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Abstract

Sol-gel based layers doped with Rhodamine B phosphors (RB) were directly microstructured
to produce sub-lambda 2D gratings, using nanoimprint lithography. Such an approach enables
the simplification of technological processes, since no further etching process is required,
which reduces considerably the number of technological steps and thus production costs.
Surface microstructuring improved fluorophore emission in the visible range. Demonstrations
were performed experimentally and samples were characterized using angle-resolved
fluorescence. The emissions measured on microstructured luminescent coatings were 3 to 4
times higher, depending on the angle of observation, than those recorded on flat surfaces. This
technological approach is very promising for the next generation of low-cost, high-
performance anti-counterfeiting marking processes and for the traceability of objects based on

unique optical effects.
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grating.
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1. Introduction

The fight against counterfeiting is very expensive for the global economy, and today
all sectors of activity have to use marking and traceably technology to conform to regulatory
requirements or respect good practices. A number of technologies exist, with varying costs or
levels of security [1]. Even though these technologies are increasingly sophisticated, it is
necessary to develop fast and cost-effective solutions with a higher security level.
Luminescent marking [2] is an invisible marking technique (level 2) but it is easily
counterfeited. Microstructuring, like hologram technology [2], is a visible marking process
(level 1), but is much more difficult to counterfeit. Microstructuring on a luminescent coating
IS a promising approach since it can combine several optical effects, giving rise to unique
markings which are difficult to reproduce or copy.

At the same time, nanoimprint technology enables the microstructuring of sol gel

material layers without any other technological processes (etching, lithography...) [3-7].
Thus, combining luminescent material in a silica sol-gel before microstructuring by
nanoimprint is a very promising technology route and a faster method, with high throughput
structuring processes, that will be more easily adaptable for industrial deployment. There are
many papers on the microstructuring of phosphor-doped sol-gel coatings [3, 4] for different
applications, such as lighting [6-8] or solar cells [4]. Other authors, such as Pina-Hernandez et
al [5] have developed a new method to produce printed active photonic devices using
nanoimprint lithography, combining a printable high-refractive-index material and colloidal
CdSe/CdsS quantum dots (QDs) for applications in the visible region. Active media QDs were
applied in two different ways: embedded inside a printable high-refractive-index matrix to
form an active printable hybrid nanocomposite, and used as a uniform coating on top of
printed photonic devices.
However, to the best of our knowledge, only a few papers report on the direct patterning of
the doped sol-gel coating using nanoimprint technology. Indeed, Revaux et al [8] reported
structured luminescent thin films with a doped sol-gel, but this concerned the upper and non-
functional layer. In their study, the authors aim to microstructure the luminescent-based sol
gel layer. This approach has two effects: the enhancement of the emitted luminescent light
(visible light extraction) and increased UV light trapping in order to increase the number of
incident photons in the luminescent layer (such as an anti-reflection coating).

They demonstrated a promising approach based on a doped sol-gel matrix with

phosphor molecules, compatible with direct microstructuring using nanoimprint technology



[8]. First, in their paper, which concerns lighting applications, they used different phosphors
to the ones we investigated in our study for anti-counterfeiting applications. Secondly, in our
current paper, we optimized and micro-nanostructured, using the nanoimprint lithography
(NIL) process, the whole sol-gel based functional layer for both light trapping and light
extraction for a wider phosphor emission angle.

This article is organised in the following way: first, the different production steps are
described, involving the synthesis of the fluorophore solutions and their mixture leading to
layer deposition and grating printing. Next, the results of the measurements on the fabricated
samples are discussed: different emission spectra and angle-resolved fluorescence are
commented on, leading to the best choice of samples. The conclusion highlights the

improvement in luminescence when using a micro-structured layer instead of a plane sample.



2. Experimental section

The fabricated sample is presented in Fig. 1 and the fabrication steps will be detailed

later.

A =950 nm -
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Substrate : silicon or quartz

Fig. 1. Structure of the sample.

