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ABSTRACT

Structuring light attracts continuous research effort due to its impactful applications in optical information and communications, laser
material processing, optical imaging, or optical manipulation of matter. In particular, femtosecond laser direct writing of photoresists is a
technology dedicated to the creation of optically isotropic free-form 3D micro-optical elements with size, spatial resolution, and surface qual-
ity that qualify to demanding integrated optics needs. Here, we report on the design, production, and characterization of dielectric metasur-
face birefringent optical retarders made from femtosecond laser 3D printing technology whose polarization conversion efficiency is more
than 10 times larger than that previously reported Wang et al., Appl. Phys. Lett. 110, 181101 (2017)]. As the flexibility of the fabrication pro-
cess allows considering arbitrary orientation of the artificially engineered optical axis, these results open up for 3D printed geometric phase
optical elements.
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Since a few decades, different kinds of pixelated spatial light mod-
ulators have been a primary choice for preparing light field properties
with tailored intensity, phase, and polarization spatial profiles. The
dominant character of these technologies lies in the ability to reconfig-
ure the shaping of light by individual electrical control of nowadays
!106 (liquid crystal devices) up to !107 (digital micromirror devices)
constitutive elementary units having a typical individual footprint of
about 100lm2.1 Such multi-purpose optical elements with an active
area of !1 cm2, however, come with bulky packaging and are, thus,
restricted so far to table-top installations. In parallel, shaping light
down to subwavelength resolution over macroscopic areas has become
accessible owing to nanofabrication technologies such as electron
beam lithography, ion beam milling, or atomic layer deposition. This
eventually led to ultrathin two-dimensional (2D) optical elements—
metasurfaces—that can arbitrarily process light properties over
wavelength-thick subwavelength-structured materials and that are
expected to seed wave-based industrial applications.2 Still, achieving
reconfigurable and tunable metasurfaces remains an open and chal-
lenging issue both at technical and fundamental levels. A step in this
direction has been made by exploiting artificially engineered optical

anisotropy, which allows imparting polarization-controlled optical
functions to metasurfaces. Specifically, the spin–orbit optical interac-
tions for photons3 have been unveiled as a core ingredient whose
extension to three-dimensions (3D) remains to be developed.4 In con-
trast, creating optically isotropic 3D micro/nanostructures using
tightly focused ultrafast lasers has been under study for a long time
since early studies on glasses and polymers.5,6 Nowadays, femtosecond
laser direct writing of photoresists is routinely used to 3D print free-
form scalar dielectric permittivity distributions, not only in research
labs but also in emerging high-tech companies, seeding future markets
in optics and photonics.7,8 All this provides with a handful of tools to
address the following challenge: making laser 3D printing technology
capable of creating free-form optics endowed with structured tensorial
dielectric properties and, hence, with polarization-controlled optical
functions.

Preliminary effort has been reported recently using space-variant
gratings laser printed out of dielectric photoresists.9 The resulting
structures, characterized by a uniform birefringent phase retardation
D, have been shown to act as geometric phase optical elements,
although exhibiting a poor polarization conversion purity g up to a
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couple of percent at best. Recalling that 100% purity, which corre-
sponds to D ¼ p modulo 2p in the absence of absorption,9 is formally
required to fully exploit the spin–orbit features of geometric phase
optical elements,3 which appears as a crippling practical drawback. In
order to tackle with the latter state-of-the-art limitations, here we deal
with transmission gratings whose spatial period K is small enough to
suppress all the diffraction orders other than the zeroth-order one.
This condition, which is not satisfied in Ref. 9, allows dealing with a
proper effective uniaxial medium. Namely, considering a relief grating
at the interface between two dielectric media—here, the photopoly-
merized resist and the air, see Fig. 1(a)—this corresponds to
K < k=n,10 where k is the operating wavelength in vacuum and n the
corresponding refractive index of the material.

