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High-refractive-index (HRI) dielectrics are gaining increasing attention
as building blocks for compact lasers. Their ability to simultaneously
support both electric and magnetic modes provides greater versatility
as compared to plasmonic platforms. Moreover, their reduced absorp-
tion loss minimizes heat generation, further enhancing their perfor-
mance. Here, we employ a scalable soft nanoimprinting lithography
method to create a series of two-dimensional (2D) periodic square
hole arrays in polymeric films (SU-8), which are coated with an HRI
dielectric layer (TiO,). These structures exhibit low-threshold lasing
from an organic dye-doped SU-8 layer deposited on top. We study
arrays with different lattice parameters and a sample with a random
distribution of holes, finding that the optimal laser performance
occurs when the optical resonances of the array align with the
emission wavelength range of the dye. Furthermore, we observe that
the anisotropy in the TiO, coating breaks the polarization degeneracy
of the square arrays, leading to the emergence of new modes and
enabling the simultaneous appearance of multiple lasing peaks. Our
work shows that, despite the simplicity of their fabrication process,
the HRI structures studied here exhibit a high degree of complexity,
leading to a rich optical response and enabling multiband lasing. This
offers an innovative approach to building robust HRI platforms for
lasing with improved control over their emission properties.

The development of efficient and versatile light sources is essential
for modern photonics, with applications ranging from telecommu-
nications to medical diagnosis. Among these sources, lasers are
particularly notable for their coherent and monochromatic light
emission, allowing for precise control over light-matter interactions.
Recently, compact lasers have attracted interest as an energy-
efficient alternative, offering faster response times and the potential
for lower costs." The advancement of nanophotonics—particularly
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robust low-threshold multiband lasing¥
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New concepts

In this work, we introduce a fully scalable photonic architecture compris-
ing a 2D array of holes in a polymer matrix, coated with a high-refractive-
index dielectric. This design offers a straightforward yet highly effective
approach to achieve multiband lasing in a gain medium placed above the
array. Our architecture provides a rich optical response that supports low-
threshold multiband lasing with robustness against inhomogeneities
from fabrication. This insight opens new pathways for designing
efficient, scalable nanoscale lasers, advancing the integration of
nanophotonic components in miniaturized optical devices. Unlike the
widely studied 2D arrays of metal disks, which rely on noble metals and
involve complex fabrication steps, our approach is metal-free and
simplifies greatly the manufacturing process. This compatibility with
standard nanofabrication processes significantly enhances its practicality
for real-world applications.

in plasmonics—has stimulated research into more efficient ways to
improve light emitting systems,” enabling compact laser configura-
tions that utilize the extraordinary field enhancement and large
cross sections provided by the plasmon resonances supported by
metallic nanostructures.> However, plasmonic-based lasers suffer
from the inherent absorption losses of the metal, which typically
leads to quenching of the photoluminescence (PL) signal.

The collective modes supported by two-dimensional (2D)
periodic arrays of metallic nanostructures, commonly known as
lattice resonances, offer an alternative way to exploit plasmon
resonances minimizing optical damping.®® Their collective nat-
ure reduces the absorption losses,” providing high-quality factors
and large field enhancements over extended areas.'®™'? Further-
more, variations in these periodic arrays have been studied to
achieve multimode lasing. These include superlattices," patches
of nanostructures with different periods,'* bipartite systems," or
other low-symmetry systems,'® including arrays with periodic
vacancies.'” Still, these systems are difficult to integrate with
conventional CMOS technology.

Virtually free from absorption losses, high-refractive-index
(HRI) dielectric nanostructures present an exciting alternative
to metallic platforms, enabling easy integration with CMOS
technology and paving the way for new optoelectronic device

This journal is © The Royal Society of Chemistry 2025
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integration.'®™" In contrast to metallic nanostructures, whose
optical response primarily arises from the motion of free
carriers, the response of HRI dielectric nanostructures is
shaped by the polarization associated with bound charges. As
a result, HRI dielectric nanostructures support both electric
and magnetic localized modes, commonly referred to as Mie
resonances, whose properties can be tuned by adjusting their
size and shape. The possibility of simultaneously exciting
electric and magnetic modes of comparable strength** and
tailoring their interactions provides a higher degree of tun-
ability for the intensity, wavelength, and quality factor of the
resulting resonances.'®**”*” These properties have been har-
nessed to achieve light emission with controlled directionality
and polarization, as well as to enhance spectroscopy, sensing,
and nonlinear optical processes, among other applications.®