The sample consists of a silicon (or quartz) substrate with a luminescent sol-gel
coating microstructured using the nanoimprint lithography technique. The latter consists of a
tetraethoxysilane (TEOS)/methyltriethoxysilane (MTEOS) sol containing Rhodhamine B
((TEOS/MTEOS)/ RB). The pattern is a 2D sinusoidal diffraction grating.

2.1. Materials

Rhodamine B (RB) salt CysH31CIN,O3 and tetraethoxysilane (TEOS) of formula
Si(OCH, CHs ), and methyltriethoxysilane (MTEQS) of formula C;H1303Si, with purities
of at least 98% were purchased from Sigma-Aldrich. Table 1 gives the developed formulae of
these precursors. Different types of substrates were used: quartz substrates and silicon wafers

of 1 inch diameter were provided by Neyco.

Table 1: Names and developed formulae of precursors.
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Rhodamine B : RB Tetraethoxysilane : TEOS Methyltriethoxysilane : MTEQOS

2.2. Synthesis procedure of RB solutions and TEOS/MTEOS sol

Five solutions with RB concentrations ranging from 1.65 10 to 1.65 10 mol/L in
ethanol were prepared in order to determine the concentration leading to the most interesting
optical performance. The concentrations studied are reported in Table 2 and will be noted Sy

(with x = 0 for the most concentrated solution to 4 for the most diluted solution). A
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photograph of the solutions in daylight and under UV light is shown in figure S1; the
luminescence of RB in ethanol solution under UV excitation at 365 nm is clearly revealed.

A solution in water/ethanol media using methyltriethoxysilane (MTEOS) and
tetraethoxysilane (TEOS) as silica precursors was prepared by mixing the components in the
following molar ratio: ethanol/water/silica precursors ((TEOS/MTEOS) 3/1): 4/1/0.25.

This sol, which will be used as a dispersion medium for RB, was formulated taking
into account several physico-chemical parameters, such as its viscosity and the possibility of
producing one-shot transparent coatings of a few hundred nanometres thickness by spin
coating. The formulation was chosen based on the protocol presented in the work of

Anastasova et al. [9] and Rios et al. [10]. Ethanol is used to adjust the viscosity.

Table 2: List of RB solution samples in ethanol and TEOS/MTEOS sol.

Concentration of RB in ethanol and TEOS /IMTEOS Solutions Sols

sol (mol/L) (TEOS/MTEQS)/RB
1.65.10° So Sor
3.29.10" Sy Sit
1.65.10" S, Sot
3.29.10” Ss Sar
1.65.10” S, Sut

2.3. Synthesis of the (TEOS/MTEQS)/RB solutions

Several TEOS/MTEOS/RB sols were prepared by mixing RB ethanolic solutions in
ethanol/water/TEOS/MTEQOS sol media. RB amounts were calculated to keep the same
concentrations as those given in Table 2 for Sy.4 ethanolic solutions. The solutions were
homogenised with a magnetic stirrer for 18 hours at room temperature before being used to
make thin films by spin coating. These sols present low viscosity and a yellow-orange

luminescence similar to that of RB in ethanol under a UV excitation of 365 nm (Figure S1).

2.4. Elaboration of nanocomposite functional coatings

Nanocomposite coatings were elaborated using the spin-coating method. Spin-coating
conditions, such as rotation speed and drying time, were optimized in order to obtain thin
coatings (a few hundred nm) with a unique deposition. For this purpose, a 300 uL droplet of
the S;t suspension was deposited at 3000 rpm for 60s on quartz and silicon wafer substrates
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with a drying time of 2 hours at 80°C to evaporate the solvent and allow the full
polymerisation of the silica matrix. These films will hereafter be referred to as Sitr. The
thickness of the films was measured by profilometry and their surface roughness and
topography were studied using Atomic Force Microscopy (AFM). A reference film without
RB was prepared with the TEOS/MTEOS sol.

