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Light extraction is a key parameter to improve the performances of optical devices. Nanopatterned
Y3Al5O12:Tb3+ luminescent coatings usable in such devices have been elaborated and have shown enhanced
emission efficiency compared to their unpatterned counterparts. These nanostructured films were obtained by
using the colloidal lithography combined with the Langmuir-Blodgett technique. It is the first time to our knowledge that this patterning technique is directly applied on YAG matrix. Resulting nanostructuring is a hexagonal
network capable of modifying the light travelling path within the substrate. Conventional and angular-resolved
photoluminescence were investigated on both unpatterned and patterned samples. Due to the nanostructuring,
the extraction efficiency is improved by 26% and 131% depending on the crystallinity of the sample. Noticeably,
nanostructuring is found to have an influence on the angular distribution of photoluminescence whose intensity
has been evaluated to its maximum normal to the film surface.
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1. Introduction

Developing high efficiency White Light-Emitting Diodes (WLEDs)
for different optical applications such as displays and lighting devices
has been a topic of interest for several years. WLEDs generally combine a semiconductor chip emitting in the ultraviolet or blue wavelength region to one or more phosphor(s) deposited in the form of coatings usually using either on-chip or remote configurations. (Khanna,
2014; McKittrick and Shea-Rohwer, 2014; Piquette et al., 2016)
Even if actually commercialized LEDs-based display and lighting devices
are characterized by good photometric parameters, their optical performances can be further improved notably their luminous efficacy. (Geng
et al., 2014; Khan et al., 2019) One of the factors we can act on
is the Light Extraction Efficiency (LEE), which represents the ratio between the number of photons extracted to the air and the number of
photons generated in the active layer. (Geng et al., 2014; Lenef et
al., 2018; Narendran et al., 2005; Tian et al., 2018) Actually, the
emitted light is hard to extract into the air since there is a gap between
the high refractive index of the phosphor (n ~ 1.8 for the most common used Y3Al5O12:Ce3+ phosphor) and the air (n ~ 1). Total internal
reflection (TIR) thus occurs and a large fraction of the light produced in
LED devices is backscattered to the chip or trapped in dielectric structures inherent to the substrate (luminescent coatings).(Lenef et al.,
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2018; Zhmakin, 2011) The trapped light is then, either emitted from
the substrate edge or re-absorbed then converted to heat, which entails
in both cases the decrease in forward light emission, limiting the LEE
value. The key to increase the escape probability of photons and so on
LEE value, is to give them more chances to find the escape cone defined by

