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Photonic fabrication

Implosion carving shrinks 3D-printed  
nanostructures

Pavel Ruchka & Harald Giessen

Laser-patterning a swollen hydrogel 
followed by controlled shrinkage enables the 
fabrication of high-refractive-index-contrast, 
nanometre-scale 3D photonic structures for 
visible-light applications.

The ability to laser print 3D structures for use in the optical domain has 
revolutionized micro- and nano-optics in recent years1. In particular, 
the 3D-printing technique of two-photon polymerization, whereby 
focused ultrashort laser pulses solidify a liquid photoresist, enables the 
convenient fabrication of micrometre-scale complex optical structures, 
including metasurfaces and holographic optical elements. However, 
the spatial size of the focused writing beam means that such elements 
are usually confined to operation in the infrared region. Utilizing more 
advanced 3D-printing techniques, such as STED-based 3D printing2, can 
achieve sub-100-nm resolution. Nevertheless, the structures fabricated 
by such techniques are still limited by the fundamental 3D-printing 

design principles. As two-photon polymerization is a layer-by-layer pro-
cess, creating complex overhangs, especially with nanoscale resolution, 
is traditionally considered impossible. Additionally, the index contrast 
between the liquid and polymerized material is quite low, usually on 
the order of 0.02–0.03. As a result, the fabrication of volume meta- or 
holographic structures in general and especially for the visible spectral 
range has remained challenging to date. It is thus considered the holy 
grail of nanophotonics to create completely arbitrary, 3D refractive 
index distributions for complex volume holographic phase masks 
with a spatial resolution as high as possible. This would give ultimate 
freedom for designers of photonic circuit elements.

To achieve this ambitious goal and overcome the existing resolu-
tion limitations, it has been proposed to fabricate high-resolution 
structures by simply shrinking printed structures; however, results 
have been constrained by the properties of common photoresists. For 
example, pure heat treatment of hybrid organic–inorganic resists, such 
as SZ2080, have led to strong warping3 and given only a modest shrink-
age ratio of 60%. Using commercial photoresists from Nanoscribe, such 
as IP-Dip, Liu et al. achieved a shrinkage factor of 3 without too much 
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Fig. 1 | Implosion carving fabrication of photonic structures. a, Schematic 
illustration of the ImpCarv fabrication process: (i) 3D photosensitizer-mediated 
cleavage within the scaffold, (ii) isotropic scaffold shrinkage to achieve nanoscale 
feature sizes, and (iii) dehydration through supercritical drying to preserve 
internal structures. b, Fluorescence image of Morpho butterfly wing-type 
nanostructures made by ImpCarv. c, Schematic illustration of a machine learning 

device for digit classification using visible light. Light signal to be classified 
enters from above and passes through a vertical array of hydrogel scaffolds, each 
one designed to recognize a different digit (1,5,6,7). The output plane is where the 
optical intensity profiles are captured by a camera in different regions. Blue inset: 
magnified top-view schematic of the input digit ‘1’, as an example. Figure adapted 
from ref. 5, Springer Nature Ltd.
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proposed technology does possess some limitations at present. As 
of now, the scalability of the process remains questionable, as it is a 
multi-step process with many independent steps, which can influence 
the subsequent ones. Furthermore, it utilizes point-by-point scanning, 
which may limit the size of structures that can be made. This can poten-
tially be alleviated by implementing mask projection, using ImpCarv in 
combination with light-sheet structuring8, or by holographic projec-
tion of layers using a spatial light modulator. Nevertheless, achieving 
nanoscale resolution for macroscopic structures remains a challenge. 
ImpCarv also relies on hydrogels that shrink isotropically, which limits 
the choice of materials that can be used at present.

Finally, we should point out that the proposed technology is 
very different from existing CMOS and photonic production meth-
ods, which may bring integration challenges. As ImpCarv is close 
to implosion fabrication, showcasing the combination of dielectric 
hydrogels with metallic or even electrically active materials would 
partially solve this problem and open ways for even more advanced 
devices. In the future, the proposed technology might also benefit from 
multi-material 3D printing or from implementing differently shrinking 
scaffolds within one structure to create sophisticated optical parts 
which were previously thought impossible.
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warping and bending, leading to very convincing visible photonic 
bandgap applications4. Although high resolution was achieved after 
the heat-based shrinkage, the structures proposed in these papers were 
still fabricated by the conventional two-photon 3D-printing technique, 
with all its limitations with regard to the achieved complexity.

Now, writing in Nature Photonics, Yang et al. report a large step 
towards the realization of a fabrication method with the ability to 
structure the 3D volume of material with a sufficiently high spatial 
resolution to suit visible-light interactions5. They use a femtosecond 
laser to pattern a swollen polyacrylate hydrogel that is infused with a 
photoinitiator, which in turn creates local free radicals that cleave the 
hydrogel bonds. This results in precise voids in the proposed material. 
After a treatment with monovalent (NaCl) and divalent (MgCl2, CaCl2) 
cations and supercritical drying, which preserves the vacancies, the 
hydrogel can shrink in size by a linear factor of 10 or more (Fig. 1a). 
The proposed approach is called implosion carving (ImpCarv) and 
is based on previously introduced implosion fabrication5. With this 
method and proposed material, the authors can generate arbitrary 3D 
structures with a refractive index contrast as large as 0.5 and trenches 
with a width as small as 67 nm and a height of 22 nm. Additionally, the 
authors demonstrate the possibility to manufacture physical steps, 
by ablating the hydrogel with different laser powers. This suggests 
that even greyscale lithography would be possible with the proposed 
method, yielding smooth structures at this high resolution.

As a first example, the authors demonstrate the creation of 3D 
nanostructures that mimic those found on the wings of the Morpho 
butterfly and are responsible for its striking blue iridescence (Fig. 1b,d). 
They also demonstrate the fabrication of high-resolution chiral 3D nano-
structures and 3D photonic crystals with a visible bandgap. While such 
structures can be made with STED-inspired lithography2,4,6,7, the authors’ 
approach is more complex, especially in terms of the optical set-up.

ImpCarv is also shown to be able to generate holograms for opti-
cal neural networks for machine learning tasks that use visible light. 
The authors proposed a multilayer all-optical classification device 
with nanoscale neurons (Fig. 1c,e), which can recognize four differ-
ent numbers using green light at 532 nm. This success indicates that 
further visible-light applications, such as image, object and pattern 
recognition, signal processing, and computational imaging, could all 
be within reach and benefit from ImpCarv.

Despite inspiring advances and representing a milestone towards 
the final goal of arbitrary high-resolution 3D volume structures, the 
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