2.5. Elaboration of the diffraction gratings

The diffraction gratings were fabricated using the nanoimprint lithography process via
three process steps. First, Laser Interferential photoLithography (LIL) was performed on a
positive photoresist to create a grating master. Then, a PDMS mould was replicated from the
master. Finally, the mould was used to print the master pattern directly onto the luminescent
coating by nanoimprint lithography (NIL), performed by our industrial partner SILSEF.

2.6. Characterization techniques

The viscosity of RB solutions in ethanol and (TEOS/ MTEOS)/RB sols was measured
with a Vibro Viscometer SV-AQ/SV 100 after six days at a temperature of 18°C.

The thickness of the (TEOS/MTEQOS)/RB thin films was measured using a Alpha Step 1Q
Profilometer from KLA Tencor. Three random locations on each film sample were used to

determine the thickness.

AFM measurements were performed in tapping mode using a Nanoscope Illa Atomic
Force Microscope (AFM) from Veeco Instruments. The surface topographical images of the
nanocomposite films obtained by AFM were worked up with Nanoscope 7.20 image
processing software. RMS roughness (Rq) values for the surfaces, defined as the standard

deviation of the z values within a given area, were calculated according to Equation (1)

Y(Zt —Zgpe)?
() Rq = 75

where z,. is the average of the z values within the given area, z; is the z value for a given
point, and N is the number of points within the given area. Images of the films were obtained
at three different locations, and four locations within each image were used to calculate the

average roughness.

The optical indices (refractive index and extinction coefficient) were determined from
phase-modulated spectroscopic ellipsometry measurements using a Jobin-Yvon UVISEL
apparatus (0.59-4.79 eV and fixed 70° incident angle).



The UV-visible absorption spectra of the samples were recorded in the 200-800 nm
wavelength range using a UV-vis spectrophotometer (SP-3000 Plus) equipped with an
integrating sphere and UV-Probe software.

Quantum vyield efficiencies and emission spectra were measured at room temperature
using a C9920-02G PL-QY integrating sphere measurement system from Hamamatsu
Photonics. The setup consisted of a 150 W monochromatic Xe lamp, an integrating sphere
(Spectralon coating, @ = 3.3 in.) and a high-sensitivity CCD camera. The internal
photoluminescence quantum yield PL QY and the absorbance (Abs) defined by formulae 1
and 2 were obtained directly from the measurements made in the integrating sphere. The
absolute photoluminescence quantum yield PL QY aps Was calculated from the product of PL
QYint * Abs, and corresponds to the number of emitted photons over the number of incident

photons (formula (3)).

(1) PL QYint = number of emitted photons/number of absorbed photons

(2) Abs = number of absorbed photons/number of incident photons

(3) PL QYaps = PL QYin: . Abs = number of emitted photons/number of incident photons.

Angle-resolved photoluminescence was performed at room temperature. A 375 nm
laser diode was used to excite the sample at 60° from normal incidence. The spot size was
around 2 x 6 mmz2. The luminescence signal was detected by an optical fibre mounted on a
goniometer to collect emissions from 0° (front of the sample) to 90° with an angular
resolution of 0.9°. A 425 nm long pass filter was used to remove the excitation source on the
detection line. The signal was then focused on the slit on a 32 cm focal monochromator and

detected by a CCD camera.

Far-field emission measurements were carried out using a microscope lens with a
numerical aperture of 0.55 giving access to a large range of emission angles (11.6° to 78.4°)
with an angular resolution of 0.26°. The sample was optically pumped with a 375 nm laser
diode with a spot diameter of 7 um. The detection line was the same as with the angle-

resolved photoluminescence setup.



3. Results and discussion
3.1. Screening for the best RB concentration in ethanol and in TEOS/MTEQOS

3.1.1. Optical properties of RB ethanolic solution

Firstly, the optimal RB ethanolic solution leading to the best luminescence properties
was established through the absolute photoluminescence quantum yield values (PL QY gps).
The corresponding PL QY s Variation for S, solution (corresponding to 1.65.10™ mol.L™) is
given in Fig. 2a as a function of the excitation wavelength. Fig. S2 shows PL QY a5 curves for

other RB solutions.
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Fig. 2. a) Variation in PL QY 4, as a function of the excitation wavelength for solution S;, b)
Variation in PL QY s as a function of the RB solutions in ethanol (S, 1, 2, 3 and 4) for Aexc = 275,
365 and 450 nm.

