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ARTICLE INFO ABSTRACT

Keywords: Solar spectral conversion by a low-cost luminescent coating for greenhouse applications increases crop yield
Europium and can contribute to addressing the food crisis. A luminescent coating based on cheap SiO, particles doped
A_h_lm‘““m with Eu?" and AI3* demonstrated extra photosynthetic active radiation (PAR) in this work. To optimize the
Silicon efficiency of this phosphor for greenhouse applications, three phosphor series with varying Al/Eu content
Luminescence . . . . . . . .
Enerey transfer in SiO, were synthesized via a sol-gel approach and characterized by luminescence decay time, absorption,
Greerglillouse luminescent excitation, emission, and quantum yield measurements. With increasing the Eu%, at a fixed Al%,

the decay time and quantum yield decreased while the emission shifted to the red. The effect can be explained
by a more and more efficient resonance energy transfer to lower energy Eu?" ions and quenching sites. While
increasing the Al% at a fixed Eu%, the decay time and quantum yield increased, and the red-shift was reduced.
Both effects can be explained by an enhanced Eu?" solubility (reduced Eu clustering) through the AI** co-
doping, causing the average Eu?*-Eu* distance to be longer and the onset of concentration quenching to shift
to a higher Eu%. Specifically, we found that for 1 mol% Eu?*, a minimum of 4 mol% AI** was required to
avoid concentration quenching. Two indicators were developed to quantify the UV to PAR converting efficiency
and to quantify the PAR transmission enhancement. Both indicators were determined in a real coating sample
based on the optimized phosphor. The result showed an additional PAR was provided by our luminescent
coating. A general discussion about all factors that can bring the conversion efficiency of a phosphor coating
closer to the theoretical maximum will be presented.

1. Introduction

According to the 2023 report from the Global Network Against Food
Crises, food insecurity is threatening more than 238 million people all
over the world [1]. This crisis will become severe due to climate change
causing extreme weather and, in the longer run, rising sea levels [2].
How to produce more food in less area is turning into a global economic
issue. Greenhouses can provide a solution as they have a much higher
production yield per surface area compared to open land growth and
provide independence to weather conditions.

The amount of light (flux) projected on plants has a large impact on
the yield. The concept of “1% extra light leads to 1% extra crop yield”
is widely accepted in the horticulture field [3]. Greenhouse owners,
therefore, often utilize artificial lighting, such as high-pressure sodium
lamps and LEDs, not only to increase photon flux but also to adjust the
light spectrum for specific growing stages [3-7]. As these techniques
consume energy, it is worthwhile to consider a photoluminescent ma-
terial that converts ultraviolet (UV) solar radiation to photosynthetic
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active radiation (PAR) as an alternative solution for spectral conversion
or extra light since UV is unused in photosynthesis [8-10].

An economically viable spectral conversion coating must be based
on a cheap phosphor. Silicon dioxide (SiO,) is a popular host ma-
trix in the industry due to its excellent chemical stability and low
production cost. Doping with Eu?* turns SiO, into a blue emitting
phosphor that absorbs UV light but no PAR, seemingly ideal for UV
to PAR conversion and a subsequent enhanced PAR transmission [11-
13]. Unfortunately, a significant limitation observed in this material is
that Eu®* is limited to low doping concentration when incorporated
into the SiO, host because lanthanide ions can only create their own
crystallographic interstitial sites due to the size and charge mismatch.
The resulting low solubility limit leads to a lower luminescent intensity
due to concentration quenching, even more so due to clustering of
lanthanide (Ln) ions [14-16]. For example, research from Lochhead
et al. has shown that clustering of Eu3* in SiO, already happens at
0.3 mol% [17]. Co-doping SiO, with ions like Al, P, Ba, or Mg has
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successfully been used to increase the solubility of Ln ions [18-21]. Co-
doping with Al has appeared especially beneficial for increasing Eu?*
luminescent intensity [22-24].