A wide variety of gain materials can be incorporated
into HRI dielectric platforms to produce lasing. These include,
among others, conventional dyes,'”'*'” quantum dots,**°
perovskites,*** up-converting nanoparticles,*>*® and nano-
platelets.>® Due to the significant penetration of electromag-
netic fields into HRI dielectric nanostructures, the gain mate-
rial is often embedded in the resist used to create the pattern,
allowing it to benefit from the hotspots inside the nano-
structure.’” Alternatively, it can be deposited on the system in
solid form™" or solution.*"'7*

HRI dielectric nanostructures can also be organized into
periodic arrays, enabling the excitation of lattice resonances
and facilitating further engineering of their optical response.
For instance, by independently varying the periodicities in the
two directions of the array, the electric and magnetic dipole
resonances can be coupled to the Rayleigh anomalies of the
system>® which allows for the suppression of reflection and the
achievement of perfect absorption.*®**° Furthermore, these sys-
tems are being extensively studied as platforms to implement
novel concepts such as bound states in the continuum,?-2126:28:40
topological insulators** and Mie modes* that can enhance the PL
performance with dielectric nanostructures. However, most nano-
photonic architectures studied thus far are based on 2D arrays of
disks or similar structures. While these designs provide a rela-
tively straightforward optical response, their fabrication requires
multiple processing steps, complicating their integration into
commercial devices.

In this paper, we combine the exceptional properties of HRI
dielectric platforms with the scalability and simplicity of soft
nanoimprinting lithography to achieve a robust all-dielectric
platform for low-threshold multiband lasing. Our architecture
consists of a square 2D array of cylindrical holes imprinted
in a SU-8 layer and covered with a TiO, layer, simplifying
the fabrication process to two simple and scalable processes.
The simplicity of this method contrasts with the most extended
approach of fabricating arrays of isolated pillars by conven-
tional lithography. Soft nanoimprinting lithography is a roll-to-
roll compatible nanofabrication method that uses pre-
patterned elastomeric molds as printing stamps to create
corrugation onto target materials by simply applying pressure
and temperature, featuring resolutions similar to conventional
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lithography. After imprinting the pattern, we thermally evapo-
rate TiO, onto our 2D hole arrays, thus benefiting from its HRI
characteristics and minimum absorption losses in the visible
range. A thin layer of epoxy doped with rhodamine B deposited
on top serves as the gain medium. We choose to work with
rhodamine dyes because they are organic compounds with a
high quantum yield, readily available commercially, and com-
monly used with SU-8 in the fabrication of lasing systems based
on plasmonic lattice resonances'' or whispering gallery
modes.*” They are also widely employed in the development
of relatively long-lasting distributed feedback lasers.*

Once the 2D arrays are fabricated, we carry out a compre-
hensive experimental characterization of their optical response
(reflectance, angle-resolved transmittance, and lasing perfor-
mance) as a function of the lattice parameter and dye concen-
tration. We complement our experiments with rigorous
numerical solutions of Maxwell’s equations, which allow us to
elucidate the origin and nature of the different modes sustained
by the fabricated structures. Our results show that the lowest
threshold and strongest lasing is obtained when the optical
resonances supported by the 2D HRI dielectric array overlap
with the emission band of the dye. The optimal lattice parameter
in this case outperforms the rest of the geometries studied and is
capable of sustaining multiband lasing via diffractive modes
originated by the geometrical characteristics of the array. The
adequate engineering of the periodicity of the HRI dielectric
array enables the formation of robust and intense optical
resonances, which are crucial for facilitating lasing even in the
presence of fabrication imperfections. This resilience, combined
with the ease of tuning the emission range via geometric design,
opens the door to developing cost-effective, scalable, and com-
pact multimode lasing systems. These systems promise flexibil-
ity and simplicity in their fabrication, potentially revolutionizing
applications in fields that demand versatile and affordable laser
technologies.

