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3D Printed Optics Achieves Broadband Structured Light

Leerin Perumal, Stefan Hengsbach, Moslem Mahdavifar, Jan Korvink, and Andrew Forbes*

Structured light has gained in popularity of late, fueled by a toolbox for
arbitrary control of light’s many degrees of freedom. Although this toolbox is
very sophisticated and diverse, it is still primarily centered on single
wavelength digitally controlled structured light, only recently expanding into
broadband structured light modes. Here, tools are combined from Fourier
optics with recent advances in grayscale 3D nano-printing of optical materials
to design and fabricate micro-optical elements for the creation of broadband
structured light beams by phase-only and full complex amplitude modulation.
Importantly, this approach allows to fabricate a single device at a design
wavelength and later use it for non-design wavelength operation, as well as
multiple wavelengths simultaneously, which is demonstrate across ≈200 nm
bandwidth. A myriad of optics is created to produce orbital angular
momentum, Hermite–Gaussian, and Laguerre–Gaussian beams, with
measured purities in the 94% − 100% range, for non-design wavelengths.
This work provides a compact, simple and cost-efficient tool for control of the
spatial-spectrum of structured light.

1. Introduction

In the past few decades the concept of tailoring light’s many
degrees of freedom (DoFs) to craft unique optical fields, com-
monly referred to as structured light,[1] has gained in popu-
larity. Since its inception, structured light has sparked a rev-
olution through its ability to tailor light for purpose across
diverse sectors,[2,3] including high-power applications,[4] quan-
tum optics[5] and nonlinear optics,[6] with control directly from
lasers[7] and beyond the spatial DoFs to temporal control.[8]

An important branch of structured light is its symbiotic
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relationship with structured matter[9,10] and
light-matter interactions, e.g., with liquid-
crystals,[11] for structuring materials,[12] at
structured matter boundaries for gener-
alized laws of reflection and refraction[13]

and in control of matter.[14] This trend
has led to the emerging field of flat-
optics for the creation and control of
structured light[15] by arrays of artifi-
cial atoms, e.g., metasurfaces,[16–19] away
from the traditional route of digitally
based solutions, e.g., with spatial light
modulators[20] and digital micro-mirror
devices.[21,22]

In particular, in a drive to exploit many
of light’s DoFs simultaeously, the need for
solutions that are broadband has arisen.
Approaches to circumvent wavelength de-
pendence has seen general dispersion
control at the nanoscale emerge as a
modern tool,[23] with demonstrations of
broadband imaging[24,25] and detection,[26]

even with metasurface assisted fibers,[27]

and with spherulite crystals.[28,29] In the context of structured
light, advances include orbital angular momentum (OAM) con-
trol at visible wavelengths on-chip[27] and using catenary prin-
ciples at the nanoscale.[30] Wavelength dependence can also be
exploited for multi-functional elements, e.g., focussing[31] and
OAM[32] that is color dependent. In 3D printed micro-optics
with nanoscale resolution, the structure of matter can act as
a spectral filter, e.g., by dyes[33] and spectrally selective micro-
pillars,[34,35] thus ensuring functionality across pre-designed
wavelengths.
Here we combine complex amplitude modulation with mod-

ern nanoscale 3D printers of optics to design and fabricatemicro-
optical elements for high fidelity structured light that operates
far from the design wavelength, including broadband, as il-
lustrated in Figure 1a. We print both 2-level binary and 256-
level grayscale phase elements that can simultaneously act on
both the amplitude and phase of the incoming light, and un-
pack the steps to go from a desired amplitude and phase in
the structured light to a wavelength invariant 3D printed optic.
We validate the approach by creating various structured light
patterns experimentally using multiple wavelengths beyond the
design wavelength, all with high fidelity. The penalty is only a
negligible decrease in efficiency. This work marries the tradi-
tional approaches of computer generated holograms for struc-
tured light with modern trends in fast, inexpensive, and accurate
3D printed optics, opening a new route to compact solutions of
structured light.
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2. Design and Fabrication of Optics

