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are composed of numerous domains such 
as grains, grain boundaries, pores, and 
impurities, which usually cause light scat-
tering.[2–5] On the other hand, in contrast 
to processes for the formation of single 
crystals, the fabrication of polycrystalline 
ceramics is much less time consuming, 
the materials possess better mechanical 
properties, and in principle can be made 
with complex 3D geometries. These advan-
tages make polycrystalline ceramics very 
attractive for utilization in various optical 
applications (lenses, thermal sensors, scin-
tillators, solar cells, electro-optics, lasers, 
on-chip light sources, photonic circuits, 
etc.).[6–13] However, most current fabri-
cation methods of transparent ceramics  
are based on conventional processes, such 
as powder pressing[14] or gel casting,[15] 
that only enables formation of objects with 
simple geometries and therefore limits 
their potential use in advanced applica-
tions which require complex structures. 
Additive manufacturing, also known as 

3D printing, is a technology that may enable overcoming this 
structural limitation.[16–21] To the best of our knowledge, there 
is only one publication reporting on 3D printing of trans-
parent ceramics, by using a direct ink writing (DIW) process, 
at low resolution. Furthermore, in this research only simple 
3D shapes (core–shell rods) were printed by using a slurry of 
ceramic particles, for which the sintering should be performed 
under very high pressure by costly instrument (high isostatic 
pressure, HIP).[22]

Advanced 3D printing technologies that are based on photo-
polymerization such as two-photon printing (TPP) and con-
tinuous liquid interphase printing (CLIP) opens the way to 
fabricate highly complex structures with printed features in the 
nano- and micrometer ranges, respectively.[23,24] In TPP, a high-
power femtosecond laser beam with a wavelength of 780  nm 
is focused within a resin containing photoinitiator (PI) that 
adsorbs in the UV range. At the focal point, two photo ns are 
absorbed, and at this small voxel, these two photons excite the 
PI and cause a localized radical polymerization of the resin.[25] 
This approach requires the selection of suitable PI, the pres-
ence of photocurable groups in the resin (such as acrylates) and 
avoiding particles in the ink to avoid scattering. While there 
are various reports on achieving advanced optical pro perties 
affected by their geometries (such as variable refractive index[26] 

Transparent ceramics are usually polycrystalline materials, which are wildly 
used in many optical applications, such as lasers. As of today, the fabrication 
of transparent ceramic structures is still limited to conventional fabrication 
methods, which do not enable the formation of complex structures. A new 
approach for 3D printing of micrometer-size, transparent ceramic structures 
is presented. By using a solution of metal salts that can undergo a sol–gel 
process and photopolymerization by two-photon printing, micrometer-sized 
yttrium aluminum garnet (YAG) structures doped with neodymium (Nd) are 
fabricated. The resulting structures are not only transparent in the visible 
spectrum but can also emit light at 1064 nm due to the doping with Nd. By 
using solution-based precursors, without any particles, the sintering can be 
performed under air at ambient pressure and at a relatively low temperature, 
compared to conventional processes for YAG. The crystalline structure is 
imaged at atomic resolution by ultrahigh-resolution scanning transmission 
electron microscopy (STEM), indicating that the doped Nd atoms are located 
at the yttrium positions. Such miniaturized structures can be used for diverse 
applications, e.g., optical components in high-intensity laser systems, which 
require heat resistance, or as light sources in optical circuits.

