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Abstract: High-density inorganic scintillators play a pivotal role in X-ray imaging owing to their strong stopping power
and efficient  emission in  the visible  regime.  However,  their  practical  performance is  fundamentally  constrained by
refractive-index  mismatch,  which  traps  a  large  fraction  of  generated  photons  through  total  internal  reflection.
Although photonic crystal structures offer a promising route for enhancing light extraction, scalable large-area inte-
gration onto scintillator substrates remains a significant challenge. Here, we propose a scalable self-assembly-based
fabrication strategy for large-area photonic crystal scintillators, enabling the formation of a 25-mm-scale continuous
PS-nanosphere  PhC  monolayer  with  locally  verified  HCP  packing  on  the  scintillator  surface.  The  resulting  photonic
crystal facilitates momentum compensation via Bragg diffraction, thereby coupling confined guided wave modes to
free-space radiation. Under X-ray excitation, this diffraction-mediated extraction mechanism experimentally yields a
4.64-fold  enhancement  in  light  output  and  a  13  dB  improvement  in  signal-to-noise  ratio  for  radiographic  imaging.
The measurable  gain  in  detection sensitivity  suggests  this  scalable  fabrication strategy  is  a  promising  approach for
high-performance  X-ray  detection  in  photon-starved  applications,  including  low-dose  medical  diagnostics  and
security screening.
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 1    Introduction
Scintillation is the emission of visible light from materials in
response  to  high-energy  radiation,  underpinning  a  wide
range of radiation detection and imaging technologies1. It is
particularly  prominent  in  X-ray  imaging  and  characteriza-
tion,  where  scintillators  function  as  the  key  components
converting  X-ray  photons  into  detectable  scintillation
photons.  As a result,  these materials  are extensively used in
medical  diagnostic  equipment  such  as  digital  radiography,
positron  emission  tomography  (PET),  single  photon  emis-
sion  computed  tomography  (SPECT)  scanners  and  X-ray

computed  tomography  (CT),  among  others2−6.  Recent
advances  in  transparent  luminescent  nano-glass-ceramics,
luminescent  metal-organic  framework  glasses,  near-infra-
red-emitting  lead-free  perovskite  scintillators,  and  TADF-
enabled  hafnium  chloride  array  scintillator  screens  have
further  expanded  the  material  and  design  space  for  X-ray
imaging7−10.  Among  the  various  material  classes,  high-
density inorganic scintillators are widely utilized in low-dose
medical  diagnostics and security screening applications due
to  their  exceptional  X-ray  attenuation,  high  light  yield  and
fast decay times11,12.  However, despite these intrinsic merits,
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their practical performance is fundamentally constrained by
severe  refractive  index  mismatch  between  the  scintillator
and  its  surrounding  medium13.  This  mismatch  results  in
severe  photon  trapping  via  total  internal  reflection  (TIR),
confining  up  to ~90%  of  the  generated  photons  within
waveguide modes rather than escaping the scintillator14. The
inefficiency  is  further  exacerbated  in  high-resolution  appli-
cations,  which  necessitate  ultrathin  scintillators  to  suppress
lateral  light  scattering.  However,  such  reduced  thickness
inherently  compromises  X-ray stopping power,  resulting in
scarce luminescence output,  especially under low-dose irra-
diation.  This  cumulative  signal  loss  significantly  degrades
detection sensitivity and signal-to-noise ratio (SNR), consti-
tuting  a  long-standing  bottleneck  for  high-performance
imaging  systems15,16.  Complementary  to  detector-side  opti-
mization,  interpretable  computational  approaches,  such  as
multi-Gaussian  cluster  variance  reduction,  have  also  been
developed to enhance low-dose CT image quality17.

