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Luminescent ZnO nanowires (NWSs)/YAG:Ce heterostructure coatings have been elaborated by impregnating cheap hydrothermally-grown
ZnO NWs array with ground commercial YAG:Ce nanoparticles (NPs). TEM and photoluminescence quantum yield measurements have been
used to make YAG:Ce NPs suitable for soaking within the ZnO NWs. Structural, morphological and optical studies of functional
nanocomposite coatings have evidenced an optimal amount of YAG:Ce allowing the visible photoluminescence signal of ZnO NWs nearly to
triple whereas slight red shift accompanied by an enlargement of the long wavelength side has been observed for YAG:Ce emission. These
phenomena have been explained through the existence of structural defects on ZnO NWs surface and on emission mechanisms implying either
scattering effects or the passivation of NWs surface by YAG:Ce NPs. Furthermore, an energy diagram involving different structural defects of
ZnO NWs as well as Ce®* ions energy levels has been built from excitation and emission spectra and from decay curves recorded monitoring
the orange-red emission of ZnO. The elaborated heterostructure functional coatings have proved to exhibit tunable optical properties in terms
of spectral distribution playing on the excitation source. Hence, they appear as a smart way for developing LEDs-based devices with flexible

photometric parameters for a broader range of optical applications.
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INTRODUCTION

Due to their high brightness and long lifetime, White Light-Emitting Diodes (WLEDSs) have gradually replaced other lighting sources
such as Hg-based fluorescent devices. Currently commercialized WLEDs generally associate one or more phosphor(s), deposited in
the form of coatings, to a semiconductor (SC) chip emitting in the ultraviolet or blue wavelength region. On-chip or remote phosphor
configurations are usually employed for the luminescent coatings [1]. Even if WLEDs-based display and lighting devices exhibit
good photometric parameters, their performances in terms of external quantum efficiency and service life can be further improved
[2-4]. This latter could be lengthened thanks to a better thermal dissipation whereas the former relies on both Internal Quantum
Efficiency (IQE) and 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 [2, 4, 5]. 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 Y3AlsO12:Ce3* — YAG:Ce
phosphor) and the air (n~1). Then, the device suffers from a loss of light because a large fraction of the produced photons are
backscattered to the chip or trapped in dielectric structures inherent to the substrate (luminescent coatings) due to Total Internal
Reflection (TIR) and the presence of a waveguide mode [5-7]. Several approaches have been reported to boost LEE value. They are

generally based on the increase in the escape probability of photons, giving them more chances to find the escape cone defined by

0. = sin* (h) , Nair and nac being refractive indexes of the air and of the Active Layer (AL) (for example the phosphor) respectively
AL

[7, 8]. Among the existing light extraction management strategies based on this increase, one can cite surface roughening [4, 9], use
of photonic crystals [2], nanorods or nanopillars [7] and many others. In particular, cheap and tunable [10, 11] ZnO nanostructures
such as nanorods, nanopillars, nanowires and nanosheets have attracted much attention to this end over last years since they can
contribute to LEDs improvement in more than one way: 1) they are characterized by a refractive index (nznobuik~2.0-2.1) intermediary
between GaN-based LED (n~2.4) and air, expanding the escape cone value 6c [12-14], 2) their high surface-to-volume ratio allows
a better thermal dissipation, entailing a longer LED lifetime [14], 3) depending on their morphology and inherent structural defects,

they can be used either as light waveguides [15] or to increase light scattering through surface nanotexturing [16].

On the other hand, ZnO has also been studied over the last decade as a full-fledged phosphor to serve either as a UV excitation
source [17], or, thanks to the various structural defects it can contain, as a blue-white phosphor suitable for near-UV LEDS (Aexc
lying in 360-380 nm range). Indeed, these defects (oxygen or zinc vacancies and interstitials) give rise to photoluminescence in
different wavelength domains of the visible spectrum (from 400 to 750 nm). By playing on their quantity, one can reach a close
white output [11, 18, 19] when excited by near-UV LEDs. Besides, these optical properties can be slightly modified by doping ZnO

with other metals such as Co, Cu, Fe...[19, 20].

If they have already been used to improve emission efficiency or quality of GaN-based LEDs [12, 14, 16], ZnO nanostructures have
scarcely been combined with phosphors to yield an enhanced white light, whether in terms of light extraction or in terms of
photometric parameters [3, 21]. However, they could successfully be used for this latter issue thanks to their tuneable emission
profile [11]. Indeed, to improve the Color Rendering Index (CRI) of the current commercial white LEDs, red phosphors are generally
added to the blue LED chip and YAG:Ce combination [22]. These red phosphors must fulfil several requirements such as a good
stability upon photonic and thermal stresses in addition to a high emission quantum yield. Sulfides and nitrides doped with Eu?* are
generally used as red emitting phosphors in commercial lamps [22, 23] although they suffer from several drawbacks such as poor
thermal stability, water sensitivity or high cost. Recently, new rare-earth free phosphors have been developed as alternative red

source suitable for blue or near-UV LEDs [24, 25]. ZnO, as cheap and rare-earth free compound, could be included in this category.

