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A B S T R A C T   

A rapid and robust method to fabricate transmission diffractive optical elements in the visible wavelengths is 
presented. By additive manufacturing of a polymeric photo-resin using 2-photon lithography followed by 
encasing of the structure in another resin with similar refractive index, the height of the structure can be made 
much larger, thus trading-off fabrication height for refractive index difference of the two materials. After 
adjusting for resin shrinkage, different diffractive optical element designs including an m = 1 vortex plate, and 
Laguerre-Gaussian beams with azimuthal and radial indices of (1,1), (1,2), and (2,1) were demonstrated. 
Experimental results show intensity patterns matching that of simulations, including size and features, although 
some aberration was observed, possibly due to fabrication tolerance errors or beam misalignment. This technique 
adds to the toolkit of micro-optics fabrication methods using additive manufacturing and 3D printing, and it 
would be beneficial for rapid prototyping and integration with miniaturised systems.   

1. Introduction 

Diffractive optical elements (DOEs) modify the phase of an incoming 
light beam’s wavefront to produce a structured light beam. These light 
beams have found a wide variety of application ranging from optical 
tweezing [1], communications systems [2], augmented reality and 
sensing [3], point-spread-function engineering for microscopy [4], etc. 
Traditional manufacturing of DOEs such as via glass grinding and pol
ishing, micromachining, nanoimprint lithography, grey-scale lithog
raphy, and multiple rounds of lithographic patterning and etching can 
be tedious or require costly tooling [5–7], and is limited to 2.5D non- 
free-form structures on standardised substrates, while reflective type 
adaptive optics using deformable mirrors or spatial light modulators for 
wavefront shaping requires bulky and expensive equipment. 

Recent progress in additive manufacturing of optics and micro-optics 
has made fabrication and rapid prototyping of custom optics designs 
widely available and cost-effective. 2-photon lithography (2PL) in 
particular has allowed manufacturing of polymer-based optics with high 
accuracy and simplicity [8]. Optical grade smooth surfaces can be 
accomplished by post-processing [9] or dose control [10]. Free-form 
inorganic micro-lenses have been fabricated via direct write lithog
raphy and high temperature annealing, however, design dependent 
structural shrinkage must be considered [11]. Control over the local 
refractive index via laser dependent degree of polymerisation has 

allowed 4D printing of graded index optical elements [12–14]. Further, 
direct write additive manufacturing methods has permitted fabrication 
of compound micro-lenses on non-standard substrates such as the end of 
optical fibres [2,15,16]. Besides 2PL, lower resolution stereolithography 
[17] and inkjet printing [18] based fabrication of optical elements such 
as lenses has also been achieved, albeit with lower optical quality or the 
need for extensive post-processing and process optimisation [19]. 

For the fabrication of DOEs, which requires precise modification of 
wavefront phase, fabrication tolerances can be particularly stringent 
[20]. Not only the surface roughness but also the absolute structure 
heights must be precise to impart the correct phase change. However, by 
immersing a polymer structure in another medium with similar refrac
tive index, the fabrication tolerances can be loosened as it is traded-off 
for precision in the refractive index. This technique has been shown in 
the fabrication of DOEs by liquid immersion [21] as well as resin im
mersion using a moulding process [4]. 

In this work, we adapt this concept to direct write additive 
manufacturing using 2PL for the first time, which has the benefit of 
trading-off the fabrication height tolerance and the material refractive 
index value tolerance, allowing a more robust process compared to 2PL 
alone [22] or relying on exact refractive index differences [13,21]. The 
novel method presented here improves on the lateral resolution of 
additively manufactured DOEs reported using multi-resin stereo
lithography (SLA) [4], providing access to DOEs with ~0.2 μm lateral 
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resolution (an improvement of ~100× vs. SLA). By choosing different 
immersion resins, the height of the DOE can also be optimised, ranging 
from a few microns to hundreds of microns, depending on the refractive 
index difference. This allows process optimisation and trade-off between 
phase resolution, resin shrinkage effects, total height of the optical 
element, and process tolerances. 2PL fabricated DOEs can thus be much 
thinner than SLA/moulded DOEs by ~1–2 orders of magnitude, suiting 
applications which require flat optics, such as point-spread-function 
engineering in microscopy where thinner phase plates result in 
decreased field dependencies [23]. 