1. Fabrication and characterization

The HRI architecture used in this work is summarized in
Fig. 1a, where we show a schematic of the cross-sectional view
of the 2D periodic square arrays with varying lattice parameter A.
The unit cell consists of a cylindrical hole of diameter d and
height % (see Section S1 of the ESIL,t for more details) patterned
into a 500 nm thick epoxy SU-8 layer. The array is subsequently
coated with an 80 nm layer of TiO, and covered with a homo-
geneous layer of gain medium, namely, SU-8 doped with rhod-
amine B, that fills the holes and leaves a superstrate on top of the
holes layer of 250 nm.

The different patterns used in this work were fabricated on
SU-8 (SU-8 2000.5 Microchem) by means of soft nanoimprinting
lithography at 95 °C using pre-patterned hybrid stamps. The
elastomeric molds used herein consisted of a thin layer of rigid
silicone and a polydimethylsiloxane (PDMS) back support,
enabling a higher fidelity in the replication while maintaining
flexibility.** The patterned epoxy films were cured with UV
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(@) Schematics of the system under study consisting of a SU-8 layer deposited on a microscope slide, which is patterned employing soft-

lithography and covered by an evaporated TiO, layer of 80 nm thickness. The lattice parameter of the system, A, ranges from 300 nm to 600 nm. The
unit cell contains a hole of diameter d and height h. For the system with A4 = 300 nm, both d and h are 150 nm. For A = 400 and 500 nm, d = 300 nm and
h = 350 nm, while for 4 = 600 nm, d = 330 nm and h remains at 350 nm. After its optical characterization, the system is coated with a rhodamine B-
doped SU-8 layer, leaving a 250 nm thick superstrate. (b) Cross-sectional SEM micrograph of one sample before spin-coating the rhodamine B-doped

SU-8 layer. (c) Photograph of one sample showing the typical iridescence.

light, hard baked, and subsequently covered with an 80 nm
thick TiO, layer by thermal evaporation (see Methods section).
Examples of the resulting arrays, covering an area of 1 cm?, are
shown in Fig. 1b and c. We chose TiO, due to its HRI (~2.2 to 2.4)
and transparency in the visible range. The TiO, coating contri-
butes to enhancing the electromagnetic field within the nanos-
tructures, enabling intense optical resonances that can be used
for light emission enhancement.

For the realization of PL experiments, we covered all the
samples with the gain medium (SU-8 2000.5 diluted in SU-8
thinner until 7 wt% mixed with rhodamine B). This dye can be
efficiently excited with a 532 nm laser and has a high quantum
yield. Solutions with concentrations ranging from 0.6 to 3 wt%
were then spin-coated on top of the TiO, layer in such a way
that the solutions filled the holes and created a 250 nm-thick
flat layer on top, as observed in AFM and SEM images (see
Fig. S1 and S2, ESIt). In this case, the SU-8 was cured over time to
avoid using UV light, which could deteriorate the rhodamine B.

Fig. 2 analyzes the optical response of samples with A = 300,
400, 500, and 600 nm. As a reference, we also analyze a
disordered sample consisting of a random distribution of holes
with d and & equal to 300 and 350 nm, respectively, and
a minimal correlation distance of 500 nm. The black and
blue curves in Fig. 2a show, respectively, the transmittance
and reflectance spectra for the different periodicities under
consideration before the addition of the dye-doped layer. These
measurements were taken using an FTIR coupled to an optical
microscope, under normal incidence from the top of the system
(see Methods section). Examining the spectra of the ordered
arrays, we observe that, in stark contrast to the disordered
sample, these systems exhibit several prominent resonances,
which have sharper and more pronounced lineshapes in trans-
mittance than in reflectance. As A increases, these resonances
redshift, suggesting their origin is linked to diffractive effects.
Indeed, for the largest period under consideration, additional
resonances, associated with higher diffraction orders, emerge
in the spectrum around 500 nm. The optical response of these
systems is more intricate than that of conventional arrays of
discrete particles,'®>” since both the subarray of holes on the
TiO, top layer and the subarray of TiO, disks deposited at the