, nair and nAL being refractive indexes of the air

and of the Active Layer (AL) (for example the phosphor) respectively.
(Kim et al., 2016; Sun et al., 2016) It can occur either by angular randomization of photons by scattering them from a structured surface(Kim et al., 2016; Kumar et al., 2011; Schnitzer et al., 1993;
Sun et al., 2016) or by using an intermediate layer with an appropriate refractive index between the AL and the air. (Fang et al., 2013;
Khan et al., 2019) In both cases, TIR will be attenuated and LEE value
will increase which has been demonstrated on LED chips. (Geng et al.,
2014) Among the existing light extraction management strategies based
on these principles, one can cite surface roughening (roughened or corrugated substrates) (Kim et al., 2016; Sohn et al., 2004; Youn et
al., 2015), photonic crystals(Devys et al., 2014), nanorods or nanopillars(Ding et al., 2017; Yang et al., 2014) and many others. In order
to reduce the waveguide effect and consequently to optimize the forward light extraction, we have chosen to directly structure the surface of
a thin phosphor layer into a hexagonal network at the nanometric scale.
The surface nanostructuring of luminescent phosphor coatings has
been widely investigated by several research groups in recent years. By
replacing the luminescent coatings currently used in LED devices with
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ticles. (Colson et al., 2013; Vogel et al., 2015) Despite these benefits, there is little research on the use of the LB technique to perform
“NanoSphere Lithography” (NSL) (Bardosova et al., 2010) and most of
them are dated after 2010.(Szabó et al., 2013; Wang et al., 2016b)
In our work, a mask based on a monolayer of polystyrene nanoparticles
was used and deposited by the technique of LB on sol-gel derived coatings, after having optimized all the parameters of LB deposition.
Sol-gel chemistry has proved to be a very efficient method for the
production of thin layers of oxides on different types of substrates.
(Brinker and Scherer, 2013) In the field of optics, this method offers
the possibility of controlling the density of the deposited films and consequently their refractive index. (Akaltun et al., 2011; Mergel et al.,
2000) It also promotes in particular a better dispersion of the optically
active centers (rare-earth ions for example) in inorganic or composite
dielectric matrices. (Brinker and Scherer, 2013; Shionoya, 1998) In
our study, we used a sol-gel process developed in-house (Potdevin et
al., 2006a; Potdevin et al., 2009) to elaborate luminescent amorphous and crystallized Y3Al5O12:Tb3+ (YAG:Tb) coatings. This phosphor
and derived Tb3+ doped garnets have been shown to possess interesting features for solid-state lighting devices. (Potdevin et al., 2010b)
Furthermore, this study is used as a proof of concept to investigate the
influence of nanostructuring of sol-gel derived thin films on their light
extraction efficiency and on their angle-dependent light emission. The
morphological and structural properties of the films were studied using
standard methods (AFM, SEM, XRD) at each step of the nanostructuring
process, when necessary. Then, the photoluminescence measurements
were carried out in order to determine the influence of the nanostructuring on the light extraction efficiency.
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nanostructured coatings, it was thus expected to improve the performances of the LEDs lighting devices while maintaining or even reducing their cost. The reported works concerned not only the field of LED
lighting but also that of displays for which surface structuration leads to
better resolution of screens for example. In this context, different types
of phosphors have been studied: organic (europium chelates(Devys et
al., 2014; Revaux et al., 2011)) or inorganic (mainly sesquioxides of
Y2O3: RE3+ − RE = Er, Eu (Sohn et al., 2004) or Gd2O3 :Eu3+ types
(Do et al., 2005), but also sulfides (Ko et al., 2008) and more recently
the YAG:Ce matrix (Cho et al., 2014; Ge et al., 2015; Gorsky et al.,
2018; Park et al., 2012; Sun et al., 2016; Wang et al., 2016a)).
As an example, Gorsky et al. 2018 recently measured a peak extraction
enhancement by a factor of 2 from YAG:Ce converters patterned with
TiO2 nanodisks compared to a flat reference. Among existing literature,
only Wang et al. 2016a reported a direct micropatterning of the YAG
matrix, using a short-pulse laser (microwells array with spacing between
adjacent microwells around 7 µm). Indeed, due to its high mechanical
strength and excellent chemical stability, YAG matrix is very harsh to
pattern directly regardless of the method. Consequently, main works intended for enhancing forward YAG:Ce3+ emission involve the use of foreign materials such as SiO2, TiO2 or SiNx. (Cho et al., 2014; Ge et al.,
2015) The durability of these structures is not well known because they
could be deteriorated or delaminated from the phosphor surface over
time notably under operating conditions.
In this work, we explore a simple surface patterning strategy that we
have carried out specifically on YAG matrix-based coatings for the purpose of enhancing their luminescence performances. This strategy represents an innovation insofar it allows directly structuring any kind of oxides or fluorides available through the sol-gel process. In this way, it involves both colloidal lithography and Langmuir-Blodgett technique (LB).
This approach relies on the self-assembly of a monolayer of beads of a
given diameter on a substrate. These beads are generally silica nanospheres, polystyrene or PMMA (Vogel et al., 2015) and the substrate
may be bare or already coated with the selected material of interest.
The monolayer of beads then serves as a physical mask. (Ai et al.,
2017; Vogel et al., 2012) The material to be structured is deposited
on this mask by physical techniques [Physical vapor deposition (PVD)]
or chemical way (impregnation) so as to partially or completely fill the
interstices that are formed between the beads. The monolayer of beads
is then removed (by heating, ultrasound or washing) leaving a periodic
structure of the selected material. This technique has already been used
successfully to improve the efficiency of blue LEDs by structuring the silicon wafer or the GaN chip. (Geng et al., 2014)
Obtaining a good quality network obviously involves checking the
homogeneity of the (mono)layer(s) of beads. Different deposition techniques have been used and reported in the literature. (Liang et al.,
2019; Vogel et al., 2015) Among them, “floating-transfer” and
spin-coating techniques seem to be the most convenient to implement.
(Colson et al., 2011; Lee et al., 2007; Vogel et al., 2012) However, in our work, the technique of Langmuir-Blodgett was favored to
achieve monolayers of polystyrene nanospheres (NPS). The LB process,
which was first used as an efficient technique for the assembly of molecular monolayers, relies on the controlled compression of monolayers
consisting of amphiphilic compounds located at the water / air interface. (Bardosova et al., 2010; Ulman, 2013) A substrate, generally
treated to be hydrophilic and initially immersed in water, is gently removed from this water subphase while the amphiphilic molecules adhere to its surface under the effect of pressure exerted by the barriers of the LB system. Today, this technique has the great advantage of
controlling the number of deposited layers by varying the number of
“soak-withdrawal” cycles of the substrate (Tian et al., 2018). It is also
very robust (very good reproducibility) (Reculusa and Ravaine, 2003)
and can be used to cover large surfaces with compact assemblies of par
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2. Material and methods
2.1. Preparation processes
The nanopatterning process is schematized in Fig. 1.