The mechanism of how co-doping with Al®* helps increase the
solubility limit of trivalent lanthanides in the SiO, host was described
by Lagsgaard using density function theory (DFT) to predict the local
structure around Er3* ions in silica-alumina oxide [25]. On the other
hand, Funabiki et al. explained the co-doping theory from a thermo-
dynamic point of view by the formation of a solvation shell [26].
The formation of the Al-Ln complex increases system entropy and
suppresses Ln clustering. Nogami et al. proved that co-doping AI**
in SiO, enhances the luminescent intensity of Eu?" by 250-fold [23].
Kishimoto et al. studied the Eu?* quantum efficiency while tuning the
Al and Eu content between 0%-10% and 0%-5%, respectively. They
concluded that 1 wt% Eu,0O3 in 1A1,03-99Si0, glass gave the highest
quantum efficiency of 48% [24].

Because a greenhouse coating requires the highest possible UV
absorption in a coating of limited practical thickness, we report in
this work a synthesis that increases absorption by raising Eu®* doping
content without lowering the quantum efficiency and subsequently
applying the best phosphor particles in a real greenhouse coating. To
achieve this, three sample series with a varying Eu%, a varying Al%,
and a fixed Al/Eu ratio were synthesized via a base-catalyzed sol-
gel method [27,28]. Due to the lack of published work quantifying
the efficiency of a greenhouse coating, two efficiency indicators are
presented [29,30]. The first is to quantify the UV to PAR conversion
efficiency, and the second is the PAR transmission enhancement. The
results allowed us to discuss relevant processes that determine the
success of a spectral-converting greenhouse coating.

2. Experiments
2.1. Phosphor preparation

All samples were synthesized via the sonochemical sol-gel method.
A stoichiometric amount of aluminum isopropoxide Al(O-i-Pr); (Sigma-
aldrich, > 98%) was added into pure ethanol, and europium nitrate
Eu(NO3); (ABCR, 99.9%) was added into deionized (DI) water respec-
tively according to the molar ratio of the sample composition. After
the precursors were completely dissolved, the two solutions were added
into tetraethyl orthosilicate TEOS (ABCR, 99%) solution, the source of
Si, with pure ethanol. The resultant mixture was then immersed in an
iced sonication bath with the addition of ammonia hydroxide NH,OH
(Sigma-aldrich, 28%) as a reaction catalyst to control particle shape
and accelerate the reaction. The phosphor particles were washed with
ethanol and DI water three times to remove non-reacted residuals and
then dried in a 60 °C oven overnight to remove DI water and ethanol.
The dried sample was then heated at 500 °C in the air for six hours to
remove the volatile and organic residues, and under 1100 °C for three
hours with 7% H,-N, gas to reduce the trivalent Eu to the divalent
state.

2.2. Sample series

The elemental composition of all samples synthesized in this study
was characterized by energy-dispersive X-ray spectroscopy incorpo-
rated in an SEM (JSM-IT100, JEOL). They are presented in the form of
Si0,:Al Euy, where x and y represent the molar percentage (mol%) of
AI** and Eu?*, respectively, to all cations (Si + Al + Eu). For instance,
sample SiO,:Alj 04Eug o; consists of 4 mol% Al**, 1 mol% Eu?*, and
95 mol% Si. The synthesized samples are categorized into 3 groups: (I)
fixed 4 mol% AI3* concentration (Eu = 0.5, 1, 2, 3 mol%), (II) fixed
1 mol% Eu?* concentration (Al = 1, 2, 3, 4, 10 mol%), and (III) fixed
Al/Eu content ratio of 4 (Eu = 1, 3, 5 mol%).

Optical Materials 157 (2024) 116047
2.3. Luminescent coating production

The coating consists of a dispersing agent, defoamer, acrylic resin,
thickeners, and our optimized phosphor. The loading of phosphors was
8 weight% with a wet thickness of 100 pm and applied on a 1 mm
sapphire substrate by a bar-coater (TQC film applicator, Industrial
Physics). A no-phosphor coating was produced following the same
recipe but without phosphor.

