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Abstract. Engineering materials with tailored optical properties remain a key challenge in photonics. We report
the design, fabrication, and experimental characterization of a three-dimensional chirped woodpile photonic
crystal with nanometric features, produced via two-photon laser lithography. The structure exhibits wave-
length-dependent light localization and intensity enhancement in the near-infrared regime, achieved through
group velocity reduction. This effect arises from a gradual lattice-period chirp along the propagation direction,
inducing a frequency-dependent bandgap shift and spatial separation of localized wavelengths. We propose
an experimental technique capable of sensing the infrared light localization inside the crystal through the
measurement of the transversely scattered light. We confirm, for the first time to our knowledge, strong
localization in the 1400 to 1700 nm range, with longer wavelengths penetrating deeper into the crystal,
consistent with numerical simulations. These findings open new opportunities for infrared photonic applications
requiring enhanced light–matter interactions, including optical sensing, photoluminescence, advanced light
sources, and nonlinear optical processes.
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1 Introduction
Progress in optical sensing and light detection technologies1 is a
major driver of very active research fields such as advanced
microscopy techniques,2 imaging,3 spectroscopy,4 and quantum
information science.5,6 For all these technologies, the develop-
ment pathways are into wavelength ranges where light propa-
gation management and detection techniques are not always
fully available. Most of the proposals for future detectors are
based on novel semiconductor heterostack devices,7 sometimes
comprising new materials with development that is usually
complicated and features heavy metals and toxic processes.8,9

Even successful manufacturing always deals with problems
of miniaturization, wavelength discrimination, and bandwidth

limitations. One interesting approach is not necessarily focused
on the development of novel materials, but rather on the
geometry engineering at the subwavelength scale using already
established photonic materials, as different types of metamate-
rials, megastructures,10 and photonic crystals (PhCs).11 From
bandgaps, stopgaps, tailored spectral or angular transmission
and reflection, enhanced gain, or absorption, various effects
can be controlled through the geometry design.12 In general, this
refers to spatial and temporal dispersion tailoring. In dielectric
structures, particularly under conditions of low light intensity,
these phenomena remain insufficiently investigated and may of-
fer significant advantages for light confinement and detection
applications.

Light localization within photonic structures is commonly
achieved through the reduction of group velocity, which results
in an increased electromagnetic energy density at specific*Address all correspondence to Eva Otero, eva.otero@upc.edu
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wavelengths and spatial regions inside the medium.13 This en-
hancement of local field intensity significantly strengthens
light–matter interactions, thereby enabling improved perfor-
mance in applications such as nonlinear optics, sensing, and
quantum photonics. Various strategies have been investigated
to slow down the light using photonic architectures. Coupled
resonator optical waveguides, for instance, significantly reduce
group velocity, though they are constrained by the delay-band-
width product, which needs a trade-off between slowing effects
and operational bandwidth.14–16 This limitation may be mitigated
by chirping (gradually varying) the periodicity of a structure
along the propagation direction, causing a frequency-dependent
band gap shift. As a result, different wavelengths are stopped
and reflected at different locations within the crystal, enabling
chromatically resolved light localization, also known as the
“trapped rainbow effect.” This phenomenon has been demon-
strated across different configurations, including dielectric17

and plasmonic structures18–21 gratings or waveguides designed
in one-22,23 and two-dimensional24,25 PhCs, or in tapered26 and
in hyperbolic metamaterial waveguides.27 Although they all
show interesting results, several of these configurations, espe-
cially when metallic metamaterials are involved, show extrinsic
losses, requiring gain media to maintain the efficiency.28,29 To
circumvent material losses, transparent dielectric alternatives
operating in the metallic regime or active gain media can be
employed,30 yet challenges persist with out-of-plane radiation
and scattering, particularly near the band edge, where slow-light
effects are most pronounced.30–34

Experimental validations of the trapped rainbow effect have
been conducted primarily in the microwave regime,20,21,35,36

where both fabrication process and detection are simpler, and
also in the visible frequencies using waveguides,37,38 resonator
arrays,39 gratings,19,40,41 and two-dimensional metasurfaces.42,43