Spectral profiles similar to that shown in Fig. 2a for S, solution were recorded
whatever the RB concentration in ethanol except for the most concentrated one Sy (Fig. S2a).
For all the solutions studied (except So), the absolute photoluminescence quantum yields are
between 20 and 35% on most of the range of excitation wavelengths investigated. We can
therefore conclude that these solutions can be efficiently excited over a wide range of
wavelengths and in particular by commercial UV and/or blue LEDs whose corresponding
wavelengths 275, 365 and 450 nm are shown as dotted lines in Fig. 2a and S2.

For all these three wavelengths of interest, the PL QY 4 increases with the amount of
RB in solution, then reaches a maximum for solutions with concentrations between S3 and
S1, depending on the excitation wavelength, before decreasing again. This behaviour is
observed whatever the considered excitation wavelength (Fig.2b). The best values are

obtained for the 365 nm excitation.




The reduction in PL QYas When the RB amount becomes higher than 1.65 10
(solution S;) could be explained by a concentration quenching phenomenon, which is
predominant when the concentration of RB increases above a certain threshold. The same
behaviour has been evidenced in the case of fluorescein and sulforhodamine (SRB) [11-13].
Indeed, when RB molecules are sufficiently close to each other, they are prone to aggregation
by =n-stacking (parallel stacking) due to conjugated xanthene rings or by hydrogen bonding
(head-to-tail). Xanthene dyes such as RB, SRB or fluorescein are well known [14] to interact
mutually, resulting in luminescence quenching when the concentration reaches a critical value
to form dimers, trimers, etc.

Although the monomer yields luminescence properties, most aggregates led to the
extinction of the optical properties due to non-radiative energy transfer between the dye
molecules [15]. This phenomenon increases with the dye concentration in solution. All the
excitation wavelengths studied result in an optimal PL QY g for a very low concentration of
photoactive molecules in ethanolic solution.

In all cases, a compromise between a high internal photoluminescence quantum yield
(isolated RB molecules in solution) (Fig. S3a) while maintaining an appropriate absorbance

(Fig. S3b) (given for a significant amount of RB) must be reached.

3.1.2. Optical properties of RB in TEOS/MTEOS sol
The PL QYaps, PL QYin: and absorbance of the different sols (TEOS/MTEOS)/RB recorded
for the three excitation wavelengths corresponding to the commercial LEDs are shown in Fig.
3a, and S4a and b respectively for all prepared amounts. As observed for the RB ethanolic
solutions (Fig. 2b) the best PL QY 4 values are obtained for an excitation wavelength of 365

nm.
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Fig. 3. a) Variation in PL QYays, b) Emission spectra for the different (TEOS/MTEQOS)/RB
S0IS (Aexc = 365 nm).

For all three wavelengths of interest, PL QY (Fig. 3a) evolves similarly with an
increasing RB concentration in TEOS/MTEOS sol, and this evolution is analogous to that
described previously for RB in ethanol (Fig. 2b). However, the best PL QY aps is not recorded
for the same RB concentration. The higher viscosity of the TEOS/MTEOS/Ethanol sol
promotes the distance between the RB molecules, which enables us to work with a higher
concentration of emitting centres (3.29 10 mol/L in the TEOS/MTEQS sol compared to 1.65
10 for the ethanol solution) before observing an extinction by concentration.

As shown in Fig. S4b, absorbance increases with the amount of RB for the three
excitation wavelengths, 275, 365 and 450 nm, while an increase in the internal quantum yield
with the RB concentration is observed before reaching a threshold and then decreasing again,
due to the concentration quenching phenomenon (Fig. S4a).

