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Nanostructured inorganic materials with promising poten-
tial applications have drawn tremendous research atten-
tion from both fundamental and practical aspects. SiO2 

(silica) is one of the most widely used inorganic materials and 
demands fabrication methods with nanoscale resolution in fields 
such as microelectronics1,2, microelectromechanical systems3,4 and 
microphotonics5,6. To fabricate silica with desired nanostructures, 
complicated top-down patterning processes including thermal oxi-
dation7 and chemical vapour deposition8, followed by either dry9,10 
or wet11,12 etching steps, are normally required. Although mature 
processing techniques with high yield have been developed, these 
techniques involve the use of hazardous chemicals (for example, 
resists, developers and etchants) and require complex facilities 
for fabrication. Moreover, achieving intricate and/or asymmetric 
three-dimensional (3D) architectures at nanometre resolution is 
very challenging using top-down fabrication methods. Therefore, 
large demand exists for direct nano-manufacturing techniques 
that can produce 3D silica structures with complex geometries and  
chemical variabilities.

The emerging technology of additive manufacturing (AM), 
or 3D printing using digital designs, can create fine structures 
through layer-by-layer deposition13–16 to generate complex archi-
tectures and simplify fabrication processes. More importantly, as 
a well-demonstrated bottom-up technique, 3D printing has been 
reported to construct curvilinear substrates17, nonplanar surfaces18 
and tortuous 3D patterns19 that are beyond the capability of tradi-
tional top-down patterning methods. AM of fused silica glass was 
realized via stereolithography of an amorphous silica-rich slurry20 
with a resolution of tens of micrometres. Although well-defined 
structures with outstanding optical and mechanical properties 
were manufactured, the relatively low spatial resolution offered 
by commercial 3D-printing techniques limits their application in 
microelectronics, microelectromechanical systems and micropho-
tonics. The emerging techniques of micro-digital-light-processing2

1,22 have been implemented to improve the spatial resolution below 
10 micrometres. However, this is still not adequate for microphotonic  

device applications that require a spatial resolution smaller than the 
wavelength of light.

Subwavelength spatial resolution can be attained via two-photon 
polymerization (2PP)23, a laser-based direct writing technology 
in which the resin initiates free radical polymerization by simul-
taneously absorbing two photons. Since the two-photon absorp-
tion process is able to overcome the optical limit of illumination, 
subwavelength spatial resolution can be readily achieved. The 
2PP-enabled AM techniques using photopolymers24,25 have been 
widely used to fabricate nanostructures with intricate architec-
tures. Very few AM techniques utilizing hybrid organic–inorganic 
materials26 and polymer-derived ceramics27,28 have been reported. 
Such inorganic nanostructures greatly broaden the application 
range of 2PP AM. However, they often contain mixtures of car-
bon or nitrogen elements with complex molecular compositions 
that present less-controllable electrical properties and lack optical 
transparency. This hinders their application in microelectronics 
and micro-/nanophotonics. To address these limitations, we pro-
pose an approach to 3D print silica nanostructures with sub-200 nm 
resolution. Additionally, the 3D-printed inorganic nanostructures 
were doped with desired rare-earth elements, which expand the 
applications to active photonics29, non-Hermitian photonics30 and 
quantum devices31. The technique involves 2PP-enabled AM of 
well-dispersed poly (ethylene glycol) (PEG)-functionalized colloi-
dal silica nanocomposite ink, followed by pyrolysis and sintering, 
where the postprocessing procedure determines the crystallinity of 
the structures produced.