2.4. Characterization methods

The crystal structure of samples was checked with X-ray powder
diffraction (X’Pert Pro, PANalytical) by using Cu Kal radiation. The
particle morphology was characterized by a transmission electron mi-
croscope (JEM1400, JEOL) and a scanning electron microscope (JSM-
IT100, JEOL). The photoluminescence excitation and emission spectra
were recorded by a photomultiplier tube (R7600U-20, Hamamatsu)
connected to a monochromator (SP2300, Princeton Instruments). A
xenon lamp connected to a monochromator (Gemini 180, HORIBA) was
used as an excitation light source. All the tested samples were under
excitation of 275 nm UV for the measurement of the photoluminescence
spectrum (PL), while the photoluminescence excitation spectrum (PLE)
was recorded by monitoring emission at 475 nm. The decay spectra
were obtained under 275 nm excitation and recorded by a digitizer
(DT5730, CAEN) with a pulsed laser (NT230, EKSPLA) as the excitation
light source.

The photoluminescence quantum yield (PLQY) of phosphor samples
n (%) was determined by integrating over the sample and LED emission
wavelength range in an integrating sphere (Labsphere) using a 340 nm
LED (M340L4, Thorlabs) excitation light source and a spectrometer
(QE65Pro, Ocean Insight) according to the formula:

g = -] B o

JIR.(D) — Ry(D]d A

R.(1) and Ry(4) are the calibrated reflection spectra of the non-
absorbing reference reflector (PTFE, MicroFlon S-203, Shamrock) and
the Eu-doped sample respectively under 340 nm excitation while E(4)
is the calibrated emission spectrum of Eu-doped sample. A commercial
phosphor BaMgAl;,0;,:Eu?* (BAM:Eu, Phosphor Technology) with a
reported 90% PLQY was measured in this set-up, and the PLQY of
86.9% was obtained.

2.5. UV to PAR performance indicators

The absorption spectrum A (4) (%) and internal UV-to-PAR conver-
sion efficiency fegating (%) of the luminescent coating were character-
ized by projecting a deuterium light source (AvaLight-DH-S, Avantes)
perpendicularly onto the sample. An integrating sphere (Labsphere)
was placed behind the sample substrate to collect the transmitted
light as shown in Fig. 1. The absorption spectrum Ay (4) and UV-to-
PAR conversion efficiency #cqqaing can both be approximated by the
formulas:

I coating (1)
AN =1- coating )
CRef * Isubstrate(i)
700
400 [Icoating(’l) - CRef * Isubstrate(’u]‘“L
Ncoating = 3

400
/250 [CRef * Isubstrate('D - ’coating(ﬂ)]dl

Lsubstrate(4) @nd Ieoaiing(4) are the calibrated intensity spectra of the
sapphire substrate and the luminescent coating sample on the sapphire
substrate collected by the integrating sphere, respectively. Cges is a
constant that corrects for the difference in reflection with and without
coating (caused by surface reflection and diffuse reflection by the parti-
cles). The value can be calculated from the transmittance of the coating
sample relative to the non-coated sapphire substrate at a wavelength
where there is no emission and absorption. A high Cg.r value means a
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Fig. 1. Illustration of UV to PAR indicators measurement.
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Fig. 2. Recorded XRD pattern of sample SiO,:Al)o,Eugq;, SiOy:Aly;5Eug o3,
SiO,:Aly 50Eug 5, and the crystalline silica-alumina oxide reference (ICSD #230760).

small reflection from the coating surface. We make an approximation
that Cg,s is constant from 250 nm to 800 nm.

To quantify the contribution to extra PAR from the coating sample,
we defined the concept of PAR enhancement (%) according to the
formula:

400
”coating * /250 [A:(A) * Isolar(/l)]d}L

700
Aoo Isolar(’ud A

The values of Ag(1) and #¢eaing are obtained from Egs. (2) and (3).
Liar(4) is the AM1.5 solar spectrum in unit of photons derived from
ASTM G173-03 Reference Spectra [31]. The calculation of PAR en-
hancement excludes the influence of the lamp spectrum and utilizes
the AM1.5 solar spectrum as a reference, which provides a closer
approximation to real-world conditions.