In this case, the modal volume of the localization is restricted
by the geometry of the waveguide or grating, limiting local field
intensity and the usable spectrally resolved volume. The concept
has also been extended to acoustics44,45 and very recently to
topological rainbow effect designs.46–49

Despite previous studies on chromatically resolved trapping
in one-dimensional (1D)22 and two-dimensional (2D)24,50 PhCs,
three-dimensional (3D) configurations remain less explored. In
Ref. 36, the authors numerically predicted rainbow trapping in
a defect-free 3D PhC based on a woodpile architecture with
an adiabatic lattice chirp, similar to the one proposed in this work.
Although the theoretical analysis spans the optical domain, in-
cluding visible and infrared wavelengths, experimental evidence
is restricted to the microwave domain (5 to 10 GHz), where cen-
timeter-scale periodicities facilitate fabrication and enable direct
field measurements within the crystal. References 51 and 52 re-
ported on the measurement of the stopbands in 3D photonic crys-
tals, by measuring the reflectivity peaks across the front surface of
the crystal. They reported observations of a shift in the stopband
edges at different positions along the front surface of an inverse
woodpile PhC, which employs etched pores instead of rods. This
phenomenon observed here is unintentional and uncontrolled,
and it is attributed to an unintended gradient in pore radii, arising
from inherent variations introduced by the etching process.

Challenges in manufacturing optical-frequency 3D PhCs
with sub-micrometer lattice periods are highlighted as a need
for tuning photonic bandgaps (PBGs) to infrared (IR) and vis-
ible wavelengths. Most advanced micro- and nano-fabrication
techniques used in planar semiconductor structuring struggle

with the realization of functional 3D PhCs in the optical domain,
even for spatially invariant structures without the lattice chirp,
and it becomes nearly an impossible task for spatially variant
chirped structures.

In this study, we undertake both theoretical and experimental
investigations of chromatically resolved light trapping in the near-
infrared (NIR) regime, and we demonstrate optical localization
and intensity enhancement in the 1400 to 1700 nm range. We
design and fabricate 3Dwoodpile chirped PhCs with sub-microm-
eter features using two-photon lithography (TPL), which has seen
significant advancements during the last decades53,54 and provides
a reliable and promising solution for the very precise fabrication
of complex 3D PhC structures at optical wavelengths.55,56

We predict and experimentally demonstrate wavelength-
dependent light localization at different positions along the
propagation direction. The novelty of our approach, compared
with previous studies (Refs. 36, 51, and 52), lies in two key
aspects: first, the successful fabrication of a 3D photonic crystal
with sub-wavelength lattice periods; and second, the imple-
mentation of an original experimental technique capable of
extracting wavelength-resolved light localization information
from transversally scattered light. We believe that the spectral
imaging results reported herein represent a significant advance-
ment toward the challenging task of detecting light confinement
within 3D photonic crystals.

2 3D Chirped Woodpile Photonic Crystal
Design and Fabrication

We study a space-invariant 3D woodpile PhC consisting of a
vertically stacked arrangement of layers, each formed by paral-
lel dielectric rods, as schematically illustrated in Figs. 1(a) and
1(b). They are known to feature photonic stop-gaps and be com-
patible with 3D laser lithography approaches,57 especially for
fast prototyping. The individual structural elements forming
the woodpile architecture usually exhibit an elliptical cross-
sectional geometry, resembling the voxel-like58 units employed
in its fabrication. This geometric characteristic has implications
for the choice of achievable design discussed later.

The TPL opto-mechanical setup used in this study, sketched
in Fig. 1(c), employed a frequency-doubled Yb:KGW femto-
second laser (Carbide, Light Conversion, Vilnius, Lithuania) op-
erating at a central wavelength of 515 nm, with pulse durations
of 280 fs and a repetition rate of 60 kHz. The laser beam was
focused into the bulk of a thick photoresist film using an oil
immersion lens with a numerical aperture NA = 1.42. Optical
exposure was achieved through localized two-photon absorption
induced locally within the focal region of the focused laser
beam. By exploiting both the optical nonlinearity of two-photon
absorption and the threshold-like chemical nonlinearity of the
photopolymerization process, the feature size can be reduced
below the diffraction limit of the focusing lens. Under the ex-
perimental conditions, including laser wavelength, repetition
rate, numerical aperture, and choice of photoresist, the average
laser beam power required to produce photopolymerized struc-
tures with lateral dimensions of 100 to 200 nm ranged from 10
to 20 μW.