In our proposed technique, making a suitable ‘ink’ containing 
silica nanoparticles (NPs) and a two-photon polymerizable precur-
sor is the dominating factor. Such ink must meet several conditions: 
first, the size of silica NPs has to be small (about 10 nm) to achieve 
nanoscale resolution; second, the refractive index of the photopoly-
mer precursor must match that of silica to obtain transparent ink 
to eliminate photo extinction and scattering; third, the heat con-
ductivity of the ink must be high to avoid instant vaporization by 
the femtosecond laser with megawatts of peak power; fourth, the 
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ink must be very homogeneous and well dispersed to maintain 
nanoscale resolution as well as to avoid localized vaporization; and 
fifth, the mass loading of the silica NPs should be high to maintain 
the printed geometry and minimize deformation. Simultaneously 
meeting all of the above conditions is challenging. For example, 
though using smaller NPs is necessary to achieve high-resolution, 
submicrometre-size particles can result in an undesirable mixture 
with high viscosity, which in turn makes mechanical mixing dif-
ficult. Additionally, high viscosity also leads to low heat conduc-
tivity because viscosity is normally inversely proportional to heat 
conductivity32. To resolve these conflicts, our strategy is to use 
PEG-functionalized well-dispersed colloidal silica NPs and a mix-
ture of two small-molecule acrylate precursors. To maintain the 
consistency across multiple experiments and minimize the influ-
ence of NP quality on the results, we chose to use commercially 
available PEG-functionalized silica NPs. PEG functional groups are 
chemically attached to the colloidal silica NPs, which is confirmed 
by the Fourier transform infrared spectrum of dried functionalized 
NPs. As shown in Supplementary Fig. 1e, a new peak emerges at 
1,703 cm−1, corresponding to the stretching vibration of carbonyl 
groups from PEG, which agrees well with the literature33. The poly-
mer precursors contain the same PEG functional group as colloidal 
silica NPs, which makes the silica NPs have excellent miscibility 
and dispersity in the polymer precursors. Moreover, the mixture 
of polymer precursors has the same refractive index as silica and 
can be fully removed during the subsequent annealing processes. 
Therefore, mixing colloidal silica NPs, polymer precursors and 
photo-initiator can produce well-dispersed nanocomposite ink with 
the silica NP size down to 10 nm with high loading (40 wt%), low 
viscosity, high transparency and high heat conductivity.

With the successful preparation of the nanocomposite ink and by 
employing the 2PP printing technique, we demonstrate that the final 
3D-printed product is of pure silica with sub-200 nm resolution. 
Such fine spatial resolution is two orders of magnitude higher than 
the reported resolution that was recently achieved using a similar 
2PP technique34, and the use of PEG-functionalized colloidal silica 
NPs is considered to be crucial for achieving the nanoscale printing 

resolution. Depending on the sintering temperature, the final silica 
structures can be either amorphous glass or polycrystalline cristo-
balite, suggesting tunability of the optical properties of the printed 
structures. Using nanoscale silica glass, we demonstrated that 
micro-toroid optical resonators fabricated using the proposed tech-
nology have quality factors (Q) over 104. Furthermore, we showed 
that doping and codoping of rare-earth salts such as Er3+, Tm3+, 
Yb3+, Eu3+ and Nd3+ can be directly implemented in the printed silica 
structures. The final doped silica glass nanostructure demonstrated 
strong photoluminescence at the desired wavelengths. Especially for 
Er3+, the final printed structures exhibit photoluminescence around 
1.55 µm, making the proposed technology a powerful tool for opti-
cal telecommunication applications.