The equivalent phase resolution that can be accessed using resin 
immersion combined with 2PL is also much higher than using a single 
resin alone for DOE fabrication. For example, although fibre-tip orbital 
angular momentum generators have been reported using single-step 
additive manufacturing [16,22], multi-material DOEs allows improved 
phase resolution and superior trade-offs between fabrication tolerances. 
Single-step 2PL of a m = 1 vortex plate had a reported height resolution 
of 50 nm, equivalent to ~π/13 phase steps at 632.8 nm operating 
wavelength [22]. Using resin immersion as presented in this work, the 
phase resolution would be ~π /158, i.e., ~10 times higher. Further, 2PL 
allows the fabrication of DOEs on non-standard substrates such as op
tical fibres, microfluidic channels, and curved surfaces, and allows 
integration of DOEs into existing device structures [24]. 

2. Theory and calculations 

For a DOE, the incoming wavefront is typically collimated, and it is 
designed for a particular operating wavelength. As the light wave passes 
through a transmissive material, its phase will be retarded according to 

the refractive index difference and height variation of the material 
(Fig. 1a). To impart a phase shift of Δϕ radians, the height of the material 
must therefore be varied according to the equation: 

Δϕ =
2πh

λ
(n1 − n2) (1)  

where λ is the operating wavelength, h is the height of the material, and 
n1 and n2 are the refractive indices of the two different mediums the light 
passes through [21]. For example, for a glass DOE (n1 = 1.5) in air (n2 =

1) to impart a phase difference of 2π, the DOE must have a height of 2λ 
(Fig. 1a). By combining two materials with different refractive indices 
such that front and back interfaces with air are flat and parallel, the 
height of the DOE structure can be adjusted according to the refractive 
index difference, allowing larger DOE structures with looser fabrication 
tolerances (Fig. 1b). This can also be seen by considering the total 
wavefront phase error [21] using error propagation, where Δn = n1 - n2: 

δΔϕ =
2π
λ
• Δn • δh+

2π
λ

• h • δn (2)  

and the symbol δ indicates error in that variable. In the case of a glass 
DOE in air, the height of the element is ~2λ (i.e., ~1 μm for optical 
wavelengths), while Δn is relatively large meaning that δh must be kept 
small to minimise the phase error (Eq. 2, first term). Furthermore, 
depending on the different phase shifts required throughout the DOE, 
the height resolution of the element must be increased to control mul
tiple phase shift levels. Therefore, the fabrication tolerance of height 
profiles over different regions of the DOE is stringent. For the glass DOE 
in air with phase shifts in the range of 0 to 2π, height precision in 
fabrication needs to be in the order of tens of nm (Fig. 1c, region i). This 
is commonly achieved through precision micromachining such as glass 
grinding and polishing or multiple rounds of lithography and etching. 
Such methods can be both expensive and time-consuming, making them 
unsuitable for cost-effective rapid prototyping. 

Conversely, multi-material DOEs using near-refractive-index 
matching [4,21] can be fabricated using stereolithography and light- 
projection based 3D printing of resin masters and moulding of the 
DOE [4]. By choosing Δn to be <<0.1, fabrication heights accessible by 
standard table-top 3D resin printers can be realised (Fig. 1c, region ii). 
However, given the large height, the error in δn can propagate as a large 
phase error (Eq. 2, second term), and this method is thus sensitive to 
small changes in refractive index. Changes in refractive index can occur 
due to humidity, temperature, and environmental changes, as well as 
degree of curing, resin aging, and mechanical stress. For example, it has 
been shown that the degree of polymerisation as controlled by the laser 
writing power affects the refractive index of a directly written 4D 
structure [12–14], where there is an uncertainty in the exact refractive 
index of the material. Dose fluctuations during the fabrication process 
can thus introduce a small error in δn. Further, 4D printing requires the 
whole volume to be written, while the resin immersion method pre
sented here can be adapted for moulding processes which are much 
faster. 