To  overcome  this  optical  confinement  at  the  detector
level,  photonic  crystals  (PhCs)  have  been  employed  to
pattern  the  scintillator  surface  at  the  emission-wavelength
scale, enabling the diffraction-mediated extraction of other-
wise  confined  modes18−20.  While  the  enhancement  of  light
extraction  efficiency  (LEE)  via  PhCs  has  been  theoretically
established21−23, the practical implementation of such devices
remains  hindered  by  challenges  in  scalable  manufacturing.
Currently,  top-down  fabrication  approaches,  such  as  elec-
tron beam or X-ray lithography,  offer  deterministic  control
over  light  coupling  structures.  Nevertheless,  these  methods
generally  require  sophisticated  lithographic  infrastructure
and  multi-step  processing,  which  may  limit  their  practical
implementation  over  large  scintillator  areas24−26.  Further-
more, despite providing nanoscale resolution and repeatabil-
ity, these techniques are generally incompatible with chemi-
cally  sensitive  or  mechanically  fragile  substrates,  including
bulk  scintillator  crystals23,27.  On  the  other  hand,  bottom-up
approaches —such  as  self-assembly,  nanoimprinting  and
chemical  vapor  deposition  (CVD) —have  been  explored  as
solution-processable  or  lithography-free  alternatives  to
conventional  photolithography28−32.  Yet,  adapting  these
methods  for  scintillator  substrates  has  historically  been
impeded  by  poor  long-range  order.  Most  commonly  used
self-assembly techniques (e.g., dip coating and vertical depo-
sition)  typically  yield  polycrystalline  domains,  random
cracks,  and  localized  vacancies  at  the  macroscale33,34.  These
defects act as parasitic scattering centers severely constrain-
ing  the  achievable  LEE  while  inducing  spatial  inhomo-
geneities  and  imaging  artifacts  that  degrade  high-perfor-
mance systems35−37. For maximizing the technological poten-
tial  of  self-assembled  PhCs,  fabrication  strategies  are
required  to  reconcile  the  cost-effectiveness  of  bottom-up
approaches  with  the  high  LEE  and  high-quality  structural
precision and uniformity through top-down methods.

Here,  we  demonstrate  a  scalable  strategy  for  fabricating
large-area  PhC  scintillators.  By  leveraging  Marangoni-

driven38,39 self-assembly of polystyrene (PS) nanospheres, we
realize  a  continuous  hexagonal  close-packed  (HCP)  PhC
monolayer  covering  the  surface  of  a  25-mm-diameter
cerium-doped  gadolinium  aluminum  gallium  garnet
(GAGG:Ce) wafer—a substrate selected for its superior light
yield  and  X-ray  stopping  power  relative  to  conventional
garnets40−42. Numerical simulations and angle-resolved spec-
troscopy  confirm  that  this  ordered  monolayer  functions  as
an  efficient  diffraction  grating,  bridging  the  momentum
mismatch  to  couple  large-angle  guided  modes  into  free-
space  radiation  via  Bragg  diffraction23,43,44.  Experimentally,
the integrated PhC scintillator exhibits a 4.64-fold enhance-
ment  in  light  extraction  and,  critically,  a  13  dB  improve-
ment  in  SNR compared with  that  of  the  reference  scintilla-
tor.  Although  this  diffraction-mediated  extraction  entails  a
modest  trade-off  in  spatial  resolution (approximately  17%),
it  provides  a  decisive  advantage  by  substantially  enhancing
detection  performance  in  low-dose  regimes,  where  photon
scarcity  constitutes  the  dominant  limiting  factor.  By
combining  enhanced  imaging  performance  with  a  scalable
fabrication  process,  this  work  provides  a  practical  pathway
toward  large-area  PhC  scintillators  and  high-sensitivity
X-ray detector platforms.

 2    Structural design and numerical
simulations

nSc ≈ 1.9

nPhC ≈ 1.59

Addressing  the  extraction  bottleneck  induced  by  the  high
refractive  index  of  GAGG:Ce  ( ),  we  designed  a
surface-integrated  PhC  architecture  capable  of  managing
photon momentum at the scintillator-air interface (shown in
Fig. 1).  The  device  features  a  large-area  monolayer  of  PS
nanospheres  ( )  self-assembled  directly  onto  the
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Fig. 1 | Schematic  illustration  of  the  self-assembled photonic  crystal
(PhC) scintillator. The device comprises a monolayer of polystyrene
(PS)  nanospheres  self-assembled  on  a  high-refractive-index
GAGG:Ce  scintillator.  The  central  bright  spot  within  the  substrate
indicates  the  scintillation  process,  where  absorbed  X-ray  energy  is
converted  into  visible  light  emission.  The  unit  cell  composed  of  a
hexagonal close-packed (HCP) lattice with a diameter (D = 500 nm),
inserted in the lower left corner, is periodically arranged along x- and
y-directions to form a large diffraction grating.
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D = 500 nm