4

PAR enhancement =

3. Results and discussions
3.1. Crystal structure and morphology

Fig. 2 contains the recorded XRD patterns of SiO,:Aljg4Eug o1,
Si0,:Alj 15Eug g3, and SiO,:Aly 50Eug gs. Crystalline features were
present only in the highest-doped sample SiO,:Alj 50Eug o5, match-
ing the crystalline features of a silica-alumina oxide reference (ICSD
#230760) indicated by the blue vertical lines, due to high A3t content
in the sample. The rest of the synthesized samples showed only a broad
peak at 23 degrees, representing the typical amorphous structure of
Sio, [32].

The morphology of low-doped and high-doped samples recorded by
SEM and TEM are shown in Fig. 3. The size and shape of the low-
doped sample were in line with expectations of the base-catalyzed
sol-gel approach and confirmed in Fig. 3d [28]. Such morphology
disappeared and was replaced by large sharp-edged particles when
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Fig. 3. Morphology of (a) SiO,:Al; o4Eug o1, (b) SiOy:Alj 15Eu o3, (€) SiO4:Aly 50Eug os.
(d) TEM image of the sample SiO,:Aly,Eug g, .

dopant/co-dopant content increased (Fig. 3b and c). The particle size
increased from a hundred nanometer (SiO,:Aly4Eugg;) to 200 pm
(Si04:Alj 59Eug g5). The SEM images indicate a strong particle agglom-
eration and irregular shape in the highest-doped sample.

3.2. Luminescence emission, excitation, and absorption spectra

All samples demonstrated a typical photoluminescence excitation
spectrum of Eu?* and a broad emission peak, which are attributed to
the 4f-5d transition of Eu?* [12,13,23]. No characteristic 4f-4f line
emission of Eu®* was found in any of the emission spectra, indicating
that Eu®* was not presented in our samples.

A clear red-shift of the emission peak was observed with increasing
Eu?* content in the group I samples (Fig. 4b). This phenomenon is
caused by a resonance energy transfer between Eu?* ions [33-35]. The
SiO, host provides a series of possible sites instead of one specific site
for Eu?* due to its amorphous nature and also due to the fact that there
is no ion with similar size and charge that Eu?* can replace. The energy
released by a donor Eu?* ion with higher energy 5d states, preferably
transfers to an acceptor Eu?* ion with lower energy 5d states because
of a good spectral overlap between emission of high-energy sites and
absorption of low-energy sites. In addition, the energy transfer becomes
more efficient when more absorbing centers are presented [36]. As a
result, the energy is transferred to Eu?* ions with a lower energy 5d
state after multiple transfer steps leading to the observed red-shift of
the emission spectra toward higher Eu?* content.

The same type of red-shift was observed in the emission of the
fixed-Eu content group (Fig. 4c) following the trend of decreasing
AI®* content. The shift is related to the solubility of Eu?* ion in the
amorphous SiO, host [24-26]. With increasing A3t content, the distri-
bution of Eu?>* ion becomes more homogeneous (clustering is reduced),
leading to a longer average distance between Eu?* ions and less energy
transfer since the efficiency of energy transfer strongly depends on
the atomic distance. Consequently, the resonance energy transfer was
suppressed at high-Al content, resulting in a less pronounced red-shift.

In contrast to most of the samples with a similar PLE spectrum
as Si05:Aly g4Eug o1, the excitation edge of SiO,:Alj 50Eug o5 showed
a more pronounced shift to a longer wavelength (Fig. 4a) due to a
high A3t content and the solvation shell effect [26]. The red-shift of
emission peak in the fixed Al/Eu group (Fig. 4d) was a collective result
of mechanisms described previously.
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Fig. 4. Photoluminescence excitation (PLE) and photoluminescence (PL) spectra of samples monitored at 475 nm emission and under 275 nm excitation, respectively. (a) PLE
spectra of the fixed Al/Eu ratio group. (b) PL spectra of the fixed-Al group. (c) PL spectra of the fixed-Eu group. (d) PL spectra of the fixed Al/Eu ratio group.