Additive manufacturing using 2PL allows fabrication of 3D struc
tures with <1 μm height resolution. This allows a trade-off between high 
precision manufacturing of 3D structures and high precision control 
over the refractive index of multi-materials. By operating in an inter
mediate region (Fig. 1c, circled region), tolerances in both fabrication 
height and refractive index value can be balanced and traded-off, and 
errors in either will not significantly affect the phase error of the DOE. 
Further, 2PL has the advantage of being able to fabricate micro-optical 
elements, for example, at the ends of optical fibres or within microfluidic 
channels. In this work we evaluate the use of 2PL combined with 
refractive index matching with a second material to fabricate DOEs 
quickly, suitable for rapid prototyping. 

Fig. 1. a) A DOE fabricated from a single material operating in air modifies the 
wavefront of an input light source. b) A DOE fabricated from two materials 
allows trade-off between refractive index difference and fabrication height to 
perform the same wavefront shaping. c) The 2π height of a DOE vs. refractive 
index difference at various operating wavelengths, plotted in log-log scale. 
Region i) requires precise height fabrication while region ii) requires precise 
control over refractive index difference. The dotted region is explored in 
this work. 
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3. Material and methods 

Simulation of DOEs to be tested was performed using the scalar 
diffraction Python package “diffractio” [25]. A 594 nm beam with 
collimated Gaussian profile (FWHM ≈ 5 mm) passing through a 1.5 mm 
diameter DOE and then a f = 150 mm lens is propagated using the 
Rayleigh-Sommerfeld approximation. The intensity is calculated at the 
focal plane, reflecting the physical experimental arrangement. For pro
cess optimisation, a spiral phase plate producing a vortex beam with m 
= 1 topological charge was designed, simulated, fabricated, and char
acterised. For further demonstrations, Laguerre-Gaussian beams with 
azimuthal and radial indices of (1, 1), (1, 2), and (2, 1) respectively were 
designed, fabricated, and evaluated. The DOE designs produced in 
simulation were saved as bitmap images to be uploaded to the direct 
write laser fabrication tool as height maps (Fig. 2a), with heights 
calculated as per eq. 1 and according to the refractive indices of the 
resins used (Table 1) [26,27]. Bitmap resolution was matched to the 
resolution of the writing tool. Python scripts used for the simulation of 
DOE light propagation for a variety of beams and production of the 
height map images for fabrication are supplied in the supplementary 
material. 

Fabrication of DOEs was performed by first preparing fused silica or 
ITO coated substrates (Nanoscribe GmbH, Karlsruhe, Germany) with 
propan-2-ol (IPA) (VLSI, RCI Labscan, Thailand) rinse and O2 plasma 
treatment for 30 s (Piezobrush PZ3, relyon plasma GmbH, Germany) for 
promoting surface adhesion. The first structure was then direct laser 

written (Fig. 2b, i) using 2PL (Photonic Professional GT2, Nanoscribe 
GmbH, Karlsruhe, Germany) with a variety of standard writing param
eters and configurations as listed in Table 1, at nominal full laser power 
of 50 mW at 780 nm wavelength. The written structure was then 
developed for 25 min in propylene glycol monomethyl ether acetate 
(PGMEA) (ReagentPlus >99.5%, Sigma-Aldrich, U.S.A.) followed by 5 
min in IPA and then blow-dried with N2 air gun. A precision 80 μm thick 
stainless-steel shim (W0127-FP-016-0008-S2, Small Parts and Bearings 
Pty Ltd., Australia) used as a spacer was placed around the written 
structure (Fig. 2b, ii) and then a droplet of the second resin was drop-cast 
onto this structure (Fig. 2b, iii). A #1.5 thick (~130–170 μm thick), 20 
mm × 20 mm large glass coverslip (Sail Brand, China) rinsed with IPA 
and dried with N2 air gun was then carefully placed on top of the droplet 
and shim using tweezers to avoid air bubbles. The sandwiched structure 
was then taped onto the bottom of a flat falcon dish so that substrate, 
shim, and coverslip are in contact and parallel with each other. The 
assembly was then placed under a metal-halide UV curing lamp (14.67 
mW/cm2 at 405 nm, Dymax 2000-EC, U.S.A.) for 15 min and then under 
direct sunlight for several days to fully cure the thick second resin 
(Fig. 2b, iv). The completed assembly was then placed in a 3D printed 
holder (PLA material, Mk4 filament printer, Prusa Research, Czech Re
public) and securely glued together. 