2.1.1. Preparation of the YAG:Tb sol (step 1)
YAG:Tb (20%) precursor sol was prepared by using the sol-gel
method, following a process already described in the literature. (Potdevin et al., 2006a, b) In this preparation, anhydrous yttrium and terbium chlorides (YCl3 and TbCl3, 99.9% purity, Sigma-Aldrich) and aluminum isopropoxide (Al(OiPr)3, ≥98% purity, Sigma-Aldrich) were used
as precursors for sol-gel reaction. First, YCl3 and TbCl3 were dissolved
in isopropanol under argon atmosphere. Atomic ratio [Tb3+ /(Y3+ +
Tb3+)] in the YAG:Tb sol was set to 20 mol% since this doping rate
has been determined to lead to the best optical properties upon blue
or UV radiation. (Potdevin et al., 2006b) After complete dissolution
of YCl3 and TbCl3, potassium chunks (K, 98% purity in mineral oil,
Sigma-Aldrich) were added to the reaction mixture at 85 °C so that to
initiate sol-gel reaction. A KCl white precipitate was directly observed.
Al(OiPr)3 was added directly after 1 h reflux. After two more hours of reflux, the sol was stabilized by acetylacetone (acacH, 99% purity, Merck)
used as a chelating agent. Indeed, it forms stable complexes when mixed
with Tb3+, Al3+ and Y3+ ions. (Potdevin et al., 2016) The final molar
composition of the reaction mixture was 1 Tb : 4 Y : 5 Al : 9 K : 5 acacH.
The KCl precipitate was separated from the sol by centrifugation.
2.1.2. Preparation of the YAG:Tb films (step 2)
Spray-coating, spin-coating and dip-coating are among various methods that exist for depositing phosphors thin films. (Brinker and
Scherer, 2013; Potdevin et al., 2009; Shionoya, 1998) Under
the experimental conditions developed during our work, the two first
methods of deposition did not provide a smooth and even film surface. Spin-coating method led to irregular dense films with significant
edge
effects
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Fig. 1. Sol-gel and deposition processes of YAG:Tb (20%) nanostructured thin films.

whereas spray-coating method generally leads to films characterized
by a very rough surface. (Potdevin et al., 2006a; Potdevin et al.,
2011) The dip-coating method has been chosen for its simplicity and
efficiency. This method offered optical quality coatings with easily controllable thicknesses and good surface homogeneity. The YAG:Tb amorphous films obtained from this method have all a smooth and homogeneous microcracks-free surface. (Potdevin et al., 2009) In our process,
previously prepared YAG:Tb sol (actually, YAG:Tb precursor) was deposited by dip-coating on quartz slides in order to form a first amorphous coating (sublayer) of YAG:Tb, further annealed at 400 °C. It has
been demonstrated that the intensity of photoluminescence (PL) is dependent in particular on the thickness of the coating. (Cho et al., 2007)
Based on our previous work, (Potdevin et al., 2009) we chose to
prepare films enough thick to have significant PL efficiency; hence we
worked with a coating of 1 μm which represents a good compromise between the PL efficiency and a reasonable number of layers (see Fig. S1
which evidences the film thickness). Indeed, in the used deposition conditions, such a thickness required 20 cycles of dip-coating with a concentrated sol of YAG:Tb(20 mol%). This concentration results in a weakly
viscous sol but allows avoiding delamination phenomenon which generally occurs if the thickness of each coating is too important. The thermal annealing process we used has been optimized to lead to homogeneous thin films free of cracks (necessary condition to have a subsequent
PS beads deposition of best quality). Actually, this step has to be mastered to avoid microcracks which are the consequence of the difference
in thermal expansion coefficients between the quartz substrate and the
YAG: Tb film. (Cho et al., 2007)
It is on this first amorphous YAG:Tb coating (sublayer) that the
colloidal lithography involving the polystyrene (PS) NPs of 460 nm
(NPS-460, 10%, Sigma-Aldrich) was carried out. This method consisted
in depositing by the LB technique (with a Kibron MicroTroughXS® system) a compact monolayer of NPS on the amorphous layer of YAG:Tb.
Consecutively, a very small quantity of YAG:Tb sol (several hundred
of µL) was again deposited on this monolayer so as to penetrate into
the interstitial voids left between the NPS and thus to form a continuity with the YAG:Tb sublayer. The calcination of NPS at 400 °C conse