PL QY aps is the product of PL QY and Abs; as mentioned before, the optimal optical
yield results from the best matching between these two parameters.

RB ethanolic solutions and (TEOS/MTEQS)/RB sols are distinguished by a significant
difference in viscosity (1.2 mPa.s and 17 mPa.s, respectively) which may explain the
differences in behaviour recorded as a function of RB concentration in these two media.

The emission spectra recorded under excitation at 365 nm for the different
(TEOS/MTEQOS)/RB sols studied are presented in Fig. 3b. The spectral profile remains the
same for all the sols and is characterized by a broad dissymmetric emission band situated
between 550 and 750 nm. As observed for RB solutions in ethanol (Fig. S5), a shift of the

emission band towards shorter wavelengths is observed as RB concentration decreases. These
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observations reveal the presence of luminescence contributions that are possibly attributed to

specific forms of the RB dye (monomer, dimer etc..). From a Gaussian-type deconvolution of
the emission spectrum of samples S;t and S,t, which have the best PL QY aps for the three
excitation wavelengths studied (all the emission spectra were deconvoluted in the same way),
three contributions are clearly identified (Fig. 4b and 4c in blue) and are reported in Table 3

(Area: integrate area under the curves, FWHM: Full Width at Half Maximum).
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Fig. 4. a) Emission spectra of sols S;1, Syt and solutions S; and S, under excitation at 365 nm;

b), ¢) and d) Gaussian-type deconvolution for S;1, Syt and S;, S, respectively.

Table 3 Deconvolution of the emission spectra shown in Fig. 4a (Aexc = 365 nm) (FWHM:

Full Width at Half Maximum).




Contribtition Emmax (CM™)/A max (NM) Area (a.u.) | FWHM (cm™)
An (r=1,20r3)
Sit 1 16492 cm™ ( 606 nm) 214022 639 cm™
2 16020 cm™ (624 nm) 689090 1139 cm™*
3 15320 cm* (652 nm) 354285 | 2062 cm™
1 16616 cm'* (601 nm) 199929 625 cm™
o2 2 16104 cm™ (620 nm) 593364 1236 cm™
3 15255 cm'* (655 nm) 213452 | 1956 cm™
1 16659 cm'* (600 nm) 181588 623 cm™
> 2 16173 o™ (618 1) 557952 | 1181 cm™
3 15492 cm* (645 nm) 277518 | 2193cm™
1 16718 cm'* (598 nm) 261454 634 cm™
> 2 16205 o™ (617 ) 673106 | 1221cm™
3 15555 cm* (642 nm) 351642 | 2286cm™

These emission spectra underline that an aggregation is evinced for a very low RB
content in TEOS/MTEQS; this behaviour is similar to that described for fluorescein, where J
and/or H type aggregates were also observed for very low dye concentrations.

Contribution 1 at high energy (lower wavelength) is attributed to RB being present as
an isolated molecule (monomer), whereas contributions 2 and 3 are ascribed to aggregated
forms of RB (dimer, trimer...). Measuring the contribution area A; for contribution 1, and so
on, the ratio Ay/ ZA (Ai+A; +As) reveals the dispersion rate of the RB molecules in the
dispersion media. The greater the ratio value is, the better the RB molecules are dispersed.
Quantitatively, this ratio is found to increase with dilution, with A; representing about 20 %
of the total contribution for sol St and only 17% for the most concentrated sol Sit, thus
indicating that RB molecules are less likely to aggregate when present in small quantities.
Although emission spectra deconvolutions for Szt and Sir (hexe = 365 nm) could not be
performed due to the low emission intensity of these spectra, as shown in Fig. 3d, the
deconvolution results of the Sgr emission spectrum with an even lower A;/ A ratio (0.1) than
that recorded for the S;t sol (Figure S6 and Table S1) confirms the importance of working

with a low concentration to limit the aggregation of RB molecules.
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These results were compared to those of RB in ethanol for the same RB concentration
(Fig. 4d and Table 3); ratio Ai/An (n=1+2+3) IS equal to 0.18 and 0.2 for S; and S, respectively,
compared to 0.17 and 0.2 for Sit and S,r respectively. We note that for these RB
concentrations (3.29 10 and 1.65 10* mol/L) the chosen dilution media (ethanol or
TEOS/MTEQS mixture) does not have a significant influence on the emission spectral profile.
This is reflected by similar emission spectra, as shown in Fig. 4a. This results in very similar
colour points, as shown in Fig. 4a and 5.