Characterisation of the fabricated DOEs was performed as follows: an 
optical microscope (Nikon Eclipse LV150, Japan) was used to inspect the 
quality of the fabricated DOEs during each of the fabrication steps. 
Height measurements were performed using an optical profilometer 
(Contour GT-I, Bruker, U.S.A.) to calculate resin shrinkage after devel
opment (Fig. 2d). To characterise their function, light from a fibre- 
coupled laser with 594 nm wavelength (OBIS, Coherent Corp., U.S.A.) 
was collimated and expanded to ~5 mm diameter using a 10× objective 
(UIS2 PLN, Olympus, Japan). The beam was filtered through a 594 nm 
long-pass filter and then steered onto the fabricated DOE via an 
adjustable iris. The transmitted light then passed through a f = 150 mm 
lens onto a CMOS camera (2.2 μm pixel size, 2592 × 1944-pixel reso
lution, YW500, ShenZhen YangWang Technology Co Ltd., China) 
resulting in an intensity image (Fig. 2c). Interferograms were also 
imaged by using two 50:50 half‑silvered mirrors and two silver mirrors 
in the Mach-Zehnder configuration with the DOE in one arm of the 
interferometer, with the combined beams imaged onto the CMOS cam
era without any lens (Fig. 2c). The beams were steered to be off axis to 
clearly show the interference fringes. 

4. Results 

To evaluate the concept, a 1.5 mm diameter vortex phase plate with 
m = 1 topological charge was designed and fabricated. Simulations 
show a 200 μm diameter doughnut shaped intensity pattern is expected, 
with the middle dark spot due to phase discontinuities in the middle of 
the vortex plate. Several different resin and writing combinations were 
tried (Table 1). 2PL writing of the first resin using IP-S and 25× objective 
resulted in DOE surfaces with large amounts of roughness and stitching 
lines. After encasing with a variety of second resins (Table 1), these 
DOEs were evaluated by passing collimated 594 nm wavelength laser 
light through them and imaging on a CMOS camera via a lens. However, 
no doughnut shaped intensity images were formed, only scattered light 
patterns, indicating that the DOE was not functioning as designed, 
possibly due to the roughness of the 2PL written surface profile. In this 
case, 25× “Solid” (hatch distance = 0.5 μm, slice distance = 1 μm, laser 
power = 100% or 50 mW, scan speed = 100 mm/s) recipe was used. 

On the other hand, 2PL writing of the first resin using IP-Dip2 and 
63× objective, and then encasing with IP-S as the second resin (giving 
Δn = 0.041 [26,27]) and curing under a UV lamp, resulted in formation 
of doughnut shaped intensity patterns as per the designed m = 1 vortex 
DOE. Optical inspection after the first fabrication step showed modest 
roughness and stitching lines (Fig. 2e), while after encasing in the sec
ond resin much of the roughness was smoothened (Fig. 2f). In this case, 

Fig. 2. a) A heightmap of a m = 1 vortex phase plate converted from amount of 
required phase change to height using Eq. 1. b) Fabrication procedure used in 
this work where i) a calculated heightmap is manufactured using 2-photon 
lithography, ii) a precision spacer is placed around it, iii) a second resin with 
matched refractive index is drop-cast on top and the assembly sealed with a 
glass coverslip, and iv) curing the second resin using UV light. c) Measurement 
setup for intensity measurement and off-axis holography where M1 and M4 are 
50:50 beam-splitters. For off-axis holography the beam-block (BB) and lens are 
removed. d) Example optical profilometry measurement of m = 1 vortex plate 
showing fabricated DOE height. e) m = 1 vortex plate in optical microscope 
before and f) after encasing in second resin. Scale bar is 200 μm for e) and f). 