For extended 3D woodpile structures fabrication, the sample
was precisely manipulated via an XYZ nanopositioning system
(Aerotech ANT95L and ANT130LZS, Pittsburgh, Pennsyl-
vania, United States), scanning along a predefined 3D trajectory
at a speed of 200 μm∕s. As 3D woodpile PhCs consist of
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quasiperiodic (chirped) arrangements of dielectric rods, the fab-
rication process predominantly involved linear scans of the sam-
ple position. The initial material employed for TPL was the
hybrid organic-inorganic photoresist SZ2080™, which is
widely utilized in high-resolution 3D microfabrication due to
its optical transparency and favorable mechanical properties.
A photoinitiator, typically used to tune spectral sensitivity to
the laser wavelength, was not required in this case as the intrin-
sic photosensitivity of SZ2080™ was sufficient to enable TPL
without additional components. Omitting the photoinitiator al-
lowed for further refinement of polymerized feature sizes while
minimizing the proximity effect, which can lead to unintended
structural connections between closely spaced elements. After
the TPL fabrication, the samples were chemically developed
in methyl isobutyl ketone (MIBK), followed by ethanol rinsing.
To prevent structural collapse due to capillary forces acting on
the delicate polymerized rods, the samples were dried using a
critical point dryer (JCPD-5, JEOL) with liquefied CO2, ensur-
ing stability and structural integrity.

The geometric parameters of the fabricated crystal (structure
dimensions, lattice periods, and chirp parameter) were deter-
mined from profilometer measurements on the top surface. A
scanning electron characterization and discussion are provided
in Sec. 1 in the Supplementary Material. These parameters, to-
gether with the refractive index (n ¼ 1.52), were implemented
in finite-difference time-domain (FDTD) numerical simulations
to refine the design. Details of the FDTD methodology will be
discussed in the following sections. A key design requirement
was ensuring that the structure exhibited an experimentally

observable rainbow trapping effect in the NIR wavelength range.
Numerical analysis indicated that the effect can be achieved in the
1300 to 1800 nm range when the lattice periods along the x- and
y-axis are a ¼ 0.94 μm and b ¼ 1.92 μm, respectively. Along
the z-axis, which defines the chirp direction, the lattice period
increases progressively from c0 ¼ 0.5 μm at the front plane to
cf ¼ 0.9 μm at the back plane of the structure. For an accurate
representation of the structural characteristics of the woodpile
fabricated via the TPL method, the rods are assumed to have
an elliptical cross-section with in-plane (minor) and vertical (ma-
jor) diameters of Δx ¼ 0.3 μm and Δy ¼ 0.78 μm, respectively.
The elliptical shape and axial elongation, by a factor of ∼2.5 to
2.8, arise due to the elongation of the focal region of the writing
laser beam when focused by a high NA lens. The ellipticity of the
rods was accounted for in our simulations. However, slight var-
iations in this ellipticity due to fluctuations in laser power can
alter the effective refractive index, further contributing to the mi-
nor spatial shifts observed in the localization peaks.

The total length of the structure is 84 μm, consisting of 120
periods, with an average increment of 3.3 nm per layer. The fab-
ricated samples have an in-plane size of 30 μm ðxÞ × 40 μm ðyÞ,
sufficiently large to allow the transmission of a collimated test
beam without clipping. Thus, the final structure dimensions are
30 μm ðxÞ × 40 μm ðyÞ × 84 μm ðzÞ, as shown in Fig. 1(d).

2.1 Dispersion Analysis

The rainbow trapping mechanism relies on two key factors: the
reduction of group velocity (vg), which slows light propagation,
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Fig. 1 (a) Schematic representation of the woodpile PhC scheme. All the rods are made of the
same material, and the coloring is simply used to distinguish different layers. (b) Representation of
the ðy ; zÞ transverse plane to the propagation direction, where the chirp and half-period shift be-
tween two consecutive layers are visible. (c) Fabrication setup sketch. (d) Representation and size
of the whole crystal.
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and the presence of a photonic stop gap, which causes reflection.
In PhCs, these conditions typically arise at frequencies near the
PBG. When an adiabatic chirp is introduced into the crystal lat-
tice, different wavelengths experience these effects at different
depths within the structure.

