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Abstract: This work addresses the challenge of fabricating crystalline single-phase luminescent 3D microstructures by
demonstrating  a  fabrication  process  of  yttrium  aluminum  garnet  doped  with  cerium  (YAG:Ce3+)  3D  micro-objects.
Precursors were synthesized via a sol-gel method and characterized by refractive index (RI) measurements, Fourier-
transform infrared spectroscopy (FT-IR), and thermogravimetric (TG) analysis to verify chemical composition changes
during  photopolymerization  and  thermal  treatment.  Multiphoton  laser  3D  lithography  (MP3DL)  was  employed  to
produce hybrid  metal-organic  3D structures,  which were subsequently  converted into crystalline ceramics  through
controlled  3-step  annealing.  Structural  analysis  by  X-ray  diffraction  (XRD)  confirmed  the  formation  of  single-phase
cubic  YAG  across  Ce3+ concentrations  up  to  5  mol-%  in  3D  objects,  while  scanning  electron  microscopy  (SEM)
revealed isotropic shrinkage (ca. 39%) and well-preserved geometries with sub-micrometer features after pyrolysis.
The smallest feature of a crystalline 3D object achieved was 0.48 μm with a spatial resolution down to 2.4 μm. Lumi-
nescence measurements showed characteristic Ce3+ emission centered at 558 nm, with maximum intensity at 2 mol-%
doping. These findings establish a reliable pathway to fabricate thermally stable, high-resolution, luminescent single-
phase YAG:Ce3+ 3D micro-objects, enabling their integration into optoelectronic and photonic applications.
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 1    Introduction
Ceramics —crystalline  inorganic  materials  such  as  oxides,
nitrides,  fluorides,  and  sulfides —play  a  pivotal  role  in
modern photonics, underpinning technologies ranging from
optical  fibers  and switches  to  laser  amplifiers  and radiation
detectors1−3.  Their  exceptional  mechanical  strength,  high
thermal4 and  chemical  stability,  and  resilience  under
extreme  environmental  conditions  make  them  indispens-
able  for  applications  even  in  space  environments.  Depend-
ing  on  the  processing  route,  ceramics  can  be  obtained  as
thin  films,  fibers,  or  fully  three-dimensional  (3D)  architec-
tures, exhibiting optical transmittance from the deep ultravi-

olet  (UV)  to  the  near-infrared  (NIR)  range.  Importantly,
perfect  transparency  is  not  always  required:  in  luminescent
materials,  moderate  light  scattering  can  enhance  color
mixing  and  diffusion,  enabling  high-brightness  lighting,
projectors, and sensing systems5−9.

Optical  and functional  performance  in  ceramics  strongly
depends on their phase purity and microstructure10.  Single-
phase  crystalline  ceramics,  even  when  polycrystalline,
exhibit  a  chemically  and structurally  homogeneous compo-
sition,  ensuring  uniform  optical  and  electronic  properties.
The absence of a secondary phase in the ceramic eliminates
extraneous  emission  centers  and  non-radiative  pathways,
thereby enhancing luminescence intensity and stability11.  In
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comparison  to  multiphase  systems,  single-phase  crystalline
materials  thus  demonstrate  superior  light-emission  effi-
ciency,  reproducibility,  and  predictability  of  functional
response,  which  is  crucial  for  photonic  integration  and
device reliability.

1 1

Among oxide ceramics, yttrium aluminum garnet (YAG)
stands  out  as  a  benchmark  host  for  optically  active  ions.
Cerium-doped  YAG  (YAG:Ce3+)  is  a  well-known  yellow
phosphor with a broad emission band centered around 560
nm,  originating  from  the  [Xe]5d  →  [Xe]4f  transition  of
Ce3+ under  300–500  nm  excitation12.  Owing  to  its  highly
intense  yellow  emission,  thermal  stability,  and  robustness,
YAG:Ce3+ underpins diverse technologies such as solid-state
lasers,  white  LEDs,  scintillators,  and  integrated  photonic
devices13−16.

Recent  advances  in  additive  manufacturing  have  enabled
the  3D  printing  of  luminescent  ceramics,  including
YAG:Nd,  YAG:Yb,  and  YAG:Ce17−23.  However,  these  struc-
tures  are  typically  produced  at  millimeter  or  centimeter
scales  and  often  consist  of  amorphous  or  multiphase  poly-
crystalline domains17,21.  Achieving microscale,  composition-
ally  pure,  and  crystalline  luminescent  architectures  has
remained  a  significant  challenge  due  to  the  complex  inter-
play  between  precursor  chemistry,  photopolymerization,
and high-temperature crystallization.

The  multiphoton  3D  lithography  (MP3DL)  technique,
originally developed for organic photoresists24, is now being
extended  to  the  high-resolution  additive  manufacturing  of
inorganic  materials25,  especially  through  hybrid  sol-gel
precursors26−28.  Recent  breakthroughs,  including  the  two-

photon printing of  fused silica  from silicon-based resins29,30

of  high-precision  glass  optics,  reflect  the  substantial  and
rapidly  intensifying  research  activity  within  this  area.
However,  though these approaches are  very encouraging as
they  enable  lower-temperature  treatment,  they  fundamen-
tally  remain  restricted  to  amorphous  glass.  In  contrast,  our
work  targets  single-phase  crystalline  ceramic  architectures,
where  controlled  crystallization  requires  higher  thermal
treatment,  but  yields  phase  purity,  expanded  functionality,
and stability that are inaccessible in silica systems. This posi-
tions our approach as an advanced direction within MP3DL,
extending  the  technique  toward  functional  single-phase
crystalline  microstructures  relevant  to  integrated  photonics
and  optoelectronics31,  including  waveguides  and  light-redi-
recting  photonic  crystals32,33.  Combining  and  integrating
YAG:Ce  and  other  phosphor  3D  microstructures  into  a
single  device  could  also  be  used  to  achieve  directed  white-
light  emission.  Alternatively,  YAG:Dy  can  be  used  directly
to achieve this34.