Transparent ceramics are glassy or crystalline materials that 
are used in various applications such as optical fibers  for 
guided light-wave transmission, optical  switches, laser  ampli-
fiers and lenses, in the form of thin films, fibers, or 3D objects. 
These are inorganic materials composed of metal oxides, 
nitrides, fluorides, or sulfides that allow light to pass through 
at wavelengths ranging from deep-UV to near-IR.[1,2] While 
single-crystalline ceramics are usually defect free, the optical 
transparency of polycrystalline materials is limited since they 
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or intensity distribution and shaping[27]), in these demon-
strations only organic or hybrid organic–inorganic materials 
were used for printing. Such materials are limited for high-
performance optical applications; for example, they cannot 
be used in applications that require high-power light sources 
due to the low damage threshold in contrary to transparent 
ceramics.[28] Therefore, there is a need to develop printing com-
positions for achieving transparent ceramic 3D objects. Several 
reports on printing ceramic structures were published in the 
recent years. Gailevičius et  al.[29] reported on a glass-ceramic 
structure obtained by printing the commercial ink SZ2080 
followed by burning it at elevated temperatures. The ink was 
hybrid organic–inorganic material with ≈43 wt% of silica and 
zirconia precursors. Upon heating up to 1200  °C, silica glass 
with mainly amorphous structure was formed, and upon  
further heating a mixture of SiO2 (cristobalite) together with 
t-ZrO2 was detected. Brigo et  al.[30] reported on printing com-
mercial hybrid ink containing silica backbones. By pyrolyzing 
the structure under inert gas at 1000 °C, the structure becomes 
SiOC, which has high thermal stability and high mechanical 
properties. Yee et  al.[31] reported on obtaining functional ZnO 
structure with electromechanical properties by printing metal 
salt within organic monomer followed by heating under air. 
However, none of the above are transparent and therefore 
cannot be used for optical applications.

Here we present a new approach for 3D printing transparent 
multiatom polycrystalline objects by TPP process while using 
new ink compositions.

We demonstrate the new approach for fabricating 3D objects 
composed of polycrystalline transparent yttrium aluminum 
garnet (YAG, Y3Al5O12) structures that are doped with rare-earth 
metals to make it capable of emitting light upon irradiation. YAG 
was chosen due to its wide use in many optical applications, e.g., 
acting as a lasing medium when doped with rare-earth metal 
elements, such as neodymium. Based on our previous reports 
on 3D printing of transparent silica glass,[32,33] we synthesized 
ink compositions without any particles, which are based on a 
sol–gel process of metal salts in the presence of acrylic acid. 
The ink was printed by TPP method, followed by heating the 
obtained micrometric structures to remove the organic material 
and to promote initiation and growth of the crystals. To the best 
of our knowledge only one publication demonstrated printing of 
complex YAG structure, but the resultant structure is not trans-
parent and the ink contains particles and therefore cannot be 
printed by TPP.[34] The millimeters size YAG structures were 
fabricated by a digital light processing (DLP) printer, followed by 
heating to 1600 °C to obtain a dense structure.

Here we report on fabricating complex transparent YAG 
with nanometric resolution, which is photoluminescent when 
doped with neodymium, suggesting that the structure can act 
as a lasing medium. The approach based on a solution ena-
bles very simple doping process and performing the post 
printing heat process at a relatively low temperature, 1100 °C, 
compared to conventional processes for obtaining transparent 
polycrystalline YAG. It is expected that this approach will facili-
tate applications, which require optical elements with high 
damage thresholds and for fabricating on-chip light sources for 
high-speed optical communication systems. This currently is 
mainly done either by wafer bonding of a III–V layer into the 

chip,[35] or alternatively by using by CVD,[36] soft lithography[37] 
or by direct writing inside doped crystals.[38] The new approach 
will also open possibilities in the general field of fabrication 
of transparent polycrystalline ceramics composed of several 
metals.