2.1. Hologram Generation

Assume we have some incident light field Uin(x, y) = Ain(x,
y) exp (iϕin(x, y)) and desire an output field, Uout(x, y) = Aout(x,
y) exp (iϕout(x, y)), requiring complex amplitude modulation
(both amplitude and phase modulation) of the incident field by a
transmission function, T(x, y) = Uout/Uin = A(x, y)exp (iϕ(x, y)).
It is assumed that the fields are normalized so that energy con-
servation is not violated, effectively implying that the output field
is “cookie cut” from the input. In general we need to manipulate
both the phase and amplitude of the incident beam, i.e., com-
plex amplitude modulation, but to keep our 3D printed optics as
simple as possible we will restrict the solution to a phase-only
implementation but still with the full complex amplitude modu-
lation functionality, i.e., T(x, y) = A(x, y)exp (iϕ(x, y)) ≡ exp (iH(x,
y)). We further assume we have specified all the phases for a spe-
cific wavelength, 𝜆0. There are many approaches from computer
generated holograms to find the desired function,H(x, y). For in-
stance, since we can only remove (and not create) light when the
amplitude is modulated, this undesired light must either go to
lower diffraction orders or higher diffraction orders. This will re-
duce the efficiency of the shaping element by an amount that de-
pends on the spatial structure of the input and the output. Push-
ing light to higher diffraction orders results in

H(x, y) = f (A) sin(𝜙(x, y)) (1)

where f (A) = J−11 [A(x, y)] is the inverse first-order Bessel
function.[36] While this formulation and our results to follow can
be extrapolated to any structured light form, in the remainder of
this work we will consider as the desired amplitude and phase
that of the Hermite–Gaussian (HG) and Laguerre–Gaussian
(LG) mode sets, given by

HGn
m(x, y) =

√
I0Hn

(√
2x
w0

)
Hm

(√
2y
w0

)

× exp

(
−
x2 + y2

w2
0

)
(2)

where n and m are mode indices, w0 is the embedded Gaussian
beam size at z = 0 and I0 is found by normalizing the energy to
E, to return

I0 = 2𝜇0c
E

𝜋w2
0n!m!2m+n−1

(3)

with μ0 and c the vacuum permeability and speed of light, respec-
tively. We can change to the Laguerre–Gaussian basis

LGp
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where 𝜃 is the azimuthal angle, and p and ℓ aremode indices and

I0 = 2𝜇0c
2Ep!

𝜋w2
0(p + |𝓁|)!) (5)

These two examples are pertinent since they encompass both
cartesian and cylindrical symmetries, while ℓ ≠ 0 imparts orbital
angularmomentum (OAM) to the light,[37] a topic of considerable
interest in the community.
Now we invoke a known Fourier trait: linear phase ramps do

not change their pitch if modulated by an amount differing from
2𝜋 - gratings remain gratings if operated at a new wavelength,
but they now produce new diffraction orders. Since any com-
plex function can be written as a suitably sampled linear phase
grating, i.e., |f(x)|exp (i𝜓) = |f(x)|exp (i𝜓x/x0)𝛿(x − x0), the same
will be true for arbitrary transmission functions.[38] With this in
mind, suppose that a linear phase ramp of the form exp (i2𝜋x/dx
+ i2𝜋y/dy) ≡ exp (iG(x, y)) is added to the desired phase, with pe-
riods of dx and dy in the x and y directions, respectively. Our new
hologram becomes

H(x, y) = f (A) sin(𝜙(x, y) +G(x, y)) (6)

To see the effect of operating at a wavelength, 𝜆, instead of 𝜆0,
we can expand our desired transmission function as a Fourier
series using the harmonic function ϕ(x, y) + G(x, y), giving rise
to

T(x, y) =
∑
m

𝜂m(𝜆)A(x, y) exp(im(𝜙(x, y) +G(x, y))) (7)

where

𝜂m(𝜆) = sinc
(
𝜋

(
m − 𝜆

𝜆0

))
(8)

In the first diffraction order, m = 1, we have

T(x, y) = sinc(𝜋Δ𝜆∕𝜆0) exp(iG(x, y))

Figure 1. a) 3D printed optics can be used to modulate multiple wavelengths (𝜆1, 𝜆2, 𝜆3) of structured light, either discretely or simultaneously. We
outline how to translate computer generated holograms (inset) for structured light as the basis for the design of broadband diffractive optics printed by
grayscale lithography. The concept is illustrated here for multi-colored orbital angular momentum light. The inset is the hologram generation process
for the example of LG modes of LG0

3, created through complex amplitude modulation. The hologram has the combined functions of a grating, a phase
and an amplitude. The final grayscale hologram is a phase-only mask (but with all the aforementioned traits) comprised of 256 grayscale levels that map
to a discrete phase shift, ϕ ∈ [− 𝜋, 𝜋]. The hologram generation process for other modes including the superposition of LG modes (LG0

3 + LG0
−3) (b),

HG (HG2
1) (c) as well as the pure modes of LG0

1 (d) and LG
0
2 (e), respectively. Elements of the last column from (b) to (e) are related to the simulation

of mentioned modes.
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×A(x, y) exp(i𝜙(x, y))
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

desired beam

(9)