The first and most critical step in designing the PhC samples
was determining the conditions necessary for group velocity
reduction in a perfectly periodic PhC (i.e., an infinite, spatially
invariant, and nonchirped woodpile structure). In this initial
study, the photonic band structure and group velocity were cal-
culated using the plane-wave expansion method. Figure 2(a)
presents the simulated photonic band structure based on the
above-specified structural parameters. As the study primarily fo-
cuses on light propagation along the z-axis, the relevant modes
are those with k ¼ ð0; 0; kzÞ, corresponding to the Γ − K1 seg-
ment in Fig. 2(a). Within this direction, the narrow frequency
range marked in red exhibits no propagating modes, indicating
the presence of a PBG.

The group velocity for light propagating along the z-axis was
calculated through numerical differentiation of the dispersion
relationships:

vfg;zgðkzÞ ¼
�∂ω
∂kz

�
kz

≈
ωðkz þ dkzÞ − ωðkz − dkzÞ

2dkz
:

Given that the period in the chirped samples increases linearly
with the position inside the crystal from c ¼ 0.5 to 0.9 μm,

we can determine the evolution of the PBG spectral edges along
the z-axis and study how light propagates inside the PhC by
looking at the evolution of the PBG with c. Figure 2(b) illustrates
how the gap upper boundary in wavelength (corresponding to the
lower boundary of the gap in frequency, Fig. 2(a) marked PBG)
varies as a function of c parameter for the highest wavelength in
TE and TM polarized modes. As shown in Fig. 1(b), TE modes
are polarized parallel to the y-axis, whereas TM-like modes are
oriented along the x-axis. Our study considers both TE and TM
incident field polarization. However, in a 3D PhC, one cannot
strictly talk about “TE” or “TM” modes due to mode mixing;
for this reason, we will use the terms TE-like and TM-like.

As the gap behavior differs significantly between the two po-
larizations, TE- and TM-like modes are expected to propagate dif-
ferently within the PhC. This is due to the lack of 90 deg rotational
symmetry along the z-axis of the woodpile crystal. As shown in
Fig. 2(b), light at λ ¼ 1500 nm initially propagates freely within
the crystal as it lies above the PBG boundary. However, as it pen-
etrates deeper, the PBG shifts toward longer wavelengths until it
reaches 1500 nm. At this point, the group velocity approaches
zero, leading to localization of the light. For TM-polarized light,
this occurs at z ¼ 17 μm, whereas for TE-polarized light, locali-
zation occurs at z ¼ 23 μm. For longer wavelengths, such as
λ ¼ 1700 nm, propagation continues deeper into the structure be-
fore reaching localization at z ¼ 42 μm for TM-like modes and
z ¼ 50 μm for TE-like modes.

Figure 2(c) presents the evolution of group velocity as a func-
tion of lattice period and position inside the photonic crystal for
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Fig. 2 (a) Computed PBS for a 3D woodpile for TE-like and TM-like modes. The red rectangle
highlights the PBG seen by the light propagating along the z-axis. The right inset shows the first
Brillouin zone of the lattice. (b) Evolution of the beginning of the PBG as the period c changes
along the propagation direction z. (c) Evolution of the group velocity as a function of the period
and the position inside the PhC for wavelength λ ¼ 1700 nm.
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λ ¼ 1700 nm. Comparing this with Fig. 2(b) reveals that the
group velocity decreases progressively as the wavelength ap-
proaches the bandgap edge, ultimately reaching zero at the
PBG boundary.

The results in Fig. 2 indicate that the woodpile PhC with an
increasing lattice period along the propagation direction exhibit
optical localization at wavelengths above the photonic stop-gap
boundary. Furthermore, the localization depth increases with
wavelength.