quently led to the removal of NPS and to a nanostructuring resulting
from the negative imprint left by the NPS monolayer. The subsequent
crystallization of YAG:Tb structure was induced by annealing at 1100 °C
for 1 h. In this study, we compared the structural and optical properties
of YAG :Tb films in their different forms : amorphous and crystallized,
unstructured and nanostructured.
2.2. Characterization techniques
The X-ray diffraction (XRD) patterns of the coatings were obtained
with a Philips Xpert Pro diffractometer operating with the Cu-Kα1 radiation (λ = 1.5406 Å). Recording of the XRD patterns was carried out
at 10° <2θ <70° with a scanning speed (2θ) of 1°/min. The scanning
electron microscope (SEM) images of the coatings were collected on a
ZEISS Supra 55 FEG-VP instrument at 2MAtech (Clermont-Ferrand). The
observations were carried-out under high vacuum at 3 kV and using a
secondary electron detector (Everhart–Thornley detector). Prior to observation, the samples (coated-quartz slides) were attached on one face
to an adhesive carbon and then metallized using an Au coating. The surface topography of YAG:Tb coated quartz slides was measured by atomic
force microscope (Innova AFM from Bruker).
Excitation spectra in the VUV range were performed at the Deutsches
Elektronen Synchotron (DESY, Hamburg) using the facility of SUPERLUMI station (Zimmerer, 2007) at HASYLAB. The measurements were
made at room temperature (RT) and the luminescence was detected by
a HAMAMATSU R6358P PMT photomultiplier (200–800 nm range). Excitation spectra were scanned with the primary 2 m monochromator in
15° McPherson mounting (resolution of 3.2 Å) and they have been corrected from the spectral response of the incident photon flux.
In order to characterize qualitatively and quantitatively the influence of nanostructuring on guided light extraction, angle-resolved photoluminescence measurements were carried out by exciting the sample
(coated-quartz slides) under normal incidence with the fourth harmonic
of a continuous wave YAG:Nd laser (266 nm). The angular-resolved
emission spectra of the sample were measured by using microphotolu
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minescence (µPL) far-field imaging where the Fourier plane is imaged on
the monochromator entrance slit. The μPL signal was detected through
a microscope objective with a numerical aperture of 0.5, giving access
to a large range of emission angles (-30° to + 30°). The angular resolution was 0.2°. The normal direction lies at 0°. The resulting spectra were
gathered on a 2-dimensional map representing emission intensity (color
scale) versus angle and wavelength. The signal was focused on the slit
of a 1 m focal monochromator and detected by a 1024 × 256 CCD camera. Room temperature measurements were made on both patterned and
unpatterned samples between 400 and 800 nm. The integration of the
photoluminescence spectra was used to determine and compare the light
extraction efficiency.
3. Results and discussion
3.1. Crystalline structure of YAG:Tb

3.2. Morphological properties

The quality of the nanoparticles (NPs) monolayer is decisive for the
achievement of a regular nanostructuring. This was obtained by the LB
technique, which is very sensitive to the experimental conditions. The
formation of a monolayer of close packed particles was optimized thanks
to a thorough study of the influence of several factors such as temperature, compression rate, surface pressure and the amount of nanospheres
(see Fig.s S2 and S3 in the SI showing the influence of the concentration of NPs suspensions and that of the withdrawal speed of the substrate
respectively). In addition, as aforementioned, the surface of the continuous sublayer of YAG:Tb must be smooth and homogeneous in order to
obtain a 2D compact and regular packing of nanospheres. Fig. 3 gathers
the SEM images of the layers obtained at each step of the patterning.
The YAG:Tb film annealed at 400 °C consists of amorphous film with
a smooth and homogeneous surface (Fig. 3a) whereas YAG:Tb film crystallized at 1100 °C exhibits cracked, rough and porous surface (Fig. 3b).
For these reasons, the deposition of NPs was carried out on the amorphous coating precursor of YAG:Tb.
Polystyrene (PS) NPs which surface has been modified with functional groups of sulphate type are partially of hydrophobic nature. During LB deposition, the PS NPs are initially deposited on the surface of
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Structural properties of both unpatterned and patterned coatings
have been studied by means of X-Ray Diffraction (XRD). It has to be noticed that the same sol has been used to elaborate both sublayer and
overlayer in patterned samples as well as the layer of the unpatterned
one. Fig. 2 shows the XRD patterns of the nanostructured and unstruc

tured YAG:Tb (20%) films annealed at 1100 °C for 1 h. It can be observed for both samples a large signal around 20° (2θ), related to the
quartz substrate. Diffraction lines of the samples mainly correspond to
the diffraction reflections of the Y3Al5O12 (YAG – JCPDS-file 88–2047).
However, we can notice the presence of two reflections of weak intensity, which could be ascribed to Y4Al2O9 (YAM) on both luminescent
films (marked by an asterisk). The presence of this possible parasitic
phase can be related to the sol and is generally avoided as we have already shown in previous papers. (Potdevin et al., 2009) Since both
unstructured and nanostructured samples contain this parasitic phase in
similar contents, the results concerning the optical properties could be
compared and the influence of the nanostructuring on these properties
can be nevertheless assessed.
The coatings annealed only at 400 °C remain amorphous but they
will be designed elsewhere in the text as either “amorphous YAG:Tb” or
“YAG:Tb films/coatings annealed at 400 °C” (by abuse of language and
for clarity).
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Fig. 2. XRD patterns of quartz substrate (a), unpatterned (b) and patterned (c) YAG:Tb
(20%) thin films.