In this work, we demonstrate for the first time the fabrica-
tion of  single-phase  crystalline  luminescent  3D microstruc-
tures.  This  is  much  different  from  other  works  where
YAG:Ce,  YAG:Ce in glass  or  other  phosphors  were  studied
as powders or ceramic films35−44 as here the emphasis is put
on  fabrication  of  monophasic  YAG:Ce  microstructures.  By
combining tailored sol-gel precursor synthesis, MP3DL, and
a precisely controlled multi-step heat-treatment protocol, we
successfully produced single-phase polycrystalline YAG:Ce3+

3D  microarchitectures  exhibiting  strong,  spatially  uniform
luminescence,  as  shown  in Fig. 1.  The  phase  purity  of  the
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Fig. 1 | Schematic illustration of the fabrication and characterization process of YAG:Ce3+ 3D microstructures. A photoresin was prepared with
varying Ce3+ concentrations (0–5 mol-%) and then it  was structured via MP3DL, followed by development and pyrolysis,  to yield crystalline,
single-phase, luminescent YAG:Ce3+ 3D microstructures. The resulting microstructures exhibit a characteristic Ce3+ emission band peaking at
558 nm under 450 nm excitation, confirming the successful formation of the cubic YAG:Ce single-phase and its luminescent functionality.
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resulting  material  ensures  maximized  emission  efficiency,
while  the  crystalline  yet  polycrystalline  nature  of  the  struc-
tures provides mechanical robustness and uniformity at the
microscale.  The  smallest  achieved  feature  size  of  (0.50 
0.03) μm highlights the high spatial precision of this method
and  its  potential  for  integration  into  future  miniaturized
photonic systems.

 2    Results and discussion
 2.1  Evaluation of refractive indices of YAG precursors

The  initial  characterization  of  the  synthesized  materials
involves evaluating their  refractive indices (RI).  In MP3DL,
polymerization is triggered only at the laser focus, where two
photons  are  absorbed  simultaneously.  The  RI  of  the
prepared  YAG  precursor  sols,  gels,  and  polymers  plays  a
crucial  role  in  determining  their  transmittance  to  electro-
magnetic waves, while simultaneously affecting the intensity
distribution  defining  the  size  and  shape  of  the  produced
voxel. In case of a significant mismatch with the glass optics
(as  well  as  the  glass  or  sapphire  coverslip)  an  additional
precompensation  coefficient  must  be  established  for  the
manufacturing, which corresponds to the specific material's
RI45.  To maintain the correct proportions of the printed 3D
structure in the Z-direction, the design model must be pre-
scaled along the optical axis by dividing its Z-dimensions by
the effective refractive index of  the resin.  This  compensates
for the optical path lengthening caused by the higher refrac-
tive index of the material compared to air.

Figure 2 illustrates  the  RI  dependence  on  wavelengths
ranging  from  436.5  to  643.3  nm  for  YAG:Ce3+ precursor
mixtures at different synthesis stages, including formation of
sols, gels and polymers: (a) 0%, (b) 0.5% and (c) 2%. Mean-
while, Fig. 2(d–f) show the RI dependence on wavelength for
sols, gels, and polymers, respectively, across a wide range of
Ce3+ dopant  concentrations  (0–5  mol-%).  It  is  obvious  that
the  RI  of  all  synthesized  materials  decrease  as  the  wave-
length  increases.  As  the  synthesis  of  sol-gel  materials
progresses  through  different  stages —from  hydrolysis  and
condensation  to  polymerization—the  RI  increase,  confirm-
ing  the  densification  of  YAG:Ce3+ precursors46.  The  consis-
tency  of  dependency  deviation  coefficients,  as  the  RI
decrease with increasing wavelength across different synthe-
sis  stages  and  sample  concentrations,  confirms  the  homo-
geneity of  the materials.  Materials  with a  higher concentra-
tion  of  cerium  dopant  tend  to  have  slightly  lower  RI  (see
Fig. 2(d–f)). However, the difference in RI is minimal, vary-
ing only in the second or  third decimal  place (for  example,
in sols from 1.455 to 1.454, in gels from 1.477 to 1.468, and
in  polymers  from  1.482  to  1.468  at  436.5  nm).  The  highest
RI  across  the  entire  wavelength  range  is  observed  in
undoped  YAG  polymer  material,  with  a  value  of  1.482  at
436.5  nm,  while  the  lowest  is  in  the  YAG  sol  precursor
doped  with  0.7  mol-%  Ce3+ ions,  with  a  value  of  1.439  at

643.3 nm. The standard deviation values in sols and gels are
0.005 and 0.006 in polymers. This minor difference in RI is
insignificant,  indicating  that  all  synthesized  YAG:Ce3+

precursors,  with  Ce3+ molar  concentrations  ranging  from  0
to 5 mol-%, are suitable for polymerization within the wave-
length range of 436.5 nm to 643.3 nm, using the same fabri-
cation coefficient for all materials.

≈
≈

The  most  important  conclusion  from  the  RI  measure-
ments  is  that  the  RI  of  the  gels  ranges  from  1.454  to  1.479
(see Fig. 2(e)),  which matches the RI of the coverslip (RI 
1.517)  and  immersion  oil  (RI  1.516).  This  makes  the
material  highly  suitable  for  polymerization  using  immer-
sion oil  objectives.  Compared to non-immersion objectives,
immersion  lenses  allow  for  tighter  focusing,  which  enables
the fabrication of features with smaller dimensions. In addi-
tion, the focal point can be positioned deep within the mate-
rial,  allowing  for  the  fabrication  of  tall  structures  with
consistent properties throughout their height.