2.2 Electric Field Intensity Distribution

To gain insight into the light propagation within the chirped
PhC structures of finite length, numerical simulations were

conducted using the FDTD method. We consider a finite crystal
in the z-axis (simulating the whole length of our fabricated sam-
ple), and a single unit cell in the xy plane ða × bÞ, normal to the
propagation direction. We impose periodic boundary conditions
in the xy plane while using perfectly matched layer (PML)
boundary conditions at the z edges to minimize reflections and
simulate an open boundary for outgoing waves. We consider the
input electromagnetic field as a Gaussian source with a wave-
length bandwidth from 1000 to 1700 nm. The beam has a plane
wavefront and normal incidence on the xy plane.

Figure 3(a) presents the simulated distribution of normalized
electric field intensity (I ∝ jE∕E0j2) inside the crystal as a func-
tion of propagation distance (z) for five distinct wavelengths in
TE mode. This representation focuses on the xz plane for a fixed

9.6
(b)

(a)

z

z

x x x x x

Fig. 3 (a) Electric field intensity distributions along propagation direction inside the crystal (from
z ¼ 0 to z ¼ 84 μm) for one unit cell in the xy plane (a × b), considering several wavelengths:
λ1 ¼ 1250 nm, λ2 ¼ 1400 nm, λ3 ¼ 1500 nm, λ4 ¼ 1600 nm, and λ5 ¼ 1700 nm. (b) Electric field
intensity spectral image along propagation direction for incident TE polarization. The wavelengths
corresponding to Fig 3(a) are indicated in white arrows, and the localization z-position of each
wavelength in red arrows.
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y position. Although this analysis is conducted at a specific y
coordinate, other y positions may exhibit different intensity dis-
tributions along the x-axis; however, the penetration depth along
the z-axis remains consistent across these varying y positions. In
addition, it should be emphasized that the horizontal axis (x) in
this figure represents only one unit cell/period (a) of the struc-
ture. The colormap represents normalized electric field intensity
values. As expected from Fig. 2(b), at λ1 ¼ 1250 nm, incident
radiation is entirely reflected at the front face of the structure
due to the presence of a PBG, preventing its penetration into
the crystal. At longer wavelengths (λ2 ¼ 1400 nm, λ3 ¼
1500 nm, λ4 ¼ 1600 nm, and λ5 ¼ 1700 nm), the radiation
successfully enters the structure and is halted at progressively
greater depths due to the gradual shift in the PBG.

This trend is further illustrated in Fig. 3(b), where the elec-
tric field intensity, at a central xy point, is mapped against
wavelength and z-axis position. The resulting colormap repre-
sents the chromatically resolved rainbow-trapping effect along
the whole crystal in the z-axis. Notably, the localization of
light at wavelengths λ3 ¼ 1500 nm, λ4 ¼ 1600 nm, and λ5 ¼
1700 nm (z ¼ 20, 32, and 48 μm, respectively) occurs at z-
coordinates closely matching the theoretical predictions
(z ¼ 23; 33, and 50 μm) derived from photonic band structure
simulations in Fig. 2(b). The small variations are due to the
fabrication tolerance of the structure.

3 Experimental Setup, Results,
and Discussion

Measuring light propagation and intensity distribution within the
PhC studied here presents a significant challenge due to the 3D
geometry and sample size, which prevent direct probing of the
internal electric field intensity. Although nano-detector concepts
have been proposed,59 integrating them into our 3D structure

studied here is impractical. Instead, the characterization of the
electric field intensity was conducted by measuring light scat-
tered transversely to the propagation direction. We base our
method on prior studies demonstrating that scattered light inten-
sity at a given position correlates with the electric field intensity
inside the crystal.36

To validate our experimental setup and establish the correla-
tion between the measured transverse scattered light and the
internal field distribution, we first conducted a reference experi-
ment using two different diffusive glass samples, obtaining an
exponential intensity decay consistent with the Beer–Lambert
law (details in Sec. 2 of the Supplementary Material). This ex-
periment validates the setup employed for measuring transverse
scattered light, confirming that the recorded intensity is propor-
tional to the internal intensity distribution within the crystal.
Although this relationship is qualitatively reliable, the exact pro-
portionality factor between the scattered light intensity and the
corresponding internal field cannot be determined as no direct
measurement method exists. Consequently, our approach enables
only qualitative comparison with the internal intensity distribu-
tion. Nevertheless, to the best of our knowledge, this technique
represents the most effective indirect probe for assessing wave-
length-dependent light propagation and localization within the
nanometric-scale 3D PhCs, and as shown below, our results
exhibit strong qualitative agreement with numerical predictions.