Fig. 3. SEM images of : (a) unpatterned amorphous (annealed at 400 °C) YAG:Tb film; (b) unpatterned crystallized (annealed at 1100 °C) YAG:Tb film; (c) 2D hexagonal close packing NPs
LB film; (d) 2D hexagonal close packing NPs LB film with an overcoating YAG:Tb; (e) 2D patterned surface of YAG:Tb amorphous film and (f) 2D patterned surface of YAG:Tb crystallized
film.
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spheres may be guessed by darker round areas visible on the overlayer
at low magnification).
When deposition parameters are well-defined, the hexagonal network obtained in the crystallized coating is preserved over a long range
with great fidelity. From SEM images, the periodicity “a” was measured
at 490 nm corresponding to the negative imprint left by the PS nanospheres of 460 nm.
Atomic force Microscopy (AFM) was also used to study nanostructured coatings. Fig. 5 gathers some results obtained from the sample
coated with PS NPs whereas Fig. 6 presents AFM images and depth profile of the amorphous nanopatterned coating. Other depth profiles are
available in the SI. The AFM images of the PS NPs layer (Fig. 5(a) and
(b)) confirm that the PS spheres are homogeneously hexagonally closely
packed and the depth profile (Fig. 5 (c)) shows a period of approximately 400 nm between two spheres which is relatively concordant with
the SEM images (Fig. 3(c)) and the expected diameter of these commercial PS NPs which is of 460 nm. The comparison of different depth profiles (see Fig. S4(a) in the SI) settles the homogeneity of the NPs deposition, which ensured an optimal first step for the following nanostructuring.
On the AFM images of the nanopatterned amorphous coating (Fig.
6(a) and (b)), one can observe the presence of hexagonally-organized
microwells, as evidenced by SEM images (Fig. 3(e)). Sidewalls seem to
be relatively smooth. The depth profile (Fig. 6(c)) shows a period between two edges around 500 nm, which is concordant with the SEM
study. The comparison of different depth profiles (see Fig. S4(b)) well
establishes the high homogeneity of the nanostructuring.
Furthermore, the mean roughness of the nanostructured amorphous
coating was evaluated around 50 nm (RMS) thanks to Gwyddion software whereas the unpatterned one was characterized by a RMS around
0.5 nm. (Potdevin et al., 2009) This should have consequences on the
optical properties of these samples since an increased RMS generally entails a decrease in the waveguiding properties of the coating. (Kim et
al., 2016) The RMS slightly decreases for the crystallized nanostructured sample (RMS around 40 nm) which is probably due to the phenomenon of densification accompanying the crystallization. Sidewalls
and microwells are then less sharp and deep respectively as schematized
in the Fig. S5. In this case, the differences between the rugosity of the
unpatterned crystallized coating and that of the patterned one are less
pronounced than between the two amorphous samples.
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the water subphase over which they float. The capillary attraction forces
guided by the concave meniscus, which in turn is induced by gravity between the neighboring colloidal particles, favor compact packing. (Vogel et al., 2012) However, the PS NPs, which float on the surface of
the water, are so light that they do not sufficiently deform the planar
surface of the water so as to cause the phenomenon of compact packing through capillary attraction forces. The compression of the NPs favors the packing of the particles in the hexagonal close packing mode
(self-assembly) but maintains a kind of mobility because of the moderate polarity of their surface generated by the functional sulphate groups.
The resulting NPs monolayer obtained after evaporation of the water on
the substrate and through capillary forces arises therefore as a regular
hexagonal packing with some voids between them (Fig. 3c).
The next step of nanostructuring involved the deposition of YAG:Tb
precursor sol (overcoating) that uniformly covers the PS NPs as shown
in Fig. 3d, while filling the interstices between PS NPs. Removal of
PS NPs obtained by calcination at 400 °C results in a relatively homogeneous structure of the luminescent amorphous YAG:Tb coating.
The obtained structure is similar to a honeycomb with irregular alveoli
(Fig. 3e). This honeycomb structure is consistent with the fact that the
PS NPs monolayer was not fully compact. Otherwise, triangular structures not connected to one another would have been obtained. (Zhang
and Wang, 2009) Sintering at 1100 °C of the honeycomb structure led
to a crystallized YAG:Tb film exhibiting a hexagonal 2D pattern (Fig.
3f). Due to crystallization, the alveoli observed in the amorphous film
give way to a more homogeneous hexagonal structure that recalls the
hexagonal shape of the PS NPs array. Furthermore, some cracks associated with the densification of the YAG phase appear on the surface
of the crystallized film. The same cracks are found on the unpatterned
coating sintered at 1100 °C (Fig. 3b). The sintering is also responsible for the fact that the alveoli (hexagonal cell) are less pronounced
(thinner and shallower edges between alveoli) than those of the amorphous coating. This step has required the optimization of several parameters, in particular the heating rate. For example, a too high heating rate (4 °C/min) caused a too fast subsequent removal of the organic
residues, leading to the partial destruction of the structured network.
It should be noted that a sufficiently thick sublayer (of the order of
400 nm minimum before sintering at 1100 °C) is necessary to guarantee the appearance of a well-organized pattern. Here, as explained in
the experimental section, we worked with a sublayer characterized by
a thickness around 1 µm. Indeed, during our first attempts of patterning (thickness less than 100 nm), the coating retracted preventing structuration to occur as shown in Fig. 4a. On the other hand, the amount
of YAG:Tb sol used for the overcoating should not be too high, otherwise the PS NPs will be completely covered. In this case, a nanostructuring is obtained but largely covered by an unpatterned hollow overlayer, as illustrated in Fig. 4b (hollow spheres let by the removal of PS
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3.3. Luminescence properties and characterization of the light extraction by
the surface patterning
Fig. 7 shows the room-temperature excitation spectra of unpatterned amorphous (Fig. 7(a)) and crystallized (Fig. 7b) YAG:Tb
dip-coated layers in the VUV and in a part of the UV wavelength
ranges.
It