We choose the popular hybrid photo-resist SZ2080TM known for
its low shrinkage and high optical transmissivity, without the addition
of photo-initiator. Laser printing is achieved by using a custom-built
femtosecond-laser direct writing setup consisting of frequency-
doubled mode-locked laser Pharos (Light Conversion Ltd.) delivering
optical pulses at a wavelength of 515nm with a duration of 300 fs at a
repetition rate of 200 kHz and linear nanopositioning stages (Aerotech
Inc.) synchronized with a galvanometric scanner for beam steering
through the 4F correlator and oil-immersion objective lens (Carl Zeiss
AG, 63#, NA ¼ 1:4). We refer to Ref. 11 for a detailed description of
the setup, while the description of pre-bake and development proto-
cols might be found in Ref. 12. With the aim of producing subwave-
length gratings, as small as possible grating period K is desirable;
however, laser printing resolution gives a lower bound. We select K
¼ 750nm, which ensures robust fabrication, and we choose a filling
factor F¼ 0.5, which gives almost maximal birefringence while mini-
mizing the structure aspect ratio for a given grating height [see the
inset of Fig. 1(b)]. Accounting for the material dispersion, this implies
to work in the near infrared domain, k ! 1080 nm. Equipment con-
straints lead us to carry out the optical characterization at a wavelength
of k¼ 1050nm, for which the complex refractive index is estimated as
nþ ij ’ 1:45ð1þ i=100Þ from Ref. 13 while n ’ 1.50 is found from
Ref. 20. The expected artificial birefringence is evaluated from the
second-order effective medium approach,14 discarding material

absorption. Namely, choosing the case study of a rectangular wave-
form subwavelength grating illuminated at normal incidence, one
approximately gets an effective uniaxial medium whose refractive indi-
ces along a direction parallel (k) and perpendicular (?) to the grating
wavevector are given by

nk ¼ nk;0 1þ p2K2

3k2
F2"F 2n4k;0n

2
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where k is the wavelength, "F ¼ 1' F; n?;0 ¼ ðn2F þ "FÞ1=2, and
nk;0 ¼ nðF þ n2"FÞ'1=2. The calculated birefringence dn ¼ nk ' n? is
shown in Fig. 1(b) where the first-order evaluation dn0 ¼ nk;0 ' n?;0
is shown as well. One gets dn¼'0.085 (n¼ 1.45) and dn¼'0.103
(n¼ 1.50) for F¼ 0.5, which tells us that a grating height h(p)¼ 6.2lm
(n¼ 1.45) and h(p)¼ 5.1lm (n¼ 1.50) is required to reach the above-
mentioned half-wave retardance criterion. The corresponding fabrica-
tion aspect ratio 2hðpÞ=K ¼ 16:5 (n ¼ 1.45) and 2hðpÞ=K ¼ 13:6
(n ¼ 1.50) is too high to produce with present state-of-the-art and
brings a fabrication limitation, which also explains the poor purity val-
ues obtained so far.9 This issue is solved by taking advantage of the
free form capabilities of 3D laser printing, designing a multilayer struc-
tures. The idea is to stack several gratings lying at both ends of N disks
(except for the bottom one standing on the BK7 glass substrate) with a
thickness of H ¼ 10lm and a diameter of 100lm that are piled up
and suspended by side pillars [see Fig. 1(c)]. This allows adding up the
effects of 2N ' 1 individual gratings with subwavelength thickness h,
each of them, therefore, being actually a metasurface. The possible fab-
rication of space-variant birefringent structures has also been explored
as shown in Fig. 1(d). However, we restrict the present study to homo-
geneous retarders as the fabrication challenges prevent us to obtain
satisfying ensuing vortex beam shaping so far.

Birefringent optical retarders are 3D-printed on BK7 coverslips
drop-coated with the photoresist. The supporting structures (disks
and pillars) are printed at constant parameters optimized to ensure