A change in the colour point (Fig. 5) is observed with the concentration of RB in the
TEOS/MTEQS sol, i.e. the higher the RB concentration, the more the emission colour is red-
shifted. This change in emission colour as a function of dye concentration is in agreement
with the emission spectra in Fig. 3d and can be explained, as we have highlighted, by a
reduction in the ratio of monomeric to aggregated forms of RB in the TEOS/MTEOS sol with
increasing RB concentration. The same trend has been reported previously for RB and a series
of LDH hybrid phases hosting fluorescein molecules [12,13].
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Fig. 5. CIE chromaticity coordinates of sol Syt (n=0,1,23and 4), and of solutions S; and S,.

The Sit sol, exhibiting the best PL QY s under excitation at 365 nm, was used to produce
thin films (labelled Sitr) on quartz and silicon substrates by spin coating under the conditions

described in the experimental section.
3.2. Characterisation of thin films (TEOS/MTEOS)/RB elaborated using spin coating

3.2.1. Physico-chemical characterizations
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The thin film thickness on both substrates, quartz and silicon (the latter was used to
enable the measurement of the refractive index), was measured by profilometry. The
formulation and the viscosity of the (TEOS/MTEOS)/RB sol S;t enabled a thickness in
accordance with the specifications: 130 £ 20 nm with reproducible values for several
experiments. The refractive index, determined by ellipsometry on the thin film made on a
silicon substrate, was about 1.5.

The Sitr composite film was also studied by atomic force microscopy (AFM). Fig. 6a,
6¢ and 6d show AFM height images of the (TEOS/MTEOS)/RB film as well as a phase image
(Fig. 6d — right), while Fig. 6b shows an AFM image of the coatings without RB. These films
were made under exactly the same conditions.

a) b)

36,5 nm

c)

Fig. 6. AFM height images of a), c) and d) (TEOS/MTEOS)/RB film, b) TEOS/MTEOS film,
¢) AFM phase image of (TEOS/MTEQOS)/RB film.

Low roughness was measured for both samples: its value was around 5 nm for the
sample without RB, and remained almost unchanged when RB was added to the formulated

sol (4.5 nm). RB chromophore seems to be incorporated into craters with well-defined shapes,
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as shown in Fig. 6¢ and 6d. Indeed, the phase image shown in Fig. 6d enables RB particles to
be distinguished from the sol-gel matrix. This gathering of luminescent particles into cells has
already been observed in another kind of luminescent nanocomposite (polymer/phosphors)
[16]. These craters are homogeneously distributed on the coating surface and present an
average diameter of 700 nm. This homogeneous distribution of RB chromophore over the
whole coating corroborates emission spectra features measured on coatings shown hereafter in

which non-aggregated forms are favoured (Fig. 7).

3.2.1. Optical characterizations

The emission spectrum of the S;tr coating developed by spin coating on a quartz
substrate was recorded as for the S;r sol under excitation at 365 nm. The latter is
characterized (Fig. 7) by an asymmetric profile that can be associated with the different
contributions of monomeric and aggregated RB. A significant shift (= 40 nm) of the emission
maximum towards the short wavelength side of the spectrum is observed for S;tr compared to
the S;7 sol. Furthermore, the deconvolution of the Sitr emission spectrum (Fig. 8 and Table
4) shows a very high ratio Ai/A;+A; (0.6) compared to that recorded for the St sol (0.2),
indicating that in the film the RB molecules are better dispersed and isolated from each other
(a deconvolution by the sum of 3 Gaussian functions did not lead to a consistent result, which
is justified by the very small contribution of the aggregated forms as we have shown). As
mentioned above, this result is quite consistent with the AFM observation, where a very
homogeneous distribution of RB in the silica lattice was revealed.
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Fig. 7. a) Normalized emission spectra of the thin film Str deposited on a quartz substrate
(solid line) and of the sol St (dotted line) under excitation at 365 nm, b) Photograph of the
Sitr luminescent coating applied to a quartz substrate under daylight and excitation at 365

nm.
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Fig. 8. Gaussian-type deconvolution for Sitr (Aexc = 365 nm).