726 | Nanoscale Horiz., 2025,10, 724-732

bottom of the holes can support optical resonances, whose
characteristics are also largely influenced by interactions
between them. This phenomenon likely accounts for the appear-
ance and the characteristics of the different observed peaks.
Fig. 2b shows the optical response of the same systems
analyzed in Fig. 2a after coating them with the gain layer (3 wt%
rhodamine B-doped SU-8). The addition of the gain layer has
two main effects on the response of the arrays. First, it
introduces a strong dip in the transmittance at 560 nm, which
follows the profile of the absorption band of rhodamine B
indicated by the green-shaded area. Second, the change in the
refractive index of the medium above the array reshapes the
transmittance and reflectance spectra, modifying both the spec-
tral position and lineshape of the optical resonances. Fig. 2b also
displays the PL spectra of the system, collected in the direction
perpendicular to the array, for excitation at 532 nm with a single
laser pulse of energy density of 1.3 mJ cm > Under these
excitation conditions, the array with 4 = 400 nm shows the
best lasing characteristics in terms of efficiency and threshold
(0.1 mJ em™?). This system sustains several diffractive modes
arising from its periodic nature that overlap spectrally with the
emission band of rhodamine B, marked by the red-shaded area.
The system with 4 = 500 nm also achieves lasing, however, it
sustains a single lasing mode with a higher threshold and lower
efficiency (see Fig. S3, ESIT). The remaining arrays do not exhibit
any relevant PL characteristics, regardless of the excitation
energy density. We attribute this to the substantial detuning of
their optical resonances relative to the emission band of rhoda-
mine B. Similarly, the sample with the disordered arrangement
of holes does not show any nonlinear PL characteristics for
excitation energy densities ranging from 0.05 to 1.2 mJ cm™ 2.
Seeking more insight into the behaviour of the resonances
sustained by the array, we performed an angular characteriza-
tion of the transmittance and the PL spectra for the samples
covered with the gain layer. To that end, we used a custom-
made angular measurement setup comprising different light
sources and a rotating stage (see Methods section). Fig. 3a—c
shows the SEM images and the angle-resolved measurements of
the best-performing array, 4 = 400 nm. As a reference, Fig. 3d-f
displays the same information for the disordered sample.

This journal is © The Royal Society of Chemistry 2025
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and reflectance of the sample, while in (b), the red curve corresponds to its PL. The PL is measured using a single pulse of a 532 nm laser, with an energy
density of 1.3 mJ cm™2. Importantly, the PL spectra of the arrays with 4 = 300 and 600 nm, and the disordered arrangement have been rescaled for
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The SEM images shown in Fig. 3a and d correspond to the top
surface of the original masters and illustrate the geometry of
each sample. Examining the angle-resolved transmittance for
the ordered array with A = 400 nm shown in Fig. 3b, we confirm
the existence of several diffractive modes sustained by the
structure. The wavelengths of these modes shift with increasing
incidence angle, further confirming its diffractive nature. The
rich optical response of this straightforwardly fabricated struc-
ture is directly tied to the complexity of its stratified geometry,
consisting of three components layered on the corrugated
surface (gain medium, TiO,, SU-8). In contrast, simpler geome-
tries, such as disk arrays on a substrate or plates with holes,
exhibit more limited optical responses, consistent with their
two-dimensional confinement.'®*” For the disordered sample,
as expected, the angle-resolved transmittance of Fig. 3e only
shows the absorption band of rhodamine B.

The results for the angle-resolved PL shown in Fig. 3c and f,
which were collected from the samples below the lasing thresh-
old using 50 pulses of 0.05 mJ cm 2, follow the diffractive
modes for the A4 =400 nm array and exhibit no relevant features
in the case of the disordered sample. The consistency between
the angle-resolved transmittance and the PL for the ordered
array highlights, once more, the important contribution of the
diffractive modes sustained by the array. This observation
supports the central role played by the periodic arrangement
in achieving robust and controllable lasing, though the lattice
parameter must be engineered so the modes of the array
overlap with the emission range of the dye. Indeed, the smaller
and larger values of A explored here do not offer a good
matching with the emission band of rhodamine B, thus result-
ing in less efficient lasing characteristics. It is also worth noting
that the disordered sample produced nearly three orders of
magnitude fewer counts than the 4 = 400 nm array, indicating
both weak amplification and inefficient outcoupling of the PL
to the external medium.