 2.2  Changes in chemical structure: from hybrid resin
to inorganic YAG

Fourier  transform  infrared  spectroscopy  (FT-IR)  analysis
was  performed  to  identify  the  chemical  bonds  and  struc-
tural  changes  occurring  in  the  synthesized  materials.  The
FT-IR spectra  were  measured for  YAG sols,  gels,  polymers,
and  derivatives  calcined  at  800  °C,  doped  with  varying
concentrations of Ce3+ ions (0–5 mol-%). The obtained spec-
tra  revealed  that  Ce3+ ion  concentrations  up  to  5%  did  not
influence the  intensity  or  position of  the  peaks.  For  further
IR analysis, undoped and 2% Ce3+-doped YAG samples were
selected,  as  the  latter  exhibits  the  most  intense  emission
(as will  be discussed in the Section 2.6 Investigation of opti-
cal properties).

−1

−1 −1

2
−1 −

−1 −1

−1

−1

−1

Figure 3 shows  FT-IR  spectra  of  undoped  YAG  and
YAG:2% Ce3+ sols (a), gels (b), polymers (c) and derivatives
calcined at  800 °C (d).  In the IR spectra of  sols  (a),  gels  (b)
and  polymers  (c)  broad  and  intense  peaks  observed  near
3350  cm  correspond  to  the  O–H  bond  vibrations.  The
decrease  in  the  intensity  of  these  peaks  in  gels  (Fig. 3(b))
indicates that, as the sol condenses, solvent partial evapora-
tion occurs.  Additionally,  other  intense  peaks  are  observed:
2965  cm  and  2840  cm  correspond  to  asymmetric  and
symmetric  CH ;  1425  cm  corresponds  to  COO ;
1300  cm  indicates  C–O;  1200  cm  relates  to  C–C;
1085–1034  cm  represent  Me–O–C  bond  vibrations.  In
Fig. 3(b), Y, Al and Ce are observed by looking at the Me–O
bond vibrations  at  500  cm .  These  formed bonds  confirm
the successful formation of metal-organic complexes, which
are  at  least  partially  formed  with  acrylic  acid  (monomer),
since the same peaks are also visible in the polymer (indicat-
ing  a  successful  incorporation  of  metal  ions  into  the  poly-
mer.  Peaks  observed  at  1640  cm ,  corresponding  to  C=C
bond vibrations,  show significantly reduced intensity in the
polymer  spectrum  (Fig. 3(c))  compared  to  those  in  the  sol

Virkėtis R et al. Opto-Electron Adv 9, 250338 (2026) https://doi.org/10.29026/oea.2026.250338

250338 (Page 3 of 14)

https://doi.org/10.29026/oea.2026.250338


(Fig. 3(a))  and  gel  (Fig. 3(b))  spectra,  confirming  the
successful  photopolymerization.  In  the  IR  spectra  of  the
derivatives  calcined  at  800  °C  (Fig. 3(d)),  no  peaks
contributed  to  organic  bonds  are  observed,  indicating  the
complete  decomposition  of  organic  compounds  and  the
formation of inorganics.

 2.3  Thermogravimetric analysis

The  thermal  degradation  and  mass  loss  behavior  (black
curve),  heat  flow  measurements  (red  curve),  and  rate  of
mass change (blue curve) are presented in Fig. 4. Decompo-

sition  from polymer  to  ceramic  of  YAG:0% Ce3+ (Fig. 4(a))
and YAG:2% Ce3+ (Fig. 4(b)) precursor samples synthesized
via  polymerization  was  investigated  using  thermogravimet-
ric  analysis  (TGA)  up  to  900  °C  under  an  oxygen  atmo-
sphere at a heating rate of 5 °C/min.

Mass  changes  result  from  evaporation,  decomposition,
combustion, and oxidation. The initial rapid weight loss (up
to 6.3%/min) below 200 °C, accounting for 54.5%–56.6% of
the total mass loss, is attributed to the evaporation of resid-
ual solvents (e.g. water, ethylene glycol) and low-molecular-
weight  species  remaining  after  gelation.  Above  250  °C,  the
thermal  degradation  of  the  polymeric  samples  proceeds  in
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Fig. 2 | RI  of  (a)  YAG:0%  Ce3+,  (b)  YAG:0.5%  Ce3+,  (c)  YAG:2%  Ce3+ precursors  at  different  synthesis  stages,  and  refractive  indices  of
YAG:Ce3+ (d)  sols,  (e)  gels and (f)  polymers at  varying Ce3+ molar concentration (0,  0.05,  0.1,  0.2,  0.5,  0.7,  1,  2,  5 mol-%) as a function of
wavelength at 25 °C. RI measurements showed that, regardless of the Ce3+ content in the material, the parameters of the photopolymerization
system can remain unchanged, as the difference in RI is minimal.
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three  stages.  In  the  first  two  stages  (250  °C  < t <  550  °C),
endothermic  processes  lead  to  a  mass  loss  of  up  to  18.5%,
corresponding to the decomposition of organic components
and  polymerized  network  components  originating  from
acrylic  acid  and  propylene  oxide-derived  species,  and  the
decomposition  of  metal-organic  complexes  (e.g.  carboxy-
lates and alkoxide-type bonds), as evidenced by FT-IR bands
corresponding to C–H, C–O, COO , and Me–O–C groups.
The third stage, occurring exothermally between 550 °C < t
< 680 °C, is associated with combustion, resulting in a mass
loss of 7.3% for YAG:0% Ce3+ and 7.4% for YAG:2% Ce3+. At
temperatures  above  800  °C,  further  exothermic  processes
correspond  to  the  oxidation  of  ceramic  compounds.  The
residual mass at 900 °C is 17.2% for YAG:2% Ce3+ and 19.7%
for YAG:0% Ce3+.