Ignoring the grating term (which sets the direction of the
light), we see that we have the desired beam with an efficiency
given by the sinc function. Note that this efficiency drop is de-
termined by the factor Δ𝜆/𝜆0, the fractional change of the wave-
length, i.e., a 10% change in wavelength has the same effect re-
gardless of the actual wavelength. To give a quantitative feel for
this, if 𝜆0 ≈ 550 nm and Δ𝜆 ≈ ±150 nm (the entire visible spec-
trum), then the maximum drop in efficiency is about 10%, while
a similar analysis for the entire telecom band reveals a maxi-
mum efficiency drop of less then 1%. Despite this slight drop
in efficiency, the function of the element is predicted to create the
same structured light pattern regardless of wavelength. It is in
this sense that we refer to the design as broadband and wave-
length independent. Since the functional form is the same, the
purity and fidelity of the produced field are predicted to be in-
dependent of wavelength too. The final hologram can thus be
conceptualized as the sum of a linear phase ramp (grating), the
desired phase, and the desired amplitude, shown in the inset of
Figure 1a for the example of an LG mode carrying orbital angu-
lar momentum (LG0

3). Holograms can produce structured light
modes through manipulation of both the phase and amplitude
(complex-amplitude) or phase-only modulation. In Figure 1b,c,
we illustrate how complex-amplitude holograms are generated
to produce a superposition of LG modes (LG0

3 + LG0
−3) as well as

HG (HG2
1), respectively. In this case the hologram is the sum

of a grating, an amplitude and a phase mask. With respect to
phase-only holograms, the amplitude mask is omitted and the
hologram is the sum of the phase mask and grating alone. This
is illustrated in (d) and (e) parts of Figure 1 for holograms that
create OAM modes with azimuthal indices l = 1 and l = 2,
respectively.

2.2. Grayscale Lithography Combined with 2 Photon
Polymerization

Grayscale lithography[39] forms smooth variations in surface to-
pography by varying the intensity of the light used to crosslink
a monomer solution. In contrast, two-photon polymerization
(2PP)[40,41] is based on the confinement of photon-driven energy
absorption by a monomer to a small sub-volume of a strongly
focused light beam. Two photons must be co-localised to over-
come the available energy gap, which in turn overcomes the Abbé
limit. The combination of these two techniques allows maintain-
ing the surface roughness in the 10 nm - 25 nm range, also along
curved surfaces.
In combination, these two techniques overcome many of the

limitations of typical 3D-printing methods, in which a CAD-
model is usually converted into cubic materialized voxels from
planar slices of the model, the slices taken along a third orthog-
onal direction.[42] Once printed, such layers are typically visible
as steps in the final geometry. To increase the surface quality, the
slicing distance normally has to be reduced, resulting in larger
discretization sets.
Typical printing methods based on fused deposition modeling

(FDM) which extrudes fused polymers through a fine nozzle can

reach resolutions down to 200 μm. Higher resolutions can be
achieved with stereolithography (SLA) based printing methods
which use UV-light in combination with photochemically active
components (resin) to harden the resin locally by a digital mask.
With this method resolutions down to 100 μm can be reached.
2PP printers can reduce this to ≈50 nm or smaller[43] by using a
tight focusing objective in combination with a femtosecond (fs)
pulse width laser, and a photosensitive liquid as the photoresist.
Polymerization then initiates at the center of the focal spot, since
only at this point the energy density is high enough for a photo-
chemical reaction.
Polymerization only occurs at the center of the focus spot since

only at this point the density of energy is high enough to lead to a
photochemical reaction. This interaction zone is called a voxel,
a “volumetric pixel.” However, even if the shape of the struc-
ture can be adapted better by 2PP printing, layers are still visi-
ble due to the discretization into Cuboid-like voxels. This can be
improved by making a use of the linear behaviour of the laser
power and the voxel size. The laser power can be adapted while
printing, so that the voxel size corresponds to the desired shape
of the structure. To achieve a perfect match, the system used for
printing needs to be calibrated to determine the laser power re-
quired for a particular voxel height. For the fabrication of the
optical structures, a QuantumX (Nanoscribe GmbH) had been
used. To upload files to the printer, stereolithography (STL) files
or in the case of grayscale lithography, grayscale images (up to
1024 Bit) are suitable. The input files are converted by the soft-
ware “GrayscribeX” (Nanoscribe GmbH) into machine-readable
data.
To print the computer-generated hologram (CGH), a visual

