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Holographic multi-photon 3D laser nanoprinting
– at the speed of light: opinion
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Abstract: In this opinion article, we discuss the possibility of printing three-dimensional
macroscopic architectures with nanometer feature size by irradiating a light-sensitive ink with
a single, spatiotemporally shaped, short laser pulse. We argue that the peak print rate of this
approach may reach 1020-1021 voxels s−1, surpassing the present state-of-the-art of about 108

voxels s−1 by a very large margin.
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Three-dimensional (3D) printing is a rapidly advancing field, in which light-based approaches
play a leading role [1]. A spot of light can easily be positioned inside the volume of a transparent
ink to induce a chemical reaction, e.g., leading to the solidification of a liquid monomer into a
polymer ‘voxel’, a 3D volume element in analogy to the 2D pixel. After scanning the spot of
light along a desired path, the remaining insufficiently crosslinked material can be washed out by
a solvent, leaving behind the final 3D structure. One must be aware though that the accumulation
of locally deposited dose, i.e., the locally created density of chemical bonds, generally leads
to an undesirable ‘proximity effect’ which limits the achievable printing resolution. Nonlinear
processes such as two-photon absorption [2] or (1+ 1)-photon absorption [3–6], e.g. two-step
absorption [4], can suppress this effect and are widely used. Furthermore, one can form a large
number of small spots of light, which can be seen as a large assembly of ‘local nozzles of light’ in
3D. Various approaches have recently used this path to parallelize the otherwise purely sequential
printing process. For example, by using a light-sheet approach and 33,000 independent laser
spots in one plane, print rates around 107 voxels s−1 were achieved [7]. Using spatiotemporal
focusing led to print rates above 106 voxels s−1 [8]. Using an array of 7 × 7 laser foci and focus
scan speeds around 1 m s−1 enabled a print rate of about 108 voxels s−1 [9]. These and many
other results are summarized in Fig. 1 [10].

This raises the fundamental question: What is the speed limit for 3D printing with light? One
can imagine to expose all voxels of a target structure in a single short laser pulse. Spatial, or
even spatiotemporal, shaping of the light field to achieve this is possible – although challenging –
by creating a 3D hologram via suitable ‘phase masks’ (see below). However, we must consider
that to polymerize a voxel by multi-photon absorption, a certain incident optical energy E is
required. This energy depends on the ink (commonly a light-sensitive photoresist) used for the
printing. Future progress in photochemistry can potentially offer more sensitive inks [11–13],
but the value for E will remain finite. Consider the currently most sensitive photoinitiators and
resists [14] based on two-photon absorption when printing with order 100 fs long laser pulses
from a laser oscillator at a repetition rate of around 100 MHz and focus scan speeds of 1 m s−1:
It takes about 50 laser pulses with an individual pulse energy of about 0.2 nJ to polymerize one
voxel [9]. For 7× 7 = 49 foci in parallel, this corresponds to an average laser power of about 1 W
incident on the entrance pupil of a high-numerical-aperture immersion microscope objective lens.

#538751 https://doi.org/10.1364/OME.538751
Journal © 2024 Received 6 Aug 2024; revised 28 Aug 2024; accepted 28 Aug 2024; published 17 Sep 2024

https://orcid.org/0000-0002-1674-5408
https://orcid.org/0009-0009-0970-1835
https://orcid.org/0000-0003-0289-6448
https://orcid.org/0000-0001-8749-9374
https://orcid.org/0000-0002-9770-2441
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.538751&amp;domain=pdf&amp;date_stamp=2024-09-17


Opinion Vol. 14, No. 10 / 1 Oct 2024 / Optical Materials Express 2371

Fig. 1. Peak printing rate of various 3D printing technologies in relation to their minimum
voxel size (taken as an average of the lateral and axial voxel dimensions) [10]. The region
of printing speed potentially accessible via 3D multi-photon holographic laser printing is
indicated in gray. Data sources for the data points are as follows: 2005 [15], 2006 [16],
2007 [17], 2007-2 [18], 2008 [19], 2008-2 [20], 2011 [21], 2011-2 [22], 2012 [23–25],
2012-2 [26], 2012-3 [27], 2014 [28], 2014-2 [29], 2014-3 [30], 2014-4 [31], 2015 [32],
2015-2 [33], 2015-3 [34], 2015-4 [35], 2016 [36], 2016-2 [37], 2017 [38], 2017-2 [39],
2018 [40], 2018-2 [41], 2018-3 [42], 2019 [43], 2019-2 [44], 2019-3 [45], 2019-4 [46],
2019-5 [47], 2019-6 [48], 2020 [10], 2020-2 [49], 2020-3 [50], 2020-4 [51], 2020-5 [52],
2020-6 [53], 2021 [54], 2021-2 [8], 2021-3 [4], 2022 [55], 2022-2 [7], 2022-3 [5], 2023 [56],
2023-2 [57], 2024 [9], 2024-2 [58], 2024-3 [59]. (1+ 1)PA, (1+ 1)-photon absorption; 2PP,
two-photon polymerization; EBID, electron beam induced deposition; AJ, aerosol jet 3D
nanoprinting; SLS, selective laser sintering; ECP, electrochemical printing; DIW, direct ink
writing; FFF, fused filament fabrication; IJ, inkjet; SL, stereolithography; CLIP, continuous
liquid interface printing; LS3DP, light-sheet 3D printing; TVAM, tomographic volumetric
additive manufacturing. Figure adapted with permission from Ref. [10], CC BY 4.0.

