances in the experiment is probably caused by
wavelength mismatch; the discrepancy with numerical simulations can
be attributed to a slight difference between the wavelength value for
the blue color (400 nm in simulations and 405 nm in the experiment).
The transmittance, FWHM, and relative focusing efficiency of the
manufactured samples were also measured (see supplementary mate-
rial S6) for blue, green, and red light, respectively. The average trans-
mittance was 0.70 for a standard Fresnel lens, and 0.66 for the EDOF
lens. The relative focusing efficiency (defined in the same fashion as

25m

om

Model

o wn qydiey ~

FIG. 4. SEM images of the fabricated lenses (top) and their corresponding models
(bottom) with oo = 0 (left) and o = 257 (right). The scale bar corresponds to
20 um.
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FIG. 5. Measured intensity distribution along the optical axis (a), (c) and the focal planes (b), (d) for 405 nm (top), 550 nm (middle), and 700 nm (bottom) for the lenses with

o = 0 and o« = 257, respectively.

earlier for numerical simulation) of an achromatic lens with o = 257 is
42%-46%, while for a conventional lens, the observed efficiency is
47%-60% (see supplementary material S6). Thus, it is shown that the
lenses allow for full-color focusing without a significant loss of effi-
ciency or resolution. The imaging tests have also been performed on
fabricated samples using broadband illumination, see supplementary
material S8. While for the lens with o = 257 the image is more blurred
compared to the one with o = 0, figures of different color remain in
focus due to extended depth of field.

In conclusion, we have realized a simple and robust approach to
make full-color planar diffractive lenses. This method uses wavefront
coding with a cubic phase term and is easy to fabricate. Numerical cal-
culations find that a medium cubic nonlinearity balances chromatic
focal overlap and focusing well, giving broadband focal-volume inter-
section across the visible spectrum. We made these lenses using two-
photon laser lithography in a single-layer polymer structure, achieving
sub-micrometer relief and faithful reproduction of the designed phase
profile. Measurements support the simulations, with observed
extended depth of focus and spectral overlap of the focal regions from
405 to 700 nm, without greatly sacrificing focusing performance. This
approach allows for compact, single-element achromatic micro-optics
without the need for multi-layer or multi-material designs. It works
well for integration into small imaging systems, fiber-end optics, and
photonic platforms.

See the supplementary material for schematics of the optical
characterization and TPL fabrication setups, measured axial intensity
distributions, SEM images of all lenses, atomic force microscopy
results for o = On and o« = 257 lenses, and measured characteristics
of the fabricated lenses.
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