scintillator  substrate.  As  depicted  in  the  inset  of Fig. 1,  the
nanospheres self-organize into a highly ordered HCP lattice
with  a  uniform  diameter  of .  This  specific
geometric  periodicity  is  engineered  to  act  as  a  diffraction
grating,  modulating  the  effective  refractive  index  profile  to
change the waveguide boundary conditions. By introducing
this periodic dielectric contrast,  the structure is  designed to
couple the otherwise confined high-angle guided modes into
leaky modes compatible with free-space radiation.

k∥ |k∥| > k0nair

k0 = 2π/λ

Gm,n

k∥,out = k∥,in + Gm,n

|k∥,out| < k0

The  diffraction-mediated  extraction  mechanism  and  the
resulting  electromagnetic  field  profile  were  simulated  using
three-dimensional  finite-difference  time-domain  (FDTD)
simulations, and Section 1.6 in the Supplementary informa-
tion  details  the  specific  implementation  of  the  FDTD
method.  The  periodic  dielectric  structure  is  introduced  to
function as  a  diffraction grating,  which provides  the  neces-
sary momentum compensation to overcome TIR. When the
in-plane  wavevector  component  satisfies ,
where ,  optical  energy  is  confined  within  the
substrate. However, introducing the reciprocal lattice vector

 overcomes  this  confinement  by  compensating  for  the
momentum  mismatch  between  the  confined  guided  modes
and the free-space light cone. This extraction mechanism is
governed by  the  Bragg  momentum conservation condition:

14.  Consequently,  confined  guided
modes with large in-plane momentum are coupled into the
nanosphere  array  and  folded  back  into  the  light  cone
( )45.  Through this  diffraction-mediated momen-
tum  coupling,  optical  energy  is  efficiently  transferred  from
guided states to free space.

E(z) ∝ e−κz

The  direct  consequence  of  this  momentum  coupling  is
visualized in the steady-state electric field intensity distribu-
tions (Fig. 2(a)). In the planar reference (left), optical energy
is  strictly  confined  within  the  high-index  medium,  exhibit-
ing  a  characteristic  evanescent  decay  ( )  on  the
air  side.  In  stark  contrast,  the  PhC-integrated  interface
(right) facilitates a radiative leakage channel. Here, the near-
field  interactions  with  the  periodic  lattice  effectively  couple
the  otherwise  confined  modes  into  propagating  free-space
radiation.

θc ≈ 33◦

θ > θc

θ > θc

This  diffraction-mediated  extraction  effect  is  further
corroborated  by  the  angle-resolved  optical  transmission
spectra  (Fig. 2(b)).  Distinct  from  the  sharp  transmission
cutoff  at  the  critical  angle  ( )  observed in  the  refer-
ence  interface,  the  PhC-integrated  system  displays  rich,
high-intensity  dispersion  branches  extending  deep  into  the
theoretical “forbidden  region” ( ).  These  dispersive
features  correspond  to  the  diffraction  signatures  of  Bloch
modes coupled out by the lattice46. Cross-sectional transmis-
sion profiles (Fig.  S1) further clarify this  phenomenon: The
spectral features in the  region appear as sharp, wave-
length-dependent  resonance peaks  rather  than the  incoher-
ent background typical of random scattering. These discrete
transmission  bands  confirm that  the  extraction  mechanism

is  driven  by  coherent  Bragg  diffraction,  ensuring  efficient
and  selective  outcoupling  of  trapped  photons  over  a  broad
angular  bandwidth.  Generally,  these  simulation  results
demonstrate  that  the  self-assembled  PhC  layer  functions
distinctively  as  a  diffractive  grating rather  than a  geometric
scatterer,  effectively  compensating  for  the  momentum
mismatch between the high-refractive-index scintillator and
the surrounding medium, thereby enhancing the LEE.