In this work, we have chosen to use the multiple properties and potentialities of ZnO nanostructures to elaborate nanocomposite
functional coatings combining hydrothermally-growth ZnO nanowires (NWSs) with YAG:Ce nanoparticles (NPs). The original goal
was twofold: 1) to increase the photoluminescence efficiency of YAG:Ce coatings thanks to physical phenomena related to ZnO

NWs (waveguiding or scattering effect), 2) to improve the spectral distribution of the YAG:Ce coatings by providing a red



component without any supplementary rare-earth doped phosphor. It is noteworthy that main reports existing on the combination
between YAG:Ce and ZnO were dedicated to the enhanced photocatalytic activity of the elaborated heterostructures [26, 27]. They
did not deal with their potential applications in LEDs-based devices. Only Chao et al.[28] studied the effect of surface coating of
YAG:Ce microparticles with ZnO nanoparticles, highlighting an increase in emission intensity of YAG:Ce in the presence of ZnO
under blue excitation that they ascribed to a reduction in surface defects. No change in emission profile was observed and no

photoluminescence mechanism was discussed.

Since optical properties of ZnO NWs are greatly dependent on their elaboration conditions [11, 29], our present work was built on
arobust and well-mastered synthesis procedure detailed in previous works [30-32] involving a sol-gel derived seed layer. Meanwhile,
YAG:Ce NPs suspension was elaborated through an optimized ball-milling process. Then, these NPs were used to soak ZnO NWs
through a multi-coating step to lead to ZnO NWs/YAG:Ce nanocomposite functional coatings. The structural and morphological
properties of ZnO alone, YAG:Ce alone and the heterostructures were studied by means of standard methods (mainly XRD, TEM
and SEM). Quantum yield of ground YAG:Ce powders were determined and photoluminescence measurements allowed to record
excitation and emission spectra of each kind of material. Interactions between Ce3* ions in YAG matrix and ZnO NWs were
tentatively unraveled based on energy diagrams and a schematic representation of photon paths within the composite structure was

suggested to explain the encountered optical behaviours.

1. EXPERIMENTAL SECTION

1.1.Elaboration of ZnO nanowires

ZnO seed layers were deposited using a sol-gel approach detailed in our previous work [30]. Briefly, a sol was prepared by diluting
zinc acetate dihydrate (ZAD) and monoethanolamine (MEA) in 1-butanol with a ZAD concentration and a ZAD/MEA molar ratio
fixed at 0.32 M and 1, respectively. After 3 h stirring at 90°C, a clear sol was obtained. Subsequently, a 300 puL droplet of the sol
was deposited by spin-coating at 3000 rpm on 3 x 3 cm2 (100) silicon substrates. The obtained xerogel films were then annealed at
540°C for 1h under air, leading to crystalline ZnO thin films. No reliable XRD pattern could be recorded on the seed layer owing to
its very weak thickness estimated to be less than 10 nm. However, previous studies performed on thicker layers obtained through a
multi-deposition procedure showed that the layers were well crystallized with a moderate c-axis orientation, i.e. a texture coefficient
around 60% (to be compared with values of 33 and 100% for randomly or totally c-axis oriented samples, respectively). Finally, so-

obtained seed layers were cleaned with an oxygen plasma at a power of 12 W for 4 min to favor the subsequent growth of ZnO NWs.

In a second step, ZnO NWs were grown on the seed layers by hydrothermal synthesis at ambient pressure according to our previously
published procedure [31]. The 3 x 3 cm? ZnO/Si sample was fixed with a 45° tilt angle on a Teflon sample holder. Meanwhile, ZNH
and HMTA were mixed at room temperature in 100 mL of deionized water with ZnH and HMTA concentrations of 25 mM. This
mixture was stirred for 1 min and it was then heated up to 90°C using a hot plate equipped with an automatic temperature regulation

system. The sample holder (with substrate) was then immersed in the heated solution for 30 min, the coated side of the substrate



being oriented downwards, in order to achieve growth of the NWs. After that, samples were rinsed with deionized water and then

dried with a nitrogen stream.

1.2.Grinding of commercial YAG:Ce phosphor

YAG:Ce nanoparticles (NPs) suspension was obtained via wet grinding method from a commercial YAG:Ce powder (PhosphorTech
QMK 58/F-U1) using a high-energy ball grinder (Emax, Retsch GmbH) without any surfactant. Grinding conditions have been
optimized to produce particles small enough to be efficiently incorporated between ZnO NWs. A powder to ball weight ratio of
approximately 4 % has been used throughout this study and absolute ethanol was used as a solvent. As grinding media, yttria-
stabilized ZrO2 (YSZ) grinding beads (Retsch) with a diameter of 0.1 or 0.5 mm have been used. Their quality has been chosen to
prevent any phosphor contamination by YSZ phase. Approximately 96 g of grinding beads have been introduced into the grinding
jar (total volume 50 mL) for 4 g of YAG:Ce powder. The speed was set at 1800 rpm and the process temperature has been adjusted
using an internal thermostat which prevents temperature to exceed 70°C. Different milling times have been considered (15, 30 and

45 min) and a milling time of 30 min has been used to compare the effect of the beads diameter.