representation of a matrix of calculated relative phase shifts, ϕ
∈ [− 𝜋, 𝜋] has been mapped to grayscale values from 0 to 255,
for a 256-level approximation to the smooth surface. For illus-
tration, assume that in a very small localized region (purple) in
Figure 2a that there are three discrete phase shifts needed, rep-
resented by three grayscale values. When uploaded to the cali-
brated printer, these grayscale values are mapped to a discrete
height in the z direction, varying in 256 steps from 0 to dmax. If
the same grayscale hologram is converted to a 2-level binary ap-
proximation, as seen in Figure 2b, then the hologram will only
be able to impart a 0 (gray) or 𝜋 (white) phase shift. A 256-
level hologram has a theoretical maximum efficiency of ≈100%,
while a 2-level hologram has a theoretical maximum efficiency
of ≈42%. One can thus immediately appreciate the benefit of
grayscale lithography. Henceforth, for conciseness, we will re-
fer to the 256-level approach as “grayscale” and the 2-level ap-
proach as “binary”. In this way, a 2D hologram is converted into
a 3D model and a designed template of the desired diffractive
optical element.

2.3. Fabrication Process

The fabrication process of the hologram, as illustrated in
Figure 3, was performed in the following main steps. Initially,
the computer generated holograms (a) had to be converted (b)
intomachine readable format (c). Next, the hologramwas perma-
nently written onto the resist. For this, the sample was prepared
(d, e), printed (f), and developed (g).
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Figure 2. a) The final grayscale hologram is a phase-only mask comprised of 256 grayscale levels that map to a discrete phase shift between -𝜋 and 𝜋.
For example, consider a localized region (purple) with only 3 of the 256 steps: ϕ = 0 → dark gray (graylevel = 128), ϕ = 𝜋/2 → light gray (graylevel =
192) and ϕ = 𝜋 → white (graylevel = 255). When uploaded to a calibrated printer, these grayscale values are mapped to discrete heights/thickness in
the z direction, from 0 to dmax in 256 steps (only three steps shown for illustrative purposes). In this way, a 2D grayscale hologram is converted into
a 3D model and a designed template of the desired optic. b) If the same grayscale hologram is converted to a 2-level binary approximation, then the
hologram will only be able to impart a 0 (gray) or 𝜋 (white) phase shift with corresponding heights of dmax/2 and dmax, respectively.

2.3.1. Hologram Upload

When a beam of light is incident on the desired optical element
it should experience a relative phase shift at each spatial position
which can be described by a continuous phase function. The cor-
responding height, d(x, y), to impart the desired phase, is given
by

d(x, y) =
𝜆0H(x, y)
2𝜋(ni − n0)

(10)

where ni is the refractive index of the printingmaterial (the resin),
and n0 is the refractive index of the surrounding material, which
in our case (and often true) is air, n0 = 1. Because of the cyclic
nature of phase functions, the physical optic need never exceed
a height of dmax =

𝜆0

n−1
, but can be some integer multiple of this

for the same efficiency (but with the danger of more losses due
to absorption or scattering). This height is one of the crucial pa-
rameters that must be set as the maximum printed height in the
printing process, dmax. Once a full 3D structure has been realized,
GrayScribeX can be used to segment the model, either through
manual or automated actions, to assist the printing process.

Depending on the objective lens used in the printer, the laser
beam has a maximum area that it is able to print within, i.e., a
field of view (FOV) at a given instance. If the desired structure
is larger than this FOV, the model will be partitioned into print-
able segments that are equal in size to the FOV. Hence, when the
model is printed it will be composed of many printed areas that
appear to be “stitched” together. Depending on the size of the
designed structure and the objective lens used, the discontinuity
between each adjacent printed area, i.e., the stitching lines, may
be noticeable and have a significant effect on the structure.
The structure is then further subdivided in the x and y planes

(“hatched”), and subdivided in the z plane (“sliced”). Together
the hatching and slicing distances dictate the volume of the resin
that is polymerized for a given laser power, i.e., the voxel, which
is typically thought of as the volumetric pixel in 3D printing.

2.3.2. Sample Preparation

The structures were printed on a fused silica microscope slide
with a thickness of 700 μm. The samples were cleaned by rins-
ing them with isoproanol and dried with N2 gas. and then placed
for 5 min on a hotplate at 110 °C, illustrated in Figure 3d.