 3    Results and discussion

D = 500 nm

For implementing the proposed diffraction-mediated extrac-
tion  mechanism,  we  developed  a  modified  interfacial  self-
assembly strategy driven by the Marangoni effect (Fig. 3(a)).
Compared with conventional dip-coating techniques, which
are  prone  to  multilayer  stacking  and  localized  defects,  our
approach  utilizes  the  rapid  spreading  of  ethanol-dispersed
PS  nanospheres  ( )  at  the  air-water  interface.
An  optimized  ethanol-to-water  binary  solvent  ratio  of  1:1
(V/V)  induces  a  steep  surface-tension  gradient,  driving
uniform lateral transport and facilitating the formation of a
macroscopic,  high-quality  monolayer  prior  to  disordered
aggregation.

Following  the  initial  spreading,  the  introduction  of  a
surfactant  (sodium  dodecyl  sulfate,  SDS)  induces  strong
lateral  capillary  forces,  compacting  the  initially  loose
domains  into  a  densely  packed  monolayer.  This  capillary-
force-assisted  compaction  promotes  local  rearrangement  of
PS  nanospheres  and  helps  reduce  small  vacancies  and
discontinuities within the monolayer. To facilitate the robust
transfer  of  this  fragile  monolayer,  the  GAGG:Ce  substrate
was  pre-treated  with  oxygen  plasma  prior  to  deposition  to
enhance  interfacial  wettability  (contact  angle  <  5°).  The
subsequent  transfer  process  was  executed  via  a  vibration-
free  drainage  technique,  where  the  subphase  descent  rate
was precisely controlled (< 0.25 mm/s), effectively suppress-
ing contact line pinning effects and crack formation.

Distinct  from  the  planar  reference  (Fig. 3(b)),  the  PhC-
integrated scintillator  displays  pronounced iridescence over
the 25-mm-diameter surface under white-light illumination,
indicating the formation of  a  continuous surface PhC coat-
ing with angle-dependent diffraction behavior. We note that
the hue and brightness are not perfectly uniform across the
photograph.  Such  spatial  variations  are  consistent  with  the
angle-dependent  grating  diffraction  of  self-assembled
colloidal  crystals,  for  which  the  apparent  structural  color
depends  on  the  illumination/observation  geometry  and  the
in-plane  orientation  of  local  crystalline  domains44,47.  There-
fore, Fig. 3(c) is  used  here  as  qualitative  evidence  of  large-
area iridescent coverage rather than as quantitative proof of
perfectly uniform thickness or coloration. This macroscopic
structural coloration suggests continuous PhC coverage and
angle-dependent diffraction, which functions as an efficient
diffraction  grating  capable  of  selectively  redistributing  the
visible spectrum. Complementary microscopic characteriza-
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tion  by  scanning  electron  microscopy  (SEM)  further
confirms the high fidelity of the self-assembled structure. To
further  quantify  the  local  packing  quality,  we  performed
coordinate-based  SEM  analysis  at  five  representative  posi-
tions  of  the  25-mm  sample,  including  the  center,  two
middle-radius  regions,  and  two  edge  regions  (Table  S10).
The extracted particle-center statistics show relatively stable
nearest-neighbor  spacing  and  locally  verified  HCP  packing
within the sampled intact regions. As shown in Fig. 3(d), the
monolayer  maintains  high  continuity  throughout  the  fields
of view. High-magnification images (Fig. 3(e)) reveal a well-
ordered HCP lattice arrangement of the nanospheres.

We  systematically  characterized  the  emission  properties
of  the  PhC-integrated  scintillator  under  diverse  excitation
conditions (Fig. 4(a), experimental setup and spectral acqui-
sition details in Supplementary information Section 1).  The
spectra  are  plotted  as  relative  intensities, I/Iref,max,  where
Iref,max is the peak intensity of the condition-matched planar