After grinding, a known volume of YAG:Ce NPs suspensions was dried overnight at 80°C to assess their mass concentration and to
perform structural analyses. This assessment has been carried out on several samples. Since the obtained mass concentration of NPs
suspensions was estimated too high for an efficient impregnation of ZnO NWs, precise volumes of absolute ethanol were added to
reach a mass concentration of 20 g/L. Sonication was then used to improve both NPs dispersion in ethanol and their size distribution.
Size distribution and zeta potential of optimized stable YAG:Ce NPs suspensions (sonicated or not) were studied by zetametry,
which allowed to define the best conditions of sonication: 30 s at 40% of maximum probe intensity (Figure S1 in supplementary
informations/Sl). This top-down approach has been privileged compared to bottom-up ones (glycothermal synthesis of YAG:Ce
NPs for example) mainly because of the poor emission efficacy obtained through these latter (external quantum yield between 5 and

15%) [33].

1.3.Elaboration of nanocomposite functional coatings

Nanocomposite coatings were elaborated using spin-coating method. A 300 pL droplet of the YAG:Ce NPs suspension (20 g/L) was
deposited at 3000 rpm on 3 x 3 cm? ZnO NWs coatings with a drying time of 1 min at room temperature to evaporate the solvent.
Several samples were elaborated by varying the number of depositions onto the ZnO NWs coatings: 5, 10, 15 and 20 cycles were
carried out. A coating made only of YAG:Ce (10 depositions) and a ZnO NWs coating (without YAG:Ce) were used as reference

samples.

1.4.Characterization techniques

The X-ray diffraction (XRD) patterns of all samples were obtained with a Philips Xpert Pro diffractometer operating with the Cu-
Ko radiation (A= 1.5406 A). Transmission Electronic Microscopy (TEM) images were recorded on a Hitachi H-7650 microscope

at the Centre Imagerie Cellulaire Santé (CICS) of Clermont-Ferrand. Top views scanning electron microscope (SEM) images were



collected at 2MAtech (Clermont-Ferrand) under high vacuum using a ZEISS Supra 55 FEG-VP instrument operated at 3kV and

cross sectional SEM images were collected at LMGP using an Environmental FEI QUANTA 250 instrument operated at 20kV.

Zeta potentials ({) were measured by laser Doppler electrophoresis (Zetasizer NanoZS, Malvern, UK). The dilute alcoholic
suspensions were also studied in terms of particle size distribution using the dynamic light scattering (DLS) principle, available in

the same instrument used for zeta potential determinations.

Raman spectra were recorded with a T64000 Jobin-Yvon confocal micro-Raman spectrograph. The confocal configuration of the
micro-Raman instrument allows depth profiling of the samples, permitting the detection of the Raman spectrum from a volume as
small as 1 pm? focusing at different depths into the sample. The excitation source used was the 514.5 nm wavelength line from a
Coherent model 70C5 Ar* laser operating at a power of 200 mW. A 50-fold objective lens was used for the focusing and the data

was collected for 2x75 s. The resolution on the wavenumbers is approximately 1 cm™.

The optical properties were investigated by recording the photoluminescence spectra with a Jobin-Yvon set-up consisting of a Xenon
lamp operating at 400 W and two monochromators (Triax 550 and Triax 180) combined with a cryogenically cold charge coupled
device (CCD) camera (Jobin-Yvon Symphony LN2 series) for emission spectra and with a Hamamatsu 980 photomultiplicator for
excitation ones. For ZnO NWs coatings and ZnO NWs/YAG:Ce composite coatings, emission spectra were recorded in different
areas of the samples to control the homogeneity of the optical performances. Presented data are thus representative of the studied

samples.

Quantum yields (QY) efficiencies were assessed using C9920—02G PL-QY measurement system from Hamamatsu. The setup
comprised a 150W monochromatized Xe lamp, an integrating sphere (Spectralon Coating, @ = 3.3 inch) and a high sensitivity CCD

spectrometer for detecting the whole spectral luminescence. All luminescence experiments were performed at room temperature.

Time resolved photoluminescence (TRPL — decay times) measurements were performed at room temperature. The excitation line
was the third harmonic of a Ti:Sa pulsed laser (375 nm) with a pulse duration of 150 fs and a repetition rate of 76 MHz. The emission
of the samples was spectrally resolved using a 320 mm focal length monochromator and the time resolved signal was measured

using a streak camera.

2. RESULTS AND DISCUSSION

2.1.Structural and morphological study of ZnO nanowires

Figure 1 displays the XRD pattern of the grown ZnO NWs (Figure 1b) compared with that obtained for the Si wafer alone (Figure
1a). Most of diffraction reflections are relative to Si substrates but several reflections observed in Figure 1b can also be assigned to
the hexagonal structure (wurtzite) of ZnO ((002), (101), (102) and (103) planes). In particular, the peak around 26=34.8°,
corresponding to the (002) plane of hexagonal ZnO, is by far the most intense whereas the main diffraction peak of ZnO is generally

(101) (JCPDS file 36-1451) [34]. This suggests that ZnO NWs have a mean c-axis orientation perpendicularly to the substrate, even



if the presence of secondary reflections indicate a certain dispersion in this orientation. These results are concordant with previous

works made on hydrothermally-synthesized ZnO nanorods or nanowires [17, 35, 36].

Cross sectional and top SEM views of as-grown ZnO nanowires are presented in Figure 2. Si wafers are entirely covered by a highly
homogeneous array of ZnO nanowires (Figure 2(c)). Even if they are rather c-axis oriented (Figure 2(a)), the obtained NWs do not
exhibit a perfect verticality, which is concordant with XRD patterns. This behavior was already observed in our previous work [31].