Adv. Optical Mater. 2025, 13, 2403028 2403028 (5 of 11) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. 3D-Printing process of a computer generated hologram. a) Before a hologram can be printed it has to be converted intomachine readable data.
To impart the desired phase, the height of the hologram is given by Equation (10). b) The linear dependence of the laser power (LP) on the print height
(voxel height) is used to achieve the calculated height of the structures. A minimum power level is needed to polymerize a specific volume of photoresist.
From this threshold on, there is a linear increase of the voxel size with the laser power until a maximum volume is reached. c) The laser power is thus
adapted to the desired structure height and sent to the printer as data. d) The fabrication process starts with a microscope slide substrate cleaned with
isopropanol. e) After drying and dehydration of the substrate, a liquid drop of photoresist is placed at the desired position. For the 2PP-Writing process,
a microscope objective is dipped in the liquid photoresist so as to avoid diffraction effects that would occur at the glass-air interface. f) According to
the 2PP principle, the resist polymerizes locally at the focus point of the laser beam following the pattern of (a). g) After printing, the unused excess
photoresist is washed away using a mild solvent (PGMEA – propylene glycol methyl ether acetate), followed by a cleaning step with isopropanol.

Afterwards, a drop of liquid photoresist, IP-Dip (Nanoscribe
GmbH) was placed on the substrate and mounted to a sample
holder, as seen in Figure 3e.

2.3.3. Printing

We used the Quantum-X, housing a femtosecond pulsed laser
(wavelength 𝜆 = 790 nm), for printing via 2PP, as depicted in
Figure 3f. The smallest volume of resin that can be polymerized
for a given LP is the voxel, as seen in Figure 3b. Strong focussing
using an objective in conjunction with a high photon density in-
creased the probability of two photons being in the same place
at the same time. This local increase in energy is sufficient for a
photochemical reaction, resulting in polymerization of the pho-
toresist. Since the energy distribution of the laser beam in the
lens also follows a Gaussian distribution, the probability of a 2PP
reaction out of the center is also highest here. At the edges of the
Gaussian beam profile, the number of photons is no longer suffi-
cient for a reaction. For this reason, the resulting voxel is smaller
than the width of the laser beam, which makes it perfect suitable
for optical applications. To create the desired design, the LP and

thus the voxel size is changed to achieve printed structures of
varying height and width. If the height of the desired structure is
greater than the structure that can be printed with the maximum
voxel size, multiple layers are needed.
To print the optics, we opted for a 63× (NA 1.4) objective lens,

optimized for the phororesist IP-Dip with a refractive index of
n = 1.521 (at 𝜆 = 589 nm). This resulted in a structure height
of 25 μm, with the field of view limited to 150–200 μm. The op-
tic was designed to be 1500 μm × 1500 μm was thus segmented
into 10 × 10 printable areas. Other parameters such as the hatch-
ing and slicing distances, printing speed and laser power were

Table 1. Experimental modal purities.

Wavelength OAM (l = 1) Superposition (l = ±3)

457 nm 97% 95%

488 nm 96% 94%

514 nm 100% 97%

633 nm 100% 96%

Adv. Optical Mater. 2025, 13, 2403028 2403028 (6 of 11) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2025, 15, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202403028 by U
niversity O

f W
itw

atersrand, W
iley O

nline L
ibrary on [17/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

then set and are summarized in Table 2. The printing lasted for
approximately 26 h, about an hour per optic.

2.3.4. Development

When printing, only a portion of the resin is polymerized in a par-
ticular region of interest, while the rest of the resin is left unused.
In this way the printer is able to “carve” out the desired structure
from the resin. Hence, to fully expose the printed structure one
must remove all excess resin present on the substrate. This pro-
cess is referred to as “development” and is done by submerging
the sample in a propylene glycol methyl ether acetate (PGMEA)
solvent for approximately 10 min. The solvent reacts with and
dissolves the remaining un-polymerized resin while leaving the
polymerized resin unaffected, thus exposing the printed struc-
ture as seen in Figure 3g. If the sample is removed too soon
from the solvent, it is likely that all excess resin will not be ad-
equately removed and the printed structure will not be properly
exposed and, therefore, appear misshaped or warped. However,
if the sample is left in the PGMEA solution for extended periods
of time the solvent could weaken the polymer structure and thus
compromise the quality and distort the shape of printed struc-
ture. Further cleaning of the substrate surface of other impuri-
ties, such as dust or fingerprints, is done by submerging the sub-
strate with solvents such as isopropanol for an additional 5–10
min. The sample is then partially dried using a gentle stream of
nitrogen gas, and left to completely dry out in a fumehood for
5 min.