To gain a deeper understanding of the arrays under study,
we performed numerical simulations of their optical response
using a finite element method (see Methods section). The solid
green curve in Fig. 4a shows the transmittance of the A =
400 nm array calculated at normal incidence. We can distin-
guish four distinct dips centered at wavelengths 621, 628, 652,
and 663 nm, which align well with the experimental spectrum
indicated by the dashed black curve. However, the experimental
results present two additional shoulders around 635 and
677 nm. We hypothesize that these resonances originate from
inhomogeneities in the TiO, coating arising, for instance, from
a slight tilt during the physical deposition of the oxide, which
break the C, symmetry of the system and lift the polarization
degeneracy expected for a square array.*® To verify this premise,
we performed additional simulations of an array displaying an
asymmetric deposition of TiO, inside the hole, as depicted in
the inset of Fig. 4a. This particular geometry is motivated by the
top-view SEM image of the experimental system and the
measurement of the polarization anisotropy of the array, which
we show in Fig. S4a and b (ESIf). Analyzing the numerical
results for the anisotropic system excited with y-polarized light
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Fig. 4 (a) Transmittance spectrum for the A = 400 nm array calculated

with a finite element method. The green solid curve represents the results
for the isotropic structure, while the solid blue and orange curves corre-
spond to the anisotropic structure under excitation with x- and y-polarized
light, respectively (see main text for details). The inset illustrates the
geometry of the anisotropic structure used in the calculations. For refer-
ence, the dashed black curve indicates the experimental results. (b) Angle-
resolved transmittance for the isotropic system calculated with a finite
element method.

(solid orange curve), we find the two additional modes that
were absent in the spectrum of the isotropic system. This
supports our hypothesis that the origin of these resonances is
linked with the asymmetric deposition of TiO, inside the hole.
For excitation with x-polarized light (solid blue curve), we
observe the emergence of an additional mode around 655 nm
and the redshift of some of the resonances. This additional
mode was also observed experimentally when the illumination
spot was scanned across the sample, as shown in Fig. S4c
(ESIT), while the redshift is an expected effect due to the
presence of an additional volume of HRI dielectric inside the
hole. For completeness, we calculated the angle-resolved trans-
mittance for the isotropic system. The results, shown in Fig. 4b,
are in good agreement with the measurements of Fig. 3b. They
confirm the strength, the spectral position and the diffractive
nature of the multiple modes supported by the system.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nh00574k

Open Access Article. Published on 22 January 2025. Downloaded on 2/19/2026 8:48:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

To finalize the analysis of the arrays under study, we con-
ducted a more in-depth characterization of the lasing perfor-
mance of the 4 = 400 nm array. Specifically, we studied the
evolution of the PL spectrum with increasing excitation energy
density, as well as the directionality and the polarization of the
emitted light. Fig. 5a shows the PL spectrum measured below
the threshold with 50 pulses of 0.05 mJ cm ™2, which displays
relatively broad spectral features. However, as shown in Fig. 5b,
when the energy density of the excitation is increased, the
emission profile changes, revealing sharp peaks (FWHM <
1.5 nm) in the region between 610 and 650 nm and signaling
the onset of lasing. This transition is clearly illustrated in
Fig. 5c¢, which shows the characteristic non-linear behaviour
of the PL intensity of each lasing mode as a function of the
energy density of the excitation, indicating that each mode has
a slightly different threshold. The difference in lasing thresh-
olds and intensities of the lasing modes indicates that they
compete for the energy present in the system.'” This is parti-
cularly relevant in our devices, where the large spatial and
spectral overlap between the different modes explains the
variation in the exact lasing wavelengths from sample to
sample, although they consistently fall within the same wave-
length range (see Fig. S5, ESIt). In any case, the HRI dielectric
arrays studied in this work are able to sustain lasing across
different optical modes with a low threshold, highlighting the
robustness of this photonic structure against imperfections.