The solution of PEG-functionalized well-dispersed colloi-
dal silica NPs with an average diameter of 11.5 nm (Fig. 1b(i) 
and Supplementary Fig. 1) is mixed with two carefully selected 
small-molecule acrylate polymer precursors, a photo-initiator that 
has a large two-photon absorption cross-section at 780 nm and a 
photoinhibitor. After removing the solvent from the mixture, the 
final nanocomposite ink, a clean and transparent solution with 
light yellow colour, is produced as shown in the Fig. 1a inset. The 
as-synthesized nanocomposite ink stored in the dark can be kept 
stable for months without noticeable aggregation or settlement of 
the silica NPs. A small-angle X-ray scattering (SAXS) test was con-
ducted on the nanocomposite ink, the result of which indicates that 
the silica NPs are well dispersed in the polymer precursors (more 
details are discussed in the Supplementary Information). The nano-
composite ink was then dropped onto a sapphire substrate that had 
been plasma cleaned and pretreated with proper sanitizer, pro-
ducing a surface with moderate adhesion to the printed materials. 
Figure 1a illustrates a 2PP printer shaping the nanocomposite ink 
into designed 3D structures. In this process, a 780 nm, 100 fs laser 
beam is focused using a high-numerical-aperture, oil-immersive 
objective lens. The photo-initiator simultaneously absorbed two 
photons from the laser pulse and generated free radicals to initi-
ate the polymerization process of the nanocomposite ink. In this 
step, the nanocomposite ink containing polymer precursors and 
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Fig. 1 | Process of 2PP-enabled 3D printing of silica. a, Schematic of 2PP-enabled 3D-printing set-up and printing process. h and ν are Planck’s constant 
and the frequency of the laser, respectively. 2hν represents two photons absorbed by the nanocomposite. Upper right inset: photo of the as-synthesized 
polymer precursors, the colloidal silica NPs and the as-synthesized nanocomposite ink. Bottom left inset: cartoon of the printed Rice Owls structure. 
Bottom right inset: atomic structures of silica under different sintering temperatures. b, Microscopic images. TEM image of typical morphology of the 
silica NPs showing average diameter of 11.5 nm ((i); scale bar, 40 nm); the SEM image of the printed lines after sintering ((ii); scale bar, 1 μm); optical 
microscope image of the printed Rice Owls figure after sintering ((iii); scale bar, 5 μm); and SEM image of the printed Rice Owls figure after sintering ((iv); 
scale bar, 5 μm).
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silica NPs will be converted into a polymerized network with silica 
NPs. Due to the existence of the threshold effect35 in 2PP, subwave-
length critical resolution is achieved. By scanning the galvanometer 
transversely and moving the z axis with the piezoelectric stage, lay-
ers of sliced structures are additively formed and the final desired 
structures are printed (as shown in the bottom left insert of Fig. 1a). 
Immediately afterward, the as-printed materials are developed in 
propylene glycol monomethyl ether acetate solvent and rinsed with 
isopropyl alcohol. During this step, ultraviolet (UV), light-emitting 
diode lamps may be used to further cure the as-printed structures, 
and a critical point dryer can be optionally used to prevent collapse 
of the fine structures due to capillary forces.

The as-printed polymer/silica NP composite is then subjected 
to pyrolysis followed by sintering in a tube furnace. The organic 
substance in the product is decomposed and removed after heat 
treatment, leaving only aggregated silica NPs. As the temperature 
increases, silica NPs are converted into dense silica with different 
phases. In our experiments, it was revealed that sintering at 1,100 °C 

and 1,300 °C can produce high-quality amorphous glass and poly-
crystalline cristobalite (the bottom right inset of Fig. 1a), respectively 
(also refer to Supplementary Fig. 3 for detailed characterizations).

Figure 1b(iii),(iv) displays the optical and scanning electron 
microscopy (SEM) images of the final 3D-printed silica Rice Owl 
logo sintered at 1,100 °C with a 5 μm × 10 μm size. To explore 
the finest critical resolution, we printed isolated smooth lines  
(Fig. 1b(ii)). It was determined that the finest structure has a resolu-
tion of about 170 nm in width, showing that the proposed technique 
can achieve a resolution of sub-200 nm. Figure 2 displays typical 
SEM images of various printed 3D structures. These SEM images 
show that intricate structures with sub-200 nm resolution can be 
created using the above approach. Specifically, a 3  × 3  × 3  face cubic 
centre (fcc) lattice truss structure (Fig. 2a) composed of beams with 
width of 400 nm and a diamond lattice truss structure (Fig. 2b) 
with ellipsoid features of around 1 μm diameter were highlighted, 
presenting the remarkable printing capability of the strategy.  
More intricate structures such as a suspended disc-on-truss optical 
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Fig. 2 | Microstructures of silica printed using the proposed 2PP-enabled AM technique. a–d, SEM images of 3D-printed fcc lattice truss structure  
(a; scale bar, 5 μm), diamond lattice truss structure (b; scale bar, 10 μm), disc-on-truss structure (c; scale bar, 10 μm) and needle array (d; scale bar, 10 μm). 
e, Zoomed-in top view of fcc lattice truss structure (scale bar, 400 nm). f, Zoomed-in top view of diamond lattice truss structure (scale bar, 1 μm).  
g, Zoomed-in top front view of disc-on-truss structure (scale bar, 2.5 μm). h, Zoomed-in top front view of needle array; tip radius, 230 nm (scale bar, 
2.5 μm). i, SEM image of the as-printed octet truss structure before sintering (scale bar, 20 μm). j, SEM image of the printed octet truss structure sintered  
at 1,100 °C (scale bar, 20 μm); inset: TEM diffraction pattern showing amorphous structure (scale bar, 1 nm–1). k, SEM image of the printed octet truss 
structure sintered at 1,300 °C (scale bar, 20 μm); inset: TEM diffraction pattern showing cristobalite structure (scale bar, 1 nm–1).
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resonator with a disc diameter of 25 μm (Fig. 2c) and micro-needle 
arrays with sharp tips (Fig. 2d) can also be successfully fabricated.