3. Results

3.1. Material Characterization

In what follows we will use the grayscale and binary LG mode
(l = 1) optics as typical examples of the optical quality produced.
Length (x) and width (y). Using a scanning electron micro-

scope (SEM) andmicroscope the printed optics’ dimensions were
measured to be ≈ 1500 μm in both the x- and y-directions, as
shown in Figure 4a,b. Hence, the optic’s size exactly matches that
of the design hologram which was set to have a length and width
of 1500 μm in both the x- and y- directions.
Spacing between structures. When generating the

hologram, a grating was encoded with a frequency
gx = 12000 lines/m, and gy = 12000 lines/m for the grayscale
holograms. This corresponds to a grating period, d = 83 μm in
both the x- and y- directions. For the binary holograms gx = 8000
lines/m, and gy = 8000 lines/m. This corresponds to a grating
period, d = 125 μm in both the x- and y- directions, as seen in
the insets of Figure 4b.
Surface roughness. To analyze the surface and determine the

printing resolution of the same vortex (l= 1) optic, we examined it
using a SEM as seen in Figures 4c. The smoothness of an optical
surface is important because rough surfaces cause light to scatter
and may lead to noise and/or cause aberrations to the generated
mode. One expected distortion to the optics is the points where
the various printed areas are “stitched” together. If we consider
Figure 4c, we see a region of interest on the optic where the stitch-
ing lines are apparent (purple arrow).Whenmeasured, the stitch-
ing lines were ≈ 8 nm thick. Hence, depending on the size and

complexity of the designed optic this may be considered a negli-
gible defect to the surface withminimal effect to the quality of the
generated mode.
When magnified, as seen in Figure 4d, the printing steps

within the structure were visible and no longer appeared to have a
smooth appearance. The printing steps were measured to be ap-
proximately 230 nm i.e., the surface roughness lies around 200
nm as is expected for the 63× objective lens.

3.2. Optical testing

Experimental setup. To test the optics we set up an experiment as
seen in Figure 5a. Two sources were used in all experiments: (i) a
multiline Ar-ion laser with wavelength selectivity across 𝜆 = 457
nm, 488 nm, and 514 nm by tuning an internal grating, which
could be by-passed for full multi-wavelength operation, and (ii)
a Helium–Neon laser to shift the wavelength into the red, at 𝜆 =
633 nm. In all cases the laser beam was expanded and collimated
(when testing optics that rely on complex-amplitudemodulation)
or imaged (when testing optics that rely on phase-only modula-
tion) using lens L1 with focal length f1 = 100mm, and lens L2 with
focal length f2 = 300 mm. The beam was then incident on the
microscope slide which was composed of an array of 3D printed
optical elements. The beam was magnified so that it was large
enough to cover the entire area of a single optic, but not so large
that it illuminated neighboring optics, as seen in Figure 5 a1. This
ensured that the desired mode experienced no interference from
modes produced by neighboring optics. Once incident on the
hologram, the beam was diffracted into multiple orders, as seen
in Figure 5 a2. A lens L3 with a focal length f3 = 200mmwas then
placed a distance f3 away and aligned to the +1st-order. Since all
the printed optics were designed to have a grating with the same
grating frequency, we could maintain the same alignment as we
shifted the sample to swap between different optics and thus
generated modes.
In the case of testing a printed element with the phase-only

modulation, such as a vortex (l = 1) mode, the rest of the setup
was as follows: close to the Fourier plane a pinhole was placed to
select the +1st order with the minimum amount of noise. Ideally
the pinhole would be placed in the Fourier plane, but this posi-
tion was occupied by the charged couple device (CCD) camera. By
placing the CCD here, we were able to view the mode in far-field.
The intensity image of the beam was then captured.
On the other hand, while testing an element with the complex-

amplitude modulation such as a superposition of LG (LGp= 0
l= 3 +

LGp= 0
l=−3) modes, the setup after L3 was altered. The pinhole was

shifted to the Fourier plane located at the focal point of L3 and an
additional lens l4 with focal length f4 = 200mmwas then placed a
focal length away. The beamwas then imaged and viewed using a
CCD camera which was placed a distance f4 away after L4. In the
image plane, the dispersed broadband beam will be recombined.
Therefore, to ensure that the CCD is placed in the correct plane,
it was shifted until all the beams appeared as a single mode. Im-
ages were taken for each printed element in the sample per dis-
crete wavelength whilst still maintaining the alignment for 𝜆0 =
514 nm.
The quality of the modes created were tested by modal