The ceramic ink was prepared by combining photo-
polymerization with a sol–gel reaction of metal salts in aqueous 
 solution (Figure 1a). Upon dissolution in water, the metal salts 
transform to hydroxides and the pH of the solution decreases. 
Addition of propylene oxide (PO) promotes the gelation by 
scavenging the protons in the solution and thus increases the 
pH.[39,40] To make the ink photopolymerizable, acrylic acid was 
added, which also forms coordination bonds with aluminum 
and yttrium ions. Ethylene glycol was also added to decrease 
the surface tension of the ink in order to prevent cracking  
of the printed objects, and a photoinitiator was added to ini-
tiate the radical polymerization upon the printing process. 
Since the printed structures require sintering at high temper-
ature, the ink was printed on a sapphire base (melting point  
≈2000 °C). The two-photon printing process was performed by 
localized photopolymerization within the ink droplet (Figure 1b), 
followed by washing in volatile solvent (Figure 1c) and removal 
of the organic material at high temperature (Figure  1d). 
Typi cal printed micrometer-size YAG structures after removal 
of all the organic material are presented in Figure  1e–g.  
After printing, the objects are composed of organic–inorganic 
network, and after heating to 620 °C the objects are composed 
of amorphous inorganic material. Further heating above 920 °C 
causes crystallization, and the resulting objects are polycrystal-
line YAG (as measured by XRD and presented in Figure S1, 
Supporting Information). It should be noted that the total con-
centrations of the precursors (AlCl3 and YCl3) are crucial for 
obtaining a single, homogenous phase. At high concentrations 
(49  wt%) the resulting structure is composed of two phases: 
a continuous alumina phase with dispersed of 0.2–1 µm YAG 
crystals (Figure S2, Supporting Information). Decreasing the 
concentration of the precursors leads to a gradual increase in 
the content of the YAG phase until only a single-phase YAG 
structure is obtained (at 25 wt% precursors).

To address an optical application such as lasing, by the trans-
parent polycrystalline objects, the YAG should be doped with 
rare-earth metal.[41] Therefore, we dissolved in the printing com-
position a neodymium salt. A Nd-doped YAG miniature light-
splitter was printed (Figure 2a), followed by heating to 1100 °C 
(Figure 2b) and 1500 °C (Figure 2c). As shown in Figure 2d, the 
beam splitter after heating is composed of sintered particles.

In order to evaluate the chemical composition and the crys-
talline structure of the printed objects, thin slices were cut by 
focused ion beam (FIB) from printed Nd:YAG plates, and char-
acterized by element mapping at atomic resolution. As clearly 
seen, each particle is a single crystal, and its structure is in 
full agreement with the known Nd:YAG structure (PDF Card- 
04-017-6068) (Figure  2e,f taken at zone axis 100). Figure  2e 
shows the elemental mapping of the three elements, and 
Figure 2f (without the Al) shows that the Nd ions occupy mostly 
the yttrium places, as could be expected for replacement of ions 
having similar sizes.[42] Additional support for the specific crys-
talline structure is presented for more zone axes in Figure 2g. 
To examine the homogeneity of the crystals composing the 
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structure, and their packing, TEM images of the entire cross-
section of printed plates were taken. Figure S3a,b and c,d pre-
sent cross-section of undoped and doped structures, respec-
tively. As shown, after heating to 1500 °C the printed objects 
are dense and contain small number of holes or do not contain 
holes (as seen in the doped sample). Due to the small size of 
the object, it is composed of only one or two crystals along its 
height, allowing the light to go through without many diffrac-
tion sites. The elemental mapping shows that all the crystals 
are composed of the same percentage of yttrium and aluminum 
(Figure S3b, Supporting Information) or yttrium, aluminum, 
and neodymium (Figure S3c, Supporting Information), which 
are homogenously distributed within the single-phase crystals. 
EDS measurements (Figure S4, Supporting Information)  testify 
the composition to be Y3.3Al5.1O12 for undoped structures and 
Y2.53Nd0.09Al5.88O12 for Nd doped structures (3.4 at% from Y).  
These ratios are very close to the metal salts ratio in the 
printing composition, indicating the strength of the proposed 
solution-based approach for making polycrystalline structure 
with predesigned compositions.

It is important to note that there are some impurities in the  
object as can see in Figure S4 (Supporting Information), the 
origin of them is unknown and they were not inserted to  
the ink formulation, we suspect that they might be from the 
used oven.

In addition, in some of the experiments, we observed phase 
separation, resulting in structures composed of yttrium alu-
minum perovskite (YAP), as shown in Figure S5 (Supporting 
Information).