Here, apparent NWs are characterized by diameters ranging between 30 and 50 nm and lengths of 400-500 nm.
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Figure 1 : XRD patterns of (a) silicon wafer and (b) ZnO NWs grown on Si wafer.

Figure 2 : (a), (b) Cross-sectional and (c) top SEM views of the as-grown ZnO NWs.

From Figure 2(a) and (c), the space between ZnO NWs can be estimated to be within the gamut 50-150 nm. Consequently, the target
diameter for YAG:Ce NPs to insure an effective impregnation of the ZnO NWs is 50 nm or less. Grinding conditions of the

commercial phosphor have been optimized to reach this target.



2.2.0ptimization of grinding conditions

Electron microscopy has been used to study the morphological properties of original and ground commercial YAG:Ce powders. The
SEM image of the commercial powder (Figure S2) shows this phosphor is characterized by highly crystalline and well facetted

micro-sized particles. These particles are very dense and a large size distribution is highlighted in the range 500 nm -10 pum.

TEM images have first been recorded on powders milled for 30 min with beads of 0.5 and 0.1 mm in diameter. Results clearly
evidenced that a diameter of 0.1 mm led to both average NPs diameter and size distribution more appropriate to NWs impregnation
than those obtained using beads with a diameter of 0.5 mm (Figure S3). Then, grinding time was adjusted to further reduce the mean
diameter and better the size distribution of derived NPs. TEM images and associated size distributions of ground NPs are presented
in Figure 3. Size distributions have been determined from at least 60 measurements made on different TEM images for each sample
and using Origin® software (tool “Frequency Counts”). Outcomes of TEM analysis in terms of average particle size are summarized
in Figure S4 and compared to target. Considering this figure, it appears necessary to use grinding beads of 0.1 mm of diameter with

a grinding duration of at least 30 minutes to favor an optimal impregnation of derived NPs.
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Figure 3 : TEM images and corresponding size distribution of powders ground with 0.1 mm beads during (a) 15, (b) 30 and

(c) 45 min.

Initial commercial YAG:Ce powder and ground samples have also been studied by XRD to check the preservation of the crystalline
Y AG structure after ball-milling. The most intense diffraction reflections observed in the experimental XRD pattern obtained from
the commercial YAG:Ce powder (Figure S5) are assigned to the YAG structure (JCPDS-file 33-0040) revealing that it mainly
consists of a well crystallized YAG phase. Several weak reflections, marked with an asterisk, correspond to another unidentified
phase present in low quantities. This parasitic phase is probably linked to the synthetic process used by the provider to obtain YAG.
The diffraction patterns recorded on initial and ground commercial YAG:Ce powders (Figure S6) show that, whatever the grinding

conditions, ground powders are characterized by a significant decrease in diffraction peaks intensity, as well as the broadening of



these peaks, as a consequence of both crystallite size reduction and milling induced defects associated with the increase in internal
stress. This trend is amplified when using smaller milling beads (0.1 mm instead of 0.5 mm) whereas, for beads of 0.1 mm of
diameter, the grinding duration does not appear to have a significant impact on diffraction peaks intensity and broadness. These
changes in diffraction patterns with ball-milling have already been reported for different ceramics (Al203 [37], SisN4 [38], ZnO [39])
and notably for phosphors such as SrAl.O4 :Eu?*, Dy3* [40], Eu?* and Dy3* doped strontium aluminate phosphors [41] or SrS :Ce3*
[42]. It is noteworthy that very few studies have explored the top-down approach we present here, starting directly from a commercial
phosphor [40]. It can be noticed that no trace of YSZ phase has been observed for ground powders which testifies to the grinding

beads quality (no phosphor pollution).

Photoluminescence external quantum yields of both initial and ground YAG:Ce powders have been measured tuning the excitation
in the 270-500 nm range. The spectra of Figure 4 (left part — 4(a)-(e)) show the same overall shape for all the samples, i.e. two large
bands having maxima located around 340 and 457 nm. They are due to the electron transitions from the ground -state 2Fs/> of Ce3*
ions to the different crystal field splitting components of their 5d excited state in YAG matrix [43, 44]. The more intense peak located
at 457 nm matches very well the blue emission of GaN-based LED; it is the reason why crystallized YAG:Ce®* powders represent
the most used phosphor in white GaN-based LEDs [45]. It can be observed that quantum yield is higher for initial YAG:Ce powder,
whatever the excitation wavelength. After grinding, a drop in external quantum vyields occurs which is directly related to the
amorphization of milled samples evidenced by XRD and to grinding induced surface defects [39, 42]. Indeed, such defects are well-
known to act as luminescence quenchers [46]. It is interesting to notice that i/ for a same grinding duration of 30 min, a bead diameter
reduction results in a significant decrease in the quantum yield which is correlated to a more efficient grinding, as illustrated in
Figure 3, while ii/ an increase in grinding duration has very slight influence on photoluminescence quantum yield for powders ground

with 0.1 mm beads (Figure 4(c)-(e)) whereas the longer this duration is, the sharper size distribution becomes, as shown in Figure 3.
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Figure 4 : Left - Evolution of the room temperature photoluminescence quantum yield versus excitation wavelength for
commercial YAG:Ce before (a) and after grinding with various bead diameters / grinding durations: (b) 0.5 mm/30 min,

(c) 0.1 mm/15 min, (d) 0.1 mm/30 min and (e) 0.1 mm/45 min. Right - Emission spectra of commercial YAG :Ce under



excitation a 457 nm before (f) and after grinding using different grinding bead diameters / grinding durations: (g)

0.5 mm/30 min and (h) 0.1 mm/45 min.