Fig. 5d and e analyze the characteristic high directionality
(low divergence) of the laser emission, with the beam intensity
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rapidly dropping as the collection angle shifts away from the
normal direction. Compared to the PL spectra below the thresh-
old (Fig. 3c and 5a), the lasing regime exhibits an intense
emission near 0°, while the dispersive behaviour of the modes
remains hidden within the background (Fig. 5e). Besides, the
emission is highly polarized, with different modes presenting
distinct linear polarizations (see Fig. 5f). This result is consis-
tent with the polarization anisotropy revealed in the measured
(Fig. S4b, ESI{) and simulated (Fig. 4a) transmittance spectra.
It is worth mentioning that pump polarization can influence
the lasing properties of solid-state devices.*® However, in our
system, as shown in Fig. 5f, both x- and y-polarized lasing
modes are excited with similar efficiencies and thresholds, even
for a linearly polarized excitation. This behaviour can be
attributed to energy transfer between dye molecules occurring
at sufficiently high concentrations,”” which homogenizes the
orientation of their emission dipoles.

Many factors influence the threshold of a lasing system, one
of which is the dye concentration in the gain layer. To account
for this, we conducted a study, summarized in Fig. S6 (ESIY), in
which the thickness of the gain layer was held constant while
the concentration of rhodamine B was modified from 0.6 to
3 wt%. For 0.6 wt% concentration, a single sharp peak appears
at 606 nm with a threshold of 1.2 mJ cm ™2, while, for 1.5 wt%,
three different modes are visible with thresholds around
0.4 mJ cm™ % This behaviour is typical for an organic multi-
mode laser device. It is well-established that the laser
threshold, particularly in 4-level laser systems, decreases with
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(a) PL spectrum of the 4 = 400 nm array below threshold, collected perpendicular to the system using 50 pulses with energy density

0.05 mJ cm~2. (b) PL spectra under lasing conditions for increasing excitation energy densities. (c) PL intensity at each mode peak wavelength as a

function of the excitation energy density. (d) Divergence of the lasing modes of (b) when excited at 0.45 mJ cm™2.
directionality of the PL above the lasing threshold. (f) Polarization analysis of the lasing modes of (b) when excited at 0.45 mJ cm
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increasing concentration of gain material.*® Phenomenologi-
cally, higher concentrations enhance the absorption of pump
photons, reducing the threshold. Interestingly, the threshold
reduction applies to all photonic modes of the system. There-
fore, at a given pump density, increasing the concentration can
excite additional laser modes, provided they achieve population
inversion. For a predominantly homogeneously broadened
emitter like rhodamine B, this typically occurs when the
lowest-threshold mode does not fully deplete the population
inversion, leaving excess for other modes to utilize. However,
excessively high concentrations can cause aggregation and inter-
molecular interactions that diminish the effective PL quantum
yield and introduce optical inhomogeneities, which ultimately
result in higher thresholds.® It is worth noting that the HRI
dielectric array studied in this work displays four lasing peaks
with thresholds below 0.1 mJ cm™ 2. For comparison, a 2D array of
metallic nanoparticles with the same gain medium (rhodamine B
3 wt% in 250 nm SU-8 matrix) displayed a lasing threshold of
30 mJ ecm %™ which highlights the advantages that our system
can provide for the development of lasing technologies.

2. Conclusions

We have designed a robust and easily produced photonic
system that achieves multiband lasing with a low threshold.
The structure, consisting of a square array of holes imprinted in
an epoxy resin, coated with an HRI dielectric material and
covered with gain media, was created using soft nanoimprint-
ing lithography followed by the physical deposition of a TiO,
layer. By analyzing different 2D periodic arrays and a sample
with a random distribution of holes, we demonstrated that
the system whose modes aligned with the emission band of
rhodamine B, supported multiband lasing, characterized by
four bands in the range from 615 nm to 643 nm with thresholds
as low as 0.1 mJ em ™2 for a 3 wt% rhodamine B concentration
in a 250 nm film. Through angle- and polarization-resolved
transmittance experiments and finite element method calcula-
tions, we showed that these diffractive modes originate from
the periodic structure of the system and the asymmetries in the
TiO, coating, which break the polarization degeneracy of the
square arrays. Our work demonstrates a method for creating
lasing platforms based on HRI dielectrics with complex geo-
metries using a simple and scalable fabrication approach. This
approach yields robust optical responses suitable for multi-
band lasing, whose emission range is readily tunable through
geometric adjustments. These advancements pave the way for
cost-effective, scalable, and compact multimode lasing systems.