Table 4 Deconvolution of the emission spectra Sitr (Aexc = 365 nm) (FWHM: Full Width at
Half Maximum).

SiTrR

3.3. Combination of a diffraction grating and the luminescent coating.

3.3.1 Physico-chemical characterisation

Sample Sitr Was embossed to create a grating on the luminescent coating (Sitre). Fig.
9 shows the 3D AFM image of sample Sitre.
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Fig. 9. a) AFM image of (TEOS/MTEQOS)/RB embossed film (Sitre); b) and c) AFM profile
in two perpendicular directions of (TEOS/MTEOS)/RB embossed film (Sitre).

A 2D grating is observed with a period of 950 nm for an average depth of 35 nm. The
grating profile is close to a sine curve, giving the honeycomb pattern in the image. The
profiles are regular and homogeneous in the two directions, which will enable us to obtain
reliable optical results for the next step. The craters where RB molecules are located are not
visible; they are "erased™ by the embossing of the sol-gel film because the size of these craters
(Fig. 6) is less than 1 um, corresponding roughly to the size of the grating period. This does
not disturb the homogeneity of the grating.

3.3.2. Optical characterisations
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Angle-resolved photoluminescence measurements, performed on samples S;tr and

Sitre, are shown in Fig. 10. The excitation wavelength is 375 nm with an incidence of 60°.

8000

6000

a.u.)

~

— 4000

2000

550 600 650
A (nm)

Fig. 10. Angle-resolved photoluminescence recorded from 0° to 90° on sample (a) Sitr and
(b) Sire O‘«exc = 375 nm).

For both samples — plane and micro-structured — the emission spectra are centred
around 575 nm and the shape is similar. Thanks to the presence of the 2D grating (Sitre), the
emission intensity is 3 to 4 times higher in the 0°-75° range than for sample S;tr (Fig. 11).
The 2D grating strongly improves light extraction from the RB film. The maximum intensity
measured at 575 nm is plotted in Fig. 11 as a function of the emission angle. Around 40°, a

slight increase in emission intensity associated with a shift of 2-3 nm is observed.
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Fig. 11. Maximum emission intensity measured at 575 nm from Fig. 9 versus emission angle.

To investigate the dependent angular emission with a better resolution we used far-
field emission measurements. Emission mappings of sample Sitre are plotted in Fig. 12. The
behaviour observed in Fig. 9 is clearly evidenced in Fig. 12a. RB emission filtered by 2D
grating exhibits a second maximum around 40°. This resonant effect depends on the light
polarization. It is completely turned off in vertical polarization (Fig. 12b) while it is clearly

evidenced in horizontal polarization (Fig. 12c).
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Fig. 12. Far-field emission measurements of sample Stire (a) without polarizer, (b) in vertical

polarization and (c) in horizontal polarization.

Conclusion
This study presents the interest of fabricating an embossed luminescent sol-gel
coating, which provides a significant increase in luminescence over the structured areas. We

have demonstrated that our sol-gel is compatible with the nanoimprint method and that the
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optical properties of the luminescent matrix (RB) are safeguarded. The surface structuring
obtained is homogeneous and regular. A significant improvement in luminescence with the
structuring, as well as a grating effect where the light seems to favour one direction, are
highlighted. Prospects now envisaged include improving this performance in order to
maximize its effect, and working with patterns in order to make the approach attractive for the

field of anti-counterfeiting technology.
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