It should be noted that this approach is accompanied by high 
shrinkage: while one may consider it as a drawback, it can also 
be an advantage in obtaining feature sizes, which are smaller 
than the typical sizes of printed objects composed of organic 
monomers. Finer feature size due to shrinkage can be also 
obtained by changing the precursor’s concentrations, as long as 
the crystalline phases do not change upon changes of precursor 
compositions. Overall, the shrinkage of the objects is about 
68% compared to the CAD designed structures. The shrinkage 
is demonstrated in  Figure 2: As printed objects are presented 
in Figure  2a, then heated objects to 1100 °C (Figure  2b) and 
final shrinkage at 1500 °C (Figure 2c). Shrinkage usually occurs 
due to gelation and crosslinking, due to the capillary forces 
that apply on the structure upon removal of materials[43] and 
by densification of the crystalline structure. In our system, 
the first shrinkage (32%) compared to the CAD file is due to 
by dehydration of the structures at room temperature. The 
thermal treatment was followed by TGA/DSC measurements 
(Figure S6, Supporting Information). As seen, upon heating 
to 200 °C there was a weight loss of 53%, due to evaporation 
of the remaining solvent. Further heating to 620 °C results 
in removal of the polymerized organic material, which led to 
additional weight loss of 28%. Heating to 920 °C initiates the 
crystallization of the structure (DSC measurements, Figure S6,  
Supporting Information) which results in densification of 
the obtained structure. The overall weight loss after heating 
to 1500 °C is 83 wt%, and the measured linear shrinkage is 
about 62%–68%. Furthermore, the shrinkage is isotropic and 
the structure does not deform due to the high shrinkage, as 

Figure 1. Scheme illustrating the preparation of doped YAG 3D structure. a) Starting from metal salts dissolved in water and ethylene glycol together 
with acrylic acid, followed by addition of PO at the second stage. b) At the next stage, printing of the ink using a two photon printer on top of a sap-
phire base was performed, c) followed by washing the obtained 3D object from uncured ink. d) Final heating at elevated temperature was performed 
to form single phase Nd:YAG. e–g) Printed polycrystalline structures after heating to 1500 °C.

Adv. Mater. 2020, 32, 2001675



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2001675 (4 of 8)

www.advmat.dewww.advancedsciencenews.com

can be seen in Figure S7 (Supporting Information). In addi-
tion, due to the high shrinkage, the structures can deform and 
sometimes suffers from cracks, as can be seen on the rafts of 
Figure 1e,f (the pores in Figure 1g are predesigned features). 
The cracks and deformation occur during sintering and can be 
avoided by the design of structure, and mainly by printing suit-
able supports (such as those that were printed and presented 
in Figure  1e,g)[30,44] Moreover, due to the crystallization pro-
cess, the surface becomes rough, as can be seen in Figure 2d. 
This roughness can reduce the efficiency of optical application. 
To overcome this problem, a chemical polishing may smooth 
the surface by immersing the structure into hot phosphoric 
acid.[38,45]

Furthermore, the printing compositions yield objects with 
high thermal stability. As can be observed in Figure S6 (Sup-
porting Information), there is no mass loss between the crys-
tallization point at 920 °C and the final heating stage at 1500 °C  
(less than 2 wt%). This lack of mass loss indicates thermal sta-
bility of the structures to at least 1500 °C.

To demonstrate transparency, Nd-doped YAG plates were 
printed with a thickness of about 1.5  µm on top of a printed 
image “HUJI” which is located beneath the plates. After 
heating, the plate shrinks (opposite to the HUJI letters) and 

reveal the letters “H” and “I” while still covering the letters “UJ” 
that can only be seen by optical microscopy if the plate is trans-
parent to visible light. After heating to the crystallization tem-
perature (920 °C), the plate is highly transparent (Figure  3a). 
At this stage, the crystals were very small, with average size of 
50.5  nm (evaluated by SEM imaging, Figure  3e), and there is 
negligible scattering of visible light. After heating to 1100 °C 
(Figure 3b), the crystal size grows to about 94 ± 25 nm (evalu-
ated by SEM imaging Figure 3f), and the structure is still trans-
parent. After heating to 1250 °C (Figure  3c), the crystal size 
grows to about 289 nm (evaluated by SEM imaging Figure 3g) 
and the structure is still transparent, even though the grains 
are noticeable. Only after heating to 1500 °C (Figure  3d), the 
crystals grow to sizes that cause diffraction of the visible light  
(≈750 nm, Figure  3h), and therefore the structure becomes 
translucent. Figure S8 (Supporting Information) shows the 
transparency calculated by spectral integrated transmis-
sion from optical images, indicating that the transparency 
decreases with temperature, starting from 98% in structures 
heated to 920 °C and decreasing to 70% for samples heated 
at 1500 °C. SEM images of the printed plates are presented in 
Figure S9a–d (Supporting Information). Due to the short dis-
tance between the letters and the plate, another structure with 