3. Methods

3.1. Preparation of the PDMS stamps

The hard PDMS stamps were fabricated starting from original
masters purchased from NAITEC (A = 300-600 nm) and CON-
SCIENCE AB (random). The masters were silanized using trichloro
(1H,1H,2H,2H-perfluorooctyl) silane (97%, CAS: 78560-45-9)
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purchased from Sigma Aldrich. For the imprints, hybrid stamps
combining a thin layer of hard polydimethylsiloxane (h-PDMS)
and a flexible PDMS support were used. h-PDMS was prepared by
components purchased from Gelest (CymitQuimica, Spain): 0.85 g
of 7-8% vinylmethylsiloxane (CAS: 67762-94-1) were mixed with
25 uL of modulator (1,3,5,7-tetramethylcyclotetrasilane) (95%,
CAS: 2370-88-9) and, while stirring the solution, 1.5 pL of catalyst
(Platinum divinyltetramethyldisiloxane, CAS: 68478-92-2) were
added, followed by 275 pL of hydroxyl siloxane (CAS: 68037-59-2)
and 1 mL of toluene. The mixture was spread onto the masters
with the aid of a compressed air gun, left at room temperature
to homogenize the thickness of the layer, and later baked at
60 °C for 1 hour. Then, standard PDMS Sylgard 184 (Neyco) was
added. Sylgard was prepared following the standard protocol of
mixing 10 parts of Sylgard 184 pre-polymer to 1 part of curing
agent and degassing the mixture for 1 hour. After adding it to
the h-PDMS, the PDMS was cured at 100 °C. Once cooled down,
the PDMS stamps were demolded.

3.2. Preparation of the samples

Microscope glass slides (Labbox) were used as substrates and
cleaned using ultrasonic baths of acetone (5 minutes), diluted
Hellmanex III (3%) solution (5 minutes), isopropanol (5 minutes),
and sodium hydroxide (10 minutes), and then rinsed with dis-
tilled water. The negative photoresist SU-8-2000.5 (14 wt% in
thinner) from Microchem was spin-coated onto a glass slide at
2000 rpm for 30 s. The imprinting process was conducted on a
hot-plate at 95 °C for a few seconds, during which the pre-
patterned stamp was placed onto the resist. Upon heating beyond
the glass transition temperature of the resist, the stamp sank into
the film and the patterned PDMS filled with SU-8 became
transparent. Next, the system was left to cool down and the PDMS
was removed. The patterned SU-8 film was subsequently cured in
UV light for 10 minutes and hard-baked at 120 °C for 2 hours,
following the instructions to consolidate the structure provided by
the manufacturer.

The TiO, films were prepared by evaporating TiO, pellets
(99.99% purity, purchased at Neyco.fr) from a graphite crucible
with an electron beam evaporation system (Orion, from AJA
international Inc.). During the evaporation of the film the
pressure did not exceed 10~ ® mbar and the base pressure was
in the 10~® mbar range. The deposition rate was monitored by a
quartz crystal sensor and was kept in the order of 2 A s™*.
A Telemark ebeam source with a 10 KW power supply was used
for this experiment.

To add the gain material, the samples were coated with a
250 nm-thick rhodamine B-doped film (SU-8 2000.5 diluted in
SU-8 thinner until 7 wt%). The concentration of rhodamine B
was calculated with respect to the solid content of SU-8 (i.e.,
assuming a complete evaporation of the solvent) and varied
from 0.6 to 3 wt%, Le., 15 to 75 mM.

3.3. Characterization of the transmittance and reflectance

of the samples

Transmittance and reflectance measurements of the samples at
normal incidence were conducted with an FTIR spectrophotometer

This journal is © The Royal Society of Chemistry 2025
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(Vertex 70, Bruker) attached to an optical microscope (Hyper-
ion) equipped with a 4X objective (0.1 NA) and unpolarized
light. A silver mirror was used as a reference for reflectance
measurements, while air was used as the reference for
transmittance.