3.3. Time-resolved decay characterization

In the fixed-Al group (Fig. 5a), the decay time decreased from
1.72 ps to 1.29 ps with increasing Eu?* content due to triggering
off concentration quenching effect. The decay spectra of the fixed-Eu
group (Fig. 5b) helped find the minimum Al®* content required to
avoid shortening luminescent decay time and concentration quenching.
Adding more AI®* than 4 mol% had only a slight impact on the decay
curve, representing that the solubility of Eu?* ions had been improved
to a maximum. These decay curves clearly showed that 4 mol% Al®™ is
the minimum required amount to dissolve 1 mol% of Eu?>* and avoid
the Eu?* clustering as well as the unwanted concentration quenching.

Note that when monitoring 475 nm, both the emission of the
activator (low-energy Eu?* sites) and the sensitizer (high-energy Eu?*
sites) were observed. The relative intensities changed with Eu®* and
AI®* content. It is beyond the scope of this work to quantitatively
model the complex transfer processes, especially because the nature
and number of the Eu?* site distribution is unknown. It is, however,
instructive to investigate qualitatively the wavelength dependence of
the decay and rise time because it becomes possible to more exclusively

monitor the emission of the activator or the sensitizer. The results of
such measurements are shown in Fig. 6.

We expect the high-energy Eu* ions to act as the sensitizers of the
low-energy Eu?* ions, which means that the decay time of the short-
wavelength emission (high-energy sites) must be short and a rise time
in long-wavelength emissions should be seen. This is indeed observed
in Fig. 6a-c. For the low-Al content samples SiO,:Alj g1 Eug o1, the rise
time could not be seen as the decay times were short due to the
earlier described efficient energy transfer and concentration quenching
in the Eu* clusters. In high-Al samples, the rapid quenching of short-
wavelength emissions diminished due to increased atomic distance
between Eu* ions, resulting in an inefficient energy transfer from the
high-energy sites to the low-energy sites and a longer decay time.

The 1/e decay time values of samples in the fixed-Eu group, moni-
tored at wavelengths ranging from 425 nm to 575 nm are summarized
in Fig. 6d and compared with BAM:Eu sample. The decay time generally
increased with increasing monitored emission wavelength, confirm-
ing the earlier explained mechanism of energy transfer among Eu®*
ions. The decay time at 425 nm of low-Al samples was one-tenth
of that at 575 nm, and one-fourth for the highest-Al sample. The
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Fig. 5. Decay signal of samples under 275 nm pulse laser excitation and monitored at 475 nm emission. (a) Group I with fixed-Al content. (b) Group II with fixed-Eu content. (c)

Group III with fixed Al/Eu ratio.



C.T. Cho et al.
(a) — 425nm (b) — 4250m
10 — 4750m 1.0f — 475nm
2z — 5250m 2 — 525n0m
gog — 575nm ﬁog — 575nm
EOB §08
k] T
£0.7 £o07
5 S
2 2
06 0.6
b 0.0 0.2 0.4 0.6 08 1.0 GS 0.0 0.2 0.4 0.6 08 1.0
Time (us) Time (us)
(C) — 4250m @ SI0:AlgoiEU 0y (d)
” i 3.0{ @ SiOz:AlozEU00
z — 5250m -@- Si0;:Alo0sEup 01
200 — 5750m 725| -@ Si0;:Alg 0sEuo0r
g 2
g 2:Al0.10EU0.01
! fon] S S
u
308 5
2 F1s
go07 o
2 S10f
06
0.51
05 4 o
L 02 o L L 10 - 425 450 475 500 525 550 575

Time (us) Wavelength (nm)
Fig. 6. Wavelength-dependent decay signal under 275 nm pulse laser excitation of
(a) SiO,:AlygEugg;, (b) SiOy:AlygEug gy, and (¢) SiO,:Alyg4Eugyg,. (d) The decay
time of fixed-Eu series and reference sample BAM:Eu monitored at various emission
wavelengths.