D. Fan et al.                                                                                                                                                                                                                                      



Micro and Nano Engineering 24 (2024) 100270

4

63× “Solid” (hatch distance = 0.2 μm, slice distance = 0.3 μm, laser 
power = 40% or 20 mW, scan speed = 10 mm/s) and 63× “Swift” (hatch 
distance = 0.35 μm, slice distance = 0.9 μm, laser power = 95% or 47.5 
mW, scan speed = 25 mm/s) recipes were used. 

Optical profilometry showed that the DOE heights after the first 
fabrication step were slightly lower than that of the designed DOE height 
map (Fig. 2d). These minor height discrepancies were possibly due to 
resin shrinkage. To quantify the amount of shrinkage, m = 1 vortex 
plates with different 0 to 2π heights were designed, fabricated, and 
measured using optical profilometry. Designed height differences of 
14.4, 15.1, 15.9, 16.6, 17.3, and 18 μm were fabricated and measured to 
result in actual height differences of 13.5 (− 6.8%), 14.2 (− 6%), 15 
(− 4.2%), 15.5 (− 6.3%), 16.5 (− 4%), and 17.5 μm (− 2.3%) respectively 
(value in brackets being the shrinkage in percent). The average amount 
of shrinkage was 4.9% although it is noted that as the structures became 
taller the amount of height shrinkage lessened. Thus, we took the 
shrinkage at the target height of ~14.5 μm for future shrinkage ad
justments (i.e., ~6% shrinkage was used for all further DOEs). 

Next, the intensity pattern of the doughnuts produced by the m = 1 
vortex plates with different 0 to 2π heights were inspected qualitatively 
(Fig. 3a). In the figure, the percentage value indicates the difference in 
2π height between the fabricated vortex plate and the calculated design 
height (for 594 nm input and Δn = 0.041, resulting in a 2π height of 14.5 
μm). Vortex plates with heights different from the design height clearly 
show side-lobes in the doughnut intensity pattern, while the vortex plate 
that is closest in height to the design height (second from left, − 1.8% 
difference), shows the most symmetric doughnut intensity pattern and is 
thus closest to the expected simulation intensity pattern. This indicates 
that the assumption of Δn = 0.041 is fairly accurate. 

We also varied the input laser intensity for the vortex plate closest to 
design height (Fig. 3a, second from left), with the doughnut intensity 
pattern clearly discernible from low to high intensity (Fig. 3b). The 
central intensity minimum was clearly observable for very high in
tensities such that the camera was saturated at its fastest exposure 
setting (Fig. 3b, furthest right). 

Using the measured shrinkage amount (~6%), we then designed, 

simulated, fabricated, and evaluated more complex DOEs. Besides the m 
= 1 vortex plate (Fig. 4a), Laguerre-Gaussian beams with azimuthal and 
radial indices of (1, 1) (Fig. 4b), (1, 2) (Fig. 4c), and (2, 1) (Fig. 4d) 

Table 1 
Different resins, 2PL recipes, refractive index differences, and summary of results attempted in this work. Writing time (third column) is for a 1.5 mm diameter DOE 
with specified height (eighth column).  

Resin 1 (2PL) Obj./Recipe Time n1 [26] Resin 2 (UV) n2 [27] Δn 2π height Result 

IP-S 25× “Solid” ~0.2 h 1.515 IP-Dip2 1.547 − 0.032 18.6 μm Scattered beam 
IP-S 25× “Solid” ~0.6 h 1.515 IP-S 1.506 0.009 66 μm Scattered beam 
IP-Dip2 63× “Solid” ~8.5 h 1.547 IP-S 1.506 0.041 14.5 μm Vortex observed 
IP-Dip2 63× “Swift” ~0.8 h 1.547 IP-S 1.506 0.041 14.5 μm Vortex observed 
IP-Dip2 25× “Solid” ~0.2 h 1.547 IP-S 1.506 0.041 14.5 μm Scattered beam  

Fig. 3. a) Intensity patterns of light beam passing through a m = 1 vortex phase plate with different heights (indicated by the percentage value difference compared 
with 14.5 μm height) and imaged on camera via a f = 150 mm lens. b) The second from left (in a, highlighted) phase plate used at increasing intensity showing a clear 
central minimum even at high laser intensities. Scale bar for all intensity patterns (far right) equals 200 μm. 