θ = 45◦

θ = 45◦

reference  spectrum  measured  under  the  same  excitation
source  and  collection  angle.  The  planar  reference  sample
denotes  the  bare  GAGG:Ce  scintillator  without  the  PS-
nanosphere  PhC  layer,  and θ is  defined  as  the  collection
angle  with  respect  to  the  surface  normal  of  the  scintillator.
Under  X-ray  excitation,  the  PhC-integrated  scintillator
exhibits a 4.64-fold increase in integrated emission intensity
over 450–700 nm and a 5.0-fold increase in peak intensity at
approximately  550  nm  under  normal  collection  (Fig. 4(a),
X-ray, θ =  0°).  Crucially,  this  enhancement  remains  highly
robust  against  angular  variations:  even at  an  oblique  detec-
tion  angle  (Fig. 4(a),  X-ray, ),  the  device  retains  a
3.46-fold  increase  in  integrated  intensity  and  a  4.0-fold
enhancement at the emission peak. To further decouple the
depth-dependent extraction dynamics, we compared excita-
tion conditions characterized by distinct penetration depths.
Under  ultraviolet  (UV)  excitation  (Fig. 4(a),  UV, ),
photon  generation  is  strictly  confined  to  the  near-surface
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Fig. 2 | Numerical verification of the diffraction-mediated extraction mechanism. (a) Cross-sectional distributions of the electric field magnitude
(log|E|) calculated by FDTD simulations at λ=550 nm, presented in the left (reference) and right (PhC). (b) Angle-resolved optical transmission
spectra for the reference (left) and PhC (right) models.
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θ = 45◦
θ = 45◦

region of the scintillator. While this surface excitation mode
yields  a  substantial ~3-fold  peak  output  enhancement,  it  is
notably  inferior  to  the ~4.0-fold  enhancement  observed
under  the  deeper-penetrating  X-ray  excitation  regime  at
identical detection angles (Fig. 4(a) with X-ray  and
UV ). This observation indicates that the PhC func-
tions not merely by modulating surface states, but serves as a
global  diffraction  grating  that  effectively  extracts  guided
modes  from  the  entire  scintillator  volume,  independent  of
the photon generation depth.

It  should  be  noted  that  the  measured  4.64-fold  enhance-
ment  does  not  represent  a  complete  light-extraction  limit,
but  rather  the  collected  intensity  enhancement  under  the
present optical configuration. As a simplified physical refer-
ence, the critical angle of the GAGG:Ce/air interface is esti-
mated to be approximately  31.8°  by taking nGAGG≈1.9 near
the  emission  maximum.  Under  an  isotropic-emission
approximation, only about 15% of the upward emission lies
within  the  direct  escape  cone  of  a  planar  interface,  corre-
sponding  to  an  idealized  enhancement  scale  of  approxi-
mately  6–7  if  the  otherwise  trapped  modes  could  be  fully
redirected  into  extractable  directions.  The  observed
enhancement is  therefore below this simplified limit,  which
can  be  attributed  to  finite  spectral  and  angular  diffraction
bandwidths,  Fresnel  reflection  at  the  GAGG/PS/air  inter-
faces,  angular  redistribution  beyond  the  collection  accep-
tance, imperfect filling fraction, and defect-induced incoher-
ent scattering from vacancies, domain boundaries, and local

cracks.

I(t) = I0 + A1exp(−t/τ1) + A2exp(−t/τ2)

To identify  the physical  mechanism of  the enhancement,
and  in  particular  to  distinguish  improved  light  extraction
from  a  possible  modification  of  the  radiative  decay  rate
induced by the Purcell  effect18,  we performed time-resolved
photoluminescence  (TR-PL)  measurements  on  the  refer-
ence  and  PhC-integrated  samples  (Fig. 4(c)).  The  decay
profiles  were  fitted  using  a  bi-exponential  function,