Figure 2. SEM and TEM images of printed Nd:YAG structures. a–c) Nd:YAG structure after different heating profiles: a) after printing, b) after heating to 
1100 °C, c) after heating to 1500 °C. d) Higher magnification of (c). e,f) Ultrahigh magnification of one of the crystals comprising the Nd:YAG structure 
at zone axis 100: e) element image of Al, Y, and Nd, and f) element image of Y and Nd. g) TEM images of the atomic lattice at different zone axes. 
Theoretical simulations of each zone axis are displayed beneath each image.
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larger distance (28 µm before shrinkage) was printed and pre-
sented in Figure S9e–h, Supporting Information showing the 
same trend. In addition, it should be noted that below 1500 °C, 
the structure is porous (Figure S10, Supporting Information), 
and therefore, in order to close the pores and to reach higher 
density, the temperature was increased up to 1500 °C.

To examine the ability of the printed doped structures to act 
as a laser, we measured and took visual images of the light 
emission from the structures while irradiating them with 

a 785  nm laser.  Figure  4a presents the measured emission 
from printed plates after various heat treatments. As seen, the 
strongest emission (typical for Nd:YAG at 1064 nm) is obtained 
from structures heated to 1500 °C compared to structures 
heated to 1250 °C, 1100 °C, and 920 °C, probably due to scat-
tering from the pores and quenching by vibrational losses due 
to hydroxide groups that might be present on the surface.[46] 
The images of the IR emission were taken for light splitters 
having six branches, where the structure was  irradiated from 

Figure 3. Optical and SEM images of printed Nd doped YAG plates with “HUJI” underneath heated to different temperatures. a–d) Optical images 
from above the plates: a) 920 °C, b) 1100 °C, c) 1250 °C, d) 1500 °C. e–h) SEM images of the plates surface, e) 920 °C, f) 1100 °C, g) 1250 °C, h) 1500 °C.

Figure 4. Emission spectra and optical imaging from printed Nd:YAG. a) Emission spectra of printed plate structures illuminated with 785 nm laser. 
b) SEM image of printed light splitter after heating to 1500 °C, the illustration describe the excitation of the structure by a laser at 808 nm wavelength 
from the bottom, and the emission from the structure at a wavelength of 1064 nm as seen from the optical images. c–e) The optical images taken 
from the top of the printed light splitter heated to different temperatures while laser hits in the middle of the structure: c) heated to 1500 °C; d) heated 
to 1100 °C; e) heated to 920 °C.
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its bottom at a wavelength of 808  nm (Figure  4b). As seen, 
while being irradiated at the bottom of the structure, the laser 
splits into the six branches of the structure and IR light emits 
from them. As seen, emission is achieved only from structures 
heated above 1100 °C (Figure 4c,d) and not from the structures 
heated to 920 °C (Figure 4e). As was mentioned above, this is 
probably due to scattering from the pores and absorption by 
the hydroxide groups that are still present at 920 °C. Neverthe-
less, the emission from structures heated to 1100 °C means 
that an optical active transparent polycrystalline structure can 
be achieved at relatively low temperature without being fully 
dense. Such structure can be only achieved by fabricating a 3D 
structure from a sol–gel ink composition compare to inks con-
taining particles that require high-temperature sintering.

Due to the visual light leakage at 808 nm even while using 
two filters of 850 and 900 nm, we have also taken a video with 
low resolution IR camera that cuts almost completely the 
808  nm light (Video S1, Supporting Information). As shown, 
only when the laser hits the sample, the IR emission can be 
seen as a bright light emitted from the sample.