Emission spectra of initial commercial phosphor and some ground powders are gathered in Figure 4 (right part — 5(f)-(h)). Every
emission spectrum consists of a wide band in the green-yellow range corresponding to the electron transitions from the lowest
crystal-field splitting component of the 5d level to the ground state of Ce3* split in 2Fs/2 and 2F72 levels [43]. Initial phosphor logically
displays higher external quantum yield (EQY of about 68 % upon 457 nm excitation — Figure 4f ) compared to its ground counterparts
(EQY = 36 % and 19% for beads diameter of 0.5 and 0.1 mm, respectively), mainly due to its higher crystallinity (as shown by
XRD patterns) and less internal stress and surface defects [39, 40]. For the same reasons, powders ground with bigger beads also
exhibit a higher EQY (Figure 4(g)) than those more efficiently ground with smaller beads (Figure 4(h)). A slight blue-shift is also
observed between initial phosphor, for which the maximum of emission intensity is located at 550 nm, and the ground powders
characterized by emission lines around 545 nm. This can be ascribed to quantum confinement or surface influence accompanying

the particle size reduction evidenced by TEM [39, 42, 47].

Based on the afore presented results concerning morphological, structural and optical properties of ground powders, we decided to
use for ZnO NWs impregnations the powder ground during 45 min with 0.1 mm beads which met the specification concerning the
targeted diameter (<d>=42 +12 nm). Longer milling times have not been considered since they would have resulted in less efficient
phosphors whereas the decrease in the average size and size distribution width would certainly have not been significant compared

to a milling time of 45 min.

2.3.Structural and morphological study of composites

Structural properties of composite coatings have been studied by XRD. Obtained patterns (Figure 5(a), (b) and (c) — left part) suggest
a change in NWs orientation when they are impregnated with YAG:Ce suspension. In particular, a remarkable decrease in the
intensity of the diffraction reflection corresponding to (002) plane (26=34.8°) of ZnO compared to (101) plane is observed after
deposition of YAG:Ce suspension. This decrease is already appreciable after 5 coatings, and it is further amplified after 20 YAG:Ce
coatings. Furthermore, some diffraction planes of ZnO, which were barely noticeable in the absence of YAG:Ce, have their intensity
boosted when 20 coatings of YAG:Ce suspension have been carried out, in particular the (100) plane at 26=31.8° (Figure 5(c) —

right part). These changes could be related to a loss of verticality of ZnO NWs.
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Figure 5 : Left: XRD patterns of (a) ZnO NWs alone and ZnO/Y AG:Ce composite coatings made with (b) 5 and (c) 20
impregnations of YAG:Ce NPs suspension (Y offset has been used to better see the top of the most intense diffraction
reflection) ; Right: Corresponding zoom-in (no Y offset used). Reflections of the Si substrate and YAG phase are indicated

in the figure, and those of the ZnO component are indexed.

At the same time, diffraction signals related to Si wafer almost disappeared. Finally, two of the main diffraction reflections of YAG
phase can be observed at 26=18.1°, 26=33.3° when 20 coatings of YAG:Ce have been carried out (Figure 5(c) — right part). Their
intensity is very weak due to the lack of crystallinity of ground powders associated with a small quantity of YAG:Ce compared to
the highly crystalline ZnO NWs. With only 5 coatings, the quantity of YAG:Ce is probably too low to be detected by XRD due also
to the poor crystallinity of the ground phosphor. Morphological study of these coatings has been used to understand these results

and check our assumptions.

Top-view and cross-sectional SEM images of composites ZnO/Y AG:Ce obtained after several cycles of impregnations (5 to 20) are
gathered in Figure 6 and Figure 7 respectively. For comparison, Figure 6 also illustrates the top-view SEM images of ZnO NWs
(Figure 6(a)) and YAG:Ce NPs coatings alone (Figure 6(b)). On top-view images, one can observe that YAG:Ce NPs well fulfill
spaces between ZnO NWs after 5 (Figure 6(c)) and 10 impregnations (Figure 6(d)). After 15 impregnations (Figure 6(e)), some NWs
start to disappear, showing that additional YAG:Ce NPs aggregates are formed at their surface leading to the birth of a surface crust.
This phenomenon is further amplified on the sample made with 20 impregnations, showing a predominance of the surface crust.
These data illustrate therefore a competition between NWs impregnation and surface crust formation, this latter mechanism being
intensified when the number of YAG:Ce NPs coatings increases. We should note that this surface crust does not preclude to observe
ZnO diffraction reflections on the XRD pattern (Figure 5(c)) but it is probably responsible for the near disappearance of Si wafer

ones.



Figure 6 : SEM images of (a)ZnO NWs alone, (b) YAG:Ce alone (10 coatings of 20 g/L ground YAG:Ce suspension) and
ZnO/Y AG:Ce composite coatings made with (¢)5, (d)10, (e)15 and (f) 20 impregnations of YAG:Ce NPs suspension. In (c)

to (f), red arrows indicate YAG:Ce NPs lying between ZnO NWs whereas green circles highlight the surface crust.