Based  on  the  TGA  data  and  considering  the  substantial
mass losses and rapid thermal processes, a slow heating rate
of 0.5 °C/min up to 1000 °C was selected for the 3D objects
to  minimize  structural  deformations  during  solvent  vapor-
ization and precursor decomposition and to ensure uniform
shrinkage and densification of the structure47.

 2.4  Quality and spatial resolution assessment of 3D
microstructures

2 2

3D  structures  were  fabricated  to  evaluate  the  suitability  of
the  synthesized  YAG:2%  Ce3+ precursor  for  laser  lithogra-
phy.  To  determine  the  optimal  processing  parameters,  3D
woodpile matrices (Fig. 5) were printed by varying the expo-
sure  power  (50–250  mW  corresponding  to  0.7896–3.948
TW/cm  in  20  mW  (0.3158  TW/cm )  increments  at  the
sample)  and  the  scanning  velocity  (1–10  mm/s  in  1  mm/s
increments). The printed matrix is divided into zones, simi-
lar  to  that  presented  in  ref.48:  3D  objects  outlined  in  blue
correspond  to  suitable  polymerization  parameters,  those  in
pink indicate  partially  suitable  conditions,  and those  in  red
represent unsuitable conditions. Representative SEM images
of  individual  structures  from  the  matrix  cells  are  shown
below.  It  was  observed  that  at  low  laser  powers  combined
with  the  lowest  scanning  velocities,  no  structures  were
formed. At the maximum scanning velocity,  the fabrication
of  structures  also  failed;  under  these  conditions,  the  expo-
sure  dose  was  too  low  at  medium  laser  powers,  preventing
the polymerization process from taking place. Based on SEM
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Fig. 3 | Fourier  transform  infrared  spectroscopy  (FT-IR)  spectra  of  undoped  YAG  and  YAG:2%  Ce3+ sols  (a),  gels  (b),  polymers  (c)  and
samples heated at 800 °C temperature in an air  atmosphere (d) along with photographic images of the materials doped with 2% Ce3+ ions.
Annealing the materials at temperatures of at least up to 800 °C effectively removes all organics.
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2 2

2

2 2

2 2

2

image analysis, the most favorable fabrication conditions for
small-scale  structures  were  identified  as  follows:  150  mW
(2.369  TW/cm )  or  170  mW  (2.685  TW/cm )  at  2  mm/s,
170–210  mW  (2.685–3.316  TW/cm )  at  3  mm/s,  210  mW
(3.316  TW/cm )  or  230  mW  (3.632  TW/cm )  at  4  mm/s,
210 mW (3.316 TW/cm ) or 230 mW (3.632 TW/cm ) at 5
mm/s,  and  250  mW  (3.948  TW/cm )  at  6–9  mm/s.  These
results  demonstrate  that  the  synthesized  YAG:2%  Ce3+

precursor exhibits well-defined processing windows suitable
for laser multiphoton polymerization.

To evaluate the capabilities of the material, 3D structures
with  complex  geometric  shapes  were  manufactured  by
MP3DL and subsequently calcinated. Figure 6 presents SEM
images of polymeric and crystalline 3D structures fabricated
from the synthesized YAG:2% Ce3+ precursor. Two types of
geometries  were  investigated:  gyroid  (Fig. 6(a, b))  and
simple  cubic  lattice  (Fig. 6(c, d)),  as  this  configuration
demonstrates the ability to produce truly cubic periodic 3D

2.58 ± 0.17
0.50 ± 0.03

structures  with  slender  features  and  is  therefore  most
commonly  used  to  study  3D  fabrication  capabilities.  Poly-
meric  structures  (Fig. 6(a, c))  exhibit  smooth  surfaces  and
well-defined  features,  characteristic  of  multiphoton  poly-
merization.  After  heat  treatment  at  1600 °C for  1  hour,  the
crystalline  counterparts  (Fig. 6(b, d))  show  a  significant
reduction in overall dimensions due to shrinkage associated
with polymer-to-ceramic conversion and by densification of
the  crystalline  structure.  Quantitative  analysis  reveals  that
the crystalline structures reach 60.7% and 61.5% of the linear
dimensions of the initial polymeric objects in the directions
marked  as x and y,  respectively.  The  difference  is  less  than
1%, which could have been due to measurement deviations,
confirming the isotropic shrinkage during the pyrolysis and
crystallization  process  (see Fig. 6(c, d)).  The  highest  resolu-
tion achieved was 2.40 μm (average  μm) and the
smallest  feature  size  0.48 μm (average  μm) (see
Fig. 6(b))  of  crystalline  gyroid,  which  is  a  significant
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Fig. 6 | Scanning electron microscopy (SEM) images of polymeric (a, c) and crystalline (b; annealed at 1600 °C for 1 h) gyroid structures. The
crystalline sample exhibits a minimum feature size of 0.48 μm (average 0.50 ± 0.03 μm) and a highest measured resolution of 2.40 μm (aver-
age 2.58 ± 0.17 μm). All individual measurements used to compute the averages are provided in Supplementary Fig. 1. (d) Cubic lattice, fabri-
cated using YAG:2% Ce3+ precursor. The study of linear shrinkage after annealing at 1600 °C demonstrated that the dimensions of the crys-
talline structures were 60.7 (based on x value in images) and 61.5% (based on y value in images) of those of the original polymeric objects.
Scale bars are indicated in each image.
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improvement from the work by I. Cooperstein et al.17, where
the  maximum  achieved  resolution  was  3.8  μm  and  the
smallest  feature  size  was  2.3  μm①.  All  individual  measure-
ments used to compute the averages are provided in Supple-
mentary Fig. S1.