It should be noted that in the PL imaging measurement, we 
exposed the 3D structure to maximum laser power densities of 
1.87 J cm-2 over few minutes and we neither see any change 
in the PL signal nor any material damage (no changes in the 
optical images). While the value of 1.87 J cm-2 is limited by 
our Ti-sapphire laser and the optical system transmission, we 
believe that the actual damage threshold is significantly higher. 
It should also be mentioned that this value is significantly 
higher than the value of 0.169 J cm-2 reported by of Butkutė 
et  al. for structures printed from the commercial SZ2080 
photoresin.[28]

In conclusion, TPP curable sol–gel printing compositions 
were developed for 3D printing of transparent polycrystalline 
micrometer-sized ceramic structures and demonstrated for 
fabrication of miniature YAG and Nd-doped YAG objects. The 
ink compositions enable doping by simply dissolving salts of 
the dopant within the ink compositions. The YAG structures 
show high transparency while heated below 1100 °C, and the 
Nd-doped YAG shows IR emission. The main emission is 
at 1064  nm, similar to the reported emission of commercial 
Nd:YAG lasers. Above 1100 °C, the structure becomes dense at 
1500 °C, the emission increases, but the transparency decreases. 
In addition, by controlling the Al and Y precursor amount at 
the preparation step, nanocomposite of Al2O3/YAG can be 
made as well. Furthermore, due to the feasibility and versatility 
of the proposed approach, more polycrystalline objects can be 
easily formed. Samples of printed ruby (Cr:Al2O3) and yttrium 
oxide (YO2) are presented in Figure S11 (Supporting Informa-
tion). We expect that combining light induced polymerization 
and sol–gel processes performed in solutions, without using 
preformed particles, will open the way for utilization of poly-
crystalline ceramic structures as optical components providing 
high lighting power and high mechanical and thermal stability, 
as well as making devices with high damage threshold. This 
damage, such as in high-power lasers, is thermal, and originates 
from the irradiated light, which is absorbed by the sample. In 
addition, due to their emission properties, these objects can 
also be applied for micrometer-size lasers and as light sources 
for photonic systems. Examples are the integration of such 

light sources in chip-scale photonic communication systems at 
the intra chip and the inter chip level with applications in high-
speed photonic circuitry for computers and data centers. Other 
examples include interfacing the demonstrated technology with 
plasmonic structures for enhancing light–matter interactions 
or the integration of the gain medium with metasurfaces for 
controlling the emission properties.

Experimental Section
Materials: Aluminum chloride hexahydrate (AlCl3·6H2O) was 

purchased from Alpha Aesar (USA). Yttrium chloride hexahydrate 
(YCl3·6H2O) and neodymium chloride hexahydrate (NdCl3·6H2O) were 
purchased from Strem Chemicals (USA). Ethylene glycol, propylene 
oxide (PO), and Novec 7100 were purchased from Sigma Aldrich (USA). 
Photoinitiators 2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)-
butanone-1 (IRG 369) and diphenyl(2,4,6-trimethylbenzoyl) phosphine 
oxide (TPO) were kindly given by IGM Resins (The Netherlands). 
Sapphire lenses were purchased from Gavish Company (Israel).

Curable Ceramic Ink: YAG ink was prepared at room temperature by 
dissolving 11.4 wt% of YCl3·6H2O in 42.3 wt% of triple distilled water 
(TDW) and ethylene glycol (65% ethylene glycol in TDW). After 5  min 
of stirring, 13.9% of AlCl3·6H2O was added, and the mixture was 
stirred for 30 min. Then 4.2 wt% of acrylic acid was added and stirring 
was continued. After 30  min, 28.2 wt% of propylene oxide was added 
stepwise (half of the amount while stirring, and then the second half 
1  min later). After stirring for 40  min, the photoinitiator IRG 369 was 
added at concentration of 0.75 wt%, and the mixture was stirred until 
complete dissolving of the components. For formulating the doped 
YAG with neodymium, NdCl3·6H2O was added 5 min after the addition 
of AlCl3·6H2O at the desirable doping amount. The formulations were 
mixed with a magnetic stirrer (model MR Hei-Tec, Thermo Fisher) at the 
maximal stirring rate of 1400 rpm.