Previous observations are confirmed by cross-sectional SEM images. In Figure 7(a), when compared with cross-sectional views of
NWs alone (Figure 2), some NWs start to disappear after 5 NPs impregnations, showing that YAG:Ce NPs have partially fulfilled
spaces between the NWs. This feature is further amplified after 20 impregnations (Figure 7(b)) together with the formation of
additional surface features that illustrate the formation of a thick YAG:Ce crust. This crust explains in particular why the diffraction
reflections due to the Si substrate almost disappear after 20 impregnations (Figure 5(c)). Besides, one can see that the verticality of
the ZnO NWs decreases after 5 impregnations compared to that of bare NFs, and this decrease is noticeably heightened after 20

impregnations. This behavior, which is concordant with the loss of verticality evidenced by XRD (Figure 5), has not been clearly



explained. It might arise from both stress effects induced by a growing amount of NPs impregnated in-between the NWs and the

force caused by the nanoparticles’ weight.

Figure 7 : Cross-sectional SEM images of ZnO/YAG:Ce composite coatings made with (a)5 and (b) 20 impregnations of
YAG:Ce NPs suspension. Red arrows indicate YAG:Ce NPs lying between ZnO NWs whereas green circles highlight the

surface crust.

2.4.0Optical characterization of composites

Room temperature excitation spectra (Aem=610 nm) have been recorded and are gathered in Figure 8. For ZnO NWs alone (Figure
8(a)), excitation spectrum presents a distinct absorption edge around the wavelength corresponding to the band gap energy of ZnO
around 3.35-3.38 eV (367-369 nm). The onset of this edge can be extrapolated to be at ~3.14 eV (395 nm). No significant excitation
signal appears in the visible range. This excitation profile is almost concordant with the few PLE spectra monitoring the orange
emission found in the literature [29, 48, 49]. The major difference is the slight decrease in excitation signal at higher energies which
has already been observed on ZnO particles but monitoring the green luminescence [34]. On the excitation spectrum recorded for
the YAG:Ce coating (Figure 8(b)), the main absorption bands of YAG:Ce phase are well observed around 330 and 460 nm,
corresponding to the electron transitions 2Fs2—2Ds2 and 2Fs2—2Dsz of Ce®* ions, respectively [44, 50]. The composite is
characterized by a combination of both excitation spectra with two primary excitation signals located around 370 and 460 nm (Figure
8(c)). Let us add that the energy threshold corresponding to ZnO NWs remains similar (no change in the onset) which may indicate
that the presence of YAG:Ce has no influence on the energy level of shallow defects and does not induce any sub-band gap states

[34]. However, in an intriguing way, the absorption decreases at higher energies which we had not been able to explain.
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Figure 8 : Room temperature excitation spectra of (a) ZnO NWs alone, (b) YAG:Ce alone (10 coatings of 20 g/L ground

YAG:Ce suspension) and (c) ZnO/Y AG:Ce composite made with 10 impregnations of YAG:Ce NPs suspension.

The excitation profile obtained for the composite coating means that this multimaterial architecture can be efficiently excited at
either UV or blue wavelengths similar to those produced by commercial near-UV or blue LEDs, respectively. Consequently,

emission spectra have been recorded upon both near-UV and blue excitations.

Room temperature emission spectra are shown in Figure 9. Upon blue excitation (457 nm),the only weak signal presented around
480 nm for ZnO NWs alone may arise from the excitation source (Figure 9(a)). Emission spectra recorded for composites with
various YAG:Ce amounts present a profile close to the one obtained for YAG:Ce alone. However, with closer inspection (Figure
S7), it appears that the presence of ZnO NWs yields both a slight red shift of the emission maximum (from 547 to 552 nm) together
with a modest enlargement the long wavelength side (about 10 nm) which could correspond to a slight contribution of ZnO NWs
between 550 and 650 nm. Regarding the excitation spectrum (Figure 8) and the emission one upon 457 nm excitation (Figure 9(a)),
no energy transfer from Ce3* ions to ZnO NWs conduction band seems to be possible. Besides, as mentioned in the introduction,
very few articles concern the association of YAG:Ce and ZnO; they generally present emission spectra under UV excitation at a
wavelength where both ZnO and YAG:Ce are excitable (around 325 nm) [51]. Only Liu and co-workers [26] present emission
spectra of ZnO NPs — YAG:Ce NPs composites recorded under blue excitation but only to confirm the presence of YAG:Ce phosphor
at the surface of their ZnO NPs. They did not compare their emission spectrum with that of YAG:Ce alone. Consequently, the

observed slight enlargement of the emission profile of YAG:Ce/ZnO NWSs composite has not yet been neither observed nor

explained.