SEM observations of a 3D-printed octet truss structure before 
and after sintering at two different temperatures were compared 
(Fig. 2i–k) to inspect the shrinkage and deformation induced by sin-
tering, as the shrinkage rate is critical to maintain the as-designed 
structure and important for further optimization. Direct comparison 
between an as-sintered octet truss lattices at 1,100 °C (Fig. 2j) with 
their as-printed counterpart (Fig. 2i) revealed homogeneous linear 
shrinkage of about 15%. The shrinkage rate was relatively smaller 
than in previous work20 using stereolithography. The improvement 
can be attributed to the higher loading concentration and good dis-
persity of NPs, which would greatly support the backbone of the 
as-printed structure. However, sintering at 1,300 °C will induce a 
large deformation resulting in the collapse of the as-designed struc-
ture, likely due to the melting process before crystallization and the 
thermal expansion mismatch between the sample and the substrate. 
The crystalline phase and elemental composition of the sintered 
silica were confirmed by transmission electron microscopy (TEM), 
X-ray diffraction and Raman spectra (Supplementary Fig. 3). The 
bright-field scanning TEM images in Supplementary Fig. 3a,d show 
that the printed silica structures are dense with no observable pores 
or cracks, while the energy-dispersive spectroscopy mapping in 
Supplementary Fig 3b,c,e,f demonstrates the homogeneous distri-
butions of the Si and O elements. The diffraction patterns of the 
two samples (inset of Fig. 2j,k), pertaining to the amorphous and 
well-crystallized phases, agree well with the X-ray diffraction and 
Raman spectroscopy displayed in Supplementary Fig. 3g,i. X-ray 
photoelectron spectroscopy, shown in Supplementary Fig. 3h,  

confirms that the printed final materials are pure silica with the cor-
rect stoichiometric ratio for both samples.

Silica is a transparent material that is broadly applied in optical 
applications such as optical fibres, lenses and microphotonic com-
ponents. To explore the unique optical capabilities of 2PP-printed 
structures, we measured the UV–visible transmission spectra of 
the printed amorphous and crystalline thin films with a thickness 
of around 2 μm, as plotted in Fig. 3a. The spectra indicate that 
the 3D-printed silica materials are highly transparent within the 
measured range between 200 nm to 1,100 nm without any visible 
absorption peaks. The printed amorphous silica exhibits overall 
higher transmission. The optical images of more printed transpar-
ent structures can be seen in Supplementary Fig. 4.

It is well recognized that traditional methods of fabricating silica 
microphotonic components are incapable of creating arbitrary 3D 
structures. However, the high-resolution 2PP-enabled AM tech-
nique opens doors for the fabrication of both passive and active 
microphotonic components, making the 3D printing of integrated 
photonic components feasible. Whispering gallery resonators are 
one of the fundamental components of integrated photonics, but the 
fabrication is challenging due to their 3D nature. A proof-of-concept 
micro-toroid optical whispering gallery resonator working in the 
1,550 nm optical communication band was fabricated using our 
method (Fig. 3d). Compared to widely adopted techniques, which 
used optical lithography and XeF2 plasma etching to make a sus-
pended disc followed by forming the toroid by CO2 laser reflow36, 
the 3D-printed silica optical micro-toroid resonator on a tapered fcc 
lattice truss scaffold base offers two advantages. First, the structure 
of the supporting base can be made more mechanically robust by 
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Fig. 3 | Optical applications of printed silica resonator. a, Transmission spectra of 3D-printed amorphous and crystalline silica. b, Transmission spectra of 
the 3D-printed micro-toroid optical resonator. c, Fitting of quality factor at 1,554.2 nm (peak highlighted with red oval in b). Inset: optical mode captured by 
infrared camera. d, SEM image of the printed micro-toroid optical resonator (scale bar, 10 μm); inset: optical image from the top. e, Photoluminescence of 
Er3+-, Eu3+-, Tm3+-, Nd3+- and Yb3+-doped and Er3+/Yb3+ (1:1)-codoped silica crystal in the visible to near-infrared range; inset: the Er3+-doped micro-toroid 
optical resonator under 495 nm (left) and 592 nm (right) excitation and observed at 519 nm (left) and 614 nm (right) using a fluorescence microscope.
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proper design. In the previous method, the etching of the support-
ing structure could not be controlled. Second, the morphology of 
the toroid can be controlled precisely. In the previous method, the 
CO2 laser reflow is not controllable, especially for discs with large 
diameters. By precisely manipulating the toroid morphology, we 
have fabricated resonators with different morphologies and high 
quality factors. Measurements of the micro-disc structure with zero 
toroid width, shown in Fig. 2c, indicate a quality factor of 5 × 103 
(more measurement details can be found in the Supplementary 
Information and Supplementary Fig. 5). Figure 3b shows the trans-
mission property, a standard resonance response with 4.8 nm free 
spectrum range, of the 3D-printed micro-toroid resonator around 
1,550 nm. As fitted with a Lorentzian line-shape, the quality fac-
tor reaches 1.1 × 104 at 1,554 nm, which is comparable to that of 
the reported suspended silica optical resonators fabricated by the 
2PP technique. Considering the large coupling loss in our measure-
ments, the actual Q could be several orders of magnitude higher37.