Moreover,  due  to  crystallites  formation,  the  surface
becomes  rough,  as  can  be  seen  in  the Fig. 6(b) and 6(d).
Surface roughness can reduce the efficiency of optical prop-
erties. The size distribution of the formed grains was investi-
gated and discussed in the following section. Since the struc-
tural  integrity  and  overall  geometry  were  preserved,  the
synthesized precursor  proved to  be  suitable  for  the  fabrica-
tion of stable, high-resolution ceramic architectures.

 2.5  Study of crystallization processes

2 2

3 5 12

The Fig. 7 presents a comprehensive structural and morpho-
logical  analysis  of  YAG:Ce3+ 3D  micro-objects  subjected  to
high-temperature annealing. X-ray diffraction (XRD) analy-
sis  was  performed  to  investigate  the  crystal  structure  and
phase  purity  of  the  3D-printed  objects  after  thermal  treat-
ment.  This  direct  3D structural  XRD measurement method
was  first  demonstrated  in  20223.  XRD  patterns  were
recorded  for  YAG:0%  Ce3+ powder  as  well  as  for  YAG:0%
Ce3+ and  YAG:1%  Ce3+ 3D  micro-scaffolds.  The  samples
were initially heated to 800 °C in air, followed by annealing
in a reducing atmosphere consisting of 5% H  and 95% N
at  1600  °C  for  1  hour.  The  reference  pattern  of  Y Al O
from  the  Crystallography  Open  Database  (COD  96-431-
2143)  is  included in Fig. 7(a)).  Debye-Scherrer  rings  gener-
ated  during  the  XRD  measurement  (Fig. 7(b))  were  inte-
grated to produce the diffractogram of the YAG:1% Ce3+ 3D
micro-object.  The  corresponding  SEM  image  of  the
measured 3D micro-object is shown in Fig. 7(c).

3 5 12

XRD patterns (Fig. 7(a)) confirm the formation of a single
phase cubic YAG structure in all samples examined, regard-
less  of  cerium  doping  concentration  (0%,  1%)  and  sample
form (powder or 3D printed micro-objects). The experimen-
tal  XRD  profiles  closely  match  the  reference  pattern  for
Y Al O , indicating that Ce3+ incorporation does not signif-
icantly alter the crystal structure. Furthermore, a brief study
was  conducted  to  determine  the  maximum  Ce3+ doping
concentration  that  yields  single-phase  YAG  under  the
present  synthesis  and  annealing  conditions.  The  diffrac-
togram  that  presents  these  results  is  shown  in  Supplemen-
tary Fig.  S2.  Powder  XRD  analysis  was  employed  to  more
sensitively detect the onset of secondary phase formation, as
integration of Debye-Scherrer rings on the diffraction of 3D
microstructures  may  not  reveal  minor  impurity  phases  due
to limited signal integration. Powder XRD patterns (Supple-
mentary Fig.  S2)  indicate  that  compositions  up to  5  mol-%
Ce3+ remain  single-phase  YAG,  while  Rietveld  refinement

(Supplementary Table S1) shows an increase in the unit cell
parameter a, indicating substitution at Y3+ sites. At 6 mol-%
and above additional diffraction peaks attributable to impu-
rities or secondary phases emerge, indicating that the maxi-
mum doping concentration of Ce3+ is 5 mol-%. The purity of
a  fabricated  YAG:Ce3+ 5%  woodpile  structure  was  further
assessed using scanning electron microscopy-energy-disper-
sive  X-ray  (SEM-EDX)  with  equipped  focused  ion  beam
(FIB) (Supplementary Fig. S3).

◦ ◦ Θ

Debye-Scherrer  rings  (Fig. 7(b))  obtained  from  XRD
measurements of a YAG:1% Ce3+ 3D micro-object annealed
at 1600 °C for 1 h reveal a well-defined polycrystalline struc-
ture  with  uniform  grain  distribution  and  high  crystallinity.
However,  in  the  diffractograms,  weak  peaks  are  observed
between  10  and  12  2  that  do  not  match  the  reference
data.  These  peaks  can  be  disregarded  as  insignificant  back-
ground  artifacts  arising  during  integration  of  the  Debye-
Scherrer ring image.

The morphological evolution of the 3D micro-objects due
to  annealing  is  illustrated  in  the  SEM images  (Fig. 7(c) and
7(d)).  After  1  hour  of  annealing  at  1600  °C,  the  3D micro-
objects retain well-defined structural features with relatively
fine,  small,  porous  and  polyhedral  grains  (Fig. 7(c)).
However, after 10 hours of annealing (Fig. 7(d)), significant
grain  coarsening  occurs,  leading  to  a  more  pronounced
agglomeration.  The grain geometry also changes to polyhe-
dral and the porosity is reduced. This effect is quantitatively
analyzed  in  the  grain  size  distribution histograms (Fig. 7(e)
and 7(f).  The  histogram  for  samples  annealed  for  1  hour
(Fig. 7(e))  shows  that  the  most  common  grain  size  falls
within  the  range  of  0.9  to  1.3  μm.  In  contrast,  prolonged
annealing  for  10  hours  (Fig. 7(f))  results  in  a  shift  toward
larger  grain  sizes,  with  the  most  common  range  increasing
from 1.5 to 3 μm. The grain size distributions are fitted with
a  normal-log  model  (black  line),  while  the  cumulative
percentage  curves  further  highlight  the  extent  of  grain
growth  over  time —longer  sintering  leads  to  larger  grains.
Since shorter sintering times result in smaller grains,  which
should  lead  to  lower  light  scattering  and  monophasic
YAG/YAG:Ce—there was no need to prolong sintering any
further.