FIG. 1. (a) Sketch of the rectangular waveform grating and definition of the geometrical parameters. (b) Dependence of the first-order (dn0) and second-order (dn) artificial
birefringence as a function of the filling factor for k ¼ 1050 nm and K ¼ 750 nm, with n ¼ 1.45 (black curves) and n ¼ 1.50 (blue curves). Inset: top-view scanning electron
microscope (SEM) image of a grating with K ¼ 750 nm and h ! 500 nm. (c) Side-view SEM image of a multilayer structure made of N¼ 4 stackeddisks and 8-sector space-
variant grating design, suspended by four side parallelepiped pillars (a second structure is seen in the back). The arrows indicate the location of the 2N ' 1 grating layers of a
space-variant grating structure. (d) Images of 8-segment and 24-segment space-variant metaretarders with N¼ 6 observed between crossed linear polarizers at 1050 nm.
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efficient yet stable and highly repeatable production, i.e., a pulse energy
of 0.8 nJ and a spatial overlap of 75% (interpulse distance of 50 nm),
hatching was 250nm, and slicing 500nm. About 8lm gaps were left
between each two stacked disks allowing adequate circulation of sol-
vent during structure development. For the gratings, we use a constant
writing velocity that maintains a pulse spatial overlap of !99:9% and
we fabricate nine kinds of them by using three distinct pulse energies
Ei and three different distances between the centers of the voxels defin-
ing the grating and that defining the first layer of the pad on which sits
the grating. Choosing a few distinct writing conditions allows us to
explore an extended set of optical performances. At a given parameter,
fabrication takes from 8min for N¼ 1 to 72min for N¼ 6. Note that,
for a given structure, all the grating layers are fabricated under identi-
cal laser writing conditions for N> 1.

On the one hand, the structural parameters of the fabricated
micro-optical elements are characterized using an atomic force micro-
scope (AFM) and illustrated in Fig. 2, with only the grating at the top
of the structure being analyzed. We studied 23 structures in total span-
ning 1 ( N ( 3 and various laser writing parameters. The grating
period is estimated from AFM profilometry over 12 periods, and the
grating depth is estimated from the height histogram collected from a
15 lm # 7:5 lm area as shown in Fig. 2(a) [see Figs. 2(b) and 2(c),
respectively]. On the other hand, the optical performance of the meta-
retarders is carried out by measuring the power fraction of the output
beam whose polarization state is orthogonal to that of the incident

beam. The measurements are performed using a circularly polarized
incident paraxial beam with a diameter of !50 lm and gives access to
g, see Fig. 3, where the offset value g0 ¼ 0:047 measured without the
sample is substracted from the data. In this figure, we assume that h
does not depend on the 2N ' 1 grating layers for a given structure
and we introduce the total height htot ¼ ð2N ' 1Þh. An effective
description of the stacked structure is, thus, made by considering it as
a single grating with height htot, for which the purity parameter is
expressed as15

gðhtotÞ ¼
1

2 1þ d2ðhtotÞ
# $

%
1' dðhtotÞ½ *2 cos 2 DðhtotÞ

2

& '

þ 1þ dðhtotÞ½ *2 sin 2 DðhtotÞ
2

& '(
; (3)

where DðhtotÞ ¼ 2p dn htot=k is the effective birefringent phase retar-
dation of the structure and dðhtotÞ ¼ exp ð'aahtotÞ, with aa > 0, its
effective anisotropic on-axis amplitude transmission loss coefficient
that could result from the combined effects of uncontrolled nanostruc-
tured material inhomogeneities and multiple reflections. The coeffi-
cient aa is experimentally assessed from the ratio of on-axis
transmitted power for a linearly polarized incident beam with orienta-
tion perpendicular and parallel to the grating wavevector,
minðT?=Tk;Tk=T?Þ ¼ exp ð'2aahtotÞ [see Fig. 3(b)], which gives

FIG. 2. Typical AFM structural characterization of a 3D laser printed uniform grat-
ing. (a) AFM image of a 15lm # 7:5 lm area. The crosses and white line refer to
the height cross section shown in panel (b). (c) Statistics of the height over the
image shown in panel (a), from which the grating height h is measured.

FIG. 3. (a) Experimental setup used to measure the purity parameter g. P1,2: polar-
izers; EWP: electrically tunable liquid crystal retarder, used to prepare a circular
polarization state impinging on the sample, accounting from residual polarization
modifications of the beam splitter; BS: beam splitter; WLS: white light source (for
structure imaging); L1: 50mm focal length lens; L2: 4# microscope objective lens
with a numerical aperture of NA ¼ 0:1; HWP: half-wave retarder (placed or
removed in order to select the handedness of the circular polarization projection of
the output beam); QWP: quarter-wave retarder; PM: power meter. (b) Ratio of
power transmittances for an incident linear polarization state parallel and perpendic-
ular to the grating wavevector, which gives access to the parameter aa. (c). Purity g
as a function of the total grating height htot for a set of 23 structures with
1 ( N ( 3. The curves refer to the adjustment of the experimental data with the
formula given by Eq. (3) (see the text for details). Inset: image of the laser beam (k
¼ 1050 nm) spot in the plane of the sample, whose contour is marked by a thin
line to facilitate its observation.
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aa ¼ 0:031 lm–1. Then, adjusting the dataset for g with Eq. (3) gives
access to jdnj, which is done for structures with N¼ 1 only (green
solid curve), N¼ 1 and N¼ 2 only (red solid curve), and all of them
(blue solid curve) [see Fig. 3(c)]. This gives jdnj¼ 0.124, jdnj¼ 0.122,
and jdnj¼ 0.083, respectively. Discarding the anisotropic losses leaves
the results virtually unchanged, and N¼ 3 appears detrimental to the
effective birefringent performances.