3.1 Experimental Setup

A schematic representation of the experimental setup we built is
shown in Fig. 4. The input light was provided by a supercontin-
uum fiber laser pumped at 1064 nm, emitting a broadband
radiation within 450 to 1700 nm, with high spatial coherence
and high spectral intensity. The supercontinuum seed, at λ ¼
1064 nm, was filtered out to prevent detector saturation. Input
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Fig. 4 Schematic representation of the experimental setup, where PL stands for linear polarizer;
O1 and O2 are the first and second objectives; L is the lens; and M1, M2, and M3 are the mirrors
(made using Ryo Mizuta Graphics). Paths 1 and 2 are marked by black dashed lines. The top left
inset shows an image of the real sample and its dimensions. The middle left inset shows a close-
up scheme of the polarized light coupled into the sample and the transversal scattered light.
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polarization was controlled via a linear polarizer (PL). As the
PhC is positioned at the very edge of the glass substrate, light
was coupled into the structure using a long-working-distance,
infinity-corrected 20×∕0.42 microscope objective (O1). A
CCD camera imaging the crystal’s input face ensured optimal
coupling quality. Light scattered upward from the chirped PhC
was collected by a second microscope objective (O2) and could
be directed along two distinct optical paths (path 1 and path 2).

3.2 Experimental Results and Discussion

3.2.1 Path 1: Spectrally filtered imaging

By moving the mirror M2 out of the optical path, scattered light
was directed through a mirror (M1) and a lens (L1) onto an infra-
red CCD camera. Spectrally filtered images of the entire crystal
were obtained by placing narrow bandpass filters [with 12 nm full
width at half-maximum (FWHM)] in front of the CCD, isolating
specific wavelength ranges from the supercontinuum laser spec-
tra. The localization of different wavelengths, λ1 ¼ 1350 nm
(FB1350-12 Thorlabs, Newton, New Jersey, United States), λ2 ¼
1400 nm (FB1400-12 Thorlabs), and λ3 ¼ 1600 nm (FB1600-
12 Thorlabs), within the crystal was recorded (Fig. 5).

As predicted by the simulations, wavelengths near the gap
are localized at the front of the structure (1350 and 1400 nm),
whereas longer wavelengths propagate deeper (1650 nm); thus,
we observe good qualitative agreement between numerical sim-
ulations and experimental measurements. It should be noted
that FDTD simulations in Fig. 3(a) show the intensity of the
field on just one period in the x direction, whereas in the ex-
perimental results, we recorded the scattered light intensity of
the whole crystal width, both in z and x directions, obtaining
the scattered light distribution over many periods at once. The
nine-factor enhancement predicted by the simulation cannot be
experimentally retrieved as we are unable to make direct mea-
surements of the field intensity inside the crystal. Nevertheless,

the strong qualitative agreement of the light distribution gives
us arguments to rely on the simulations and expect a similar
enhancement factor.

3.2.2 Path 2: Spectral imaging via position filtering

This path directs the collected scattered light to a spectrometer
(Andor Kymera 328i and iDus InGaAs camera), enabling spectral
imaging at specific locations within the crystal. A system com-
prising three mirrors (M2, M3, and M4) and a f ¼ 1000 mm
tube lens (L) projects the image onto a 200 μm vertical slit,
allowing only light from a selected z-axis position to enter the
spectrometer for spectral analysis. To perform spatial scanning
along z, mirror M4 was mounted on a stepper motor, enabling
vertical displacement. By systematically adjusting its position,
space-dependent spectra of scattered light were reconstructed
along the propagation path inside the crystal, closely mirroring
theoretical simulations. The black band centered at 1064 nm ob-
served in the experimental plots corresponds to the filter used to
block the supercontinuum seed.