Overall,  these  results  demonstrate  that  the  YAG  phase
remains  stable  across  different  doping  concentrations  and
sample morphologies. However, high-temperature sintering
has  a  significant  impact  on  the  microstructure,  with
prolonged  annealing  leading  to  substantial  grain  growth,
exceeding a tenfold increase compared to shorter annealing
durations. The shift in dominant grain size from 0.9–1.3 μm
after  1  hour to  1.5–3 μm after  10 hours  further  emphasizes
the  pronounced  grain  coarsening  effect.  These  findings
provide  valuable  insights  into  the  thermal  behavior  of
YAG:Ce3+ 3D micro-objects, which is critical for optimizing
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their structural and functional properties.

 2.6  Investigation of optical properties

Luminescence measurements were performed on 3D printed
structures  subjected  to  heat  treatment  at  1600  °C.  A  repre-
sentative  structure  is  shown  in Fig. 8(c),  while  its  optical
image under 450 nm excitation is presented in Fig. 8(b). The
sample exhibits visible emission with a characteristic yellow-
ish-green color.

Emission  spectra  were  recorded  for  YAG  samples  doped
with 0.1%, 0.5%, 1%, 2% and 5% of Ce3+ (see Fig. 8(a)). The
experimental  setup  employed  for  the  luminescence  charac-

1 1

≈
≈

terization of the 3D microstructures is described in detail in
the  Luminescence  characterization  section.  Under  excita-
tion  at  450  nm,  an  emission  band  centered  at  558  nm  was
detected,  corresponding to the [Xe]5d  → [Xe]4f  transition
of  Ce3+.  At  450  nm  excitation  the  intensity  of  the  emission
was  found  to  increase  with  increasing  Ce3+ concentration,
reaching its  maximum at a doping level  of  2%. Beyond this
concentration,  the  intensity  decreased,  which  can  be
attributed to the concentration quenching effect49. The weak
additional  emission  features  observed  at 620  and

660 nm are not attributed to the intrinsic Ce3+ 5d–4f tran-
sition.  These  bands  are  likely  associated  with  defect-related
emission (oxygen vacancies) or trace impurity effects below
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Fig. 7 | (a)  X-Ray diffraction patterns of  YAG: Ce3+ with mol-% concentrations of  0%, 1% 3D micro-objects annealed at  1600 °C for  1 hour,
compared to synthesized YAG:0% Ce3+ powder annealed under the same conditions and the reference pattern of Y3Al5O12 from Crystallogra-
phy  Open  Database  (COD).  (b)  Debye-Scherrer  rings  obtained  from  X-Ray  diffraction  measurement  of  a  YAG:1%  Ce3+ 3D  micro-object
annealed  at  1600  °C  for  1  hour.  (c)  Corresponding  SEM  image  of  a  3D  micro-object.  (d)  SEM  image  of  a  YAG:1%  Ce3+ 3D  micro-object
annealed at 1600 °C for 1 hour. (e, f) Histograms of grain size distributions along with the normal-log distribution curve (black) and cumulative
percentage  (carmine)  corresponding  to  annealing  durations  of  1  hour  and  10  hours,  respectively.  Regardless  of  dopant  concentration  or
sample form (powder or 3D-printed object), the XRD patterns confirm a single-phase structure that matches the reference pattern of Y3Al5O12
(COD 96-431-2143), verifying the formation of a pure cubic crystal structure. After 10 hours of annealing, the grain size increased more than
tenfold compared to annealing for 1 hour.
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≈the  SEM-EDX  detection  limit  ( 0.1%).  These  results
demonstrate  that  Ce3+ doped  3D-printed  YAG  structures
exhibit  efficient  yellowish-green luminescence with optimal
emission at 2% doping.

 2.7  Comparison of current achievements

Figure 9 compares  the  reported  feature  sizes  or  spatial
(lateral) resolutions of luminescent 3D structures fabricated
via  various  lithographic  techniques  between  2009  and
202517−21,23,50,51,52−54.  Data  points  marked  with  an  asterisk  (*,
next  to  the  publication  year  on  the y-axis)  indicate  cases
where  the  reported  dimensions  were  unavailable  and  thus
approximated from published images. Over the past decade,
significant  progress  has  been  made  in  reducing  structural
dimensions  while  maintaining  optical  functionality.
However,  most  reported  luminescent  ceramics  and  hybrid
materials  still  exhibit  feature  sizes  exceeding  several
micrometers, which is much more than the employed emis-

sion  wavelength.  It  is  worth  noting  that  the  calcination
procedure can, in principle, be localized using laser-thermal
treatment  if  the  substrate  or  surrounding  media  are  sensi-
tive to high temperatures55.

±

In this context,  our results,  marked as a green star in the
graph,  demonstrate  a  major  step  forward.  Our  fabricated
YAG:Ce3+ micro-architectures  exhibit  a  minimum  feature
size  of  0.50  0.03  µm,  representing,  to  the  best  of  our
knowledge,  the  smallest  features  achieved  to  date  among
luminescent  crystalline  materials  produced  by  3D  lithogra-
phy.  Importantly,  these  structures  are  single-phase  crys-
talline  and  intrinsically  luminescent,  combining  optical
functionality  with  sub-micron  precision.  Such  a  combina-
tion has not  been previously  demonstrated for  single-phase
YAG and highlights the potential of our approach based on
sol-gel  synthesis  together  with  multiphoton fabrication and
calcination  routes  for  the  development  of  Photonics
Integrated Circuits (PICs)56 and optoelectronic devices57.
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Fig. 9 | Current  achievements  in  the  feature  size  or  resolution  of  luminescent  3D  structures  fabricated  by  3D  lithography  from  2009  to
202517−21,23,50−51,51−54. The values marked with an asterisk (*) next to the publication year on the y-axis correspond to those whose dimensions
were not specified in the original article; therefore, they were approximately estimated based on the provided images. Our fabricated YAG:Ce3+
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 3    Conclusions