Fig. 4. SEM images illustrating the need to control both (a) the quality of the sub-layer and (b) the quantity of the sol used over the PS beads.
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Fig. 5. (a) 3D AFM image, (b) 2D AFM image and (c) depth profile of 2D hexagonal close packing PS NPs obtained by the LB method on the sub-layer of amorphous YAG:Tb precursor.

is assumed that patterned samples are characterized by similar excitation profiles.
The crystallized layer (Fig. 7b) presents an excitation spectrum close
to those obtained for YAG:Tb powders (Potdevin et al., 2007) with
several broad bands. The main one is located around 172 nm and corresponds to the band absorption of the host lattice (Mayolet et al.,
1995; Park et al., 2000) since the band gap energy of YAG is approximately 7.0 eV. This band originates from a partial energy transfer
between the host and the luminescent centers. Besides, three other absorption bands located at 203, 227 nm and 271 nm are observed. Tb3+
ions exhibit a 4f8 configuration for which the ground state is 7F6. The
4f75d1 first excited configuration presents two spin states: the high spin
9D (or 9E) and the low-spin 7D (or 7E) (J = 0…5). The bands at 227
J
J
and 271 nm can be attributed to the spin-allowed 7F6→7D4 and 7F6→7D5
transitions respectively. The weak signal located at 203 nm is also related to 4f → 5d Tb3+ transitions and more particularly to the spin-forbidden 7F6→9D3 transition (Dorenbos, 2003), which explains why this
signal is so weak. One can also observe the onset of a signal around
320 nm, already evidenced in sol-gel derived YAG:Tb powders (Potdevin et al., 2010b) and which can be ascribed to another spin-forbidden transition, 7F6→9D2 (Dorenbos, 2003). This excitation profile,
characteristic of YAG:Tb3+ phase, confirms the negligible effect of the
presence of a weak amount of YAM phase evidenced by XRD (Fig. 2).
Concerning the amorphous coating (Fig. 7a), we can notice that
the main absorption band corresponding to the host excitation has vanished, which is consistent with the amorphous character of the sample. Two very broad excitation bands can be observed around 191 and
233 nm. Based on previous studies led on amorphous powders, (Potdevin et al., 2010a) we can assume they are related to inter-shell