Such powers are not far from the damage threshold of the lens, meaning that orders-of-magnitude
print-speed increases cannot be expected solely along the path of delivering more laser power.

We now conceptualize fully parallelized holographic 3D printing with a single shaped laser
pulse: The pulse enters the ink along the z-direction through a glass interface parallel to the
xy-plane. In the wavelength-thick layer next to the substrate, the light field may, for example,
be composed of many individual light spots that expose many different voxels in parallel in
that single plane. We now take advantage of the fact that multi-photon absorption by the ink
consumes only a tiny fraction of the pulse energy, such that nearly all of the light is transmitted
through the first layer. In the above multi-focus approach, all of this transmitted light was
essentially wasted because the foci of light (intentionally) diverged so much, that multi-photon
absorption above and below the focal plane became extremely weak. In that multi-focus approach,
a next (e.g. wavelength-thick) layer would be exposed by scanning the focal plane along the
z-direction, with typical velocities not exceeding v = 10−3 m s−1. In the holographic approach,
light propagates along the z-direction and energy is redistributed at the speed of light, about
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c = 2.998 ×108 m s−1

n ≈ 2 × 108 m s−1 in a medium with an example refractive index of n = 1.5,
and hence eleven orders of magnitude faster – 3D printing at the speed of light.

The holographic shaping of the laser pulse would lead to different exposure patterns in
the consecutive layers. How long would it take to expose an object that is, e.g., 200 µm
tall along the z-direction? The exposure time for using a single short laser pulse would be
200 µm /c ≈ 1 × 10−12 s = 1 ps, which is 10 times longer than the 100-fs laser pulse duration
in our discussion above. The print process can then be viewed as a thin layer of light scanning
along the z-direction at the speed of light (Fig. 2). The polymerization induced by this light
exposure would take place on a much longer time scale of ∼0.1 − 1 ms [60], determined by the
speed of oxygen diffusion. This time is merely a delay and does not influence the print rate.

Fig. 2. Schematic of single-pulse 3D holographic printing. An artistic illustration of a
single 100 fs laser pulse propagating through a photosensitive ink forming a light field
intensity profile corresponding to (a) a solid cylinder and (b) a more complex 3D shape of a
trefoil knot. The first four panels capture the light field at separate instances of time during
the pulse propagation. The final panel depicts the resulting polymerized 3D object after a
delay of order 0.1–1 ms.

Do we realistically have sufficient laser pulse energy to expose a large fraction of a typical high-
numerical-aperture microscope lens’ field of view in one shot? The two-photon polymerization
dose is proportional to the square of the pulse energy, meaning that to go from using 50 pulses
(see above) to a single pulse, we would need about 0.2 nJ ×

√
50 ≈ 1.4 nJ incident optical energy

to polymerize one voxel with a diameter of about 350 nm. This is a realistic size for multi-photon
printing. Suppose we target a print-field diameter of 350 µm. This means that the print-field

area is A =
(︂

350 µm
350 nm

)︂2
≈ 1 × 106 times larger than the voxel cross-section in the xy-plane. Then

we need 1.4 nJ ×
(︂

350 µm
350 nm

)︂2
≈ 1.4 mJ incident optical energy in one laser pulse. At a repetition

rate of 1 kHz, this number corresponds to an average laser power of 1.4 W. These parameters
– 1.4 W average laser power, 1 kHz pulse repetition rate, 100 fs pulse duration, and 800 nm
center wavelength – are readily accessible by modern regeneratively amplified femtosecond lasers
[61,62].