Fig. 4. The i) calculated phase profile, ii) simulated intensity pattern, and iii) 
experimental intensity pattern of various DOEs with 1.5 mm diameter. a) m = 1 
vortex phase plate. b) Laguerre-Gaussian (azimuthal index = 1, radial index =
1). c) Laguerre-Gaussian (azimuthal index = 1, radial index = 2). d) Laguerre- 
Gaussian (azimuthal index = 2, radial index = 1). e) Interferogram of m = 1 
vortex plate using off-axis holography. f) Interferogram of Laguerre-Gaussian 
(azimuthal index = 1, radial index = 1) beam. Scale bar for all intensity im
ages (ii), (iii), (e), and (f) is shown on the bottom right and equals 200 μm. 
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respectively, with 1.5 mm diameter were characterised. Fig. 4i) shows 
the phase pattern for each type of DOE, calculated from the provided 
Python script (see supplementary material) while Fig. 4ii) shows the 
simulated intensity pattern for the four types of DOEs, and Fig. 4iii) 
shows the experimentally measured intensity pattern on camera. The 
measured intensity patterns match simulations well, both in shape, 
features, and dimensions. Nevertheless, some aberrations in the features 
were apparent, such as the shape of the secondary intensity rings. This 
could be due to misalignment of the setup, shape of the cut-off iris, or 
fabrication tolerance errors. The errors include presence of stitching 
lines, surface roughness, or structure tilt where each writing field is 
tilted slightly due to overall substrate tilt and the fact that the interface 
position is recalibrated for each writing field. Further investigation is 
required to isolate the source of aberrations. 

Finally, interferograms of the DOEs were recorded using off-axis 
holography by removing the tube lens and introducing a reference 
light arm via beam-splitters (Fig. 2c). The interferogram for the m = 1 
vortex plate (Fig. 4e) clearly shows a fork in the centre, indicating a 
topological charge of 1 and wrapping of phase. The interferogram for the 
Laguerre-Gaussian (1, 1) DOE (Fig. 4f) not only shows the fork in the 
centre of the DOE but also in the 1st azimuthal ring the phase can be 
clearly seen to shift (from far left of the image in Fig. 4f to the far right of 
the image), showing the phase profile of both the 0th azimuthal zone 
and the 1st azimuthal zone. 

5. Discussion 

Results show that after considering resin shrinkage, DOE fabrication 
was straightforward, and the structured light produced by the DOE 
under experiment matched the expected simulated intensity pattern 
qualitatively in terms of intensity features and size. However, aberra
tions were observed across all tested DOEs. This might be related to 
small errors in the optical alignment and the shape of the cut-off iris. 
Note that the iris was placed a few centimetres away from the DOE and 
stray diffracted light might illuminate unwanted sections of the DOE 
assembly such as outside the printed structure. It would be advised to 
place the iris as close as possible to the DOE, or even better, directly print 
optically opaque irises next to the DOE to cut-off any stray light [28]. In 
addition, the size of the iris was adjusted by hand, and thus the DOE 
illumination in the experiment may not exactly match that of the phase 
profile used in simulation. This can cause slight differences in the size of 
intensity patterns for simulation vs. experiment (Fig. 4). 

Further, shrinkage values varied according to different structure 
dimensions, and thus a small amount of process optimisation is required 
to tune to the correct shrinkage values to achieve the correct structure 
heights. Once optimised, shrinkage was observed to be fairly consistent 
across half a dozen DOE samples, although care must be taken during 
processing to ensure consistency. Since the DOEs presented here are flat 
with one dimension much smaller than the other dimensions, shrinkage 
is also consistent across the DOE. This might not be the case for more 
complex DOEs with different and more complicated geometries, where 
resin shrinkage effects must be optimised. 