4f → 5d Tb3+ transitions. The spectral distribution of these transitions is
strongly influenced by the strength and symmetry of crystal-field undergone by the active ions. (Blasse and Grabmaier, 1994) In the aspect
of crystal-field theory, amorphous phases exhibit lower symmetry and
weaker crystal-field strength induced by the neighboring ions if compared with crystallized ones. These differences in the Tb3+ local environment logically entail a blue-shift of excitation bands of the amorphous coating (Fig. 7a) compared to those obtained for the crystallized
sample (Fig. 7b).
Even if it is not the best excitation wavelength for the amorphous
samples, we recorded emission spectra under a 266 nm excitation (imposed by the experimental set-up). Fig. 8 gathers emission spectra of the
nanostructured and unstructured films for both forms of YAG:Tb, amorphous and crystallized. These emission spectra exhibit profiles characteristic of both amorphous and crystallized YAG:Tb powders with a main
emission band peaking in the green region. (Potdevin et al., 2010a).
It is important to emphasize that crystallization significantly enhanced
emission intensity, as already reported in (Potdevin et al., 2009) and
as shown in Fig. S6 gathering emission spectra of amorphous and crystallized unpatterned samples. In Fig. 8, scales have been chosen to be
as adapted as possible to the data and are not comparable between Fig.
8a and b.
Photographs corresponding to the samples are also presented in Fig.
8. These pictures have been taken using a camera that automatically adjusted recording conditions to have the best sharpness. As a result, photographs are not comparable. However, they evidence the bright green
luminescence of all samples and the diffusive effect brought by the patterning.
The spectra of the amorphous coatings show broad emission bands
linked to the Tb3+ ions multisite character (Fig. 8a) while the Stark
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Fig. 6. (a) 3D AFM image, (b) 2D AFM image and (c) depth profile of the amorphous nanopatterned coating after removal of PS NPs.

Fig. 7. Excitation spectra of (a) amorphous and (b) crystallized (heated at 1100 °C) unpatterned coatings.

components are well distinguished on the spectra of the crystallized
coatings (Fig. 8b).
The observed bands can be ascribed to the electronic transitions
from the 5D4 first excited level of the Tb3+ ions to the 7FJ manifolds
(J = 6…0) of the ground state. The most intense band (λem = 544 nm)
corresponds to the transition between the 5D4 and 7F5 levels of the
Tb3+ ions. The insets of the Fig. 8 represent this main transition, highlighting the influence of the nanopatterning on the emission intensity,

deduced from the integrated area of this band in all cases. The emission intensity corresponding to the 5D4→7F5 transition is more important for the patterned films. This enhancement reaches 26% in the case
of crystallized films and 131% in the case of amorphous films, while the
amount of phosphor remains similar when comparing unpatterned and
patterned samples. This gain can also be defined by the so-called “enhanced extraction factor” (EEF) which corresponds to the ratio between
the intensities of nanostructured films and unstructured ones, phosphors
amounts being equal in both samples. The EEF is 1.1 in the case of crystallized films and 2.3 in the case of amorphous samples.
This means that nanostructuring could be used to increase the extraction of the light produced by luminescence previously entrapped in the
substrate. Furthermore, the deeper the nanostructuring is (the higher the
RMS is), the more efficient the light extraction will be. (Devys et al.,
2014) Indeed, the nanopatterning of the amorphous coatings is more
marked than that of the crystallized coatings (see Fig. 3e and f and RMS
measurements by AFM), as illustrated by the schemes gathered in Fig.
S5. This phenomenon has already been observed by Kim et al. 2016
on roughened surfaces used for the deposition of a silicate phosphor for
LEDs applications. It can be ascribed to the growth in opportunities for
photons to find broader escape angles with increasing surface roughness.
(Khan et al., 2019; Kim et al., 2016)
Unstructured amorphous samples are those in which waveguide phenomena are the most present, RMS the weakest and therefore those for
which the extraction efficiency is worst. They are transparent under
daylight and very smooth, which promoted the waveguiding phenomena. When they are patterned, they become more diffusing, and their
RMS significantly increase, which surely entails a decrease in the number of guided modes within the layer. (Gorsky et al., 2018; Kim et
al., 2016) As mentioned before, the light diffusing effect on the pat
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Fig. 8. Room-temperature emission spectra (λexc = 266 nm) of Tb3+ for patterned (black) and unpatterned (grey) films annealed at a) 400 °C and b) 1100 °C. Insets are the superposition
of the patterned (black) and unpatterned (grey) films spectra (λem : 535–565 nm) in order to highlight the difference in intensity and integrated area.

terned coatings is clearly demonstrated in the photos of the coated substrates in Fig. 8.
3.4. Qualitative and quantitative angle-resolved luminescence measurements
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In order to study the effect of nanostructuring on the directionality of the PL, angular emission measurements were carried out on both
unstructured and nanostructured crystallized YAG:Tb films. The luminescence diagrams I (color scale) given in Fig. 9a-1 and b-1 represent the emission spectra for the main emission band located between
540 and 560 nm as a function of the detection angle θ. The diagrams
were recorded from θ = −30° to θ = +30° and between 540 nm and
560 nm (0° corresponding to a light perpendicular to the layer). The
highest the color temperature is, the strongest the emission intensity is.
As aforementioned, emission profiles are characteristic of Tb3+ ions in
crystalline matrices, with an intense emission band peaking at 544 nm