Although we use an effective model ignoring the multiple reflections
at the various interfaces and the fact that the fabricated grating waveform
departs from rectangular profiles, the obtained value for the artificial bire-
fringence does not depart much from our crude estimate. This validates a
decent macroscopic understanding of the obtained optical performances.
Nevertheless, the variability of the available data for the refractive index
n13,20 calls for in situ quantitative measurements of the refractive proper-
ties of the polymerized material towards reliable design. We notice that
the obtained polarization conversion performance is up to 10 times larger
than that previously reported,9 which makes the 3D laser printing
approach a realistic pathway to create dielectric geometric phase optical
metasurfaces in the visible and infrared domains.

The transmittance is another relevant parameter to assess the
quality of geometric phase optical elements, and the benefits of a mul-
tilayer approach come with some drawbacks as the number of interfa-
ces increases with N, so does the transmittance. Experimentally, the
latter is measured from the ratio of the power transmitted through the
structure to that transmitted through the glass substrate. A preliminary
experiment is made with a set of structures without gratings for N¼ 1
to 4, see Fig. 4(a), with Tw=o denoting the corresponding transmit-
tance. Neglecting the multiple reflections between various interfaces,
the measurements are compared with the expression derived from the
Fresnel transmittances of individual interfaces. Namely,

Tw=o ¼ Tg;p T2N'1
a;p =Ta;g; (4)

where (g, p, a) stand for (glass, photoresist, air) and T1;2 ¼ 4n1n2=
ðn2 þ n2Þ2 refers to the transmittance through the interface between
media 1 and 2 having the refractive indices n1 and n2, respectively.
The results are shown in Fig. 4(b), where we use ng ¼ 1:52 and
na ¼ 1, and a fair description is obtained. Then, we measure the trans-
mittance T of the 23 previous structures with gratings for N¼ 1–3.
This allows extracting the mean attenuation coefficient per unit length
"a of the gratings themselves from the relationship

T=Tw=o ¼ exp ð'"ahtotÞ; (5)

which gives "a ¼ 0:217 lm–1. This means that the search for higher
overall birefringent phase retardation by means of ever-increasing
stacking eventually compromises the viability of the device.
Nevertheless, we recall that the subwavelength criterion is only mar-
ginally satisfied, and the use of larger wavelength or smaller grating
period provides ways to solve such limitations. Increasing the spatial
regularity of the grating and increasing its height are other routes for
improvements. Interestingly, combining the present approach with
recent developments about scalable 3D sintering techniques based on
heat treatment,16 both refractive index increase and downsizing of the
initially printed structures can be expected. All these options go in
favor of reaching larger efficiencies of the optical element, gT, and give
a roadmap for future works for which telecom wavelengths (1310nm
and 1550nm) should retain specific attention for applications.

In summary, these results broaden the range of academic and
industrial impacts of an ever-improving robust laser additive
manufacturing technology.17–19 In particular, the inherent 3D struc-
turing capabilities of the proposed approach allow considering the fab-
rication of dielectric devices on curved and flexible substrates, while
the structured material itself can be reconfigurable under external forc-
ing, for instance, by using elastomers. Noteworthily, antireflection
coating strategies toward enhanced efficiencies are not doomed to suf-
fer from 3D complexity recalling that topography-independent
approaches exist, such as atomic layer deposition of titanium or zirco-
nium oxides. More generally, these results foster further development
of laser additive manufacturing technology where both scalar and
anisotropic part of the dielectric permittivity tensor will be treated as
independent degrees of freedom in 3D and for which future funda-
mental and application prospects are yet to come.
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