,  with  the  fitting
parameters  summarized  in Table  S6.  The  reference  and
PhC-integrated  samples  show  comparable  average  lifetimes
of  56.81  ns  and  55.38  ns,  respectively,  indicating  that  the
PhC layer does not induce a pronounced modification of the
intrinsic  scintillation  decay  dynamics  or  a  strong  Purcell
effect.  Therefore,  the  observed  emission  enhancement  is
mainly attributed to PhC-assisted diffractive light extraction
of  waveguided  modes  otherwise  confined  by  total  internal
reflection.  Meanwhile,  incoherent  scattering  arising  from
inevitable  structural  imperfections  in  the  self-assembled
PhC  layer  may  also  contribute  to  the  broadband  outcou-
pling enhancement. Complementing this analysis, the nearly
identical  photoluminescence  excitation  (PLE)  spectra  (Fig.
4(d)) further confirm that our fabrication process preserves
the  intrinsic  electronic  structure  of  the  GAGG:Ce  material.
Additionally,  angle-resolved spectroscopy (Fig. 4(e))  reveals
the diffraction-driven mechanism of the extraction enhance-
ment.  Differing  from  the  isotropic  Lambertian  emission
profile  of  the  reference  sample,  the  PhC  sample  exhibits  a
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Fig. 3 | Scalable  fabrication  of  PhC-enhanced  scintillators  via  self-assembly.  (a)  Schematic  illustration  of  the  fabrication  workflow:  (1)  Self-
assembly: A HCP monolayer of PS nanospheres is assembled at the air-water interface via the ethanol-mediated Marangoni effect. (2) Depo-
sition: The floating monolayer is conformally transferred onto the scintillator substrate via a controlled water drainage process. (3) Drying: The
sample  is  dried  at  45  °C to  remove residual  solvent  and  enhance adhesion.  (b–c)  Macroscopic  photographs  of  (b)  the  bare  reference  and
(c) the PhC-integrated scintillator under white light illumination. (d–e) Top-view SEM images of the PhC array. The magnified image is shown
in (e).
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k∥ = kguided±mG

distinct dispersive spectral evolution. As the detection angle
θ increases  from  0°  to  30°,  the  diffraction  resonance  peak
undergoes  a  pronounced  blue  shift.  This  dispersion  behav-
ior aligns precisely with the momentum matching condition
of a diffraction-based out-coupling grating, where the paral-
lel  wavevector  component  satisfies  the  Bragg  condition:

.  The  correlation  between  the  experimental
peak  shift  and  the  theoretical  dispersion  relation  supports
that the hexagonal lattice provides the necessary reciprocal-
lattice momentum to compensate for the mismatch between
guided  modes  and  free-space  radiation,  effectively  convert-
ing high-angle guided modes into free-space radiation.

With the high-efficiency extraction mechanism validated,
Fig. 4(b) benchmarks our device against  representative self-
assembled  PhC  scintillators  (detailed  parameters  are
provided  in Table  S1),  focusing  on  two  critical  indicators
(enhancement  ratio  and  active  area14)  in  practical  applica-
tions. In general, the active area determines the imaging field
of  view and the  enhancement  ratio  is  affected by the  struc-
tural  order  of  the  PhC  monolayer.  Existing  self-assembled
devices typically exhibit modest enhancement factors (aver-
aging ~2.0),  constrained by the inherent structural  disorder

Φ = 25 mm

of conventional assembly32−34,51,52. Such defects act as scatter-
ing  centers  that  degrade  spatial  resolution,  restricting  prior
studies  primarily  to  non-imaging  energy  detection21,48−50.  In
contrast,  enabled  by  continuous  PhC  coverage  and  locally
ordered HCP domains, this work realizes a macroscopically
active imaging area of ~490 mm2 ( ). Within this
active  area,  the  integrated  light-output  enhancement  aver-
aged  4.63  ±  0.13  for  the  central  regions  of  three  indepen-
dently  fabricated  samples.  Considering  one  additional  edge
measurement from Sample 1, the average enhancement over
four  measured  positions  was  4.64  ±  0.11  (Fig.  S7).  For
comparison, representative lithography-based PhC scintilla-
tors,  including  electron-beam  lithography  (EBL)  and  X-ray
interference  lithography (XIL)  approaches,  are  summarized
in Table  S2.  The  comparison suggests  that  the  present  self-
assembled  structure  can  achieve  comparable  light-output
enhancement while enabling large-area integration.