Figure 9(a) also shows that emission spectra of composites have their intensity increased with the number of impregnations, which
is directly related to the YAG:Ce content in the composite. It should also be noted that, when comparing the emission intensity of
YAG:Ce alone (10 coatings) and ZnO+YAG:Ce (10 impregnations), the composite presents a 30% lower emission intensity.
However, it is difficult to conclude on this difference because, even if the same number of coatings have been carried out on both

samples, YAG:Ce suspension deposition probably proceeds in a different way in the absence or in the presence of ZnO NWs, leading



to different amounts of YAG:Ce in the two samples. Indeed, deposition is expected to proceed by liquid spreading on the silicon
substrate in the former case while it is governed by liquid impregnation through the NWs in the second case. Furthermore, liquid
deposition can also be affected by differences in substrate properties such as surface tension or roughness, which will also influence

the amount of YAG fixed on the substrate.
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Figure 9 : Room temperature emission spectra of ZnO NWs alone, YAG:Ce alone (10 coatings of 20 g/L ground YAG:Ce
suspension) and ZnO/Y AG:Ce composite coatings made with 5 to 20 impregnations of 20 g/L YAG:Ce NPs suspension (a)

under blue and (b) UV excitations.

Under UV excitation (Figure 9(b)) , emission spectra correspond to the visible emission of ZnO NWs: they consist of a very broad
emission band from 450 to 850 nm peaking around 615 nm (2.02 eV). This emission signal can be deconvoluted into three Gaussian
components (Figure 10) located at 557 nm/2.23 eV (20+1% of the total area), 626nm/1.98 eV (58+4%) and 697 nm/1.78 eV (22+5%).
Even if there is a consensus that radiative recombination processes related to defects are responsible for this broad visible emission
band, the exact origin of each contribution is still controversial. Since synthesis conditions and dimensionality of obtained ZnO
greatly influence their defect landscape and so on their luminescence properties [11, 29, 52], the obtained emission profiles have
been interpreted on the basis of several papers [11, 48, 53-55] dedicated to ZnO nanorods or nanowires elaborated by either
hydrothermal method or electrochemical or physical vapor deposition. Both green-yellow ( 557 nm) and orange (626 nm) emissions
involve double-ionized oxygen vacancies (Vo**) and concern respectively transitions either from the conduction band (CB — around
3.36 eV) or from the interstitial Zn (Zni) whose energy levels lie between 0.05 and 0.5 eV below the conduction band [48, 53, 54].
The red emission (697 nm) is generally assigned to excess oxygen related defects (Oi or zinc vacancies Vzn) and in particular [48]
to transitions from deeper Zni (Zni*) to Oi but some papers [54, 56] also ascribe it to Zni*—Vo** transitions. In our case, the
predominance of the orange emission is concordant with the large surface to volume ratio of the nanorods since Vo** are known to
nucleate preferentially at surfaces or grain boundaries [54, 55] or to originate from the recombination of Vo* defects and holes
provided by the surface [57, 58]. It is important to underline the main orange-red component (between 615 and 800 nm) in these

emission spectra since this color contribution is the one which has to be boosted in current solid-state lighting devices. The substantial



presence of oxygen vacancies and zinc interstitials, highlighted by their respective emissions signals, has been confirmed by Raman
study as explained in SI (Figure S8 and its corresponding analysis).
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Figure 10: Room temperature emission spectrum of ZnO NWs alone associated with its decomposition into three Gaussian
components and their cumulative signal.

Besides, Figure 9(b) shows that YAG:Ce alone does not present any significant emission line under 375 nm excitation, which is
consistent with the excitation spectrum illustrated in Figure 8(b). However, in the presence of YAG:Ce NPs, emission intensity of
ZnO NWs fluorescence drastically changes. To unravel such behavior, we have compared emission profiles in the absence and in
the presence of YAG:Ce NPs to detect a spectral contribution of YAG:Ce luminescence in the form of a shoulder in the yellow
region. Whatever the composite, emission profile remains the same as that recorded for ZnO NWs alone, only the emission intensity

changes.

2.5.Photoluminescence mechanisms: discussion

In order to identify potential mechanisms explaining the behavior of composites under both 457 and 375 nm excitation, we have
established a schematic energy diagram (Figure 11) based both on data derived from the literature[59, 60] and on deconvoluted
emission spectra recorded under UV excitation (Figure 10). As illustrated on the Figure 11, an excitation wavelength of 457 nm
could, at room temperature, entail an energy transfer from the 2Ds3y2 level of Ce3* ions to the shallow levels of ZnO (Zni/Zni*) from
which radiative relaxation can occur to Vo** energy level, leading to orange-red emission. One can assume that this kind of
mechanism takes place to a small extent under blue excitation, giving rise to the slight redshift of the emission maximum and to the
expanse observed on the emission spectra the long wavelength side (Figure S7). A contribution of defect-related emission of ZnO
has already been observed with ZnO NRs combined with a blue LED, also leading to a slight redshift of the electroluminescence

peak position of the LED [14].

Under 375 nm excitation, regarding Figure 11, energy transfer might occur from CB of ZnO to 2Dz level of Ce®* ions but this would

entail significant changes in the emission profile shown in Figure 9(b) which is not the case. To further investigate the possibility of



such a mechanism and detect any energy transfer from ZnO NWs to Ce3* ions, decay curves of the red emission (Aem=600 nm) of
both ZnO NWs alone and YAG:Ce NPs/ZnO NWs composite (10 impregnations) have been recorded. Details about the fitting
functions, decay curves and fitting parameters are presented in Sl (Figure S9 and Table S1) as well as some secondary discussion.

Decay curves can be fitted by bi-exponential functions and are characterized by rather similar time constants: t1~0.38/0.40 ns and

12~1.86/1.90 ns.
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Figure 11 : Schematic energy levels diagram based on one hand on the work of Merenga et al.[60] for YAG:Ce, and on the
other hand both on the work of Tzeng et al. [59] and on the deconvoluted emission spectrum recorded in this work under

375 nm (Figure 10) for ZnO NWs.