corresponding to the 5D4 → 7F5 transition. The luminescence diagrams
are different depending on whether the film is patterned or not.
For the nanostructured surface, the false color intensity diagram
shows that the intensity of the spectrum is maximum at θ = 0°. This result demonstrates that the emission intensity of Tb3+ depends on the
detection angle θ when the surface is nanostructured in a hexagonal lattice. The light extraction is therefore directional in this case.
The EEF was calculated by integrating the emission bands in the
region of 535–550 nm over θ =+30°, θ = 0° and θ = −30°, and by
making the ratio of the calculated areas. Fig. 9a-2 and b-2 represent
the superposition of these emission bands for both the nanostructured
and unstructured films. In the case of the unstructured film, no difference was observed between the emission bands on the three detection angles. The emission intensity was found isotropic indicating that
no direction was favored. On the other hand, in the case of the structured film, the emission distribution was preferably centered on θ = 0°.

Fig. 9. Luminescence maps corresponding to the emission spectra detected at different angle positions for : (a-1) unpatterned and (a-2) patterned films of crystallized YAG:Tb. The colour
code represents the emission intensity. (a-2) and (b-2) represent the emission spectra recorded at angles −30°, 0°and + 30° for the unpatterned and patterned films of crystallized YAG:Tb,
respectively.

J.L. Nyalosaso et al. / Chemical Engineering Science xxx (xxxx) 115416

the access to VUV
RII3-CT-2004-506008).

4. Conclusion

Patterned films of YAG:Tb (20%) were prepared for the first time
on quartz slides using an innovative and versatile approach combining sol-gel chemistry with colloidal lithography carried out by the LB
technique. These films were compared with their unpatterned equivalents in their amorphous and crystallized states for the purpose of studying forward light extraction. It was demonstrated in this study that
nanopatterning YAG:Tb films in a hexagonal close-packing network with
a 460 nm grating has an influence on the light path by reducing the
losses mainly linked to internal reflections. Photoluminescence spectroscopy was used to determine the gain in forward photoluminescence,
due to nanostructuring, which was found to be 26% in the case of crystallized films and 131% in amorphous films. This study was first devoted
to YAG:Tb matrix with the purpose of establishing a proof of concept
before extending the structuring process to other matrices such as the
YAG:Ce, used in current LED lighting systems. Because this structuration
process can be applied to many different sol-gel-derived phosphors, it
represents a very promising means to create patterned luminescent coatings, for which patterning parameters could be tuned (by changing the
size of PS beads for example) to match the targeted application. Indeed,
as shown by these first results, by engineering the shape of the structure
(especially the height and the sharpness of the walls of the microwells)
we can access to a controlled roughness that should entail a significant
enhancement of luminescence of these coatings, which is very interesting in the aim of combination with LEDs. Further works should be dedicated to the patterning of YAG:Ce matrix and the study of the influence
of the patterning network parameters on the optical properties of structured coatings, based on both simulations and experiences. Preliminary
experiments involving the YAG:Ce matrix are currently under investigation and first simulations concerning these patterned coatings have foreseen significant changes on emission spectral distribution.
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Moreover, we found an EEF of 1.5 between the emission at θ = 0° and
θ = ± 30°. Due to nanostructuring, 1.5 times more light intensity was
extracted at θ = 0° (forward emission). By analogy with the study of
the influence of the depth of photonic crystals patterns on the light extraction reported by Devys et al. 2014), this phenomenon can be associated with a coupling between the waveguide and the hexagonal compact (shape factor) network in a given direction, in this case at θ = 0°.
In conclusion, with similar amounts of phosphor, the structuration
allows a significant increase in the emission intensity and can act on
the angular dependence of this intensity, by increasing the extraction
of light perpendicularly to the surface. It should be pointed out that,
through structuration, it will therefore be possible to control the light
output angle in order to have a stable light quality over angular ranges
from (−30° / +30°) to (−60° / +60°) depending on the targeted application, instead of the 4π steradians obtained without structuration.
Finally, these results are a proof of concept that can be applied to all
matrices synthesizable by sol-gel, in particular the YAG:Ce used in the
more conventional solid state lighting devices. As indicated in the introduction, the YAG:Tb matrix was used in this study because it is characterized by a bright green luminescence readily detectable with the naked
eyes upon standard UV lamps and during angular resolved PL. Based on
several reports and on first simulations led on YAG:Ce, light extraction
enhancement can be further improved by optimizing the geometric parameters of the patterned network as well as by working with textured
substrate (resulting in texture on both sides of the AL). (Gorsky et al.,
2018; Kim et al., 2016; Mao and Karlicek, 2013)
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