7°°°(a) —— Reference 7000, (b) —— Reference

6000 — Si0,:Alg,04EU0 005 6000 —— Si0,:Alp.01EU0.01
z —— Si03:Alg,04EUg.01 2 —— Si0:Alg.02EUp.01
£ 5000 —— Si0,:Al0 04EU0 02 £ 5000 — Si0:Alo.03EU0.01
£ 4000 — Si05:Alo.04Euo.03 € 4000 —— Si0;:Alg.04EUg.01
N < Si0:Alo.10EU.01
213000 213000
2 2
£ 2000 £ 2000

1000 1000

o 0 ¥ ——

300 400 500 600 700
Wavelength (nm)

2(d) A

Wave\enqth (nm)

—— Reference

—— 5i0:Al0.04EU0.01
—— 5i0:Al0.12E U003
—— Si0;:Alo20EUo .05 <

300

7000

aooo
£ 5000

£

£ 4000 £ v S
& £ 40
23000 £10 e e
g S8 i el 30
22000 26 .

1000 4 ° o

0 2 )
0 ? | |

2 3 a
Eu Content (mol%)

PLQY (%)

Wave\ength (nm)

Fig. 7. As-measured UV absorption and emission spectra and photoluminescent quan-
tum yield. (a) Group I with fixed-Al content. (b) Group II with fixed-Eu content.
(c) Group III with fixed Al/Eu ratio. (d) Photoluminescent quantum yield of samples
grouped by dash lines: red (group I), blue (group II), green (group III).

wavelength-dependent phenomenon was also presented in BAM:Eu,
but less pronounced than our samples. The possible reason is that
BaMgAl,,0,, provides fewer sites to Eu?* than amorphous SiO, [37].

3.4. Photoluminescent quantum Yyield

Fig. 7 displays the as-measured reflection of 340 nm LED excitation
and the respective emission spectra of all samples using an integrating
sphere. The absorption of excitation light correlated positively with
the Eu* content in the samples independent from the Al3* content.
The shift in emission peaks of each group exhibited the same pattern
as Fig. 4. Note that Fig. 7 presents the as-measured spectra instead of
calibrated spectra for better visualization. The PLQY calculated based
on the calibrated spectra revealed the same trend as observed in the
decay spectra. The PLQY value dropped toward a higher Eu?* content
from 69% to 21% (group I with fixed-Al content) and dropped toward
a lower Al3* content from 74% to 9% (group II with fixed-Eu content).
The PLQY of the samples with the fixed Al/Eu ratio (group III) changed
marginally from 65% to 72%.

3.5. Luminescent coating performance
Egs. (2), (3), (4) were developed to quantify the UV to PAR convert-

ing efficiency and the PAR enhancement of the luminescent coating and
to determine its performance for greenhouse applications. According
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Fig. 8. No-phosphor coating (left) and luminescent coating (right) under 340 nm LED
torch.

to Eq. (3), the maximum of #cgqting is 50% if the selected phosphor
has 100% PLQY since only half of the emitted PAR is collected by
the integrating sphere located behind the coated samples where the
greenhouse would be located. Furthermore, the maximum attainable
PAR enhancement is 3.5% if all UV photons below 400 nm in the AM1.5
solar spectrum are converted into PAR and taking into account the 50%
Mcoating-

Based on the PLQY, absorption strength, and emission range, the
phosphor SiO,:Alj 15Eug g3 was selected to produce a luminescent coat-
ing that is presented in Fig. 8. The absorption of UV and emission of
PAR from the luminescent coating are demonstrated by the transmit-
tance spectra shown in Fig. 9b, which were derived from the calibrated
spectra of the sapphire substrate and the coated samples relative to the
deuterium light source in Fig. 9a. The luminescent coating absorbed up
to 420 nm, matching the excitation spectrum of the selected phosphor
SiO,:Aly 15Eug o3 in Fig. 4d while the absorption below 250 nm was
primarily attributed to the polymer matrix. The low transmittance of
the luminescent coating outside the emission range (above 650 nm)
resulted from the reflection at the coating surface, and hence, the Cge¢
factor (0.96) was applied in Eqgs. (2) and (3). Note that the Cge is
the transmittance of the luminescent coating relative to the non-coated
sapphire substrate. The low refractive index of the acrylic-based matrix
(n = 1.49) led to a higher transmittance of the no-phosphor coating
than the non-coated sapphire substrate (n = 1.76). The dips at 480,
645, and 655 nm were due to the lamp features.