decomposition[44] using a digital micro-mirror device (DMD). In
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Figure 4. Characterization images of printed optics that generate vortex (l = 1) through phase-only modulation using a) grayscale with ϕ ∈ [− 𝜋, 𝜋] and
b) binary holograms with ϕ ∈ [0, 𝜋] (left). Scanning electron microscope (SEM) (middle) and microscopic images (right) are shown of the respective
printed optics. A detailed view of the binary hologram and optics are shown (insets (b)) for a region of interest (orange dashed circles). c) Scanning
electron microscope (SEM) images depicting the true printing resolution of the Quantum-X Nanoscribe when using a 63× objective lens. The discrete
printed layers or “steps” are visible and the structure no longer appears continuous. d) When the structure is further magnified (region in marked with
a black dashed line in (c)), the distance between these steps, i.e., the surface roughness is measured to be 230 nm. Therefore, the printing resolution
of the Quantum-X is approximately 200 nm. The holograms as well as SEM images for the grayscale HG (HG2

1) modes (e), and for the binary (HG2
1)

modes (f) are shown. Moreover, (g) shows the grayscale superposition of LG modes (LG0
3 + LG0

−3) and its relevance SEM image. Finally, (h) represents
the hologram and SEM images for the binary hologram of LG superposition (LG0

3 + LG0
−3).

the example of the OAM modes, the DMD generated the con-
jugate of the OAM states under test with the resulting on-axis
intensity collected at the Fourier plane of a lens. This provided a
quantitative test of modal purity.
Experimental results. The experimental results for grayscale

optics that generate vortex modes (l = 1 and l = 2) through phase-
only modulation are shown in Figure 5b as camera images (in-
tensity profiles) for each wavelength, as well as the Multiline
(combination of all wavelengths) output. In comparison with the
simulated response, we see excellent qualitative agreement, with
small distortions likely due to aberrations on the supporting glass
slide and the emergence of the expected radial modes due to the

phase-only modulation.[45,46] A quantitative analysis is shown in
Figure 5c, showing the overlap of each measured mode with the
ideal (simulated) beam as a fidelity. The purity at the design wave-
length (𝜆0 = 514 nm)was 100%, while in non-designwavelengths
we find purities from 96% to 100%, as given in Table 1. Impor-
tantly, themeasured purity is has no wavelength trend and can be
considered largely independent of wavelength, with the small de-
viation from ideal due to axial and lateral alignment errors in the
modal decomposition set-up when changing wavelength (diffrac-
tion is not wavelength independent). A modal decomposition,
shown in the inset, reveals the hidden phase structured to con-
firm the presence of OAM. As seen in the outcome, the OAM

Adv. Optical Mater. 2025, 13, 2403028 2403028 (8 of 11) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Experimental setup and results for optical testing of optics. a) Experimental setup used. The insets (a1), (a2) are an example of the intensity
profiles of the beam as seen on a camera at points (1) and (2) in the experimental setup, respectively. b) Transverse intensity profiles of generated modes
when various discrete wavelengths (457–633 nm) and a broadband beam (multiline) were incident on an optic designed for 𝜆0 = 514 nm. (b1) vortex
(l = 1), (b2) vortex (l = 2) were generated from optics that were created using grayscale phase-only holograms. c) Fidelity plot for the grayscale phase-
only optic that generates vortex (l = 1). The (inset) shows the modal decomposition of a mode generated when 𝜆0 = 514 nm was incident on the optic.
d) Transverse intensity profiles of generated mode including superposition of LG0

3 + LG0
−3 (d1) and HG2

1 (d2) were generated from optics that were
created using binary complex-amplitude holograms. e) Fidelity plot for the binary complex-amplitude optic that generates superposition of LG0

3 + LG0
−3

modes. The (inset) shows the modal decomposition of a mode generated when 𝜆0 = 514 nm was incident on the optic. f) Modal decomposition for
non-design wavelengths of 457 and 633 nm, shown for the l = 1 (orange) and LG0

3 + LG0
−3 (purple) optics.

purity is perfect for the desired mode (shown for l = −1 as an
example) with no signal in other modes. These results confirm
the expectation of high purity broadband structured light, in this
instance, OAMmodes as an example. The phase-only design ap-
proach ensures good efficiency in the generation process, close
to 100% when ignoring small losses due to surface reflections.
Figure 5d shows the experimental results for binary optics

based on complex-amplitude modulation, with examples of op-
tics that generate a superposition of LG modes, LGp= 0

l= 3 + LGp= 0
l=−3,

shown in the top row, and a pure HG mode of order HG2
1 as

shown in the bottom row. Once again we see excellent quali-
tative agreement and as mentioned previously with small dis-
tortions likely due to aberrations on the supporting glass slide.
A quantitative analysis is shown in Figure 5e for the LG super-
position example, showing the overlap of each measured mode
with the ideal (simulated) beam as a fidelity, confirming the high
purity and wavelength independence, with purity results in the
94 − 97% range. The modal analysis in the inset now shows the

Adv. Optical Mater. 2025, 13, 2403028 2403028 (9 of 11) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Table 2. Printing parameters.