We evaluated how the integration of  the PhC monolayer
affects  the  actual  X-ray  imaging  quality,  with  particular
emphasis  on  balancing  the  trade-off  between  SNR  and
spatial resolution. Using the high-resolution imaging system
illustrated  in Fig. 5(a) (optical  configuration  details  in

 

I/Iref,max

X-ray θ=0°
X-ray θ=45°
UV θ=45°
Planar reference
(X-ray θ=0°)

R
el

at
iv

e 
in

te
ns

ity

5

4

3

2

1

0

X-ray θ=0°

X-ray θ=45°
UV θ=45°

Planar reference

(X-ray θ=0°)

500 550 600 650 700

Wavelength (nm)

Active area
Enhancement ratio

Ac
tiv

e 
ar

ea
 (m

m
2 )

En
ha

nc
em

en
t r

at
io

1000
6

800
5

400

4

200

3

100
2

10 1

Ref.
 48

Ref.
 49

Ref.
 32

Ref.
 50

Ref.
 51

Ref.
 21

Ref.
 34

Ref.
 52

Our 
work

PL
 in

te
ns

ity
 (a

.u
.)

Reference
Ref fit
τ1=6.97 ns
τ2=58.01 ns

PhC structure
PhC fit
τ1=4.70 ns
τ2=56.34 ns

0 100 200 300
Time (ns)

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.) PhC structure

Reference

250 300 350 400 450 500
Wavelength (nm)

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)

θ=30°

θ=20°

θ=10°

θ=0°

500 550 600 650 700
Wavelength (nm)

a b

c d e

Fig. 4 | Spectroscopic characterization and mechanism verification. (a) Relative emission spectra of the PhC-integrated and planar reference
GAGG:Ce samples under X-ray and UV excitation at different collection angles (θ). The planar reference sample denotes the bare GAGG:Ce
scintillator without the PS-nanosphere PhC layer. (b) Benchmarking of active device area versus light output enhancement ratio. Representa-
tive self-assembled PhC scintillators reported in the literature are included for comparison (refs. 21,32,34,48–52). Detailed parameters are provided
in Table S1. (c) Time-resolved photoluminescence (TR-PL) decay profiles. (d) PLE spectra of the PhC-integrated and reference samples. (e)
Angle-resolved emission spectra of  the PhC sample (offset  for  clarity).  The dashed line traces the spectral  blue-shift  of  the diffraction reso-
nance peak with increasing detection angle (θ).
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Fig. 5 | X-ray imaging performance characterization. (a) Schematic illustration of the high-resolution X-ray imaging optical experimental setup.
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grated sample. (f) Grayscale intensity cross-sections extracted across the line pairs in (c) and (d). (g) Demonstration of practical applicability
via X-ray imaging of a packaged IC chip.
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Supplementary  information  Section  1),  X-ray  imaging  was
performed  on  a  standard  duplex-wire  type  image  quality
indicator  (IQI)  according  to  ISO  19232,  as  shown  in Fig.
5(b). A direct comparison of the radiographs acquired from
the  standard  duplex-wire  type  IQI  (Fig. 5(c) and 5(d))
reveals distinct differences in image texture. While the refer-
ence  planar  scintillator  exhibits  sharp  edge  definition,  the
PhC-integrated  scintillator  preserves  comparable  feature
visibility. Notably, the image captured by the PhC-enhanced
scintillator  appears  substantially  smoother  with  reduced
granularity.  To  quantitatively  assess  this  effect,  grayscale
intensity cross-sections were extracted across representative
line-pair  regions  (Fig. 5(f)).  The  PhC-based  scintillator
displays  a  notably  stabilized  baseline  with  strongly
suppressed  signal  fluctuations  relative  to  the  reference
sample, which is characterized by higher noise components.
Statistical  analysis  performed  over  14  independent  regions
of  interest  (Fig.  S2 and S3)  reveals  that  the  PhC  sample
achieves  an  average  SNR  of  (38.29  ±  0.06)  dB  across  three
independently fabricated samples, compared to only 25.3 dB
for the reference sample, as detailed in Table S3. Consistent
with  this,  the  contrast-to-noise  ratio  (CNR)  also  improved
from 3.04 to 4.51 (Table S4). This substantial (12.94 ± 0.06)
dB  improvement  (corresponding  to  a  (4.437  ±  0.033)-fold
enhancement  in  linear  SNR)  supports  that  the  enhanced
photon extraction contributes effectively to improved imag-
ing SNR. The observed SNR gain closely correlates with the
(4.64  ±  0.11)-fold  integrated  light-output  enhancement
measured  spectroscopically  (Fig. 4(a) and Fig.  S7),  indicat-
ing  that  the  extracted  photon flux  effectively  contributes  to
the  imaging  signal  rather  than  being  redistributed  as  inco-
herent background noise.