Figure 6 shows the spectral image of light propagation along
the crystal. Figure 6(a) shows the transverse scattered light mea-
sured by the spectral-imaging system for the TM-like mode; the
colormap is presented on a logarithmic scale and normalized to
the input laser spectral profile. Figure 6(b) shows the corre-
sponding numerical predictions, as explained in the simulations
in Fig. 3. As explained above, the simulations calculate the field
intensity distribution within a single unit cell in the xy-plane and
along the whole crystal in z-direction, whereas the experiments
characterize the transverse scattered light from the entire crystal.
Although the intensity scales in Figs. 6(a) and 6(b) are not di-
rectly comparable, the results qualitatively demonstrate wave-
length-dependent light localization and intensity enhancement
in the NIR range. The localization effect occurs for wavelengths
above the PBG, with longer wavelengths penetrating deeper
into the crystal, as indicated by the magenta arrow. Notably,

1350 nm 1400 nm 1600 nm

130

0

z (
μm

)

counts
4000

3000

2000

1000

0

Fig. 5 (Spectrally filtered imaging.) Transverse scattered light images recorded with an infrared
CCD camera, selecting three different narrow wavelength ranges around 1350, 1400, and
1600 nm using hard-coated bandpass filters. Red lateral curves show the integrated intensity
along the propagation direction. Note that these results represent the transverse scattered light
over the whole crystal width and length, and not the field intensity inside the crystal. The scale of
the colormap corresponds directly to the CCD sensitivity.
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features below the gap seen in the simulations are also present
in the experimental data, albeit at lower intensity (highlighted by
the green lines and red circles). A similar behavior is observed for
TE-polarized light, as shown in Figs. 6(c) and 6(d). Moreover,
longer wavelengths exhibit greater penetration depth in TE-like
mode compared with TM, aligning with the dispersion simula-
tions [see Figs. 2(b) and 2(c)].

To confirm that the observed results originate from the
chirped periodicity, we performed a comparative analysis us-
ing a nonchirped woodpile PhC with similar average structural
parameters. As shown in Figs. 6(e) and 6(f), the unchirped
sample does not exhibit wavelength-dependent light localiza-
tion, and the PBG remains constant along the propagation
direction.
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Fig. 6 (Spectral imaging via position filtering.) Experimental and numerical electric field intensity
plots for TM-like (a), (b), TE-like (c), (d) chirped samples and unchirped sample (e), (f). Note that
the color scale in the experimental results (a), (c), (e) is in logarithmic scale, and it represents the
transverse scattered light as captured by the spectral imaging system. This measurement does
not show the electric field intensity inside the crystal, unlike the simulations.
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4 Conclusion
We investigated light propagation in a chirped 3D woodpile
photonic structure fabricated using TPL and successfully dem-
onstrated chromatically resolved infrared light localization in
the NIR spectral range. This work advances previous studies
in two key directions:

First, we improve the fabrication process by producing
high-quality 3D chirped woodpile geometries through TPL in
a hybrid organic–inorganic photoresist, followed by a controlled
shrinking step. This reduction in lattice periods to sub-micron
dimensions is essential for observing the rainbow-trapping
effect in the NIR regime.

Second, we introduce an original indirect sensing method
for internal light localization based on transverse scattering light
analysis. This approach addresses the challenge of directly
measuring the internal optical field within sub-micrometric
structures and enables the acquisition of high-quality spectral
images of light distribution along the crystal’s propagation
direction.

The resulting scattered-light images show strong qualitative
agreement with FDTD simulations, confirming the reliability of
this technique for assessing wavelength-dependent spatial field
distribution. Although the scattered-light intensity correlates
qualitatively with the internal field intensity, the exact propor-
tionality factor remains undetermined due to the absence of di-
rect measurement methods. Despite this limitation, to the best of
our knowledge, this technique represents the most effective indi-
rect probe for studying wavelength-dependent light propagation
and localization in nanometric-scale 3D photonic crystals.

As a next step, integrating fluorescent or nonlinear materials
within the 3D photonic crystal could leverage the enhanced
light–matter interactions enabled by chromatically resolved
localization. Such integration would provide deeper insights
into field localization and pave the way for promising applica-
tions, including optical sensing, photoluminescence enhance-
ment, novel light sources, and nonlinear micro-photonic
devices.
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