Optical inspection and profilometry of the print quality showed a 
reasonable surface roughness. Tool specifications for the small feature 
solution set (i.e., 63× objective “swift”, Table 1) indicate a roughness 
<20 nm, which for near-index matching where Δn ~ 0.04, corresponds 
to an effective roughness <1 nm. However, for the medium feature so
lution set (i.e., 25× objective “solid”, Table 1), no beams were formed, 
possibly due to the large hatching and slicing distances of this writing 
recipe that causes roughness and large lateral features. This might be 
mitigated in future by optimization of the writing process, for example 
by decreasing the hatching distance and thus increasing overlap be
tween lines, a smoother surface can be achieved using the larger spot 
size of the 25× objective to improve writing speed as well as roughness. 
The maximum lateral resolution of the Nanoscribe GT2 tool is specified 
at 0.2 μm, thus limiting DOE designs in the in-plane directions. This can 

possibly be addressed by using post-processing to improve final struc
ture resolution [29]. The minimum lateral resolution shown in this work 
to still achieve formed DOE beams was the 0.35 μm slicing distance used 
in the 63× “Swift” recipe. 

Further, stitching lines were obviously present between writing 
fields, and these regions might exhibit much larger discrepancies which 
can also cause aberrations in the DOE produced intensity pattern. Latest 
developments in 2PL technology have reduced stitching to be much 
smaller and future 2PL fabrication is expected to produce very low 
surface roughness with minimal field stitching [30]. Precise measure
ment of the refractive indices of different cured resins is also necessary 
for full process optimisation. 

Another source of aberrations might be the assembly process where 
the second resin is drop-cast, and a coverslip is placed on top. Pressure is 
made via Kapton tape to hold the surfaces flat during curing but too 
much pressure might cause distortions in the glass surfaces. The UV 
curing process itself may cause stresses in the resin, especially if too 
much dose is applied too quickly. As such it might be advisable to cure 
the second resin slowly, or to use resins that can be cured by other 
means. Another option is in-situ multi-material 3D printing with a spe
cialty head that can exchange different resins [31]. In this way both 
resins are 2PL cured and fabrication is more robust. A third option is to 
use 2PL written structures as mould masters, similar to [4] but with 
looser refractive index tolerances. This technique is therefore suited to 
mass-production in roll-to-roll processes for example, which is more 
difficult to accomplish with SLA/resin-matching based DOEs [4] as 
fabrication height for SLA is much taller. Autofluorescence arising from 
the photo-resin [26] might also be avoided by using moulding processes, 
which could be important depending on the application. Aberrations 
may also appear over time due to resin aging, environmental effects, or 
mechanical effects, which can all affect the refractive index difference 
between the two resins. On the other hand, since resins have different 
wavelength dependent refractive indices, via careful resin selection, 
broadband DOEs might be realised. 

In summary, a process for rapid prototyping of DOEs using direct 
write 2PL combined with immersion in another resin with similar 
refractive index was demonstrated. For simple structured light such as 
vortex beams, the produced intensity patterns showed the expected 
features for a variety of intensities, albeit with slight aberrations 
possibly due to misalignments in the optical system. The rapid proto
typing of DOEs is particularly useful in the evaluation of wavefront 
shaping elements used in microscopy such as point-spread-function 
engineering [4] and multi-focal imaging [32] and would also find a 
variety of applications in astronomy, remote sensing, communications, 
etc. One advantage of using additive manufacturing for DOE fabrication 
over moulding is the ability to fabricate DOEs on non-standard sub
strates such as curved surfaces (e.g., glasses for augmented reality), at 
the end facets of optical fibres [15], and integrated within more 
complicated microfluidic devices [33]. Such micro-DOEs would allow 
beam shaping in confined spaces such as in microfluidic cytometry, 
medical endoscopy, and photonic systems-on-chip. In combination with 
microfluidics, such DOEs would allow adaptive control over the wave
front, for example by exchanging liquids with different refractive 
indices, resulting in transmission adaptive optical elements. Together 
with recent developments in additive manufacturing of complex micro- 
optical systems with smooth optical curvatures [30], printing of opaque 
light stops [28], laser-induced refractive index variations for graded 
index lenses [12,13], etc., multi-material rapid prototyping of DOEs 
offers another technique in the arsenal of wavefront shaping and optics 
fabrication using 3D printing. 
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