The main result is that decay profiles are similar with or without YAG:Ce and that no rise time is observed. It suggests there is no
energy transfer between the radiative components that would have explained the enhancement of the emission intensity of ZnO
signal in the presence of a certain amount of YAG:Ce NPs. We infer that such an energy transfer is unlikely to happen as a result of
the very short non-radiative transitions from CB to shallow defects of ZnO whose time constant is much weaker than that of YAG:Ce
(main characteristic decay time lying within the range 60-80 ns). Indeed, the whole mechanism of defect-related emission (non-

radiative and radiative transitions) takes less than 10 ns as evidenced by the decay curves (Table 1).

Consequently, to explain the results obtained under 375 excitation, we guess that the observed trend arises from a competition

between two main phenomena as illustrated in the schematic representations of the Figure 12. On the one hand, a direct excitation



of ZnO NWs by the UV source is likely to occur. Thanks to holes present at the NWs surface, oxygen vacancies are activated in the
form of VVo** [11, 57], which can act as acceptors for electron-holes recombinations leading to visible defect-related ZnO emission.
This emission is expected to occur directly from all parts of the NWs [11] but photons can also be extracted from YAG:Ce NPs.
This light extraction is facilitated by the weaker refractive index of YAG:Ce (nvacbuik~1.8) compared to that of ZnO (nznobuik~2.0-
2.1) [12]. We can assume that the effective refractive index of YAG:Ce NPs remains lower than that of ZnO NWs arrays. This allows
to reduce the gap between ZnO and the air (nair~1) entailing a better light extraction via scattering effects through new or larger
escape cones [2, 61] (Figure 12(a)). From that point of view, YAG:Ce NPs would not directly influence the luminescence emission
(no effect on the emission profile) but would play a key role in its enhanced extraction, explaining the observed increase in emission

intensity when the number of NPs impregnations grows from 5 to 15 (Figure 9(a)).
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Figure 12 : Schematic representation of the photons paths and associated emission mechanisms in the case of (a)10 and

(b)20 impregnations with YAG:Ce NPs suspension

However, when 20 impregnations are carried out, a thick YAG:Ce crust is formed which may have two consequences (Figure 12(b)):
1) it can act as a passivation shell for ZnO NWs preventing the activation of oxygen vacancies by screening the charge carriers
located at the NWs surface and then inhibiting a major part of recombinations, as already observed using Al203 coating on ZnO
nanorods [57, 62] and 2)this crust is likely to significantly shield the excitation signal. Both processes could account for the decrease
in luminescence intensity after 20 impregnations. Furthermore, all described mechanisms can also explain why the signal measured
after 5 impregnations is weaker than that measured for NWs alone. In that case, the measured intensity would diminish owing to a
reduction in the number of charge carriers recombinations at the NWs surface and the amount of impregnated YAG:Ce NPs would
be insufficient to counterbalance this reduction by promoting enhanced light extraction by scattering effects. In summary, all these
descriptions can explain why, in our conditions, an optimal emission is measured after 15 impregnations for which the positive

contribution of impregnated YAG:Ce NPs would be predominant.

Finally, based on the optical study of the elaborated architectures, these ones appear as very promising. Indeed, when overla pping
the emission spectra obtained under UV and blue excitations, as illustrated in Figure 13, it becomes possible to flexibly tune the

obtained light by playing on a mixture of both UV and blue LEDs in the same Printed Circuit Board (PCB). This provides key



opportunities to produce a white light with optimized photometric parameters (CRI, CTT for example) without the use of a red

expensive and unreliable inorganic phosphor such as mentioned in the introduction.
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Figure 13 : Room temperature emission spectra of a YAG :Ce/ZnO NWs composite coating prepared with 15

impregnations of ground YAG:Ce suspension.

CONCLUSIONS

ZnO NWs/YAG :Ce NPs functional heterostructure coatings have been elaborated for the first time using soft chemical processes.
Even if YAG:Ce emission intensity has not been improved in the presence of ZnO NWs under blue excitation a slight change in
emission profile has been evidenced, related to possible energy transfer from Ce3* ions to shallow defects of ZnO. Further
experiments such as decay curves under blue excitation are required to totally confirm the occurrence of this energy transfer. Besides,
a significant enhancement of visible emission of ZnO NWs (more than doubling) under near-UV excitation has been highlighted in
the presence of YAG:Ce NPs. This enhancement has been assigned to a better extraction of photons emitted by the NWs thanks to
YAG:Ce NPs which modify photons path thanks to the new escape cones they create. Furthermore, ZnO NWSs/YAG :Ce NPs
composites present the great advantage to be combinable with both blue and near-UV LEDs, giving rise to a tunable white light,
which is generally obtained combining Y AG:Ce with another expensive and unreliable inorganic red phosphor containing rare earths.
Hence, this work paves the way to the use of this kind of original architecture to obtain more efficient and tunable LEDs-based
devices using a cheap and eco-friendly material: ZnO. Further work will be dedicated to the use of transparent substrates and to their
association with a PCB comprising near-UV and blue LEDs. These configurations will enable us to determine photometric

parameters such as Color Rendering Index (CRI).
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