Angle-resolved measurements were collected with the
custom-made setup illustrated in Fig. S7 (ESIt). The sample
was illuminated with a white light produced by a tungsten
halogen lamp (Ocean Optics, HL-2000-HP, Florida, USA). Two
filters (Edmund Optics, SCHOTT BG64, and Thorlabs, SRF11)
were used to increase the signal in the UV and NIR region. The
light was focused on the sample and collected using two
achromatic doublet lenses ( f= 100 mm and f= 50 mm). The
detection system was mounted on a rotational optical bread-
board (Thorlabs, RBB12A, New Jersey, USA), and the sample
holder was positioned on a rotational stage (@ = 50 mm)
equipped with resonant piezoelectric motors (Thorlabs,
ELL18/M), which were controlled via an interface board using
LabVIEW. The sample was mounted vertically and oriented
along the high symmetry direction of the arrays on a custom-
made sample holder, allowing for precise control of the azi-
muthal angle ¢ (£ 3°). The transmitted light was collected using
a fiber-coupled spectrophotometer (Ocean Optics, QEPro-FL)
with a range of detection 380-1200 nm.

3.4. Photoluminescence characterization of the samples

To measure PL, the samples were coated with a layer of 7 wt%
SU-8 doped with rhodamine B (0.6-3.0 wt%). This layer was
prepared using SU-8 2000.5 (Kayaku), diluted with SU-8-2000
thinner (MicroCHEM, Westborough, MA 01581), and rhoda-
mine B dye powder purchased from Sigma Aldrich (RhB, CAS
81-89-9; MW 479.01 g mol ™ '). The same setup described above
was used for the angle-resolved measurements, with the tung-
sten lamp replaced by a 1.5 ns pulsed 532 nm laser (CryLaS
Gmb, Ostendstrasse 25, D-12459 Berlin, Germany) operating at
a repetition rate of 100 Hz, with vertical polarization. To
determine the lasing threshold, the excitation power was
increased from 10 uW up to 240 uW, monitored using a power
meter console (Thorlabs PM100D) coupled to a standard photo-
diode power sensor (Thorlabs S121C). Results were expressed in
energy density, calculated as power divided by the repetition
rate and the area of the laser spot. The diameter of the latter
was measured to be around 500 um using a beam profiler. The
emitted PL was collected via a fiber coupled to a spectro-
photometer (Ocean Optics, QEPro-FL), utilizing a reflective
collimator (Thorlabs, RCO8SMA-P01) and a long pass edge filter
with high transmission (Semrock Edge basic BLP01-532R-25) to
block the excitation laser-line. The entire setup was connected
to a workstation, and a customized LabVIEW program was
employed to manage the experiment.

3.5. Numerical calculations

Maxwell’s equations were rigorously solved using a finite ele-
ment method implemented in the commercial software COM-
SOL Multiphysics. To model the periodic array, a domain
corresponding to one unit cell was considered, and Floquet-
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periodic boundary conditions were employed. When possible,
the symmetries of the system were exploited to further reduce
the domain size by employing perfect electric and/or perfect
magnetic conductor boundary conditions. The simulation
domain was truncated in the direction perpendicular to the
array using perfectly matching layers. The refractive index of
SU-8 and glass were taken as 1.59 and 1.52, respectively; the
value for TiO, was obtained from literature,*® while the refrac-
tive index of the SU-8 layer doped with rhodamine B was
measured in the laboratory. The values of all geometrical
parameters were kept consistent with those indicated in the
caption of Fig. 1, unless otherwise stated. The diameter was
reduced from the initially assumed value of 300 nm to 270 nm
to optimize the agreement between simulations and experi-
ments. This variation corresponds to 10% of the initial value,
which falls within the experimental uncertainty of fabrication.
For the simulation of the anisotropic system, we introduce an
additional layer of TiO, with the shape of a semicylindrical
shell and a thickness ¢ = 9.45 nm (see inset in Fig. 4).
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