Furthermore, active photonic devices were fabricated by doping 
the nanocomposite ink with rare-earth elements. Similar doping 
strategies have been applied before to make coloured glasses20,38,39. 
However, active photonic components were not realized by those 
studies as they were by the submicrometre-resolution print-
ing techniques shown in this work. Figure 3e shows the visible to 
near-infrared photoluminescence of as-printed Er3+-, Eu3+-, Tm3+-, 
Nd3+- and Yb3+-doped and Er3+/Yb3+ (1:1)-codoped amorphous 
silica film with concentrations of 1 × 1019 ions cm–3. Each photolu-
minescence peak matches the atomic transition lines of individual 
rare-earth elements, and the inset images captured with a fluores-
cence microscope indicate that the doping is homogeneous, sug-
gesting that the proposed technique is ideal for printing active 
microphotonic devices such as micro-lasers. More importantly, the 
proposed technique can fabricate rare-earth-doped micro-optical 
components with arbitrary shapes. Although the 2PP of polymer 
structures has been reported for active microphotonic devices by 
doping with organic dyes40, their emission spectra are too broad for 
actual applications, and the stability of the polymer under high laser 
irradiation is a non-trivial issue.

In conclusion, we have developed a 2PP 3D-printing technique 
using the high loading of PEG-functionalized colloidal silica NPs. 
High-quality 3D silica structures with arbitrary shapes in amor-
phous glass or polycrystalline cristobalite form were created at 
sub-200 nm resolution using the 3D-printing and post-sintering 
technique. This method demonstrated flexible capabilities in dop-
ing/codoping of rare-earth elements, as well as achieving high-Q 
micro-toroid resonators, revealing the potential to build passive and 
active integrated microphotonic chips with silica via 3D printing. 
Further work to demonstrate sub-10 nm resolution with stimulated 
emission depletion41 methods will bring exciting developments 
to the field. It is also envisioned that an arbitrary 3D structure of 
crystalline silicon can be fabricated by magnesium reduction42 of 
printed crystalline silica, making the dream of 3D printing silicon 
chips a reality.
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Methods
Propylene glycol monomethyl ether acetate (PGMEA), acetone, isopropanol 
alcohol, ethylene glycol (99.8%), trimethylolpropane ethoxylate triacrylate, poly 
(ethylene glycol) diacrylate, 4,4′-bis (diethylamino) benzophenone (≥99%), 
hydroquinone (≥99%), erbium (III) chloride hexahydrate (99.9%), ytterbium (III) 
chloride hexahydrate (99.9%), thulium (III) chloride hexahydrate (99.9%) and 
europium (III) chloride hexahydrate (99.9%) were purchased from Sigma-Aldrich. 
PEG-functionalized silica nanoparticles in a colloidal solution with methyl ethyl 
ketone as the solvent (MEK-AC-2140Z) were provided by Nissan Chemical 
America Corporation. Neodymium (III) chloride hydrate (99.9%) was purchased 
from Alfa Aesar. A two-sided polished sapphire wafer was purchased from 
University Wafer.