Parameter Set value

Objective lens 63× NA 1.4

Resin IP-Dip

Substrate Microscope slide

Length per optical element (x -direction) 1500 μm

Width per optical element (y -direction) 1500 μm

Height per optical element 25 μm

Hatching distance 0.3 μm

Slicing distance 0.5 μm

Laser power 75 mW

Printing speed 60 mm s−1

OAM superposition of l = ±3, each component with nearly equal
power, with small cross-talk terms due to the plate aberrations. Fi-
nally, Figure 5f shows modal decompositions for two non-design
wavelengths (457 nm and 633 nm) as counter examples, using
optics designed for l = 1 (orange) and the LGp= 0

l=3 + LGp= 0
l=−3 su-

perposition (purple). In all cases, we note low cross-talk into
unwanted modes and near perfect weighting in the case of the
superposition.
We summarise the results in a comparative manner in Table 1.

We see that there is only a nominal change in modal pu-
rity with wavelength, which we attribute to the small align-
ment errors when altering the set-up from the design to the
non-design wavelengths. These arise due to diffraction effects,
e.g., the grating term in the hologram moving the fields lat-
erally and small axial size changes with propagation, both of
which have small contributions to the modal analysis. Nev-
ertheless, these results represent excellent performance when
compared to alternative approaches reported in the literature.
Modal purities can be designed to be very high, for instance,
by metasurfaces with amplitude and phase control,[47,48] cascad-
ing phase-only metasurfaces[49] or by employing laser cavities
with metasurfaces,[50] but these purities are reported from single
wavelength systems of complex design. As far as we are aware,
our study is the first to report multi-wavelength purities, and
comes with the benefit of a simple design and implementation
approach. Although there is no theoretical limit to the modal pu-
rities our approach can attain (in principle 100%), practical issues
such as optical aberrations will always result in slightly lower val-
ues.

4. Discussion and Conclusion

We have shown how to design and fabricate customized op-
tics for broadband structured, marrying tools from Fourier op-
tics and modern 3D laser direct writing based on two-photon
polymerization. To fabricate the desired optical design, the laser
power was used to control the voxel to produce grayscale struc-
tures covering phase-only and complex amplitude transmission
functions. Optical testing of these mini-optical structures con-
firmed the predicted high modal purities and wavelength inde-
pendence. This demonstration of compact and affordable solu-
tions for broadband structured light opens a path to a myriad of

implementations. These include fundamental control of light’s
degrees of freedom beyond the traditional for multi-modal light
control,[51] revealing novel forms of light in the spatio-temporal
domain.[52] Such control opens new applications that exploits
multi-wavelength structured light, for instance higher data rates
in encryption[34,53] and communication[54] by using both spa-
tial and wavelength as encoding alphabets, simulating quantum
processing based on space and spectral non-separability,[55] as
well as imaging and sensing in spectral and spatial domains
simultaneously.[56,57]

5. Experimental Section
Calibration: To calibrate the system, a prescribed printing design was

uploaded to the instrument composed of a 3 × 3 array of convex lenses
in the form of a 16-bit grayscale image. The array was set as 40 μm lens
diameters with a spacing of 15 μm between each element. size of each
lens was set so that the entire array was within the field of view of the
objective lens. Here the calibration was performed using a 63× objective
lens, so each lens was set to a size of 40 μm with a spacing of 15 μm be-
tween. A summary of the printing parameters and their chosen set values
are given in Table 2. These operation parameters were set as given by the
manufacturer based on a good compromise between quality and printing
speed, and used in calibration and final production. The design was then
printed and developed using the typical fabrication process as mentioned
in Section 3. One sample of each type was metallized with a thin layer
(≈ 3-5 nm) of silver by sputtering, for subsequent characterization steps
by 3D Scanning microscope (Olympus LEXT) and Scanning Electron Mi-
croscope (SEM) to recover a height map of the printed structure. The file
was then uploaded to the GrayScribeX software which converted it into a
grayscale image and compared this to the pre-loaded design lens-by-lens.
A plot of the printed height versus the applied laser power per lens was
created and the average of all the plotted curves then was served as the
final calibration curve.
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