n = 1.454 1.479

−1

0.50±0.03

2.58 ± 0.17

We  established  an  end-to-end  route  engineering  method
for fabricating single-phase crystalline YAG:Ce3+ 3D micro-
architectures  with  complex  geometries  and  micrometer-
scale  features  by  combining  precursor  synthesis,  MP3DL,
and  three-step  annealing.  Refractive  indices  measurements
(436.5–643.3  nm)  showed  normal  dispersion  with  minimal
dependence on Ce3+ content (0–5 mol-%), and gel refractive
indices  ( − )  matched  coverslips  and  immer-
sion  oil,  enabling  deep,  using  high-NA  laser  direct  writing.
FT-IR/TGA  verified  polymerization  and  complete  removal
of  organics  by  800  °C,  while  a  slow  heating  ramp  of
0.5  °C·min  helped  to  preserve  3D  geometry  during
conversion.  Post-anneal  at  1600  °C  yielded  single-phase
crystalline  YAG  with  isotropic  linear  shrinkage  to
60.7%–61.5%  of  the  polymer  dimensions.  The  smallest
feature  size  achieved  was  μm  (minimum  0.48
μm),  and  the  highest  measured  resolution  was  2.40  μm
(average  μm)  of  single-phase  crystalline  3D
micro  structure.  Under  450  nm  excitation,  Ce3+ emission
peaked at 558 nm with maximum intensity of sample with 2
mol-% of Ce3+. The results achieved enable the integration of
YAG:Ce3+ microemitters  and  color  conversion  as  high-
temperature-resistant  elements  into  optoelectronic  and
photonic devices-spanning LD/μLED-pumped light engines,
on-chip waveguides and resonators, micro-scintillators, and
biosensing  microsystems,  due  to  their  resilience  for  use
under extreme environmental  conditions.  This makes them
excellent  candidates  for  usage  in  open  space  applications
under highly oscillating pressure and temperature.

 4    Experimental
The  experimental  procedures  employed  in  this  study
encompassed  the  synthesis  of  YAG:Ce3+ precursors,  their
structuring  via  MP3DL  and  subsequent  thermal  treatment,
followed  by  comprehensive  chemical,  structural,  and  lumi-
nescence  characterization  of  the  fabricated  3D  micro-
objects.

 4.1  Materials and synthesis

3

3 3· 2

≥

The following reagents were used in the study: hydrochloric
acid  (35%–38%,  Chempur),  yttrium  oxide  (99.99%,  Tailor-
lux),  ethylene  glycol  (analytical  grade,  Honeywell),
aluminum chloride (AlCl ) (98%, Merck), acrylic acid (99%,
Sigma Aldrich),  propylene  oxide  (99%,  Alfa  Aesar),  cerium
(III) acetate sesquihydrate (Ce(CH COO) 1.5H O) (an. gr.,
Alfa  Aesar),  diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide  (TPO)-a  photoinitiator  (97%,  Sigma  Aldrich),  poly-
dimethylsiloxane  (PDMS)  with  a  thermoinitiator  (Sylgard
184), and NovecTM 7100 ( 99.5% Sigma Aldrich).

YAG:Ce3+ precursors  were  synthesized  by  the  sol-gel

2 3

3 2

3 2

3

3 3· 2

method  described  in  ref.23.  For  the  calculation  of  doping
level  it  is  assumed  that  Y3+ was  replaced  by  Ce3+ ions.  The
concentration of Ce3+ ions was set to 0, 0.05, 0.1, 0.2, 0.5, 0.7,
1,  2  and  5  mol-%.  The  representative  synthesis  of  1.000  g
(1.685  mmol)  YAG:2%  Ce3+ is  described  below.  Firstly,
0.5563  g  (2.464  mmol)  of  yttrium  oxide  (Y O )  was
dissolved in 10 mL of hydrochloric acid in a 50 mL beaker.
The solution was stirred using a magnetic stirrer and heated
to  95  °C.  2  mL  of  distilled  water  was  then  added,  and  the
solution  was  stirred  further  until  it  became  clear.  Once  the
yttrium oxide had dissolved, the solution was evaporated to
obtain dry YCl ·xH O. Next, 4.160 mL of an aqueous ethy-
lene  glycol  solution  containing  65%  of  ethylene  glycol  was
added  to  the  beaker  with  YCl ·xH O  and  stirred  using  a
magnetic  stirrer.  After  5  minutes,  1.117  g  (8.379  mmol)  of
aluminum chloride  (AlCl )  was  added,  and stirring contin-
ued.  After  another  5  minutes,  0.035  g  (0.101  mmol)  of
Ce(CH COO) 1.5H O  was  added,  and  the  mixture  was
stirred  for  30  minutes.  Subsequently,  0.421  mL  (6.014
mmol) of acrylic acid was added. After 30 minutes, 3.457 mL
of propylene oxide was added in two portions (half immedi-
ately  and  the  other  half  after  1  minute).  The  solution  was
then  stirred  for  an  additional  40  minutes.  The  resulting
material  was  mixed  with  1%  TPO,  and  the  solution  was
prepared for photopolymerization.

 4.2  3D lithography and heat treatment
3+YAG:Ce  polymeric  3D  objects  were  fabricated  using  a

Laser  Nanofactory  femtosecond  laser  lithography  worksta-
tion based on the MP3DL with control and automation soft-
ware  3DPoli  (Femtika  Ltd.).  The  laser  source  was  a  Flint
oscillator  (Light  Conversion),  delivering  144  fs  pulses  at  a
repetition rate of 76 MHz, with a central wavelength of 1035
nm (517 nm second harmonic). Positioning stages ANT130-
110-XY  and  ANT130-060-L-Z,  together  with  AGV-10HPO
galvanometric  scanners  (Aerotech),  were  employed.  All
experiments were carried out at 517 nm using a Mitutoyo M
Plan  Apo  50×  objective  (NA =  0.75)  and  a  Zeiss  63×  oil-
immersion objective (NA = 1.4) with Immersol 518 F.