Preparation of nanocomposite ink. Trimethylolpropane ethoxylate triacrylate 
(333 mg) was mixed with poly (ethylene glycol) diacrylate (666 mg) by magnetic 
stirring at room temperature for 5 min. Then 1,600 mg of colloidal silica solution 
was slowly added into the mixture under magnetic stirring. After the mixture 
became clear and transparent, 5 mg of hydroquinone was added to the mixture to 
inhibit the reaction of polymer precursors. The mixture was then kept in a vacuum 
drying oven at 60 °C for 2 hours to totally evaporate the solvent. At last, 10 mg of 
4,4′-bis (diethylamino) benzophenone was added to the mixture. The prepared 
precursor was sonicated for 30 min until the resulting solution became transparent.

To prepare the precursor doped with a rare-earth element, 50 mg of rare-earth 
salts were selectively added to the precursor before the photo-initiator was added. 
Sonication was applied to accelerate the dissolving process; 500 mg of ethylene 
glycol could be selectively used to help dissolve the erbium chloride.

2PP 3D-printing process. Silica/photopolymer composite microstructures were 
fabricated by a commercial 2PP AM system (Nanoscribe Photonic Professional 
GT). Oil-immersion-mode objective lenses (63×, numerical aperture, 1.4 or 25×, 
numerical aperture, 0.8) were chosen to do the printing. First, a sapphire wafer was 
sonicated in acetone for 15 min and rinsed by isopropanol alcohol three times. The 
wafer was then cleaned by O2 plasma for 15 min to totally remove contamination. 
Nanocomposite ink was then dropped onto the sapphire substrate and loaded into 
the Nanoscribe AM machine. During the printing process, laser power and laser 
scanning speed were set to be 15–20 mW and 4–5 mm s–1, respectively. After the 
printing process, the wafer was immersed in PGMEA for 5 min to dissolve the 
unpolymerized precursor and then immersed in isopropanol alcohol for 5 min to 
remove residual PGMEA. Then a 100 W UV light-emitting diode lamp was used  
to further solidify the printed structure for another 5 min (optional). Finally,  
the sample immersed in isopropanol alcohol was dried out by critical point  
dryer to avoid the collapsing of the printed microstructure due to the surface 
tension of the solvent.

Pyrolysis and sintering process. Heat treatment was used to remove the polymer, 
sinter the silica NPs and change the crystallinity of the produced structures. The 
heat treatment process was carried out in a tube furnace with nitrogen as the 
protection gas under low pressure. Before the heat treatment, several gas purge 
cycles were carried out to remove the contaminants and reactive gases in the tube. 
Next the temperature was set to increase from room temperature to the desired 
temperature at a speed of 1 °C min–1. When the temperature reached 300 °C, 600 °C, 
1,000 °C and 1,100 °C, it was held for 180 min, 120 min, 500 min and 180 min, 
respectively, in the case of the amorphous final structures. In the crystalline case, 

the final temperature was further increased to 1,300 °C with a hold time of 240 min. 
Finally, the furnace was slowly cooled down to room temperature with the speed of 
2 °C min–1 to prevent cracking during the cooling process. The detailed temperature 
versus time curve is shown in Supplementary Fig. 6.

Sample characterizations. TEM observation of the colloidal silica was carried  
out using an FEI Titan Themis3; scanning TEM characterization of printed 
materials was done with a JEOL 2100. The instrument for X-ray diffraction was 
a Rigaku D/Max Ultima II. A PHI Quantera X-ray photoelectron spectroscopy 
instrument was used to measure the X-ray photoelectron spectra. The  
UV–visible transmission spectrum in Fig. 3a was measured using a Cary 50  
UV–visible spectrophotometer. Raman spectroscopy of the printed materials  
and photoluminescence of Er3+-, Eu3+-, Tm3+-, Nd3+- and Yb3+-doped and  
Er3+/Yb3+ (1:1)-codoped SiO2 crystal was measured using a Renishaw confocal 
Raman spectrometer under 532 nm or 785 nm excitation. The optical microscope 
images in Figs. 1b and 3d and the fluorescence image in Fig. 3e were measured 
with a Zeiss LSM 710 confocal microscope.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon reasonable request. Source data are provided with  
this paper.
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