What is the resulting peak print rate in units of voxels s−1? Following the above estimate,

we have
(︂

350 µm
350 nm

)︂2
≈ 1 × 106 voxels in one print plane. For the voxel height, we assume

one wavelength – which appears fair for conditions of high-numerical-aperture focusing. At
800 nm free-space wavelength and an ink refractive index of n = 1.5, this leads to 533 nm
voxel height. For a 200 µm tall printed structure (see above), we can print 106 voxels in each
layer by reusing the transmitted pulse energy from previous layers, corresponding to a total of
1 × 106 voxels × 200 µm

533 nm ≈ 3.8 × 108 voxels. These voxels are printed in the pulse propagation
time of 1 ps, leading to a peak print rate of 3.8 × 108 voxels / 1 ps ≈ 3.8 × 1020 voxels s−1.
So far, the thought experiment is naïve and conservative, as we have essentially considered
printing an elongated cylinder with a 100% filling fraction of material, such as by letting a
collimated laser beam pass through the ink (Fig. 2(a)). For lower filling fractions corresponding
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to more interesting 3D objects to be printed (Fig. 2(b)), the required laser pulse energy and,
hence, the required average laser power would decrease in our favor. At fixed power, the
addressable print volume would increase in our favor. This also means that the print rate becomes
structure-dependent. With shorter laser pulses, sub-100% filling fractions, slightly more sensitive
inks, or, e.g., three-photon absorption instead of two-photon absorption, our estimation brings us
to tantalizing peak print rates exceeding 1021 voxels s−1. One might argue, however, that the
next print event only takes place with the following laser pulse, which arrives 1

1 kHz = 1 ms later.
This leads to an average print rate lower by a factor 1 ms / 1 ps ≈ 1 × 109, yielding an average
print rate of 3.8 × 1011 voxels s−1. That is still more than three orders of magnitude larger than
the current state-of-the-art peak printing rate of 108voxels s−1 (see above) or about four orders of
magnitude larger than the current state-of-the-art average printing rate.

As mentioned above, holography [63] allows to create the required shaped light fields by
imposing a tailored phase front onto an incident light field. Diffractive optical elements can
and have been used for spatial phase-front shaping (see, e.g., [9]). Spatial liquid-crystal light
modulators [64] or digital mirror devices [65] can be used for dynamic phase-front shaping,
but their precision, bandwidth, and number of pixels is limited. Advanced spatiotemporal
light shaping by optical metasurfaces has recently been demonstrated [66–71]. However, even
designing such ‘synthetic optical holograms’ is a non-trivial task as it requires solving an
inverse problem. Traditionally, iterative algorithms such as the Gerchberg-Saxton algorithm for
reconstructing phase information of a target intensity profile are used [72]. Alternatively, one
could calculate the light field resulting from an optical system and minimize a carefully chosen
loss function [73]. In the end, assuming the use of 32-bit floating point numbers, one must be
able to handle a target light field composed of at least 108 × 4 bytes ≈ 400 MB, which doubles
to 800 MB when one considers that complex numbers are needed. This is a computationally
demanding task. Of course, for a single static 3D hologram, it only needs to be solved once. To
determine the solution for many holograms, which is required in the dynamic case, it may be
helpful to look towards machine-learning methods [74]. No matter what, it is clear that extensive
computational resources would be required, though within the realm of what is available.

Finally, we ask whether steps in the direction of holographic 3D printing with a single pulse have
been taken? Perhaps one of the earliest implementations is nanosecond-pulsed laser interference
lithography [75], a rather simple implementation of holography. It uses one-photon absorption
and is limited to periodic structures, yet it already approaches printing 3D structures at much
larger print rates than other approaches summarized in Fig. 1 [1]. However, implementations and
print rates have been more modest for the more interesting case of printing with arbitrarily shaped
3D light fields. A popular implementation of holography is to split a laser beam into many foci
[9,10,22,32,33,50,76–78] with the foci usually constrained to one 2D plane, with exceptions
[44,56,79,80]. Other works have used holography to generate more complex light fields also
confined to a 2D plane [81–84]. This has recently been extended to multiple exposures at different
depths or angles to form a 3D structure in tomographic volumetric additive manufacturing
processes [85,86]. Only a few works have thus far tackled the challenge of 3D printing directly
with a single tailored arbitrary 3D light intensity profile [87,88], but they were restricted to small
print volumes and long exposure times, thus to rather low print rates.

We conclude then, that through the combination of mJ pulse energies from commercially
available amplified femtosecond laser systems and the rapidly developing field of optical
metasurfaces for light-field shaping, we foresee 3D holographic multi-photon nanoprinting using
a single laser pulse to have the potential for many orders of magnitude increase in peak print rate
compared to the current state-of-the-art.
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