2 2

2

2

To  optimize  fabrication  parameters,  3D  woodpile  arrays
(similar to the one shown in Fig. 5) were printed while vary-
ing the laser power from 50 mW to 250 mW (0.7896–3.948
TW/cm ) in 20 mW (0.3158 TW/cm ) steps,  and the scan-
ning  velocity  from  1  mm/s  to  10  mm/s  in  1  mm/s  incre-
ments.  For  the  fabrication  of  larger-scale  structures
(hundreds of μm in size), the laser intensity was set to 1.105
TW/cm  and the scanning velocity to 10 mm/s. For smaller-
scale  structures  (less  than  100  μm),  the  laser  intensity  and
scanning velocity were set to 0.1147 TW/cm  and 0.1 mm/s,
respectively.  Following  fabrication,  the  polymerized
YAG:Ce3+ precursor  samples  were  immersed  in  ethanol  to
remove  unpolymerized  resin  and  subsequently  rinsed  with
Novec 7100TM to completely eliminate residual solvent.

The  thermal  processing  of  the  fabricated  3D  micro-
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2

2

objects was carried out in three stages. In the first stage, the
objects  were  annealed  at  800  °C for  1  hour  in  an air  atmo-
sphere,  with  a  temperature  ramp  rate  of  0.5  °C/min,  to
remove  organic  matter  and  carbon.  This  slow  heating  rate
was  selected  based  on  thermogravimetric  analysis,  which
indicated  high  rates  of  mass  loss.  The  gradual  heating
ensured uniform shrinkage of the structures and minimized
the risk of defects in the 3D objects. In the second stage, the
objects were heated in an air atmosphere to 1600 °C at a rate
of 10 °C/min and held for 1 hour. This process ensured the
formation of a single-phase crystalline structure. In the final
stage,  the  objects  were  treated  in  a  mixture  of  5%  H  and
95% N  reducing atmosphere at  1000 °C for 1 hour,  with a
heating  rate  of  10  °C/min,  reducing  Ce4+ to  Ce3+ and
enhancing the luminescence properties of the 3D objects.

 4.3  Chemical and structural characterization

Refractive  indices  of  YAG  precursor's  sols,  gels  and  poly-
mers were collected using Abbemat WR MW equipped with
a  YAG  (yttrium-aluminium-garnet)  prism,  LED  source  at
wavelengths of 436.5, 486, 513.5, 546.3, 589.3, and 643.3 nm.
Measurements were performed at 25 °C temperature.

−1

−1

FT-IR spectra of YAG precursor's sols, gels, polymers and
discs  heated at  800 °C in  an air  atmosphere,  were  recorded
using  FT-IR spectrometer  ALPHA (Bruker,  Inc.),  equipped
with  a  room  temperature  detector  DLATGS.  Spectra  were
acquired from 100 interferogram scans with 2 cm  resolu-
tion, from 4000 to 485 cm  wavenumbers.

For  TGA  analysis,  Perkin  Elmer  Pyris  1  equipment  was
used; polymeric YAG discs were heated under an air atmo-
sphere from 30 °C to 900 °C with a heating rate of 5 °C/min.

The SEM images of unsputtered 3D micro-objects before
and after heat treatment were taken with a FE-SEM Hitachi
SU-70.  EDS  of  heated  3D  micro-objects  were  taken  with  a
lower  resolution  scanning  electron  microscope- Hitachi
TM3000. The elemental analysis was carried out with 15 kV
accelerating voltage.

α λ

The XRD data of 3D micro-objects and powder annealed
at  1600  °C  were  directly  collected  on  a  BRUKER  AXS  (D8
Quest  System)  X-ray  diffractometer  equipped  with
PHOTON  100  cmOS  detector.  The  X-ray  generator  was
operated at 50 kV and 20 mA using Mo K  (  = 0.71073 Å)
(1  Å  =  10−10 nm)  radiation.  Annealed  3D  micro-structures
and powders were placed on the measuring needle, obtained
X-ray  diffraction  data  Debye-Scherrer  rings  were  collected
and  integrated  using  Bruker  Apex  3  software.  Obtained  X-
ray  diffractograms  were  compared  to  the  reference  data
from COD (Crystallography Open Database).

 4.4  Luminescence characterization

λ τpulse

The  luminescence  data  on  3D  micro-objects  was  obtained
using a custom setup (Fig. 9) consisting of Light Conversion
Pharos  femtosecond  Yb:KGW  laser  (  =  1030  nm,  =

M NA

λcutoff

300  fs)  and  Light  Conversion  Orpheus  optical  parametric
amplifier  (OPA)  with  Light  Conversion  Lyra  second
harmonic  module  as  the  illumination  (excitation)  source
with the output wavelength set at 450 nm. The micro-objects
were  illuminated  using  Olympus  plano-apochromat  micro-
scope  objective  lens  (  =  10×,  =  0.25).  Luminescence
emission  was  measured  using  Avantes  AvaSpec  ULS2048
UV-VIS-NIR  spectrometer  by  directing  the  emission
through the same objective lens and separating the emission
from  the  illumination  beam  using  Thorlabs  longpass
dichroic mirror (  = 490 nm). Accurate characterization
of  RI  is  intended  future  work  as  the  current  established
methods are still not reliable for 3D free-form geometries at
microscales58.
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