While the SNR improvement is substantial, it is crucial to
determine if  this sensitivity gain comes at the cost of image
sharpness.  We  further  characterize  the  spatial  resolution
limit by imaging a slanted tungsten edge and calculating the
modulation  transfer  function  (MTF)  (Fig. 5(e)).  Theoreti-
cally,  the  introduction  of  a  diffractive  interface  inevitably
leads to a broader angular distribution of the outgoing wave-
front,  which  in  turn  produces  a  modest  broadening  of  the
line spread functions (LSF) compared to the transmission of
the  planar  reference  scintillator  (as  detailed  in Fig.  S4 and
Table  S7).  Experimentally,  the  limiting  spatial  resolution —
defined at an MTF value of 0.1—decreases from 27.5 lp/mm
for the reference sample to 22.8 lp/mm for the PhC sample.
This  moderate  reduction  is  likely  associated  with  the
combined effects  of  the introduced diffractive interface and
non-negligible  incoherent  scattering  caused  by  structural
imperfections in the self-assembled PhC layer. These effects
can broaden the effective spatial response of the scintillator,
as supported by the LSF broadening analysis (Table S7) and
the reproducibility analysis in Fig. S8. Overall, this approxi-
mately  17%  reduction  reflects  the  trade-off  associated  with
PhC-assisted  outcoupling,  including  angular  redistribution
and possible incoherent scattering from structural imperfec-

tions, while the resolution remains sufficient for the present
high-fidelity imaging demonstrations. The practical utility of
this balance is visually demonstrated in the X-ray imaging of
a  complex  integrated  circuit  (IC)  chip  (Fig. 5(g)).  In  this
application,  the  PhC-enhanced  scintillator  delivers  high-
contrast  radiographs  where  fine  features —such  as  bonding
wires with diameters of ~30 μm—remain clearly resolvable,
confirming  that  the  moderate  angular  broadening  does  not
substantially  compromise  feature  recognition  capabilities.
Overall, our device successfully navigates the inherent sensi-
tivity-resolution trade-off,  achieving a 13 dB SNR enhance-
ment  while  maintaining  a  spatial  resolution  finer  than  25
μm.  This  scalable  diffraction-mediated  extraction  strategy
effectively  bridges  the  gap  between  high  spatial  resolution
and  sensitivity  under  low-light  conditions,  offering  a
compelling solution for high-performance X-ray imaging.

 4    Conclusions
In  summary,  we  demonstrate  that  integrating  large-area
photonic crystal layers via interfacial self-assembly provides
a  scalable  strategy  for  enhancing  the  LEE  of  high-density
inorganic scintillators. By leveraging Marangoni convection,
large-area PhC monolayers with locally ordered domains are
successfully  fabricated.  This  approach  reduces  the  reliance
on  sophisticated  top-down  nanofabrication  while  enabling
large-area  integration.  The  PhC-integrated  scintillator  real-
izes  a  4.64-fold  enhancement  in  integrated  light  output
under  the  present  collection  geometry.  Spectral  analysis
supports  that  this  enhancement  mainly  originates  from
diffraction-assisted  momentum  coupling,  while  structural
imperfections may also contribute to broadband incoherent
outcoupling.  Although the diffractive interface introduces a
moderate  trade-off  in  spatial  resolution,  the  enhanced
photon  extraction  translates  into  an  approximately  13  dB
improvement  in  SNR,  offering  an  advantage  for  imaging
under  photon-starved  conditions.  Overall,  this  work
provides  a  potentially  scalable  and  material-compatible
route toward high-sensitivity radiographic imaging, particu-
larly  in  photon-starved  scenarios  such  as  low-dose  medical
diagnostics and rapid security screening.
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