According to Eq. (3), we obtained a #¢yating value of 26.2%, whereas
a value of 35% was expected since the PLQY of the selected phosphor
was 71.5% and only half of the emitted PAR was collected. We assumed
the difference lay in the coating layer. First, the polymer matrix ab-
sorbed a minor fraction of UV, which was taken into account in the
calculation. Second, part of the emitted light was guided to the edges of
the coating layer and the substrate, not entering the integrating sphere.
In addition, the phosphor absorbing up to 420 nm in the PAR range
could also be a potential cause for the underestimated #cqating-

Fig. 9a shows a pronounced but unrealistic PAR enhancement from
the luminescent coating due to the fact that the deuterium lamp con-
tains a much higher quantity of UV radiation compared to PAR, which
is not the case in the AM1.5 spectrum. Therefore, the AM1.5 spectrum
was applied in the PAR enhancement calculation, which excluded the
influence from the lamp spectrum. Based on Eq. (4), the luminescent
coating achieved a 0.34% PAR enhancement, which is low compared
to the theoretical maximum of 3.5%. The principal causes for the
discrepancy were the less than 100% UV absorption shown in Fig. 9,
the less than unity quantum efficiency, UV absorption by the polymer,
and the previously described waveguiding effect.

This limited absorption was attributed to the content and excitation
properties of Eu?* in the phosphor. The absorption characteristics of
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Fig. 9. (a) The calibrated intensity spectra of deuterium light source, non-coated sapphire substrate, no-phosphor coating, and luminescent coating. (b) The transmittance relative

to the deuterium light source derived from (a).

the coating depend on intrinsic factors, such as the absorption mech-
anism of the selected phosphor, and extrinsic factors, such as particle
loading and coating thickness. A band gap absorption material gener-
ally has a higher absorption strength than the allowed f-d transition
which is limited by the content of the activator. Both a higher particle
loading and a larger coating thickness can enhance the UV absorp-
tion of the coating (A4(4)) and, consequently, the PAR enhancement.
However, the surface reflection will increase simultaneously, leading
to an undesired low light transmittance in the greenhouse. Future re-
search should focus on optimizing the balance between absorption, PAR
emission, and surface reflection to further enhance system efficiency.
Overall, our SiO,:Alj 15,Eu o3 luminescent coating obtained one-tenth
of the maximum attainable PAR enhancement.

4. Conclusion

SiO, phosphors with varying Eu?*, varying Al®*, and fixed Al/Eu
ratio were successfully synthesized to study their potential use as a
low-cost UV to PAR spectral conversion coating for greenhouses. A
phosphor with a high absorption strength due to a three times higher
Eu% and an almost two times higher quantum efficiency compared
to the state-of-the-art was achieved by using a base-catalyzed sol-gel
method.

Luminescence properties could be explained by assuming energy
transfer from high-energy Eu®" sites to low-energy Eu?* sites in the
amorphous SiO, lattice. For 1 mol% Eu?", a minimum of 4 mol% AI®*
is required to avoid Eu®* clustering and minimize energy transfer that
causes a red-shift and concentration quenching. The energy transfer
phenomena were confirmed by a rise time in the decay curves of the
low-energy Eu?* emission and a short decay time of high-energy Eu?*
emissions.

A luminescent greenhouse coating based on the phosphor with a
high absorption and quantum efficiency (SiO,:Alj;,Euy3) was pro-
duced. Despite the optimized absorption and PLQY, the enhanced PAR
transmission of the coating was small due to a too low absorption of
UV light. We conclude that more efficient spectra conversion coating
should, therefore, be based on phosphors that inherently have a much
stronger absorption compared to allowed f-d transitions of doping ions
such as Eu?*. This could be achieved by absorption in the host lattice
of materials with band gaps close to 400 nm and strong emission in the
PAR range.
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