Two-Photon Printing: The printing was done using a Photonic 
Professional GT printer (Nanoscribe GmbH, Germany). The ink was 
placed between glass and sapphire lens with a custom-made metal 
spacer between them at height of 140 µm as can be seen in Figure 1b. 
The printing was performed with a ×25 magnification lens. After printing, 
the sapphire base with the printed structure was washed by immersing 
it in ethanol for 5 min while stirring and then in Novec 7100 for 1 min for 
quick drying after exposing the structure to air.

Heating Profile: After the printing, the structure was heated under air 
at tube oven (Zhengzhou Kejia Furnace, China) to different temperatures: 
200 °C and dwelling time of 2 h, then to 520 °C with dwelling time of  
2 h, and finally to 620 °C with dwelling time of 5 h (all heating rates were 
rate of 0.6 °C min-1). Then the obtained structures undergone further 
heating under air at the required temperatures, 920 °C, 1100 °C, 1250 °C 
or 1500 °C at dwelling time of 5 h.

Characterization: Electron Microscopy: Scanning electron microscopy 
(SEM) imaging was done with Magellan 400L (FEI company, USA). 
High-resolution scanning transmission electron microscopy (STEM) 
imaging was done with probe corrected scanning transmission electron 
microscope themis-Z operated at 300 KV and equipped with SuperX 
EDS detector (Thermo Fisher Scientific, USA). STEM samples and 
cross section cuts were prepared by using a focused ion beam scanning 
electron microscope (FIB, FEI Company, USA).

Thermal analyses were performed by using simultaneous 
thermogravimetry (TGA)–differential scanning calorimetry (DSC) 
manufactured by NETZSCH-Geratebau GmbH. The measurements were 
done at a heating rate of 5 °C to 1500 °C under air.

Characterization: Structure and Material Analysis: X-ray diffraction 
(XRD) measurement was done with Smartlab SE (Rigaku, Japan).

Characterization: Optical Characterization: Photoluminescence (PL) 
measurements were performed with the use of inVia confocal Raman 
microscope (Renishaw, UK) equipped with a 785 nm diode laser with 
power of 300 mW. The measurements were done by irradiating printed 
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plate samples at power of 5 × 10–6 % and the PL was collected by CCD 
detector. The presented data were based on an average of four samples 
that were heated to 1100 °C, 1250 °C, and 1500 °C, and average of three 
samples of structures heated to 920 °C. Optical images (Figure 3)  
were taken with upright optical microscope BX53M (Olympus, Japan) 
by using ×100 lens, and lighting the structures from below. Due to 
very small size of the 3D printing area, conventional transmission 
measurements are not possible in our system. Optical images taken 
in transmission mode to estimate the transmission were used. This 
is possible due to each optical image contains both 3D printed plate 
and surrounding substrate in the same illumination area. All the 
images were saved in true color (RGB) format and by using MATLAB 
code the RGB values of each pixel were analyzed. For obtaining the 
spectral integrated transmission measurements (Figure S8, Supporting 
Information), the ratio of the total value of RGB was taken for each 
pixel inside the 3D printed area and outside the 3D printing area. Up 
to 12 pixels were performed from each region to achieve mean value of 
transmission. Mean of the statistical distribution of transmission was 
taken as error bar in the graph.

Characterization: Photoluminescence Optical Imaging: PL imaging 
measurements were performed using a modified inverted microscope 
(Nikon) in transmission mode as shown in the schematic diagram 
(Figure S12, Supporting Information). For excitation, Ti-sapphire 
(Tsunami) laser with 808 nm and 100 fs pulses with 80 MHz reputation 
rate was focused on to the sample with 50× objective. Emission PL signal 
collected with both 50× and 100× objectives (air) on top illumination 
system and focused on to the IR Camera (InGaAs Camera). Same 
objects were used from sample imaging with white light illumination 
microscopy with a white light source (tungsten–halogen lamp). Two long 
pass filters 850 and 900  nm (Thorlab) were used to remove excitation 
signal from the PL in the imaging.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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